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Bilingualism and the Executive Function Trade-Off: A Latent Variable
Examination of Behavioral and Event-Related Brain Potentials

Mercedes Fernandez, Jonathan B. Banks, Samantha Gestido, and Maria Morales

Department of Psychology and Neuroscience, Nova Southeastern University

The impact of bilingualism on the executive functioning constructs of inhibition, shifting, and updating
remains unclear, with prior findings yielding inconsistent results. Several explanations for the lack of
congruency have been suggested, including the dependence on observed variables, the impact of test
modality on performance, and the need to examine the density of dual languages in the environment. To
address these concerns, the current study examined differences between a large group of monolingual
(n = 109) and bilingual (n = 152) college students on nonlinguistic behavioral and neural measures of
inhibition, shifting, and updating using a latent variable approach. We investigated the impact of test
modality by presenting each task in the auditory and visual modalities. Additionally, we examined the
effects of language balance and language switching in daily life on the measures of executive function-
ing. Results revealed greater neural expenditure (i.e., higher ERP amplitude) and weaker performance
on tasks assessing response inhibition and shifting abilities in bilinguals. Further, although a neural
marker of memory updating did not reveal group differences, performance was stronger in monolin-
guals. These findings were consistent across test modality. Last, language balance was a stronger predic-
tor of behavioral and neural measures than language switching frequency. Our findings highlight the
importance of examining differences at the latent level and exploring the influence of linguistic balance.

Keywords: bilingualism, event-related brain potentials, executive function, structural equations

modeling

People masterfully modify their behaviors on an ongoing basis
to meet the changing demands of their environment. Similarly,
people who speak more than one language switch between lan-
guages effortlessly and flawlessly to meet environmental linguistic
demands. According to the Inhibitory Control (IC) model, when
bilinguals speak in one language, their other language is actively
suppressed (Green, 1998). The ability to shift between languages
and between other behaviors is believed to be carried out in the
frontal lobes by inhibitory processes and, more generally, is asso-
ciated with executive function (EF; Abutalebi et al., 2012).
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Understanding how inhibitory processes may be strengthened will
reveal not only how multiple languages are controlled in the brain
but has the potential to guide research and interventions for disor-
ders linked to deficient neural inhibitory processes such as atten-
tion-deficit disorder and obsessive-compulsive disorder.
Speculatively, because bilinguals engage inhibitory processes
more frequently (i.e., not only to modify behaviors, but also to
control language) than monolinguals, this frequent engagement
leads to enhanced EF. However, after decades of research, a clear
pattern supporting superior EF abilities in bilinguals has not
emerged, and some researchers indicate that most study findings
do not support such a claim (Lehtonen et al., 2018; Paap et al.,
2014, 2015; von Bastian et al., 2016). In fact, some argue that lan-
guage control in bilinguals is contained within a language mecha-
nism (Paap et al., 2021), whereas others call into question the idea
of general inhibition as a construct (Rey-Mermet et al., 2018).
Others, however, maintain that more work needs to be done before
one can more confidently speak to the presence or absence of a bilin-
gual advantage (Valian, 2015; van den Noort et al., 2019). Specifi-
cally, researchers suggest that the context in which bilinguals speak
their languages may impact the relationship between bilingualism
and EF and recommend controlling language context. Others suggest
that inconsistent results may be related to task impurity and recom-
mend latent variable analysis. Yet other concerns involve the lack of
consistent findings within studies related to test modality. To advance
the field, Cespén and Carreiras (2020) recommend the addition of
event-related brain potential (ERP) measures. ERPs are electrical
potentials that are time-locked to a cognitive event and are generated
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by populations of neurons within milliseconds after the event.
Because of their temporal resolution, ERPs are considered the gold
standard for observing neural activity across time.

In response to these concerns, the current study recorded behavioral
and ERP activity while bilingual and monolingual participants com-
pleted nonlinguistic EF tasks. We used a latent variable approach,
included a language context questionnaire, and we administered tasks
in two modalities. Below we review the literature, discuss prior work
from our laboratory, and present the current study design.

Operationalizing the Language Experience

Researchers state that one of the challenges to this line of research
is the difficulty of defining what is meant by bilingualism. For exam-
ple, a person who is fluent in two languages but mostly speaks in one
language would be classified as bilingual just the same as a person
who is fluent in two languages and speaks both languages regularly.

Gullifer and Titone (2020) state that a failure to capture the di-
versity of language experience may explain the absence of a bilin-
gual advantage. Green and Wei (2014) described different
contexts in which bilinguals speak their two languages and explain
that these different experiences may differentially affect EF abil-
ities: (a) a single context bilingual speaks one language in one con-
text (e.g., at home) and their other language in a different context
(e.g., work); (b) the dual language bilingual speaks both languages
in the same context (e.g., at home); and (c) a dense code switching
bilingual switches between languages within a single conversation
for no apparent reason. In support of this theory, a study using a
self-report questionnaire on frequency of language switching in
different contexts found that dual language context predicted the
latent variable of shifting, whereas dense code-switching predicted
inhibition and goal maintenance (Hartanto & Yang, 2020).

Studies to date, however, do not provide strong support for the
hypothesis that language experience impacts EF. In one study
(Paap et al., 2020), participants were carefully screened to select
groups of pure single context, dual context, dense code-switching,
and monolinguals. Participants were then compared on nine meas-
ures of EF generated from nonverbal tasks (Simon, spatial and ver-
tical Stroop, flanker, switch, visual search, ambiguous figures).
Results failed to reveal a link between language context and per-
formance. The researchers noted that most studies fail to reveal
any such relationship and questioned whether such a link exists.

Another study (Katamata et al., 2020) evaluated the link between
language context and performance on EF tests of response inhibition
(Stroop, Go/NoGo, stop-signal and antisaccade) and again failed to
reveal a link between language context and performance.

Additionally, studies in which language switching is objectively
measured fail to reveal a relationship between language switching
and shifting EF. For instance, in one study, participants completed
switch tasks and verbal fluency tasks (letter or category fluency;
Paap et al., 2017). They also completed a variant of the verbal flu-
ency task—participants switched between letters or between catego-
ries to generate exemplars. Results did not reveal any relationship
between switch task performance and language switching ability.

Similarly, Woumans et al. (2019) found no relationship between
shifting abilities and language switching. Language switching was
assessed by asking participants to switch between languages to
generate exemplars within a semantic category. In an earlier study,
the same research group (Woumans et al., 2015) investigated the

link between language switching and inhibition (Simon and atten-
tional network task [ANT]). They found a positive relationship
(r = .530, p = .002) between language switching proficiency and
inhibition (smaller Simon effect) in their balanced bilingual group
but not in their unbalanced group or in a group of interpreters in
training. Given that high degree of proficiency is necessary to effi-
ciently switch between languages, it is plausible that this relation-
ship is driven by second language proficiency more so than by
language context. Below (under Prior Work from Our Laboratory)
we report studies from our laboratory which link neural inhibition
to second language proficiency. Summarily, most of these studies
do not favor the idea that the context in which bilinguals speak
their two languages impacts EF abilities of inhibition or shifting.

Task Impurity

Another concern raised in the literature is the failure to replicate
results on the bilingual advantage. For instance, Costa et al. (2008)
found a bilingual advantage in young adults, our target population,
on the flanker task. Notably, the advantage was only observed on
the first two of three trial blocks. If a bilingual advantage results
from stronger EF abilities, it would not be expected to disappear
after two blocks of trials. Other studies also fail to replicate the
findings on the flanker or other tasks (Simon and Stroop) of inhibi-
tion (Kousaie & Phillips, 2012; Paap & Greenberg, 2013; Paap
et al., 2019, 2020). These replication failures raise the question of
whether studies may be capturing task-specific effects unrelated to
EF abilities. If so, it would explain why some studies reveal a
bilingual advantage while others do not.

More recently, one study revealed a lack of relationship between
self-reported measures of self-control and impulsivity and perform-
ance on inhibition tasks (flanker, Simon and spatial Stroop) raising
the question of the suitability of the tasks used to capture general in-
hibition (Paap et al., 2021).

Friedman (2016) recommends using a latent model approach
(e.g., structural equations modeling, [SEM]) to examine possible
effects of bilingualism on EF abilities. In this approach, research-
ers administer two or more tasks known to capture the EF ability
of interest. SEM separates the nonshared variance attributed to
task-specific factors (e.g., motor speed) from the shared variance
(variance common to all tasks), to reveal an “uncontaminated”
measure of EF. By removing task-specific “noise,” this approach
is likely to yield results that more accurately reflect EF abilities
and lead to more consistent findings across studies.

Modality Specific Effects

Inconsistent findings in studies that use tasks presented in dif-
ferent modalities raise yet other concerns about the assumption
of a bilingual advantage. That is, if general inhibitory processes
are enhanced in bilinguals, test modality should not impact per-
formance. Yet, Luo et al. (2013) found stronger spatial but
poorer verbal performance when comparing bilinguals to mono-
linguals on working memory (WM) tasks. Similarly, we com-
pared bilinguals with monolinguals (discussed in detail below)
on nonlinguistic visual and auditory inhibition tasks and found
greater amplitude on a neural inhibition marker in bilinguals,
but only in the auditory modality (Fernandez et al., 2014).
Determining whether bilingual performance on EF tests is tied
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to test modality will shed light on the role of general inhibition
in language control.

Prior Work From Our Laboratory

Studies assessing inhibition usually use versions of the Simon,
Stroop, or Flanker task. Indeed, a recent study by Paap et al.
(2020) compared bilinguals to monolinguals on these tasks, and
their findings did not reveal a bilingual advantage. These tasks
require inhibitory control of attention because distracting, but
task-irrelevant, stimulus features capture attention and interfere
with task performance. Another task that also requires inhibition,
the Go/NoGo task, is less frequently used to compare language
groups. This task requires inhibitory control to suppress behavioral
responses. Noteworthy, research suggests that response suppres-
sion in the Go/NoGo task and language switching in bilinguals
share similar neural inhibitory mechanisms. Specifically, the am-
plitude of the N2 ERP component (a negative going wave in the
200-300 ms post-stimulus time window, with maximum ampli-
tude over frontal-central sites) has been linked to inhibition in
monolinguals (Falkenstein et al., 1999; Thomas et al., 2009) and
to language switching in bilinguals (Jackson et al., 2001).

We speculated that if indeed the neural mechanism engaged to
inhibit behavioral responses in the Go/NoGo task is the same one
that inhibits the nontarget language when a bilingual speaks, the
experience of controlling language would strengthen response in-
hibition in bilinguals. We further hypothesized that response inhi-
bition may develop in tandem with second language proficiency to
control increasing competition between languages. If this hypothe-
sis is correct, one would expect the highest linguistic competition
to occur when bilinguals reach language balance. In this case, the
highest level of inhibition would be needed to control competition
between equally strong languages. Conversely, if language control
and response inhibition do not share similar inhibitory mecha-
nisms, neural activity would not distinguish language groups on
the Go/NoGo task.

Studies from our laboratory reveal greater N2 amplitude on the
Go/NoGo task in bilinguals and link inhibition to second language
proficiency. In our first study (Fernandez et al., 2013), we used an
auditory Go/NoGo task in which participants responded to target
tone pairs with a button press and withheld a motor response to
nontarget pairs. We recorded neural activity and behavioral
responses while participants performed the task, and we objec-
tively measured language proficiency. Equiprobable Go and NoGo
stimuli were presented binaurally. We presented an equal number
of Go and NoGo trials because when an unequal number is pre-
sented, it cannot be determined whether the neural response on
NoGo trials is due to response inhibition or to the relative novelty
of the less frequent NoGo stimulus. Thus, to avoid the influence of
stimulus probability, we presented Go and NoGo trials with equal
frequency. Notably, research shows that equiprobable auditory
Go/NoGo tasks elicit control processes to inhibit the Go response
and link neural inhibition (N2 ERP component) to performance
(Fogarty et al., 2018).

