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Abstract

Recent behavioral data have shown that lifelong bilingualism can maintain youthful cognitive
control abilities in aging. Here, we provide the first direct evidence of a neural basis for the
bilingual cognitive control boost in aging. Two experiments were conducted, using a perceptual
task switching paradigm, and including a total of 110 participants. In Experiment 1, older adult
bilinguals showed better perceptual switching performance than their monolingual peers. In
Experiment 2, younger and older adult monolinguals and bilinguals completed the same
perceptual task switching experiment while fMRI was performed. Typical age-related
performance reductions and fMRI activation increases were observed. However, like younger
adults, bilingual older adults outperformed their monolingual peers while displaying decreased
activation in left lateral frontal cortex and cingulate cortex. Critically, this attenuation of age-
related over-recruitment associated with bilingualism was directly correlated with better task
switching performance. In addition, the lower BOLD response in frontal regions accounted for
82% of the variance in the bilingual task switching reaction time advantage. These results suggest
that lifelong bilingualism offsets age-related declines in the neural efficiency for cognitive control
processes.

Introduction

Cogpnitive control refers to the ability to flexibly shape thoughts and behavior to meet
internal goals in the face of constantly changing environmental demands (Miller and Cohen,
2001). This kind of cognitive flexibility is critical for successful navigation of the demands
of everyday life, yet it declines significantly with age (West, 1996; Kramer et al., 1999).
However, new evidence suggests that lifelong bilingualism, or speaking two languages on a
daily basis since childhood, can attenuate age-related declines in cognitive control processes
(Bialystok and Craik, 2010), and may even delay the onset of dementia symptoms
(Bialystok et al., 2007). Current cognitive models suggest that the basis of this boost relates
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to the bilingual experience of constantly switching between languages, which serves to
strengthen task switching and related executive control processes (Green, 1998; Bialystok
and Craik, 2010).

These models are based upon findings from psycholinguistic research demonstrating that
lifelong bilinguals simultaneously activate both languages during the use of either language
(Smith, 1997; Francis, 1999). The simultaneous activation of codes from different languages
requires that lifelong bilinguals inhibit intrusion from the context inappropriate language. In
particular, lifelong bilinguals must continuously monitor context to determine when
language switches are appropriate and inhibit the language not currently under use (Green,
1998; Bialystok and Craik, 2010). Importantly, previous work has reported bilingual
cognitive control advantages even for non-linguistic perceptual tasks, suggesting that
lifelong bilingualism may strengthen general-purpose executive control systems (Costa et
al., 2008; Bialystok and Craik, 2010).

However, the functional neuroanatomic bases of bilingual cognitive control advantages in
aging remain unknown. Here we explore this issue using functional magnetic resonance
imaging (fMRI) and a perceptual task switching paradigm. When participants are required to
switch between two tasks there is an increase in reaction time (RT), termed a switch cost,
compared to performing either task in isolation. Functional neuroimaging studies have
demonstrated that young adults recruit a distributed network of frontoparietal regions when
switching between tasks (Dove et al., 2000; Brass and von Cramon, 2002; Reynolds et al.,
2004; Kim et al., 2011; Kim et al., 2012). Compared to younger adults, older adults tend to
show larger RT switch costs and brain activation increases in task-related frontoparietal
regions (i.e. decreased neural efficiency), and/or recruitment of additional regions (i.e.
neural compensation) (DiGirolamo et al., 2001; Gold et al., 2010; Jimura and Braver, 2010;
Madden et al., 2010).

The cognitive control advantage conferred by lifelong bilingualism in aging may be
associated with improved neural efficiency and/or successful neural compensation. The goal
of Experiment 1 was to determine if bilingual older adults show a behavioral advantage over
their monolingual peers in perceptual task switching. The goals of Experiment 2 were to (1)
replicate the bilingual advantage using different subject groups, and (2) identify functional
neuroanatomic variations in bilingual task switching that are directly linked with their
behavioral advantages. To understand bilingual advantages in the context of aging,
Experiment 2 included four participant groups: younger adult and older adult groups whom
were either monolingual or lifelong bilingual.

Experimental Procedures

Experiment 1

Participants—There were a total of 30 right-handed community dwelling participants,
divided equally between two groups: 15 older adult monolinguals (8 females), with a mean
age of 63.3 years (SD=3.8), and 15 older adult bilinguals (8 females) with a mean age of
64.1 years (SD=4.4). Exclusionary criteria were color blindness, a major head injury and/or
concussion, stroke, a neurological or psychiatric disorder.

Experiment 2

Participants—There were a total of 80 right-handed community dwelling participants
(Table 1), divided equally between four groups: 20 younger adult monolinguals (12
females), 20 younger adult bilinguals (13 females), 20 older adult monolinguals (10
females) and 20 older adult bilinguals (10 females). Exclusionary criteria included those
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employed in Experiment 1. Additional exclusionary criteria for this fMRI experiment were
claustrophobia, high blood pressure, hypercholesterolemia, diabetes, heart disease, the use of
medications that affect the brain, and the presence of metal fragments and/or metallic
implants contraindicated for MRI. A senior neurologist (C.D.S.) reviewed the T1-weighted
images for cortical atrophy and ventricular size. All participants were found to be within
normal age-related limits.

