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Abstract

The ease at which individuals acquire a second language is astounding.
Individuals are capable of learning a second language at any point through out their
lifespan, although it is easier to learn a second language early in life. With increasing
knowledge about linguistic neural processing and the brain’s capacity for plasticity, the
research on bilingualism has increased substantially. Researchers have become
increasingly more interested in the long-term effects of acquiring a second language,
especially the enhancement of executive function (EF). This enhancement, also known as
bilingual advantage, has been studied for a range of EFs, including inhibition, attention,
problem solving, and reasoning. Although this effect was first demonstrated in bilingual
children, researchers have extended the quest for understanding to young, middle, and
older adults; however, the research findings are mixed for young adults. In order clarify
these mixed results, the age of second language acquisition has been included as an
experimental variable, producing three relevant groups: early bilinguals, late bilinguals,
and monolinguals.

There are several ways in which EFs can be measured, including behavioral rating
scales, computerized cognitive tasks with behavioral outcomes (i.e., response times and
accuracy), and computerized event-related potential cognitive tasks. A novel multi-level
approach to measuring the bilingual advantage was developed and used as a framework
for the current dissertation; i.e., the bilingual advantage was measured at three levels of
measurement. This approach predicts that more complex levels of measurement (i.e.,
executive behaviors) would produce null findings between the three groups, while

differences between early bilinguals and the other two groups would be predicted for less
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complex levels of measurement (i.e., neurophysiological markers). This approach
predicts mixed results for levels of measurement that involve moderate complexity (e.g.,
computerized tasks of EF). Early bilinguals, late bilinguals, and monolinguals were
compared across three hierarchical levels of measurement: (i) executive behaviors; (ii)
information processing (i.e., computerized tasks of EF); and (iii) neurophysiology (i.e.,
event-related potential paradigm). Findings generally support the multi-level approach:
no differences were found at the executive behavior level, limited and mixed differences
were found at the information processing level, and differences between groups were

found at the neurophysiological level.
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Prologue

The following dissertation consists of four related, but distinct, manuscripts
examining various levels of measurement of the bilingual advantage. Together, they form
a cohesive collection of empirical research that meet the following research aims related
to the multi-level assessment of EF in bilingual and monolingual individuals: (i) critically
review the extant bilingual advantage literature in young adults; (ii) provide a novel
conceptual approach to measurement that seeks to shed insight into the elusive nature of
the bilingual advantage in young adults and provide a framework for hypotheses in future
research; and (iii) conduct novel empirical studies that follow this approach in an attempt
to ascertain its usefulness in this field. The autonomous nature of the articles introduces
some redundancies within the dissertation as a whole, including the reviewed literature
and, to a lesser extent, the individual discussions and conclusions provided; however, the
manuscripts are written to complement one another and to contribute to current and
future research pertaining to the bilingual advantage in young adults. Further, the

autonomous nature of the manuscripts will facilitate submission for publication.
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The bilingual advantage on executive function task performance in young adult: A

review and suggestions for future research
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The bilingual advantage on executive function task performance in young adult: A

review and suggestions for future research

The ‘bilingual advantage,” which posits that individuals who speak a second
language have enhanced executive function (EF), especially for children, has been well
established in the literature (e.g., Bialystok, 2011). Simply explained, it is thought that
this advantage is the outcome of managing the output of two languages. Further, this
advantage is strongly demonstrated in older adults in the form of a cognitive buffer,
associated with delayed onset of cognitive impairment, dementia, and other signs of
cognitive aging (e.g., Bialystok, 2008, 2011, 2012). However, the literature is mixed for
young adults. Although not mutually exclusive, there are several interpretations for these
findings, including: (i) regardless the number of languages they manage, individuals in
this age range have similar levels of EF that are not fortified by bilingual language
processing because they are at their developmental peak (i.e., ceiling) for this set of
processes; (ii) the tasks used to assess EF are not sensitive enough to measure subtle
differences in EF processes; and (iii) bilingualism does not foster EF enhancement across
the lifespan. Given the paucity of longitudinal research that would help to address these
hypotheses, it is difficult to assess their accuracy. However, this review paper will: (i)
briefly discuss EF; (ii) outline how the EF system may be recruited for language control;
(1i1) review the empirical support for this advantage in young adult bilinguals using
computerized executive function tasks; (iv) discuss the role of measuring additional
variables when investigating this advantage in young adults; (v) briefly review arguments

proposed by opponents of the bilingual advantage; (vi) posit a novel framework to
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conceptualize and measure the bilingual advantage; and (vii) offer suggestions for future
research.
Executive function

Executive function is an umbrella term and serves as a general referent to a set of
cognitive abilities that are drawn upon when encountering novel problems or goal-
oriented activities (Anderson, 2008). Recent research has focused on the developmental
course, dimensionality, and malleability of EF; the latter of which is prominent in the
bilingual advantage literature. Research findings have indicated that EF follows a
protracted developmental course (e.g., Romine & Reynolds, 2005), show evidence of
both unity and diversity (e.g., Garon, Bryson, & Smith, 2008; Miyake & Friedman, 2012),
and are malleable, showing deficits in response to stress (e.g., Arnsten, 2000) as well as
enhancements in response to structured activities (e.g., Bryck & Fisher, 2012) and
experience (e.g., Bialystok, Craik, Green, & Gollan, 2009).,

A Model of EF. There are many ways to conceptualize and understand EF,
whether it is through the investigation of individual components (i.e., diversity), through
the interconnections between such components, or through a common, unitary EF
construct. In fact, many research studies, especially in bilingual research, select
individual components, such as inhibitory control (e.g., Bialystok, Craik, et al., 2005),
task switching (e.g., Prior & Macwhinney, 2009), working memory (e.g., Soliman, 2014),
problem solving (e.g., Cushen & Wiley, 2011), and planning (e.g., Festman, Rodriguez-
Fornells, & Miinte, 2010) to compare monolingual and bilingual individuals. Although
assessing the individual components of EF has its benefits (e.g., more simple and

concise), a major shortcoming is the lack of ability to assess the interconnections between
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proposed executive components. Miyake and colleagues offer a way to conceptualize EF
and serves as a template for the structure of EF that facilitates the investigation of the
individual components, the interconnections between those components, and its unity
nature. These authors (e.g., Miyake & Friedman, 2012; Miyake et al., 2000) provide
compelling factor analytic evidence that EF can be represented by intercorrelations
between latent variables (i.e., individual components), while also representing the shared
variance between these components, which produces a “common” EF component. These
authors stipulate three basic EF components: (i) inhibition (i.e., inhibit a prepotent
response); (ii) shifting (i.e., shift between mental sets or tasks); and (iii) updating working
memory (i.e., update and revise mental representations in working memory).

In their seminal study that first suggested EF was made up at least of these three
components, Miyake and colleagues (2000) used several computerized tasks for each
component and factor analysis to assess the individual components and how those
components contribute to a common factor. To assess inhibition, they used a Stroop task',
an antisaccade task®, and a stop-signal task’, all of which require deliberately stopping a
response that is relatively automatic; the specific response that needs to be inhibited
differs across tasks. To assess updating working memory, the authors used a keep track

task®, a letter memory task’ (similar to the n-back task), and a tone-monitoring task®. All

1 Computerized task; participants were required to verbally name the color of a stimulus (either an astricks
or a word spelling a color) as quickly as possible in each trial, with RTs measured by voice key.

* Computerized task; participants were presented two stimuli, a distracting stimulus (i.e., flashing black
box) and an arrow. Participants had to inhibit being distracted by the first stimulus to be able to respond to
the direction of the arrow.

? Computerized task. Consisted of two blocks of trials; during the first block, participants developed a
particular response pattern to categorize animals versus nonanimals. In the second block, participants were
required to reverse their response pattern.

* Computerized task; participants were required to remember the last word presented in each of the target
categories and then write down these words at the end of the trial.



three involve constantly monitoring and updating information in working memory,
although the nature of the information that needs to be updated as well as the goals of the
tasks are rather different. And finally, to assess switching, they chose a plus—minus task’,
the number—letter task®, and the local-global task’, which all required shifting between
mental sets; the specific operations that need to be switched back and forth are rather
different across tasks.

In another seminal article, Miyake & Friedman (2012) investigated the nature and
structure of EF by using a nested-factors model to represent how the individual
components relate to each other (i.e., interconnections) and to a common factor (i.e.,
unity). Similar to their previous study, they used nine EF tasks' (three for each
component) that measured the three EF components: inhibition, switching, and updating.
Instead of supporting their previous three component model, they found that a Common
EF factor loads directly on the nine selected tasks, and two specific factors that load on
the updating and shifting tasks, respectively, suggesting these two EF components
involve abilities beyond what is common to the three previously identified factors.

Individual differences in inhibition were entirely explained by what is common amongst

> Computerized task; participants were required to recall the last 4 letters presented in the list of serially
presented letters. To ensure that the task required continuous updating, the instructions required the
participants to rehearse out loud the last 4 letters by mentally adding the most recent letter and dropping the
5" letter back, and then saying the new string of 4 letters out loud.

6 Participants were required to respond when the 4th tone of each particular pitch was presented (e.g., after
hearing the 4th low tone, the 4th medium tone, or the 4th high tone), which required participants to monitor
and keep track of the number of times each pitch had been presented.

’ Paper and pencil task; participants were required to add, subtract, or switch between tasks.

¥ Computerized task; participants were required to indicate whether the number was odd or even when the
number-letter pair was presented in either of the top two quadrants and to indicate whether the letter was a
consonant or a vowel when the number—letter pair was presented in either of the bottom two quadrants.

? Computerized task; participants were required to respond to either the global- or local- features of a navon
figure

1% For inhibition, they used an antisaccade task, a Stroop task, and a stop-signal task. For switching, they
used a color-shape switch task, a number-letter switch task, and a category-switch task. For updating, they
used a letter memory task, a keep track task, and a spatial 2-back task.



the EF tasks, suggesting it is involved in all of the EF tasks used in the study. That is,
once the variance attributed to what is common across the nine EF tasks used in the study,
there is no unique variance remaining for the inhibition-specific factor.

Regardless of which of these two models may best describe EF, it is important to
note that there are multiple latent factors or individual components (i.e.,
inhibition/common, shifting, and updating) and these components are related to one
another and/or to a common EF factor. Future research in the domain of EF modelling
will continue to shed light on its elusive unitary and diverse nature; however, in its
current state, it is important to consider the three proposed components in an attempt to
capture the diversity of EF in bilingual samples. As such, a more detailed discussion of
the three components, the related research findings, and tasks used to assess such findings
is reviewed below.

Inhibition. Although both types of inhibition involve voluntary or deliberate
control, many authors distinguish between suppression of an over-practiced, automatic,
or ‘prepotent’ behavioural response, and the ability to suppress or ignore information that
is irrelevant but is currently interfering with or eliciting a conflicting response on the
immediate task. The former of these two processes has generally been named response
inhibition (e.g., Barkley, 1999; Nigg, 2003) or behavioral inhibition (Barkley, 1997);
while the latter process is typically referred to as interference control (Friedman &
Miyake, 2004), conflict resolution (Posner & DiGirolamo, 1998), or executive attention
(Posner & Rothbart, 2007). Miyake and colleagues (Miyake & Friedman, 2012; Miyake
et al., 2000) combine these types of inhibition because of the shared voluntary nature, and

thus, inhibition is defined as the deliberate, controlled suppression of a dominant or
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prepotent responses. These authors clearly delineate the difference between the deliberate

control over inhibitory processes (i.e., executive) versus inhibition in spreading activation
models of neural networks and ‘reactive suppression’ (e.g., inhibition of return and
negative priming) because neither of the latter types of inhibition are intended nor
deliberate.

Switching. The construct of ‘attention’ is complex and is conceptualized as
involving multiple functions and processes, and thus, cannot be described as a single
system. As such, there are many models and theories of attention (see Neumann, 1996).
For example, Posner and Rothbart (2007) argue for three attention systems, including (i)
a system for orienting attention, (ii) one for maintaining a state of system alertness, and
finally (ii1) a system of attention under the influence of executive control (i.e., executive
attention). In addition, the Supervisory Attentional System (SAS) as proposed by Norman
and Shallice (1986) involves a number of sources of action control, such as an attentional
controller capable of overriding habitual response patterns when a novel schema needs to
be initiated for dealing with a novel situation, suggesting an element of switching ability.
Across both of these models of attention, shifting attention is included and is thought to
be an important element of executive control. Miyake and colleagues (2000) included
three switching tasks, all with distinctly different stimulus information, which concerns
shifting back and forth between multiple tasks, operations, or mental sets; thus, the
commonality between these tasks is the shifting requirement.

Updating. Working memory (WM) is a cognitive system dedicated to the
temporary processing, maintenance, and integration of information during the

performance of everyday cognitive tasks (Baddeley, 2003b). Given its purpose of



maintaining task-relevant information in mind, WM is critical because it allows
individuals to hold information received from the environment or retrieve information
stored in long-term memory, and subsequently maintain that information if it is relevant
to the task goals (Unsworth & Engle, 2007). Accordingly, if information becomes
irrelevant, it is deleted and replaced with new, relevant information (i.e., updating). As a
result, an individual can use and organize this updated information to execute goal-
directed behaviors. Therefore, it is necessary for any model of EF to include a short-term
storage component that maintains current (updated), task-relevant information until it is
no longer needed, according to the goals of a given task at a given time. Miyake and
colleagues (2000) stressed the importance of the updating element of WM in their
conceptualization of EF because the essence, or executive nature, of this component is
the active manipulation of relevant information in WM, rather than the passive storing of
information.

Further, the importance of this system in linguistic processing has been
demonstrated for tasks as comprehension of written and spoken text (Gernsbacher &
Faust, 1991; Just & Carpenter, 1992) and fluency in language production (Rosen & Engle,
1997). People naturally vary in their working memory capacity, and it is well-known that
limitations in working memory capacity are related to language processing difficulty and
misinterpretation in both first and second languages (Baddeley, 2003a).

The bilingual brain and the need for an executive control system

Bilingual lexical control involves the mental lexicon, which is the mental

“dictionary” of words associated with language. This dictionary reflects the orthography

(i.e., the spelling of the words in a language), the phonology (i.e., the sound of the words



in a language), and also the semantics (i.e., the meaning of words in a language) of
familiar words (Altarriba & Heredia, 2008). A bilingual person has two collections of
words, each associated with one particular language. These collections are differentiated
by abbreviations where L1 refers to the native or dominant language and L2 refers to the
second or less dominant language.

Regardless of when an individual learned his/her second language, there is still
the idea of how lexical items are stored within the brain. There are several types of
models, including hierarchical, connectionist, and interactive models. Hierarchical
models consist of two layers: (1) a lexical layer (i.e., represents orthography and
phonology of each language) and (ii) a semantic layer (i.e., the meaning of the lexical
item). Even though there are a variety of theoretical hierarchical models using this
structure, they differ on the connections between the layers (see Cook, 2002 for a review).
The most well-supported and parsimonious of the hierarchical models is the Revised
Hierarchical Model (RHM) proposed by Kroll and colleagues (Kroll & Stewart, 1994;
Kroll, van Hell, Tokowicz, & Green, 2010), which assumes a direct link between the
direct translation of words in L1 and L2 (i.e., lexical layer) and vice versa. Furthermore,
it assumes an indirect connection between these representations through the conceptual
node shared between L1 and L2 (a connection that includes a direct link between the
L1/L2 conceptual node and the L1 and L2 form nodes). This forms a 3-way connection
between the conceptual node and the two lexical representations. Even though this model
assumes direct connections between all parts, it also posits directional strength
differences between nodes. There is a strong link between L1 - conceptual layer and L2

to L1 form nodes, and there is a weak link between L2 - conceptual layer and L1 to L2
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(see Figure 1). The directional strength of this model is flexible and can be influenced by
auxiliary characteristics of bilingualism (e.g., age of acquisition, relative fluency,

context).

Lexical Level L1 ) L2

Conceptual
Store

Conceptual Level

Figure 1. Adapted from Kroll (1993). It represents a cognitive processing model where the top
layer (i.e., lexical level) represents the form of the dominant (L1) and nondominant (L2)
languages and their relative connections. The conceptual level (i.e., conceptual store) is a
common system that houses semantic information and is shared by both languages. Solid lines
represent relatively stronger connections; dotted lines represent relatively weaker connections.

The RHM (Kroll & Stewart, 1994; Kroll, 1993) suggests that all nodes within the
representation are interconnected. Similar to the RHM, some authors (e.g., Fox, 1996;
Schwanenflugel, 1986) have concluded that bilinguals possess a shared semantic
representational system and separate (but partially integrated) lexical entries for each
language, while others (e.g., (Dijkstra & van Heuven, 2002) have suggested a
connectionist model which proposes a single, integrated, word identification system,
where lexical items, as well as semantic information, from both languages are stored
together and activated in a language nonselective process of word recognition. This
model assumes a temporal delay where the orthographical or phonological information is
activated first, depending on the stimulus type (e.g., visual versus auditory), and

activation of those nodes activates the remaining, related nodes. For example, for word
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reading, the orthographical nodes are activated first with activation flowing subsequently
into phonological and semantic nodes. Included in this word identification system are
language nodes (L1 and L2) that are connected to the orthographical and phonological
nodes, which assist with correct language identification. In addition to this system, there
is a task/decision system, which has several functions, including (i) receiving continuous
information from the word identification system; (ii) determining specific processing
steps for the task at hand; and (iii) using decision criteria to determine if a response is
made, based on relevant codes. In addition to the assumption of interconnectivity within
the word identification system, this model assumes a connection between the word
identification system and other, higher order language systems.

In both models, it is suggested that there is interconnection between L1 and L2
lexical information, and thus, if the language-separate lexical nodes are interconnected, it
begs the question of whether or not the lexical representations are language-selective (i.e.,
only representations within the target language are activated) or language-nonselective
(i.e., representations in both languages become active). While the former would produce
little or no conflict for the language system, the latter of these would produce a
significant conflict for the language system, such that two equally probable response
options would be available for selection. In a seminal study, Guttentag, Haith, Goodman,
& Hauch (1984) presented bilingual participants stimuli consisting of a target word
surrounded above and below by two copies of a to-be-ignored flanker word. Depending
on the condition, the target word was either in the same language or in a different
language. Results revealed similar target response times for both conditions, suggesting

that language activation is nonselective. Corroborating this evidence, reviews of the
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literature from other studies using similar cross-language paradigms converge on the
same conclusion: when bilinguals read a word in one of their two languages, activation of
the orthographically-, phonologically-, and semantically-similar nodes occurs across both
languages (e.g., Dijkstra & van Heuven, 2002; Kroll, Sumutka, & Schwartz, 2005). As
such, most theories of bilingual language processing incorporate the idea of language
nonselectivity (e.g., Dijkstra & van Heuven, 2002; Green, 1998; van Heuven, Schriefers,
Dijkstra, & Hagoort, 2008).

Cook (2002) argues that in total nonselectivity, irrespective of contextual factors
(e.g., topic of conversation, experimental setting), external input or internally-generated
conceptual content (i.e., thinking) always activates lexical representations in both of the
bilingual’s language forms — and always to the same extent. Ultimately, the correct
language form is selected for both proper comprehension and production. If separate
language lexica are simultaneously activated, how is it, then, that a bilingual person can
accurately access the appropriate lexicon for both perception and production? There are a
number of opposing models of a L2 processing (i.e., production and comprehension) that
have been the focus of much research; however, given the strong supportive evidence in
the literature and its relation to executive function, the Inhibitory Control (IC) model
(Green, 1998) will be reviewed briefly.

The IC model (Green, 1998) purports that language control is exerted through a
process of active inhibition between the language entries at both the lexical and semantic
levels. Upon perception or production of output, lexical representations are initially
activated in both languages. In response to contextual information (e.g., current language

in use, topic of conversation, laboratory settings), the targeted or selected language
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reactively inhibits activation of the other language through the use of language rags.
Using the RHM (Kroll & Stewart, 1994; Kroll, 1993), this inhibitory effect acts in a feed-
forward manner through the opposing lexical representations (i.e., the phonological and
orthographical layers), resulting in successive inhibition of those representations; thus,
fluency in the target language is more easily obtained. According to Green’s (1998)
model, inhibition is stronger from L1 to L2 so that switching the target language to L2
must overcome greater levels of inhibition whereas switching from L2 to L1 would be
more easily obtained. This is supported by studies of the slip-of-the-tongue phenomena
where one is speaking fluently in L2 accidentally uses a word from L1 (Poulisse, 1999).
This occurs because the relative inhibition from L2 to L1 for that particular concept is
very weak or nonexistent and the wrong lexical representation is activated (i.e., the
nontarget representation is produced or comprehended) because of the lack of inhibition.
In conclusion, the IC model is well-supported (e.g., Bialystok, Craik, Green, & Gollan,

2009; Bialystok, Martin, & Viswanathan, 2005; Bialystok, 2011; Martin-Rhee &
Bialystok, 2008; Rodriguez-Fornells, De Diego Balaguer, & Munte, 2006), suggesting

that at least, in part, this method of neural control is necessary to manage the production
of two languages.

In a recent expansion of this model, Green and colleagues (Bialystok, Craik,
Green, & Gollan, 2009) proposed an eloquent hypothesis: that, in addition to inhibitory
control, the bilingual brain recruits the executive control network to facilitate the accurate
perception and production of two languages. The need for the recruitment of this system

arises from the need to select an appropriate response from the target language system in
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the context of compelling and active alternatives from the non-target language system.
Green and colleagues state that,
“the response to this conflict is to recruit the executive control system that has
evolved to resolve conflict across all domains of perceptual and cognitive
processing. The constant use of this executive control system for bilingual
language management opens the possibility that the system itself is modified,
changing its valence or efficiency for all tasks. That is, the use of a set of
executive control procedures to manage attention to language, to avoid
interference from the nontarget language, and to monitor two simultaneously
active languages may alter the nature or efficiency of those executive control
processes more generally” (p.97).
In order to support their argument, the authors review the existing literature for bilinguals
across the lifespan. In terms of cognitive control and the bilingual advantage, the authors
reviewed relevant literature involving monolingual and bilingual participants for
inhibition, switching, and memory processes. Only two of the three components studied
by Miyake and colleagues (2000) were included in their review, likely as a result of a
lack of updating task literature for the comparison between monolinguals and bilinguals.
Before reviewing the existing bilingual advantage literature, the requirement for
the EF system to manage the production and perception of two languages in the bilingual
brain must be further elucidated. Using conversation as an example, the interlocutors
must keep the current topic of speech in mind and formulate responses, which may be
facilitated by working memory processes (Juffs & Harrington, 2011); as such, this

process would be holding the recent speech in mind and updating response options. If one
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imagined that only a single correct response was required for updating, there would be
two responses simultaneously activated in the bilingual brain, given both languages are
activated (e.g., Green, 1998). Therefore, this simultaneous activation would cause a
problem or conflict for the language system. As such, a bilingual individual’s language
network must be able to reduce this conflict (i.e., conflict resolution) and intentionally
inhibit the nontarget language (i.e., a prepotent response). The current environmental and
language contexts (e.g., current language being spoken by other speaker, and at home,
work, or school) would likely determine the relevant selection of the correct language
node. Lastly, language switches may be required by the speaker; for example, an
individual’s friend may be speaking in L1 at the store when a cashier asks a question to
the bilingual individual in L2. At that moment, the bilingual speaker’s brain must update
the language context (from L2 to L1), while inhibitory processes release inhibition of L2
in order to inhibit L1, all while attentional resources are switched from L1 to L2;
accordingly, this latter process would likely enhance the updating and inhibitory
processes through the interactions of the EF system.
The bilingual advantage

The existing literature suggests that simultaneous activation of two languages
occurs when using one language alone, and as such, it has become increasingly clear that
the need to manage this nonselectivity in neural activation is required in bilinguals.
Therefore, the language networks make use of the EF networks to facilitate this
management. Within these integrated network connections, the constant use of the EF
system to manage language inhibition, switching, and updating, which is posited to

provide a fortifying effect for EF. This bilingual advantage is prominent in childhood,



16

where bilingual children outperform monolingual children on tasks of inhibition, working
memory, and task switching (Bialystok, 2011; Kroll & Bialystok, 2013). Further, it has
been suggested that the advantage extends to older adults, where they experience
enhanced EF compared to monolingual older adults, delayed onset of dementia (up to
five years) and less decline in other cognitive functions (Bialystok, 2011). The current
review paper is focused, however, on the fortification of the EF in young adults, where
the EF system should be at its peak performance. We are interested in first answering the
question of whether or not the bilingual advantage is present across different executive
components in this age range, and therefore, the research literature of the bilingual
advantage in young adults is reviewed below for the three components.

Inhibition. If both lexica are activated during language processing, and if only
one language is to be perceived or produced, then the other must be inhibited. It is posited
that bilinguals develop an enhanced inhibitory capacity to facilitate this process, and
these advantages transfer throughout the EF system (i.e., to nonlanguage tasks). In the
field of bilingualism, authors have used various forms of a go/nogo task, which requires a
participant to withhold a response to a specific stimulus in the context of a sustained and
frequent response to similar stimuli (e.g., Festman, Rodriguez-Fornells, & Miinte, 2010);
this task measures the response inhibition aspect of inhibition. However, the majority of
the research has been conducted using the Simon task (e.g., Bialystok, 2006; Bialystok et
al., 2005; Bialystok, Craik, Klein, & Viswanathan, 2004) and the Stroop task (e.g.,
Bialystok et al., 2008; Bialystok, Poarch, Luo, & Craik, 2014; Blumenfeld & Marian,
2013; Costa, Hernandez, & Sebastidn-Gallés, 2008; Kousaie & Phillips, 2012; Kousaie et

al., 2014), while others have used the lateralized attention network test (LANT; e.g., Tao,
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Marzecov4, Taft, Asanowicz, & Wodniecka, 2011). The commonality between these

tasks is suppressing a more salient element of a stimulus in order to arrive at a correct
response. For example, in the Stroop task, participants must state the color of ink a word
is printed in, rather than reading the word, which is a more salient element. These tasks
measure the conflict resolution aspects of inhibition.

A review of the extant literature in young adults'' reveals mixed evidence about
whether or not young adult bilinguals experience advanced inhibitory control processes.
Many of the studies used a version of the Simon task (Bialystok et al., 2004, 2008;
Bialystok & Depape, 2009; Bialystok, 2006b; Bialystok, Craik, et al., 2005; Blumenfeld
& Marian, 2013; Gathercole et al., 2014; Kousaie, Sheppard, Lemieux, Monetta, & Taler,
2014; Salvatierra & Rosselli, 2010; Linck, Hoshino, & Kroll, 2008; Mercier, Pivneva, &
Titone, 2014; Mor, Yitzhaki-Amsalem, & Prior, 2014), which is based on stimulus—
response compatibility and assesses the extent to which the prepotent association to
irrelevant spatial information affects participants’ response to task- relevant nonspatial
information; this task measures the conflict resolution aspect of inhibitory control. Using
this task, four empirical studies of young adults found a bilingual advantage (Bialystok et
al., 2004; Bialystok & Depape, 2009; Bialystok, Martin, et al., 2005; Linck et al., 2008)
whereas several other studies did not find a significant bilingual advantage (Bialystok et
al., 2008; Blumenfeld & Marian, 2013; Gathercole et al., 2014; Kousaie et al., 2014,
Salvatierra & Rosselli, 2010; Mor et al., 2014). The Stroop task is another widely used
measure of inhibitory control that also measures conflict resolution. Compared to studies

that used the Simon task, there was more positive evidence for a bilingual advantage

11 please refer to Appendix A for a table of studies included in the review of inhibitory control advantages
in young adults. This table includes participant characteristics, proficiency, age of acquisition, task,
outcome measures, and statistical outcome.
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using the Stroop task: six studies found that bilinguals outperformed monolinguals
(Bialystok et al., 2008; Bialystok, Poarch, Luo, & Craik, 2014; Blumenfeld & Marian,
2013; Costa, Hernandez, & Sebastidn-Gallés, 2008; Kousaie & Phillips, 2012; Kousaie et
al., 2014); two studies demonstrated no difference between groups (Blumenfeld &
Marian, 2013; Mor et al., 2014); and one study found mixed results (Bialystok & Depape,
2009). Using various other tasks of inhibitory control, no evidence for a bilingual
advantage was found for an antisaccade task (Bialystok, 2006b), a stop signal task
(Colzato et al., 2008), the Attention Network Test (Costa et al., 2009), the Lateralized
Attention Network Test (LANT; conflict component; Tao et al., 2011) and a flanker task
(Luk, De Sa, & Bialystok, 2011); however, a bilingual advantage was found using a
modified antisaccade task (Bialystok, 2006) and an inhibition of return task (Colzato et
al., 2008).

In a review of the literature, Hilchey and Klein (2011) found poor evidence for a
bilingual advantage for interference control (what they called the “bilingual inhibitory
control advantage” or BICA), but found strong support for a global advantage (termed the
“bilingual executive processing advantage” or BEPA), where bilinguals consistently
demonstrated faster response times than monolinguals for congruent and incongruent
trials. The authors noted that this latter effect was only present when the task itself
elicited a sufficient level of response conflict. However, in an update of their original
paper to include studies that had been published since 2011, (Hilchey, Saint-Aubin, &
Klein, in press) the BEPA effect disappeared. The authors argue that the disappearance of
this effect between 2011 and 2016 was related to publication bias, such that fewer studies

were published that demonstrated little or null effects prior to 2011.
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More research has been conducted using tasks that measure conflict resolution,
rather than response inhibition. However, there does not appear to be a relationship
between the type of nonlinguistic inhibitory control task and the outcome, except for
more studies finding an advantage for bilinguals using the Stroop task. As is evident by
the studies identified to measure inhibitory control mechanisms in bilinguals, this EF
component is the most widely studied, which may be the result of initial theories of
bilingual language control (e.g., IC model; Green, 1998). A more consistent and
prominent bilingual advantage for inhibition has been found in children, middle-aged
adults, and older adults (Bialystok, Martin, et al., 2005) than young adults. Therefore, it is
possible that peak EF development (i.e., a ceiling effect) in young adulthood reduces our
ability to identify, via task performance (e.g., accuracy and response time), the bilingual
advantage. Following this logic, tasks measuring information processing (e.g.,
computerized EF tasks, paper-and-pencil EF tasks) may not always be sensitive enough
to pick up subtle differences in inhibition differences in this age group.

Switching. A person who speaks two languages needs to attend to the language
that is appropriate in the particular context and ignore the language that is irrelevant; this
kind of experience may lead to development of more effective attentional mechanisms. In
the bilingualism literature, researchers often use nonlinguistic switch tasks (e.g., Garbin
et al., 2010), global-local tasks (e.g., Bialystok, 2010), trail making tasks (e.g., Bialystok,
2010), dichotic-listening tasks (e.g., Soveri, Laine, Hamilédinen, & Hugdahl, 2010), the
lateralized attention network test (e.g., Tao et al., 2011) and other task switching
paradigms (e.g., Prior & Macwhinney, 2009) to measure attention switching. In

monolingual and bilingual young adults, three studies have investigated the role of
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switching mechanism fortification in young adult bilinguals using nonverbal attention
switch tasks'?, such as switching between the color or shape of a stimulus on screen, or
using a dichotic listening task; all three of these studies found a bilingual advantage (i.e.,
reduced switch cost for bilingual participants) (Garbin et al., 2010; Prior & Macwhinney,
2009; Soveri et al., 2010). Other tasks that investigated the role of additional attention
processes, such as orienting, alerting, and sustained attention, did not find bilingual
advantages (Herndndez, Costa, Fuentes, Vivas, & Sebastidn-Gallés, 2010; Tao et al.,
2011), suggesting that the enhancement that bilinguals received may be confined to the
process used most by the bilingual language networks: switching.

Updating. The theoretical explanation for the use of working memory in the
bilingual brain is gaining support, such that some have argued for the role of working
memory during second language acquisition and bilingual language processing (e.g.,
Szmalec, Brysbaert, & Duyck, 2012). If this is the case, then one could make similar
hypotheses for working memory advantages in bilinguals as are made for inhibition and
switching. The working memory tasks typically used in the bilingual literature do not
involve the updating element of working memory posited by Miyake et al. (2000).
However, a brief review of the literature follows.

Feng and colleagues (2009) report that they were the first to investigate directly
the role of working memory advantages in bilingual children. In the first of their two-
experiment study, they used four tasks, which purported to measure: (i) only working
memory (i.e., a verbal sequencing span task, where participants had to hold in mind a

sequence of numbers and reorder those numbers; and a frog matrix task, where

12 please refer to Appendix A for a table of studies included in the review of Attention switching
advantages in young adults. This table includes participant characteristics, proficiency, age of acquisition,
task, outcome measures, and statistical outcome.
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participants had to reproduce a sequence of spatial locations); and (ii) working memory
and inhibition (i.e., a faces task, where participants had to press the response key
corresponding to the direction the eyes, even if it was not the side where the head and
eyes were located; and a pictures task, where participants responded to a right button
press for picture A and a left button press for picture B). Results from this task revealed
superior performance on all tasks for the bilingual participants compared to the
monolingual participants. In their second experiment, which was conducted to replicate
and extend their findings related to the frog matrix task. Thus, they use a complex version
of the frog matrix task with four levels of difficulty: (i) simple spatial span, requiring
participants to simply hold information in mind without manipulation; (ii) spatial
memory with distraction, where irrelevant items were present during a delay interval; (ii1)
temporal order memory, which was the same as the frog matrix in their first experiment;
and (iv) spatial memory plus reordering, where participants were shown items in a
sequence, but had to reorder that sequence in their response. Results revealed bilingual
children outperformed their monolingual counterparts on the latter two conditions of the
visual-spatial task, which most taxed working memory; no differences were found
between monolingual and bilingual participants for the first two conditions.

In an attempt to consolidate the literature and relationship between working
memory capacity and second language acquisition, Linck, Osthus, Koeth, & Bunting,
(2014) conducted a meta-analysis involving 79 independent study samples of 3707 young
adult participants. These authors define working memory along two task-type continua,
including: (i) simple (i.e., measuring storage only) versus complex (i.e., measuring

storage and manipulation); and (ii) verbal and nonverbal stimuli. They also defined
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language-related variables, including (i) L2 performance measures (i.e., a measure of
comprehension, production, or both); and (ii) L2 proficiency, which was further
categorized as highly proficient or less proficient. Their results revealed that second
language proficiency (comprehension and production) was positively correlated with
working memory capacity across the task-type variables. The effect sizes were relatively
larger in verbal working memory measures than nonverbal working memory measures
and in complex measures versus simple span measures, suggesting the bilingual
advantage for working memory tasks may be circumscribed to more complex and verbal
working memory tasks, rather than a general fortification of all working memory
processes.

The main similarity between the initial study reviewed and the meta-analysis was
the use of working memory tasks. However, there are several differences between the
initial study reviewed and the meta-analysis, namely: (i) the initial study conducted by
Feng and colleagues (Feng et al., 2009) was conducted on children; (ii) the meta-analysis
by Linck et al. (2014) was conducted on adults; (iii) the initial study compared
monolingual and bilingual participants; (iv) the meta-analysis was conducted on
bilinguals only; (v) the initial study found a bilingual advantage for simple auditory and
visual working memory tasks, as well as complex visual-spatial tasks; and (vi) the meta-
analysis found a positive correlation between task complexity and L2 proficiency, as well
as larger effect sizes for verbal working memory tasks than nonverbal working memory
tasks. Although Linck et al. (2014) did not compare monolingual and bilingual
participant performance, their results did suggest that higher proficiency was related to

better working memory capacity, especially in complex tasks. Furthermore, the authors
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included the n-back task in their complex, nonverbal category, which is one of the tasks
that measure updating as posited by Miyake et al. (2000). However, since their results
revealed smaller effect sizes for nonverbal working memory tasks and they did not
compare bilingual to monolingual participant performance, it remains unclear whether or
not a bilingual advantage would emerge.

To expand on the aforementioned literature, various studies investigating the
bilingual advantage have included measures of working memory'’; these measures are
used to control for working memory ability and do not include the updating component
posited in Miyake and colleagues’ (2000) conceptualization of EF. However, Bialystok et
al. (2008) used the corsi blocks test, which is a visual-spatial working memory task where
participants have to point to a series of blocks, and found a significant bilingual
advantage for young bilinguals; however, using the same task, Wodnieka and colleagues
(2010) did not find a bilingual advantage. In fact, in this latter study, the authors actually
found a bilingual disadvantage in an auditory-verbal digit span working memory task'*.
Two other studies that have included visual-spatial and auditory span tasks have not
found significant group differences (Bialystok et al., 2004; Luk et al., 2011).

To our knowledge, only one study (Soveri, Rodriguez-Fornells, & Laine, 2011)
has investigated the role of updating mechanisms related to working memory in adult
bilinguals. The author’s aimed at introducing a “complementary analysis approach” by
using regression analyses within 38 adult bilinguals to assess the relative contribution of

different EF tasks to the prevalence of language switches in daily conversations. In this

13 Please refer to Appendix A for a table of studies included in the review of working memory advantages
in young adults. This table includes participant characteristics, proficiency, age of acquisition, task,
outcome measures, and statistical outcome.

14 The authors suggested that this finding was linked to lower proficiency in L1, which was the language
that the task was given in.
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study, the authors used a spatial n-back task, in combination with several other tasks
assessing inhibition and switching components of EF. Although a direct comparison
between monolingual and bilingual groups was not conducted for the n-back task, the
authors’ regression analysis of bilinguals-only revealed updating processes were related
to age, such that younger bilinguals produced smaller processing costs. Working memory
was not significantly related to the language-related variables, which included language
switches, contextual switches, and unintended switches"’.

Taken together, the literature on working memory differences between bilingual
and monolingual individuals is limited, mixed, and lacking the updating element of
working memory posisted by Miyake et al. (2000). Further, the literature reveals a similar
pattern of results as the empirical literature for inhibition and switching. It is clear that
more research is needed on the updating nature of working memory in bilinguals and
monolinguals.