Compared with monolinguals, bilinguals showed greater NoGo
N2 amplitude. Additionally, second language proficiency scores
were correlated with the NoGo N2 amplitude such that higher sec-
ond language proficiency was correlated with greater inhibition.
To our knowledge this was the first study to link neural inhibition

to second language proficiency. Behavioral data revealed similar
reaction times (RTs) between groups and errors on NoGo trials
were too few to analyze (5 participants in each group incorrectly
responded with a button press on one or two trials).

In a follow-up study, we used the same auditory task and added
a nonlinguistic visual Go/NoGo task (Fernandez et al., 2014). The
two tasks were identical except that the tones were replaced with
geometric figures in the visual task. Again, bilinguals showed
stronger auditory NoGo N2 amplitude compared with monolin-
guals. The correlation between the auditory NoGo N2 amplitude
and second language proficiency approached but did not reach sta-
tistical significance (p = .068) in this study. Unexpectedly, the vis-
ual NoGo trials did not reveal N2 amplitude differences between
the groups. We speculated that lack of group differences in neural
inhibition on visual trials could be due to lack of power (fewer
than 20 participants per group). Another possible explanation was
that inhibition in bilinguals is tied to the auditory modality since
the experience of being bilingual relates to auditory processes.
Indeed, research shows that compared with monolinguals, bilin-
guals “fine tune” their auditory system and are more efficient at
processing sounds (Krizman et al., 2012). As in the prior study,
behavioral data revealed similar RTs between groups and errors
on NoGo trials were too few to analyze.

Together, these studies linked neural inhibition to second lan-
guage proficiency and support the claim that language switching
and response inhibition share similar neural inhibitory mecha-
nisms. Additionally, this work raised the question of whether inhi-
bition in bilinguals is linked to the auditory modality. Because
accuracy rates in both groups were near perfect, our findings did
not reveal group performance differences in either study. We
could not determine whether lack of differences was because none
exists or because our tasks were too easy to capture such differen-
ces. These unanswered questions are addressed in the design of
the current study.

The Current Study

Our goal was to replicate our prior studies on inhibition, extend
our research to other components of EF, and address concerns
raised in the literature. We used the three-factor (inhibition, shift-
ing, updating) EF model proposed by Miyake et al. (2000) as the
foundation for this study. We used the Go/NoGo task and recorded
response bias as our behavioral measure and the N2 ERP compo-
nent as our neural marker of inhibition. Just as in our prior study
(Fernandez et al., 2014), we measured the amplitude of the N2 as
the difference between the mean P3 and mean N2 amplitude
(henceforth referred to as the N2/P3 complex in this article),
because these two components have very similar frontal-central
scalp distribution and occur close in time in the Go/NoGo task. To
assess shifting abilities, we used a switch task and measured speed
and accuracy as well as the N2 ERP component of interest. The
amplitude of the N2 ERP is larger on switch relative to no-switch
trials and has been shown to increase along with improved per-
formance after cognitive training (Gajewski et al., 2017; Gajewski,
Ferdinand, et al., 2018). To date, most studies comparing bilin-
guals with monolinguals on switch tasks do not support the con-
tention that bilinguals have stronger shifting abilities (Paap et al.,
2017). Last, as our memory updating task, we used the n-back
which requires participants to indicate whether the current
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stimulus matches the one presented n-positions before. We meas-
ured speed and accuracy as well as the P3 ERP. This component
has a central-parietal scalp distribution and has been shown to be
sensitive to memory capacity. Studies reveal that the P3 amplitude
increases with increasing WM demands. Daffner et al. (2011)
showed that as task demands increased, the P3 amplitude
increased in a high WM capacity group. However, in a low WM
capacity group, the P3 amplitude decreased as task demands
increased. The increase in the P3 amplitude was interpreted as
reflecting the additional resources of the high WM capacity group.
Notably, ERP studies comparing bilinguals to monolinguals on the
n-back task do not reveal a bilingual advantage (Kousaie & Phil-
lips, 2017; Morrison et al., 2019).

Our first goal was to reveal neural and behavioral differences
between bilinguals and monolinguals at a latent level. We
hypothesized that if indeed the experience of managing two lan-
guages enhances EF, bilinguals would show better performance
and greater neural activity than monolinguals on tasks of inhibi-
tion, shifting and updating. Alternatively, if language control and
EF do not share the same control mechanism, then bilinguals and
monolinguals would show similar performance and neural activity
across EF tasks. Our second goal was to reveal the impact of test
modality on EF abilities. We hypothesized that if a general inhibi-
tory mechanism controls both language and EF, then group differ-
ences would be independent of test modality. Alternatively, if
language control is modality specific, then only the auditory mo-
dality would reveal group differences. Our third goal was to reveal
the relationship between language balance and language switching
to each EF factor. We hypothesized that language balance would
be a better predictor than language switching of our EF measures.

Method

Participants

English speaking monolinguals (n = 109) and Spanish/English
bilinguals (n = 152) between the ages of 18 and 30 years were
recruited from Nova Southeastern University (NSU). We selected
Spanish-speaking bilinguals because as a Hispanic-Serving Institu-
tion, NSU has a large Spanish-speaking student body. Right-handed
participants with normal hearing, normal or corrected-to-normal
vision, and intact color vision were tested. Participants were excluded
if they reported neurological or psychiatric conditions that affect cog-
nition, or if they were taking prescription medications that affect per-
formance. Additionally, participants who only spoke Spanish or who
spoke languages other than English and Spanish were excluded.

Measures

Demographics

A demographic questionnaire was administered to obtain infor-
mation on participant age and sex, parental education, country of
birth of participant and of parents, and household income.

Language

A language questionnaire was administered to determine age of
second language acquisition, dominant language, and frequency of
language usage in different settings (home, school, social settings).

Music Ability

A music abilities questionnaire was administered to determine
whether the participant played a musical instrument, years of
music training and frequency of playing an instrument. Because
music training has been shown to improve WM, we recorded this
information and controlled for this variable (George & Coch,
2011; Kausel et al., 2020).

Mind Wandering

A mind wandering questionnaire was administered at the end of
each computer task to quantify mind wandering frequency, va-
lence, intention, and awareness during each task. We did not report
the results of this questionnaire because it is not pertinent to the
current study.

Bilingual Verbal Ability Test

The Bilingual Verbal Ability Test (BVAT; Munoz-Sandoval
et al., 1998) contains three subtests (Picture Vocabulary, Oral Vo-
cabulary, Verbal Analogies) and generates an index of second lan-
guage proficiency and of general verbal ability. In bilinguals,
items failed in English are administered in the person’s native lan-
guage and scores are combined to determine overall language abil-
ity. We administered all subtests in English and Spanish to all
participants, and the sum total of correct responses to the three
subtests was used to quantify proficiency in each language. When
a participant failed eight consecutive items, that subtest was dis-
continued, and the next subtest was administered. When a partici-
pant scored zero on Picture Vocabulary, the easiest subtest, the
other two subtests were not administered, and the participant was
assigned a score of zero.

Raven’s Standard Progressive Matrices

Raven’s Standard Progressive Matrices (Raven et al., 2003), a
standardized and culture fair test unaffected by linguistic or ethnic
background, is widely used to assess nonverbal fluid intelligence,
and we used this test to match groups on nonlinguistic abilities.

Executive Functioning Tasks and Behavioral Measures

Task selection was based on three requirements: (a) the tasks
had to tap the target EF components (inhibition, shifting, and
updating); (b) the tasks had to be nonverbal because we were test-
ing linguistically diverse participants; (c) equivalent versions of
the tasks had to be presented in the auditory and visual modalities.
Each participant completed six nonverbal tasks. We created com-
parable stimuli in the two modalities for each task and maintained
similar trial parameters across modalities within task. Each task
had two or more levels of difficulty. Order of task presentation and
task modality was counterbalanced. Modalities were presented
sequentially within task. Participants were given short breaks
between tasks and between blocks of trials within task. Descriptive
statistics for the tasks can be found in Table 1.

Tasks were created using STIM2 software (Compumedics
NeuroScan, Germany). During auditory task presentation, a sta-
tionary X in the center of a computer monitor was continuously
displayed as a fixation point. Stimuli for all visual tasks were pre-
sented in the center of the monitor. A four-button response pad
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Table 1
Descriptive Statistics for Language, Fluid Intelligence, Behavioral and ERP Measures by Group
Monolinguals Bilinguals
Measure M (SD) Skewness Kurtosis M (SD) Skewness Kurtosis
Language and fluid intelligence
BVAT (English) total score 93.06 (9.10) —0.31 0.13 86.71 (12.64) —0.11 —0.28
BVAT (Spanish) total score 12.15 (7.69) 0.62 —0.32 56.85 (21.24) —0.32 —0.77
English-Spanish BVAT difference —80.91 (10.07) 0.39 0.37 —32.75 (22.26) —0.69 —0.59
Raven’s SPM total score 48.89 (5.70) —0.83 0.74 47.52 (6.86) —1.12 1.38
Behavioral responses
Inhibition — Response Bias
Auditory Go/NoGo no pressure —0.19 (0.91) —0.04 —0.85 0.13 (1.04) 0.05 0.09
Auditory Go/NoGo pressure 0.00 (0.91) —0.25 —-0.39 0.00 (1.06) 1.04 5.26
Visual Go/NoGo no pressure —0.21 (1.01) 0.29 —0.96 0.15 (0.97) —0.08 —1.37
Visual Go/NoGo pressure —0.07 (1.03) —0.25 —0.30 0.05 (0.98) —-0.29 —0.45
Shifting — Switch cost
Auditory dimension change 0.29 (0.85) 0.30 —-0.34 —0.19 (1.05) 0.13 —0.71
Auditory dimension and hand change 0.33 (0.88) 0.37 —0.72 —0.21 (1.02) 0.05 —0.59
Visual dimension change 0.24 (0.88) —0.46 —0.30 —0.15 (1.04) —0.60 —0.26
Visual dimension and hand change 0.24 (0.84) —0.28 —-0.47 —0.16 (1.06) —0.70 —0.14
Updating — Trade-off
Auditory 2-back 0.30 (1.48) —0.65 0.73 0.16 (1.37) —0.90 0.79
Auditory 3-back —0.01 (1.44) —0.42 0.33 —0.11 (1.27) —0.45 0.01
Visual 2-back 0.38 (1.26) —1.14 4.05 0.15 (1.17) —0.83 1.16
Visual 3-back 0.02 (1.31) —1.59 6.45 —0.17 (1.07) —0.60 0.56
ERP amplitudes
Inhibition — N2/P3 complex
Auditory Go/NoGo no pressure 4.07 (2.37) 0.39 0.58 5.38 (2.54) 1.17 1.81
Auditory Go/NoGo pressure 3.45(2.3) 0.58 —0.15 3.95 (2.17) 0.63 0.37
Visual Go/NoGo no pressure 6.25 (2.56) 0.38 0.85 7.12 (3.56) 0.38 0.40
Visual Go/NoGo pressure 5.05 (2.66) 0.02 0.17 5.21 (2.68) 0.57 0.83
Shifting — N2 ERP
Auditory Switch trials 0.58 (1.77) —1.34 6.85 0.15 (1.43) 0.04 3.96
Auditory No-switch trials 1.00 (2.45) —1.10 5.31 0.70 (1.87) 1.55 12.08
Visual Switch trials 1.16 (1.75) 0.85 1.55 0.55 (1.60) 0.74 2.71
Visual No-switch trials 1.20 (1.65) 0.34 0.20 0.59 (1.60) 0.78 3.70
Updating — P3 ERP
Auditory 0-back 3.39 (4.53) 0.47 4.26 2.53 (3.40) 0.68 1.97
Auditory 2- and 3-back combined 0.69 (2.98) 0.28 3.06 1.03 (2.64) —0.16 0.78
Visual 0-back 8.39 (4.66) 0.16 —0.52 6.82 (3.72) 0.18 0.03
Visual 2- and 3-back combined 5.54 (3.68) 0.35 —0.38 5.36 (3.64) 0.77 1.54

Note.

was used to record behavioral responses. Headphones were used
to present auditory stimuli and to reduce environmental noise dur-
ing visual task presentation.

