
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/313794826

Neural	Correlates	of	Cognitive	Processing	in
Monolinguals	and	Bilinguals

Article		in		Annals	of	the	New	York	Academy	of	Sciences	·	February	2017

CITATIONS

0

READS

816

3	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Aging,	chronotype	and	cognitive	neuroscience	View	project

Cognitive	Reserve	and	Bilingualism:	Evidence	from	Neuroimaging	View	project

John	G	Grundy

York	University

14	PUBLICATIONS			27	CITATIONS			

SEE	PROFILE

John	A.	E.	Anderson

York	University

20	PUBLICATIONS			336	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	John	A.	E.	Anderson	on	16	February	2017.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document

and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/313794826_Neural_Correlates_of_Cognitive_Processing_in_Monolinguals_and_Bilinguals?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/313794826_Neural_Correlates_of_Cognitive_Processing_in_Monolinguals_and_Bilinguals?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Aging-chronotype-and-cognitive-neuroscience?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Cognitive-Reserve-and-Bilingualism-Evidence-from-Neuroimaging?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Grundy?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Grundy?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/York_University?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Grundy?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Anderson26?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Anderson26?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/York_University?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Anderson26?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John_Anderson26?enrichId=rgreq-30b04cc9c24f922cbbbe081208ac3840-XXX&enrichSource=Y292ZXJQYWdlOzMxMzc5NDgyNjtBUzo0NjI1MTQ5ODgyOTQxNDRAMTQ4NzI4MzU3NDQwNA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Annals of the New York Academy of Sciences �  of �1 17
Running head: Neural correlates of bilingualism 

Neural Correlates of Cognitive Processing in 
Monolinguals and Bilinguals  

John G. Grundy*, John A. E. Anderson*, & Ellen Bialystok 
York University, Toronto, ON, Canada 

Abstract 

The present paper reviews the neural correlates of cognitive control associated with bilingualism. We demonstrate 
that lifelong practice managing two languages orchestrates global changes to both structure and function of the brain. 
Compared to monolinguals, bilinguals generally show greater gray matter volume, especially in perceptual/motor regions, 
greater white matter integrity, and greater functional connectivity between gray matter regions. These changes 
complement EEG findings showing that bilinguals devote neural resources earlier than monolinguals. Parallel functional 
findings emerge from the fMRI literature: Bilinguals show reduced frontal activity suggesting that they do not need to rely 
on top-down mechanisms to the same extent as monolinguals. This shift for bilinguals to rely more on subcortical/
posterior regions, which we term the bilingual anterior to posterior and subcortical shift (BAPSS), fits with results from 
cognitive aging studies and helps to explain why bilinguals experience cognitive decline at later stages of development 
than monolinguals.   

Introduction 
It is well documented that both languages in a 

bilingual mind are jointly activated1,2. Therefore, bilinguals 
must constantly manage attention to two languages that 
compete for selection1, a situation that leads to 
neuroplastic changes in the brain3. An emerging idea is 
that this lifelong experience managing linguistic conflict 
leads to domain-general cognitive changes to both the 
structure and function of the brain4. Understanding how 
bilingualism contributes to neuroplasticity is especially 
important considering recent evidence that bilingualism 
protects against age-related cognitive decline. For 
example, Bialystok, Craik, and Freedman5 demonstrated 
that the onset of symptoms of dementia was four years 
later for bilinguals than monolinguals, a finding that has 
been replicated in different populations (for reviews, see 
6,7).  Other studies have shown that among Alzheimer’s 
disease patients, bilinguals perform equivalently on 
cognitive tests even when their brains show more 
disease-related atrophy than monolinguals8. What 
remains unknown are the precise mechanisms impacted 
by bilingual experience that reshape the brain and lead to 

these protective effects. Our proposal is that the changes 
in brain structure and function attributed to bilingualism 
lead to improved efficiency in domain-general cognitive 
processing.    