Additional variables of interest

Age of acquisition. In bilingualism research, the age at which L2 learning begins
or the age at which an individual is first exposed to L2 is referred to as the age of
acquisition (AoA). The earlier an individual learns an L2, the more native-like that
language will be (Costa & Sebastian-Gallés, 2014); however, even if an individual is
exposed to an L2 since birth, a dominant language prevails (Sebastian-Galles, Echeverria,
& Bosch, 2005). Furthermore, AoA has been suggested to drive a different neural

representation of those bilinguals who learned both languages at different points in their

'3 Data for all three of these variables was collected using a 5-point scale where participants rated their
perception from never (1) to always (5). Language switches were the tendency to switch between languages
when a word was no known and was calculated by taking the average for Finnish-English and English-
Finnish switches. Contextual switches were those that occurred in specific situations where switches
always occurred. And finally, Unintended switches were those that were difficult to control or unintended
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life (Sabourin, Brien, & Burkholder, 2013). To our knowledge, Soares & Grosjean (1984)

were the first to methodologically define late bilinguals, which they defined as first
coming into contact with an L2 after the age of 12; rationale for their definition was not
provided. Looking further into the literature, there are inconsistencies in how AoA is
operationally defined. Some studies have considered AoA to be the age of first exposure
to a second language (Newman, Tremblay, Nichols, Neville, & Ullman, 2012), the age at
which subjects moved to a country that spoke the L2 being studied (Weber-Fox &
Neville, 1996), or the age at which an individual started using both languages on a daily
basis (Luk, De Sa, et al., 2011). Further, some others have used different age cutoffs,
such that early bilinguals were defined as those who learned L2 before the age of three or
four and late bilinguals learned L2 after the age of 10 (Isel, Baumgaertner, Thrin, Meisel,
& Biichel, 2010; Perani et al., 1998). More recently, authors defined early bilinguals as
learning L2 before the age of three and late bilinguals after the age of seven (Klein, Mok,
Chen, & Watkins, 2014); whereas other studies have been more vague in their definition
(Kaushanskaya & Marian, 2007). It is apparent that a common operational definition for
AoA has not been consistently used in the literature; however, despite these
methodological differences, striking effects of AoA on language processing and
executive control have been found.

One meta-analytic study that investigated the underlying neural lateralization of
monolingual and bilingual speakers developed moderator divisions for different age
groups, depending on when a second language was acquired. Hull and Vaid (2007)
conducted a meta-analysis with a central aim to systematically examine and quantify

outcomes from the behavioral bilingual laterality literature in order to assess the
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functional organization of language in the bilingual brain. The authors state the attributes
used to define bilingualism and its subtypes varied widely from study to study, and thus,
they were required to develop moderator divisions for L2 acquisition. Although their
rationale for the moderator divisions was not stated directly, the authors were
investigating lateralization differences depending on the age at which an L2 was acquired,
which is influenced by and/or influences brain and cognitive development. Further, they
use observations from the brain development literature, including (i) the observations that
the cerebral cortex nor the corpus callosum is fully developed until the age of 5 or 6 years
(or even later) and (ii) that myelination of neural pathways is not established until that
time and even later. Taken together, the authors’ operational definitions were: (i) early
(or infant) bilinguals learned L2 by the age of 6 and (i) late (or adult) bilinguals learned
L2 at or after the age of 13. These authors had a third group of ‘childhood’ bilinguals
whose L2 acquisition fell in the middle.

In their meta-analysis, Hull and Vaid (2007) found support for their operational
definitions of AoA from differential lateralization effects for languages depending on
Ao0A. The authors examined bilingual functional lateralization based on studies that
directly compared both monolinguals and bilinguals. They found that monolinguals and
late bilinguals were reliably left hemisphere dominant across language tasks regardless of
proficiency, whereas early bilinguals showed reliable bilateral hemispheric involvement.
This finding was supported by an earlier meta-analysis where comparable differences
between early and late bilinguals were also reported (Vaid & Hull, 1991). Taken together,

this evidence suggests that the primary predictor of functional language lateralization in
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adulthood is whether an individual learned one versus two languages early in childhood,
and further, that long lasting neural changes occur when one learns an L2 early in life.
Extending and complimenting the neural differences and lateralization findings by
Hull and Vaid (2007), other researchers have investigated the cognitive processing
differences between monolinguals, early bilinguals, and late bilinguals. For example, in a
recent study, Bialystok and colleagues (Luk, De Sa, et al., 2011) found that AoA was an
important variable when studying the effects of enhanced cognitive control on young
adults. These authors used the age at which the participants started to use both languages
on a daily basis, suggesting that the brain-related changes associated with using two
languages is important for underlying brain processing (i.e., enhanced EF), similar to the
argument by Hull and Vaid (2007). Further, they selected an arbitrary cutoff of age 10 as
a ceiling for when a participant could have started using his/her second language on a
daily basis. They argued that “previous research reporting support for a critical
hypothesis [for brain development] was around the age of puberty. Since the sample in
the study was young adults around the age of 20, age 10 was slightly before puberty and
divided bilinguals into those who have used two languages essentially for all their lives or
half of their lives” (p.590). Despite this definition, they used a traditional flanker task to
assess inhibitory control processes in their sample and found that early bilinguals
produced the smallest response time (RT) cost for incongruent trials (i.e., flanker effect)
with no difference between monolinguals and late bilinguals. Their findings continue to
suggest that the earlier one starts to learn and use — on a daily basis — a second language,

the more enhanced the effects on EF are in early adulthood.
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Extending the cognitive findings from Bialystok and colleagues (2011) and

matching an operational definition closer to Hull and Vaid (2007), another study
investigating the role of cognitive control processes in early and late bilinguals was
conducted by Tao and colleagues (2011). In measuring AoA in this study, these authors
considered early bilinguals as those who immigrated to another country at or before the
age of six, whereas late bilinguals were immigrants who moved at or after the age of 12;
they did not control for exposure to L2 before immigrating. For group comparisons, the
authors used the lateralized attention network test (LANT), which is a computerized task
that measures three components of attention: alerting, orienting, and executive control, as
posited by Posner and Rothbart (2007). Comparison between the results in a valid spatial
cue condition (which informs participants where the target will occur) and the results in a
center cue condition provide information about the efficiency of orienting to the target
location. As such, these authors found that early and late Chinese-English bilinguals had
a more efficient attentional network than monolinguals. In a comparison between
congruent and incongruent flanker LANT conditions, they also found that the late
bilinguals demonstrated the greatest advantage in conflict resolution (i.e., smallest RT
cost), which was an index of the executive network’s efficiency. Taken together, this
study demonstrated that AoA has an impact on the development of differential
advantages for early and late bilinguals.

Contributing further to the cognitive processing differences for bilinguals who
learned an L2 at different time points, two recent empirical studies investigating the role
of AoA found different effects of AoA on EF outcomes, as follows. Kalia, Wilbourn, and

Ghio (2014) sought to (i) determine whether early and late bilinguals vary from one
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another, and (i1) exhibit cognitive advantages in EF relative to monolinguals. They
defined early bilinguals as individuals who learned an L2 prior to age 6 and classified late
bilinguals as individuals who learned an L2 at and after age 6. Although the authors cite
Hull and Vaid (2007) in the rationale for their definition, their operational definition of
late bilinguals is different. To measure group differences, they used an auditory cued
number numerals task and found no differences between the three groups, which they
argue suggested AoA and bilingualism do not produce advantages for the EF system.
However, in another study investigating AoA and the bilingual advantage, Pelham and
Abrams (2014) measured and compared outcomes in three groups: (i) monolinguals, (ii)
early bilinguals (no later than age 7), and (iii) late bilinguals (no earlier than age 13).
They used the attentional network test, which is a combination of the Simon task and a
flanker task, and results revealed similar performance for early and late bilinguals, where
both groups performed better (i.e., less RT cost) than monolinguals. The authors argued
that the process of learning a second language, regardless of age, produce a fortification
of the EF system.

Expanding on these cognitive processing findings, various studies have
investigated the role of AoA on brain size and function. Using structural MRI scans,
Klein and colleagues (2014) investigated cortical thickness of various brain regions in: (i)
monolinguals, (ii) simultaneous bilinguals (learned both languages before the age of
three), (ii1) early sequential bilinguals (learned an L2 after developing proficiency in L1
but between the ages of 4-7, and (iv) late childhood sequential bilinguals (learned L2
between ages 8-12). They found thicker grey matter in the left inferior frontal gyrus

(IFG) and thinner cortex in the right IFG in late bilinguals. The left IFG is important in
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language production and commonly referred to as Broca’s area, while the right IFG has
been linked to the go/nogo task and inhibitory control (Aron, Robbins, & Poldrack, 2004).
No differences were found in simultaneous bilinguals and monolinguals for any
measured brain region. Furthermore, within the bilingual groups, significant correlations
between age of acquisition of L2 and cortical thickness were seen in the same regions:
cortical thickness correlated with age of acquisition positively in the left IFG and
negatively in the right IFG. The authors argue that thicker cortex for early and late
childhood sequential bilinguals may reflect the idea that acquiring an L2 as a new skill
after infancy induces specific structural changes in brain areas demanded by the task.
Taken together, they argue that their “results provide structural evidence that AoA is
crucial in laying down the structure for language learning” (p. 5).

In conclusion, differential effects, including structural and function brain imaging,
as well as cognitive processing outcomes, have been found for early and late bilinguals
compared to monolinguals. However, there are several methodological challenges when
synthesizing the literature, mostly due to the vast differences in operational definitions
used to categorize early and late bilinguals. Despite these challenges, however,
differences in outcomes have emerged. Compared to late bilinguals and monolinguals,
learning an L2 early in life may produce more fortified enhancements of the EF system
while it is developing, resulting in long lasting benefits throughout an individual’s life.
Furthermore, there are grounds to suggest that late bilinguals also experience fortification
of the EF system, but that the neural function and structure of the system may be different
than early bilinguals. Included in the aforementioned studies, language proficiency was

similar across early and late bilinguals; a high level of proficiency of both languages is
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required when comparing groups, as a result of the influence of language proficiency on
language networks (e.g., Mechelli et al., 2004; Newman et al., 2012; Nichols, 2013;
Perani et al., 1998).

Language proficiency. Language proficiency has an impact on the functioning of
the language networks (e.g., Dijkstra & van Heuven, 2002; Kroll & de Groot, 2005; Kroll
et al., 2010), including the level of inhibition required to suppress nodes in the nontraget
language (Green, 1998), the size of brain regions (Mechelli et al., 2004), lexical access
(Sabourin et al., 2013), and neurophysiological differences (Fernandez, Tartar, Padron, &
Acosta, 2013). In fact, language proficiency is a factor typically accounted for in models
of bilingual language use, such as Kroll’s HRM (Kroll & Stewart, 1994), and the BIA+
model (Dijkstra & van Heuven, 2002). Similar to the literature reviewed thus far, the
bilingual language proficiency literature is mixed; however, individuals who study the
effects of bilingualism employ measures of language proficiency in an attempt to
measure the effects of language proficiency on dependent variables or as a control
measures (e.g., Bialystok & Viswanathan, 2009; Bialystok, 2007; Carlson & Meltzoff,
2008; Moreno, Wodniecka, Tays, Alain, & Bialystok, 2014). Some authors have used a
standardized measure of English proficiency, including various versions of the Peabody
Picture Vocabulary Test (PPVT) (e.g., Bialystok & Viswanathan, 2009; Luk et al., 2011;
Martin-Rhee & Bialystok, 2008; Prior & Macwhinney, 2009), whereas others have used
self-report indices (e.g., Costa, Herndndez, Costa-Faidella, & Sebastian-Gallés, 2009;
Costa, Santesteban, & Ivanova, 2006; Emmorey, Luk, Pyers, & Bialystok, 2008). There
are pros and cons to employing both of these forms of measurement. For example,

standardized measures of language proficiency provide more objective measurement of
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proficiency. However, these measures have several shortcomings: (i) they can be time
consuming, (ii) they are language specific, which can limit the participant sample to
specific languages, and (iii) they can be costly. The benefits of using a self-report rating
scale include: (i) they can be administered quickly and (ii) they can be used with a
diverse range of L2 languages. However, a shortcoming for self-report measures of
proficiency is less objectivity and potential bias in self-report.

There have been studies that investigated the role of language proficiency as an
independent variable and found differential effects (e.g., Kalia et al., 2014; Luk &
Bialystok, 2013; Luo, Luk, & Bialystok, 2010; Mechelli et al., 2004). For example,
Mechelli and colleagues (2004) used magnetic resonance imaging (MRI) and voxel-based
morphometry to assess the relationship between proficiency (high versus low) and grey
matter density. These authors did not report how they measured language proficiency.
Their results revealed greater grey matter density in the inferior parietal cortex for
bilinguals compared to monolinguals. Further, they found a positive correlation between
proficiency and grey matter density. The authors argue that their results are consistent
with growing evidence demonstrating that structural changes in the brain occur in
response to environmental demands (e.g., learning a second language and being highly
proficient). Similar to structural changes related to proficiency, an event-related potential
(ERP) study, which measures neurophysiological or functional differences, investigated
the role of inhibitory control in bilinguals and monolinguals. To measure language
proficiency, the authors used the Oral vocabulary subtest of the Bilingual Verbal Ability
Test (BVAT), a standardized measure of proficiency. Using a non-linguistic, auditory

Go/NoGo task, a task linked to non-motor, cognitive inhibition, these authors found a
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correlation between N200 amplitude (a measure of inhibitory control) and second
language proficiency (Fernandez, Tartar, Padron, & Acosta, 2013).

In another study investigating the potential factors associated with the bilingual
experience (e.g., language proficiency, daily usage, etc.), Luk and Bialystok (2013)
assessed 110 heterogeneous bilinguals using a questionnaire and standardized English
proficiency measures (i.e., the Peabody Picture Vocabulary Test-1II and the Expressive
Vocabulary test). Using exploratory and confirmatory factor analysis, these authors
analyzed the factors that quantified the relevant dimensions of language experience for
bilinguals. As such, they found two correlating factors: (1) daily bilingual usage, and (ii)
English proficiency. These authors argue that their results support the idea that bilingual
experience is composed of multiple related dimensions that should be included when
testing the impact of bilingualism on other factors, such as EF.

In conclusion, measurement of language proficiency is prevalent in the
bilingualism literature, including accounting for language proficiency in models of
bilingual language use. Together with the impact of proficiency on outcome measures,
the evidence suggests that it is necessary to, at least, control for the level of language
proficiency to ensure similarity between groups.

Socioeconomic Status. Socioeconomic status (SES) refers to a measure of an
individual's or family's economic and social position in relation to others, based on
variables, such as income, work experience, education, and occupation. In a critical
review of the relevant bilingual children literature, Barac, Bialystok, Castro, & Sanchez
(2014) argued that “the studies included in the review varied greatly in terms of socio-

economic status ... [and] information about socio-economic background was not always
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reported; when socio-economic status was included it was measured by using parents’
education and/or income as a proxy” (pp. 701-702). The authors further identified that
although some studies appropriately matched participants on SES, it was not considered
in the statistical analyses because groups were equivalent, and when bilingual and
monolingual children differed significantly in terms of socio-economic background, this
effect was accounted for in the statistical analyses by covarying out differences in SES
between the groups.

The research reviewed thus far involves bilingual children from varying SES
brackets and suggests that the bilingual advantage extends beyond the impact of SES, at
least in children. Turning to the adult literature and specifically to the studies reviewed
earlier in adult bilinguals across three EF components, only three studies included criteria
for matching SES across participant groups (Fernandez, Acosta, Douglass, Doshi, &
Tartar, 2014; Moradzadeh, Blumenthal, & Wiseheart, 2014; Tao et al., 2011), while the
remainder did not explicitly measure or account for SES.

It has been demonstrated that SES has an impact on the development of EF (e.g.,
(Ardila, Rosselli, Matute, & Guajardo, 2005; Bradley & Corwyn, 2002; Sirin, 2005),
such that lower SES is often associated with worse performance on measures of EF
(Noble, Norman, & Farah, 2005). If bilingualism has a positive effect on EF and low
SES has a negative impact, it is worthwhile considering SES in bilingualism EF research.
Differences in SES could bias the results in two ways: (i) as a confound or (ii) as a
limiting condition. Bialystok (2009) rejects the claim that not controlling for SES
produces spurious results (Paap, 2014), explaining that, at least in her research, by

sampling the bilingual and monolingual children from the same schools in economically
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homogeneous middle-class neighbourhoods, she controlled for SES. Moreover, Bialystok
and colleagues have specifically investigated the role of SES and bilingual status in
children, suggesting that the effect of SES on EF exists and is important to consider in
bilingual advantage research (e.g., Calvo & Bialystok, 2014). However, Paap and
colleagues argue that SES does not have an impact on the bilingual advantage (e.g., Paap
& Greenberg, 2013). These authors measured SES using parent’s education level in a
multiple task study. The authors used an antisaccade task, a Simon task, a flanker task,
and a color-shape switching task, and they found that group differences did not change
when SES was matched and when it was not.

Similar to the bilingual advantage reviewed thus far, the research related to SES
and the bilingual advantage is mixed. Therefore, to ensure that differences in EF between
monolingual and bilingual individuals is not the result of differences in SES,
measurement and control for, either through matching or statistical analyses, the impact
of SES in language groups is recommended.

Immigration Status. This variable describes whether or not an individual has
immigrated to another country, typically where the research is being conducted. Engel de
Abreu, Cruz-Santos, Tourinho, Martin, & Bialystok (2012) investigated the bilingual
advantage in low-income Portuguese-Luxembourgish bilingual and Portuguese
monolingual immigrant children who completed two visuospatial tests of working
memory (i.e., an odd-one-out task and a dot matrix task), an abstract reasoning task (i.e.,
the Raven’s progressive coloured matrices), a selective attention task (i.e., a sky search
task from the test of everyday attention), and an interference suppression task (i.e., a

flanker task). They then used principal component analysis and found two broad
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cognitive factors of EF: (i) representation (abstract reasoning and working memory), and
(i1) control (selective attention and interference suppression) and found a cognitive
advantage for the control factor, but not the representation factor, despite having low
Portuguese vocabulary scores for bilingual children. They reported that cognitive
advantages are possible even with a seemingly low degree of proficiency in both
languages and in spite of low SES. They further purported that these results clearly show
that, in spite of facing many linguistic and environmental challenges, bilingual immigrant
children present strengths in nonlinguistic cognitive domains, including interference
suppression and selective attention.

Several studies with adult monolingual and bilingual participants have poorly
accounted for immigrant status (e.g., Bialystok et al., 2008; Fernandez et al., 2013;
Fernandez et al., 2014; Garbin et al., 2010; Kousaie & Phillips, 2012; Kousaie et al.,
2014; Luk, Green, Abutalebi, & Grady, 2011; Mor, Yitzhaki-Amsalem, & Prior, 2014;
Tao et al., 2011). For example, Bialystok and colleagues (2008) and Mor and colleagues
(2014) simply commented on the prevalence of immigrants in the bilingual sample and
did not address immigrant status differences in their discussion. Fernandez and
colleagues (2013, 2014) simply reported information regarding the birthplace of the
participant and the birthplace of their parents, but similar to Bialystok and colleagues
(2008) and Mor and colleagues (2014), this information was not addressed in their
discussion. Of these studies, however, two made a purposeful methodological decision to
include only non-immigrant individuals (e.g., Garbin et al., 2010; Kousaie et al., 2014),

while the remainder included a mix of immigrant and non-immigrant proportions.
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To our knowledge, only one study has directly tested immigrant status as an
independent variable of older adult monolinguals and bilinguals. In a study investigating
the role of bilingualism in relation to the onset of dementia, Bialystok, Craik, and
Freedman (2007) compared 184 monolingual and bilingual individuals diagnosed with
dementia. In their analyses, they included immigrant status as an independent variable
and found no statistical differences between groups, suggesting immigrant status did not
impact the onset of dementia for monolinguals and bilinguals.

Taken together, there is limited, yet mixed, evidence for the relationship between
bilingualism, immigrant status, and cognitive outcomes. The studies reviewed either do
not account for immigrant status, or they simply document the prevalence without
including immigrant status as a variable of interest in the study. Taken together,
immigrant status should be included as demographic information in order to assess its
impact on findings and should be incorporated into the discussion of findings.
Additionally, further research is needed to determine the relationship between
bilingualism, cognitive changes, and immigrant status.

Translator Status. This variable describes whether or not a bilingual functions as
a translator for their two languages. Most research is conducted on professional
translators; however, nonprofessional translators, such as children of immigrant families,
also exist. Unlike noninterpreters, Garcia (2014) discusses how simultaneous interpreters
face several unique communication scenarios in which: (i) ongoing source language input
must be processed at the same time that previous instances of input are being translated
and spoken; (ii) production of the output message must be in the target language, likely

through inhibition of competing representations in the other language; and (iii) code-
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mixing must be deliberately avoided. Compared to bilingual noninterpreters,
simultaneous interpreters are subject to more stringent and difficult language scenarios,
hypothetically resulting in further enhancement of EF (i.e., “a double advantage”). Garcia
reviewed the available empirical literature and hypothesized that simultaneous
interpreters have specific advantages in four areas: (i) working memory; (ii) attentional
allocation (i.e., attention switching); and (iii) inhibition (Garcia, 2014). Based on his
review, however, he found mixed results for working memory, while stating general
enhancement of WM capacity for handling concurrent storage and processing. Further, he
found no particular advantage for inhibition or attention switching.

Second language acquisition stage. It is unclear whether or not the bilingual
advantage is related to the acquisition of a second language or whether it is related to the
ongoing requirement for EF components to control language output. Linck and
colleagues (2008) compared monolinguals to bilinguals at various stages of L2 learning
and measured inhibitory control ability; however, the only solid finding was that
bilinguals (when placed as one group) had superior inhibitory processes compared to
monolinguals, and learning stage did not play a role in the effect. Contrary to this, a study
by Sullivan, Janus, Moreno, Astheimer, and Bialystok (2014) investigated the effect of
early stage second-language training on executive control using event-related potentials
(ERP). Monolingual English-speaking students were tested on a go/nogo task, sentence
judgment task, and verbal fluency, before and after six months of Spanish instruction; the
control group consisted of students enrolled in introductory Psychology. After training,
the Spanish group showed larger P3 amplitude on the go/nogo task and smaller P600

amplitude on the judgment task compared to pre-test while the controls showed no
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differences between pre- and post-learning conditions, suggesting that initial L2 learning
has an impact on P3 and P600 amplitudes. The authors argued that the larger P3
waveform reflected the requirement for greater attentional resources on those nogo trials
compared to go trials, while the smaller P600 waveform reflected smaller P600
waveforms indicated less effortful processing on the judgment task. Together, this
suggests that the learning stage may provide the most robust changes to the EF system,
and further, subtle differences elicited in the neurophysiological markers may be
elucidated when more sensitive measurement (i.e., ERP) is used to assess EF differences.
Music Training. Miyake and Shah (1999) report that music training involves
working memory, selective attention, inhibition, switching, updating, and monitoring, all
of which are considered to be components of EF. Learning to play music is similar to L2
acquisition in that a musician must learn to read, speak (i.e., play), and understand (i.e.,
differentiate tones and melodies) music, and thus, it has been hypothesized that musical
training offers a similar EF fortification experience (Bialystok & Depape, 2009; Moreno
et al., 2014). Like bilingualism, music training has also demonstrated a positive influence
on EF (e.g., Bialystok & Depape, 2009; George & Coch, 2011; Hargreaves &
Aksentijevic, 2011; Moreno et al., 2011, 2014). For example, Bialystok and colleagues
(2009) compared bilinguals, trained musicians, and monolingual controls and generally
found that bilinguals and trained musicians performed better than monolingual controls.
In particular, Bialystok and colleagues (2009) used a trail making test (measuring
alternating mental sets), Simon arrows task (measuring visual-motor inhibition), and an
auditory Stroop task (measuring auditory interference control) and found the following

results: (i) on the auditory task, musicians outperformed the other groups, including the
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bilinguals, in that their RTs were faster and their ability to resolve conflict was better if
that conflict was based on pitch; and (i1) musicians and bilinguals performed similarly to
each other and were both superior to monolinguals on the Simon arrows task. However,
to our knowledge, there have not been studies that have investigated the potential additive
effect of a bilingual trained musician, though it could be hypothesized that the addition of
music training is similar to the addition of a third language and thus no additional benefit
is measured, suggesting a possible ceiling effect for the fortification of EF.

Summary of additional variables. Taken together, there are many variables that
may have a differential impact on the effect of the bilingual advantage. In an attempt to
provide descriptive information for the purpose of shedding light on the mixed nature of
the bilingual advantage in young adults, it is recommended, at the very least, that future
research on the bilingual advantage report characteristics on the following variables: AoA,
language proficiency, SES, immigrant status, music training, and L2 acquisition stage.
Of these variables, age of acquisition, language proficiency, and acquisition stage may
have the most impact on the development of EF neural networks, while the other
variables appear to have some — variable - influence on EF outcomes.

Opponents of the Bilingual Advantage

There are authors who do not support the idea that the bilingual advantage exists
(e.g., Paap & Greenberg, 2013; Paap & Liu, 2014; Paap, 2014a, 2014b; Paap, Sawi,
Dalibar, Darrow, & Johnson, 2014, 2015). These authors blame small sample sizes for
the (few) positive findings in the young adult literature, misinterpretations of the data, a
confirmation bias to report positive findings, as well as a reluctance to conduct and report

exact replications. Further, they argue that most studies do not include multiple measures
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of EF, and thus, cannot ascertain convergent or divergent validity of results related to EF
components. That is, that indicators of inhibition, for example, do not correlate across
measures, suggesting that they are not measuring similar constructs across participants.
In one study, Paap and Greenberg (2013) compared bilinguals to monolinguals on
15 indicators of EF from a few commonly used tasks in the bilingual literature (e.g., a
Simon task, a flanker, a color-shape switching task, an antisaccade task, and the Raven’s
Advanced Matrices test). From each of these tasks, the authors used several indicators
(e.g., RT and accuracy on the antisaccade task; RT from the Raven’s task; accuracy and
RT interference effect from the flanker task and the Simon task; mixing cost; switching
cost from the color-shape switching task) that were supposed to represent similar EF
components. Their goal was to investigate the bilingual advantage, as well as the
convergent validity of similar indicators across tasks; for example, accuracy from the
antisaccade task and accuracy from the flanker task both reflect inhibition. The authors
did not find evidence for a bilingual advantage, and, reported several instances of a
bilingual disadvantage. Further, they conducted subsample analyses matching SES and
fluency factors, yielding similarly null results. Lastly, their indicators of EF did not
correlate with each other, and thus, the authors argued that the absence of consistent
cross-task correlations undermines the interpretation that these are valid indicators of
domain-general abilities. In conclusion, the authors claimed “the research findings testing
for bilingual advantages in EF do not provide coherent and compelling support for the
hypothesis that the bilingual experience causes improved [EF]” (p. 256) and further, that
most studies are problematic because they only measure one component of EF and cannot

provide a measurement of convergent validity. A second study with 120 participants,
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three tasks, and 13 indicators of EF purported to confirm these findings (Paap et al.,

2014). However, it is important to note that these authors may not have had entirely
separable language groups. That is, in both studies, if a participant rated their proficiency
in two (or more) languages as a 4 or more they were classified as bilingual. If a
participant rated their proficiency in English as a 4 or more and rated all other languages
as 3 or less they were classified as monolingual. Participants who did not meet either
classification criteria were excluded from further data analyses.

These authors neglect to account for the vast childhood and older adult literature,
where the bilingual advantage is much more pronounced and the literature is less mixed.
Furthermore, the mixed young adult literature lacks significant research that may help
resolve the empirical issues. For example, all of the research has been conducted using
computerized or neuropsychological measures of EF, which assess cognitive processing
through behavioural output (i.e., RT and accuracy). Following the idea that young adults
are at their peak EF, subtle differences may not be revealed through the use of
information processing outcomes (e.g., RT, accuracy, switch cost, etc.), and as such,
alternative forms or methods of measurement are needed (e.g., neurophysiological
markers).

Looking forward: A multi-level approach to the measurement of the bilingual
advantage

In an attempt to resolve some of the shortcomings within the field of bilingual
advantage research, we propose a novel framework for assessing differences from a
multi-level approach to measurement. This framework was inspired by the research

literature on endophenotypes, where endophenotypes (i.e., measureable, nonclinical
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makers of gene expression) and intermediate endophenotypes (e.g., neurophysiological
markers) are used to indicate underlying genetic risk and gene expression (e.g., Crosbie,
Perusse, Barr, & Schachar, 2008). The majority of the research on the bilingual
advantage in young adults, and children for that matter, has been conducted using
computerized neuropsychological tasks that are purported to measure particular cognitive
functions, such as inhibition, switching, updating, and planning, to name a few.
Accordingly, these studies rely on RT and accuracy, or variations of these measures (e.g.,
interference effect on the flanker task), as outcome measures for comparisons between
groups. Although a review of the methodological advantages and disadvantages of these
methods is beyond the scope of this review, it is necessary to highlight these
measurements have several shortcomings, including: (i) assumptions about the
underlying cognitive/information processing that results in such outcomes; (ii) no direct
measurement of neural processing; and (iii) increased variability as a result of error of
measurement. In combination with the other shortcomings of measuring the bilingual
advantage in young adults (e.g., peak EF in young adulthood), assessing the bilingual
advantage at a cognitive processing level may not be sensitive enough to measure subtle
differences in processing differences between monolingual and bilingual young adults,
resulting in variability across studies and various cognitive or executive functions. See
figure 2 for a schematic representation of the relationship between genes, environment,
and ultimately executive behaviours. That is, there is a hierarchical relationship with
increasing complexity between genes and executive behaviours, such that genes create
proteins, which cumulate to produce cells/networks/structures, which subsequently

produce information processing/cognitive functions, and so on.
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Figure 2. Adapted from Crosbie et al., 2008 and Garcia-Barrera, Frazer, & Areshenkoff, 2012. This figure
represents the relationship between genes, environment, and executive behaviours.

Following the idea of increasing complexity from genes to executive behaviours,
and the idea that most published studies have targeted the information processing level, it
could be hypothesized that each level could represent a form of measurement (Garcia-
Barrera et al., 2012; Trujillo-Orrego, Garcia-Barrera, Holroyd, & Pineda, 2011). For
example, directly measuring executive behaviours could be conducted using behavioural
rating scales, such as the Behavior Rating Inventory of Executive Functions (BRIEF) or
the Behavioral Assessment System for Children (BASC). Furthermore, measuring
physiological differences between monolingual and bilingual EF could be conducted with
the use of event-related potential (ERP) paradigms. Following this logic, it is
hypothesized that as one moves through each level of measurement, from the most to
least complex, the difference between EF mechanisms in bilinguals and monolinguals
would become greater; that is, by decreasing the complexity of what is being measured,

the subtle differences between groups will be more clearly and more consistently
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revealed. To our knowledge, this framework for measuring the bilingual advantage has
never been proposed and, and more importantly, it may offer value in reducing the
measurement variability and outcome inconsistencies already found in the bilingual
advantage literature.

Also to our knowledge, no studies have yet been published to assess executive
behaviour differences in children or young adults; however, research in our lab is
underway. Behavioural rating scales are useful for assessing executive behaviours
(Duggan, Garcia-Barrera, & Muller, in press) and further, some argue that behavioural
rating scales measure different aspects of EF that are not picked up by performance-based
measures (e.g., Toplak, West, & Stanovich, 2013). At this point, there is no empirical
evidence to support the validity and efficacy of measuring the bilingual advantage using
behavioural rating scales, as a result of a paucity of research using such measures.
However, within the current proposed framework, measuring executive behaviours is the
most complex, and thus, the most likely to neglect the subtle bilingual advantage
differences. Moving down the hierarchy, a substantial amount of research has been
conducted at the information processing level, which has yielded mixed results and is
providing some preliminary evidence for the current framework. That is, as measurement
approaches the lower levels (proteins and genes), subtle differences may be less diluted,
but not necessarily easily captured. Following this logic, measuring physiology (e.g.,
neurophysiological markers in an ERP) is yielding differences between monolinguals and
bilinguals (e.g., Martin et al., 2013; Moreno, Rodriguez-Fornells, & Laine, 2008; Moreno
et al., 2014). Converging evidence has stemmed from several studies that have

investigated brain structure differences in bilingual and monolingual participants,
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yielding significant differences in structures related to EF (e.g., Luk et al., 2010). A

recent review of the neuroplasticity associated with L2 acquisition was conducted by Li,
Legault, and Litcofsky (2014), indicating that: (i) second language experience-induced
brain changes, including increased gray matter density and white matter integrity, can be
found in children, young adults, and the elderly; (ii) can occur rapidly with short-term
language learning or training; and (iii) are sensitive to age, age of acquisition, proficiency
or performance level, language-specific characteristics, and individual differences.
Completing the framework, research into genetic expression and bilingual experience
interactions has also found differences between monolinguals and bilinguals. For
example, Hernandez, Greene, Vaughn, Francis, & Grigorenko (2015) provided
preliminary results from genotype sampling of bilingual and monolingual individuals that
revealed different distributions in allele frequencies of the DRD2/ANKKI taql A
polymorphism. Bilinguals had twice as many DRD2/ANKK1 taql A+ (Al+) alleles
compared to controls, which, the authors suggest, has been linked to dopamine and EF.
The authors plan to use the same genetic analysis and compare performance on EF tasks
between subgroups (e.g., bilinguals with Al+, monolinguals with Al+, bilinguals with Al-,
and monolinguals with Al-). However, further research in behavioural outcomes and
empirical measurement is yet-to-be published.
Recommendations for future research

Include measurements of additional variables. It is becoming clear that EF is a
multidimensional spectrum that is possibly impacted by a range of variables, such as
bilingualism, AoA, language proficiency, SES, immigrant status, music training, and

stage of L2 acquisition. Together, these variables will ultimately have an impact on
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cognitive/information processing outcomes of EF. Further, the nature of the effect of the

bilingual experience on EF is unclear, and as such, it is imperative for researchers to
consider the multitude of variables that impact the bilingual experience in order to
elucidate the relationship between bilingualism and EF. In fact, some authors have
posited the question, how much bilingual experience is enough to effect change on EF?
Additional cross-sectional and longitudinal studies are necessary to shed light on these
questions. For example, between-subject cross-sectional studies aimed at different years
of L2 experience will provide insights into potential trajectories of the fortification of EF,
in that group differences may arise between those without L2 experience and those with 5
years, 10 years, etc., with no differences between those with 5 years, 10 years, etc. of L2
experience. If findings like this emerge, it would suggest the initial learning period has
the most influence on EF compared to ongoing L2 experience. Longitudinal studies can
corroborate such findings by demonstrating within-subject effects (i.e., bilingual
individuals would show fortification of EF between time 1 and time 2 but no additional
advantages after that, while monolinguals would show no differences over time). In fact,
preliminary longitudinal research studies have been conducted, revealing positive
changes to EF after learning a second language (e.g., Sullivan, Janus, Moreno, Astheimer,
& Bialystok, 2014).

Use well-supported models of EF to build a strong foundation for
measurement. The 3-factor model posited by Miyake and colleagues (e.g., Friedman et
al., 2008; Miyake & Friedman, 2012; Miyake et al., 2000), which includes inhibition,
switching, and updating, provides a framework upon which EF advantages can be

measured and assessed with bilingual and monolingual samples. In terms of assessing the
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diversity of EF, there are a number of individual research studies investigating the role of
specific EF components. In young adults, the research-to-date is heavy within inhibitory
control mechanisms, with a recent increase in measuring switching. As such, it will be
important to develop the research literature using updating tasks as a component of EF, as
this is largely lacking and could provide valuable information when assessing subtle
differences in young adults.

Further, it appears necessary to continue to obtain measurements of the three
components as an attempt to capture the diverse nature of EF, continuing to strengthen
our understanding of the interplay between EF and language networks in bilinguals.
Including all three components within the same study/sample will allow for a more
comprehensive measurement of EF, facilitating an exploration of the unitary and diverse
nature of EF across monolingual and bilingual samples. As such, comprehensive
measurement of the components and adapting select statistical procedures, such as factor
analysis or structural equation modelling, can facilitate more robust, and potentially
impactful, comparisons between groups (e.g., invariance analysis), something that has yet
to be documented within bilingual research.

Produce meta-analyses and/or systematic reviews. Empirical evidence for and
against the bilingual advantage is cumulating, especially for inhibition as a component of
EF. The field would benefit from a more systematic review of the inhibition literature,
combining studies to further elucidate the mixed nature of the bilingual advantage in
young adults. As the literature grows for other EF components, these too should be

subject to systematic empirical analyses.



49

Include additional language groups. The majority of research reviewed in this
paper includes bilinguals who have established proficiency in an L2 and use that
language on an ongoing, and consistent basis. However, recent research on young adults
who learned a second language in adulthood has suggested that differences in EF
advantages appear within the learning phase of second language acquisition (Martin et al.,
2013). Thus, this begs the question of whether or not the bilingual advantage is the result
of simply learning a second language or if it is the result of the consistent use of two
languages. Further research on individuals who are acquiring a second language and its
impact on EF is needed to address the potential impact of initial learning on EF
fortification. Furthermore, it would be interesting to assess the long-term effects of the
bilingual advantage; that is, does the advantage persist when a second language is no
longer used? To assess such a question, and provide further insight into the advantage
itself, one may include a group of participants who had learned a second language to the
point of daily use/fluency, but no longer use the language.

Conclusions

In conclusion, this chapter reviews the bilingual advantage in young adults,
outlining the research literature using Miyake and colleagues (2000) three-factor model
of EF. This review highlights the mixed literature for inhibitory control, as well as the
lack of literature for attention switching and updating working memory. Additional
variables that impact EF, especially in the context of bilingualism, were reviewed, and
further, recommendations for future research were provided. The current review does not
solve, nor did it attempt to solve, the ongoing debate about the presence of the variability

of the bilingual advantage in young adults; however, this paper offers some advice to
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assist in clarifying this issue, including suggestions for additional research groups,

variables, longitudinal measurement in research designs, as well as conducting meta-
analytic reviews to consolidate the mounting literature, especially for inhibition.
Unfortunately, without the necessary research evidence, there still exist several
explanations for the mixed literature in young adults, including: (i) the idea that,
regardless the number of languages they manage, individuals in this age range have
similar levels of EF that are not fortified by bilingual language processing because they
are at their developmental peak (i.e., ceiling) for this set of processes; (ii) the tasks used
to assess EF are not sensitive enough to measure subtle differences in EF processes; and
(ii1) bilingualism does not foster EF enhancement across the lifespan. It appears that the
latter of these hypotheses is not likely, given the less mixed nature of the presence of the
bilingual advantage in children and older adults (e.g., Bialystok et al., 2009; Bialystok,
Martin, et al., 2005; Bialystok, 2011; Kroll & Bialystok, 2013). Figure 3 represents a
proposed developmental trajectory of EF, and thus, the bilingual advantage across the
lifespan, portraying its presence in childhood and older adulthood, as well as its subtlety
or variable “absence” in young adulthood.