Inhibition

The auditory Go/NoGo task consisted of high (1,100 Hz) and
low-pitch (1,000 Hz) tones (80-ms duration, 5-ms rise and fall
times; intensity 70 dB SPL). Each trial consisted of two tones sep-
arated by 1,200 ms. For each trial, when a target tone was fol-
lowed by another target tone (target/target, 36% of trials),
participants pressed a response button to the second tone. When
the target tone was followed by a nontarget tone (target/nontarget,
36% trials), participants withheld their response. The remaining
trials, which started with the nontarget tone (nontarget/target 14%;
nontarget/nontarget 14%), were not analyzed. The Go/NoGo task
consisted of 200 trials, divided into four blocks of 50 trials, with
an intertrial interval (ITI) of 1,800 ms. To increase task difficulty,
an auditory signal (300 ms I kHz, 60 dB SPL tone burst) was
sounded if the participant did not respond within 600 ms after

BVAT = Bilingual Verbal Ability Test; SPM = Standard Progressive Matrices; ERP = event-related brain potential.

stimulus onset. This time pressure was introduced after the first
100 trials. Participants focused on the fixation point, responded as
quickly as possible to target tone pairs (Go trials), and withheld
responding on NoGo trials. The task began after participants read
the instructions on the monitor and practiced the task. After the
second block of trials, participants were trained on the task with
the added time pressure (tone burst), after which the remaining
two blocks of trials were presented. Participants were instructed to
respond quickly to avoid the tone burst.

The visual Go/NoGo task was similar to the auditory task except
that the tones were replaced with red and green circles presented
against a black background subtending a visual angle of 2.9°.

Response bias was computed as our measure of inhibition on
auditory and visual Go/NoGo tasks. We used the response bias
formula proposed in Snodgrass and Corwin (1988), [(CL = .5 [In
{[(1 = FA) (1 — H)J/[(H) (FA)]}], where In is the natural log, H
the hit rate on Go trials, and FA the false alarm rate on NoGo tri-
als. Response bias reflects response tendencies across all (Go and
NoGo) trials or the extent to which one response is more probable
than another. Positive values reflect greater tendencies toward
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withholding a response, indicative of stronger response inhibition.
Negative values reflect greater tendencies toward responding. Val-
ues close to zero indicate no bias toward responding or withhold-
ing a response and reflect better inhibitory control. Response bias
was separately computed for trials with and without time pressure,
and scores were z-transformed for latent variable analyses.

Shifting

The auditory switch task consisted of tones that differed along two
dimensions, pitch (high [1,500 Hz] and low-pitch [500 Hz]) and dura-
tion (short [80 ms] or long [200 ms]). Each trial began with a 300-ms
cue, to indicate target dimension, followed by a 1,500-ms cue-to-trial
interval (CTI). The target was presented for 80 or 200 ms. The inter-
val between the start of the target and the beginning of the next trial
was 2,400 ms. Four blocks of 50 trials were presented after the prac-
tice trials. Switch and no-switch trials were equiprobable and occurred
in a pseudorandom order with similar frequency within block. Target
response hand was also equiprobable. Participants responded by
pressing a right or left-hand response-pad button to indicate high or
low pitch and short or long duration.

The visual switch task was similar to the auditory task except
that stimuli, both targets and cue, were visual, and the targets were
presented for 150 ms because duration was not variable as in the
auditory task. Targets (circles) differed along two dimensions,
color (red/green) and size (small/large) subtending a visual angle
of 2.9° or 6.2°, respectively.

We computed switch cost by combining both accuracy rates and
RT. We followed the binning procedure described in Draheim et al.
(2016), to generate scores for Dimension Switch Trials and Dimen-
sion and Hand Switch Trials. In this procedure, the mean RT on
accurate No-switch trials is calculated and subtracted from the RT of
each individual accurate switch trial. Notably, this metric generates a
score that represents how fast a participant responded on a switch
trial relative to his or her own mean RT on No-switch trials. The
scores for all subjects combined are rank ordered into deciles and
assigned a bin value of 1 to 10. Incorrect responses are assigned a
bin value of 20. Bin scores are then summed to generate a single
score per subject. We multiplied scores by —1 so that higher scores
(lower switch cost) reflect better performance. We computed bin
scores separately for trials in which the target dimension switched
between trials and for trials in which both the target dimension and
the response hand switched between trials. Scores were subsequently
z-transformed for latent variable analyses.

Updating

The auditory n-back task consisted of rhythmic three-tone melo-
dies obtained from Schneiders et al. (2012). The n-back requires
participants to indicate whether the current stimulus is the same as
the one presented n positions before. Participants responded by
pressing a right or left-hand button on the response pad to indicate
a match or no match, respectively. For the O-back position, nontar-
get stimuli were melodies, and the target stimulus was a single
tone. The cue indicating the target n-back position (0, 2, 3) was
presented for 3000 ms, followed by a 500 ms black screen. The
stimulus followed and was presented for 500 ms followed by a
2,500-ms ITI. A total of 195 trials (54 targets) were presented,

separated into three sets of 65 trials. Each set consisted of three
blocks, one per n-back position.

The visual n-back task was identical to the auditory task except
that the stimuli were black and white patterned squares, subtend-
ing a visual angle of 6.2°. The stimulus for the 0-back position
was a black and white patterned square with a gray dot in the cen-
ter. A plus sign appeared in the center of the monitor as a fixation
point during the 2,500 ms ITI.

For both auditory and visual n-back tasks, we computed Bal-
ance Integration Scores (BIS, referred to as Trade-off Scores)
which are derived by combining RT and accuracy rates (zscorePC
[percent correct] — zscoreRT) into one metric, (Liesefeld & Janc-
zyk, 2019). This metric gives equal weight to speed (RT) and ac-
curacy. Thus, this score reflects a combination of RT and accuracy
rates, and higher scores on this task indicate better combined per-
formance. For example, a person who is 1 SD above the mean for
accuracy (i.e., a Zscore of 1) and .5 SD above the mean for speed
(i.e., a z score of —.5; a negative value because it reflects a value
smaller than the mean) will obtain a BIS score of 1.5. A participant
whose accuracy was .5 SD and RT was 1 SD above the mean
would also have a BIS score of 1.5. We computed BIS for 2- and
3-back trials, the trials with highest demand on memory load.

To confirm that the task manipulations (time pressure/switching/
memory load) yielded the expected effect, we examined the raw RT
within tasks based on level of manipulation prior to transforming the
scores. To evaluate the pressure manipulation in the Go/NoGo task,
we compared RT for Go trials with no pressure manipulation to trials
with the pressure manipulation. For the auditory Go/NoGo task, pres-
sure trial responses were faster under the pressure manipulation (M =
360.24, SD = 83.28) than the no pressure trials (M = 443.48, SD =
82.55), 1(244) = 13.85, p < .0001; d = 1.00. Similarly, pressure trials
were faster (M = 305.42, SD = 43.83) than no pressure trials (M =
362.10, SD = 70.14) for the visual Go/NoGo task, 7#(249) = 16.15,
p < .0001; d = .97. We did not compare Go trial RTs with NoGo
trial RTs owing to the smaller number of NoGo trial RT responses.
For the auditory switch task, trials with no switching were faster
(M = 550.60, SD = 83.80) than trials with either a dimension switch
(M = 566.98, SD = 80.26), 1(234) = 3.54, p < .001, d = .20, or
dimension and hand switch (M = 571.97, SD = 82.83), #(234) = 4.60,
p < .0001; d = .26. Similarly, for the visual switch task, trials with
no switching were faster (M = 474.95, SD = 71.40) than trials with
either a dimension switch (M = 483.48, SD = 78.63), #(253) = 3.64, p
< .001, d = .11, or dimension and hand switch (M = 480.02, SD =
77.09), 1(253) = 2.25, p = .025, d = .07. For the auditory n-back task,
0-back trial responses were significantly faster (M = 812.66, SD =
274.40) than both two-back trial responses (M = 1148.36, SD =
280.35), #210) = 15.86, p < .0001; d = 1.21, or three-back trial
responses (M = 1128.81, SD = 299.82), #(209) = 13.62, p < .0001;
d = 1.10. Similarly, for the visual n-back task, 0-back trials responses
were significantly faster (M = 426.81, SD = 109.99) than both two-
back trials responses (M = 564.03, SD = 215.81), #(249) = 10.58, p <
.0001; d = .80, or three-back trial responses (M = 564.69, SD =
232.29), #(246) = 9.94, p < .0001; d = .76.

Electrophysiological Recoding, Processing, and ERP
Measures

The continuous EEG was recorded with a lycra cap fitted with
64 Ag/AgCl sintered electrodes (Quick-Cap), amplified with a
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Neuvo 64-channel amplifier, and sampled at 500 Hz (Compu-
medics U.S.A. Inc., Charlotte, NC). Eye movement was recoded
with four electrodes placed above and below the left eye and on
the outer canthus of each eye. Reference electrodes were placed
on the right and left mastoid. Electrode impedance was main-
tained at <10 k€, and most were under 5 kQ. After recording,
the EEG data were processed offline with Curry 8 software
(Compumedics U.S.A. Inc.). Offline, the EEG was rereferenced
to the common average reference and filtered (high-pass filter
set to .10 Hz, slope = .2; low-pass filter set to 30 Hz, slope =
6.0; 60 Hz notch filter, slope = 1.5). Eyeblinks exceeding
+75uV were corrected using the covariance method. Stimulus-
locked trials (—140 to 800 ms) were then extracted from the
ongoing EEG and baseline (—140 to 0 ms) corrected. The noise
statistic was applied to automatically reject contaminated trials.
Noise was computed over the baseline period and trials that
exceeded the average noise level were automatically rejected.
Only trials with correct responses were averaged together by
trial type and exported for analysis.

Our Go/NoGo inhibition ERP of interest was the NoGo N2/P3
complex which shows maximum amplitude over frontal and cen-
tral sites and is linked to response inhibition (Ramautar et al.,
2006). Linked to nonmotor, cognitive inhibition in monolinguals
(Thomas et al., 2009) and to language switching in bilinguals
(Jackson et al., 2001), the N2 ERP was our measure of shifting
abilities during the Switch task. Last, the P3 ERP was selected as
the memory capacity measure during the n-back task. This ERP
shows maximum amplitude over posterior sites and is linked to
memory updating (Daffner et al., 2011).

We computed ERPs at two separate levels of difficulty for each
task to enter in the model: The Go/NoGo task had the Pressure and
No-pressure trials. The Switch task had the Switch and No-switch tri-
als. Because the n-back had three trial levels, we used the 0-back for
one and combined the 2- and 3-back trials into the other level. Com-
bining the two highest levels increased the number of trials contribut-
ing to the average. Notably, the n-back task had the fewest number
of target trials, 18 per n-back level.

ERP amplitudes were measured at three electrode strips: Fron-
tal-Central Strip (FC), Central Strip (C), and Central-Parietal
(CP). For each electrode strip, we averaged across three electro-
des on the left, midline, and right side of the head to generate a
total of nine averaged sites: FC5, FC3, FC1 (FC left); FC1, FCz,
FC2 (FC midline), FC2, FC4, FC6 (FC right); C5, C3, C1 (C
left); C1, Cz, C2 (C midline), C2, C4, C6 (C right); CP5, CP3,
CP1 (CP left); CP1, CPz, CP2 (CP midline), CP2, CP4, CP6 (CP
right). For analysis, we selected the ERP amplitudes at one of
the nine (averaged) sites to enter in the model. We first checked
that the ERP of interest followed the expected scalp distribution
(for example, maximum amplitude toward the back of the head
for the updating P3, and maximum amplitude at frontal and cen-
tral sited for the inhibition N2/P3 complex and shifting N2. We
then chose the site (left, midline, right) that revealed maximum
group differences.