Procedures Common to Experiments 1 and 2—Informed consent was obtained from
each participant under an approved University of Kentucky Institutional Review Board
protocol. Language status was determined via a detailed questionnaire about language
history similar to that used in previous research in this area (Bialystok et al., 2006). The
questionnaire included questions about age and place of language acquisition, and
proficiency of each language compared to a native speaker. Strict criteria concerning
language background were applied for classification in the study as a lifelong bilingual or
monolingual. Lifelong bilinguals had to have been speaking English and another language
on a daily basis since the age of 10 years old or younger. Lifelong bilinguals had to rate
themselves as completely proficient in their two languages and comparable in proficiency to
monolingual speakers of each language (English proficiency was also assessed objectively
as described below). Lifelong bilinguals spoke English and a variety of second languages,
whereas lifelong monolinguals spoke only English, and had no significant exposure to a
second language (language background of participants in Experiment 2 are presented in
Table 2).

Cognitive and Demographic Measures— The Peabody Picture Vocabulary Test
(PPVT-1I) is a culture-fair measure used to assess proficiency in English (Dunn, 1997).
There are a total of 204 test items. Test items are presented on pages containing four black-
and-white pictures. Participants were read a word and were asked to choose the picture on
that page that best corresponds to the word.

The Hollingshead Two-Factor Index of Social Position (ISP) was used as a measure of
socioeconomic states (SES) (Hollingshead, 1958). The ISP is based on an individual’s
occupation and highest level of formal education. It is calculated by assigning numeric
values, from 1-7, to an individual’s occupation and education. Scores are then weighted by
multiplying by 7 (occupation) and 4 (education). VValues are then summed to produce a
social index. Lower values represent higher earning occupations and more years of
education.

The Cattell Culture Fair (CCF) Intelligence Test (Cattell and Cattell, 1960). The CCF is a
test of fluid intelligence that is not influenced by cultural background or verbal ability. The
CCF (Scale 3) consists of 50 items and assesses inductive reasoning about relationships in
shapes and figures.

The Digits Span Subtests of the Wechsler Memory Scale (WMS 111) (Wechsler, 1997).
Participants were read digit lists aloud and were instructed to repeat each set of digits
verbally in the same order (digit forward; DF) and in reverse order (digit backward; DB). In
both conditions participants received two trials. Standard termination procedures were
followed and the totals for the DF and DB sets were based on the number of trials that were
accurately reported in the correct order.

Task procedure—Subjects completed a color-shape task switching paradigm. The stimuli
consisted of two possible shapes (circle or square), in one of two possible colors (red or
blue), presented in the center of the screen. Previous research has shown that age-related
declines are larger for global switch costs than local switch costs (Kray and Lindenberger,
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2000; Meiran et al., 2001). Thus, in the present experiments, a blocked design (Figure 1)
that focused on global switch costs (the average performance difference between the switch
task and single task conditions) was used to maximize power to find potential effects of age
and age by language group interactions.

The trial and block design structures were selected based on behavioral pilot studies and
results from our previous task switching study of aging, in which robust switch effects were
observed for both younger and older adult groups (Gold et al., 2010). The block design
included 4 conditions: shape block, color block, switch (shape/color) block and baseline
fixation block [in which participants focused their vision on a central cross hair (+)]. In the
shape task, participants decided if a stimulus was a circle or square. In the color task,
participants decided if a stimulus was red or blue. In the switch task, participants were
required to alternate between shape and color decisions. Participants indicated their
responses via a left or right button press.

Task blocks were 60 s in duration (20 trials per block), and fixation blocks were 30 s in
duration. There were a total of three runs. Each run contained 4 task blocks and 5 fixation
blocks. One run consisted of two blocks of each of the color task and shape tasks. The other
two runs contained one block each of the color and shape tasks and two switch blocks (in
which the color and shape tasks switched pseudorandomly; every second or third trial on
average). Thus, there were a total of 80 trials per task condition across the experiment. The
order of runs, task blocks within runs, and stimulus-response mappings were
counterbalanced across participants. The experiment was programmed via E-Prime v1.2.
Reaction times and accuracies for subject responses on each trial were recorded by the
stimulus presentation program.

Experiment 1 procedures—The RT and accuracy (percent errors) data were analyzed in
the context of mixed ANOVAs, with condition (switch vs. non-switch) as the within-group
factor, language group (monolingual vs. bilingual) as the between-group factor. Behavioral
switch costs were computed by subtracting each subject’s mean (RT or percentage of errors)
in the non-switch condition from their mean (RT or percentage of errors) in the switch
condition.