There is substantial evidence that verbal and 
non-verbal cognitive tasks recruit overlapping brain 
networks and processes in bilinguals (for reviews, see 
9,10) supporting the argument that domain-general 
resources are involved in learning a second language. 
Here we review magnetic resonance imaging (MRI) and 
electroencephalography (EEG) studies to examine the 
bases for differences between monolinguals and 
bilinguals in domain-general cognitive processing. 
Contrary to some previous reviews11, we argue that the 
literature is largely consistent and we provide a 
theoretical framework to understand how second-
language experience leads to the greater cognitive 
efficiency found for bilinguals.     

The present review converges on five important 
findings. First, bilinguals generally show greater gray 
matter volume than monolinguals in multiple areas of the 
brain, especially in perceptual/motor regions. Second, 
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increased second-language (L2) experience generally 
leads to greater white matter integrity, with the most 
consistent evidence appearing in studies that examine L2 
proficiency within bilinguals and in longitudinal studies. 
Third, fMRI studies show less frontal activation for 
bilinguals than monolinguals with equivalent performance 
on nonverbal executive control tasks; this effect is 
reversed in children who are just learning a new 
language. Fourth, functional connectivity between brain 
regions is generally stronger in bilinguals than 
monolinguals in nonverbal executive control tasks. This 
connectivity may have the effect of distributing effort 
across the network for bilinguals, whereas monolinguals 
rely more heavily on frontal regions for non-verbal 
cognitive tasks. Fifth, EEG studies reveal that bilinguals 
rely on earlier processes to complete control tasks than 
monolinguals for similar levels of performance. All these 
findings support the interpretation that bilingualism leads 
to domain-general modifications of neural networks that 
allow the system to rely on more efficient processes for 
cognitive tasks.   

Remodeling of Gray Matter 
At the level of the cortex, bilinguals tend to have 

greater gray matter volume than monolinguals12, 

particularly in the anterior cingulate cortex (ACC)13 and 
parietal lobes14,15, part of the frontoparietal network 
(FPN). Importantly, gray matter volume fluctuates as a 
function of proficiency and exposure to an L2. Abutalebi 
et al.,14 for example, reported that left inferior parietal 
lobule (IPL) volume correlated with L2 proficiency and 
right IPL correlated with L2 exposure. Similar findings by 
Wei et al.15 led the authors to argue that increasing L2 
exposure impacts gray matter volume: Earlier exposure 
was correlated with right superior parietal lobule (SPL) 
expansion. However, the most consistent findings are the 
remodeling of the subcortical volumes of the basal 
ganglia. The basal ganglia are involved in motor and 
perceptual feedback via cortical-basal ganglia loops16–18. 
The basal ganglia enable the selection of responses 
(motor programs) from among competing alternatives19 
and increasing task conflict leads to greater recruitment of 
basal ganglia regions20. This may explain why the basal 
ganglia regions are involved in bilingualism because of 
the constant need for bilinguals to deal with competition 
between two languages.   

The basal ganglia consist of the striatum, globus 
pallidus, substantia nigra, and subthalamic nuclei. As we 
shall see, striatum has been argued to be particularly 
important for bilingualism. This structure includes the 
caudate nucleus, the putamen, and ventral striatum.  Both 
the caudate and putamen are well connected to the 
frontal lobes, and feedback loops might contribute to 
more efficient communication between these regions over 
time. The caudate connects to prefrontal cortical areas 
and is thought to "gate" access to these frontal regions21.  
The putamen, in contrast, connects to sensorimotor 
regions and may help monitor cognitive and sensorimotor 
environments to determine whether initiation of motor 
programs are appropriate19.  Evidence for basal-ganglia 
nuclei changes have been observed with both voxel-
based morphometry (a widely available method of 
assessing whole-brain volume22,23) and recently with 

more sensitive Bayesian subcortical modeling 
procedures23–25. Several of these studies also describe 
how the gray matter differences are modulated by 
proficiency and age of acquisition of the second 
language. Abutalebi et al.,22 for example, showed that 
bilinguals (collapsed across proficiency levels) had larger 
left putamen than monolinguals. They further showed that 
less proficient bilinguals recruited this structure more than 
proficient bilinguals to support task performance. 
Abutalebi et al.’s findings indicate that greater recruitment 
of the putamen is necessary when first learning a second 
language and that over time this recruitment leads to 
greater volume and more efficient processing.  