—— Monolinguals
----- Bilinguals

Bilingual
Advantage

Development of EF

Young adults

Age

Figure 3. This figure represents a proposed developmental trajectory of the development of EF. The solid
line represents the theoretical trajectory for monolinguals, while the dotted line represents that of bilinguals.
The difference (i.e., shaded area) represents the bilingual advantage.
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A novel multi-level approach for understanding and measuring the bilingual
advantage was suggested here, which may help to elucidate the mixed nature of the
young adult bilingual advantage literature. Following this logic, the following chapters of
this dissertation aim to measure the bilingual advantage at three levels of measurement:
(1) executive behaviors using behavioural rating scales (Chapter 2); (i1) information
processing using computerized tasks of EF (Chapter 3); and (iii) physiology using an

event-related potential paradigm (Chapter 4).
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Chapter 2

Examination of the bilingual advantage in young adults using two behavioral rating

scale measures of executive function
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Examination of the bilingual advantage in young adults using two behavioral rating

scale measures of executive function

The Bilingual Advantage

The bilingual advantage, which suggests that individuals who fluently speak a
second language have enhanced EF, has been widely studied and discussed (e.g.,
Bialystok, 2011; Kroll & Bialystok, 2013; Valian, 2014). Unfortunately for young adults,
the research literature is mixed, casting doubt about whether or not the bilingual
advantage phenomenon actually exists (Paap & Greenberg, 2013). Despite the mixed
nature of the results, some authors (e.g., Bialystok, 2011; Valian, 2014) argue that the
bilingual advantage does, in fact, exist. For example, Valian (2014) posits that the
variability in the research findings, especially for young adults, suggest that the cognitive
benefits experienced by being bilingual compete with other cognitively enhancing
experiences to varying degrees. For example, several variables (e.g., physical exercise,
music training, education, etc.) have been found to have an impact on EF, including, but
not limited to, socioeconomic status (e.g., Sirin, 2005), immigrant status (e.g., Engel de
Abreu, Cruz-Santos, Tourinho, Martin, & Bialystok, 2012), and music training (e.g.,
Moreno & Farzan, 2015; Moreno, Wodniecka, Tays, Alain, & Bialystok, 2014).
Therefore, depending on the composition of a given research sample, the other
cognitively enhancing experiences may be more plentiful in the monolingual than
bilingual group (or sufficiently plentiful in both groups), so that the unique benefits of
bilingualism are invisible. Further, EF development is at its peak in young adulthood;
thus, various cognitively enhancing experiences would likely have been accumulated,

producing similar peak performance in young adults. If second language acquisition leads
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to EF enhancement in young adults, than it is either invisible in this age range, or the
subtle differences are not captured by the current measurement strategies (i.e.,
computerized tasks of EF).

In the following sections, EF measurement is discussed, briefly reviewing the
current approaches used in the literature, and suggesting a novel approach to assessing
the bilingual advantage. Briefly, chapter one of this dissertation posited a novel
framework for assessing the bilingual advantage in young adults by measuring EF from
various levels of measurement (e.g., executive behaviors, cognitive processing, and
neurophysiological markers). To our knowledge, there have been no studies published to
date using behavioral rating scale measures of EF, despite their increasing utility in
clinical populations for producing more ecologically valid measures of EF. Thus, the
current study is the first to investigate executive behavior differences in bilingual and
monolingual individuals.

Executive functions are a set of cognitive processes that aim to manifest goal-
directed behaviours in novel and/or unpredictable situations (Jurado & Rosselli, 2007). A
wide range of cognitive abilities and capacities is included and different researchers have
proposed somewhat different repertoires, functions, or models of EF. For example, EF
can refer to cognitive flexibility, inhibition, working memory, problem-solving,
reasoning, and planning. Many research studies, especially in bilingual research, select
individual components to compare performance of monolingual and bilingual individuals.
Although assessing a unique aspect of EF has its benefits (e.g., more simple and concise),
a major shortcoming is the lack of assessment of relationships between proposed

executive components. Miyake and colleagues offer a way to conceptualize EF that
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facilitates the investigation of both the unitary and diverse aspects of EF. These authors
(e.g., Miyake & Friedman, 2012; Miyake et al., 2000) provide compelling factor analytic
evidence that EF is both unitary (i.e., correlations between components or a “common”
EF component) and diverse (i.e., made up of inhibition, switching, and updating
mechanisms at the information processing level and problem solving, behavioural control,
emotional control, working memory at the executive behaviour level). In their study,
Miyake and colleagues (2000) used a factor analytic approach of many computerized
tasks to propose that EF were made up of three components: inhibition, switching, and
updating working memory. In a follow-up study, Miyake and Friedman (2012) suggested
that only switching and updating working memory provided unique component
contributions to EF, and inhibition was subsumed under the “common factor” because it
did not provide any additional unique variance. Despite the finding that inhibition may be
a key component in most EF tasks, it continues to be measured as a component on EF.
Measuring EF

There are several approaches to measuring EF, which converge onto two levels of
measurement: (1) EF tests appropriate for measuring cognitive/information processing,
such as laboratory performance tests, including computerized tasks and
neuropsychological measures (i.e., paper and pencil measures); and (2) EF tests
appropriate for measuring executive behaviours, such as rating scales. Laboratory-based
tests, such as the Stroop task, the go/nogo task, and the Simon task, have served as the
traditional methods for assessing EF, especially in the field of bilingualism, and there are
several reviews of these studies (e.g., Bialystok, Craik, Green, & Gollan, 2009; Bialystok,

2011; Hilchey & Klein, 2011; Kroll & Bialystok, 2013). While these tests have numerous
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advantages, including the ability to measure specific components of EF (e.g., inhibition,
switching, and updating), they are not always sensitive to everyday manifestations of
executive dysfunction outside the test setting (i.e., lack ecological validity) (Toplak, West,
& Stanovich, 2013). Related to the lack of sensitivity to executive dysfunction,
laboratory-based tests may be too narrow to capture more complex or larger behavioral
differences between bilingual and monolingual young adults. Further, these laboratory
tests sometimes indicate executive impairments in individuals not demonstrating any day-
to-day functional difficulties (Pennington & Ozonoff, 1996). In response to the
limitations of traditional approaches, researchers have developed several different
behavioral rating scales, designed to capture everyday manifestations of EF at the level of
executive behaviors in a more ecologically valid way (Isquith, Roth, & Gioia, 2013;
Silver, 2014). Although rating scales were initially intended to complement traditional
laboratory tests, recent research indicates rating scales have their own value, providing
unique, but complementary information about different aspects of EF (Isquith et al.,
2013; McAuley, Chen, Goos, Schachar, & Crosbie, 2010; Silver, 2014; Toplak et al.,
2013).

Having only gained a strong body of research support and considered as an
integral component of EF assessment within the past decade (Gioia, Kenworthy, &
Isquith, 2010; Silver, 2014), self-rating scales of EF are not widely used, especially in
bilingual research. Despite the growing support, the assessment of EF via rating scales is
associated with a number of challenges, including individual bias, personal and cognitive
characteristics of raters, environmental influences affecting ratings, inconsistent

conceptualizations and definitions of the construct, and difficulty in parsing out specific
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EF deficits (Grace & Malloy, 2001; Isquith et al., 2013). Further, most scales have been

developed under the conceptualization of capturing executive dysfunction in behaviors.
While some of these challenges are inherently associated with rating scales, this form of
measurement offers a novel method for measuring the bilingual advantage in young
adults that is yet to be explored. Specifically, using the multi-level approach to measuring
the bilingual advantage, rating scales provide information at the most complex layer of
the model.

Executive behaviors versus executive function. Behavior rating scales are
thought to measure EF at the level of executive behaviors, which involve the culmination
of several specific cognitive processes that work in concert to produce behavior. As such,
the conceptualization of EF as measured by behavior rating scales is sometimes different
than those that measure the more specific cognitive processes. For example, a latent
variable approach to EF measurement, such as that used by Miyake and colleagues
(2000), can be applied to the measurement of executive behaviors. This approach, which
will be reviewed in more detail below for the two executive behavior measures used in
the study, represents the integration of isolated EF components that represent overarching
behaviors. For these reasons, executive behavior measurements, which are generally
conducted using behavior-rating scales, often have somewhat different representations at
the level of the latent variables. For this reason, the selection of relevant latent variables
deviates slightly from Miyake and colleague’s (2000) three-factor model.

The BRIEF-A. The Behavior Rating Inventory of Executive Function-Adult
Version (BRIEF-A) is a questionnaire designed to assess executive functioning in

everyday life. The BRIEF-A was developed as an extension of the original BRIEF (Gioia,



58
Isquith, Guy, & Kenworthy, 2010) to cover adults aged 18—90 and has both self- and

informant-report forms (Roth, Isquith, & Gioia, 2005). There are nine subscales that
constitute the BRIEF-A (Roth, Lance, Isquith, Fischer, & Giancola, 2013): (i) Inhibit,
which measures behaviors associated with the ability to “control impulses and
appropriately stop verbal, attentional, physical behavior at the proper time” (p. 426); (ii)
Shift, which measures behaviors associated with the ability to “move freely from one
situation, activity, or aspect of a problem to another as the situation demands, as well as
think flexibly to aid problem-solving” (p. 426); (iii) Emotional control, which measures
behaviors associated with the ability to “modulate one's emotional responses
appropriately” (p. 426); (iv) Self-Monitor, which measures behaviors associated with the
ability to “recognize the effect of one's own behavior on others” (p.426); (v) Initiate,
which measures behaviors associated with the ability to “begin a task or activity without
external prompting and independently generate ideas” (p. 426); (vi) Working memory,
which measures behaviors associated with the ability to “hold information in mind in
order to complete a task, as well as stay with, or stick to, an activity” (p. 426); (vii)
Plan/organize, which measures the ability to “anticipate future events, set goals, develop
steps ahead of time to carry out a task, organize information and behavior to achieve an
objective, as well as carry out tasks in a systematic manner” (p. 426); (viii) Task monitor,
which measures that ability to “assess performance during or after finishing a task for
mistakes” (p. 426); and (viiii) Organization of materials, which measures the ability to
“keep workspace and living areas in an orderly manner, as well as keep track of materials
needed for tasks” (p. 426). In a recent factor analytic assessment of the BRIEF-A (Roth et

al., 2013), these scales form three factors: (i) the Metacognition factor, which is
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composed of the Initiate, Working memory, Plan/organize, Task monitor, and
Organization of materials scales; (ii) the Behavioral Regulation factor, which consists of
the Inhibit and Self-monitor scales; and (iii) an Emotional Regulation factor, which is
composed of the Emotional Control and Shift scales.

The BASC-2 Self-Report of Personality-College (BASC-2-SRP-COL). The
BASC-2 (Reynolds & Kamphaus, 2004) is behavioral rating scale system that allows for
a multimethod (i.e., multiple raters) and multidimensional (i.e., multiple aspects of
behavior and personality) approach to measuring behaviors and self-perceptions of
children and young adults. This rating scale was originally created to assess child
behavior and emotion in order to facilitate differential diagnosis of pertinent childhood
disorders and to assist with treatment plan design. Furthermore, when used as a
comprehensive system, the BASC provides the clinician a more integrated and complete
understanding of a child (Garcia-Barrera, Duggan, Karr, & Reynolds, 2014). Broadly, the
BASC-2 consists of two categories of scales: clinical and adaptive. Overall, the clinical
scales measure behaviors deemed as maladaptive or dysfunctional, with higher scores
representing more negative characteristics that may impact functioning in one or more
settings (e.g., home and/or school).

Recently, Garcia-Barrera and colleagues (2011) derived a four-factor screener of
executive function from the original BASC teacher rating scale. The four factors include:
(1) Problem solving, which measures planning, decision-making, conflict resolution, and
the orientation of behavior towards goal achievement; (ii) Attentional Control, which
measures behaviors related to focusing, sustaining, and shifting attention in response to

current task demands; (iii) Behavioral control, which measures behaviors related to
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inhibition and impulse control; and (iv) Emotional control, which measures behavioral
inhibition but differs in the emotional saliency of the inhibited responses (i.e., controlling
or delaying emotional responses). Given the support for Garcia-Barrera et al.’s (2011)
four-factor model, a similar screener from the BASC-2-SRP-COL has been derived
(Duggan et al., in press) and serves as an effective executive behavior screener for young
adults. Further, this approach has been successful in the derivation of an EF screener with
other versions of the BASC, suggesting its utility in measuring executive behaviors
across version, raters, gender, age, and time (Garcia-Barrera, Kamphaus, & Bandalos,
2011; Garcia-Barrera et al., 2014; Sadeh, Burns, & Sullivan, 2012).

Comparison of BRIEF and BASC-2-SRP-COL scales in young adults. There
are similarities and differences between the BRIEF-A and BASC-2-SRP-COL. First, both
scales use a latent variable approach to executive behavior measurement, each with a
slightly different theoretical and scale outcome. However, in a recent evaluation of the
convergent validity between these two scales (Duggan et al., in press), the
conceptualization and item content of the BRIEF-A and BASC-2-SRP-COL scales were
reviewed and the scales determined to be most similar were isolated as target scales for
comparison. The Plan/Organize scale (BRIEF-A) was selected as the scale best
representing Problem Solving (BASC-2-SRP-COL). The Working Memory scale
(BRIEF-A) was selected as the one most similar to Attentional Control (BASC-2-SRP-
COL). The Inhibit scale (BRIEF-A) was selected as most closely representing Behavioral
Control (BASC-2-SRP-COL). And finally, the Emotional Control scale (BRIEF-A) was
selected as best representing Emotional Control (BASC-2-SRP-COL). As a result of the

previously indicated convergence (Duggan et al., in press), representing overlap in
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measures between the tests, it would be predicted that similar findings for factors that

measure the same constructs. In addition to these target scales, the BRIEF-A also
contains five additional scales, considered less similar to the four BASC factors:
Organization of Materials, Shift, Initiate, Task Monitor, and Self-Monitor; these scales
were not selected for comparison in the current study because of their lack of similarity to
the BASC factors. Higher t-scores on both scales represent worse performance on
executive behaviours (i.e., executive dysfunction).

The BASC was originally created as a broadband measure that captures
dysfunctional behaviors, adaptive skills, clinical disorders, and personality traits, while
the BRIEF was created specifically to measure executive behavior dysfunction. Despite
these theoretical differences, both measures have demonstrated utility in measuring
executive behaviors in clinical and nonclinical samples (e.g., Barkley & Murphy, 2010;
Toplak et al., 2013). Also despite their theoretical differences, there is relevant overlap
between executive behavior components, which renders both measures useful for
measuring and contrasting self-rating executive behaviors in young adult bilinguals.
Objective

Using two behavioral rating scale measures of EF, we examined the bilingual
advantage in young adults. In another study using the same sample (see Chapter 3), EF
differences in inhibition and trends in switching were found, such that early bilinguals
performed better than late bilinguals and monolinguals. The current study investigated

whether or not these differences were detectable at the executive behavioral level.
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Hypotheses

Hypothesis one. Early bilinguals will demonstrate an advantage (i.e., lower t-
scores) on the BASC-2-SRP-COL Attentional control scale and on the BRIEF-A
Working Memory scale over late bilinguals and monolingual controls.

Hypothesis two. Inhibition components on the BRIEF-A Inhibit Scale and the
BASC-2-SRP-COL Behavioral control scale will reveal enhanced executive behaviors
(i.e., lower t-scores) in both bilingual groups compared to monolingual controls.

Hypothesis three. Early bilinguals, late bilinguals, and monolinguals will not
demonstrate differences on the remaining scales (i.e., BASC-2-SRP-COL Emotional
control scale, BRIEF-A Emotional control scale, BASC-2-SRP-COL Problem solving

scale, and the BRIEF-A Plan/Organize scale).
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Method

Participants and Measures

One hundred and ninety-nine university students between the ages of 18 and 25
were recruited through a psychology research participant pool at the University of
Victoria to take part in a larger study evaluating the convergent validity of several
executive measures. The present study reports the results from a subsample of 97
participants who completed both the BASC-2-SRP-COL and the BRIEF-A. Participants
were screened and excluded from enrolment if they were not between the ages of 18 and
25 (inclusive) or if they reported a significant history of neurologic or psychiatric
disturbance (e.g., traumatic brain injury, seizures, mental illness), developmental disorder
(e.g., Attention Deficit Hyperactivity Disorder, Fetal Alcohol Spectrum Disorder,
Autism), learning disability, or substance abuse. In addition, participants completed a
bilingual history questionnaire, which allowed for the creation of three distinct groups (1)
monolinguals; (ii) early bilinguals; and (iii) late bilinguals. The study was approved by
the Human Research Ethics Board at the University of Victoria. All participants were
informed of the study’s procedures, risks, and benefits and provided written consent
before participating.

Participants completed a bilingual questionnaire (see Appendix B) to assess their
relative level of proficiency in each additional language as compared to L1 (dominant
language). L1 was assumed to be the strongest in reading, writing, and comprehension.
Participants reported level of proficiency in L2 on a 10-point Likert-scale, with the
anchors “not at all proficient” (1) and “Completely proficient” (10), and total number of

languages, as well as when and how (e.g., school, home) they learned each language. Of
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the 97 participants, there were 63 bilingual and 22 monolingual. Empirical evidence
suggests differences in underlying neural development (e.g., Hull & Vaid, 2007) and in
cognitive outcomes related to age of acquisition (AoA) (e.g, Luk, De Sa, & Bialystok,
2011). Therefore, bilinguals were separated into two groups: (i) early learners, defined as
individuals who learned their second language at or before the age of six, and (ii) late
learners, defined as those who learned their second language at or after the age of 12; this
is the definition used in Hull and Vaid’s (2007) meta-analytic review, which, from a
developmental perspective, was used to delineate two bilingual groups. Individuals who
learned their second language between the ages of six and 11 were excluded from
analysis (n = 12). A summary of the demographic characteristics of the monolingual
subsample, early bilingual, and late bilingual subsamples is provided in Table 1. No
significant differences existed between groups in age and language proficiency (bilingual
groups only).

The bilingual participants spoke a variety of second languages. See Table 2 for
the proportion of L1 and L2 languages spoken by the bilingual groups. Monolingual
participants were native English speakers and had not gained substantial proficiency in a
second language. Some monolingual individuals had some second language education
after the age of 12; however, their responses on a language proficiency questionnaire
indicated poor self-rated proficiency (<2/10 on the Likert-scale) in a second language and

thus were included in the monolingual group.
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Table 1. Demographic Information

Group
Early Bilinguals Late Bilinguals Monolinguals

Mean(SD) Mean(SD) Mean(SD)
N 44 19 22
Age 20.09(1.74) 20.95(2.04) 21.23(1.90)
Sex 73% female 84% female 68% female
AoA (L2) 3.23(2.43) 14.16(2.54) -
Proficiency L2 - speak 7.98(1.99) 7.37(2.27) -
Proficiency L2 - comprehend 8.84(1.27) 8.13(2.10) -
Proficiency L2 - write 6.36(3.13) 6.58(2.69) -
Proficiency L2 - read 6.86(3.32) 7.45(2.50) -

Note. The demographic information is displayed for the participants in the current study, including: number
of participants, mean age, sex distribution, and age of acquisition for each of the three groups. AoA = age
of acquisition; L2 = second language; - Represents data that was not measured in monolinguals.

Table 2. Dominant and Nondominant Language Spoken by Participants

Group
Early Bilinguals Late Bilinguals
(%) (%)

Languages L1 L2 L1 L2
Afrikaans 2.33 4.65 - -
Chinese 16.27 - 31.58 10.52
Danish - - - 5.26
Dari - 2.33 - -
English 60.47 32.56 42.11 47.37
French - 30.23 - 15.79
German - - - 5.26
Hindi - 2.33 - -
Korean 2.33 - 11.11 -
Polish - 4.65 - -
Punjabi 6.97 11.62 - -
Portuguese - - 5.26 -
Spanish - 2.33 5.26 10.52
Swiss-German - 4.65 - -
Tagalog 2.33 - - -
Teochew 2.33 - - -
Turkish - - 5.26 -
Vietnamese - 2.33 - 5.26

Note. This table displays the proportion of L1 and L2 languages spoken by each bilingual group. *
represents mandarin and Cantonese.

The BASC-2-SRP-COL. This form contains 185 items, 68 of which consist of
dichotomous items to be rated either true or false, and 117 items to be rated on a four-
point Likert scale ranging from 1 (never) to 4 (almost always; Reynolds & Kamphaus,

2004). While most other ratings scales for individuals ages 18 to 25 are designed for use
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in all adults (e.g., 18 to 90), the items on the BASC-2-SRP-COL are specifically designed

to capture many behavioral, emotional, self-concept formation issues that are specific to
the developmental period representing the transition from adolescence into early
adulthood.

The BRIEF-A. The BRIEF-A is the most commonly used and empirically
supported rating scale for the assessment of behavioral manifestations of executive
dysfunction in adults ages 18 to 90 (Isquith et al., 2013). The BRIEF-A contains 75 items
rated on a three-point Likert scale (Never, Sometimes, and Often), which contribute to
nine scales: inhibit, shift, emotional control, self-monitor, initiate, working memory,
plan/organize, task monitor, and organization of materials.

Statistical Analyses

There are four BASC executive function factors that have been reliably derived:
Problem Solving, Attentional Control, Behavioral Control, and Emotional Control
(Duggan, Mueller, & Garcia-Barrera, 2016; Garcia-Barrera et al., 2011, 2013; Sadeh et
al., 2012). These four factors were compared to their corresponding scales from the
BRIEF-A. Factor raw scores for each of the BRIEF and BASC scale were obtained for
each participant, which were then converted to #-scores. The Statistical Package for the
Social Sciences (SPSS) version 21.0 was used for all analyses. The subsample 7-scores,
for each factor, were compared between the three experimental groups using one-way
ANOVAs. An alpha level of 0.05 was used for all analyses; a Bonferroni correction was

used for all significant post-hoc analyses.
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Results

Means and standard deviations (SD) are shown in Table 3 and t-tests are shown in Table
4.

Table 3. Mean and SD Table

Groups
Early Bilingual Late Bilingual Monolingual
Variables Mean (SD) Mean (SD) Mean (SD)
BASC
Problem Solving 51.03 (15.20) 54.68 (11.26) 51.00 (9.93)
Attentional Control 52.88 (14.07) 50.51 (9.90) 48.89 (10.49)
Behavioral Control 51.29 (14.05) 4731 (11.35) 50.21 (8.49)
Emotional Control 53.30 (14.42) 52.62 (9.57) 49.30 (7.15)
BRIEF-A
Plan/Organize 52.45(9.27) 55.84 (11.20) 52.83 (7.45)
Working Memory 54.38 (8.29) 53.42 (9.69) 54.52 (10.07)
Inhibit 5491 (10.28) 56.58 (10.72) 5491 (8.65)
Emotional Control 51.02 (10.17) 5747 (9.03) 52.62 (7.63)

Note. This table displays the means and SD for each of the executive behavior variables for each group.

Table 4. ANOVA Table

One-way ANOVAs
Variables df F P n,
BASC-2
Problem Solving 2,79 0567 0569 0014
Attentional Control 2,79 0.814 0447 0.019
Behavioral Control 2,79 0.703 0498 0.017
Emotional Control 2,79 0.846 0433 0.020

BRIEF-A
Plan/Organize 2,79 0976 0381 0.024
Working Memory 2,79 0.091 0913 0.002
Inhibit 2,79 0205 0.815 0.005

Emotional Control 2,79 3.14 0.049 0.074

Note. The individual F tests are presented above, including the degrees of freedom (df), F, the p value, and
proportion of explained variance (npz). Bolded items were significant at p < 0.05.

Post-hoc analyses of the parametric tests for the BRIEF-A Emotional control
scale revealed significantly higher scores for late bilinguals than early bilinguals, p < 0.05.

Monolinguals were not significantly different than either group.
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Discussion

Despite differences on laboratory-based tests of EF at the cognitive/information
processing level of measurement between bilinguals and monolinguals (e.g., Bialystok et
al., 2004, 2008, 2014; Bialystok & Depape, 2009; Bialystok, 2006b; Blumenfeld &
Marian, 2013; Colzato et al., 2008; Garbin et al., 2010; Kousaie et al., 2014; Marzecova
et al., 2013), which helped to guide hypothesis formation for measurement at the
executive behavior level, the first hypothesis, that early bilinguals would demonstrate an
advantage (on the BASC-2-SRP-COL Attentional control scale and on the BRIEF-A
Working Memory scale over late bilinguals and monolingual controls, was not supported.
The second hypothesis, that inhibition components on the BRIEF-A Inhibit Scale and the
BASC-2-SRP-COL Behavioral control scale would reveal enhanced executive behaviors
both bilingual groups compared to monolingual controls, was also not supported.
However, part of the third hypothesis, that no differences would be revealed for the
BASC Problem solving scale and the BRIEF-A plan/organize scale was supported.

Despite a prediction of the contrary, a significant difference on the BRIEF-A
Emotional control scale was found, but no significant difference on its analogous BASC
scale, suggesting that the scale, at least when the sample is separated into language
groups, may not measure the same construct. Post-hoc analysis of this finding revealed a
difference between late bilinguals and early bilinguals, such that late bilinguals scored
higher (i.e., more problematic emotional control) than early bilinguals; however, the
other groups did not differ significantly. The former finding may lead one to suggest that
late bilinguals have worse emotional control compared to early bilinguals. However, the

mean T-score values for all groups are within the average or expected range (Roth et al.,
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2005), suggesting that this difference may not represent a behaviorally significant
difference; rather, it may simply reflect a meaningless statistical difference, such as a
type I error as a result of multiple F tests.

Some authors (Isquith et al., 2013; Silver, 2014) suggest that behavioral rating
scales are more ecologically valid ways of measuring EF. Toplak, West, and Stanovich
(2013) compared 20 studies that used both laboratory performance-based (e.g.,
computerized tasks, neuropsychological paper and pencil measures) and behavioral rating
scale measures of EF, and found that there is little correlation between them. From this,
they suggest that these actually reflect different levels of measurement or cognitive levels.
They propose that performance-based tasks, such as the Stroop and go/nogo tasks,
measure algorithmic or information processing mechanisms, similar to the
cognitive/information processing level of the multi-level approach to measuring the
bilingual advantage. This level of measurement involves coding mechanisms, perceptual
registration, working memory, long-term memory, and other specific cognitive
mechanisms involved in processing information. They argue that behavioral rating scales,
on the other hand, measure a different level or type of processing, referred to as the
reflective level, which is concerned with the goals, belief structures, and choices of action
related to the person. Together, these additional metacognitive processes assist with
optimal decision-making and goal attainment. That is, in a hierarchical perspective, this
metacognitive level pulls together the specific processes, ultimately resulting in more
complex processing and, thus, outcomes. Moreover, these authors argue that the
reflective level is more related to executive-related functions (i.e., executive behaviors),

while the cognitive processing level is more related to supervisory processes. Relating
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this to the bilingual advantage, the subtle enhancement effects that may be offered by
learning a second language at the cognitive processing level may not be revealed using
such a broadband measure of EF, despite being an ecologically valid measurement of EF.

A similar argument specifically related to understanding the bilingual advantage
and multiple levels of measurement have been suggested. This approach contends that the
bilingual advantage (related to EF) can be measured at multiple levels with varying
degrees of complexity (e.g., executive behaviors, cognitive/information processing,
physiology, etc.), The findings from the current research, namely, that no differences
were found between groups for most of the scales, provide preliminary evidence for the
multi-level approach. It is predicted in this multi-level approach that executive behaviors
that the more complex the level of measurement (i.e., further from
cells/networks/structures), the more diluted the bilingual advantage becomes, and thus,
more difficult to reveal the subtle underlying differences between monolingual and
bilingual young adults. Behavioral rating scale measurement of EF is the measurement of
executive behaviors, which are the most complex form of EF. That is, as demonstrated in
Figure 4 below, executive behaviors are the cumulative result of several underlying levels
of measurement/processing. As is evidenced by the crossing black arrows, multiple

cognitive processes culminate to produce executive behaviors.
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Figure 4 represents a multilevel perspective, where multiple interactions between genes, proteins, and
structures interact with the environment during the production of cognitive processing, ultimately resulting
in executive behaviors. This model was adapted from Crosbie et al. 2008 (model for endophenotypes) and
Garcia-Barrera, Frazer, & Areshenkoff, 2012.

That is, to our knowledge, this is the first study to directly compare the behavioral
outcomes of EF through rating scales (i.e., executive behaviors); we did not find
significant or relevant differences between groups, suggesting that, despite purported
underlying difference at the cognitive processing level (e.g., Bialystok, Craik, Klein, &
Viswanathan, 2004; Bialystok, Craik, & Ryan, 2006; Bialystok, Craik, & Luk, 2008;
Bialystok & Depape, 2009), these differences do not provide additional advantages at a
higher- or executive behavior- level of processing. The idea that behavioral rating scales
are more ecologically valid measures of EF that relate to rational goal pursuit, and more

behaviourally-relevant behaviors that are manifest in day-to-day activities, it begs the
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question of whether or not the bilingual advantage is worth ongoing study. However,
despite a lack of differences at the level of executive behaviors that may be relevant to an
individual’s daily function (i.e., ecological validity), understanding how bilingual brains
differ from monolingual brains furthers our understanding of language processing and the
complex interactions between underlying neural systems. This basic knowledge is
important and relevant to advancing our understanding of bilingualism.

Some authors argue the bilingual advantage does not actually exist at the
cognitive processing level (e.g., Paap & Liu, 2014; Paap, 2014; Paap, Sawi, Dalibar,
Darrow, & Johnson, 2014). Not finding differences in executive behaviors may help to
support that line of evidence. However, the multi-level approach contends that
differences would not manifest at this level as a result of the complexity of executive
behaviors and the possible subtlety of the bilingual advantage in young adults. The
research literature for the bilingual advantage in young adults is mixed; therefore, further
research that empirically examines the already available literature is needed. Moreover,
this study opens a novel line of research not yet conducted, calling for more research on
executive behaviors to expand on this novel idea.

Limitations. The current study cannot solely address the mixed nature of the
bilingual advantage literature, and in fact, did not attempt to do so. This study is one
piece of a line of literature that, as a whole, seeks to shed light on the debate of whether
or not the bilingual advantage exists in young adults. Although the current study provides
some preliminary evidence in line with the multi-level approach for assessing the
bilingual advantage, it is only one piece of a multi-part puzzle. In terms of specific

limitations, there were small and unequal sample sizes, which may have hindered finding
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significant and relevant differences between groups. Another limitation of the current
study is the lack of significant findings, which may hinder its dissemination in and
valuable information to the bilingual advantage literature. Known as the file drawer
problem, which delineates the major problem in scientific research that null results do not
get published (Rosenthal, 1979). Taken out of the context of the multi-level approach, the
null findings lose their potential value to understanding the mixed nature of the bilingual
advantage literature in young adults.

Future directions. It is clear that more research that empirically synthesizes the
available literature is needed to help settle the debate of whether or not the bilingual
advantage can be documented for young adults at the cognitive processing level (i.e.,
using performance-based EF measures). It is also clear that more research on executive
behavior rating scale comparisons between bilingual and monolingual individuals is
needed in order to corroborate the current findings. Moreover, in order to support the
argument made in the current study that behavioral rating scales and performance-based
measures of EF do in fact measure different aspects of EF, a comparison of performance-
based measures (i.e., cognitive/information processing level) using the same participant
pool who completed the rating scales (i.e., executive behaviour level) would be necessary.
A direct correlational comparison between performance on cognitive processing EF tasks
and behavioral rating scales would strengthen this argument, especially given that some
of the executive behaviors measured in the current study have analogous cognitive
processing measures (e.g., inhibition, problem-solving, and attentional control). The

multi-level approach predicts that there would be little correlation, as found by Toplak



and colleagues (2013), further confirming that they measure different, yet uniquely

important, aspects of EF.
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Chapter 3

The bilingual advantage in young adults:

Examining the importance of age of acquisition when measuring executive function
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The bilingual advantage in young adults: Examining the importance of age of

acquisition when measuring executive function

Models of the bilingual neural networks contended that second language
comprehension and production was controlled through either a process of (1) inhibition
(Green, 1998), (ii) relative levels of activation (Soares & Grosjean, 1984), or (iii) through
other modes of network information processing, such as the Bilingual Interactive
Activation+ (BIA+; e.g., Dijkstra & van Heuven, 2002). These models seek to describe
the process through which one language network is activated during language perception
and production in light of the contention that both language networks are simultaneously
activated. These models differ in the underlying mechanisms through which this occurs,
whether it is through reactive inhibition of the nontarget language (Green, 1998), a
difference in the relative level of activation of the target versus nontarget language
(Soares & Grosjean, 1984), or though neural network activation and language tagging
(Dijkstra & van Heuven, 2002). However, rather than relying on internal systems and/or
processes within the language networks, more recent research literature has suggested
that the bilingual brain may effectively take advantage of another control system already
set in place within prefrontal cortex and its networks: executive function (EF) (Bialystok,
Craik, Green, & Gollan, 2009). Recent evidence also posits that the constant utilization of
this control system in the bilingual brain results in earlier development of EF components
(e.g., Bialystok & Viswanathan, 2009) and enhanced EF components through out the
lifespan (Bialystok, 2011). These benefits are known as the ‘bilingual advantage.’

The ‘bilingual advantage,” which posits that individuals who speak a second

language have enhanced EF, has been well established in the literature, especially for
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children (e.g., Bialystok, 2011). It is thought that this advantage arises as a result of the

need to manage the perception and processing of two languages. Further, this advantage
is strongly demonstrated in older adults in the form of delayed onset of cognitive
impairment, dementia, and other signs of cognitive aging (e.g., Bialystok, 2008, 2011,
2012). However, the literature is mixed for young adults. Although not mutually
exclusive, there are several interpretations for these findings: (i) individuals in this age
range have similar levels of EF that are not fortified by bilingual language processing
because they are at their developmental peak for this set of processes; (ii) the tasks used
to assess EF are not sensitive enough to measure subtle differences in EF processes; and
(1i1) bilingualism does not foster an enhancement in young adults. This study examines
the bilingual advantage of three specific EF components at the level of
cognitive/information processing for early and late young adult bilinguals compared to
monolingual controls: (i) inhibition; (i1) switching; (iii) updating; as well as (iv) slightly
more complex outcomes of EF (i.e., problem solving).
Executive function

Executive function is an umbrella term and serves as a general referent to a set of
cognitive abilities that are drawn upon when encountering novel problems or goal-
oriented activities (Anderson, 2008). Recent research has focused on the developmental
course, dimensionality, and malleability of EF; the latter of which is prominent in the
bilingual advantage literature. Research findings have indicated that EF follows a
protracted developmental course (e.g., Romine & Reynolds, 2005), showing evidence of
both unity and diversity (e.g., Garon, Bryson, & Smith, 2008; Miyake & Friedman, 2012).

Research has also demonstrated that EF is malleable, showing deficits in response to
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stress (e.g., Arnsten, 2000) and enhancements in response to structured activities (e.g.,
Bryck & Fisher, 2012) and second language acquisition (e.g., Bialystok, Craik, Green, &
Gollan, 2009). The research literature on second language acquisition suggests that
bilingual language networks must recruit the EF system to manage attention to the target
language while updating language demands and inhibiting the nontarget language within
the context of linguistic and environmental selection constraints. While it well accepted
that EF is a unitary and diverse construct (Miyake & Friedman, 2012; Miyake et al.,
2000), the individual components that reflect the diversity of EF are still debated. A
theoretical interpretation that is well supported suggests that EF consists of, at least, three
core components: inhibition, updating, and shifting (Miyake et al., 2000). Although this
model of EF suggests diversity in multiple core components, performance across these
components is generally correlated within individuals, suggesting interactions between
the components in various tasks.

A model of EF. Miyake and colleagues (2000) have provided strong empirical
evidence for the diversity of EF; here, each component is briefly defined.

Inhibition. Many authors distinguish between suppression of an over-practiced,
automatic, or ‘prepotent’ behavioral response, and the ability to suppress or ignore
information that is irrelevant but is currently interfering with or eliciting a conflicting
response on the immediate task. The former of these two processes has generally been
named response inhibition (e.g., Barkley, 1999; Nigg, 2003) or behavioral inhibition
(Barkley, 1997); while the latter process is typically referred to as interference control
(Friedman & Miyake, 2004), conflict resolution (Posner & DiGirolamo, 1998), or

executive attention (Posner & Rothbart, 2007). It is important to differentiate types of
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inhibition from reactive suppression and spreading activation models of inhibition
because the latter types of inhibition do not involve deliberate control.

Switching. The construct of ‘attention’ is complex and is conceptualized as
involving multiple functions and processes, and thus, cannot be described as a single
system. As such, there are many models and theories of attention (see Neumann, 1996).
Specifically, Posner and Rothbart (2007) argue for three attentions systems, including a
system for orienting attention, one for maintaining a state of system alertness, and finally
a system of attention under the influence of executive control (i.e., executive attention).
The latter attentional system is the most similar to the conceptualization of executive
attention proposed by Miyake and colleagues (2000). Miyake’s conceptualization of EF
includes shifting, also referred to as attention switching or task switching, which concerns
shifting back and forth between multiple tasks, operations, or mental sets.