Inhibition N2/P3 ERP

We computed a difference wave by subtracting the Go trial
ERP from the NoGo trial ERP, and we used this difference wave
to measure the NoGo N2/P3 complex. We computed N2/P3

complex as the difference between the amplitude of the P3 and
N2. We defined the N2 ERP as the most negative peak in the 150-
240 ms time window after stimulus onset and the P3 as the most
positive peak in the 290-410 ms time window. Time windows for
all ERPs were selected based on visual inspection of grand aver-
ages. N2 and P3 amplitudes were computed by taking the mean of
a 14-ms time window centered on the peak amplitude in the corre-
sponding time window (i.e., local peak method, Luck, 2014). We
used the same procedure and time windows for auditory and visual
modality trials. The N2/P3 complex was measured separately for
trials with and without time pressure.

Shifting N2 ERP

We measured the N2 amplitude, which we computed separately
for Switch and No-switch trials. Trials in which the target dimen-
sion or the target dimension and response hand changed from the
previous trial were averaged together and comprised Switch trials.
The N2 was computed as the average voltage in the 200-320 ms
time window for the auditory modality and in the 190- to 314-ms
time window for the visual modality.

Updating P3 ERP

The P3 amplitude was computed separately for O-back trials and
for the combined 2- and 3-back trials. The n-back task contained
the fewest number of target trials, 18 targets per condition.
Because of the low number of trials, we averaged across 2- and 3-
back trials to improve the signal to noise ratio in these more chal-
lenging trials. The P3 was computed as the average voltage in the
340- to 640-ms time window for the auditory modality and in the
280- to 540-ms time window for the visual modality.

Procedure

Participants who met study criteria were tested after reading and
signing a consent form approved by the University’s Institutional
Review Board. Participants first completed the Demographic, Lan-
guage, and Music questionnaires. The EEG cap was then affixed, and
the six computerized EF tasks were administered. Each task started
with the training trials, during which time the EEG was not recorded.
After the training trials, the researcher checked with the participant
that the instructions were understood and started to record the EEG.
After completion of each task, the Mind Wandering questionnaire was
administered. Participants took short breaks between blocks of trials
during each task and after completing each task. The researcher
checked EEG impedance between tasks and set the computer for the
next task. After completing all EF tasks, the EEG cap was removed,
and the participant completed the BVAT (order of Spanish and Eng-
lish was counterbalanced) and Raven’s Standard Progressive Matrices.
Testing took approximately 4-4.5 hr to complete, and participants
were compensated for their time.

Results

Demographic Information

A total of 268 participants were tested and divided into two lan-
guage groups based on self-classification as monolingual (n = 109)
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or bilingual (n = 152). Seven participants were excluded from the
analysis because they spoke a language other than English or
Spanish. Most monolinguals were born in the United States (n =
95 [88%]). More than half of the bilinguals were also born in the
United States (n = 86 [56%]), others (n = 61 [40%]) were born in
Central or South America. As a group, monolinguals (M = 19.03,
SD = 1.71) were younger than bilinguals by one year, on average
(M = 20.01, SD = 3.25), 1(259) = 2.883, p = .004. However, age
was not correlated with any latent variable in the subsequent anal-
ysis. The ratio of males to females was similar between groups
(monolinguals 25/84, bilinguals 30/122), (1, N = 261) = 477,
p =.490.

Participants indicated household income with a checkmark next
to the appropriate salary range (<5K, 5-10K, 11-20K, 21-40K,
41-60K, 61-80K, 81-100K, >100K). Between-group comparison
did not reveal group differences 28, N=261)=14.152, p = .078.
Participants also reported highest educational attainment for each
parent by checking one of the following (<high school; high
school/GED; some college/AA degree/technical school; college
degree; graduate degree). Neither mother nor father educational
level comparison revealed between-group differences (mother
v’[4, N = 259] = 4.58, p = .333; father %°[4, N = 240] =9.05,1 p =
.060).

Language Proficiency and Nonverbal Intelligence Scores

Descriptive statistics for English and Spanish BVAT and Raven’s
SPM can be found in Table 1. Between-group comparison on Eng-
lish BVAT scores revealed a Monolingual group advantage, #(254) =
4424, p < .001, d = .58. As expected, the Bilingual group scored
higher than the Monolingual group on the Spanish BVAT, #254) =
20.724, p < .001, d = 2.80. A difference score between English and
Spanish BVAT scores was computed as a measure of language bal-
ance. Because a smaller difference reflects more equivalency
between languages or greater degree of language balance, for consis-
tency, scores were multiplied by —1, so that higher scores reflect
higher degree of balance. Between-group comparison on language
balance revealed a bilingual advantage, #(254) = 20.394, p < .001,
d =2.74. Lastly, both groups obtained similar scores on the Raven’s
SPM, 1(254) = 1.684, p = .093, d = .22.

Language Usage Questionnaire

Bilinguals acquired their second language by 7.8 years of age
(SD = 5.3, range 1-23 years). Most bilinguals learned Spanish
first (n = 101), a few reported learning English and Spanish
simultaneously (n = 4), the remainder (n = 47) learned English
as their first language. Additionally, most reported being Eng-
lish language dominant (n = 81), a few reported being Spanish
dominant (n = 19), the remainder reported similar proficiency
across both languages (n = 51). One participant did not report
his dominant language.

Participants were asked to report what language or languages they
spoke at home, in social settings, and in the classroom, and to report
percent of time (90/10, 75/25, 50/50) they spoke each language in
each setting. This information was used as a measure of language
switching. Participants who reported speaking only one language
were assigned a “language switching score” of 0; participants who
reported 90/10 split between their languages were assigned a score

of .5; those who reported a 75/25 split were assigned a value of 1.0;
and those who reported 50/50 split were assigned a value of 2. Thus,
higher scores reflect more language switching.

Most bilinguals reported switching at home and in social set-
tings, but a subset (n = 17) reported no language switching. Addi-
tionally, a few monolinguals (n = 8) reported language switching,
mostly in social settings, even though they reported not speaking a
second language and scored low in the Spanish BVAT. Given how
ubiquitous Spanish is in south Florida, this most likely reflects lim-
ited vocabulary knowledge used in informal settings.

Language switching scores were summed across settings to
compute a “total language switching” score. We predicted that bal-
anced bilinguals (i.e., those who obtained similar scores between
their English and Spanish BVAT) would report more switching
between their two languages. Indeed, a Pearson correlation
revealed a strong relationship between language balance and lan-
guage switching, 7(254) = .720, p < .001.

Music Abilities

The two groups were similar in the number of participants who
played a musical instrument, Monolinguals (n = 29), Bilinguals
(n=38), ¥*(1,N=261)=.135,p = .714.

Latent Variable Analysis

We used R (Version 3.5.1) with the Lavaan package (Rosseel,
2012) to estimate latent variables with missing data. Missing data
was estimated using maximum likelihood functions in Lavaan. We
report > tests for model fit, but because they may be significant
with larger samples, we also report y*/df, and interpret values < 2
as indicating adequate fit. Further, we report comparative fit indi-
ces (CFI), Tucker-Lewis indices (TLI), which = .90 indicate
adequate fit, and = .95 indicate good fit; and root mean square
error of approximation (RMSEA; with a 90% CI) and standardized
root mean square residual (SRMR), which values = .08 indicate
adequate fit and values = .05 indicate good fit (Schermelleh-Engel
et al., 2003). We conducted multigroup analysis to determine
whether the models tested fit for both monolinguals and bilinguals.

Three-Factor Model
Behavioral Data

We first tested a three-factor model, consistent with the Miyake
et al. (2000) model, with inhibition tasks loading on a general inhibi-
tion factor, updating tasks loading on a general updating factor, and
shifting tasks loading on a general shifting factor. Descriptive statis-
tics for the tasks can be found in Table 1. As shown in Table 2, this
three-factor model provided a poor fit to the data.

ERP Data

We tested the same three-factor model on the ERP data. Similar
to the behavioral model findings, as seen in Table 2, this three-factor
ERP model also provided a poor fit to the data. Descriptive statistics
for the ERP can be found in Table 1. Table 1 shows the auditory
and visual NoGo N2/P3 complex amplitude at electrode FC right
(average of FC2, FC4, FC6), the auditory and visual n-back P3 am-
plitude at CP midline (average of CP1, CPz, CP2), and the auditory
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Table 2
Fit Statistics for Latent Variable Models
RMSEA
Model *(dp ¥Ydf  y*Monolingual % Bilingual ~CFI  TLI [90% CI] SRMR
Behavioral data
Three-factor model 490.54 (102) 4.81 178.86 311.69 691 .600 171 [.156, .187] .093
Six-factor model 115.24 (78) 1.48 52.26 65.98 970 950 .060 [.035, .083] .050
Six-factor model
collapsed across language groups 62.23 (39) 1.59 — — 982 970 .048 [.023, .069] .030
Hierarchical three-factor model 128.99 (90) 1.43 59.22 64.77 973 960 .054 [.027, .076] .054
Hierarchical three-factor model
collapsed across language groups 66.70 (45) 1.48 — — 983 975 .043 [.018, .064] .034
Hierarchical three-factor model
with language switching 77.26 (54) 1.43 — — 982 974 .041 [.017, .060] .035
Hierarchical three-factor model
with language balance 87.593 (54) 1.62 — — 975 964 .049 [.029, .067] .040
ERP data
Three-factor model 239.490 (104) 2.30 130.45 109.05 841 798 100 [.083, .117] 102
Six-factor model 113.169 (82) 1.38 65.29 47.88 963 941 .054 [.026, .077] .061
Six-factor model
collapsed across language groups 65.906 (41) 1.61 — — 971 953 .048 [.025, .068] .050
Hierarchical three-factor model 135.859 (96) 1.49 74.00 61.857 953 936 .057 [.032, .077] .073
Hierarchical three-factor model
collapsed across language groups 78.166 (48) 1.63 — — 965 951 .049 [.028, .068] .061
Hierarchical three-factor model
with language switching 78.015 (56) 1.39 — — 975 965 .038 [.013, .057] .053
Hierarchical three-factor model
with language balance 84.309 (56) 1.51 — — 968 955 .043 [.022, .062] .058

Note.
square residual.

and visual Switch task N2 amplitude at C left (average of C5, C3,
C1) and C right (average of C2, C4, C6), respectively.

Six-Factor Model
Behavioral Data

Owing to the distinct sensory modality of the tasks within each
EF construct, we tested a six-factor modality specific model, split-
ting each EF into a visual and auditory factor, resulting in the fol-
lowing latent variables: visual inhibition, auditory inhibition,
visual updating, auditory updating, visual shifting, and auditory
shifting. This model provided adequate fit for the data, as shown
in Table 2. Factor loadings and correlations between factor scores
for each group can be seen in Table 3. Correlations between
observed variables entered in the confirmatory factor analysis
(CFA) by group can be seen in Table 4. We examined measure-
ment invariance to determine if the models fit the data for the
monolinguals and bilinguals in the same manner. No differences
were observed between groups on loadings, *(6) = 1.82, p = .935,
or intercepts, x2(6) =4.51, p = .608, but a difference was observed
for factor means, ¥*(6) = 18.52, p = .005. Because no difference
was observed between the models, we conducted a CFA collaps-
ing across language groups (see Figure 1a). This allows for greater
confidence and stability in the model owing to the larger sample
size for the collapsed model. As shown in Table 2, this model pro-
vided a good fit for the data. To test the first goal of examining the
differences between monolinguals and bilinguals on mean factor
scores and our second goal of examining the impact of test modal-
ity on EF differences between language groups, we extracted fac-
tor scores for the six factors observed in the prior analysis. Unlike

CFI = comparative fit index; TLI = Tucker-Lewis index; RMSEA = root mean square error of approximation; SRMR = standardized root mean

task group means, comparing mean factor scores should better
reflect a measure of the construct than by comparing task scores
which include task-specific effects (e.g., motor speed). Mean fac-
tor scores by group can be seen in Table 5, and correlations
between observed variables collapsed across groups can be seen in
Table 6. Factor loadings for each task were similar across demand
levels, suggesting a similar contribution of each difficulty level to
the latent variable. A series of ¢ tests were conducted to examine
differences between language groups. As shown in Table 5, a sig-
nificant effect of language group was observed such that bilinguals
evidenced stronger Visual and Auditory Inhibition, but weaker
Visual Updating, and Visual and Auditory Shifting. Language
groups did not differ on Auditory Updating. Because one of our
goals was to compare groups on measures that directly captures
motor response inhibition, we further examined the Go/NoGo task
performance for both sensitivity and Go trial RTs. Group means
and 7 tests can be found in Table 7. Stronger motor inhibition was
observed in bilinguals, resulting in poorer performance on Go trials
as revealed by sensitivity differences which showed a higher hit rate
in the monolingual group. Further, Go trial RTs were generally simi-
lar across groups.