Experiment 2 procedures—Participants completed the same perceptual task switching
paradigm described above during fMRI acquisition. The experiment was back-projected
onto a screen placed outside the magnet and viewed by the subjects through a mirror
attached to the head coil. Behavioral analyses were similar to those for Experiment 1.
However, to control for general age-related slowing, RT switch costs were analyzed using
proportional scaling ([switch RT — non-switch RT]/non-switch RT x 100).

Imaging acquisition—Imaging data were acquired on a 3-T Siemens TIM scanner at the
Magnetic Resonance Imaging and Spectroscopy Center at University of Kentucky. T2*-
weighted functional images were collected using a gradient-echo (EPI) sequence (33
interleaved slices, repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 77°,
field of view (FOV) = 224 mm?2, matrix = 64x64, isotropic 3.5 mm voxels). A double-echo
gradient-echo sequence (TE1 = 5.19 ms, TE2 = 7.65 ms) with slice position and spatial
resolution matching those of the EPI acquisition was used to map the spatial inhomogeneity
of the By field. T1-weighted structural images were collected using the magnetization-
prepared rapid gradient-echo (MPRAGE) sequence (TR = 2100 ms, TE =2.93 ms, Tl = 1100
ms, 1 mm isotropic voxels).

fMRI data analysis—Statistical Parametric Mapping (SPM 8; http://
www.fil.ion.ucl.ac.uk/spm) was used for analyses of fMRI data. After discarding the first
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five functional volumes, sinc interpolation was used to correct slice timing. The timing-
corrected images were then realigned to the first volume to correct for head motion. The
resulting images were unwarped via By field maps to reduce magnetic field distortions. The
T1-weighted (MPRAGE) image was then co-registered to the first functional volume using a
mutual information algorithm. The co-registered MPRAGE image was then used to
determine the non-linear basis function parameters for transformation into the standard
space of the Montreal Neurological Institute (MNI) template (2mm isotropic voxels). This
transformation was then applied to the functional data, which was re-sliced to 2mm isotropic
voxelsand spatially smoothed with an 8 mm full-width at half-maximum (FWHM) Gaussian
kernel. Finally, high-pass filtering (a 128 second cutoff) was applied to the images to
remove low-frequency drifts.

Statistical analyses at the subject-level were conducted such that predictor variables in the
design matrix were composed of epochs representing each task block, with the fixation
blocks being modeled implicitly. Each epoch was convolved with a canonical hemodynamic
response function (HRF) producing contrasts for single-task (hon-switch), switch-task, and
switch versus non-switch. Contrast images from each participant were then entered into a
series of group analyses in the context of a flexible factorial design.

We first tested the hypothesis that bilingual older adults may use common primary ‘task
switching regions’ more efficiently than their monolingual peers. As a first step for this
analysis, we identified commonly activated ‘task switching regions’ using a conjunction
analysis of switch condition versus non-switch condition across all 80 study participants.
The conjunction analysis tested against the conjunction null (Friston et al., 2005), using a
statistical threshold corrected at p<.05 level via the false discovery rate. Task switching
signal changes (switch — non-switch) in each of the seven regions that were commonly
activated in the conjunction map were then extracted from each subject for further analysis
using Marsbar (http://marsbar.sourceforge.net). Regions of interest (ROIs) were defined as
three-dimensional areas including all contiguous voxels within 10 mm of peak activations.
The task switching signal magnitude in each ROl was analyzed in the context of a 2x2
ANOVA with age group (younger vs. older adult) and language group (monolingual vs.
bilingual) as factors. A conservative family-wise significance threshold of p < 0.007 (i.e., p
= 0.05/7) was applied to each ROI analysis to correct for the seven ROIs being tested.

We next tested the hypothesis that task switching advantages in older bilinguals may relate
to compensatory activations outside the common task switching network. To maximize
power to detect potential group differences, we restricted the search space of this analysis to
brain regions not activated in the conjunction map. This was accomplished by exclusive
masking out of voxels activated in the conjunction map. Monte Carlo simulations were then
run using the AlphaSim program (http://afni.nimh.nih.gov/pub/dist/doc/manual/
AlphaSim.pdf) to determine the appropriate combination of significance level and cluster
threshold for the specific dimensions of the search space in the resulting masked image. The
Monte Carlo simulations used 1000 iterations. A significance threshold of p < 0.005 and a
minimum cluster size of 138 contiguously activated voxels (1104 mm3) were employed to
achieve a corrected significance level of p < 0.05.

Relationships between behavioral and neural switch costs—These analyses were
intended to identify the neural correlates of the behavioral switching advantage displayed by
bilingual older adults compared to their monolingual peers. Toward that end, neural switch
costs were computed in any regions showing significantly different activation magnitude
between the two older adult groups, in either of the analyses described above. To compute
neural switch costs, the average magnitude of signal change at the second and third time
points (2—6 s after stimulus onset) was first extracted for each subject, for each condition
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relative to fixation, to capture the peak of the BOLD response within each ROI. Neural
switch costs were then computed by subtracting each subject’s peak BOLD responses in the
non-switch condition from their peak BOLD responses in the switch condition. Correlations
were then run between behavioral switch costs and neural switch costs.