Updating. Working memory (WM) is a cognitive system dedicated to the
temporary processing, maintenance, and integration of information during the
performance of everyday cognitive tasks (Baddeley, 2003b). Given its purpose of
maintaining task-relevant information in mind, WM is critical because it allows
individuals to hold information received from the environment or retrieve information
stored in long-term memory, and subsequently maintain that information if it is relevant
to the task goals (Unsworth & Engle, 2007). If information becomes irrelevant, it is
deleted and replaced with new, relevant information (i.e., updating). An individual can
use and organize updated information to execute goal-directed behaviors, which is one of
the main outcomes of the interactions of EF. It is necessary for any conceptualization of

EF to include a short-term storage component that maintains current (updated), task-
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relevant information until it is no longer needed, according to the goals of a given task at
a given time. The essence of updating, as proposed by Miyake and colleagues (2000), is
the requirement to actively manipulate relevant information in working memory, rather
than passively store information.
Measuring the bilingual advantage

In bilinguals, researchers have proposed that simultaneous activation of both
languages occurs when using only one of the languages, and thus, the language system is
required to manage this nonselectivity in neural activation. To assist with this conflict,
Bialystok and colleagues proposed that the language networks make use of the EF
networks to facilitate this management (Bialystok et al., 2009). Within these integrated
network connections, the constant use of the EF system to manage language inhibition,
switching, and updating is purported to provide a fortifying effect for EF. This bilingual
advantage has been prominently documented in childhood, where bilingual children
outperform monolingual children on tasks of inhibition, working memory, and task
switching (Bialystok, 2011; Kroll & Bialystok, 2013). Further, evidence suggests that the
advantage extends to older adults, where they experience enhanced EF compared to
monolingual older adults, delayed onset of dementia (up to five years) and less decline in
other cognitive functions (Bialystok, 2011). The current study tests the fortification of the
EF in young adults, where the EF system should be at its peak performance. The first
question to be tested is whether or not the bilingual advantage is present across different
EF components in this age range. The young adult bilingual advantage research literature
is briefly reviewed for inhibition, switching, and updating, as well as for the influence of

the age of acquisition (AoA) on EF enhancement. Reviews have been conducted in
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chapter one; to reduce redundancy, the current review focuses on tasks that tap into the
underlying EF components as well as those that are typically used in the bilingual
advantage literature.

Inhibition. Most research in the literature have used tasks that measure conflict
resolution or interference control aspects of inhibition, such as the Simon task (e.g.,
Bialystok et al., 2004; Bialystok & Depape, 2009; Bialystok, Martin, et al., 2005; Linck
et al., 2008), the Stroop task (e.g., Bialystok et al., 2008; Bialystok, Poarch, Luo, & Craik,
2014; Blumenfeld & Marian, 2013; Costa, Hernandez, & Sebastian-Gallés, 2008;
Kousaie & Phillips, 2012; Kousaie et al., 2014), and a flanker task (e.g., Luk, De Sa, &
Bialystok, 2011). However, expanding the inhibition literature, the ability to deliberately
inhibit, dominant, automatic responses when necessary, otherwise known as response
inhibition, is often measured using a version of the go/nogo task. To tap into inhibition
and expand on the existing literature, we chose a traditional form of the go/nogo task
where letters are presented on screen and a participant must inhibit a button press only to
a specified letter. Tasks that similarly tap into response inhibition have found positive
results; a bilingual advantage was found using a modified antisaccade task (Bialystok,
2006) and an inhibition of return task (Colzato et al., 2008).

Switching. The ability to shift back and forth between multiple tasks, operations,
or mental sets can be measured using nonlinguistic switch tasks (e.g., Garbin et al., 2010),
global-local tasks (e.g., Bialystok, 2010), trail making tasks (e.g., Bialystok, 2010),
dichotic-listening tasks (e.g., Soveri, Laine, Haméldinen, & Hugdahl, 2010), the
lateralized attention network test (e.g., Tao et al., 2011) and a color-shape switch task

(Prior & Macwhinney, 2009). Three studies using a task switch paradigm in bilingual



82
young adults have found a bilingual advantage (Garbin et al., 2010; Prior & Macwhinney,

2009; Soveri et al., 2010); offering hopeful outcomes for future investigation. Although
other switch tasks, such s the color-shape switch task, were used in the bilingual
advantage literature, we chose the local-global task, as it is commonly used to measure
one’s ability to switch between global and local features of a stimulus. As well, the
selection of this task complements and expands the existing literature.

Updating. This component requires one to actively manipulate relevant
information in working memory, rather than passively store information. Tasks typically
used to measure this component include the n-back task (e.g., Chatham et al., 2011), the
keep track task (Yntema, 1963), the letter memory task (Morris & Jones, 1990), and the
tone monitoring task (Gardiner & Parkin, 1990). The bilingual advantage literature for
updating advantages is lacking. In the bilingualism literature, there are various working
memory tasks that authors have used, including — but not limited to — the n-back task
(e.g., Soveri, Rodriguez-Fornells, & Laine, 2011), the alpha span task (e.g., Kramer,
2011), corsi block test (e.g., Bialystok, Craik, & Luk, 2008; Wodniecka, Craik, Luo, &
Bialystok, 2010), and self-ordered pointing (e.g., Bialystok et al., 2008). The majority of
these tasks, with the exception of the n-back task, do not measure the updating
component of working memory, which is the executive nature of this component, at least
as posited by Miyake and colleagues (2000, 2012). The n-back task has been used to
measure updating. For example, Chatham and colleagues (2011) used it to run
simulations and Miyake and colleagues (2012) have used it to measure their updating
component. In order to tap updating, we chose a letter-variant of the n-back task, where

individuals have to keep two letters in WM while releasing old, irrelevant information.
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Complex EF tasks. Dependence between EF constructs to produce a behavioral
outcome is an issue related to EF measurement; this issue is known as the fask-impurity
problem (Miyake & Friedman, 2012; Miyake et al., 2000). Many traditional EF tasks
involve more than one component to produce an accurate and/or efficient response. These
tasks tend to measure more complex descriptions of EF such as problem solving,
planning, and organization, and involve the use of inhibition, switching, and updating
components. Complex measures of EF that are often employed to measure EF and frontal
lobe function include the Wisconsin Card Sorting Task (Stuss et al., 2000) or other card
sort tasks (Bialystok & Martin, 2004), the lowa gambling task (IGT; Toplak, Sorge,
Benoit, West, & Stanovich, 2010), and various versions of the tower task (Hull, Martin,
Beier, Lane, & Hamilton, 2008), to name a few. To our knowledge, only one version of
the card sorting task has been employed in the young adult bilingual advantage literature
(e.g., Kousaie et al., 2014). To expand on this literature and add to our understanding of
complex EF task performance in young adult bilinguals, we selected three complex tasks,
including a card-sorting task, the IGT, and a tower task.

Age of acquisition. Age of acquisition (AoA) has been suggested to drive a
different neural representation of those bilinguals who learned both languages at different
points in their life. Soares & Grosjean (1984) were the first to methodologically define
late bilinguals. Since then, Hull and Vaid (2007) conducted a meta-analysis using the
following operational definition: early (or infant) bilinguals learned L2 by the age of 6
and late (or adult) bilinguals learned L2 after at or after the age of 13. Although this
operational definition of AoA was selected for the current study, different operational

definitions are used across studies; the latter issue has been discussed in detail in chapter
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1. Despite this variability in operational definitions, several studies have found
differences when AoA is considered (e.g., Luk, De Sa, & Bialystok, 2011; Pelham &
Abrams, 2014; Tao, Marzecova, Taft, Asanowicz, & Wodniecka, 2011), while a recent
study found no differences (Kalia et al., 2014). Despite some variability in empirical
findings, significant differential effects have been found for early and late bilinguals. We
hypothesize that learning an L2 early in life may produce more fortified enhancements of
the EF system while it is developing, resulting in long lasting benefits throughout an
individual’s life. Evidence to support this contention would arise from early bilinguals
performing better on EF tasks than late bilinguals and monolinguals. Alternatively,
learning a second language later in life and in line with the development of EF, late
bilinguals may, in fact, train their EF system to the same extent as early bilinguals and
hence display a similar cognitive benefit related to the training. This may arise from a late
bilingual’s need for more adaptation to the demands of managing and producing a second
language once L1 networks are already established. Evidence to support this contention
would arise from early and late bilinguals performing better on EF tasks than
monolinguals. A high level of proficiency of both languages is required when comparing
groups, as a result of the influence of language proficiency on language networks (e.g.,
Mechelli et al., 2004; Newman et al., 2012; Nichols, 2013; Perani et al., 1998).
The present study

The idea that bilingual brains require the use of an EF system to manage the input
and output of more than one language is becoming well-accepted. Evidence suggests that
the adaptation of this system from repeated and consistent multi-language use has an

enhancing effect on EF in children and older adults. What is less clear is whether or not
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the advantage is present in young adults, where the functioning of the EF system is
thought to be at its peak. The age at which an individual learns a second language may
have an impact on the development of the brain (Hull & Vaid, 2007), especially for those
who learn their second language early in development. Differential effects have been
found on EF tasks for early and late bilinguals (e.g., Luk, De Sa, & Bialystok, 2011;
Pelham & Abrams, 2014; Tao, Marzecova, Taft, Asanowicz, & Wodniecka, 2011). Thus,
measuring AoA in bilingual individuals may provide comparison groups that better
distinguish the bilingual advantage in young adults, a group in which this advantage is
inconsistently found.

Although empirically confirming the structure of EF is not the primary goal of the
current research, comparing monolinguals and bilinguals using a multicomponent
perspective may provide some additional insight into the debate of the structure of EF, in
addition to the primary goals of the current research. Bialystok (2011) indicated that the
research strategy should be to demonstrate that monolingual and bilingual participants
achieve different levels of success in performing EF tasks and that these differences
cannot be attributed solely to the functioning of the individual core components. Instead,
monolingual/bilingual performance differences on EF tasks may be traced to differences
in the recruitment of the entire EF network (i.e., interactions), not just to the individual
components of that network. In essence, Bialystok is reiterating the debate about the
impurity of EF tasks, and reinforcing the idea of the interactions between EF components.
That is, constant use of specific EF components, such as inhibition and switching, may
lead to an indirect enhancement of other individual components (i.e., updating), as well

as other more complex outcomes of EF (e.g., problem solving); thus resulting in
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fortification of the entire EF system. Therefore, measuring the bilingual advantage from a

multi-component perspective at the cognitive/information processing level may provide
insight into function of the individual components and their interactions at this level.

The current study uses several computerized tasks: three specific computerized
tasks to measure each of the individual EF components in Miyake’s proposal: The
go/nogo task measures inhibition, the local-global task measures switching, and the n-
back task measures updating. Together, these tasks measure the cognitive/information
processing level of measurement, as proposed by the multi-level approach to measuring
the bilingual advantage. As well, a card sort task, a tower task, and a version of the lowa
Gambling Task were selected to assess the hypothesized transfer of EF fortification to
more complex interactions of the EF system. In relation the multi-level approach, the
cognitive/information processing level can be divided into two sublevels where the
complex tasks are theoretically situated between the cognitive/information processing
level and the executive behaviour level.

Hypotheses. Following the multi-level approach to measuring the bilingual
advantage, performance measurement is being conducted at the cognitive/information
processing level of measurement. A global hypothesis for the individual EF components
is that the results will be mixed; specific hypotheses for each component are reviewed
below. However, for the more complex EF tasks at this level of measurement, the results
will reveal no significant differences, as a result of their theoretical placement between
the cognitive/information processing level and executive behaviors level.

Hypothesis one. Research on the inhibitory control of bilinguals is extensive,

demonstrating a strong effect of children, mid-aged adults, and older adults (Bialystok et
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al., 2005). Although the research for young adults is mixed, the inclusion of AoA as an

additional variable may reveal differences between groups. Early bilinguals will show an
advantage over late bilinguals and monolinguals in inhibitory control mechanisms, as a
result of the contention that the system is fortified early in development and maintaining
the need for inhibitory mechanisms throughout life.

Hypothesis two. In our literature review, we identified three studies on young
adults that found a bilingual advantage for attention switching (Garbin et al., 2010; Prior
& Macwhinney, 2009; Soveri et al., 2010). Following the logic of fortification of the
bilingual EF system for inhibition, we hypothesize a similar advantage for switching
mechanisms in early bilinguals, compared to late bilinguals and monolinguals.

Hypothesis three. Updating has been suggested to play a role in verbal processes
(e.g., Szmalec, Brysbaert, & Duyck, 2012). Updating may facilitate bilingual language
processing by keeping online information relevant to the current conversation. Thus, we
hypothesize an advantage for the updating component in bilinguals. In keeping with the
idea that early learning fortifies the early development of EF, the bilingual advantage will
be apparent in early bilinguals but not late bilinguals.

Hypothesis four. Although it is suggested that constant use of the individual EF
components produces general fortification of the EF system in the bilingual brain, we
hypothesize no differences between groups on all of the complex EF tasks. Following the
multi-level approach, the subtle advantage in young adults would be washed out by the
complexity of these tasks.

Hypothesis five. AoA appears to play an important role in bilingual language

processing and neural network development. Following the logic that learning a second
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language early in life fortifies the development of EF components as a result of the earlier

need, use, and thus, development of this system, we hypothesize that inclusion of AoA in
the analysis will facilitate the identification of differences of the effect of bilingualism on
cognition in young adults. That is, when early and late bilinguals are collapsed together
and compared to monolinguals, significant differences between monolingual and

bilingual groups will dissolve.
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Method

Participants

200 undergraduate students were included in this study16 (Mage =2049,SD=1.9,
77% female). Of these participants, there were 96 bilingual and 79 monolingual
participants who met the required language criteria. Further, the bilingual group was
separated into two groups: early learners, defined as individuals who learned their second
language before the age of six, and late learners, defined as those who learned their
second language after the age of 12; individuals who learned their second language
between the ages of six and 11 were excluded from analysis (n = 25). All participants had
normal or corrected-to-normal vision and none had a history of head injury. Participants
were recruited via an online undergraduate psychology recruitment source and were
given course credit for participation in the study. The background variables of the three
groups are presented in Table 5 below.

The bilingual participants spoke a variety of second languages, including:
Afrikaans (1.61%), Cantonese (0.81%), Chinese (1.61%), Danish (0.81%), Dari (0.81%),
English (28.23%), French (34.68%), German (1.61%), Igbo (1.61%), Hindi (2.42%),
Japanese (0.81%), Mandarin (1.61%), Polish (1.61%), Punjabi (9.68%), Serbian (0.81%),
Spanish (6.45%), Swiss German (1.61%), and Vietnamese (1.61%). Monolingual

participants were native English speakers and had not gained substantial proficiency in a

16 The current study is an analysis of a larger study, which was collected to do a secondary validation of
INTERACT (a model of EF) by measuring the components from various levels of measurement. As such, a
total of 200 participants completed behavioral rating scales (e.g., the BASC-2-College, BRIEF, and DEX
scale), five computerized cognitive tasks thought to measure each of the five EF components, and four
computerized ‘traditional’ EF tasks that also measure complex EF components. The larger study was
conducted as a follow up to the original validation study by Frazer (2012). A bilingual questionnaire was
included in this study in order to conduct secondary analyses and answer questions about the bilingual
advantage using a large sample and the INTERACT model.
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second language. Some monolingual individuals had some second language education
after the age of 12; however, their responses on a language proficiency questionnaire
indicated poor self-rated proficiency in a second language and thus were included in the
monolingual group. Importantly, the Early and Late bilingual groups were significantly
different in respect to self-rated proficiency for speaking and comprehending L2; further,
all included participants met a minimum cut-off score of self-rated proficiency of 6.

Table 5. Demographic Information for Chapter 3

Group
Early Bilinguals  Late Bilinguals Monolinguals
Mean(SD) Mean(SD) Mean(SD)

N 64 32 79
Age 20.02(1.59) 20.84(2.13) 20.73(1.90)
Sex 76.6% female 84.4% female 81.0% female
AoA (L2) 3.38(2.29) 13.25(3.04) -
Proficiency L2 - speak 7.78(2.04)* 6.22(2.54)%* -
Proficiency L2 - comprehend 8.70(1.44)* 6.92(2.76)* -
Proficiency L2 - write 6.00(3.28) 5.79(2.69) -
Proficiency L2 - read 6.66(3.32) 6.61(2.73) -

Note. The demographic information is displayed for the participants in the current study, including: number
of participants, mean age, sex distribution, and age of acquisition for each of the three groups; AoA = age
of acquisition; L2 = second language; - represents data that was not measured in monolinguals; * represents
significant difference p <0.05

Materials

Participants completed a bilingual questionnaire (see Appendix C) to determine
their relative level of proficiency in each additional language other than L1. L1 was
assumed to be the participant’s dominant language, and the strongest in reading, writing,
and comprehension; L2 proficiency was compared to L1. Participants self-report
recorded total number of languages, as well as when and how (e.g., school, home) they

learned each language.
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Stimuli & Procedure

Three computerized tasks, one that measures each of the three EF components
posited by Miyake et al. (2000), were selected for the current study. Further, three
additional tasks of more general executive function were included. All participants
completed these six tasks in a single experimental session lasting approximately 60
minutes. All computerized tasks were presented on a Lenovo G560 laptop computer, with
a 15.5-inch screen. Experimental scripts and data collection were managed by
Psychtoolbox-3 (Brainard, 1997; Pelli, 1997; Kleiner et al, 2007) and Matlab® (2012b,
The Mathworks, Natick, MA) to ensure accurate response time measurement.
Participants were seated approximately 30 cm from the screen. Participants were also
administered additional questionnaires and computerized tasks; however, the
methodology and results of those tasks were part of a larger study and are not presented
in the current study.

Specifically, the component-specific tasks include: (i) the go/nogo, which
measures inhibition; (i1) the Local-Global, which measures attention switching; and (iii)
the n-back, which measures updating working memory. The three complex tasks include:
(a) the Iowa Gambling Task; (b) the tower task; and (c) the Berg’s card sort task. These
tasks are described in detail below.

Go/nogo Task. This task (Donders, 1868, 1969) required participants to respond
to visual stimuli (i.e. a single letter appearing in the middle of the computer screen,
presented at a rate of approximately one letter every 1,400 msec) by pressing one
response key repeatedly to all letters (‘go stimuli’), but refraining from key press when

the letter “j” appears in the screen (rarer, ‘nogo stimuli’). Participants were instructed to
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respond as quickly as possible to stimuli. In an initial block of 35 trials, only go stimuli
were presented to allow participants to develop a prepotent response tendency to press
the key associated with most letters. In a second 100 trial block, nogo stimuli were
randomly presented among go stimuli, although much less frequently than the go stimuli;
the probability of nogo trials was 30%. As a result, top-down inhibitory control was
required to prevent participants from responding according to the prepotent tendency to
respond to go stimuli, in order to execute the less automatic response. The outcome
measure is total number of correct commissions (i.e., accurately withhold response to ‘j;’
percentage of correct commissions); this value was calculated by dividing the number of
correct commissions by the total number of nogo trials.

Local-Global Task. This task used ‘Navon figures’ (Navon, 1977) (see Figure 5)
to allow participants to switch between features. Globally, these figures represent
geometric shapes (e.g., a square); however, the lines comprising this overall shape are
different ‘local’ geometric shapes (e.g., triangles). Participants were instructed to respond
by pressing a number key on the keyboard, according to the number of lines contained in
either the global or local geometric figure (circle = 1, triangle = 3, square = 4).
Participants were instructed to attend to the global figure if the stimulus was blue, but
attend to the local figures if the stimulus was red. Therefore, participants had to ‘switch’
between attending to the global features and the local features of the figure. The first two
trial blocks (35 trials each) consisted of only blue stimuli (global cue) and only red
stimuli (local cue), respectively. The third block consisted of 100 trials of both blue and

red stimuli, presented at random. The outcome measure was the difference in accuracy
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between block 3 (collapsed across local and global) and the average accuracy (collapsed

across local and global) from blocks 1 and 2.
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Figure 5. A schematic representation of Navon figures, where a “global” triangle is made up of "local"
circles on the right and vice versa on the left.

N-back Task. In this task (Baddeley, 2003b), the subjects were instructed to press
the key representing “yes” whenever the current letter they see on the screen is the same
as the letter presented 2 trials back (e.g., L-T-L). As the letters are appearing in a constant
stream, subjects were required to constantly update the letters they have held in working
memory. There was one block with 70 trials; the outcome measure was the accuracy of
total number correct two-back identifications (i.e., correct button presses for “hit” trials);
this value was created by dividing the number of correct two-back identifications by the
total number of hit trials.

Iowa Gambling Task (IGT). The IGT (see Figure 6) was used to assess
participants’ reward learning in response to diverse levels of valence in outcomes. This
task consisted of 100 trials with decks identical to those used in Bechara et al. (1994).
After selecting a deck, participants received feedback in the form of a net gain or loss (in
contrast to another common practice of presenting gains and losses simultaneously, and
requiring the participant to calculate the net outcome). In the event that all of the cards in
a deck were exhausted, the deck was reinitialized so that participants were free to select

from all 4 decks at all times, without restriction. The outcome measure was the difference
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between number of selections from the good deck minus the number of selections made
from the bad deck in the last 25 trials. The difference over these last 25 trials was more

useful because learning has not occurred early in the task.

Figure 6. [llustration of the IGT, demonstrating feedback after selecting deck 'A.’

Tower of London (TOL) Task. A computerized version of the TOL from the
Psychology Experiment Building Language (PEBL) platform version 0.13, (see Figure

T)(freely available at http://pebl.sourceforge.net/) was used to assess higher-order

problem solving abilities. It was originally developed by Shallice (1982) and is regarded
as a measure both sensitive and specific to planning abilities. In this task, a set of colored
disks was presented at the top of the computer screen (i.e., the task goal) and a set of
colored disks, in a different arrangement, was presented at the bottom of the screen.
Participants were required to move the disks by using the mouse to click on the disk and
move it to the desired column and to match the bottom set to the top set (Figure 3), using
the smallest number of moves possible. The starting pattern of disks required 1 to 13

moves to complete the pattern and there were 12 patterns to solve, for a minimum total of
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104 moves. A discontinue rule was not set during the task; however, participants were
allowed to discontinue on their own volition, or the experimenter would discontinue the
task after it was clear they were far off from completing the item. Once an item was
discontinued, the task was discontinued overall. There was no maximum number of
moves. The outcome measure was the total number of moves across all items;

discontinued performance was coded as missing.

Figure 7. Illustration of the Tower of London (PEBL version, 0.12) with four disks.

Berg’s Card Sorting Task (BCST). The BCST is a computerized version of the
Wisconsin card sorting task (WCST; see Table 8) and is open-source, available at

http://pebl.sourceforge.net/. It was used to assess the general executive abilities of

abstract reasoning and shifting cognitive sets by utilizing environmental feedback. The
standard BCST consists of a 128-card deck displayed on a computer screen. Each card

contains a different combination of one of four shapes, colors, and quantities (Figure 4).
Four key cards are displayed at the top of the screen as a guide to help determine which

of the four stacks the deck's up-card is sorted to. The deck is revealed one card at a time,
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and the visible card is matched to key cards depending on the particular rule (unknown to
the participant) for a given set. After ten cards have been successfully matched, the set is
completed and the sorting rule changes (also unknown to the participant). The new rule
must be discovered using trial and error via on-screen feedback received after each card
is sorted. After each card is sorted, the participant is provided with feedback regarding
whether it was sorted correctly, according to the current rule. This process continues until
the participant either sorts all 128 cards, or until the participant successfully completes

nine categories, whichever comes first. The outcome measure was the number of

categories completed.

GHEY

lick pile to sort card

Figure 8. An illustration showing stimuli from the Berg Card Sorting Test (PEBL, version 0.12).

Statistical analyses
Analyses were conducted using SPSS 21.0 statistical analysis package. A series of
one-way between subject analysis of variance (ANOVA) tests were used to analyze

group differences for the converted scores for each of the computerized tasks. Pearson r
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correlations were also used to assess the relationship between the individual EF
components and, separately, the complex EF tasks; correlation analyses were conducted
using the sample (i.e., without group separation). Bonferroni corrections were used for

significant post-hoc group comparisons.
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Results

Table 5 displays the means, standard deviations, and one-way ANOVA used to
compare the effect of language status on the outcome measure for each of the individual
and complex EF tasks in early bilinguals, late bilinguals, and monolinguals.

Table 6. Table of Means, SDs, and ANOVAs Results for Three Groups

Early Bilingual Late Bilingual Monolingual One-way between subjects
ANOVA
Tasks M SD M SD M SD F df Sig. npz

Go/No-go 0.49 0.35 0.34 0.28 0.37 0.30 3240 2,168 0.035 0.039
LG 0.41 0.87 0.45 0.39 0.46 0.30 0.119 2,155 0.888 0.002
n-Back 0.68 0.22 0.63 0.28 0.74 0.20 2792 2,168 0.064 0.032
BCST 3.86 1.25 3.83 1.13 4.04 0.95 0581 2,162 0.561 0.007
IGT 5.26 13.91 3.87 14.76 6.94 1342 0.610 2,168 0.544 0.007

TOL 27951 102.85 27427 121.63 26599 7431 0314 2,151 0.731 0.004

Note. Means and standard deviations for the three language groups, including the one-way ANOV As for
each of the tasks used in the current study. Bolded values were significant at p < 0.05; LG = Local/Global
task.

Inhibition

An ANOVA was significant. Post-hoc analyses using a Bonferroni test revealed a
significant difference between early and late bilinguals, such that early bilinguals (M =
0.49, SE = 0.35) performed better than late bilinguals (M = 0.34, SE = 0.28). Post-hoc
analyses revealed a significant difference between early bilinguals and monolinguals,
such that early bilinguals (M = 0.49, SE = 0.35) performed better than monolinguals (M =
0.37,SE =0.30). No difference was found between late bilinguals and monolinguals;
together, this supported our hypothesis that early bilinguals would demonstrate better

performance on the go/nogo task measuring inhibition compared to late bilinguals and



monolinguals. When speaking and comprehension proficiency values were included as
covariates in a separate one-way between-subjects ANOVA to compare the effect of
language status (Early versus Late bilingual) on inhibition, only a significant trend was
found, F(1,89)=3.128,p =0.080, np2 =0.034, suggesting the possible fortifying
influence of proficiency on inhibition advantages.
Switching

An ANOVA did not reveal a significant effect of language status on switching;
this did not support our hypothesis that early bilinguals would perform better on the
local-global task compared to late bilinguals and monolinguals.
Updating

Although an ANOVA did not reveal a significant effect of language status on

updating, a trend was found. Despite this trend, these results did not support our
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hypothesis that early bilinguals would perform better on the n-back task compared to late

bilinguals and monolinguals.
Complex EF Tasks

A multivariate analysis of variance (MANOV A) was conducted to examine the
effect of language status (three groups) on the complex EF tasks. A significant
multivariate effect was not found, Wilk’s Lambda = 0.980 F(6,294) =0.486,p =0.819
T]p2 =0.010. These results supported our hypothesis that no differences would be found
for more complex tasks of EF.
Analyses with two language groups

Individual EF Tasks; inhibition, switching, and updating. The bilingual

language groups were collapsed into one larger group and comparisons between this

b
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group and monolinguals were assessed using one-way between subjects ANOVAs. As is
evidenced in Table 7 below, no significant differences were found between the bilinguals
and monolinguals, except for on the n-back task, where the monolingual group (M =
0.738, SE = 0.208) performed better than the bilingual group (M = 0.661, SE = 0.238),
suggesting a bilingual disadvantage for updating working memory processes, which did
not support the hypothesis that bilinguals would perform better than monolinguals. Of
particular note, significant differences on the go/nogo task were erased when the late and
early bilinguals were combined, partially supporting our hypothesis that AoA has a
positive impact on EF outcomes at the cognitive/information processing level of
measurement.

Table 7. Table of Means, SDs, and ANOVAs for Two Groups

Bilingual Monolingual One-way between subjects ANOVA

Tasks M SD M SD F df Sig. Tlp2

Go/Nogo 0434 0.328 0.373 0.305 1.510 1,168 0.221 0.009

Local/Global 0.429 0.721 0.454 0.302 0.070 1,155 0.791 0.000

n-Back 0.661 0.238 0.738 0.208 4.891 1,168 0.028 0.028
BCST 4.099 0.897 3.828 1.221 2.468 1,162 0.118 0.015
IGT 7.257 13.324 4.781 14.000 1.346 1,168 0.248 0.008
TOL 278299 108.616 264.349 74232 0.803 1,151 0.372 0.005

Note. Raw score means and standard deviations for the combined-bilinguals and monolinguals, including
the one-way ANOV As for each of the tasks used in the current study. Bolded values were significant at p <
0.05.

Complex EF Tasks. Another separate MANOV A was conducted to examine the
effect of language status (2 groups: bilingual vs. monolingual) on the complex EF tasks.

A significant multivariate effect was not found, Wilk’s Lambda = 0.970, F(3, 172) =
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1.753,p=0.158, n pz =0.030. This finding supported the hypothesis that no differences

would be found between bilinguals and monolinguals for more complex EF tasks.
Correlations

Experimental groups were collapsed together to conduct Pearson r correlations
between the individual EF component tasks (Table 8) to assess the interactions between
the individual components; this revealed no significant correlations between tasks. The
same correlation analysis was conducted for the complex EF tasks (Table 9), revealing
significant correlations between tasks.

Table 8. Correlation Table Between Individual EF Components

Go/nogo n-Back Local/Global
Go/nogo Pearson r 1
Sig. -
N 171
n-Back Pearson r -0.112 1
Sig. 0.144 -
N 171 171
Local/Global ~ Pearson r 0.084 -0.090 1
Sig. 0.295 0.259 -
N 158 158 171

Note. This table displays the Pearson r correlations between the individual EF component tasks, including
the go/nogo (inhibition), n-back (updating), and local/global (switching) tasks. No significant correlations
were found.



Table 9. Correlation Table Between Complex EF Tasks
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IGT BCST TOL
IGT Pearson r 1
Sig. -
N 171
BCST Pearson r 0.341 1
Sig. 0.000 -
N 164 165
TOL Pearson r -0.204 -0.386 1
Sig. 0.003 0.000 -
N 153 154 154

Note. This table displays the Pearson r correlations for the complex EF tasks, revealing significant,
moderate correlations between all of the tasks. Bolded values represent significant at p < 0.01.
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Discussion

The hypothesis that early bilinguals would display better inhibition than late
bilinguals and monolinguals was supported. The hypotheses that early bilinguals would
display better switching and updating mechanisms than late bilinguals and monolinguals
were not supported. The hypothesis that no differences would be revealed on the complex
tasks of EF was also supported. The hypothesis that previously significant task
differences would dissolve when the late and early bilingual groups were collapsed into
one bilingual group was supported for inhibition. However, this hypothesis was not
confirmed for updating, and in fact, the opposite finding was demonstrated. That is, a
statistical trend was found when three language groups were used and a significant
difference, suggesting a bilingual disadvantage, was found when only two language
groups were used. Correlations between tasks found that the individual EF tasks are not
correlated with each other, suggesting that they measure separable components of EF (i.e.,
diversity of EF), while the complex EF tasks were all correlated with each other,
suggesting that these tasks involve a combination of EF components and are measuring
the unity of EF. A more detailed discussion of the findings is outlined below.
Inhibition

Bilingual advantages for inhibition appear to be the most consistent for bilingual
young adults (Bialystok et al., 2009; Bialystok et al., 2005; Bialystok, 2007, 2012). Most
of this literature has typically used inhibition tasks that reflect the conflict resolution
aspect of this component (e.g., the flanker, Stroop, and Simon tasks). The Simon and
Stroop tasks both involve prepotent or overlearned responses (i.e., response inhibition),

in addition to conflict resolution, thus, rendering them somewhat similar to the go/nogo
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task used in the current study. Tasks that have investigated response inhibition have
found a bilingual advantage using a modified antisaccade task (Bialystok, 2006) and an
inhibition of return task (Colzato et al., 2008). Both of these tasks involve the suppression
of a prepotent response, measuring response inhibition, similar to the go/nogo task.
Together with the current findings, it appears that response inhibition mechanisms are
advantaged for bilinguals, and particularly, early bilinguals. The current study sheds
some light on the nature of the mixed literature, such that the inclusion and exclusion of
particular variables play a role in whether or not differences are found. For example, AoA,
when included as a language group in analyses of the go/no go task, reveals significant
differences for early bilinguals, but not late bilinguals, suggesting that learning a second
language well before EF has fully developed may provide long-lasting advantages to
inhibition mechanisms. There were two potential confounds to this finding: First, self-
rated L2 speaking and understanding proficiency were significantly different between
groups where early bilinguals were more proficient than late bilinguals. This finding may
lead one to suggest that L2 proficiency is the underlying reason for the effect, especially
given that significant differences between the early and late bilinguals were reduced to
statistical trends when L2 proficiency was statistically controlled. However, the current
study used a minimum self-rating of proficiency, such that individuals below five were
excluded. This minimum cut-off provides some protection against proficiency differences
because relatively high level of proficiency was assumed at baseline. Second, the idea
that early bilinguals have at least seven additional years of bilingual experience may
provide the advantage, rather than the process of early L2 acquisition, per se. Empirical

evidence of this latter variable has yet to be investigated.
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In a research study investigating the relationship of AoA on the bilingual
advantage findings for inhibition, Pelham and Abrams (2014) found that, despite
statistically different levels of proficiency, early and late bilinguals outperformed
monolinguals on the lateralized attention network test (LANT), which measures the
conflict resolution and response inhibition components of inhibition; the latter of these
components is similar to the response inhibition require in the no/nogo task. Tao and
colleagues (2011) found that early and late bilinguals also outperformed monolinguals,
but that the difference between early bilinguals and monolinguals seemed to be
qualitatively different from the difference between late bilinguals and monolinguals. On
the one hand, early bilinguals showed a reduced conflict cost in response time measures
(RT) but not in error rates, as well as an advantage in overall RT. The authors argue that
conflict resolution and monitoring processes (reflected by overall RT advantages) are
fortified in early bilinguals as a result of the early consolidation of two languages. On the
other hand, there was an advantage for late bilinguals in conflict resolution both in terms
of RT and error rates, without significant differences in overall RT, suggesting that late
bilinguals do not experiencing the same fortification of monitoring processes as early
bilinguals. Taken together with the current study’s findings, early bilinguals more
consistently demonstrate differences in inhibition compared to monolinguals; however,
when it comes to late bilingual performance, findings related to inhibition continues to be
mixed.

Switching
To our knowledge, only one study has been conducted to compare early and late

bilingual to monolingual performance on a switching task. Kalia ez al. (2014) used the
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auditorily cued number-numeral task to measure several components of EF, including
inhibition and switching ability. Consistent with the current study’s results, they did not
find significant switching advantages for either bilingual group, suggesting similar
switching ability between bilinguals and monolinguals. Extending these findings with
only two language groups, Moradzadeh, Blumenthal, and Wiseheart (2014) did not find
any differences in switching ability. This is contrary to several other studies who have
investigated switching advantages comparing bilinguals (without controlling for AoA)
and monolinguals (i.e., Marzecova et al., 2013; Prior & Macwhinney, 2009; Soveri et al.,
2010) and did find a bilingual advantage.

The current results suggest that bilingualism does not confer cognitive advantages
under certain conditions, such as switching. Alternatively, and consistent with predictions
of the multi-level approach for assessing the bilingual advantage, the current negative
findings support the idea that empirical findings at the cognitive processing level may be
mixed as a result of potentially confounding variables (e.g., music training, SES, etc.)
that influence EF outcomes in addition to tasks at this level not being sensitive enough to
reveal the bilingual advantage in young adults. In the current study, the sensitivity in
measuring the bilingual advantage of the switch task was further complicated with the
use of block-by-block switch cost, rather than trial-by-trial switch costs, the former of
which tends to be a less sensitive measure. More research testing effects of potential
confounding variables is needed to assess the impact these variables on switching
advantages in bilingual young adults.

Updating
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Using the n-back task, the current study is the first, to our knowledge, to compare
updating processes, as proposed by Miyake and colleagues (2000; 2012), in bilingual and
monolingual participants. In the current study, the findings did not support our hypothesis
that early bilinguals would perform better than late bilinguals and monolinguals. Instead,
we found a statistical trend between the three language groups (early, late, and
monolinguals), with the trend favouring a monolingual advantage. The trend became
significant when the bilingual groups were collapsed into one group and compared to
monolinguals. This reason for this finding is not entirely clear; however, there are several
possible explanations.

It is tempting to suggest that the apparent bilingual disadvantage found in the
current study is due to the use of letters (i.e., verbal information) in the n-back task,
because previous researchers have reported a bilingual disadvantage in verbal tasks (e.g.,
Bialystok, Craik, Green, & Gollan, 2009; Fernandes, Craik, Bialystok, & Kreuger, 2007).
This disadvantage is proposed to stem from competing co-activated language
representations and the processing cost associated with conflict resolution (e.g., Dijkstra
& Van Heuven, 2002; Dijkstra et al., 1998; Green, 1998; Libben & Titone, 2009; Spivey
& Marian, 1999). However, in the current study, the go/nogo task also used letters and
results still revealed a bilingual advantage for inhibition; as well, other studies using
executive tasks with verbal stimuli found advantages (e.g., Bialystok et al., 2008). Thus,
this does not appear to be a likely explanation.