ERP Data

The six-factor, modality-specific model was then tested with the
ERP data, splitting each EF into a visual and auditory factor. This
model provided an adequate fit for the data, as shown in Table 2.
Factor loadings and correlations between factor scores for each
group can be seen in Table 8. Correlations between observed vari-
ables entered in the CFA by group can be seen in Table 9. As with
the behavioral data, we tested the six-factor modality specific
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Table 3

Factor Loadings and Interfactor Correlations for Six-Factor Model by Group for Behavioral Data

Monolinguals Visual inhibition  Auditory inhibition

Visual updating ~ Auditory updating  Visual shifting  Auditory shifting

72 (49)
75 (44)

Visual no pressure

Visual pressure

Auditory no pressure

Auditory pressure

Visual 2-back

Visual 3-back

Auditory 2-back

Auditory 3-back

Visual dimension change

Visual dimension & hand change

Auditory dimension change

Auditory dimension & hand change

Interfactor correlations
Visual inhibition —
Auditory inhibition TTEE —
Visual updating —.43%% —.22
Auditory updating —.45%% —-.27
Visual shifting —.44%% —.40%*
Auditory shifting —.35%* —.32%

.63 (.60)
61 (.63)

79 (38)
79 (37)
87 (24)
74 (.46)
96 (.08)
89 (.22)
95 (.13)
93 (.11)

66+ —
575 39% —
A6 50 657 —

Bilinguals Visual inhibition ~ Auditory inhibition

Visual updating  Auditory updating  Visual shifting  Auditory shifting

90 (.18)
63 (.60)

Visual no pressure
Visual pressure
Auditory no pressure
Auditory pressure
Visual 2-back
Visual 3-back
Auditory 2-back
Auditory 3-back
Visual dimension change
Visual dimension & hand change
Auditory dimension change
Auditory dimension & hand change
Interfactor correlations
Visual inhibition
Auditory inhibition
Visual updating
Auditory updating
Visual shifting
Auditory shifting

.89 (.21)
42 (.82)

478 _
—24 —.09
—.23% —.10
— 37 — 38
— 33 — 33+

65 (.58)
67 (.55)
87 (24)
70 (51)
99 (.01)
88 (.22)
1.00 (—.003)
90 (.19)

578 —
25+ 34w

25% 22% A5 —

Note.

The loading for the Auditory dimension change variable is greater than 1 and the estimated error variance is negative. These parameters are maxi-

mum likelihood estimates with standard errors around those estimates, and the theoretical maximum loading and minimum error variance are both within
the standard error of these estimates. Fixing the loadings of the path from Auditory dimension change to the Auditory latent variable did not change the
model fit or the correlations between the latent variables, so we allowed these parameters to be freely estimated.

*p < .05 *p< .0l

model collapsing across groups. As shown in Table 2, this model
provided a slight improvement in model fit based on CFI, TLI,
RMSEA, and SRMR scores. A test of differences between the
grouped and collapsed model, based on changes in %> did not
reach statistical significance, y*(48) = 57.693, p = .159, but based
on parsimony and improvements in other fit statistics, the col-
lapsed model was used to extract factor scores to compare groups
(see Figure 1b). Mean factor scores by group can be seen in Table
10, and correlations between observed variables collapsed across
groups can be seen in Table 11. To test our first goal of examining
language group differences on ERP measures and our second goal
of examining differences in test modality of EF abilities between
language groups, we conducted a series of 7 tests. As shown in Ta-
ble 10, a significant effect of language group was observed such
that bilinguals evidenced stronger auditory inhibition and visual

shifting. Group differences favored bilinguals for visual inhibition
but did not reach statistical significance (p = .054). Monolinguals
showed stronger visual but not auditory updating.

Hierarchical Three-Factor Model
Behavioral Data

Based on the prior work by Miyake et al. (2000), which served
as the foundation for this study, we tested a hierarchical model in
which the six modality-specific factors load onto three latent varia-
bles, see Figure 2a. As seen in Table 2, this model provided
adequate fit for the data. We then compared the fit statistics, AIC
and BIC, of the hierarchical three-factor model with the six-factor
modality specific model. The six-factor modality specific model
had slightly poorer fit (AIC = 7485.350, BIC = 7848.539) compared
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Table 4

Correlations Between Observed Variables in CFA Models, Monolingual (Bottom of Diagonal) and Bilingual (Top of Diagonal) for Behavioral Data

12
— DQskk
—.15
D6
—.10

11
3]

10
—26%*

Variable

—.14
—20%

—.19%
—.09

—.09
—.10

—.13
—-.07
—.04

.14 —.13
—18%
—.06

57

1. Visual Go/NoGo no pressure
2. Visual Go/NoGo pressure

16
3]k

—.05

35

24

53

_ 33k
D3k

.05
—.12

37

32

A3

3. Auditory Go/NoGo no pressure

.02

3
—02
—.05

36%HE
_ 4%
—.14

27%%
—.14
—.25%
3]
0%
—.17
—.14

4. Auditory Go/NoGo pressure trials

5. Visual 2-back
6. Visual 3-back

20%
13

22%
14
21%

24%% 21%
11

22%%

34

43

—.17

-.20
—.16

.07

27

635
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Qe D5k Dk
.18%*

A

4Gk

14
—.17

7. Auditory 2-back
8. Auditory 3-back

29 13

24k

—.12

_ 30k
_ DOk
33k
04

I

8k

.10
13

17

31
27

32

30%*
24
27%

17
—.18

9. Visual dimension change
10. Visual dimension & hand change

11. Auditory dimension change

35

3Gk
25%
24%

90

57k

Alwex

30 S SQEes g7

A

—21%* —.09 27%

—.08

12. Auditory dimension & hand change

CFA = confirmatory factor analysis.

*p < .05.

Note.

ek p < 001,

*#p < 01,

with the hierarchical three-factor model (AIC = 7470.098, BIC =
7790.560). We retained the hierarchical model for the remain-
ing analyses. Factor loadings by language group can be seen in
Table 12.

As in the six-factor modality specific model, a measurement
invariance analysis revealed no difference based on loadings,
x*(9) = 6.76, p = .662, or intercepts, y*(3) = 2.97, p = .397, but
again, a difference was observed for factor means, y*(9) = 18.47,
p = .030. Based on the lack of difference between models on
loadings and intercepts, we conducted a hierarchical CFA col-
lapsing across groups to extract factor scores for inhibition, shift-
ing, and updating, see Figure 2a. This collapsed model provided
a good fit for the data and the best fit of any model tested (AIC =
7447.11, BIC = 7607.34; see Table 2). To investigate language-
group differences, we extracted factor scores for the inhibition,
shifting, and updating factors. As shown in Table 5, inhibition
was stronger in bilinguals whereas updating and shifting were
stronger in monolinguals. To ensure that differences observed
between language groups were not attributable to age, SES, pa-
rental education, or fluid intelligence, we conducted a series of
ANCOVA with these factors included as covariates. The inclu-
sion of these covariates into the analyses examining group per-
formance differences on the inhibition, shifting, and updating
factors did not alter the findings.

We then examined whether the relationship between EF compo-
nents was different between groups. To determine whether the corre-
lation between the latent variables differed between monolinguals
and bilinguals, we conducted a CFA examining the hierarchical
three-factor model by language condition, constraining the relation-
ships between the latent variables to be equal across groups. This
model produced a good fit, ¥*(99) = 140.17, p = .004, x*/df = 1.42,
CFI = 967, TLI = .956, RMSEA = .057, 90% CI [.033, .077],
SRMR = .064. A comparison of the model with constraints on rela-
tionships between the latent variables and a model with no con-
straints revealed no significant difference between the models using a
chi-square difference test, %%(3) = 7.02, p = .071. The lack of a signif-
icant difference between the models indicates that the relationships
between the latent variables did not differ between monolinguals and
bilinguals.

ERP Data

We followed the same procedure with the ERP data and tested
a hierarchical model in which the six modality-specific factors
load onto three latent variables, see Figure 2b. As shown in Ta-
ble 2, similar to the behavioral data model, the ERP model pro-
vided adequate fit for the data. We then compared the fit
statistics, AIC and BIC, of the hierarchical three-factor model
with the six-factor modality specific model. The six-factor mo-
dality specific model had slightly poorer fit (AIC = 12714.664,
BIC = 13063.607) compared with the hierarchical three-factor
model (AIC = 12688.486, BIC = 12994.705). We retained the
hierarchical model for the remaining analyses. Factor loadings
by language group can be seen in Table 13.

As we did before with the behavioral data, we tested a hierarchi-
cal three-factor model collapsing across groups. As shown in Ta-
ble 2, this model provided a slight improvement in model fit based
on CFI, TLI, RMSEA, and SRMR scores compared with the hier-
archical three-factor model split by group. This collapsed model
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Figure 1
Six-Factor Model
a
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Note.  Six-factor modality—specific CFA model collapsed across language groups for (a) behavioral data, and (b) ERP data. CFA = confirmatory
factor analysis; ERP = event-related brain potential. See the online article for the color version of this figure.
*p <.05. FFp < .0l p <001
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Table 5
Descriptive and Inferential Statistics for Latent Variables in CFA Models by Group for Behavioral Data
Monolinguals Bilinguals
Variable M SD Skewness  Kurtosis M SD Skewness  Kurtosis t 4 d n
Six-factor model
Visual inhibition -0.14  0.70 0.22 —0.67 0.10  0.66 -0.15 —1.05 272 .007 35 259
Auditory inhibition -0.12 0.5 0.02 -0.73 0.08  0.60 0.05 —0.31 272 .007 35 259
Visual updating 0.11 0.84 —1.53 6.55 —0.08  0.68 —0.54 0.54 2.07  .039 25 259
Auditory updating 0.10  1.15 —0.59 0.78 -0.07 1.03 —0.80 -0.92 1.27 206 .03 259
Visual shifting 0.18 0.83 —0.31 —0.42 -0.13  0.96 —0.63 —0.10 2,67 .0,004 35 259
Auditory shifting 022  0.77 0.30 —0.16 -0.16 091 0.12 —0.54 354 .0,004 45 259
Hierarchical three-factor model
Inhibition —0.12 045 0.24 —0.67 0.08 0.46 —0.09 —0.99 3.08  .002 44 259
Updating 0.10  0.65 —1.01 3.07 -0.07 0.54 —0.55 0.33 235 .019 28 259
Shifting 0.17  0.61 -0.32 0.30 -0.12  0.63 —0.13 -0.37 346  .0,006 47 259
Note. CFA = confirmatory factor analysis.

provided good fit for the data (see Table 2). To investigate lan-
guage-group differences, we extracted factor scores for the in-
hibition, shifting, and updating factors. As shown in Table 10,
inhibition (larger N2/P3 complex) and shifting (more negative
N2 ERP) were stronger in bilinguals whereas updating (larger
P3) was not different between the groups. To ensure that differ-
ences observed between language groups were not due to age,
SES, parental education, or fluid intelligence, we conducted a
series of ANCOVA with these factors included as covariates.
The inclusion of these covariates into the analyses examining
group differences on the inhibition, shifting, and updating fac-
tors did not alter the findings.