Structural analysis—Voxel-based morphometry (VBM; http://www:.fil.ion.ucl.ac.uk/
spm) using SPM8 was undertaken to identify potential differences in grey matter volume
between the age-matched bilingual and monolingual groups. Preprocessing of images
included segmentation, bias correction, and spatial normalization, incorporated into a single
generative model using SPM prior probability templates (Ashburner and Friston, 2005).
Grey matter (GM) images were normalized to their own custom templates in MNI space
using a set of non-linear basis functions. A modulation step was also incorporated into the
preprocessing model in order to explore regional differences in absolute volume. Intracranial
volume (ICV) was estimated as the sum of GM, white matter (WM), and cerebrospinal fluid
(CSF) volume for each participant (for use as a nuisance covariate in statistical analysis).
Normalized, modulated, GM images were smoothed using an 8 mm FWHM isotropic
Gaussian kernel.

The preprocessed GM data were analyzed within the framework of the GLM. Statistical
parametric maps of between-group differences in GM volume were determined using a full-
factorial model (a two-sample t-test) with unequal variance and intracranial volume as a
nuisance covariate. Second-level, group linear contrasts were then conducted on parameter
estimates from the model. The voxel values for the contrasts constituted a statistical
parametric map (SPM) of the ¢statistic. Differences between groups were assessed using a
statistical threshold of p<.05 (FWE corrected for multiple comparisons).

Experiment 1

Both groups were able to perform the switch and non-switch conditions with high accuracy
(both = 92 % correct in each condition). The main effect of condition was significant [F (1,
14) = 31.1, p < 0.001], with higher accuracy during the non-switch condition (M=97.5%,
SD=2.2) than the switch condition (M=95.1%, SD=3.5). There was no main effect of
language group, or condition x language group interaction (both F’s < 1).

For RTs, the main effect of condition was significant [F (1, 14) = 49.79, p < 0.001], due to
longer RTs for the switch condition (M=906.1 ms, SD=194.9) than the non-switch condition
(M=778.9 ms, SD=158.1). There was no main effect of language group [F (1, 14) =0.14, p
= 0.71]. However, there was a condition x language group interaction [F (1, 14) =15.9, p <
0.01], due to smaller switch costs for bilingual older adults (M=102.2 ms, SD=74.8) than
monolingual older adults (M=152.1 ms, SD=72.9).

Importantly, the group differences in task switching were not due to several key
demographic or cognitive variables which have been shown to affect cognitive control
processes. Specifically, there were no group differences in sex, age, education level,
socioeconomic status (SES), intelligence, or digit span performance (all p’s = 0.62) (see
Experimental Procedures for details on these measures).

Experiment 2

Behavioral Data—Mean error rates, reaction times (RTs), and behavioral switch costs are
presented in Figure 2. Each of the four groups was able to perform the switch and non-
switch conditions with high accuracy (all groups = 93 % correct in each condition). The
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main effect of condition was significant [F (1, 76) = 76.23, p < 0.001], with higher accuracy
during the non-switch condition (M=98.2%, SD=3.4) than the switch condition (M=94.7%,
SD=5.6). Conversely, there was no effect of age group [F (1, 76) = 2.11, p = 0.15], or
language group [F (1, 76) = 0.22, p = 0.64], and none of the interactions were significant (all
p’s = 0.25).

For RTs, the main effect of condition was significant [F (1, 76) = 148.37, p < 0.001], due to
longer RTs for the switch condition (M=880.8 ms, SD=202.8) than the non-switch condition
(M=767.4 ms, SD=161.4). The main effect of age group was also significant [F (1, 76) =
12.74, p < 0.001], due to older adults having longer RTs (M=890.8 ms, SD=194.4) than
younger adults (M=757.4 ms, SD=164.0). However, there was no main effect of language
group [F (1, 76) = 0.31, p = 0.58].

Analyses of RT switch costs were conducted on proportional costs ([switch RT — non-switch
RT]/non-switch RT x 100) to control for general age-related slowing. The main effect of age
group on proportional RT switch costs was significant [F (1, 76) = 8.32, p < 0.01], due to
larger RT costs for older adults (M=18.6%, SD=14.9) than younger adults (M=11.1%,
SD=7.8). The main effect of language group was not significant [F (1, 76) = 1.76, p = 0.19].
Of central relevance, there was an age group x language group interaction [F (1, 76) = 4.5, p
< 0.05]. Planned post-hoc comparisons indicated a marginally significant difference between
the older adult groups [t (38) = 1.97, p = 0.056], due to smaller proportional RT switch costs
of older bilinguals (M= 14.1%, SD=13.2) than older monolinguals (M= 23.0%, SD=15.5).