Another explanation is that the current results are an accurate representation for
updating processes in bilinguals. Chatham et al. (2011) identified that at the cognitive

level, this task is thought to involve numerous executive processes: (1) active
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maintenance of the last n items; (i1) updating of new items so that they can be actively
maintained; (ii1) rapid binding of items to their serial order so that responses are based on
the match between the current item and the n-back item and not between items matching
at a non-n lag; and (iv) resolution of any proactive interference arising from non-n lag
items. Consistent with the contention of numerous executive processes and assuming a
ceiling effect for capacity with the updating system, the addition of monitoring language
options may increase the demand on the EF system. This increased demand overloads its
capacity, thus resulting in constant, diminished capacity, even for seemingly non
language-related tasks (e.g., n-back task). This interpretation is supported by the current
findings. Alternatively, there is no extra demand placed on the EF system because
inhibitory processes have already suppressed the non-target language, and thus, updating
mechanisms process and manipulate a single language, as they would for monolinguals.
The current results do not support this contention. More research investigating updating
processes in bilinguals and monolinguals is necessary before making any assertions,
especially since the literature for more prevalent processes (e.g., inhibition) continues to
be mixed, yielding an array of positive, neutral, and negative findings.
Complex EF tasks

The results of the complex EF tasks supported our hypothesis that no differences
would exist between language groups. The finding supports the multi-level approach’s
assumption that, as tasks become more complex, the subtle bilingual advantage in young
adults is more difficult to measure. The complex EF tasks used in the current study,
despite being measurements at the cognitive/information processing level, are

theoretically situated between this level and executive behaviors as a result of their
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complexity. Any differences in EF provided by the bilingual experience are further
diluted by the required complexity of these tasks. Similar to the EF literature for
inhibition, switching, and updating, the research is mixed for complex EF tasks. For
example, Kalia er al. (2014) used the auditorily cued number-numeral task, which is a
deductive rule-use sorting task that requires participants to hold stimulus—response rules
in working memory and suppress a prepotent response. This task is complex because it
broadly assesses response inhibition, updating, and deductive reasoning mechanisms. In
their study, all three language groups (early bilinguals, late bilinguals, and monolinguals)
performed similarly. In another study, Kousaie et al. (2014) found a partial bilingual
disadvantage using the Wisconsin Card Sorting Task (WCST), where francophone
monolinguals outperformed English monolinguals and bilinguals. The WCST was similar
to the BCST used in the current study and the same outcome measure was used in both
tasks (i.e., total number of categories completed). The authors voice difficulty in
interpreting this finding, but suggest it is related to the language environments of the
language groups. This argument is not convincing, suggesting rather, that the finding may
have been spurious, especially in light of the fact that differences between groups were
within 0.5 points of a category. Francophone monolinguals were not included in the
current study; thus, if that group is removed from the interpretation, Kousaie and
colleagues results are similar to those in the current study. Despite these similarities and
differences, more research is needed for complex EF tasks in the young adult bilingual

advantage literature.
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Limitations

One limitation is that early and late bilingual groups differed in level of self-rated
proficiency. Although Tao, Marzecova, Taft, Asanowicz, and Wodniecka (2011) and
Linck, Hoshino, and Kroll, (2008) studied samples that differed in L1 and L2 proficiency
levels and differences in proficiency did not influence their results, other studies have
found relevant differences. For example, in a study by Pelham and Abrams (2014), early
and late bilinguals differed in their self-rated speaking proficiency. These authors argue
that, although late bilinguals, as a sample, may have difficulty developing L2 proficiency
compared to early bilinguals, late bilinguals may also be poor self-reporters of their L2
proficiency. In fact, these authors found that, of their initial 40 late bilingual participants
who self-reported high proficiency in L2, interviews in that language revealed inadequate
proficiency for 10 of those participants. Thus, differences in self-rated proficiency
between early and late bilinguals may be an under-representation of the true differences
in proficiency. Together with the current results, proficiency may account for the group
differences, such that late bilinguals had similar results to monolinguals. Considering the
paucity of studies that have compared early and late bilinguals, it is challenging to draw
firm conclusions, but an inconsistent pattern in the findings underscores the need for
additional research in the area.

There are many confounding variables that have been demonstrated to have an
impact on EF, including SES, music training, translator status, and immigrant status.
Characterizing a sample, especially young adult bilinguals, helps to explain the multiple
factors that contribute to EF advantages. For example, it has been posited that a potential

confound in bilingualism research is SES (e.g., Calvo & Bialystok, 2014), and that
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controlling for differences on this variable can attenuate the bilingual advantage.
However, studies that have controlled for SES using child (e.g., Barac & Bialystok, 2012)
and adult (e.g., Emmorey, Luk, Pyers, & Bialystok, 2008) populations show a bilingual
advantage. Despite the evidence that suggests bilingual samples demonstrate EF
advantages when SES is controlled, SES was not measured in the current study, which
renders it as a possible confound. Similarly, other additional variables such music
training, translator status, and immigrant status, were also not considered in the current
sample.

Another limitation of the current study was the use of global switch cost as the
switch task outcome measure, rather than local switch cost. This measure subtracts the
average RT for mixed blocks (i.e., blocks that contain both switch and nonswitch trials)
from the average RT for nonmixed blocks (i.e., blocks that contain only trials for one of
the tasks). Although this measurement has been used in other studies, it is a less sensitive
measure of attention switching than local switch cost (i.e., the average RT for nonswitch
trials across mixed blocks subtracted from the average RT for switch trials across mixed
blocks) (Monsell, 2003).

Conclusions and Future research

Taken together, the current results of the specific and complex EF tasks raise
questions about the reliability, robustness, and specificity of the purported bilingual
advantage. There are several possible reasons why the data reported here do not support
previous findings, all of which imply that the bilingual advantage may be less robust, or
more task-specific than previously suggested. The bilingual advantage was only observed

in one of the specific EF tasks (i.e., the go/nogo task) and not the other specific or
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complex EF tasks, suggesting that previously observed bilingual EF advantages may be
driven by a specific, rather than a global, aspect of EF. For example, a bilingual
advantage may only arise when the task requires a certain degree of inhibition (e.g.,
response inhibition). Relating this supposition to Miyake and colleagues’ (2012)
conceptualization of EF where differences in inhibition were entirely explained by what
is common to all EF tasks, the variability of the bilingual advantage may be further
explained, in part, by an advantage typically seen in inhibition-specific tasks. That is,
inhibition is suggested to be used in all EF, and thus, inhibition-specific advantages
would benefit performance on other tasks. When a task is measuring another EF
component (e.g., “updating-specific”’), complexity is increased (i.e., involving inhibition
and updating mechanisms), facilitating variability in reported bilingual advantage
findings. This argument supports the complexity notion argued in the multi-level
approach to measuring the bilingual advantage.

The findings of the current study also lend support to the multi-level approach. As
well, the current findings support the idea that the bilingual advantage in young adults is
mixed, perhaps as a result of tasks at the cognitive/information processing level of
measurement not being sensitive enough to pick up in subtle EF advantages offered by
bilingual status when young adults are at their peak EF performance. Further to this idea,
the complex EF tasks used in the current study are theoretically situated between the
measurement levels such that they are closer to executive behavior measurement and
further from cognitive/information processing (i.e., more impure; task impurity problem)
than the specific information processing tasks. In order to shed light on the potential

explanations provided here, more research is needed, including empirical measurement at
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a level of processing lower than cognitive processing (e.g., physiology) to test predictions
that (1) if the bilingual advantage is circumscribed to a specific EF, then a bilingual
advantage will be found only for inhibition; or (ii) if the bilingual advantage is diluted by
cognitive processing task measurement, then a bilingual advantage will be demonstrated

across electrophysiological measurements of the specific components.
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Measuring the neurophysiological markers of executive function advantages in

bilingual young adults: Inhibition, shifting, and updating working memory

Executive function and the bilingual advantage

Executive function (EF) has come to be an umbrella term used to describe various
underlying cognitive processes, including working memory, attention, inhibition,
planning, problem solving, self-monitoring, self-regulation, to name a few. Research
suggests that a combination of interconnected networks within the prefrontal cortex,
parietal cortex and subcortical structures facilitate the process of executive control over
behavior (Fuster, 2000). Although there have been many definitions for the term EF (see
Goldstein, Naglieri, Princiotta, & Otero, 2014), there appears to be a common thread: EFs
are the combination of cognitive abilities that direct or control purposeful, goal-directed
behavior. Many models of EF have been proposed; however, there is a growing
consensus from factor analytic studies that three abilities constitute the core of EF, which
include: (1) inhibition, which is resisting a strong inclination to do one thing in order to do
what is most appropriate or needed (i.e., achieve a goal), such as completing a task
despite wanting to go out and play, withholding a salient response, or saying what is
polite rather than something socially inappropriate or hurtful; (i1) updating working
memory, which is often referred to as holding information in mind, updating, and
working with it, as in mentally manipulating objects or ideas, doing mental math
calculations, or relating what you know to what you learned or read earlier; and (iii)
switching, which is the ability to nimbly adjust to changed demands or priorities, or being

able to disengage from one stimulus and reengage with another. Miyake and colleagues
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(2000) reported the results of an influential confirmatory factor analysis of several EF
measures in adults that pointed to these three core components: inhibition, updating (i.e.,
‘working memory’), and shifting (i.e., attention shifting).

Researchers in bilingualism have hypothesized that bilingual language processing
relies on components of the EF system for its management, especially during the initial
stages of second language (L.2) acquisition (e.g., Bialystok et al., 2009; Bialystok, 2011;
Craik & Bialystok, 2006; Kroll & Bialystok, 2013; Stocco, Yamasaki, Natalenko, & Prat,
2012; van Heuven, Schriefers, Dijkstra, & Hagoort, 2008). The language networks
continue to use EF components to manage the perception and production of two
languages (Bialystok et al., 2009). During language processing involving a bilingual
individual, it is well accepted that two responses are simultaneously activated in the
bilingual brain (i.e., simultaneous activation) (e.g., Green, 1998). Simultaneous activation
would cause a problem — or conflict - for the language production system. To produce the
correct output, the language networks would be required to reduce this conflict (i.e.,
conflict resolution) and inhibit the nontarget language. Also during this conversation, the
interlocutors must keep the current topic of speech in mind and formulate responses,
which may be facilitated by working memory processes (Juffs & Harrington, 2011); as
such, this process would be holding the recent speech in mind and updating response
options - potentially in both languages. If one of the bilingual speakers was interrupted
by a speaker of her other language, she would be required to update the language context
(from L2 to L1), while inhibitory processes release inhibition of L2 in order to inhibit L1,
all while attentional resources are switched from L1 to L2; this latter process would likely

enhance the updating and inhibitory processes through the interactions of the EF system.
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Given evidence to suggest that language networks recruit the EF networks to
manage bilingual language perception and production, it has been posited that bilinguals
would experience an advantage in these functions compared to their monolingual
counterparts (e.g., Bialystok, 2011; Kroll & Bialystok, 2013). In fact, this advantage has
been demonstrated for children (e.g., Bialystok et al., 2004; Bialystok, 2010; Martin-
Rhee & Bialystok, 2008), young adults (e.g., Linck et al., 2008; Tao et al., 2011), and
older adults (e.g., Bialystok et al., 2008). However, there is limited neurophysiological
evidence to support this advantage.

Electroencephalography/Event-related potentials

Electrical brain activity can be recorded by placing electrodes on an individual’s
scalp. Event-related potentials (ERPs) are obtained by presenting the participant with: (i)
stimuli; and/or (i1) a particular task to complete. During presentation or task performance,
electrical potentials (brain waves) are recorded from the start of the stimulus (i.e.,
stimulus-locked ERPs) or a response onset (i.e., a button press; response-locked ERP)
for X amount of time (e.g., 600 ms) after the stimulus or response onset. These potentials
are then averaged over a large number of trials of the same type, yielding an ERP to that
particular stimulus or response. The ERP is a sequence of positive- and negative-going
deflections, and include several waveforms, such as the N100, P200, N200, and N400.
These waveforms have been distinguished on the basis of their polarity (i.e., positive or
negative), timing (i.e., latency in milliseconds) of the onset or the peak, their duration,
and/or distribution across the scalp (i.e., at which positions on the scalp a waveform is

smallest or largest). Waveforms are commonly called components, which are thought to
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be a reflection of the neural mechanisms involved in certain functional (i.e., cognitive or
perceptual) processes.

The involvement of EF in bilingual language processing has been established in
theory by Bialystok and colleagues (2009). This theory predicts that learning a second
language requires the adaptation of EF to assist in the processing of the two languages.
However, the majority of studies have measured EF at a cognitive/information processing
level. There are several major limitations to measuring performance at this level, which
include: (1) a potentially interfering secondary task, needed in order to obtain data (i.e.,
button press); (ii) compensation strategies from other cognitive systems, such as using
verbal mediation during a visual task, can be used to enhance outcomes (i.e., accuracy
and response time); and (iii) response measures may not be sensitive enough to pick up
on subtle differences between groups. Therefore, comparing groups on measures of EF,
especially groups that are likely at their peak EF performance (such as young adults),
may produce similar response outcomes (i.e., response times and accuracy). In contrast,
a measurement level theoretically closer to the underlying neural processing/neural
structures of the groups may reveal differences not present from measures of executive
behavior or cognitive processing. The neurophysiological evidence for the requirement
and use of three EF components in bilinguals is reviewed: inhibition, switching, and
updating, before turning to a review of the differences in these control mechanisms
between monolingual and bilingual individuals.

Several reviews of the neurophysiological evidence for EF components in
bilingual language processing have been conducted (Hervais-Adelman, Moser-Mercer, &

Golestani, 2011; Jansma, Rodriguez-Fornells, Moller, & Munte, 2004; Kaan, 2007;
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Moreno, Rodriguez-Fornells, & Laine, 2008; Rodriguez-Fornells et al., 2006). All

reviews have consistently corroborated the use of inhibition processes and switching
mechanisms during bilingual language production and comprehension. Kaan (2007) also
provides a summary review of the major ERP components relevant to research on speech
perception (mismatch negativity), word and sentence comprehension (N400, left anterior
negativity, P600), and word production (lateralized readiness potential, N200) (Kaan,
2007). Further, Kaan highlighted several advantages of using ERPs to study language
processing in bilinguals. First, ERPs allow researchers to collect a continuous stream of
data with a temporal accuracy of a few milliseconds (i.e., the sampling rate is typically
between 250 and 512 Hz - samples per second - in language-related experiments), which
matches the fast rate of language comprehension and production. Second, ERPs
responses obtained are multi-dimensional, which allows researcher to make qualitative
inferences concerning the nature of the underlying neural processes being recorded. Third,
when using ERPs, there may not be an interfering secondary task required to obtain data
because neural responses to stimulus presentation are measured (i.e., stimulus-locked
ERP). In typical behavioral studies, participants are asked to press a button, which
induces additional processing requirements and may also induce particular processing
strategies. Lastly, Kaan suggests that being able to record neural processing to visually-
and aurally-produced stimuli, as well as language production, is an advantage of ERPs in
the study of bilingual language processing.

Although a detailed review of the neurophysiological literature for bilingual
language processing is beyond the scope of the current study and would be redundant

given several published and comprehensive reviews, a brief review of the relevant
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neurophysiological evidence for three EF components (i.e., updating, inhibition, and
switching) is outlined below, in an attempt to consolidate some of the tasks and
waveforms investigated during bilingual language production.

Inhibition. In a go/nogo task, participants are asked to make a response when a
given stimulus-related condition is fulfilled (i.e., various letters are displayed on screen;
go trials) and otherwise withhold their response (i.e., to a specific letter, such as ‘x’; nogo
trials). Using ERPs, researchers can analyze the brain responses related to the inhibitory
commands (i.e., nogo trials) and compare it directly with the non-inhibited or go trials.
The difference waveform can be computed by subtracting the go condition from the nogo
condition. There are only a few overt measures of behavioral response inhibition (e.g.,
percentage of commission errors; number of correctly inhibited responses); however,
these do not directly measure inhibitory processes, unlike the neurophysiological
response to nogo trials. No-go trials elicit an N200 component, which is a negative-going
deflection in the ERP waveform observed approximately 200ms after stimulus onset. The
exact role of the N200 is debated, such that Nieuwenhuis, Yeung, van den Wildenberg,
and Ridderinkhof (2003) argue that the presence of the N200 reflects response inhibition,
while Donkers and van Boxtel (2004) argue that it reflects conflict-monitoring; both
thought to reflect aspects of inhibition. Further, it has been suggested that enhancement
of N200 component reflects interference effects in bilingual tasks, and has been
commonly observed (see below for brief review). However, more recent evidence
(Huster, Westerhausen, Pantev, & Konrad, 2010; Smith, Johnstone, & Barry, 2008)
suggests that the N200 may, in fact, reflect response selection, and that a later component,

the P300, may reflect inhibitory cognitive components. Despite the debate, evidence from
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studies on bilinguals is demonstrating a greater elicitation of the N200 during the need to
inhibit information across languages (Rodriguez-Fornells, Rotte, & Heinze, 2002;
Rodriguez-Fornells et al., 2005; Rodriguez-Fornells et al., 2006).

Kaan (2007) summarizes two studies that have investigated the role of the N200
in bilingual language processing. In an ERP experiment in which highly fluent, early
Spanish-German bilinguals were asked to respond when the German name of a picture
started with a vowel, but to withhold their response when it started with a consonant, or
vice versa (Rodriguez-Fornells et al., 2005).

Some of the items created a conflict such that the name would start with a vowel in
German, but with a consonant in Spanish. Compared to monolinguals, who would
not have any familiarity with Spanish, bilinguals showed an enhanced N200 for
both go and nogo items in the conflict condition, suggesting that they suffered from
interference from their other language (Spanish) at the stage of phonological
encoding, and that language selection has not been completed at this stage (Kaan,
2007, p. 585).
A similar experiment was carried out in which the go/nogo decision was based on gender
information (Rodriguez-Fornells et al., 2006). For this study, the conflict items were
feminine in one language and masculine in the other language. Again, compared to
monolinguals, the bilinguals showed a larger N200 for both go and nogo conflict items,
suggesting that the gender information was accessed in both languages.
Expanding on the review by Kaan (2007), Moreno and colleagues (2008)

reviewed the same studies as Kaan (2007) (e.g., Rodriguez-fornells et al., 2005;

Rodriguez-Fornells et al., 2006) that used the go/nogo paradigm to investigate the role of
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inhibitory or conflict resolution processes during language perception'’. Moreno and
colleagues concluded that the reviewed studies showed an increase in a frontal negativity
(i.e., difference wave between go and nogo trials) on conflict conditions, which might be
related to the need for inhibition during simultaneous activation of the nontarget and
target lexical candidates. Further, the reviewed studies revealed a long-lasting negative
frontocentral component appearing 400ms after stimulus onset, which the authors
suggested might reflect the amount of cognitive control (i.e., inhibitory control) required
to process a specific task in one language. According to Green’s inhibitory control model
(Green, 1998), access to the non-dominant language representation involves greater
suppression or inhibition of the dominant language, and therefore, enhanced control
might be required to overcome the applied inhibition when naming in the dominant
language.

Switching. Bilinguals frequently switch between languages in daily conversation
depending on conversation context, target language goals, and occasional code switches'®.
This switch, whether in production or perception, often comes with a cost in accuracy or
response time (e.g., Bialystok et al., 2009). Similar to the neurophysiological literature
for inhibitory control in bilingual language processing, several reviews of the

neurophysiological evidence for language switching have been conducted on bilingual

individuals (e.g., Hervais-Adelman et al., 2011; Jansma et al., 2004; Moreno et al., 2008;

Rodriguez-Fornells et al., 2006). Some studies have investigated the N400 component

17 1t should be noted that the studies reviewed used a difference wave approach to measuring inhibitory
control processes in this task.

18 Code switches are a particular form of language switching, whereby multilingual speakers electively
employ words from alternative languages within utterances, while respecting the syntactic structure of the
carrier language (Moreno et al., 2008)



123

(e.g., Alvarez, Holcomb, & Grainger, 2003), which is thought to be sensitive to semantic
aspects of word processing, particularly to the cloze probability'® of a word as the N400
is greater in the case of unexpected words (e.g., Kaan, 2007); however, there is an
ongoing controversy about the exact functional interpretation of the N400 in bilingual
language switching (e.g., Moreno et al., 2008). Other studies investigated the N250
component (Van Der Meij, Cuetos, Carreiras, & Barber, 2011), which is thought to
reflect the mapping of sublexical information (e.g., ordered letter combinations) onto
whole-word orthographic representations (Holcomb & Grainger, 2006). In their study,
Van Der Meij and colleagues (2011) recorded ERPs in low and high proficiency
bilinguals while they read English sentences, half of which contained Spanish adjectives.
Both groups of participants demonstrated similar N250 waveforms to the language code
switch, suggesting similar language-specific orthographic processing regardless of
proficiency. The N60O component, which is thought to reflect stimulus re-evaluation (e.g.,
Kuipers & Thierry, 2010), has also been investigated in language processing. Kuipers and
Thierry (2010) suggest that bilinguals engaged in a process of reinterpreting the stimuli
after a language switch, while monolinguals did not. In their study, Kuipers and Thierry
used a variant of the oddball paradigm involving picture-word pairs with mixing of
English (75% probability) and Welsh words (25% probability) and found the early
detection of a language change in bilinguals triggered a significant P600 modulation by
Welsh words, while a P600 was not elicited in monolinguals because the words were

meaningless.

19 Cloze probability is defined as the probability of the target word completing that particular sentence
frame
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Moreno and colleagues (2008) reviewed ERP studies related to switches of
language either in language perception (Alvarez et al., 2003; Jackson, Swainson, Mullin,
Cunnington, & Jackson, 2004; Moreno, Federmeier, & Kutas, 2002; Proverbio, Leoni, &

Zani, 2004; Rodriguez-Fornells et al., 2002) or production (Jackson et al., 2001;

Rodriguez-fornells et al., 2005; Rodriguez-Fornells et al., 2006). Similar to other reviews

(e.g., Hervais-Adelman et al., 2011), the authors concluded that the literature is mixed in
terms of paradigms used, neurophysiological markers measured, and outcomes. Despite
this, there is a consensus among bilingual researchers that the data suggest that language
switching in production requires active inhibition of a nontarget language, and that the
ERPs related to language switching and to withholding responses during non-linguistic
go/nogo tasks are quite similar. For example, Jackson ef al. (2001) used a visually cued
naming task where bilinguals switched between naming digits in L1 or L2. These authors
found an N200 elicited on switch trials similar to an N200 elicited on a go/nogo task,
which the authors suggest is related to the inhibition required for a language switch.
Further, the research evidence suggests there a bias in switch tasks where bilingual
individuals often show enhancement in neurophysiological markers for L1 — L2 switches,
but not L2 — L1 switches.

Recent studies have furthered the understanding of the neurophysiological
functioning during language switches (e.g., Van Der Meij, Cuetos, Carreiras, & Barber,
2011; Verhoef, Roelofs, & Chwilla, 2010). Verhoefs and colleagues (2010) used a picture
naming task where the switch cue preceded the picture, rather than changing the color of
the picture, in order to assess endogenous language control in Dutch-English bilingual

speakers. The authors argued that if evidence could be provided for an endogenous
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language switch, bilinguals would hypothetically be able to bias the target language in

advance. In their study, a cue—stimulus paradigm with an interval of 750 ms was used to
measure cue-locked ERPs as an index of endogenous control. The authors investigated
endogenous attention switches. Cue-locked ERPs showed an early posterior negativity
(i.e., a negative-going deflection between 200-350 ms) for switch compared to repeat
trials for L2 but not for L1, and a late anterior negativity (i.e., a positive-going deflection
between 350-500 ms) for switch compared to repeat trials for both languages. The
authors proposed that early switch—repeat effect (i.e., early posterior negativity between
200-320 ms) might reflect disengagement from the nontarget native language, whereas
the late switch—-repeat effect (i.e., late anterior negativity between 350-500 ms) reflects
engaging in the target language. A second study investigated language code switches
while late bilinguals with high (mean age of acquisition = 8.2 years) and low proficiency
(mean age of acquisition = 8.7 years) read English sentences with a Spanish adjective in
the middle of the sentence (Van Der Meijj et al., 2011). These authors investigated the
N250, N400, and LPC to the language code switch and found that highly proficient
bilinguals demonstrated a N400 effect that extended to left anterior electrodes, which was
followed by larger LPC amplitudes at posterior sites: P7 and P8. The authors concluded
that proficiency modulates the different processes triggered by language switches. Taken
together, the reviews and these recent findings suggest that language switching involves
some differential mechanisms compared to monolinguals, and further, that some
variables, such as proficiency and perhaps age of acquisition, may play a role in the

underlying neural processing of language switches.
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Updating. During a conversation, the interlocutors must keep the current topic of

speech in mind and formulate responses, which may be facilitated by updating
mechanisms (Juffs & Harrington, 2011); these mechanisms would be holding the recent
speech in mind and updating response options. The need for updating mechanisms in
language processing becomes increasingly more complex with the addition of a second
language. Juffs and Harrington (2011) argue for the involvement of updating in bilingual
language processing, extensively reviewing all behavioral evidence for the use of various
memory processes in bilinguals. Using positron emission tomography (PET), Kim and
colleagues (2002) investigated updating mechanisms, using different two-back tasks with
visually presented stimuli (i.e., simple pictures, English words, and Korean words) in
English-Korean bilinguals who were highly proficiency in L1 and somewhat proficient in
L2. The experimental tasks required the subjects to keep in mind both the identity and the
order of the presented objects and to continuously update the mental record with each
subsequently presented stimulus. In light of no behavioural outcome differences, the PET
results revealed differential activation for L1 (i.e., the anterior portion of the right
dorsolateral prefrontal cortex and the left superior temporal gyrus) and L2 (i.e., the
posterior portion of the right dorsolateral prefrontal cortex and the left inferior temporal
gyrus); these activated brain regions were also different from the brain pattern activation
to simple pictures. These results suggest that the right dorsolateral prefrontal cortex and
left temporal lobe may be organized into two discrete, language-related functional
systems. Further, this evidence supports the contentions by Juffs and Harrington (2011)

that updating processes are integrated into language processing.
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To our knowledge, there are no neurophysiological studies that have investigated
the role of updating in bilingual language processing. The current study will be the first to
investigate whether or not the neurophysiological response to updating processes are
advantaged in bilinguals compared to their monolingual counterparts.

Summary. There is enough neurophysiological evidence of the neural markers of
language control to suggest several similarities between bilingual language control and
control of other EFs (Hervais-Adelman et al., 2011). Evidence suggests the inhibitory
mechanisms in language switching are similar to those observed during inhibition of
overt responses in nogo tasks (Moreno et al., 2008); the evidence also suggests there are
other switching-specific mechanisms captures in the ERP waveforms (e.g., N400, N250,
and P600). The former finding favors bilingual psycholinguistic models that incorporate
some form of inhibition of nontarget language in bilingual word production (de Bot,
2004; Green, 1998). Neurophysiological evidence for inhibitory processes during
bilingual language processing is becoming clearer, as indicated by N200 waveform
findings. However, neurophysiological evidence for switching is less clear and the same
line of neurophysiological evidence for updating is completely lacking.
Neurophysiological differences of EF in bilinguals and monolinguals

Although important in understanding the role of language processing in the
bilingual brain, the neurophysiological studies of bilingual language processing do not
address whether or not executive abilities are enhanced in bilinguals; rather, they suggest
the need to use inhibition and switching mechanisms (and likely updating mechanisms,
though the research evidence is lacking) to manage bilingual language processing. In a

review of the bilingual brain, Bialystok and colleagues (2009) provide a detailed review
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of bilingual executive control, including interference control and task switching; however,
these authors do not include a review of studies investigating the neurophysiological
responses of EF components in bilinguals. To our knowledge, only three published

studies have been conducted that investigated the neurophysiological response of
inhibition in bilingual and monolingual participants (Fernandez, Tartar, Padron, & Acosta,
2013; Fernandez, Acosta, Douglass, Doshi, & Tartar, 2014; Moreno, Wodniecka, Tays,
Alain, & Bialystok, 2014). There is a paucity of studies investigating the
neurophysiological responses of other EF component differences between monolinguals
and bilinguals, such as task switching and working memory. This paucity of
neurophysiological research extends to the child bilingual literature, where the majority

of the research on the bilingual advantage at the cognitive/information level has been
conducted (e.g., Bialystok, 2011).

Inhibition. Fernandez, Tartar, and Acosta (2013) conducted the first study, to our
knowledge, to directly link this bilingual advantage to a neural correlate of inhibition.
Fifteen monolingual and 13 bilingual young adult participants completed a simple non-
verbal, auditory go/nogo task to elicit the N200 and P300 ERP components as neural
markers of cognitive inhibition; the authors argued that both components have been
linked to non-motor, cognitive inhibition in monolinguals. Results revealed significantly
greater N200 amplitude at central electrode sites (i.e., greater inhibition) in bilinguals
compared to monolinguals during nogo trials even though both groups performed the task
equally well (i.e., accuracy of withholding a button press). As further evidence that
inhibitory mechanisms were at play, neither of the go trials ERP components

distinguished the groups. The results revealed that language proficiency, which was
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measured using a standardized measures of proficiency in each language in bilinguals
and just English in monolinguals (i.e., the Oral Vocabulary subtest of the Bilingual
Verbal Ability Test), were positively correlated with N200 amplitude, suggesting that
inhibition in bilinguals is moderated by second language proficiency. A second study by
these authors (Fernandez et al., 2014), which included a visual go/nogo task, supported
their auditory go/nogo finding, while finding no effect for the visual inhibition task.
Moreno and colleagues (2014) compared early adult bilinguals and musicians to
monolinguals in order to demonstrate that the bilinguals and musicians exhibit behavioral
advantages on specific EF tasks (e.g., inhibition-specific; e.g., go/nogo task) (Moreno et
al., 2014). These authors used a visual go/nogo task to measure the behavioral and event-
related potential (ERP) responses of these three groups. Results showed similar levels of
behavioral responses (i.e., accuracy and response time) across groups, but differences in
the N200 were found between the three groups. In particular, results revealed larger N200
amplitudes coupled with an increased late positivity wave relative to monolinguals, while
musicians demonstrated smaller N200 amplitudes coupled with larger P200 amplitudes
compared than monolinguals. Although they found differential ERP responses between
musicians and bilinguals, the authors demonstrated that both groups were different than
controls in the way in which their executive control system processes the information.
Consistent with research suggesting that the N200 reflects a conflict detection signal (or
inhibition of the prepotent response), the authors concluded that “the larger amplitude
produced by bilinguals would suggest that they are more sensitive in detecting existing

response competition or allocating resources to resolve conflict than controls” (p. 6).
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These authors did not take into consideration age of acquisition for the bilingual or
musician group.

Taken together, there is evidence to suggest that the go/nogo task and related
N200 and P300 are task relevant components to measure inhibition in bilinguals.
Modified versions of the go/nogo task have been used to capture the need for the
inhibitory processes during bilingual language comprehension, and further, this task has
been used to measure advantages (i.e., larger waveforms) in bilinguals compared to
monolinguals.

Updating & Switching. To our knowledge there have been no studies that have
investigated the neurophysiological correlates of the bilingual advantage for these EF
components; the current study is the first to measure such components. The n-back task is
commonly used to measure updating processes (e.g., Chen, Mitra, & Schlaghecken,
2008; Fan, Hsu, & Cheng, 2013; Nakao, Kodabashi, Yarita, Fujimoto, & Tamura, 2012;
Ozen, Itier, Preston, & Fernandes, 2013) and it has been used to capture ERP components,
including the P300, which is a positive-going deflection in the ERP component that peaks
about around 300 ms after stimulus onset and is thought to measure the maintenance and
updating of information in working memory.

To measure the neurophysiological components of switching, several types of
tasks have been used, including a task-switch version of the Stroop task (Eppinger, Kray,
Mecklinger, & John, 2007), a cued match/mismatch discrimination task (Kieffaber &
Hetrick, 2005), and a odd/even number switch task (Friedman, Nessler, Johnson, Ritter,
& Bersick, 2008); the latter of these tasks is the most similar to the Navon-figures task

used in Chapter 3. Throughout all these tasks, versions of the P300, including the P3a and
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P3b, were conceptualized to measure switching mechanisms, such that larger P300
waveforms reflect the mechanisms required to switch from one task to another. In
particular, larger P3a amplitudes are believed to reflect activity associated with attention
engagement, which is required for the neural systems to attend to the task and initiate the
switch, while the P3b is thought to reflect context-updating operations and subsequent
memory storage (Polich, 2007).
Statement of the problem

Behavioural evidence for the bilingual advantage for young adults is mixed,
where some studies find advantages for bilinguals (e.g., Fernandez et al., 2013;
Hernandez et al., 2010; Kousaie & Phillips, 2012a; Tao et al., 2011), while others find no
differences between groups (Bialystok, 2006a; Blumenfeld & Marian, 2013; Costa et al.,
2009; Paap, Johnson, & Sawi, 2015)). In an attempt to help solve the problem of mixed
evidence, authors have turned to the neurophysiological markers of EF to see if
differences exist where overt behavioural evidence may not. This solution has yielded
positive results, where the only three studies, to our knowledge, have found greater
inhibitory control for young adult bilinguals, despite not finding differences in the
traditional, overt behavioral outcomes. Following the multi-level approach to measuring
the bilingual advantage, the bilingual advantage evidence should become clearer as
levels of measurement closer to neural structures, such as neurophysiology, are used.

In order to further assess the hypothesis that the mixed nature of behavioural
evidence of the bilingual advantage may be, in part, due to a lack of sensitivity from
performance-based outcomes measures of EF, another outcome measure, d-prime (d’),

was included. This measure is derived from signal detection theory and is thought to be a
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more sensitive measure of accuracy as it accounts for a signal-to-noise ratio within the
accuracy equation (McNicol, 2005). For example, in a go/nogo task, two outcome
measures are possible: (i) typical accuracy measures, which are created by dividing the
number correctly withheld responses to nogo trials (i.e., true negative) by total number of
nogo trials; and (ii) d’ measure, which is created by subtracting the z-score normed
proportion of properly withheld nogo trials (i.e., true negative) from the z-score normed
proportion of responding to nogo trials (i.e., miss). Therefore, as error rates increase,
more ‘noise’, and thus less ‘signal detection’ is included within the equation, yielding a
smaller d’ value. To our knowledge, this measure has not been used in the bilingual
advantage literature, but has been used extensively in the cognitive psychology literature
as a measure with greater sensitivity to dysfunction (e.g., Aston-Jones & Cohen, 2005;
Haatveit et al., 2010; Schmidt & Vorberg, 2006). Given its sensitivity, it was included in
addition to typical EF performance-based outcome measures, such as accuracy and
response time. Following the multi-level approach posited in Chapter 1, this measure may
provide a better proxy for executive advantages in bilinguals.

Further, several important variables have been identified as confounding variables
when investigating the bilingual advantage and thus, were included in the present study.
These include age of acquisition (AoA), socioeconomic status (SES), and music training.
AO0A is the age at which a bilingual learned his/her L2 (e.g., Hull & Vaid, 2007; Luk et
al.,2011; Tao et al., 2011), and is operationally defined as early bilinguals who learned
L2 at or before the age of 6 and late bilinguals who learned L2 at or after the after of 13.,
the findings for AoA are mixed: at times, early bilinguals demonstrate an advantage over

late bilinguals and monolinguals (e.g., e.g., Luk et al., 2011), whereas some studies have
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found an advantage for early and late bilinguals (e.g., Pelham & Abrams, 2014; Tao et al.,

2011), while other studies have found no advantages for early and late bilinguals (e.g.,
Kalia, Wilbourn, & Ghio, 2014).

The present study uses the three-factor model of EF posited by Miyake et al.
(2000), monolingual, early bilingual and late bilingual participants engaged in three
computerized tasks with the goal of measuring neurophysiological markers of inhibition,
switching, and updating (working memory). To measure inhibition, we used a traditional
go/nogo task where participants responded with a button press to letter stimuli, except for
the letter ‘j.” To measure switching, we used a task switch paradigm where participants
switched from responding to numbers using two different rules: (i) greater or less than 5;
and (i1) odd or even. And finally, to measure updating (working memory), we used a
traditional n-back task where participants had to indicate when a letter matches a letter
two or three letters back in a series.

Hypotheses

Given the multidimensional approach we are taking to measure
neurophysiological markers of EF to assess the bilingual advantage, we have several
hypotheses, as follows.

Inhibition hypotheses. The bilingual advantage appears to be the most well-
established for inhibition (e.g., Bialystok et al., 2005; Fernandez et al., 2013; Moreno et
al.,2014) , and, may represent that bilingual language networks must constantly inhibit
the nontarget language during language processing. The research evidence supports the
idea that both languages are simultaneously activated during language production.

Therefore, for inhibition, we hypothesized that early bilinguals would demonstrate an
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advantage in the neurophysiological marker (i.e., larger N200 amplitude on nogo trials)
compared to their late bilingual and monolingual counterparts. No difference would be
found for latency. Further, we predicted that early bilinguals would demonstrate an
advantage over late bilingual and monolinguals on the more sensitive behavioral
outcomes measures of inhibition (i.e., d-prime) for the same task; no differences would
be found between groups for percentage of commission errors on nogo trials (i.e.,
accuracy), as it is a less sensitive measure of inhibition. Given these behavioral
differences, larger N200 peak amplitudes would reflect better inhibitory control.
Switching hypotheses. For task switching, the research literature using
behavioral outcome measures (e.g., accuracy, response time, and switch cost) is mixed,
which may represent that language switching is more variable, compared to inhibitory
control. Despite these findings, we hypothesized that early bilinguals would demonstrate
greater switching ability reflected by a larger P3a amplitude compared to late bilingual
and monolingual participants, which would suggest that early bilinguals demonstrate
more activity associated with engagement of attention (Polich, 2007). Further, early
bilinguals would also show an advantage in later switching processing, reflected by larger
P3b amplitudes compared to the other two language groups. The P3b is thought to reflect
context-updating operations and subsequent memory storage (Polich, 2007), which would
be in line with what bilinguals would need to do during a language switch: update the
current language context and store that information to avoid unwanted slips. We
predicted no differences in the behavioral outcome measures for attention switching (i.e.,

accuracy and response time switch costs) in this sample of young adults.
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Updating hypotheses. Similar to the process of updating following a switch,

updating (working memory) is likely an executive ability that is used during bilingual
language production such that the interlocutors must keep the current topic of speech in
mind and formulate responses; as such, this process would be holding the recent speech
in mind and updating response options. In addition, a bilingual speaker would also be
holding and updating contextual information to ensure the correct language is produced.
Following this logic, we hypothesized that the neural markers of updating working
memory (i.e., peak P300 amplitude) would be larger for early bilinguals than late
bilinguals and monolinguals in the high demand situations (i.e., three-back). However, in
the low demand situation (i.e., two-back), no differences between groups would be found.
Similarly to the other two tasks, we predict no differences in the low sensitivity
behavioral outcome measures (i.e., accuracy of two- and three-back) between groups,
whereas we predicted early bilinguals would demonstrate better performance in the high
demand condition when d’ is used; no differences would be found for d’ in the low

demand condition.
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Method

Questionnaires®

Demographics. Demographics details were collected to allow any differences
between groups to be identified: age, biological sex, socioeconomic status (SES), musical
training history, physical activity, and whether or not they immigrated to Canada.
Participants also recorded their history of brain injury, history of neurological conditions,
prescription medications being taken, and if any previous diagnoses had been given to the
participant (i.e., ADHD, FASD, Autism, Developmental Disorder, Learning Disability,
Speech/language difficulties, and any other diagnosed psychological conditions);
participants were excluded if they endorsed any of these demographic characteristics,
with the exception of prescription birth control, because of their potential influence on
neurophysiological outcomes.