We then examined whether the relationship between EF com-
ponents was different between groups. To determine whether the
correlation between the latent variables differed between mono-
linguals and bilinguals, we conducted a CFA examining the hier-
archical three-factor model by language condition, constraining
the relationships between the latent variables to be equal across
groups. This model produced a good fit, ¥*(97) = 113.57, p =
120, %*/df = 1.17, CFI = .981, TLI = .974, RMSEA = .036, 90%
CI [.000, .031], SRMR = .066. A comparison of the model with
constraints on relationships between the latent variables and a
model with no constraints revealed no significant difference
between the models using a chi-square difference test, ¥*(47) =

51.84, p = .291. The lack of a significant difference between the
models indicates that the relationships between the latent varia-
bles did not differ between monolinguals and bilinguals.

Language Switching and Language Balance
Behavioral Data

To test the hypothesis that the context in which bilinguals use their
two languages impacts EF abilities, we used the total language
switching score (calculated from participants self-reported language
switching frequency) and language balance scores (calculated as the
difference between Spanish BVAT scores and English BVAT scores)
to predict the three EF latent variables from the hierarchical model
collapsed across language groups. Specifically, we tested a series of
models in which language switching and language balance separately
predicted inhibition, shifting, and updating. We hypothesized that
language balance would better predict EF measures than language
switching.

For the language switching analysis, a single indicator latent
variable was created from the language switching variable. As can
be seen in Table 2, the model provided a good fit to the data.
Figure 3 shows that language switching frequency was correlated
to inhibition and shifting, but not updating.

Table 6
Correlations Between Observed Variables in CFA Models Collapsed Across Groups for Behavioral Data
Variable 1 2 3 4 5 6 7 8 9 10 11 12
1. Visual Go/NoGo no pressure bias —
2. Visual Go/NoGo pressure bias S5 —
3. Auditory Go/NoGo no pressure bias 0 28w —
4. Auditory Go/NoGo pressure bias 18%** 35wk 37HEE —
5. Visual 2-back trials trade-off scores —.16% —21%¥*  —.06 —.19%* —
6. Visual 3-back trade-off scores —20%%  —.16* —.06 —.06 53 —
7. Auditory 2-back trade-off scores —25%FE 8%k — 12 —.12 39FEE - 3R —
8. Auditory 3-back trade-off scores —.18** 18k —.05 —.12 32k BkkE (3 —
9. Visual dimension change switch cost =20 FE - DEFRE - FOFEE _ QRwEE pREEE - DOFE FPEEE D0 —
10. Visual dimension & hand change switch cost =28k FkkE _peEkE _DEREE DAk (QEk DRRE DAk Rk —
11. Auditory dimension change switch cost — 28R DDk DT 4% 26%FF - D0%E DQEEE JoRRE SO 45k
12. Auditory dimension & hand change switch cost —.25%%* — 19%*  _ D4k*k*  _ 4% 20%Fk D0k Rk D3kk gk 43Rk QQRkE

Note. CFA = confirmatory factor analysis.
*p<.05. *®p< .0l *##p <001
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Table 7
Go/NoGo Task Sensitivity and RTs Measures by Group
Measure Monolinguals M (SD) Bilinguals M (SD) t Test

Sensitivity
Auditory no pressure trials 4.98 (1.44) 4.59 (1.56) 1(243) = 1.96, p = .051
Auditory pressure trials 5.15 (2.00) 4.39 (2.02) #(243) =2.87, p = .005
Visual no pressure trials 7.40 (1.62) 6.89 (1.73) 1(248) =2.33, p = .021
Visual pressure trials 6.75 (1.46) 6.36 (1.46) 1(248) = 2.08, p = .039

Go trial RT
Auditory no pressure trials 434.89 (77.08) 449.40 (85.89) 1(243)=1.35,p=.177
Auditory pressure trials 314.65 (33.18) 306.56 (28.84) 1(243) =2.02, p = .044
Visual no pressure trials 356.21 (70.40) 366.29 (69.89) 1(248) = 1.12, p = .263
Visual pressure trials 292.43 (33.86) 290.18 (28.52) 1(248) =0.57, p = 571

Note. RT = reaction time.

Next, we used language balance scores to predict inhibition,
shifting, and updating. The model provided a good fit to the data
(see Table 2). As shown in Figure 4, language balance was related
to inhibition and shifting, but not updating.

Table 8

Owing to the strong relationship between language balance and
language switching, 7(254) = .720, p < .001, and the similar rela-
tionships between these constructs and the EF latent variables, we
examined the unique associations that language balance and

Factor Loadings and Interfactor Correlations for Six-Factor Model by Group for ERP Data

Monolinguals

Visual inhibition

Auditory inhibition

Visual updating  Auditory updating

Visual shifting

Auditory shifting

Visual Go/NoGo pressure
Visual Go/NoGo no pressure
Auditory Go/NoGo pressure
Auditory Go/NoGo no pressure
Visual 0-back
Visual 2 & 3-back combined
Auditory 0-back
Auditory 2- and 3-back combined
Visual no-switch
Visual switch
Auditory no-switch
Auditory switch
Interfactor correlations

Visual inhibition

Auditory inhibition

Visual updating

Auditory updating

Visual shifting

Auditory shifting

48 (.13)
96 (21)

.607%%
-.20
—.04
—.03
—.11

.62 (.09)
.68 (.09)

—30%
—13
—07

90 (.07)
70 (.07)

Sk
39w

84 (.07)
63 (.05)

36%*
32

.99 (.02)
.90 (.02)

33k

.84 (.09)
.83 (.09)

Bilinguals

Visual inhibition

Auditory inhibition

Visual updating

Auditory updating

Visual shifting

Auditory shifting

Visual Go/NoGo pressure
Visual Go/NoGo no pressure
Auditory Go/NoGo pressure
Auditory Go/NoGo no pressure
Visual 0-back
Visual 2- and 3-back combined
Auditory 0-back
Auditory 2- and 3-back combined
Visual no-switch
Visual switch
Auditory no-switch
Auditory switch
Interfactor correlations

Visual inhibition

Auditory inhibition

Visual updating

Auditory updating

Visual shifting

Auditory shifting

78 (.10)
.67 (.10)

50 (.11)
67 (.13)

28%

39%
—.001

.08

.76 (.08)
.75 (.08)

69k
27
39

46 (.08)
.55 (.09)

19
567

.94 (.02)
.93 (.02)

.10

.87 (.20)
A7 (.13)

Note.

*p < .05 ¥ p< .0l

ERP = event-related brain potential.
wE p <001,
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Table 9

Correlations Between Observed Variables in CFA Models, Monolingual (on Bottom of Diagonal) and Bilingual (on Top of Diagonal) for ERP Data
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i language switching had with inhibition and shifting. We

®— o § extracted factor scores for inhibition and shifting from the hier-

' archical three-factor model collapsed across language group.

Two regression analyses were conducted with language balance

% ¥ and language switching entered into the model simultaneously as

;3 ?T, -Q *@ predictors of inhibition and then shifting. The first regression—

. . ‘ predicting inhibition—provided a significant model, F(2, 252) =

12.34, p < .0001; adjusted R* = .08, with only language balance

E . serving as a significant predictor, § = .314, r = 3.64, p = .0003.

28% 29§ Similarly, a significant model was found predicting shifting, F(2,

' ‘ 252) = 13.14, p < .0001; adjusted R> = .09, with only language

balance serving as a significant predictor, p = —.35,1=4.12,p <

% % .0001. To ensure that the impact of language balance on these

T2 1288 constructs was not attributable to the age of second language ac-

quisition, we examined the correlation between these factors. The

correlation between age at second language acquisition and lan-

A I guage balance was nonsignificant, 7(153) = .14, p = .081, sug-

819328 gesting that age of acquisition did not serve as a confounding
variable.

5 ERP Data

* %

28228 We replicated the analyses examining the impact of lan-
guage switching and language balance on EF abilities, examin-
ing the impact on ERP measures. As shown in Table 2, the

§ « EBox models with both language shifting and language balance pro-
88832 vided good fits to the data. As shown in Figure 5, language
switching was related to updating and shifting but not inhibi-
¥oxox % tion. Similarly, as shown in Figure 6, language balance was
ThIaTy related to updating and shifting but not inhibition.
T ’ Consistent with the behavioral models, we extracted factor
scores for the ERP measures of inhibition, shifting, and updating
£ e oo < from the hierarchical three-factor model collapsed across lan-
N = ? ? Qe guage groups. Two regression analyses were conducted with lan-
guage balance and language switching entered into the model
simultaneously as predictors of updating and then shifting. The
o e first regression—predicting updating—provided a significant
- “l T e model, F(2, 252) = 4.00, p = .019, adjusted R? = .02, but neither
of the predictors was significant, suggesting the shared variance
between language balance and shifting is related to updating. The
ot aon second regression—predicting shifting—provided a significant
=< ‘? ? K ? model, F(2, 252) = 7.38, p < .001, adjusted R* = .05, with only
language balance serving as a significant predictor, B = —.21, ¢ =
2.39,p=.019.
nEgE38= . .
R Discussion
7%5' The first goal of this study was to investigate neural and be-
§ Ej havioral differences in EF between bilinguals and monolin-

;g § a guals at the latent level. As predicted, results revealed higher

3 “‘;% ERP amplitude in bilinguals during inhibition and shifting

é g ) tasks, see Figure 7. Behaviorally, however, bilinguals per-

= - S § = formed more poorly than monolinguals on these tasks. Neural

§ g £ é § % v activity did not distinguish the groups on WM and perform-
2 %.‘L:) ez Tf; ance favored monolinguals. Together, these findings do not
z g‘_g E ol I support the claim that bilingualism enhances EF abilities. A
‘-§ § % % § § 08 second goal of this study was to reveal the link between lan-
<<z << gV guage balance and EF abilities. Our findings linked neural ac-
messod] 2 S tivity during inhibition and shifting tasks to language balance
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Table 10
Descriptive and Inferential Statistics for Latent Variables in CFA Models by Group for ERP Data
Monolinguals Bilinguals
Variable M SD Skewness  Kurtosis M SD Skewness Kurtosis t P d n
Six-factor model
Visual inhibition —-0.26 1.64 0.18 0.85 0.16  1.82 0.52 0.62 —1.94 054 24 259
Auditory inhibition -0.25  1.18 0.29 0.07 0.15 1.10 0.70 0.33 —2.81 005 35 259
Visual updating 046 342 0.28 —0.30 -0.31 2.80 0.59 0.77 1.99 .047 25 259
Auditory updating 0.07 183 0.71 2.70 —-0.05 139 0.25 0.85 0.59 .558 .07 259
Visual shifting 0.36  1.52 0.53 0.47 —-0.23 142 0.84 3.72 318 .002 .40 259
Auditory shifting 0.10 1.12 —0.63 2.57 —-0.06 094 0.25 0.69 124 215 .16 259
Hierarchical three-factor model
Inhibition ERP —-023 1.14 0.27 0.07 0.15 1.06 0.67 0.31 =275 006 .35 259
Updating ERP 0.31 2.88 0.39 —0.12 —-0.21  2.28 0.69 1.06 1.64 103 .21 259
Shifting ERP 0.13  0.58 0.60 0.71 —-0.09 048 0.51 0.61 329 .001 41 259

Note.

such that more balanced bilinguals demonstrated greater neural
activity than less balanced bilinguals and monolinguals. These
results support the claim that linguistic and nonlinguistic behav-
iors in bilinguals share a common inhibitory control mechanism.
The third goal of this study was to investigate whether executive
control in bilinguals is modality specific. SEM revealed that
although the tasks contributed modality specific variance, inhib-
itory control is independent of test modality.