In contrast, there was no difference between the proportional RT switch costs of younger
bilinguals (M= 12.1%, SD=6.3) and younger monolinguals (M= 10.0%, SD=9.2) [t (38) =
0.83, p = 0.41].

As in Experiment 1, the group differences in task switching were not due to several key
demographic or cognitive variables which have been shown to affect cognitive control
processes. Specifically, sex distribution was not different between any of the groups (all p’s
> 0.75), and there were no group differences or age group x language group interactions in
education level, SES, intelligence, or digit span performance (see Experimental Procedures
for details on these measures and Table 1 for results).

fMRI Data—Results from the conjunction analysis of the switch condition versus the non-
switch condition across all subjects are shown in Figure 3 (panel A) and listed in Table 3.
Compared to the non-switch condition, the switch condition resulted in prominent activation
of bilateral dorsolateral prefrontal cortex (DLPFC; BA 46/9), bilateral ventrolateral
prefrontal cortex (VLPFC; BA 44/45), anterior cingulate cortex (ACC; BA 24/32), and
bilateral supramarginal gyrus (SMG; BA 40).

Group Difference within Task-Switching Regions: Task switching signal changes in these
seven regions of interest (ROIs) were extracted in order to test whether neural switch cost
magnitudes in these commonly activated ROIs were affected by age group, language group,
or their interaction (Figure 3; panel B). These data were analyzed in the context of 2x2
ANOVA:s. The results of these ANOVAs are summarized in Table 4. There were main
effects of age group in each of the five frontal ROIs (all p’s < 0.007; family-wise
significance threshold). As can be seen in Table 4, the effects of age group were due to older
adults having increased activation compared to younger adults in each of these five ROIs. In
contrast, there were no main effects of language group in any of the seven ROIs.

Of central relevance, three of the five frontal ROIs showing main effects of age group also
showed age group x language group interactions (left DLPFC, left VLPFC and ACC).
Planned post-hoc comparisons indicated that older adult bilinguals had lower switch costs
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than older adult monolinguals in each of these three regions [left DLPFC: t (38) = 3.47,p <
0.007; left VLPFC: t (38) = 3.39 p < 0.007; ACC: t(38) = 3.51, p < 0.007]. In contrast, there
were no switch cost differences between the younger adult bilinguals and younger adult
monolinguals in any of these regions [left DLPFC: t (38) = 0.95, p = 0.35; left VLPFC: t
(38) =1.11, p = 0.27; ACC: t (38) = 1.52, p = 0.17]. In addition, no age group % language
group interactions or differences between age-matched language groups in switch costs were
observed in the right DLPFC, right VLPFC or SMG regions.

Relationship between Behavioral and Neural Switch Costs: Regression analyses were
conducted with neural switch costs in each of the three ROIs showing magnitude differences
between the older adult groups (left DLPFC, left VLPFC and ACC) as the independent
variable and behavioral switch cost as the dependent variable (Figure 4). Error switch costs
were positively correlated with neural switch costs in the ACC in monolingual older adults
[r (20) = 0.47, p < 0.05], and there was a trend toward a positive correlation in bilingual
older adults [r (20) = 0.39, p = 0.08]. In contrast, error switch costs were not correlated with
neural switch costs in either the left DLPFC or left VLPFC, in either monolingual or
bilingual older adults (all p’s = 0.29).

Proportional RT switch costs were positively correlated with neural switch costs in the left
DLPFC in both bilingual older adults [r (20) = 0.44, p < 0.05] and monolingual older adults
[r (20) = 0.48, p < 0.05], with neural switch costs in the left VLPFC in bilingual older adults
[r (20) = 0.44, p < 0.05] and marginally in monolingual older adults [r (20) = 0.39, p = 0.07],
and with neural switch costs in the ACC in both bilingual older adults [r (20) = 0.46, p <
0.05] and monolingual older adults [r (20) = 0.52, p < 0.05].

Mediation Analysis: The above results identified three regions showing (1) significantly
higher task-switching BOLD response in older adult monolinguals than bilinguals and (2) a
positive correlation between BOLD magnitude and proportional RT switch costs in both
older adult groups. Together, these findings raised the possibility that neural response
(indirectly reflected by BOLD magnitude) in these task-switching regions may mediate
differences in RT switch costs between the two older adult groups. Hierarchical regression
analyses predicting switch cost RT were conducted to explore this possibility (Table 5).

There was no difference in the variance accounted for in predicting RT switch costs in a
model including each of the 3 ROIs from a model using mean signal change across those
ROIs (F < 1). Thus, mean BOLD signal change across the three ROIs was used. In model 1,
when language group was the only predictor, it was a marginally significant predictor of
switch cost RT, accounting for 9.2% of the variance. In model 2, when mean BOLD signal
across the three ROIs was entered first, followed by language-group, BOLD signal was a
significant predictor, accounting for 37.7% of the variance in RT switch costs. After
controlling for BOLD magnitude in these ROIs, language group was no longer a significant
predictor of switch cost RT (accounting for only 1.7% of the variance).