Language questionnaire. A language questionnaire was constructed based on an
empirical review of bilingual language questionnaires from Li, Sepanski, and Zhao
(2006), and was used to obtain participant information in order to classify the bilinguals
as either early (i.e., learned second language at or before age of 6) or late (i.e., learned
second language at or after age 13). Bilingual participants provided information relating
to language experience, so that effects of individual differences in factors such as
proficiency and usage could be examined. Participants were asked to record their
perceived level of fluency in reading, writing, and understanding in each of the languages

that they speak®' using a 5-point scale (1= poor, 3 = functional, and 5 = excellent/fluent).
Yy sp g p p

20 See appendix C for the questionnaire package that was given to participants to complete prior to the
computerized experiment.

21 A cutoff proficiency score of 4 in speaking and understanding for both languages was used to ensure
highly proficiency bilinguals in both groups.
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Self-ratings were also provided for the amount of daily usage of each language
(expressed in percentages) and whether L2 was used daily, weekly, monthly, or rarely;
the frequency of daily L2 use was expressed in percentages for group comparison
purposes. Information on translator status was collected for group comparison purposes
(i.e., whether or not the individual worked as a professional translator). Bilingual
translators have demonstrated differential outcomes on EF measures (Dong & Xie, 2014).
For each language, participants were also asked to record other characteristics, such as
whether or not learning occurred formally (i.e., lessons) or informally (i.e., at home or at
work), and duration of learning circumstance.
Participants

For the current study, a total of 76 participants were included in three groups: (i)
monolinguals (n = 32); (i1) early bilinguals (n = 23); (iii) late bilinguals (n = 21).
However, two participants from the late bilingual group did not complete testing, one as a
result of stating they had an allergy to the conductive gel used during administration, and
one for stating they learned their language between the ages of 7-11. All participants had
normal or corrected-to-normal vision and no a history of head injury, Attention
Deficit/Hyperactivity Disorder (ADHD), Fetal Alcohol Spectrum Disorder (FASD),
Autism Spectrum Disorder (ASD), developmental disorder, or psychiatric disorder.
Participants were recruited through an online undergraduate psychology recruitment
source (SONA) at the University of Victoria, and through advertisements. For those
recruited through SONA, participants were given course credit for participation in the
study. For those recruited through advertisements, participants were given $20 CAN for

their participation. The Human Research Ethics Board of the University of Victoria
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approved the study and participants provided written informed consent prior to
participation. Table 10 presents the sociodemographic characteristics for the three groups
and the language characteristics of the two bilingual groups. Table 11 presents the
percentages of the L1 and L2 languages spoken by participants in the early and late
bilingual groups.

Table 10. Participant Demographics

Group
Demographics Early Bilinguals  Late Bilinguals =~ Monolinguals
Mean(SD) Mean(SD) Mean(SD)

N 23 19 32
Age 20.35 (1.75) 20.29 (1.55) 20.28 (1.85)
Sex (% female) 78.3% 61.9% 68.8%
Ao0A of L2 3.13(2.87) 13.26(2.28) -
SES 3.23(0.69) 3.05(0.87) 3.34(0.79)
% Music training™ 39.1% 47.6% 31.3%
% Physical activity 69.6% 61.9% 84.4%
% Translator 4.5% 31.6% 0%
% Immigrated 69.6% 89.5% 18.8%
L1 proportion of use 66.74(19.11) 69.87(20.59) -

L2 proportion of use 28.39(15.78) 31.24(19.79) -

L2 proportion of SS who use daily 59.1% 81% -
Proficiency L2 - speak 4.22(0.74) 3.91(0.70) -
Proficiency L2 - comprehend 4.65(0.57) 4.05(0.78) -
Proficiency L2 - write 3.26(1.29) 3.19(0.93) -
Proficiency L2 - read 3.70(1.36) 3.71(0.78) -

Note. The demographic information is displayed for the total sample of participants in the current study,
including: number of participants, mean age, sex distribution, socioeconomic status, age of acquisition of
L2, and self-rated proficiency for each of the three groups. AoA = age of acquisition; L2 = second
language; SES = Socioeconomic status; - represents data that was not measured in monolinguals.

22 Independent samples t-tests were conducted between those with and without music training within each
of the three empirical groups using all of the outcome measures. All t-tests were not significant, with the
exception of t-test comparing late bilinguals with and without music training with d’ as the outcome
measure (on 3-back trials), #(40) = -2.202, p = 0.042.



139
Table 11. Dominant and Nondominant Language Spoken by Participants

Group
Early Bilinguals Late Bilinguals
(%) (%)

Languages L1 L2 L1 L2
English 60.87 39.13 26.32 78.95
Chinese * 30.43 17.39 43.48 10.53
Tagalog 435 - - -
Farsi - 435 5.26 -
Spanish - - 5.26 -
Korean - - 5.26 -
Russian - - 5.26 -
French - 435 - 10.53
Arabic 435 435 - -
German - 435 - -
Polish - 435 - -
Punjabi - 435 - -
Fillipino - 4.35 - -

Note. This table displays the proportion of L1 and L2 languages spoken by each bilingual group. *
represents mandarin and Cantonese

Stimuli & Procedure

Participants were provided with both written and verbal instructions that explain
the procedure and emphasize that they should maintain correct posture and minimize
head movement and eye blinks during the EEG/ERP tasks. Following this, participants
were asked to complete the demographics/language history questionnaire, the Raven’s
progressive matrices task, and the letter fluency task while they are seated comfortably in
a room under dim lighting, following which the electroencephalography (EEG) set up
took place. Once EEG set up was complete, participants completed the three individual
computerized tasks while the EEG was being measured; each of these tasks measured a
specific component of EF. The three computerized EF ERP tasks were counterbalanced
across participants. Participants viewed all stimuli from a distance of about 70 cm from
the computer monitor; a 70 cm string was used to measure the distance between their

forehead and the computer monitor. Stimuli were displayed on a 17-inch LCD computer
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monitor using MatLab presentation software (MATLAB 11.0, The MathWorks, Inc.,

Natick, Massachusetts, US).

Control task: Verbal fluency. Following a specific rule, participants were asked
to overtly generate as many English words as possible within 60 s (e.g., Heaton, Miller,
Taylor, & Grant, 2004; Portocarrero, Burright, & Donovick, 2007; Tombaugh, Kozak, &
Rees, 1999). Letter fluency was assessed on the first three trials: participants were first
asked to produce words that start with the letter F, the A, and then the letter S. On the last
trial, category fluency was assessed where participants were asked to produce animal
names. Participants were asked to avoid producing names of people or places as well as
the same word with different endings. Four outcome measures were obtained: (i) a total
score for letter fluency, which consisted of the total correct items for all three letters; (ii)
a total score for category fluency, which consisted of the total correct items for this trial;
(iii) a total error score for letter fluency, which consisted of the total number of errors
made across the three letter trials; and (iv) a total error score for the category trial.

Control task: Raven’s advanced progressive matrices. This task was used to
estimate participants’ nonverbal intelligence and ensure differences in EF neural markers
are not related to differences in nonverbal intelligence, we used a version of the modified
Raven’s progressive matrices, which has been frequently used in the bilingual advantage
literature (e.g., Bialystok et al., 2004; Bialystok & Martin, 2004; Colzato et al., 2008;
Costa et al., 2008; Engel de Abreu et al., 2012; Hernandez et al., 2010; Tao et al., 2011).
This computerized task is a modified version of Raven’s Advanced Progressive Matrices
(Raven, Raven, & Court, 1998). In order to solve novel problems, this task requires

participants to organize and sequence novel information, by deducing rules and applying
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them (see Carpenter, Just, & Shell, 1990). Participants were presented with a series of

visual puzzles; each displayed in the form of a 3X3 matrix of geometric figures and
patterns. One segment of a larger pattern was always missing and participants were
required to deduce the pattern of the missing piece, given the properties of the available
matrix. Participants selected the piece that best completed the matrix from a set of
multiple-choice options. Participants were asked to solve eight different matrices
according to standard procedures; one block of eight trials. To select a response,
participants pressed numbers 1-8, which corresponded to one of eight options. The matrix
stayed on screen until the participant made a response. Immediately following their
response, the next matrix appeared on screen. The outcome score was the total number
(maximum score = 8) of correct items.

Experimental task one: Measuring inhibition. Participants completed a
traditional go/nogo task (Donders, 1969) to measure inhibition (see Figure 9). The task
consisted of two blocks; in the first block, which had 50 trials, participants were asked to
respond as quickly as possible to any letter appearing in the center of the computer screen
by pressing the ‘L’ key with their dominant hand. All trials in this block were “go” trials,
which will be used to establish baseline reaction times. In the second block, which
consisted of 150 trials, participants were asked to respond by pressing the ‘L’ key as
quickly as possible when they see a letter, except when the letter ‘J’ (the target stimulus)
appears (i.e., the “nogo” trials in the mixed condition). Thirty percent of the trials in this
condition were “nogo” trials (i.e., 45 trials). Letters appeared on screen for 1000 ms;
Inter-trial interval time was variable at approximately 1400 ms post-stimulus offset. Task

completion time was approximately six minutes. Participants were not provided with
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feedback on their performance. Three scores were derived as outcome measures: (i) serial
reaction time (SRT), which was the average response time (RT) for all the ‘go’ trials in
the first block (i.e., 50 trials); (ii) accuracy for ‘nogo’ trials (i.e., number of correctly
withheld responses divided by 45 trials); and (iii) d’, which was calculated by subtracting
the z-score normed proportion of true negative trials from the z-score normed proportion

of miss trials®.

Figure 9. Schematic example of the computerized go/nogo inhibitory task. The arrow indicates the
progression of time. The first three trials are examples of “go” trials, and the last trial is an example of a
“nogo” trial.

Experimental task two: Measuring attention switching. To examine shifting
ability, participants completed a More-Than/Less-Than Task (i.e., deciding whether a
digit is more or less than 5) and an Odd/Even Task (i.e., deciding whether a digit is odd
or even). This task was modeled after a similar task by Friedman, Nessler, Johnson, Ritter,
and Bersick (2008). Both tasks, which occur within the same block, consisted of multiple
trials involving a single white digit (1 — 9, excluding O and 5) displayed centrally on a

black background. A new digit appeared for each successive trial, with the digit displayed

 This formula was rendered from Signal Detection Theory and is thought to be a more sensitive measure
of accuracy as it accounts for error trials. Correctly withheld responses to ‘No-go’ trials (i.e., target absent)
were coded as ‘True Negative” (TN) trials, while withheld responses to ‘go’ trials (i.e., target present) were
coded as Miss trials. As such, the formula was: d’ = z(accuracy of TN)-z(accuracy of Miss). For probability
values that equalled O or 1, values were corrected so that: (a) if the number is 1, it was replaced with 1-
(1/[2*45]) and (b) if number is 0, it was replaced with 1/[2*%105], where 45 = total possible number of TN
trials and 105 = total possible number of miss trials.
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on the screen until the participant provided a response; inter-stimulus duration was 500
ms between stimulus offset and stimulus onset. Depending on the specific task during
that trial, the words “more less” or “odd even” were displayed below the digit to prompt
the participants regarding task instructions. For a switch trial, two changes from the
previous trial occurred: (i) the digit was surrounded by a rectangle (or the rectangle was
removed), which indicated the type of task to be completed; and (ii) the reminder
prompts changed to those associated with the new task set. Together, these two tasks
comprised the shifting condition, which consisted of a total of four mixed blocks. All
together, there were six blocks. The first two blocks consisted of the same task for 60
trials (i.e., either all More/Less or all Odd/Even). The third to sixth blocks included 120
trials with 24 task-switch trials in each block for a total of 480 trials (384 nonswitch and
96 switch), requiring participants to switch from one task to another when a white
rectangle surrounds or is removed from the displayed number; participants completed the
same task while the rectangle was present (e.g., more/less than) or not present (e.g.,
odd/even). Switch trials occurred every five trials, four nonswitch trials between each
switch. This task took approximately 15 minutes to complete. Two outcome measures
were derived: Switch cost scores, which was the difference between the pre-switch trial
and the switch trial, were calculated for RT and accuracy; these scores were calculated
using the average RT and accuracy from blocks four through six. Following task
completion, participants were asked if they recognized a pattern in switch trials.
Experimental task three: Measuring updating working memory. Participants
completed a letter variant of a computerized n-back to measure how well participants can

update, hold, and discard information. This task was modeled after a similar n-back task
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(Ozen et al., 2013). Participants were shown a series of centered white-colored letters in
100-point font, one at a time, on a black background computer screen. At the beginning
of the experiment, participants were instructed to indicate when the current letter matched
the letter shown either two (easy; two-back) or three (difficult; three-back) trials prior by
pressing the ‘A’ key, thus keeping up to three trials (i.e., letters) in working memory;
participants pressed the ‘L’ key for all other trials. Participants were shown block-
specific instructions on screen before each block; the 2-back and 3-back tasks were
presented separately in blocks. Two of the blocks were the 2-back task while the other
two blocks were the 3-back task. Response options were counterbalanced. Trials without
a button press were rejected from further analysis, as they would not have been coded
into one of the four categories for response (i.e., Hit, miss, false positive, and true
negative). There were four blocks of 75 trials each, for a total of 300 trials; there was a
30% probability of match for target trials, resulting in approximately 25 trials for each
block. Each trial started with the onset of a letter, which stayed on screen for 750 ms.
Between each trial, an inter-stimulus period (black screen) was shown for 1000 ms. The
total task length was approximately 15 minutes, including time for self-paced breaks
between blocks.

Five outcome measures were derived: (i) the accuracy of hits for the combined 2-
back blocks; (ii) the accuracy of hits for the combined 3-back blocks; (iii) a d” measure™

was calculated for the combined 2-back blocks; (iv) a d’ measure was calculated for the

24 This formula is similar to that used in the go/nogo task, except that correct identification of target trials
were coded as ‘Hits’ and incorrect target trials (i.e., incorrectly indicating that the current letter was the
same as 2 or 3 letters ago) were coded as ‘False positives (FP).” As such, the formula was: d’ = z(accuracy
of Hits)-z(accuracy of FP). For probability values that equalled O or 1, values were corrected so that: (a) if
the number is 1, it was replaced with 1-(1/[2*100]) and (b) if number is 0, it was replaced with 1/[2*50],
100 = total number of FP and 50 = total number of hits.
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combined 3-back blocks; and finally, (v) the load effect was calculated on accuracy
scores by subtracting 3-back accuracy from 2-back accuracy. Since participants were
instructed to respond to all trials with a button press, trials without responses were not
coded, and thus, not included in the accuracy analysis (allowing for the differentiation
between true negatives and unintentional misses/nonresponses and reducing bias by the
ambiguity of non-response trials; Wilks, 2011).

Data acquisition & ERP analyses

Table 12. ERP Rejection and Correction Table

Groups
Early Bilinguals Late Bilinguals Monolinguals
% Trials No. No. % Trials No. No. % No. No.
remove Hjorth Exclude remove Hjorth Exclude  Trials Hjorth  Exclude
d d d d remove d
d
GNG 451 3 2 1.76 1 1 2.61 2 2
9.27) (3.24) (5.76)
Switch 6.50 7 3 6.82 2 3 298 2 1
(11.19) (11.76) (3.95)
n- 7.82 7 5/13* 8.00 3 6/ 6% 4.84 2 3/11%
Back® (12.52) (18.29) (13.54)

Note. Displays the mean and SD (in brackets) for the percent of trials removed using the rejection criteria
for each group in each of the three tasks. The percent of participants excluded as a result of missing more
than 10% of their data, as well as the number of participants where the Hjorth’s Nearest Neighbor
algorithm was used, are also included. GNG = go/nogo task. *Represents the number of participants
excluded in the 3-back; this number is larger because the excluded participants had less than 10 trials per
averaged waveform.

The EEG was recorded using a montage of 37 electrode sites in accordance to the
extended international 10-20 system (Jasper, 1958). Signals were acquired using
Ag/AgCl ring electrodes mounted in a nylon electrode cap with an abrasive, conductive
gel (EASYCAP GmbH, Herrsching-Breitbrunn, Germany), which was used to decrease
the impedance from the scalp to the electrode. Signals were amplified by low-noise

electrode differential amplifiers with a frequency response of DC 0.017-67.5 Hz (90 dB-

25 For the n-back task, participants’ accuracy scores for the 3-back blocks were low (see table 4), resulting
in a small number of useable ERP trials for the averaging procedure. As such, participants with less than 10
trials per average waveform were excluded.
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octave roll off) and digitized at a rate of 250 samples per second. Digitized signals were
recorded to disk using BrainVision Recorder software (Brain Products GmbH, Munich,
Germany). Inter-electrode impedances were maintained below 20 k€2. Two electrodes
were placed on the left and right mastoids, which were be used to create (offline) the
average reference of the two mastoids for all the EEG recordings. Postprocessing and
data visualization was performed using BrainVision Analyzer software (Brain Products
GmbH, Munich, Germany). The electro-occulogram (EOG; eye movements) were
recorded for the purpose of artifact correction; horizontal EOG was recorded from the
outer canthi of both eyes, and vertical EOG was recorded from the suborbit of the right
eye and electrode channel Fp2. Artifact rejection criteria for all tasks were as follows:
The gradient criterion was set such that voltage steps of maximally 35 uV were allowed
per sampling point; the absolute difference voltage per 200 ms segment should not
exceed 150 pV; the lowest allowed activity was 0.1 pV(max—min) per 200 msec; and
amplitudes had to be between —150 and 150 wV. See Table 3 for the mean percent of
rejected trials and the associated SD, as well as the percent of participants that were
excluded as a result of missing more than 10% of the trials in a given task. The digitized
signals were filtered using a fourth-order digital Butterworth infinite impulse response
(IIR) filter with a bandpass of different frequencies for each of the target waveforms (see
below). Hjorth’s nearest neighbor, which is an algorithm that average’s surrounding
electrodes to estimate the electric potential at a given electrode, was also used to correct
malfunctioning electrodes; the number of participants in which this procedure was used is

shown in Table 12.
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Inhibition. To investigate inhibitory processes, the N200, which is a negative-
going waveform that occurs around 200 ms post stimulus presentation, and the P300,
which is a positive-going waveform that occurs approximately 300 ms post stimulus
onset, were measured. The peak amplitude of this waveform is typically more negative
for nogo trials than go trials. In order to reduce high and low frequency noise, the time-
averaged ERPs were filtered using a fourth-order digital Butterworth IIR filter with a
passband of 0.1 to 20 Hz, 24 dB-octave roll off, and a 60 Hz notch filter. Baseline
waveforms were established 200 ms prior to stimulus onset and ERP epochs extended
600 ms post stimulus onset. Two separate ERPs from the go/nogo task were sorted and
averaged together for each participant: (i) averaged ERPs for correct ‘go’ stimuli from
the second block, and (ii) averaged ERPs for correct ‘nogo’ stimuli (which were only
present during the second block). Thus, peak amplitudes were calculated for each
participant by finding the most negative “peak” in the 200-350 ms time window for the
N200. The P300 peak amplitudes were calculated by finding the most positive peak
between 350 ms — 500 ms. Only correct trials were included in the averaged waveforms.
The latencies for these peak measures were also calculated for each participant. These
measures were calculated at central midline sites (i.e., Fz, FCz, Cz, CPz), where these

components are typically maximal (e.g., Moreno et al., 2014).

Attention switching. To examine shifting ability, the P300 at frontal-central
sites (i.e., P3a) and the P300 at posterior central sites (i.e., P3b) were measured. The P3a
and P3b nomenclature has been used to describe the two separable and distinct P300 ERP
waveforms (Polich, 2007), and thus, is used to assist in the differentiation between the

P300 in other tasks (inhibition and updating). The underlying interpretation of these
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waveforms is task dependent, and thus, represent different cognitive mechanisms (Luck,
2014). The P300 is a positive-going deflection in the ERP waveform that occurs
approximately 300-600 ms following stimulus onset; thus, the P3a and the P3b are both
positive-going deflections in the ERP waveform, but have different time courses. The P3a
peak amplitude was measured in a time window of 300-450 ms at frontal central sites
(i.e., Fz and FCz), and the P3b peak amplitude was measured in a time window of 450-
600 ms at posterior central sites (i.e., Cz, CPz, and Pz). The time-averaged ERPs were
filtered using a fourth-order digital Butterworth IIR filter with a passband of 0.1 to 30 Hz,
24 dB-octave roll off, and a 60 Hz notch filter. The stimulus-locked data were epoched
offline with 200 ms pre- and 800 ms post-stimulus periods. To simplify the analyses and
capture the major effects, the behavioral and ERP data from two critical trial types were
subjected to statistical analyses: (i) the pre-switch trial and (ii) the switch trial; only the

correct trials from blocks four — six were used for waveform averages.

Updating. To investigate updating working memory processes, the P300
waveform, which is a positive-going deflection in the ERP waveform that peaks
approximately 300 ms following stimulus onset (i.e., the onset of the letter on the
computer screen), was measured. The digitized signals were filtered using a fourth-order
digital Butterworth IIR filter with a passband of 0.1-30 Hz, 24 dB-octave roll off, and a
60 Hz notch filter. A 1000ms epoch of data extending from 200 ms prior to 800 ms
following the onset of each stimulus were extracted from the continuous data file for
analysis. Only correct trials were analyzed. Stimulus-onset trials were segmented and
averaged by stimulus type (target and nontarget) and level of difficulty (two- and three-

back), thus resulting in four averaged waveforms for each participant in the three groups.
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Peak amplitudes were calculated for each P300 average waveform for each participant by

finding the most positive peak amplitude in the 300-500 ms time window for the P300
component. The latencies for these peak measures were also calculated for each
participant. These measures were calculated at posterior-central midline sites (i.e., Cz,

CPz and Pz).
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Results

Analyses were conducted using SPSS 21 .0 statistical analysis package.
Bonferroni corrections were used for significant post-hoc analyses. Table 12 shows the
means, SD, and one-way analysis of variance (ANOVA) results for each group for the
behavioral outcome measures.

Demographic and language between-group comparisons

Values associated with the distribution of demographic variables, including
percentages and means, are displayed in Table 9. The comparisons between the three
groups on demographic characteristics, including age, biological sex, SES, physical
activity, and musical training, did not reveal significant differences*. Immigration status,
however, did reveal a significant difference between groups, where the late bilingual
group had a higher prevalence of people who immigrated, ¢* (2, N = 74)=27.73,p <
0.001. This is not surprising given the prevalence of international students attending the
University of Victoria. The comparisons between early and late bilinguals on language
characteristics did not reveal significant differences for percentage of L1 use, percentage
of L2 use, and for three of the group language subskills (speak, read, and write). However,
comparisons did reveal that early bilinguals had higher proficiency in L2 on
comprehension than late bilinguals, #(40) = 2.870, p < 0.05. As well, comparisons
revealed a significant difference between early and late bilinguals on translator status,
where late bilinguals had a higher prevalence of translators than early bilinguals, ¢* (1, N

=42)=5.56,p =0.018. Comparisons also revealed a significant difference between the

? One-way ANOV As were used to compare values for age, SES, percentage of L1 use, percentage of L2
use, and for three of the group language subskills, whereas chi-square (c?) tests were used to compare
categorical values for biological sex, physical activity, immigrant status, translator status, and musical
training.
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age of acquisition, #(40) =-12.481, p < 0.001, which was expected by the design of the

study.
Behavioral data

Table 13. Behavioral Data: means, SDs, and one-way ANOVA results

Group One-way ANOVAs
Behavioral Early Late Biling. Monoling. F df Sig. npz
Data Biling. Mean (SD) Mean (SD)
Mean (SD)
Control Vars: Fluency Tasks
Total Correct 37.87 3511 (11.69) 41.22 (11.69) 1.643 2,71 0.201 0.044
Letter (12.29)

Total Correct  18.13 (5.51) 17.42(5.92) 21.13 (3.29) 4.449 2,71 0.015 0.111
Animal

Total Errors 0.87 (1.63) 0.95 (147) 0.67 (0.97) 0.332 2,71 0.719 0.009
Letter

Total Errors 0.17 (0.49) 0.26 (0.65) 0.22 (0.55) 0.132 2,71 0.877 0.004
Animal

Control Vars: Matrices

Total Correct 4.30 (1.82) 442 (1.74) 3.77 (1.28) 1.227 2,70 0.299 0.034
Inhibition

% Correct 0.82 (0.15) 0.86 (0.11) 0.82 (0.10) 1.033 2,71 0.361 0.028

Hits

d’ 3.30 (0.64) 3.52(0.47) 3.13 (0.54) 3.056 2,71 0.079
0.053%

Switching

Switch cost 0.03 (0.06) 0.03 (0.06) 0.04 (0.05) 0.136 2,71 0.873 0.004
Ac

Switch cost -0.37(0.24) 043 (0.56) -0.33 (0.16) 0.553 2,71 0.578 0.015
RT

Updating

2-back Ac 0.37 (0.16) 0.42 (0.16) 0.42 (0.13) 0.982 2,71 0.400 0.025
2-back d’ 1.36 (0.53) 1.60 (0.57) 1.41 (0.46) 1.268 2,71 0.288 0.034
3-back Ac 0.25(0.12) 0.27 (0.12) 0.28 (0.12) 0.359 2,71 0.699 0.010
3-back d’ 0.79 (0.45) 0.95 (0.28) 0.83 (0.50) 0.699 2,71 0.501 0.019

Load effect 0.12(0.13)  0.16(0.17) 0.14 (0.10) 0366 2,71 0695 0010

Note. This table shows the mean, SDs, and one-way ANOV As for the behavioral data (i.e., RT, accuracy,
total correct, d-prime) for all tasks for each of the three groups. Bolded values denote significant
differences, p < 0.05, with Bonferroni correction. Ac = Accuracy; Biling. = Bilinguals; Monoling. =
Monlinguals; RT = response time (ms); Vars = variables.

Given a significant one-way ANOVA for effect of language status on total correct

for category fluency (animals), pairwise group comparisons were conducted. These tests

" As a result of this trend, a series of pairwise comparisons between groups revealed a significant
difference between monolinguals and late bilinguals, p <0.05, only for the inhibition component (using d’)
such that late bilinguals outperformed monolinguals; no other significant differences were found between
groups.
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revealed a significant difference between monolinguals and late bilinguals, p < 0.05,
where monolinguals outperformed late bilinguals. Post-hoc analyses approached
significance, p = 0.076, between monolinguals and early bilinguals; post-hoc analyses
were not significant between early and late bilinguals.

ERP data

Table 14. Midline Electrode Mean Voltages

Groups

Early Bilinguals (uV) Late Bilinguals (LV) Monolinguals (LV)

Fz FCz Cz CPz Pz Fz FCz Cz CPz Pz Fz FCz Cz CPz Pz

a) Go/nogo Task
N20
0
Nog - - - - 1.11 - - - 066 203 02 0.08 1.02 1.61 2.39
0 26 289 221 0.33 08 096 0.06 8
8 4
Go - - - 096 233 - 004 131 252  3.06 - - 095 212 3.5
1.6 1.09 039 1.0 10 032
7 3 6
P30
0
Nog 6.8 10.6 117 128 127 65 11.1 129 12.7 127 73 127 149 145 142
0 2 5 1 8 4 8 1 7 1 6 7 8 2 2 8
Go 3.1 565 704 749 7790 23 517 716 781 727 30 575 7.86 8.60 8.76
2 2 3
b) Switch Task
P3a
Pre 25 301 3.35 - - 26 395 416 - - 4.1 421  3.72 - -
0 3 1
Sw 35 481 423 - - 40 5.11 5.68 - - 58 703 7.9 - -
3 3 0
P3b
Pre - - 307 419 4.69 - - 478 484 520 - - 372 432 478
Sw - - 337 485 575 - - 367 533 606 - - 463 592 648
¢) n-Back task
2back — P300
Tar - - 781 918 108 - - 124 139 140 - - 112 123 130
4 7 4 0 3 6 6
Non - - 355 474 6.1 - - 4.13 546 5.6 - - 474 624 7.58
3back — P300
Tar - - 110 163 131 - - 150 130 167 - - 1.1 120 127
0 3 7 5 0 4 9 9 8
Non - - 1.79 304 477 - - 366 543 6.88 - - 475 655 7.60

Note. Bolded values represent peak amplitude along midline. This table shows the peak amplitudes (LV)
for the central midline electrode sites for the waveforms of interest for each of the three tasks: (a) go/nogo
task; (b) switch task; and (c) n-back task. — represent electrode site values not measured for that waveform;
Pre = preswitch; Sw = switch; Tar = target; Non = nontarget.
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Table 15. Peak Amplitude and Latency Means and SDs

Group
Early Bilinguals Late Bilinguals Monolinguals
Mean (SD) Mean (SD) Mean (SD)

Amp. (uV) Lat.(ms) Amp.(uV) Lat.(ms) Amp.(uV) Lat. (ms)

a) Go/nogo task

N200 at site FCz

Nogo trials -2.89 289.57 -0.96 28147 0.08 276.65
(5.46) (30.02) (2.56) (35.08) (3.67) (32.81)

Go trials -1.09 268.52 0.04 265.90 -0.32 258.70
(4.76) (33.56) (3.45) (39.15) (3.60) (27.02)

P300 at site Cz

Nogo trials 11.71 414.26 12.97 422.74 14.92 413.55
(5.69) (28.92) 4.11) (35.33) (5.98) (34.00)

Go trials 7.04 405.74 7.16 413.26 7.86 408.77
(4.61) (30.96) (2.69) (45.30) (5.18) (33.62)

b) Switch task
P3a at site Cz

Preswitch trials 3.35 361.40 4.16 382.25 372 35747
(3.60) (37.15) (3.84) (42.16) 3.79) (28.35)

Switch trials 423 364.20 5.68 370.25 7.09 366.13
(3.60) (34.10) (3.97) (35.45) 4.01) (40.70)

P3b at site Pz

Preswitch trials 4.69 513.40 5.20 516.25 4.78 524.23
(1.86) (27.39) (2.54) (24.85) (2.58) (29.74)

Switch trials 5.75 516.40 6.06 517.75 6.48 531.20
(3.13) (34.90) (3.98) (33.85) (3.98) (38.33)

¢) n-Back task

P300 2back at site Pz

Target trials 10.84 417.11 14.00 408.30 13.06 387.57
4.92) (53.24) (4.81) 4743) (541) (53.14)

Nontarget trials 6.11 403.56 5.96 406.16 7.59 39743
(3.48) (55.22) (1.84) (50.98) (4.13) (64.20)

P300 3back at site Pz

Target trials 13.17 398.80 16.74 391.39 12.78 402.80
(4.93) (52.16) (9.76) (41.28) (5.99) (58.04)

Nontarget trials 477 382.00 6.88 393.23 7.60 388.80
(343) (53.21) (3.63) (60.51) (2.93) (54.16)

Note. This table shows the mean (uV) and SDs of the ERP data (i.e., peak amplitude and latency) for each
task and for each of the three groups. Peak amplitude values are in pV and latencies are in ms; Amp. =
amplitude; Lat. = latency.

Inhibition. Table 14a shows the mean peak amplitudes for the central midline
electrode sites for each of the N200 and P300 waveforms by trial type (go vs. nogo).

Figures 10-16 show the grand average N200 and P300 waveforms for go and nogo trials
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for each of the three groups; scalp distributions for peak amplitude activity for either the

N200 or P300. Several ANOVAs were conducted on various ERP components and

latencies; means and SDs are shown in Table 15a.
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Figure 10. Represents (a) the stimulus-locked go and nogo trial grand average waveforms for all three
groups; and (b) the grand average waveforms for only nogo trials for monolinguals, early bilinguals, and
late bilinguals. Both figures represent activity at electrode site FCz. Zero represents the onset of the
stimulus; the shaded area represents the time window for the N200.
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Figure 11. Represents stimulus-locked go and nogo trial grand average waveforms for monolinguals at

electrode site FCz. Zero represents the onset of the stimulus; the shaded area represents the time window
for the N200.
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Figure 12. Represents the stimulus-locked go and nogo trial grand average waveforms for early bilinguals
at electrode site FCz. Zero represents the onset of the stimulus; the shaded area represents the time window

for the N200.
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Figure 13. Represents the stimulus-locked go and nogo trial grand average waveforms for late bilinguals at
electrode site FCz. Zero represents the onset of the stimulus; the shaded area represents the time window

for the N200.

N200 peak amplitude. A repeated measures ANOV A was completed with Trial

Type (2: go vs. nogo) as the within-subject factor and Group Membership (3 groups) as

the between-subject factor to examine the effect of language status on N200 peak

amplitude at electrode site FCz, where it was maximal (see Table 5a). The ANOVA

revealed a significant main effect, F(1,70) = 5.885, p <0.05, T]p2 = 0.084, such that the

peak amplitude for nogo trials (M =-1.05, SE = 4.36) was larger than go trials (M =-0.25,

SE = 3.96); this was an expected main effect, suggesting the task properly elicited



156
differential processing for go and nogo trials. The ANOVA also revealed a significant

interaction between group membership and trial type, F(2, 70) = 3.389, p < 0.05, np2 =
0.108. See Table 6 for means and SD; pairwise comparisons of the group differences for
the N200 peak amplitudes for nogo trials revealed a significant difference between
monolinguals and early bilinguals, where early bilinguals produced larger N200
amplitudes, p < 0.05; no differences were found between early and late bilinguals, no
differences were found between late bilinguals and monolinguals.

N200 latencies. A repeated measures ANOVA was completed with Trial Type
(2: go vs. nogo) as the within-subject factor and Group Membership (3 groups) as the
between-subject factor to examine the effect of language status on N200 peak latency at
electrode site FCz. The ANOVA revealed a significant main effect, F(1, 64) = 15.815,p
<0.001 , np2 =0.198, such that the latency of nogo trials (M = 281.97 ms, SE = 31.69)
peaked later than go trials (M = 264 .42 ms, SE = 33.12). An interaction between trial type

and group was not found, F(2, 64) =0.007, p =0.993, np2 =0.000.

GO
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Figure 14. Represents the go and nogo trial grand average waveforms for monolinguals at electrode site Cz.
Zero represents the onset of the stimulus; the shaded area represents the time window for the P300.
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Figure 15. Represents the go and nogo trial grand average waveforms for early bilinguals at electrode site
Cz. Zero represents the onset of the stimulus; the shaded area represents the time window for the P300.

pv
GO

NGO =

%

2

9

T T T T T T T
-200 -100 0 100 200 300 400 500 ms 396 ms

Figure 16. Represents the go and nogo trial grand average waveforms for late bilinguals at electrode site Cz.
Zero represents the onset of the stimulus; the shaded area represents the time window for the P300.

P300 peak amplitude. A repeated measures ANOV A was completed with Trial
Type (2 go vs. nogo) as the within-subject factor and Group Membership (3 groups) as
the between-subject factor to examine the effect of language status on P300 peak
amplitude at electrode site Cz, where it was generally maximal (see Table 5a). It revealed
a significant main effect of trial type, F(1, 65) = 68.422, p <0.001 ,n,” = 0.513, where the
peak amplitude for nogo trials was larger (M = 13.56 pV, SE = 5.53) than that of go trials

(M =7.68 uV, SE = 4.29); this was an expected difference. A significant interaction
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between trial type and group membership was not found, F(2, 65) = 1.385,p = 0.258 , 1,

=0.041.

P300 latencies. A repeated measures ANOV A was completed with Trial Type (2:
g0 vs. nogo) as the within-subject factor and Group (3) as the between-subject factor to
examine the effect of language status on P300 peak latency at electrode site Cz. The
ANOVA did not reveal a significant main effect of trial type, F(1,65) = 1.603,p =0.210 ,
T]p2 =0.024, which was an expected finding. The ANOVA also did not reveal a
significant interaction between trial type and group membership, F(2,65) =0.092,p =
0913 ,1,>=0.003.

Switching. Table 14b shows the mean peak amplitudes for the central midline
electrodes for each of the P3a and P3b waveforms by trial type (preswitch and switch).
Figures 17-24 show the grand average P3a and P3b waveforms for target and nontarget
trials for each of the three groups. Scalp distributions are present for the three groups and
represent the peak amplitude activity on switch trials for either the P3a or P3b. Several
ANOVAs were conducted on various ERP components and latencies; means and SDs are

shown in Table 15b.
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Figure 17. Represents (a) the stimulus-locked pre-switch and switch trial grand average waveforms for all
three groups; and (b) the stimulus-locked grand average waveforms for Switch trials for monolinguals,
early bilinguals, and late bilinguals. Both figures represent activity at electrode site Cz. Zero represents the
onset of the stimulus; the shaded area represents the P3a time window. PreSw = pre-switch trials.
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Figure 18. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for

monolinguals at electrode site Cz. Zero represents the onset of the stimulus; the shaded area represents the
P3a time window.
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Figure 19. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for early
bilinguals at electrode site Cz. Zero represents the onset of the stimulus; the shaded area represents the P3a

time window.
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Figure 20. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for late
bilinguals at electrode site Cz. Zero represents the onset of the stimulus; the shaded area represents the P3a

time window.

P3a peak amplitude. A repeated measures ANOVA was completed with

electrode (3: electrodes Fz, FCz, and Cz) and trial type (2: preswitch vs. switch) as the

within-subject factors and group membership (3 groups) as the between-subjects factor to

examine the effect of language status on P3a peak amplitude. Results revealed a

significant three-way interaction, F(4, 126) =3.846,p < 0.05 , T]p2 =0.109, and a two-way

interactions between trial type and electrode, F(2,62) =3.799,p <0.05, np2 =0.109. As

well, two significant main effects were found, including trial type, F(1, 63) = 20.799, p
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<0.001 , np2 =0.248, and electrode, F(1, 63) = 18.174, p <0.001 , np2 =0.370. No other

main effects or interactions were significant.