Inhibition

Our study revealed greater neural (N2/P3 amplitude) and be-
havioral (response bias) inhibition in bilinguals on the Go/NoGo
task. Moreover, response bias was positively correlated with
language balance. Thus, the most balanced bilinguals demon-
strated the strongest tendency toward response suppression.
Because our goal was to compare groups on a measure that
directly captures inhibition of a motor response, we used the
Go/NoGo task. We computed response bias, a measure of the
extent to which one response tendency is more probable than
another (e.g., a more probable NoGo response than a Go
response). Ultimately, stronger motor inhibition in bilinguals
led to poorer performance on Go trials as revealed by sensitivity
differences which showed a higher hit rate in the monolingual

CFA = confirmatory factor analysis. ERP = event-related brain potential.

group. Unlike bias and sensitivity, Go trial RTs were generally
similar across groups, suggesting that the observed differences
in performance were not driven by general differences in speed
but rather a greater response suppression tendency.

We know of one other study (Shulley & Shake, 2016) which
measured response bias, but unlike the current study, language
groups performed similarly. Differences between their results
and ours may be attributable to differences in methodology.
Half the trials in our tasks were performed under time pressure.
Notably, we used the same task on two prior studies without
time pressure trials and bilinguals and monolinguals performed
equally well. Additionally, linguistic proficiency in their study
was based on a self-report measure, and it is unknown how pre-
cisely self-reports measures capture second language profi-
ciency and language balance. This is important because our
study showed a positive correlation between language balance
and response inhibition. Bilinguals in their study may not have
been as balanced in their two languages as bilinguals in the cur-
rent study and therefore inhibitory control was not as developed
in their participants. Noteworthy, Spanish is ubiquitous in south
Florida and most Spanish/English bilinguals speak and hear
their two languages frequently. Indeed, our bilinguals reported
speaking Spanish and English regularly. Their bilingual popula-
tion was very diverse in the languages they spoke. In addition

Table 11
Correlations Between Observed Variables in CFA Models Collapsed Across Groups for ERP Data
Variable 1 2 3 4 5 6 7 8 9 10 11 12
1. Visual Go/NoGo pressure N2/P3 complex —
2. Visual Go/NoGo no pressure N2/P3 complex AT —
3. Auditory Go/NoGo pressure N2/P3 complex 30 27w —
4. Auditory Go/NoGo no pressure N2/P3 complex 21%% 33Hk* 39k —
5. Visual 0-back P3 amplitude .04 13% .09 23 —
6. Visual 2- and 3-back combined P3 amplitude .07 14* 14 2 Sl U —
7. Auditory 0-back P3 amplitude —.01 —.02 11 20%%  4QEk 33k —
8. Auditory 3-back trade-off scores —.05 —.04 11 13 20FHE - DQHEE ADRwE
9. Visual dimension change switch cost —.12 —.08 —17*¥*  -.03 28¥FE - DOFRE O J9FF ]THE —
10. Visual dimension & hand change switch cost —.04 —.04 —.16* .00 25%#k 6% 1] 4% 88#H*
11. Auditory dimension change switch cost —.08 —.04 .05 .03 28%FE - Q0%x 0 23%EF 21FF16% .08 —
12. Auditory dimension & hand change switch cost —.03 .03 —.02 .03 209%#F%k - 16% A7* A7F 0 21%kE ([9FF 4TREx

Note. CFA = confirmatory factor analysis.
*p<.05. FFp<.0l #FFp <001
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Table 12

Factor Loadings (With Standard Errors) and Interfactor
Correlations for Hierarchical Three-Factor Model by Group for
Behavioral Data

Inhibition

1.00 (.21)
76 (.17)

Monolinguals Updating Shifting

Visual inhibition
Auditory inhibition
Visual updating
Auditory updating
Visual shifting
Auditory shifting
Interfactor correlations

Inhibition —

Updating —.52%Hk —

Shifting — .52k T4k —

86 (.12)
77 (.10)
82(.09)
80 (.09)

Inhibition

71(15)
70 (.12)

Bilinguals Updating Shifting

Visual inhibition
Auditory inhibition
Visual updating
Auditory updating
Visual shifting
Auditory shifting
Interfactor correlations

Inhibition

Updating

Shifting

71 (.16)

78 (17)
73 (.09)
.62 (.08)

*p <05, *Ep < 001
to English, their bilinguals spoke Arabic, Bosnian, Chinese or
Mandarin, Farsi, Haitian Creole, Korean, Portuguese, Spanish,
Swahili, Swedish, Taiwanese, and Twi. It is unknown whether
bilinguals in their study were exposed to or had the opportunity
to engage their two languages as frequently as bilinguals in our
study. Either one or both factors may account for the different
results.

In general, few studies to date have used ERP measures to investi-
gate EF in bilinguals. Studies using the Go/NoGo task, unlike studies
using other inhibition tasks (Stroop, Simon, flanker), consistently
reveal greater neural inhibition (higher N2 ERP amplitude) in bilin-
guals (for a review, see Cespdén & Carreiras, 2020). One plausible ex-
planation for these language group differences is that the control
mechanism that suppresses one action in favor of another action, for
instance, suppressing the action to go in favor of the action to not go,
is the same mechanism that suppresses one language when a bilin-
gual speaks in their other language. Because bilinguals engage this
control mechanism more often than monolinguals, response inhibi-
tion is more developed in bilinguals.

Not all researchers, however, agree that the NoGo N2 ERP
represents response inhibition. Indeed, Nieuwenhuis et al.
(2003) propose that the NoGo N2 reflects conflict between two
competing responses. They explain that the NoGo N2 shares
similarities with the N2 ERP elicited by tasks such as the
flanker, which is associated with response conflict (Nieuwenhuis
etal., 2003, p. 18). We propose that if the NoGo N2 reflects con-
flict monitoring, then bilinguals should show a similar neural
signature on other conflict monitoring tasks (flanker, Stroop,
Simon). As stated above, the Go/NoGo task, but not other tasks,
consistently elicits greater neural activity in bilinguals and dis-
tinguishes language groups.

Costa et al. (2009) argue that when the frequency of congruent
and incongruent trials is similar, this increases monitoring
demands and reveals language group differences favoring bilin-
guals. Our findings do not support this hypothesis. We presented
an equal number of Go and NoGeo trials, but our bilinguals showed
relatively weaker performance because they had more omission
errors on Go trials than the monolingual group. Thus, our findings
do not support the claim that increasing monitoring demands
reveals superior bilingual performance.

Consistent with our hypothesis, one study presented equiprob-
able stimuli and manipulated level of conflict on three tasks, Go/
NoGo, simple RT, and a Stroop-like task (Gonzalez-Rosa et al.,
2013). Based on results of three different measures, behavioral,
ERP, and fMRI, the authors concluded that the frontal NoGo N2
and NoGo P3 ERP reflect response inhibition rather than response
conflict.

Summarily, our findings reveal both greater neural activity
and greater tendency toward response suppression in bilinguals
and link linguistic to nonlinguistic behaviors. Our results support
the theory that the ability to control language as well as other
behaviors is carried out in the frontal lobes by inhibitory proc-
esses, (Abutalebi et al., 2012). However, our results do not sup-
port the hypothesis that the experience of controlling languages
leads to a bilingual advantage (i.e., better performance) on

Table 13

Factor Loadings (With Standard Errors) and Interfactor
Correlations for Hierarchical Three-Factor Model by Group for
ERP Data

Monolinguals Inhibition Updating Shifting
Visual inhibition 75 (L12)%#*
Auditory inhibition 95 (L14)***
Visual updating 86 (L11)***
Auditory updating 67 (L12)%**
Visual shifting 54 (L12)##*
Auditory shifting .62 ((12)%H*
Interfactor correlations

Inhibition —

Updating A49%* —

Shifting —.12 Wik —

Bilinguals Inhibition Updating Shifting

Visual inhibition 52 (L10)***
Auditory inhibition 1.00 (.20)%**
Visual updating 81 (13)*#*
Auditory updating .85 (L20)%**
Visual shifting 55 (21)**
Auditory shifting 25 (.12)*
Interfactor correlations

Inhibition —

Updating A4k —

Shifting —.06 RV —
Note. ERP = event-related brain potential. The loading for the Auditory

inhibition variable is greater than 1 and the estimated error variance is
negative. These parameters are maximum likelihood estimates with stand-
ard errors around those estimates, and the theoretical maximum loading
and minimum error variance are both within the standard error of these
estimates. Fixing the loadings of the path from Auditory dimension
change to the Auditory latent variable did not change the model fit or the
correlations between the latent variables, so we allowed these parameters
to be freely estimate.

*p < 05 FFp< .0l p < 00
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Figure 3

SEM Predicting Inhibition, Updating, and Shifting From Language Switching for Behavioral Data

Inhibition

Language

64 Updating

Shifting

Note.
## <0l

nonlinguistic tests of EF. Although we found higher neural activ-
ity and greater tendency toward response suppression in bilin-
guals, stronger inhibition resulted in poorer performance. Our
findings support our contention that neural inhibition develops in
tandem with second language proficiency to control increasing
competition between languages. It may be that when deployed to
control nonlinguistic behaviors, such as on the Go/NoGo task,
behavioral responses are sometimes mistakenly inhibited. This
explains in our study why bilinguals generally exhibited stronger
response bias and weaker performance, with balanced bilinguals
exhibiting the strongest bias and weakest performance.

Shifting

Similar to the findings of the Go/NoGo task, bilinguals
showed higher switch costs and greater amplitude on our switch
task ERP marker. Our behavioral findings are consistent with
most other studies which reveal that bilinguals either perform
similarly or worse than monolinguals (for a review see Paap
etal., 2017).

We know of one study that compared language groups on ERP ac-
tivity during a nonverbal switch task (Lopez Zunini et al., 2019).
ERP results revealed larger switching and mixing N2 ERP amplitude
in bilinguals along with lower switching and mixing costs. Accuracy
rates were similar across groups. The authors concluded that because
the N2 amplitude was not restricted to the switch condition, the evi-
dence did not support a cognitive control advantage in bilinguals.
Thus, their conclusions are in line with our findings which do not
support a bilingual advantage on shifting abilities.

Switching Total Language Switching

SEM = structural equations modeling. See the online article for the color version of this figure.

Our study also revealed that language balance predicted both
neural inhibition and switch costs such that higher degree of bal-
ance was associated with greater N2 ERP amplitude and higher
switch costs. These results are in line with ERP studies on language
switching which link language proficiency, neural inhibition, and
switch costs (Misra et al., 2012). That is, when bilinguals suppress
their dominant language to respond in their other language, they ex-
hibit stronger neural inhibition (as evidenced by greater amplitude
of the N2 ERP component) and higher switch cost compared with
when they suppress their nondominant language to respond in their
dominant language. The added cost is believed to result from the
additional inhibitory control necessary to suppress the stronger
(dominant) language (Jackson et al., 2001).

Ultimately, it may be that the experience of managing two lan-
guages strengthens inhibition at the expense of shifting. In support,
Friedman and Miyake’s team (Friedman et al., 2011) showed that
stronger Common EF (which is isomorphic with inhibition) is cor-
related with weaker shifting abilities. Friedman et al. (2016) found
that although most of the variance in EF is stable, owing to genetic
correlations across time, a small but significant change in Com-
mon EF and shifting specific abilities results from nonshared envi-
ronmental influences. One example of a nonshared environmental
influence is learning a second language. In the case of bilinguals,
it may be that the added load to inhibitory processes to manage
two languages strengthens inhibition at the expense of shifting.

Thus far, results of the inhibition and shifting tasks reveal congru-
ency between performance and neural activity (Gajewski, Ferdinand,
et al., 2018; Gonzalez-Rosa et al., 2013) and argue against a bilingual
advantage. Indeed, the most balanced bilinguals showed the weakest
performance and highest neural activity. Although these results
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Figure 4

SEM Predicting Inhibition, Updating, and Shifting From Language Balance for Behavioral Data

Inhibition

Language

BVAT Difference Score

Updating

Shifting

Note.
## <01

support our contention that inhibition in bilinguals develops in tan-
dem with second language proficiency, our findings argue against the
premise that stronger inhibitory control yields better performance.
Indeed, current study results suggest that stronger inhibition nega-
tively impacts shifting ability.