In order to assess the degree to which BOLD magnitude in the three ROIs attenuated the
amount of variance in switch cost RT that can be explained by language group, we followed
a previously suggested procedure (Salthouse, 1993), in which we subtracted the amount of
variance in switch cost RT uniquely associated with language group (when BOLD
magnitude was included in the model) from the amount of variance in switch cost RT
associated with language-group as a sole predictor. We then divided this difference by the
amount of language-group related variance in switch cost RT when language-group was the
sole predictor. Results indicated that BOLD magnitude in the three ROIs attenuated 82% of
the language-group related variance in switch cost RT.
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Group Difference outside Task-Switching Regions: We next explored the possibility of
group differences in neural switch cost activation outside the primary common task
switching network (outside the ROIs identified in the conjunction analysis). Results
indicated an effect of language group in a single region: the left middle temporal gyrus
(MTG). In contrast, there were no main effects of age group, or age by language interactions
surviving multiple comparisons correction. Direct post-hoc comparisons indicated that left
MTG activation was higher in each of the bilingual groups compared to their age-matched
monolingual groups. Subsequent correlation analyses indicated that magnitude of activation
in the left MTG was not correlated with behavioral performance in either of the older adult
groups (Figure 5) or younger adult groups (not shown). There were no other activation
differences between the age-matched bilingual and monolingual groups in either direction,
even at a very liberal uncorrected significance level of p < 0.01.

VBM Data—There were no differences in GM volume between either of the age-matched
bilingual and monolingual groups in either direction. Even when a very liberal uncorrected
significance level of p < 0.01 was employed, no group differences between either of the age-
matched bilingual and monolingual groups were observed.

Discussion

Our results provide the first direct evidence of a neural basis for bilingual cognitive control
advantages in aging. Our bilingual and monolingual groups were matched on relevant
demographic and neuropsychological scores that have been linked with cognitive control
performance including education level, SES, and 1Q. In addition, bilingual participants did
not score higher than their monolingual peers on tests of simple working memory span.
Nevertheless, across two experiments using different subjects, older adult bilinguals
switched between perceptual tasks significantly faster than their monolingual peers.
Experiment 2 revealed that older adult bilinguals showed a pattern of fMRI results similar to
the younger adult groups: they outperformed monolingual older adults while requiring less
activation in several frontal brain regions linked with effortful processing. The details of
these findings and their implications concerning the potential neuroprotective effects of
bilingualism on cognitive control processes are discussed below.

Behavioral results demonstrated that language group interacted with age group such that
bilingual older adults were significantly faster than their monolingual peers at switching
between perceptual tasks. These findings are consistent with previous behavioral results of
larger inhibitory control advantages associated with lifelong bilingualism in older adults
than younger adults (Bialystok et al., 2006). In young adults, who are in their so-called
‘cognitive prime years’, the effects of bilingualism on cognitive control have been mixed,
with some studies reporting small bilingual advantages and others finding no advantage
(Bialystok et al., 2005; Costa et al., 2009; Garbin et al., 2010; Hilchey and Klein, 2011;
Abutalebi et al., 2012). Our behavioral task switching results thus extend previous findings
from inhibitory control paradigms, suggesting that the effects of lifelong bilingualism on
task switching are larger in older adults than young adults.

We tested the possibilities that cognitive control advantages in bilingual older adults may
reflect maintained neural efficiency, or increased neural compensation. Aging has been
linked with decreases in neural efficiency, as evidenced by activation increases in primary
task-related regions accompanied by poorer performance on difficult cognitive tasks
(Rypma and D’Esposito, 2000; Park et al., 2001; Colcombe et al., 2005; Zarahn et al., 2007;
Stern, 2009), and neural compensation, typically defined as activation increases outside the
primary task-related network accompanied by better task performance (Grady et al., 1994;
Cabeza et al., 1997; Reuter-Lorenz et al., 1999). In the present study, older adults displayed
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activation increases in multiple task-relevant frontal regions and poorer switching
performance compared to younger adults, suggesting age-related declines in neural
efficiency for task switching.

However, lifelong bilingualism offset several of these age-related declines in neural
efficiency for task switching. Specifically, like the younger adult groups, bilingual older
adults outperformed their monolingual peers despite requiring less activation in three key
frontal hubs of the task-switching network: left DLPFC, left VLPFC and ACC. Importantly,
higher BOLD response in each of these regions was directly correlated with poorer
switching performance in the older adult groups. This finding is consistent with previous
results linking higher BOLD response in prefrontal cortex with slower, more effortful
processing on complex tasks (Kosslyn et al., 1996; Rypma and D’Esposito, 2000; Rypma et
al., 2002). Our novel results from a mediation analysis showed that the reduced BOLD
response in bilingual older adults across all three ROIs accounted for 82% of the variance in
their RT advantage. This suggests that neural efficiency may represent a core underlying
mechanism of the bilingual task switching advantage in aging.