As aresult of the three-way interaction, three separate repeated measures
ANOVAs with trial type (2: preswitch vs. switch) as the within-subject factors and group
membership (3 groups) as the between-subjects factor were conducted to examine the
effect of language status on P3a peak amplitude at each of the three electrode sites (Fz,
FCz, and Cz). At site Fz, results revealed a significant main effect of trial type, F(1, 63) =
12.107, p <0.001 , np2 =0.161, but no interaction effect was found, F(2,63) =0.275,p =
0.761 , T]p2 =0.009. The main effect revealed a larger amplitude to switch trials (M = 4.69
uV, SE = 3.96) compared to preswitch trials (M =3.26 uV, SE =4.06), as expected. At
site FCz, results revealed a significant main effect of trial type, F(1, 63) =20.357, p
<0.001 , m,> = 0.244, but no interaction effect was found, F(2, 63) = 1.386,p =0.761 ,n,?
=0.009. The main effect revealed a larger amplitude to switch trials (M =5.89 uV, SD =
4.11) compared to preswitch trials (M =3.78 uV, SE = 4.20), as expected. At site Cz,
results revealed a significant main effect of trial type, F(1,63) =22.771,p <0.001 , np2 =
0.265, as well as a significant interaction effect, (2, 63) =4.164, p <0.05, np2 =0.117.
The main effect revealed a larger amplitude to switch trials (M = 5.88 uV, SE =4.07)
compared to preswitch trials (M =3.76 wV, SE = 3.70), as expected. To elucidate this
latter interaction, a one-way ANOVA with group (3) as the between subjects factor was
conducted to assess the impact of language status on the peak P3a at site Cz. It revealed a
significant difference, F(2,63) =3.277,p <0.05, npz =0.094. Pairwise comparisons

revealed a significant difference between monolinguals (M =7.09 uwV, SD =4.02) and
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early bilinguals (M = 4.23 uV, SE = 3.60); no other pairwise comparisons were

significant.

P3a latency. A repeated measures ANOV A was completed with electrode (3:
electrodes Fz, FCz, and Cz) and trial type (2: preswitch vs. switch) as the within-subject
factors and Group (3) as the between-subjects factor to examine the effect of language
status on P3a latencies. Results revealed a significant two-way interaction between trial
type and group, F(2,63)=3.175,p <0.05, np2 =0.092, showing that mean P3a peak
latencies for preswitch trials were earliest for monolinguals (M = 356.58 ms, SE = 5.83),
slightly later for early bilinguals (M = 369.40 ms, SE =7.15), and delayed for late
bilinguals (M = 381.58 ms, SE = 7.99); mean P3a peak latencies for switch trials were
similar. These simple main effects were averaged across electrode sites. No other main

effects or interactions were significant.
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Figure 21. Represents the grand average waveforms for switch trials for monolinguals, early bilinguals, and
late bilinguals at electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the
time window for the P3b.
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Figure 22. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for
monolinguals at electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the
time window for the P3b.
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Figure 23. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for early
bilinguals at electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time
window for the P3b.
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Figure 24. Represents the stimulus-locked pre-switch and switch trial grand average waveforms for late

bilinguals at electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time
window for the P3b.

P3b peak amplitude. A repeated measures ANOVAs was completed with

electrode (3: electrodes Cz, CPz, and Pz) and trial type (2: preswitch vs. switch) as the
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within-subject factors and Group (3) as the between-subjects factor to examine the effect
of language status on P3b peak amplitude. Results revealed the following significant
main effects and interactions: (i) trial type, F(1, 63) = 4.403,p <0.05, T]P2 =0.065; (ii)
electrode, F(1,63) =34.586,p <0.001 , np2 =(0.527; and (iii) an electrode by trial type
interaction, F(2,62) = 10.131, p < 0.001, np2 = (0.246. The main effect for trial type
showed P3b peak amplitude for switch trials was larger (M =5.12 uV, SE = 0.46) than
preswitch trials (M =4.40 uV, SE = 0.30); this was an expected difference. The main
effect for electrode showed that the P3b peak amplitude for site Pz was largest (M = 5.49
uV, SE = 0.36), compared site CPz (M =4.90 uV, SE = 0.36), which was larger than site
Cz (M =390 uV, SE =0.36). The two-way interaction between electrode and trial type
showed that P3b peak amplitudes were smallest at site Cz for switch trials (M =3.90 uV,
SE =0.47) compared to switch trials at site CPz (M = 5.37 uV, SE =0.73) and Pz (M =
6.09 uV, SE = 0.48); P3b peak amplitude means were similar for preswitch trials. No
other main effects of interactions were found.

P3b latency. A repeated measures ANOVA was completed with electrode (3:
electrodes Cz, CPz, and Pz) and trial type (2: preswitch vs. switch) as the within-subject
factors and Group (3) as the between-subjects factor to examine the effect of language
status on P3b latencies. No main effects or interactions were found.

Updating. Table 14c shows the peak amplitudes (LV) for the central midline
electrode sites for each of the P300 waveforms for the 2- and 3-back tasks by trial types
for each group. Several ANOV As were conducted on the P300 peak amplitudes and
latencies at sites Cz, CPz, and Pz; Table 15¢ shows the mean and SDs. Figures 25-28

show the 2-back grand average waveforms for the P300; Figures 29-32 show the 3-back
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grand average waveforms for the P300. Main effects of trial type were predicted and

represent the underlying differences in updating processes required for each trial type.

Significant interaction effects involving group membership and trial type were predicted

and represent the group differences in working memory processes.
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Figure 25. Represents (a) the 2-back target and nontarget trial grand average waveforms for all three groups
at electrode site Pz; and (b) the grand average waveforms for 2-back target trials for monolinguals, early
bilinguals, and late bilinguals. Both figures represent activity at electrode site Pz. Zero represents the onset
of the stimulus; the shaded area represents the time window for the P300. NonTarg = Nontarget trials.

uv

Target
NonTarg

T T T T T T T T
200 -100 0 100 200 300 400 500 600

T
700 ms

364 ms

Figure 26. Represents the 2-back target and nontarget trial grand average waveforms for monolinguals at
electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for

the P300; NonTarg = nontarget trials.



166

Target  mm—
NonTarg ==

©

@

10-

200 100 0 100 200 300 400 500 600 700 ms 524 ms
Figure 27. Represents the 2-back target and nontarget trial grand average waveforms for early bilinguals at

electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for
the P300; NonTarg = nontarget trials.
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Figure 28. Represents the 2-back target and nontarget trial grand average waveforms for late bilinguals at
electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for
the P300; NonTarg = nontarget trials.

2-back P300 peak amplitude. A repeated measures ANOVA was completed with
electrode (3: electrodes Cz, CPz, and Pz) and trial type (2: target vs. nontarget) as the
within-subject factors and Group (3) as the between-subjects factor to examine the effect
of language status on P300 peak amplitude in the 2-back task. Results revealed two
significant main effects, including trial type, F(1,56) = 121.77, p <0.001 , T]p2 =0.685,
and electrode, F(2,55) =21.98, p <0.001 , np2 = 0.444. The main effect for trial type
revealed larger P300 amplitudes for target trials (M = 11.65 wV, SE = 0.70) compared to
nontarget trials (M = 5.39 uV, SE = 0.51). The main effect for electrode revealed P300

peak amplitudes that were largest for site Pz (M = 9.60 uV, SE = 0.61), slightly smaller at
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site CPz (M = 8.66 uV, SE = 0.56), and smallest at site Cz (M =7.32 uV,SE =0.61). No

other main effects or interactions were significant.

Exploratory Analyses: Although a three-way interaction was not found, three
separate repeated measures ANOV As with trial type (2: target vs. nontarget) as the
within-subject factors and Group (3) as the between-subjects factor were conducted to
examine the effect of language status on P300 peak amplitude at each of the three
electrode sites (Fz, FCz, and Cz). At site Cz, results revealed a significant main effect of
trial type, F(1,56) = 124.99, p <0.001 , npz =(0.691, and a significant interaction effect
between trial type and group membership, F(2, 56) = 3.75, p <0.05, 1, = 0.118. The
main effect revealed a larger amplitude to target trials (M = 10.46 pV, SE =5.80)
compared to nontarget trials (M = 4.24 uV, SE = 4.80). Pairwise comparisons of the
group membership by trial type interaction revealed no significant differences. At site
CPz, results revealed a significant main effect of trial type, F(1, 56) = 120.44, p <0.001 ,
T]p2 =0.683, and an interaction between between trial type and group, F(2,55) =3.46,p <
0.05, T]p2 =0.110. The main effect revealed a larger amplitude to target trials (M =11.74
uV, SE =5.30) compared to nontarget trials (M = 5.61 uV, SE = 3.90). Pairwise
comparisons of the group membership by trial type interaction revealed no significant
differences. At site Pz, results revealed a significant main effect of trial type, F(1, 56) =
86.19,p <0.001 , np2 =0.606, but no significant interaction effect was found, F(2, 55) =
1.942,p =0.153,1,” = 0.065. The main effect revealed a larger amplitude to target trials
(M =12.59 pV, SE =5.20) compared to nontarget trials (M =6.78 uV, SE = 3.58).
Also for exploratory purposes and to enhance more specific statistical power to reveal

differences should they exist, a one-way ANOV A was conducted to evaluate the effect of
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language status on peak P300 amplitude at site Pz (where the peak was maximal for all

groups; see table 8). Results did not reveal a significant difference between groups.
2-back P300 latency. A repeated measures ANOVA was completed with

electrode (3: electrodes Cz, CPz, and Pz) and trial type (2: target vs. nontarget) as the

within-subject factors and Group (3) as the between-subjects factor to examine the effect

of language status on P300 latency in the 2-back task. Results revealed no significant

main effects or interactions.
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Figure 29. Represents (a) the 3-back target and nontarget trial grand average waveforms for all three
groups; and (b) the grand average waveforms for 3-back target trials for monolinguals, early bilinguals, and
late bilinguals. Both figures represent activity at electrode site Pz. Zero represents the onset of the stimulus;
the shaded area represents the time window for the P300. NonTarg = Nontarget trials.
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Figure 30. Represents the 3-back target and nontarget trial grand average waveforms for monolinguals at

electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for
the P300; NonTarg = nontarget trials.
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Figure 31. Represents the 3-back target and nontarget trial grand average waveforms for early bilinguals at
electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for

the P300; NonTarg = nontarget trials.
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Figure 32. Represents the 3-back target and nontarget trial grand average waveforms for late bilinguals at
electrode site Pz. Zero represents the onset of the stimulus; the shaded area represents the time window for
the P300; NonTarg = nontarget trials.
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3-back P300 peak amplitude. A repeated measures ANOVAs was completed
with electrode (3: electrodes Cz, CPz, and Pz) and trial type (2: target vs. nontarget) as
the within-subject factors and group membership (3) as the between-subjects factor to
examine the effect of language status on P300 peak amplitude in the 3-back task. Results
revealed two significant main effects, including trial type, F(1,40) =70.539, p <0.001 ,
T]p2 =0.638, and electrode, F(2,39) =21.815, p <0.001 , np2 = (0.528. The main effect for
trial type revealed larger P300 amplitudes for target trials (M = 13.45 uV, SE = 0.98)
compared to nontarget trials (M = 4.93 uV, SE = 0.48). The main effect for electrode

revealed P300 peak amplitudes that were largest for site Pz (M = 10.38 uV, SE =0.60),
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slightly smaller at site CPz (M =9.27 uV, SE = 0.66), and smallest at site Cz (M =7.93

uV, SE = 0.73). A significant two-way interactions was found for trial type by group
membership, F(2,40)=3.341,p<0.05, np2 =0.143, which showed that late bilinguals
had larger P300 peak amplitudes on target trials (M = 16.04 uV, SE = 1.99) than early
bilinguals (M = 12.05 pV, SE = 1.69) and monolinguals (M = 12.25 uV, SE = 1.38);
mean values were similar between groups for nontarget trials. Another significant two-
way trial by electrode interaction was found, F(2, 39) =4.366,p <0.05 , np2 =0.183,
showing generally larger P300 peak amplitudes for target trials at sites Pz (M = 14.34 uV,
SE=093),CPz (M =13.54 wV,SE=0.98),and Cz (M = 1247 wV, SE = 1.12) compared
to target trials at sites Pz (M =641 wV,SE=047),CPz (M =5.00 uV, SE = 0.53), and
Cz (M =3.38 uwV, SE =0.51). No other main effects or interactions were significant.
Exploratory analyses. Although a three-way interaction between electrode, trial
type, and group membership was not found, three separate repeated measures ANOV As
with trial type (2: target vs. nontarget) as the within-subject factors and group
membership (3 groups) as the between-subjects factor were conducted to examine the
effect of language status on P300 peak amplitude at each of the three electrode sites (Cz,
CPz, and Pz). At site Cz, results revealed a significant main effect of trial type, F(1,40) =
75.280, p <0.001 , 1,> = 0.653, and an interaction between trial type and group
membership that approached significance, F(2, 39) = 3.151, p = 0.054, np2 =0.136. The
main effect revealed a larger amplitude to target trials (M = 11.60 uV, SE =7.57)
compared to nontarget trials (M =3.94 uV, SE =3.25). A one-way ANOVA that
analyzed the effect of language status on mean differences of target trials was not

significant, F(1,40)=1.341,p=0.273 , np2 =0.063. At site CPz, results revealed a
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significant main effect of trial type, F(1,40) =70.048, p <0.001 , npz =0.637, and an

interaction effect between trial type and group membership, F(2,39) =3.640,p <0.05,
T]p2 =0.154. The main effect revealed a larger amplitude to target trials (M =12.88 uV,
SE =7.34) compared to nontarget trials (M =5.80 uV, SE =3.29). A one-way ANOVA
that analyzed the effect of language status on mean differences of target trials was not
significant, F(1,40) =1.387,p =0.262 , np2 =0.065. At site Pz, results revealed a
significant main effect of trial type, F(1, 40) = 58.944, p <0.001 , 1),> = 0.596, but despite
approaching significance, no significant interaction between trial type and group
membership effect was found, F(2, 39) =2.975,p =0.062, np2 =0.129. The main effect
revealed a larger amplitude to target trials (M = 13.56 uV, SE = 7.18) compared to
nontarget trials (M =7.07 uV, SE = 3.26).

3-back P300 latency. A repeated measures ANOV As was completed with
electrode (3: electrodes Cz, CPz, and Pz) and trial type (2: target vs. nontarget) as the
within-subject factors and Group (3) as the between-subjects factor to examine the effect
of language status on P300 latency in the 3-back task. Results revealed no significant

main effects or interactions.
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Discussion

The present study measured the neurophysiological differences between three
language groups: (i) early bilinguals, (ii) late bilinguals, and (iii)) monolinguals. This
study used three tasks to measure three different EF components: inhibition (go/nogo
task), updating (n-back task) and attention switching (switch task). The groups were well
matched; no differences were found on control variables, with the exception of semantic
fluency and self-rated proficiency for L2 comprehension. For semantic verbal fluency,
monolinguals outperformed late bilinguals, while no differences were found between
early and late bilinguals or early bilinguals and monolinguals. This finding supports
previous literature indicating that bilinguals, regardless of age of acquisition, perform
worse on semantic fluency tasks (e.g., Kousaie, Sheppard, Lemieux, Monetta, & Taler,
2014). For proficiency, early bilinguals had higher proficiency in L2 on comprehension
than late bilinguals. Mixed empirical results have been found for the contention that high
language proficiency in both languages results in better performance on EF measures
when compared to individuals with lower proficiency in one language (e.g., Friesen, Luo,
Luk, & Bialystok, 2014; Luk & Bialystok, 2013; Luo, Luk, & Bialystok, 2010; Perani et
al., 1998); however, it is generally accepted that language groups should be matched on
proficiency levels if it is not a main independent variable. Most studies include language
proficiency at least as a control variable (e.g., Costa, Herndndez, Costa-Faidella, &
Sebastidn-Gallés, 2009; Costa, Santesteban, & Ivanova, 2006; Emmorey, Luk, Pyers, &
Bialystok, 2008; Martin-Rhee & Bialystok, 2008; Prior & Macwhinney, 2009), which
was the case in the current study. Unforeseen statistical differences in self-rated

proficiency have been accounted for through statistical control procedures to reduce the
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statistical effect (e.g., Moreno et al., 2014; Tao et al., 2011). The addition of L2

proficiency for comprehension as a statistical control did not change the results of tests
between early and late bilinguals.

Our findings partially support the first set of hypotheses regarding inhibition, in
that larger N200 peak amplitudes on nogo trials (requiring inhibition) were found for
early bilinguals, but not late bilinguals or monolinguals. As well, better performance for
late bilinguals, when compared to monolinguals, was found when d’ was used as the
outcome measure. Similarly, our findings also provide partial support our hypotheses
regarding attention switching, in that no differences were found between groups using
behavioral measures of performance, while smaller P3a peak amplitudes were found for
early bilinguals compared to monolinguals. Finally, none of the hypotheses regarding
updating processes were supported by our findings. These results are discussed in more
detail below.

Inhibition

First, the current study successfully replicated the frequently observed “go/nogo
effect” in which the amplitudes of the N200 and P300 components on nogo trials are
larger relative to the waveform amplitudes elicited on the go trials (e.g., Bokura,
Yamaguchi, & Kobayashi, 2001; Donkers & van Boxtel, 2004; Smith et al., 2008). This
finding confirms that our task successfully elicited inhibition processes to demonstrate
that the processing of nogo stimuli is qualitatively and/or quantitatively different to that
of go stimuli. Second, the current study found larger N200 amplitudes for early bilinguals
on nogo trials compared to late bilinguals and monolinguals. This finding supports and

extends earlier studies between bilinguals and monolinguals that found similar results,
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including larger N200 amplitudes (e.g., Fernandez et al., 2013; Fernandez, Acosta,

Douglass, Doshi, & Tartar, 2014; Kousaie & Phillips, 2012; Moreno et al., 2014).

Only a handful studies investigating N200 amplitudes in bilingual and
monolinguals have been conducted. In a study by Kousaie & Phillips (2012), multiple
ERP tasks were used to measure inhibition, including the Stroop task, the Simon task,
and the Erikson flanker task; however, only the Stroop task, which measures conflict
resolution, demonstrated smaller N200 responses in bilinguals compared to monolinguals,
while the other tasks did not reveal differences in N200 amplitude. The authors argued
that the smaller N200 amplitudes indicated that bilinguals required less conflict
monitoring than controls and that bilinguals were better able to selectively attend to the
relevant aspects of the stimulus. Another study found larger N200 amplitudes for
bilinguals using a traditional go/nogo task, similar to the one in the current study
(Moreno et al., 2014). Other authors (Fernandez et al., 2013; Fernandez et al., 2014)
found larger N200 amplitudes for bilinguals compared to monolinguals using an auditory
go/nogo task, but no differences were found using a visual version of the task. Fernandez
and colleagues (2013; 2014) argued that their larger N200 findings supported the
hypothesis that the N200 reflects non-motor cognitive inhibition (Falkenstein, Hoormann,
& Hohnsbein, 1999) rather than conflict monitoring (Nieuwenhuis et al., 2003).
Falkenstein and colleagues (1999) found that those participants with high false-alarm
rates (i.e., those who often pressed the button to non-targets; categorized as ‘poor
performers’) exhibited smaller nogo N200 amplitudes compared to those who had fewer

false alarms (‘good performers’). Fernandez and colleagues (2013) hypothesized that
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bilinguals would function similarly to “good performers” and produce larger N200
amplitudes.

In these studies, the potentially confounding variables of interest, such as AoA,
language proficiency, L1 and L2 frequency of use, music training, and physical activity
were inconsistently reported and/or addressed. For example, only one study mentioned
AoA (i.e., Fernandez et al., 2013); these authors proposed that this variable may account
for their incongruent results across two studies. In their first study, participants were all
early bilinguals who learned both languages before age 6, while there was a mix of early
and late bilingual participants in the second study (Fernandez et al., 2014). In terms of
language proficiency, Fernandez et al. ensured equivalent English proficiency across both
language groups. Other variables of interest were not accounted for at all, including
immigration and translator status. Translator status has been demonstrated to promote
enhanced EF (Engel de Abreu et al., 2012; Garcia, 2014). Thus, it would be tempting to
argue that a higher prevalence of translator status (i.e., someone who conducted in-the-
moment translation in their two languages) and immigrant status (i.e., someone who
immigrated to Canada) in the late bilingual group had an impact on the current results;
however, late bilingual group had a higher prevalence of these variables, yet these
participants produced behavioral and neurophysiological responses similar to
monolinguals (i.e., no advantage).

In the current study, percentage of time spent engaging in physical activity was
not significantly different between groups, suggesting that it did not affect group
outcomes. In contrast, Stroth and colleagues (2009) found smaller N200 peak amplitudes,

interpreted as reflecting more efficient neural processing, for physically active
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individuals compared to sedentary ones. Further, the authors stated that the increased
efficiency of the EF system was achieved because physical activity reduces the amount of
effort required to response monitor. Following the logic that the language neural systems
of bilinguals are under constant conflict (Green & Abutalebi, 2013), one hypothesis may
be that bilinguals develop a more efficient system to deal with such conflict, similar to
physically fit individuals, and thus, produce smaller N200 amplitudes. However, the
bilingual brain encounters a problem that is not present in physical activity: conflict
between two simultaneously activated language options. Therefore, a different neural
response for inhibition may be required. Theory suggests there is a difference in the
neural networks of bilingual and monolingual individuals, in that bilingual networks are
constantly required to produce reactive suppression of task irrelevant information (i.e.,
the equally activated nodes/response options in the nontarget language) (Green &
Abutalebi, 2013). In relation to underlying neurophysiology and the interpretation of the
waveforms, the N200 is thought to reflect the detection and resolution of interference or
response selection at early stages, whereas the P300 is thought to reflect the execution of
a response or its suppression (Huster et al., 2010). As such, it could be argued that the EF
system is trained to produce more inhibition to suppress activation of the nontarget
language, a process that is similar to the detection and resolution of interference (as
expressed by the N200 amplitude). Together, this may explain the differences observed
between bilinguals versus monolinguals, including the larger amplitude of the N200 in
early bilinguals and the absence of differences in the P300 amplitude.

The current study also found distinct patterns of neurophysiological response

between early and late bilinguals, suggesting differences in neurophysiological
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processing. Previous research has demonstrated functional brain organization differences
in early bilinguals from late bilinguals to process and manage two languages (Hull &
Vaid, 2007). These authors argue that relatively greater right hemisphere involvement in
early bilinguals is related to developing and applying metalinguistic knowledge from a
very early age in order to monitor the language environment and use the appropriate
language. Further, similar to the differences in lateralization between early and late
bilinguals, differences in the neurophysiological markers of inhibition may be related to
the sheer amount of experience early bilinguals have with handling two language systems,
which may intensify or accelerate the automatization of language processes and create
different functional and/or structural pathways than those of less experienced bilinguals
(Sebastian-Galles et al., 2005). Other authors have proposed similar arguments in the face
of empirical evidence that revealed different neural activation patterns in early bilinguals
from late bilinguals (Garbin et al., 2010).

The current study yielded an unexpected trend in the d’ measure for inhibition.
This measure was derived from signal detection theory and is thought to be a more
sensitive measure of accuracy as it accounts for more of the possible types of error or
noise in the signal-to-noise ratio (McNicol, 2005) than traditional accuracy measures (i.e.,
proportion correct responses, which only accounts for miss trials). This study was the
first, to our knowledge, to use d’ as an outcome measure to investigate the bilingual
advantage for inhibition. Contrary to our prediction that early bilinguals would
demonstrate better inhibition (i.e., larger d’ value) compared to late bilinguals and
monolinguals, on our behavioral computerized task, late bilinguals exhibited superior

inhibitory control over monolinguals and no differences emerged between early and late
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bilinguals. One argument is that late bilinguals demonstrated better performance relative
to monolinguals when a more sensitive measure of inhibition is used. However, given the
contrary finding, the relative novelty of this measure in the bilingual advantage literature,
the fact that initial statistical tests did not fully reach significance, and the higher
prevalence of translators in the late bilingual group, interpretation is deferred at the
present time, as erroneous conclusions could be made over a potentially spurious or
confounded finding.
Switching

Firstly, the current study successfully replicated the frequently observed switch
effect in which the amplitudes of the P3a and P3b components for switch trials are larger
relative to the waveform elicited by the pre-switch trials (e.g., Barcelo, Escera, Corral, &
Peridiiez, 2006; Eppinger et al., 2007; Kieffaber & Hetrick, 2005). This finding suggests
that the present task successfully elicited switching processes. Further, this finding
indicates that the underlying neural processing of switch stimuli is qualitatively and/or
quantitatively different to that of pre-switch stimuli, presumably as a result of the
requirement to switch attention. The current study is the first, to our knowledge, to
investigate the neurophysiological markers of attention switching in relation to the
bilingual advantage. We hypothesized that early bilinguals would demonstrate (a) greater
switching ability as reflected by a larger P3a amplitude, and (b) an advantage in later
switching processing as reflected by larger P3b amplitudes, compared to late bilingual
and monolingual participants. We predicted that there would be no differences in the
behavioral data as the literature is mixed, and these measures may not be sensitive

enough to identify subtle differences between groups.
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In contrast to our predictions, early bilinguals demonstrated smaller P3a peaks
compared to monolinguals and there were no differences in the amplitude of the P3b
waveforms on switch trials or in behavioural data. Larger P3a amplitudes are believed to
reflect activity associated with attention engagement, which is required for the neural
systems to attend to the task and initiate the switch, while the P3b is thought to reflect
context-updating operations and subsequent memory storage (Polich, 2007). There are
two possible interpretations of the smaller P3a amplitude in early bilinguals: (i) smaller
amplitudes reflect an early bilingual disadvantage in early attention mechanisms; or (ii) in
light of similar behavioral outcomes, smaller amplitudes reflect more efficient attention
engagement mechanisms.

In considering these interpretations, the neurophysiological literature for attention
switching mechanisms in bilinguals is large and growing, with many studies supporting
the notion that languages switches requires attention switching processes (Abutalebi et al.,
2007; Alvarez et al., 2003; Blackburn, 2013; Christoffels, Firk, & Schiller, 2007; Jackson
et al., 2001; Kuipers & Thierry, 2010; Moreno et al., 2002; Proverbio et al., 2004;
Rodriguez-Fornells et al., 2002; Van Der Meij et al., 2011; Verhoef et al., 2010; Wang,
Xue, Chen, Xue, & Dong, 2007). These studies also propose that similar to other
switching tasks, language switches produce a cost, such as a response time cost. However,
this also means that fortification of switching mechanisms could arise through the
constant use of switching mechanisms in language switches. In fact, a bilingual
advantage for behavioral outcome measures of attention switching has been demonstrated
in several studies (e.g., Kousaie et al., 2014; Prior & Macwhinney, 2009; Tao et al., 2011;

Wang, Kuhl, Chen, & Dong, 2009). As such, it seems counterintuitive to argue that the
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current findings support a bilingual disadvantage for attention switching mechanisms,
even in light of null results for task switching behavioral outcome measures. Given the
current findings, however, it is possible that early bilinguals do experience a taxing of
their neural system as a result the excitation of two equally appropriate options for
language selection. It may be that a bilingual’s executive network is monitoring the
situation for two things above and beyond that of a monolingual: (i) cues for the target
language, and (ii) cues for a language switch. These monitoring processes, which would
include the engagement of attention and/or other attention mechanisms, would reduce the
neurophysiological response of the system (i.e., tax the system and produce smaller P3a
amplitude). In support of this argument, Harmony et al. (2000) found reduced P3a
amplitudes as the attention load increased, meaning that the P3a amplitude was inversely
correlated to the demands on the system. In light of similar behavioural performance
across groups, there does not appear to be an overall capacity reduction (i.e., performance
cost) for bilinguals compared to monolinguals. This suggests: (i) the system has
developed adequate compensatory strategies for dealing with the additional system tax,
and/or (ii) behavioural outcome measures are not sensitive enough to pick up on subtle
differences in processing of a taxed system. Taken together, smaller P3a amplitudes in
early bilinguals may reflect a neural processing difference based on the unique qualities
of early bilingual neural circuitry.

On the other hand, smaller P3a amplitudes may actually reflect a bilingual
advantage, meaning a more efficient system, for attention switching. The P3a reflects the
early engagement of the attentional system to initiate the reallocation of attention (i.e., an

attentional switch; Polich, 2007). Early bilinguals may develop a more efficient system as
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a result of the constant requirement to switch between languages, which promotes the
earlier development and integration of EF and language networks. Further, in line with
this argument and following the contention and empirical finding that inhibition may
actually represent a core EF (Miyake & Friedman, 2012), the smaller P3a peak
amplitudes for early bilinguals may be related to the neurophysiological finding for
inhibition (i.e., larger N200 peak amplitudes on nogo trials). That is, inhibition is required
in a switch task, such that previously relevant task information needs to be inhibited in
order to appropriately switch and respond to the correct task. If larger inhibitory signals
are sent in the early bilingual neural networks, then there would be less effort required by
the system for the allocation of attention mechanism (i.e., more efficient switch
mechanisms and thus, smaller peak P3a peak amplitudes). The initial hypotheses for the
P3a amplitude may have been misinformed without the consideration of the theoretical
overlap between inhibition and switching mechanisms in the switch task.
Updating

The current study successfully replicated the frequently observed effect in which
the amplitude of the P300 waveform for correct n-back target trials is larger relative to
the waveform elicited by the nontarget trials (e.g., Ozen et al., 2013); this finding was
expected and suggests the task successfully elicited updating working memory processes.
Further, this finding indicates that the underlying neural processing of correct n-back
target stimuli is qualitatively and/or quantitatively different to that of nontarget stimuli,
likely as a result of the requirement to update the task information in order to identify the
target and produce a behavioral response. In relation to the bilingual advantage literature,

the current study is the first, to our knowledge, to investigate the neurophysiological
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markers of updating working memory. We hypothesized that the peak P300 amplitude

would be larger for early bilinguals than late bilinguals and monolinguals in the high
demand situations (i.e., three-back), but not in the low demand situation (i.e., two-back).
As well, we predicted that early bilinguals would demonstrate better performance in the
high demand condition when d’ is used, but no differences would be found for d’ in the
low demand condition. Finally, we predicted that there would be no between group
differences in the low sensitivity behavioral outcome measures (i.e., accuracy of two- and
three-back).

Aside from the expected trial-type differences, none of the group difference
predictions were supported, which likely reflects poor task sensitivity and performance
across groups, rather than truly similar group performance. The first indication that a
problem arose with the task itself was low mean percentage correct for the two-back
(0.40) and three-back (0.25) tasks across groups. Compared to previous studies in our lab
using this task, these mean scores were extremely low. However, a methodological
change was made to the task in the current study - in addition to response options for
target trials, a button press was added for nontarget trials. This additional response was
added in order to capture important behavioral information about the processing of
nontaget trials. That is, without a response to nontarget trials, it is difficult to ascertain
whether or not a participant successfully rejected the trial or if the individual missed the
trial to due some extraneous factor (e.g., lapse of attention). Further, a lack of a button
press makes it difficult, if not impossible, to average ERP waveforms for truly correctly
rejected nontarget trials. Despite these valid reasons for including a nontarget button

press, it appears that change may have placed an additional tax on the working memory
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system (e.g., which key to press on which trial). This additional system tax likely not
only lowered task performance across groups, but also resulted in the exclusion of some
participants from the two-back task (14 out of 76 participants) and many participants
from the three-back task (30 out of 76 participants) who had less than 10 trials per
waveform. This increased the interindividual variability, as well as the intraindividual
variability, reduced the power, and likely rendered potentially significant ANOV As
effects insignificant. Indeed, several interaction effects in the current study, although
exploratory in nature, approached and reached significance.

Although an interpretation of the results is not warranted given the
methodological concerns, the exploratory findings are briefly reviewed. In the 2-back
task, significant group by trial type interaction effects were found at two electrode sites
(Cz and CPz); however, follow-up results did not reveal significant group differences in
peak P300 amplitude for target trials. Similar results were found for the 3-back task, such
that significant group by trial type interaction effects were found at the same two
electrode sites. Also similar to the 2-back task, follow-up results did not reveal significant
group differences. Group by trial type interaction effects were not found at the electrode
site where the P300 was maximal (site Pz) for all groups for both conditions.

Limitations

There are several limitations to this study. First, these findings must be interpreted
with caution because of small and unequal sample sizes. Unfortunately, sample sizes
across studies investigating the bilingual advantage tend to be small, especially in ERP
studies (e.g., Fernandez et al., 2013; Fernandez et al., 2014; Moreno et al., 2014). Further,

the group sample sizes tend to be unequal, especially in studies investigating AoA. It is
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often difficult to find highly proficient late bilinguals, and thus, this group is often

smaller in research samples (e.g., Kalia et al., 2014; Tao et al., 2011). Secondly, outliers
may have influenced the behavioural and neurophysiological data across the three tasks,
as outliers were not removed prior to statistical analysis. Outlying data points, if more
prevalent or extreme in one group, can distort the mean values and distort the differences
between groups. In order to account for this, participant data can be plotted to visually
represent the possibility of outliers; data points that extend beyond two SD beyond the
sample mean should be removed (Dixon, 1953).

Although this study is one of the first in the bilingual advantage literature, to our
knowledge, to include three EF tasks as posited by Miyake and colleagues (2000), it has
been argued that bilingual advantage researchers should include multiple measures and/or
tasks that target the same construct to provide convergent validity (e.g., Paap &
Greenberg, 2013; Paap, 2014a, 2014b). Although this is ideal, the convergent validity of
similar EF tasks is often poor (Chan, Shum, Toulopoulou, & Chen, 2008; Toplak et al.,
2013). One possible way to circumvent this issue is to use a latent variable approach, in
which a set of manifest variables (i.e., related measures) are combined into latent
variables to compare performance across groups. Looking forward, studies that include
multiple ERP tasks that require inhibition, switching, and updating, as well as larger
sample sizes, are necessary to further our understanding of the bilingual advantage and
neurophysiology in bilinguals.

Another potential limitation of the current study is the use of a self-rating scale for
language proficiency, as it may be too insensitive to assess proficiency and subject to

individual bias. However, this method of measuring language proficiency is relatively
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common and is used across bilingual advantage studies (e.g., Bialystok & Depape, 2009;
Bialystok, 2006; Blumenfeld & Marian, 2013; Colzato et al., 2008; Costa, Herndndez,
Costa-Faidella, & Sebastidn-Gallés, 2009; Kousaie & Phillips, 2012; Kousaie et al.,
2014; Salvatierra & Rosselli, 2010; Linck et al., 2008; Luk et al., 2011). Further, this
measurement technique likely provides a good enough estimate of proficiency, especially
when attempting to ensure a minimum proficiency cutoff for matching purposes. In terms
of specific proficiency concerns in the current study, early and late bilinguals differed
significantly on L2 comprehension proficiency where early bilinguals had slightly higher
scores than late bilinguals. It is possible that this had an effect on the outcomes of this
study; however, it is unlikely that the effect was substantial given that both groups met a
minimum proficiency cutoff for inclusion in the study. This was further confirmed by
post-hoc analysis using L2 comprehension proficiency as a covariate, which did not
change any of the findings.

Interestingly in the current study, late bilinguals had a higher prevalence of
language translation use (i.e., translator status) and daily use of languages, which may
lead one to argue that they would have a switching network advantage as a result of
exercising this function more frequently. However, this group did not differ from the
monolingual or early bilingual groups on the behavioural outcome measure and P3a peak
amplitude. Perhaps, then, the higher prevalence of these variables in this group produced
a potential confound in the current study whereby these variables produced P3a activity
that was more similar to early bilinguals and less similar to monolinguals. It is clear that

the novelty of this area of research signals the need for further research to elucidate the
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nature of the P3a, as well as the impact of such variables, in early bilingual, late bilingual,
and monolingual individuals.

The study of bilingualism is hampered by a number of methodological problems,
which is related to the complex interplay and variability of social, biological,
psychological, and chance factors. Together, this complex interplay can make
generalizations difficult. For example, another demographic variable that may have had a
confounding impact on the current results and highlights this complex interplay of
variables was immigration status. Moving beyond linguistics itself, immigration involves
adaptations to the cultural environment and learning of new customs, a context that varies
greatly from one speech community to another. Thus, in addition to learning a second
language, the immigrant bilingual must also learn and adapt to these additional factors,
which may have an additional enhancing effect on EF.

In the current study, the late bilingual group had a larger proportion of immigrants
than the other two groups, with the early bilingual group having a larger proportion than
the monolingual group. It was expected that the monolingual group would have the
smallest proportion. To exemplify the complex interplay of factors, late bilinguals in the
current study were mainly from Chinese culture, moving to Canada to complete post-
secondary education. Thus, in addition to learning English, they had to adjust and adapt
to west coast Canadian culture, as well as learning and adjusting to the new city,
neighbourhood, and university lifestyle. These adjustments would be greater for late
bilinguals than early bilinguals because the late bilingual would have had more time to
learn the customs and culture of their original country, and thus, greater adaptation would

be required to adjust to the new context. That is, the late bilinguals in the current study
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would have spent approximately 18 years learning Chinese culture, whereas early
bilingual immigrants would have moved to Canada, and thus, started adapting to
Canadian culture, prior to the age of six.

Given the additional adaptation and learning required when one immigrates, it
could be argued that these adaptations would enhance EF; for example, Kharkhurin
(2008) found divergent thinking, which was enhanced in bilinguals compared to
monolinguals, was moderated and further enhanced by language proficiency, AoA, and
the length of exposure to the new cultural settings. However, research has found that
immigration and cultural differences did not have an additive effect on the bilingual
advantage (e.g., Bialystok, Barac, Blaye, & Poulin-Dubois, 2010; Bialystok &
Viswanathan, 2009). In the current study, the late bilingual group had the largest
proportion of immigrants, which would lead one to predict that this group may
experience greater enhancement; however, the results did not align with this hypothesis,
and in fact, the results are more in line with Bialystok and colleagues (2010, 2009).
Nonetheless, as a result of immigration status not being an independent variable, it is
difficult to ascertain the exact influence of immigration status on the current data, and
thus, it is a limitation. Future studies should endeavour to incorporate and empirically
manipulate the influence of immigration status as it relates to the bilingual advantage.