Updating

Results of the n-back task revealed group performance differen-
ces favoring monolinguals in the absence of group differences in
neural activity. We speculate that group differences in neural activ-
ity were not measurable because too few trials contributed to the
ERP. Indeed, the total number of target trials was 54, 18 per
n-back level. For comparison, there were 72 NoGo trials in the
Go/NoGo task.

Unlike inhibition and shifting, updating behavior was unrelated
to language balance. This finding is consistent with Friedman et al.
(2016) who noted that unlike the Common EF and shifting specific
abilities, nonshared experiences (such as the experience of being
bilingual) do not significantly modify the stability of updating.

We know of one other ERP study that tested young adults
(23 monolinguals and 21 bilinguals) on the n-back task (Morri-
son et al., 2019). Their study showed P3 ERP amplitude favor-
ing bilinguals in the absence of group performance differences.
Remarkably, their ERP findings are atypical in that the P3 am-
plitude in bilinguals increased with increasing memory load.
This is contrary to expectation as P3 amplitude normally
decreases with increasing memory load (Polich, 2007). The
researchers interpreted increases in P3 amplitude as an indication
of more cognitive resources. However, given the atypical pattern

Balance

SEM = structural equations modeling. See the online article for the color version of this figure.

of neural activity and the lack of congruency between neural ac-
tivity and performance, it is difficult to interpret and put into con-
text the results of their study.

Results of meta-analyses showing larger effect sizes for execu-
tive control (vs. storage) component of WM have been attributed
to the positive effects of bilingualism (Grundy & Timmer, 2017;
Linck et al., 2014). These researchers concluded that WM is an
important component of language processing and performance on
measures of second language proficiency.

In the current study, we objectively measured language profi-
ciency and generated a measure of language balance. However,
language balance did not predict updating performance. Language
balance, however, predicted updating neural activity, but the rela-
tionship was negative. Thus, higher linguistic balance was associ-
ated with fewer updating resources. Together, results of the
current study do not support their contention.

One large-scale study tested the construct validity of the n-back
task and found that performance in young adults shares variance
mainly with EF (Gajewski, Hanisch, et al., 2018). They tested 533
participants and grouped them by age, young (20—40), middle-
aged (41-60), and old (61-80). They found that the n-back in
young adults was significantly correlated with Stroop interference
and Trail Making Test Part B, a neuropsychological instrument of
shifting abilities. This relationship of the n-back to interference
suppression and shifting would argue against a bilingual advantage
on WM given that most studies evaluating bilinguals on either in-
terference suppression or shifting abilities do not reveal a bilingual
advantage especially in young adults, our target population (Paap
et al., 2017, 2020; Ware et al., 2020).
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Figure 5

SEM Predicting Inhibition, Updating, and Shifting From Language Switching for ERP Data

Inhibition

Language

-17 Updating

Shifting

Note.
*p <05, *p< 0l #%p< 001

Summarily, our findings do not support the contention of a
bilingual updating advantage. However, given the incongruency
between neural activity and performance findings, these results
must be interpreted with caution. In light of the reported rela-
tionship between n-back performance and other EF abilities
(Gajewski, Hanisch, et al., 2018) and the lack of support for a
bilingual advantage on these abilities, it may be that the experi-
ence of managing two languages does not strengthen memory
updating. Future WM ERP studies that reveal congruent neural
activity and performance will help answer this question.

Language Switching and Language Balance

Recently, the context in which bilinguals speak their two lan-
guages (single context, dual context, dense code switching) has
been proposed as a factor that may impact EF (Green & Wei,
2014). In the current study, language switching frequency was
strongly correlated with language balance, #(254) = 00.720, p <
.001. This makes sense because switching between languages
requires proficiency in both languages unless language switching
occurs to retrieve words not known in the active language. In this
case, switching occurs because of disparate proficiency. To disen-
tangle the effects of language switching and language balance on
EF, we conducted a series of regression analyses with language bal-
ance and language switching entered simultaneously in the model.
The results showed that language balance, but not language switch-
ing, was a significant predictor of inhibition (Go/NoGo) and shift-
ing task performance. Additionally, language balance predicted
shifting neural activity. Specifically, we found that higher language
balance was associated with poorer performance on both inhibi-
tion and shifting tasks and greater shifting neural activity. Thus,

Switching Total Language Switching

SEM = structural equations modeling; ERP = event-related brain potential. See the online article for the color version of this figure.

language balance was linked to greater neural expenditure and
weaker performance. Language balance, however, did not pre-
dict neural activity on the Go/NoGo task. This was unexpected
since prior work from our laboratory (Fernandez et al., 2013,
2014) revealed correlations between NoGo ERP amplitude and
BVAT scores. However, in previous studies we used only one
of the three subtests of the BVAT (Oral vocabulary) as our mea-
sure of proficiency, and we did not compute a language balance
score. Moreover, unlike the previous two studies, 50% of the trials
in the current Go/NoGo task included a time pressure. These dif-
ferences may have obscured the relationship between language
balance and the neural inhibition marker in the current study.

Hartanto and Yang (2020) investigated the relationship between
the context in which bilinguals speak their two languages and EF.
Passive bilinguals, those who reported no second language usage
in their daily lives, were excluded from the study. Results revealed
that dual language context predicted shifting abilities and dense
code-switching predicted interference inhibition (measured by
three versions of the flanker task).

In our study, 17 of 152 total bilinguals reported no language
switching. All others reported switching between languages reg-
ularly. We did not have information to determine whether our
bilinguals engaged in dense code switching. Language switch-
ing and language balance were strongly correlated, but language
balance was a significant predictor and predicted both shifting
and inhibition behaviors. However, in our study, the relationship
was negative such that higher linguistic balance predicted
poorer performance on shifting and response inhibition tasks.

It is difficult to reconcile differences in results between studies
because the groups are different. They selected active bilinguals
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Figure 6

SEM Predicting Inhibition, Updating, and Shifting From Language Balance for ERP data
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See the online article for the color version of this figure.
#HE p <001,

and excluded bilinguals who did not engage their two languages.
Our language balance and language switching scores were
obtained from a sample ranging from monolinguals to balanced
bilinguals. Second language proficiency in their study was corre-
lated with language context. The relationship was negative under
single context, positive under dual context, and unrelated to dense
code switching. In our study, language balance and language
switching frequency were positively correlated.

Notably, most studies do not support the hypothesis that lan-
guage context drives EF advantages in bilinguals (Jylkka et al.,
2017; Katamata et al., 2020). In a recent study (Paap et al., 2021),
participants were carefully screened to select groups of pure single
context, dual context, dense code-switching, and monolinguals.
Although a small number of participants met the strict criteria,
their results failed to reveal a link between language context and
EF task performance. Ultimately, our findings indicate that lin-
guistic balance drives neural inhibition in bilinguals and that lin-
guistic balance is negatively correlated with EF.

Structural Models of Executive Functioning

We used the three-factor (inhibition, shifting, updating) EF
model proposed by Miyake et al. (2000) as the foundation for this
project and expected that our language groups would yield similar
models, because development of a second language may alter the
mean score of each EF but would be unlikely to alter the structure
of EF components. Surprisingly, the first model tested with the
observed variables directly loading onto three EF components—
inhibition, shifting, and updating—produced a poor fit to the data.
Owing to the clear auditory and visual nature of the tasks, we

Balance

tested a six-factor modality specific EF model. This functioning
model provided a good fit to the data. Although an unexpected
finding, it underscored the importance of considering the modality
of the tasks used to measure these EF constructs.

These tasks were designed to test differences between auditory
and visual components of the three EF factors. As such, the results
suggest that there was sufficient modality specific variance in the
tasks that resulted in a poor fit for the initial three-factor model.
However, the hierarchical three-factor model provided a better fit
and measure of each of the three EF components once the sensory
modality specific variance was included in the model. This finding
on modality-specific variance supports the contention by Von Bas-
tian and colleagues (von Bastian et al., 2016) that task specific (or
modality specific) effects may explain inconsistent findings across
studies which compare groups at the task level and argues in favor
of structural equations modeling.

The hierarchical three-factor model provided the best fit to the
data (behavioral and neural), and the model fit did not differ
between the two language groups. This indicates that once modality
specific variance is removed, the data fit Miyake and colleagues’
(2000) model of EF. Of interest to the current study, the differences
observed between the language groups in the six-factor modality
specific model on inhibition and shifting were also observed in the
hierarchical three-factor model. This provides further support for
the idea that differences between monolinguals and bilinguals were
attributable to inhibition and shifting rather than sensory modality
specific variance.

One difference between the hierarchical three-factor model
on behavioral data in the current study and the models by
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Figure 7

ERP to Each EF Task by Test Modality and Group (Monolinguals Represented by Dashed Line, Bilinguals by Solid Line)
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Miyake et al. (2000) is the direction of the paths between inhi-
bition and both shifting and updating. In their work, the rela-
tionship between these constructs was positive. However, we
observed a significant negative relationship between inhibition
and both shifting and updating. One explanation is that the two
studies used different dependent variables as measures of inhi-
bition. We computed response bias, which combines hit rate on
Go trials with false alarm rate on No/Go trials into one metric,
as a proxy for response inhibition. Miyake’s group computed
hit rate on the Antisaccade task, false alarm rate on the Stop-
signal task (a task similar to our Go/NoGo task) and RT differ-
ence on the Stroop task. It is plausible that these differences in
dependent variables explain the difference in path correlations
between latent variables in the two studies.

Limitations

Several limitations exist in the current study that are important to
note. First, the sample size for latent variable modeling is sufficient
when the entire sample is collapsed, but it is smaller than preferred
for analyses by group. Nevertheless, the sample size is similar to
those in other published works (Miyake et al., 2000). Second, the
current study did not use a more comprehensive self-report measure
of language context. A more comprehensive self-report measure in
conjunction with objective language balance measures will help to
clarify the role of switching on EF. A strength of this study is that
our language groups were similar on demographic characteristics
because others have suggested that demographic characteristics may

Visual Go/NoGo Pressure Trials

Visual Go/NoGo No PressureTrials

-1.5

Visual No-SwitchTrials Visual Switch Trials

Visual Zero-back Trials Visual 2 & 3-back Combined Trials

be responsible for language group differences observed in prior work
(Paap et al., 2015). However, because our sample is not typical of
Spanish speaking bilinguals in the United States (see U.S. Census
Bureau, 2020, for SES information) our results may not be represen-
tative of the population.

Future Directions

Given the relationship between inhibition and shifting revealed
in this study, both at the behavioral and neural level, replicating
these findings will contribute to our understanding of the link
between bilingualism and EF. Additionally, using measures of in-
terference inhibition, which was not assessed in the current study,
will permit a broader understanding of the extent to which language
control impacts inhibitory processes. This study revealed a strong
relationship between language balance and both neural and behav-
ioral indices of EF. Replicating these results will advance our
understanding of neuroplasticity in bilinguals. This study demon-
strated the unique contribution of test modality. Future work exam-
ining the impact of bilingualism may want to consider examining
EF by other dimensions and using a latent model approach to
extend the results of this study. Last, given the unanswered ques-
tions regarding the contribution to EF of the context in which bilin-
guals speak their two languages and the relationship to language
balance, future studies would benefit from using objective measures
of linguistic proficiency and comprehensive language switching
questionnaires.
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Summary

This study revealed that a higher degree of language balance
predicted poorer performance on both inhibition and shifting tasks
and greater shifting neural amplitude. Thus, language balance was
linked to greater neural expenditure and weaker performance.
Without objective measures of languages balance, this important
finding would not have been revealed. Additionally, the current
findings emphasize the importance of considering the sensory mo-
dality of the tasks used to study EF constructs. Although our final
model did support a hierarchical three-factor model consistent
with Miyake et al. (2000), the model was only a good fit of the
data when six sensory modality-specific latent variables were
included as first order factors.
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