Based on our findings, it is reasonable to consider why lifelong bilingualism specifically
affected the neural efficiency in the left prefrontal, and ACC regions as opposed to other
regions of the task switching network such as right prefrontal cortex? One possible answer
can be gleaned from the language switching literature. This literature indicates that there is
significant overlap between the left PFC and ACC regions used during perceptual switching
and language switching (Abutalebi and Green, 2007; Guo et al., 2011). The overlap in the
neural correlates of language switching and perceptual switching regions provides a
plausible mechanism for bilingual advantages in executive control. Specifically, it may be
the case that the bilingual requirement to switch between languages on a daily basis serves
to tune the efficiency of language switching regions (left prefrontal cortex and ACC), and
that over time the increased efficiency of these regions comes to benefit even non-linguistic,
perceptual switching (see also Abutalebi et al., 2012).

We also explored the possibility that increased neural efficiency in older adult bilinguals
may result from better structural brain integrity. However, results from the VBM
comparison indicated no significant regional volumetric differences between older adult
bilinguals and monolinguals. This is not to say that bilingualism cannot be associated with
variations in brain structure, as previous results have reported both cerebral atrophy
(Schweizer et al., 2011) and higher white matter integrity (Luk et al., 2011) in older adult
bilinguals compared to their monolingual peers. Our results do, however, suggest a
functional basis of bilingual cognitive control advantages in older adults that cannot be
explained by macroscopic differences in brain volume. Future research will be required to
determine if bilingual behavioral advantages and improved neural efficiency observed here
are associated with differences in white matter microstructure.

We found no evidence that bilingual task switching advantages in aging are based upon
neural compensation. Bilingualism was associated with increased task switching activation
in the left middle temporal gyrus (MTG), but this increase manifested as a main effect of
bilingualism (present in both younger and older adult bilinguals) rather than an age by
language group interaction. Moreover, left MTG activation was not correlated with task
switching performance in bilingual older adults. Left MTG activation has however been
strongly linked with semantic processing (Vandenberghe et al., 1996; Gold and Buckner,
2002). In particular, given that left MTG contributes to automatic lexical-semantic processes
(Gold et al., 2006), its increased activation in bilinguals may reflect automatic activation of
corresponding lexical entries (possibly related to cue words) in the non-relevant language. In
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any case, the observed increase in left MTG activation may be an epiphenomenon of
bilingualism as it was incidental to task switching performance in the present study.

Taken together, our results suggest that benefits of lifelong bilingualism are based upon a
shift in cognitive control processing from effortful to more automatic. The notion that a shift
from strategic to automatic processing can result in performance differences is not new
(Hasher and Zacks, 1979). It is also well-established that repeated performance of higher
cognitive tasks results in faster RT and reduced brain activation, particularly in frontal
cortex (Demb et al., 1995; Qin et al., 2003; Gold et al., 2005). Of particular relevance to the
present results are findings from two studies exploring the effects of cognitive or
cardiovascular training on cognitive control processing and brain activations in aging
(Colcombe et al., 2004; Erickson et al., 2007). These training regimens improved cognitive
control performance and reduced brain activation in some regions that older adults over-
recruited compared to younger adults prior to training. Lifelong bilingualism may represent
a naturalistic analog of such training interventions, serving to maintain cognitive control
processes in aging and thus reducing the need for age-related over-recruitment.

The present study has several caveats that highlight the need for future work in this field.
First, the present study did not address the influence of age of acquisition on bilingual
advantages. Based on the present and previous results, future longitudinal research should
determine if intensive language immersion can improve cognitive control performance in
monolingual older adults. Second, additional research will be required to more precisely
characterize the nature of functional efficiency advantages we observed. For example, future
research should consider blood flow measures using arterial spin labeling and spectroscopy
measures of metabolite ratios reflecting various molecular and cellular processes. Finally,
our null findings concerning compensatory activation do not rule out a more subtle
contribution of this mechanism to bilingual cognitive control advantages. Future studies
should continue to explore this possibility, as well as other functional anatomic variations
that can be directly linked with bilingual cognitive control advantages.

In conclusion, our results demonstrate that lifelong bilingualism attenuates age-related
declines in perceptual task switching. Our results suggest that the bilingual advantage in
aging is at least in part the result of more efficient use of neural resources. Specifically,
bilingual older adults outperformed their monolingual peers despite requiring less activation
in primary task switching regions in which higher response was directly correlated with
slower switching. It appears that the lifelong bilingual experience of continuously switching
between two languages strengthens general-purpose executive control systems, maintaining
their neural efficiency in aging. Lifelong bilingualism thus confers not only social and
economic advantages, but benefits the functioning of the aging brain.
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Task switching paradigm. Tasks were indicated via cue words. In shape blocks, participants

decided if a stimulus was a circle or square. In color blocks, participants decided if a

stimulus was red or blue. In switch blocks, participants alternated between shape and color

decisions.
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fMRI results. (A) Voxelwise conjunction activation map of the switch — non-switch contrast
across groups. (B) Mean BOLD switch costs for each group in each of the seven ROIls
identified in the conjunction results. The long horizontal bars indicate effects of age group,
and the short horizontal bars indicate age by language interactions. Note: *p < 0.007, **p <
0.001.