There were several other task-specific limitations. Related to the go/nogo task,
behavioural (d’) and neurophysiological (N200 amplitude) were contradictory. Using d’
as an indicator of inhibition, late bilinguals exhibited superior inhibitory control over
monolinguals and no differences emerged between early and late bilinguals, whereas

using N200 peak amplitude as an indicator of inhibition, early bilinguals had larger N200
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amplitudes than late bilinguals and monolinguals. Given that the d’ measure of inhibition
has rarely been used in bilingual advantage research, more research using this outcome
measure is necessary. In regards to the n-back task and the methodological problems
identified in the current study, interpretation of the findings were reserved at the present
time. Although this is a limitation and is disappointing given the novel nature of this task
in the bilingual advantage, it is hoped that other researchers will build on the idea of
assessing updating differences, both at an information processing level and
neurophysiological level.
Conclusions and future directions

To our knowledge, this is the first study to incorporate AoA as a primary variable
in assessing the neurophysiological differences of inhibition, switching, and updating in
bilingual individuals. This is also the first study to use neurophysiological measures of
switching and updating processes to evaluate the bilingual advantage effect. In terms of
inhibition, this study supports and extends the mounting evidence for larger N200
amplitudes in bilinguals. However, at the present time, these positive neurophysiological
findings for bilinguals are restricted to versions of the go/nogo task and the Stroop task.
In terms of switching mechanisms, tentative differences between early bilinguals and
monolinguals were found for the P3a component. Finally, in terms of updating
mechanisms, no group differences were found, which was potentially a result of overall
poor task performance and methodological problems.

The behavioral outcomes measures in the current study generally aligned with our
predictions; no differences were found between groups, except for a trend using d” where

late bilinguals outperformed monolinguals. The current study’s findings did not align
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with previous research that has found bilingual advantages for inhibitory tasks (e.g.,
Bialystok, 2006; Colzato et al., 2008; Tao et al., 2011) and switching tasks (e.g., Kousaie
et al., 2014; Prior & Macwhinney, 2009; Tao et al., 2011; Wang, Kuhl, Chen, & Dong,
2009). Unfortunately, no prior studies have been conducted using updating working
memory tasks, except for the study presented in chapter 3, which actually demonstrated a
partial bilingual disadvantage. The current results did not replicate the finding using a
modified n-back task, but performance using the current methodology was problematic,
which may have rendered the task too difficult.

A bilingual advantage effect for early bilinguals was found in the go/nogo and
switch task that demonstrated neurophysiological differences between groups. It was
consistently found in these results that early bilinguals had significantly different peak
amplitudes than monolinguals in the go/nogo and switch tasks. As well, peak amplitude
differences were found between early bilinguals and late bilinguals in the go/nogo task,
but no differences were found between early and late bilinguals as well as late bilinguals
and monolinguals in the switch task. Given the relative novelty of this neurophysiological
evidence using AoA, an analysis of the mean values and grand average waveforms was
done: late bilinguals mean values for peak amplitudes of the N200 and P3a fell in
between the other two groups, rendering it difficult for post-hoc analyses to reveal the
relatively smaller group differences. Further, these data trends may suggest a layered or
graded effect, such that early bilinguals demonstrate the largest effect, while late
bilinguals demonstrate a slightly smaller effect, and monolinguals demonstrate the

smallest effect. However, stronger support for this contention would come from
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statistically significant difference between all groups in the layered effect; future research

investigating this contention is required.

Overall, results from two of the three tasks demonstrated between group
differences at the neurophysiological level. In contrast, the behavioural outcome
measures yielded null or mixed results at the cognitive/information processing level of
measurement. The lack of group difference using behavioural outcome measures in the
go/nogo and n-back tasks did not align with those reported in chapter 3, contributing to
the mixed nature of the findings reported at this level of measurement. As the level of
measurement was conducted at less complex levels of measurement (i.e.,
neurophysiology), group differences were elucidated where group differences were not
found at higher levels of measurement (i.e., cognitive/information processing). The
alignment of these results suggests that the tasks used to measure the bilingual advantage
in young adult bilinguals may not be sensitive enough to pick up on subtle differences
between groups. Together, these findings provide additional preliminary support for
adopting a multi-level approach to assess the bilingual advantage (see Figure 33 below),
and support the contention that the bilingual advantage may be too subtle in young adults

to be consistently revealed at the information processing level of EF measurement.
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Figure 33. This figure was adapted from Crosbie et al. (2008) and from Garcia-Barrera, Frazer, &
Areshenkoff (2012). It represents the relationship between genes, environment, and executive behaviours,
and provides a theoretical framework from which one can assess the bilingual advantage effect at varying
levels of measurements, as outlined in Chapter 1 of this dissertation.

The neurophysiological research literature for the bilingual advantage is relatively
novel, and as such, further research elucidating the characteristics of neurophysiological
responses for each the various EF components in bilinguals is needed. For example,
conducting additional studies that measure the different neurophysiological responses of
inhibition underlying different tasks, such as the Simon and Erikson flanker tasks. As
well, novel studies should aim to investigate other inhibition tasks, such as antisaccade
task and attention network test (ANT) to assess the spread of the bilingual advantage
across types of inhibition. As neurophysiological research mounts for each of the EF
components, future research should aim to consolidate such knowledge through the use
of meta-analyses and systematic reviews. Moreover, research that accounts for other
variables (e.g., immigrant status, musical training, physical exercise, translator status, and
SES) that may impact and/or modify the characteristics of the bilingual advantage is

needed.



192
Epilogue

This dissertation sought to shed light on the mixed nature of the bilingual
advantage in young adults by reviewing the extant literature, positing a novel multi-level
approach, and empirically investigating the bilingual advantage across the various levels
of measurement. To achieve this, a compilation of four complete manuscripts was
prepared. This series of research was successful in assessing and generally supporting the
hypotheses developed from the multi-level approach, offering a novel way to
conceptualize measurement of the bilingual advantage in young adults and organize the
findings in a coherent manner. Further, this multi-level approach shed light on the mixed
nature of the literature and proposing that more complex forms of measurement (e.g.,
executive behaviors, information processing) are likely not sensitive enough to reveal
subtle differences between monolingual and bilingual individuals. Thus, the multi-level
approach directs researchers towards an exciting line of future research to explore other
levels of measurement, such as neurophysiology as well as structural and functional brain
imaging.

Although the veracity of the bilingual advantage has been criticized (Paap &
Greenberg, 2013; Paap & Liu, 2014; Paap, 2015; Paap, Sawi, Dalibar, Darrow, &
Johnson, 2014, 2015), there is mounting evidence to suggest that it does exist, but it is
subtle in young adults, and this multi-level approach assists in explaining the mixed
nature of the young adult bilingual advantage literature. Further, early bilinguals may
demonstrate specific and unique underlying neural changes as a result of executive and
language neural system integration, as well as the development of executive systems

earlier than typical. Further research investigating these differences is needed, and
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following the multi-level approach may help to guide hypotheses and interpretation of

subsequent research findings. To expand the current findings and to provide a highlight
of the empirical research that is already available for additional levels of the approach,
research investigating the functional differences, a level below neurophysiology, that
used functional magnetic resonance imaging (fMRI) in young adult bilinguals has
revealed differences in the underlying activation of separate brain regions in early
bilinguals from monolinguals (Garbin et al., 2010). Further, structural differences have
been found in the frontal regions of bilingual young adults, but not in monolinguals or
multimodal bilinguals (sign language), suggesting enhanced cortical changes and a
bilingual advantage (Olulade et al., 2015).

In conclusion, it is clear that more research in these areas is needed, as the depths
of this multi-level approach posited here are novel and not well explored. However, this
dissertation has assisted in the organization of the extant literature and revitalized the

hope that the young adult bilingual advantage, in its elusive nature, exists.
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Appendix A
(Chapter 1: Table of bilingual advantage studies in adults for inhibition, switching,

and updating)



Study Participants Age of Language SES Immigrant Bilingual Relative Task Index of EF Differenc
Acquisition  Proficienc Status Language language ein EF
y Measure Usage balance index
Inhibition
Bialystok (a) 19 video- Early Self- Not Not L1 athome, Balanced (i) Simon @) (i) No
(2006) game players Before age  rating (1-  reported; reported L2 school squares task  Incongruent
BL*® (2222 5 10): at Undergrad or work vs. congruent
years) least 6 students trials
(b) 17 video- (spoken
game players L1) (i1) Simon (i1) (i1) No
ML (21.6 arrows task  Incongruent
years) vs. congruent
(¢) 30 non- trials
video-game
players BL
(22.0 years)
(d) 31 non-
video-game
players ML
(22.0 years)
Bialystok et  (a) 10 English  Early Not Not reported  Not L1 athome, Balanced Simon task @) (i) Mixed
al., (2005) monolinguals Before age  reported; reported L2 Incongruent results
(22-36 years) 6 “English (English) in vs. congruent
(b) 10 French- fluency the trials
English was community/
bilinguals (22- equivalent school (i) fMRI (ii) Brain
36 years) between Regions
c) 10 groups” Yes
Cantonese-
English

bilinguals (22-
36 years)



Bialystok et
al. (2004)

Study 1

(a) 10 mid-age
Tamil-English
BL (43.0
years)

(b) 10 mid-age
English ML
(43.0 years)
(c) 10 older
Tamil-English
BL (723
years)

(d) 10 older
English ML
(71.6 years)

Study 2

(a) 32 mid-age
Tamil-English
(20) or
Cantonese—
English (12)
BL (42.6
years)

(b) 32 mid-age
English ML
(42.6 years)
(c) 15 older
English—Tamil
(9) or English—
French (6) BL
(70.2 years)
(a) 15 older
English ML
(70 .4 years)

Study 3

Study 1
Later in
childhood
from age 6

Study 2
Later in
childhood
from age 6

Study 3
Early from
childhood

Study 1
PPVT-R
score:
(English)
(a)91.8
(b)91.0
(©)91.9
(d)85.8

Study 2
PPVT-III
score:

(a) 86.0
(b)854
(c)814
(d)79.7

Study 3
PPVT-III
score:

(1) 91.0
(b) 89.1

Study 1,2,3
“Shared
similar
middle-class
SES
backgrounds

tE)

Not
reported

Study 1
44.0% (L1)
56.0% (L2)

Study 2
51.7% (L1)
48.3% (L2)

Study 3
50.0% (L1)
50.0% (L3)

Study 1,
2,3
Balanced

Study 1,2,3
Simon Task

Study 1,2,3
Incongruent
VS. congruent
trials

229

Study 1
Yes

Study 2
Yes

Study 3
Yes



Bialystok et
al., (2006)

Bialystok et
al., (2008)

Bialystok &
DePape,

(a) 10 French—

English BL
(40.6 years)
(b) 10 ML
English (38.8
years)

Study 1 & 2
(a) 24 ML
(20.7 years)
(b) 24 BL.
(20.7 years)
(c) 24 ML
(70 .4 years)
(d) 24 BL
(70 .4 years)

(a) 24 young
BL (19.7
years)

(b) 24 young
ML (20.7
years)

(c) 24 older
BL (68.3
years)

(d) 24 older
ML (67.2
years)

95 SS (23.8
years)

Young
adults
Before age
6

Older
adults

Before age
12

Early
Before age
6

Late

Before age
20

Not
reported

Not
reported

Self-
rating (0—
4):

(2)
3.15(L1)
3.83 (L2)
(©

3.65 (L1)
3.79 (L2)

Self-
rating (1-

Not
reported;
Undergrad
students

Not reported

Not reported

Not
reported

Young
BL: 14
were
immigrant
s before
age 6

Older BL:
20 were
immigrant
s before
age 12
Not
reported

L1 at home,
L2 in the
community

Use both
L1 and L2
daily

Use both
L1 and L2

Balanced

Balanced

Balanced

Study 1
Antisaccade
task

Study 2
Modified
Antisaccade
task

(i) Simon
arrows

ii) Stroop
color-
naming task

(i) TMT B

Study 1
Eye gaze

Study 2
Eye gaze

(1)
Incongruent
Vs. congruent
trials

(i1)
Incongruent
Vs. congruent
trials

(i) RT

230

Study 1
Bilingual
S

No

Age

Yes
Study 2
Bilingual
S

Yes

Age
Yes

(i) No

(i) Yes

(i) No



2009

Bialystok et
al.,2014;
Study 1

Blumenfeld
& Marian,
2014

(a) 24 ML

(b) 24 BL

(c) 22
Instrumentalist
S

(d) 25
Vocalists

Study 1

(a) 27 Young
ML (20.3
years)

(b) 44 Young
BL (204
years)

(c) 25 Older
ML (71.3
years)

(d) 34 Older
BL (67.6
years)

Study 1

(a) 30 BL (22
years)

(b) 30 ML
(21.4 years)

Study 1
(b) 5.02
years
(d) 8.04
years

Study 1
()29
years

Study 2

(a) 60 BL
(21.7 years)
(b) 60 ML
(22.2 years)

Study 2
()44
years

5):

(b)
English
425

(b)
Other
language
342

Study 1
Self-
rating of
relative
balance
(1-5):
(b)4.2
(d4.6

Study 1
Self-
rating (0-
10)

(a) L1
94;12
7.7
(b)L19.6

Study 2
Self-
rating (0-
10)

Not reported  Not

reported
Study 1 Study 1
Not Not
reported; reported
University
participants

Study 2
Study 2 Not
Not reported
reported;
University

participants

daily

English:

56%

Other

Language:

44%

Use L1 and Balanced

L2 daily

Study 1 Study 1

L1 L1

(English) slightly

79.7% more
dominant

L2

(Spanish)

20.5%

Study 2 Study 2

L1 L2

(Spanish) slightly

35% more
dominant

(i1) Simon
arrows

(iii)
Auditory
Stroop

(i) Paper
Stroop task

Study 1

1)
Nonlinguisti
¢ Stroop
task

(i1)
Nonlinguisti
¢ Simon task

Study 2

(1
Nonlinguisti
¢ Stroop
task

(i1)
Incongruent
VS. congruent
trials

(iii)
Incongruent
VS. congruent
trials

1)
Interference
cost
(Interference
time — color
naming
time/color
naming time)

Study 1

(i) Efficiency
Score
(RT/accuracy

)

(i1)
Efficiency
Score
(RT/accuracy

)

Study 2
(i) Efficiency
Score

231

(i) Yes

(iii)
Mixed

(1) Yes

Study 1
(1) Yes
(ii) No

Study 2
(i) No
(i1) No



Colzato et al.
(2008)

Costa et al.,
(2009)

Study 1

(a) 16 Dutch—
English BL (22
years)

(b) 16 Spanish
ML (22 years)

Study 2

(a) 18
monolinguals
(22 years)

(b) 18
bilinguals (22
years)

Study 1

(a) 60 Catalan—
Spanish BL
(20.1 years)
(b) 60 Spanish
ML (20.0
years)

Study 2

(a) 62 Catalan—
Spanish BL
(20.1 years)
(b) 62 Spanish
monolinguals

Study 1 &
2

Early
From birth

All SS:
early

From early
childhood

(a) L1
9.4; L2
8.5
(b)L19.8

Study 1 &
2

Self-
rating (1 —
10); 8.9

Seven-
point
scale (1 =
only L2,7
= only
L1)

Study 1
(5.3)

Study 2
(5.0

Study 1 & 2
“Shared
similar
middle-class
SES
backgrounds

tE)

Not reported

Study 1 &
2

Not
reported

Not
reported

L2
(English)
65%

Study 1 & 2
Use L1 and
L2 daily

Study 1 & 2
Use L1 and
L2 daily

Study 1 &
2
Balanced

Study 1 &
2
Balanced

(i1)
Nonlinguisti
¢ Simon task

Study 1
Stop signal
task

Study 2
Inhibition of
return

Study 1
Attention
Network
Test

(i) 8%
congruent
(i) 92%
congruent

Study 2
Attention
Network
Test

(i) 50%

(RT/accuracy
)

(i)
Efficiency
Score
(RT/accuracy
)

Study 1
Inhibition of
response
(SSRT)

Study 2
Cuing cost

Study 1.
Incongruent
Vs. congruent
trials

Study 2
Incongruent
Vs. congruent
trials

232

Study 1

Study 2
Yes

Study 1
(i) No
(i1) No

Study 2
(i) No
(i) Yes



Fernandez et
al., 2013

Fernandez et
al., 2014

Gathercole et
al., 2014%;
Study 2

(20.7 years)

(a) 13
Spanish/Englis
h BL (20.46
years)

(b) 15 English
ML (22.67
years)

(a) 17 English
ML (20.41
years)

(b) 18
Spanish/Englis
h BL (22.06
years)

(a) 20 English
ML

(b) 42
sequential
English/Welsh
BL

All BL
Early:
Before age
6

(b) Mean
AoA =
6.22 years;
Four BL
learned L2
after age 9

All BL —
early
learners
(from birth)

Oral
vocabular
y subtest
of
BVAT?

Oral
vocabular

y subtest
of BVAT

Not
reported

Not reported

Self-
reported
Household
income

Not reported

11 BL
were
immigrant
S

11 BL
were
immigrant
S

Not
reported

English at
School/wor
k

Spanish at
home

English at
School/wor
k

Spanish at
home

Measured;
not reported

Not
reported

Not
reported

Not
reported

congruent
(ii) 75%
congruent

Auditory
Go/No Go
ERP* task

(1) Auditory
Go/No Go
ERP task

(ii) Visual
Go/No Go
ERP task

(i) Simon
task

N2 on
NoGeo trials

(i) N2 on
NoGeo trials

(ii) N2 on
NoGeo trials

(1) Accuracy

(i) RTs

233

Yes

(1) Yes

(i) No

(i) No

(i) No

» BVAT: Bilingual Verbal Ability Test - The Oral Vocabulary subtest is one of three subtests that make up this standardized instrument, which is used to assess

English language proficiency and overall verbal ability in non-native English speakers. This test is administered in English to quantify English language

proficiency.

* ERP = Event-related potential.

*' The N2 component is a negative-going deflection in the ERP waveform that peaks between 150-350 ms post-stimulus; greater N2 amplitude in NoGo trials is
thought to reflect enhanced inhibition.
32 Garthercole et al., 2014 presented a large study with several more age groups; only the young adult age group is presented here



(c)23
simultaneous
English/Welsh
BL

Hernandez et
al. (2010);
Study 1

(a) 41 Catalan—
Spanish BL
(209 years)

(b) 41 Spanish
ML (21.4
years)

Kousaie &
Phillips,
2012

(a) 38 young
ML (22.5
years)

(b) 35 Young
English/French
BL (23.7
years)

(c) 25 older
ML (68.9
years)

(d) 20 older
English/French
BL (719
years)

Kousaie et
al., 2014

(a) 40 English
ML (21.48
years)

(b) 30 French

Early
From early
childhood

All BL
learned
both
languages
before age
8

All BL
learned
both
languages

Not
reported

Not
reported

Not reported

Non-
immigrant
sample

(i) Self-
Report
scale (1-
5):
Mb)L1=
49;1L2 =
4.2

Not reported

(d)L1=
49,12 =
4.6

(i1)
Animacy
Judgment
Task*

@) Self-
reported

scale (1-
5)

Not reported  Non-
immigrant
sample

Seven-point Balanced =~ Numerical
scale (1 = Stroop Task
only L1;7
=only L2)
5.1
L1 Balanced Stroop Task
(English)
and L2
(French)
used daily
Not Balanced (i) Stroop
reported task

(i1) Simon

234

Incongruent Yes
vs. neutral
(interference

effect)

RT for each
condition:
(i) Word
reading

(1) Yes
(i) Yes

(iii) Yes
(i) Color
naming

(iii)
Incongruent
color naming

(i) Stroop
interference
(Color
naming —

(1) Yes

(i) No

** The animacy judgment task is used as an objective measure of relative second language (L2) proficiency. Bilingual participants are presented with nouns on a
computer monitor and were required to decide as quickly and accurately as possible whether each noun referred to something living or nonliving.



Salvatierra &

Rosselli,
(2010)

Linck et al.,
(2008)*

ML (21.8
years)

(c) 51
French/English
BL (2149
years)

(a) 66 Young
ML (25.88
years)

(b) 67 Young
English-
Spanish BL
(26.67 years)
(c) 42 Older
ML (63.40
years)

(d) 58 Older
English-
Spanish BL
(64.84 years)

(a) 20 Pre-
immersion BL
(20 years)

before age
13

Early
Before age
of 6

Late
After age
of 12

(i1)
Animacy
Judgment
Task

Boston
Naming
Test
(English
&
Spanish)

Five-point
rating
scale (1 =
poor; 5 =
fluent)

10-point
self-rating
scale (1 =

Not reported

Not
reported;
University

Not
reported

Not
reported

Daily use of
L1&L2

Depends on
group and
stage of

Balanced
and
unbalance
d

Depends
on group
and stage

task

(iii) The
SART?

Simon Task
(i) Simple
condition
(i1) Complex
condition

Simon Task

incongruent
color
naming)

(i1) Simon
interference
(RT
congruent —
RT
incongruent)

@iii) RT
Incongruent
Vs. congruent
trials

Incongruent
Vs. congruent
trials

235

(iii) No

Young
(i) No
(i) No
Older

(1) Yes
(ii) No

ML vs.

Yes*®

** The SART was used as a measure of response inhibition. For this task, participants were presented with the digits 1 through 9 on the computer screen and were

required to press the space bar in response to every number except the number 3, for which no response was required.

 The study by Linck et al. (2008) is more complicated than a simple bilingual advantage; please refer to their study for a more detailed description of the their
hypotheses and results.
3 Linck et al. (2008) stated that they were the first to demonstrate a bilingual advantage of inhibitory control for late bilingual.



Luk et al.,
(2010)

Luk et al.,
2011

(b) 28
Immersion BL
(20.5 years)
(c) 50 Post-
immersion BL
(21.3 years)
(d)23
Classroom
learning BL
(21.3 years)
(e)41
monolinguals
(19.5 years)

(a) 10 BL (20
years)
(b) 10 ML (22
years)

(a) 43 Early
BL (21.1
years)

(b) 42 Late BL
(21.3 years)
(c) 38 ML
(21.0 years)

Later in
childhood
From age 6

Early =

before age
10; Active
bilingualis
m=ageS

Late = after
age 10;
active
bilingualis
m = age 15

poor; 10 =

excellent)

Self-
rating (1-
10):

7.1 (L1)
7.8 (L2)

PPVT-III
score:
(English)
(a) 94.8
(b) 105.8

Self-
rating (1-
10)

PPVT-III
score:
(English)

students

Not reported

(a) 47%
immigrant
S

(b) 79%
immigrant
S

(c)21%
immigrant
S

learning

Use L1 and

L2

regularly

Variable

of
learning

Balanced

Early BL

balanced

Late BL =
L1
dominant

Flanker task  Neutral vs.
(i) Baseline  congruent
(ii) neutral trials

(iii)

congruent

(iv)

incongruent

Flanker task (i) RT
congruent —
RT control

(i) RT
incongruent
—RT control

(iii) RT
congruent —
RT

236

No

(i) No

(i) Yes
(Early
BL >
Late BL
+ ML)

(iii) Yes
(Early
BL >
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incongruent Late BL
+ ML)
Mor et al., (a) 20 Control  BL group= LEAP-Q*" Not Unreporte  “Continuou  Not (i) Numeric (i) RT (i) No
2014 ML (24.25 before age reported; d portion suse of L1  reported Stroop task congruent vs.
years) 9 Self- College of BL and L2” incongruent
(b) 20 ADHD rating students group (i1) Simon
ML (24.35 scale (1- immigrate Arrows/ (1) Accuracy (i) No
years) 10) d from the Spatial congruenct
(c) 20 Control Former Stroop task vs.
BL (24.8 Solviet incongruent
years) Union
(d) 20 ADHD before age (i) RT (ii) No
BL (25.15 9 congruent vs.
years) incongruent
(i1) Accuracy  (ii) No
congruenct
VS.
incongruent
Tao et al., (a) 36 early BL  Early BL: Self- Percentile All BL (a) 25% L1; (a)L2 (i) The (i) congruent (i) Yes;
2011 (18.9 years) before age  rating Scores (48" were 75% L2 dominant  LANT®; Vs. (c)<(a)<(b
6 scale (1-  —77™ %ile)  immigrant flanker incongruent )
(b) 30 late BL 7) S ®)59% L1; (b) condition
(20.8 years) Late BL: 40% L2 Balanced
After age
(c) 34 ML 12
(204 years)
Attention Switching
Bialystok et (a) 24 young Early Self- Not reported  Young Use both Balanced (>iii) SART (>iii) RT (iii) No

37 Participants completed a Hebrew translation of the Language Experience and Proficiency Questionnaire (LEAP-Q), which includes questions regarding
language exposure and ratings of spoken language proficiency (1-10).

*® The Lateralized Attention Network Task (LANT) provides indices for the efficiency of alerting, orienting, and executive networks.
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al., (2008);
third task

Garbin et al.,
2010

Kousaie et
al., 2014,

BL (19.7
years)

(b) 24 young
ML (20.7
years)

(c) 24 older
BL (68.3
years)

(d) 24 older
ML (67.2
years)

(a) 19 Catalan-
Spanish BL
(22.55 years)
(b) 21 Spanish
ML (20.9
years)

(a) 40 English
ML (21.48

Before age
6

Late

Before age
20

All
participants
were early
learners

(before age
4)

All BL
learned

¥ IFG = Inferior Frontal Gyrus
“OWCST = Wisconsin Card Sorting Task

rating (0—
4):

(a) 3.15
(L1)3.83
(L2)

(c) 3.65
(L1)3.79
(L2)

Self-
report;
otherwise
not
reported

@) Self-
reported

Not reported

Not reported

BL: 14
were
immigrant
s before
age 6

Older BL:
20 were
immigrant
s before
age 12

Non-
immigrant
S

Non-
immigrant

L1and L2
daily

“Used both
languages
continuousl
y
throughout
their lives”
(p-1273)

Balanced

Not
reported

Balanced

(i) Color-
shape switch
task

(i) MRI
scans

(iv) WCST®

(iii) Errors
on target
trials

(i) Switch
cost RT
(Switch vs.
nonswitch)

(i) Switch
Cost
Accuracy

(ii) Switch
Cost
activation
(Left &
Right IFG*)

(ii) Switch
Cost

Activation
(Putamen)

@iv)

Categories

(iii) No

(1) Yes

(1) Yes

(i) No

(i) Yes

(iv) No



Study 4

Marzecova
etal.,2013

Mor et al.,
2014

Moradzadeh
et al., 2014;

years)

(b) 30 French
ML (21.8
years)

(c)51
French/English
BL (2149
years)

(a) Hungarian-
Polish BL (27
years)

(b) Hungarian
ML (27.3
years)

(a) 20 Control
ML (24.25
years)

(b) 20 ADHD
ML (24.35
years)

(c) 20 Control
BL (24.8
years)

(d) 20 ADHD
BL (25.15
years)

(a) 45 ML
musicians

both
languages
before age
13

BL group =
L1and L2
from birth

BL group =
before age
9

Not
reported

scale (1-
5)

(i1)
Animacy
Judgment
Task

Self-
report

scale (1-
10)

LEAP-Q

Self-
rating
scale (1-
10)

Self-
rating

Not reported

Not
reported;
College
students

Matched
based on

sample

Not
reported

Unreporte
d portion
of BL
group
immigrate
d from the
Former
Solviet
Union
before age
9

Not
reported

L1 Balanced
dominant

(69% daily

use)

“Continuou  Not
suse of L1  reported
and L2”

Variable Variable

(1) Social
category
switching
task
(scsmH*

(i) TMT B
(ii) Task-

switching
paradigm

(i) Quantity/
Identity task

completed

(i) Switch vs.
no switch RT

(i) Swtich vs.
no swtich
Accuracy

(i) RT
(1) Accuracy

(ii) Switch
cost: switch
vS.
nonswitch in
mixed block

(i) Mixing
cost*?

(i) Local
switch cost:

239

(1) Yes

(1) Yes

(i) No

(i) No

(i) No

* The SCST measures the flexibility of switching between social categories depending on the type of repetition of stimuli features from trial to trial: complete
repetition (both features are repeated), partial repetition (1 of the features is repeated), or complete alternation (both fea- tures are different than in the previous

trial).

2 The mixing cost is the difference in performance between trials in the single-task blocks and nonswitch trials in the mixed blocks.
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first task (b) 36 ML scale (1- mother’s RT switch
nonmusicians 5) education vs.
(c) 36 BL level nonswitch
musicians K-BIT-2*
(d) 36 BL Vocab
nonmusicians subtest
(Mage =
22.01)
Prior & (a) 44 ML BL group= PPVT Not Not BL group: Balanced (i) Color- (i) Switch (1) Yes
MacWhinne  (18.7 years) before age reported; reported 73% shape switch Cost RT
y, 2009 6 Self- university English use task (Switch vs.
(b) 44 BL rating students daily no switch)
(19.5 years) scale (1-
10) (i) Switch (i) No
Cost
Accuracy
(ii) Mixing (ii) No
cost* RT
(ii) Mixing (ii) No
cost
Accuracy
Updating Working Memory
Moradzadeh  (a) 45 ML Not Self- Matched Not Variable Variable (iii) Dual N-  (iii) (iii) no
et al.,2014; musicians reported rating based on reported back task Accuracy z-
third task (b) 36 ML scale (1- mother’s score*®
nonmusicians 5) education
(c) 36 BL level
musicians K-BIT-2*

43 K-BIT-2 = Kaufman Brief Intelligence Test 2.

* Mixing costs were defined as the difference between the performance in the single-task blocks and the performance on non-switch trials of each task in the
mixed-task blocks.
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(d) 36 BL Vocab
nonmusicians subtest
(Mage =

22.01)

45 K-BIT-2 = Kaufman Brief Intelligence Test 2.
* See study description for an explanation of how they derived this value



Appendix B

(Bilingual Questionnaire used in Chapters 2 & 3)



Name: Participant Number (provided by researcher):

Age:  Gender: M F Height (in feet and inches): Weight (in pounds):
Handedness: Right Left Ethnicity:

Do you have normal/corrected vision? Yes No

Do you have normal hearing? Yes No

Has a professional ever diagnosed you with a Traumatic Brain Injury (not including a
concussion)? Yes No

Has a physician ever diagnosed you with any neurological conditions (e.g., epilepsy)?
Yes No

Previous Diagnoses? (Please circle all that apply)

ADHD Yes No

FASD Yes No

Autism Yes No

Any Other Developmental Disorder Yes No
Please specify:

Learning Disorder/Disability Yes No
Please specify:

Have you ever received learning assistance or extra accommodations Yes No
at school?
In what areas (e.g. Math, Reading, Writing)?

Have you ever had any speech/language difficulties? Yes No
Any Psychological Conditions? Yes No
Please Specify:
Are you currently taking any prescription medication? Yes No

* IfYES, which type of medication:
* How often do you take it:
*  How much do you take each time:

Have you consumed any alcohol in the past 48 hours? Yes No
* Please Specify approximately how much:
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What is your native language?

Are you Bilingual /Multi lingual? Yes No
If yes, please respond to the questions below:

What is(are) your second language(s)?

For each of the second languages that you know please rate how well you can speak,
understand, write and read the language in the table below. Please indicate proficiency
using a 1-10 rating scale.

Notatall proficientl 2 3 4 5 6 7 8 9 10Completely

proficient

Second Languages Speaking Understanding Writing Reading

For the languages you have listed, please indicate the age at which they were learned, and if
applicable, whether you learned them by formal lessons (e.g., at school or a course), or by
informal learning (e.g., at home, at work, from friends, living in another country/province).

Languages Age Lessons Duration of Infor | Duration of
(Y/N) Formal mal Informal
Learning (Y/N) Learning
L2: <1lyrs <lyrs
1-5yrs 1-5 yrs
6-12 yrs 6-12 yrs
>12 yrs >12 yrs
L3: <1lyrs <lyrs
1-5 yrs 1-5 yrs
6-12 yrs 6-12 yrs
>12 yrs >12 yrs




Athletic History
Please list up to 5 sports in which you compete on the table below.
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Sport Competitive Level Position? Years playing? | Currently in a
(e.g., Club, season of
Intercollegiate, etc.) competition?
1. Yes No
2. Yes No
3. Yes No
4. Yes No
5. Yes No
Concussion History
Have you ever had a concussion: ____ Yes No

If yes, starting with your most recent concussion, please fill out as much information

below

as possible:

How many concussions have you suffered:

Approximate Date of Did you lose
Concussion consciousness?
(mm/dd/yy)

1) Yes No
2) Yes No
3) Yes No
4) Yes No
5) Yes No
6) Yes No
7) Yes No

Were you Did you see a
playing sport? Doctor?
Yes Yes
No No
Yes Yes
No No
Yes Yes
No No
Yes Yes
No No
Yes Yes
No No
Yes Yes
No No
Yes Yes
No No

How long did it
take to return
to play?




Physical Activity Levels

We are interested in finding out about the kinds of physical activities that people do as part
of their everyday lives. The questions will ask you about the time you spent being physically
active in the last 7 days. Please answer each question even if you do not consider yourself to
be an active person. Please think about the activities you do at work, as part of your house
and yard work, to get from place to place, and in your spare time for recreation, exercise or
sport.

Think about all the vigorous activities that you did in the last 7 days. Vigorous physical
activities refer to activities that take hard physical effort and make you breathe much
harder than normal. Think only about those physical activities that you did for at least 10
minutes at a time.
1. During the last 7 days, on how many days did you do vigorous physical activities like
heavy lifting, digging, aerobics, or fast bicycling?

days per week *If you performed no vigorous physical activities, skip
to question 3.

2. How much time did you usually spend doing vigorous physical activities on one of
those days?

hours per day minutes per day Don’t know/Not sure

Think about all the moderate activities that you did in the last 7 days. Moderate activities
refer to activities that take moderate physical effort and make you breathe somewhat
harder than normal. Think only about those physical activities that you did for at least 10
minutes at a time.
3. During the last 7 days, on how many days did you do moderate physical activities
like carrying light loads, bicycling at a regular pace, or doubles tennis? Do not
include walking.

_____days per week *If you performed no moderate physical activities, skip
to question 5.
4. How much time did you usually spend doing moderate physical activities on one of
those days?

____hoursperday ____ minutes per day Don’t know/Not sure
Think about the time you spent walking in the last 7 days. This includes at work and at
home, walking to travel from place to place, and any other walking that you have done
solely for recreation, sport, exercise, or leisure.
5. During the last 7 days, on how many days did you walk for at least 10 minutes ata
time?

days per week *If you performed no walking, skip to question 7.
6. How much time did you usually spend walking on one of those days?

hours per day minutes per day Don’t know/Not sure

The last question is about the time you spent sitting on weekdays during the last 7 days.
Include time spent at work, at home, while doing course work and during leisure time. This
may include time spent sitting at a desk, visiting friends, reading, or sitting or lying down to
watch television.

7. During the last 7 days, how much time did you spend sitting on a weekday?

hours per day minutes per day Don’t know/Not sure



Appendix C

(History and Bilingual questionnaire used for Chapter 4)
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Name: Participant # (provided by researcher):
Age: Gender: MF Height (in feet and inches):_ Weight (in pounds):
Handedness: Right Left Ethnicity:

Do you have normal/corrected vision? Yes No

Do you have normal hearing? Yes No

Has a professional ever diagnosed you with a Traumatic Brain Injury (not including a
concussion)? Yes No

Has a physician ever diagnosed you with any neurological conditions (e.g., epilepsy)?
Yes No

Previous Diagnoses? (Please circle all that apply)

ADHD Yes No
Are
you FASD Yes No
curre -
ntly Autism Yes No
takin Any Other Developmental Disorder Yes No
gany Please specify:
pr ets.c Learning Disorder/Disability Yes No
riptio Please specify:
n di Have you ever received learning assistance or extra accommodations at Yes No
g:t:iol school?
n? In what areas (e.g. Math, Reading, Writing)?

Have you ever had any speech/language difficulties? Yes No

Any Psychological Conditions? Yes No
Yes Please Specify:

No

* If YES, which type of medication:
* How often do you take it:
*  How much do you take each time:

Have you consumed any alcohol in the past 48 hours? Yes No
* Please Specify approximately how much:



Are you Bilingual/Multilingual? Yes / No
If yes, please respond to the questions below.

What is your native language?

What is your Dominant Language (L1)?

Language spoken at home?

Language spoken at school or work?

Do you function as a translator in any of your languages (for parents/friends/other)?

If yes, for which languages? (circle one) L1 L2 L3 L4

Notes:

Please list all your languages you know from most proficient to least proficient below. For each,
rate how well you can use the language on the following scale:

Poor Functional Excellent/Fluent
1 2 3 4 5
Languages Speaking Understanding Writing Reading

(indicate each)

L1

L2

L3

L4

For the languages you listed, please indicate below the age at which you learned them, and if
applicable, whether you learned them by formal lessons (e.g., at school or a course), or by
informal learning (e.g., at home, at work, from friends, living in another country/province).

Languages Age Frequency Lessons Duration of Informal Duration of
(indicate) Learned of use (indicate lessons in (circle all that Informal in
(circle one) yes/no) years apply) years
(circle one) (circle one)
L1 Daily <1 At home <1
(dominant) Weekly 1-5 At Work 1-5
Monthly 6-12 With Friends 6-12
Rarely >12 Another >12
Country
L2 Daily <1 At home <1
Weekly 1-5 At Work 1-5
Monthly 6-12 With Friends 6-12
Rarely >12 Another >12
Country
L3 Daily <1 At home <1
Weekly 1-5 At Work 1-5
Monthly 6-12 With Friends 6-12
Rarely >12 Another >12
Country
L4 Daily <1 At home <1
Weekly 1-5 At Work 1-5
Monthly 6-12 With Friends 6-12
Rarely >12 Another >12

Country
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