J Neurosci. Author manuscript; available in PMC 2013 July 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gold et al.

Page 18

o
o
t=]

N
o
o

w
=}
Now B
=IE=]

N
o
RT Switch Cost (%)

RT Switch Cost (%)

o
=)

N W A O O N
SO O O O O o

Error Switch Cost (%)

RT Switch Cost (%)
AN oN &~ O @

o

o 1 2 3 4 5 6 7 8 -1 A 3 5 7 9 1.1
Left VLPFC Switch Cost (%) @ Oider Monolingual ACC Switch Cost (%)
@ otder Bilingual

Figure 4.

Relationship between neural and behavioral switch costs in older adults. Regression plots
show the significant correlations between neural switch costs and proportional RT switch
costs or error switch costs in the three regions showing age by language group interactions
in Figure 3, panel B. Each circle represents one of the 20 participants in each older adult
(monolingual or bilingual) group.

J Neurosci. Author manuscript; available in PMC 2013 July 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gold et al.

~
S

. 604 °
9
— 504
3 o
O 404
S 304 °% o° @ Older Monolingual
s L@ ee, o, e %729 @ olderBiingual
D 201 °
= (17 d
o O q
104 & §
0

1 2 3 4 5 6 7 8 9
Left MTG Switch Cost (%)

o

Figure 5.
Effect of language group on switching activation. Voxelwise contrast indicated increased
activation in lifelong bilinguals compared to monolinguals in left middle temporal gyrus
(MTG). Regression plots show the non-significant correlations between neural switch costs
and proportional RT switch costs or error switch costs in the left MTG. Each circle
represents one of the 20 participants in each older adult (monolingual or bilingual) group.

J Neurosci. Author manuscript; available in PMC 2013 July 12.

Error Switch Cost (%)

Page 19
[ ]
L L . R=021
[ ]
[ ]
| e 7
@
® o) [ ]
...... 0 o- o @ -

o 1 2 3 4 5 6 7 8 9

Left MTG Switch Cost (%)



Page 20

Gold et al.

'$2100s pajess-abie
ale gq pue ‘Ol ‘LAdd du} 0} sanfeA “premioeg subia ‘ga premiod sbIa ‘4a a1 souabijjau] Jied aamng (1D ‘D1 1saL A1e|ngeooA aimdid Apogead ‘ L Add ‘UONISOd [L190S JO Xapu] ‘dS| 'SAION

€60 96°0 €80 (ce)gor (ta)gor (Te)eor (82 vot aa
8€'0 050 44} (T2 L6 (02) 901 (¥'2) 80T (52 o1 Elel
8€0 080 ¥9°0 (sze) 9Lzt (z'02) 9'veT (9sT) €121 (e'€2) 9921 o]}
680 €10 820 (5°81) €'50T (6'€T) T'OTT (201) TOT (8T1) T'L0T 1Add
850 610 2o (28) L'6T 09Tz (Tot) L'12 (e'9) 192 dsl
€20 80 L€0 (cavLit (92521 (52)esT (CRIR WA uoreanp3
vL0 260 700°0> (0%) 6'€9 (T9) v'v9 (€v) 91E (ee)zee abv

abenbue] x aby  dnouo abenbue senjea-d  dnouo aby  |enbuljig JepjO  [enbuljouoin J8plO  [enBulig Jebuno A renBuijouoin JabunoA

"Z JuswiLIadx3 10J $9103s [eaIbojoydAsdoinau pue alydelbowap Joy sanfea-d pue ‘(sasayiualed ur) suoneinsp pJepuels ‘sueaw dnoio

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Neurosci. Author manuscript; available in PMC 2013 July 12.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Gold et al. Page 21

Table 2

Language background of monolingual and bilingual subjects from Experiment 2.

Younger Monolingual Younger Bilingual
Language(s) spoken English English + African language (Luo, Swahili), French, German, Indian language (Gujarati,
Hindi), Greek, Spanish, Turkish, Mandarin
% born in USA 95% 25%
Older Monolingual Older Bilingual
Language(s) spoken English English + African language (Igho, Swahili), Filipino, French, German, Indian language

(Guijarati, Hindi, Konkani), Spanish
% born in USA 85% 25%
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Table 5

Effects of bilingualism and BOLD signal on proportional RT switch costs.

r? Incrementinr?  F % Attenuation
Model 1
Language 0.092 386"
Model 2
BOLD 0.377 7547
Language 0.394 0.017 0.46 81.52

Note: Note: BOLD reflects average neural switch cost in left DLPFC, VLPFC and ACC.
P=0.056,

A
P<0.001.

J Neurosci. Author manuscript; available in PMC 2013 July 12.

Page 24