Burgaleta et al.24 used a subcortical Bayesian 
approach and found that bilinguals had larger basal 
ganglia and thalamic structures including bilateral 
putamen and thalami and right globus pallidus and 
caudate nucleus than monolinguals. Using continuous 
measures of language exposure and production, the 
authors showed that as bilinguals became more balanced 
in terms of time spent listening to the second language, 
thalamus volumes increased. A comparable relationship 
was observed in right caudate with production of the L2. 
Similarly, Pliastikas et al.25 examined the effects of 
immersion in a second language on subcortical structures 
and found that more immersion was associated with 
bilateral expansion of putamen, a structure necessary for 
monitoring articulation and phonological errors. In a group 
of participants with equal proficiency but who used their 
second language infrequently, the authors reported 
expansion of bilateral caudate nucleus, structures 
involved in rule learning and regulating feedback to the 
frontal cortices. The basal ganglia coordinate the 
management of motor routines, for example in the globus 
pallidus, and perceptual experiences via the thalamus26. 
Given that bilingualism modifies these structures, it is 
possible that the increased motor and perceptual 
processes here allow the system to rely less on top-down 
frontal regions to increase efficiency.   
 Another approach to investigating the effect of 
bilingualism on brain structure is through studies of 
language training, and these studies also show gray 
matter changes at both cortical and subcortical levels. 
Martensson et al.27 compared surface-based 
morphometry in a group of students learning a second 
language and a control group of cognitive science 
students. Both groups were scanned twice, once at the 
beginning of the semester and once at the end. At 
baseline, there were no structural differences between 
groups. After training, highly proficient L2 learners 
showed tissue expansion in left superior temporal gyrus 
(STG) and right hippocampus relative to controls. 
Intriguingly, L2 learners who struggled in the course 
showed increases in dorsal middle frontal gyrus, inferior 
frontal gyrus, and superior temporal gyrus. Furthermore, 
right hippocampal and left STG volume were predicted by 
L2 proficiency whereas medial frontal gyrus (MFG) 
correlated with instructor ratings of effort.   

Another training study28 used VBM to examine 
native English-speaking students studying German in 
Switzerland. Over the five-month study period, the 
authors observed that increasing language proficiency 
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predicted increases in left inferior frontal gyrus. Finally, in 
a study comparing multilingual adults and highly proficient 
bilinguals who were simultaneous interpreters, brain 
scans were analyzed using VBM and an ROI approach 
including regions previously implicated in distinguishing 
between monolinguals and bilinguals (cingulate gyrus, 
caudate nucleus, frontal operculum, inferior parietal lobe, 
and insula)20. In this case, more proficient bilinguals had 
reduced gray matter in the left middle ACC, bilateral 
insula, left supramarginal gyrus (SMG), bilateral pars 
triangularis, and left pars opercularis. Additionally, 
negative correlations between number of hours of L2 
practice and gray matter volume were found in the left 
pars triangularis, middle anterior cingulate gyrus, and 
bilateral caudate nuclei.    Finally, we note that the 
reduction in bilateral caudate volumes reported by Stein 
et al.28 is also interesting from the perspective of the work 
by Pliastikas et al.25 who reported that caudate 
remodeling occurred only in the less proficient bilingual 
participants.  

A general finding across these studies is that 
bilingualism increases gray matter volume, with the most 
consistent changes in the basal ganglia. Expansion of 
tissue in parietal and ACC regions appear to depend on 
level of L2 proficiency and exposure. The basal ganglia 
are generally larger in bilinguals than monolinguals, 
including the putamen, caudate nuclei, and thalami. The 
caudate nuclei appear to be remodeled only for less 
proficient bilinguals who are struggling to learn a second 
language. Similarly, more proficient bilinguals show 
volume reductions relative to less proficient bilinguals in 
many areas of the brain including ACC and striate 
nucleus. Therefore, the relationship between gray matter 
volume and language proficiency or expertise follows an 
inverted U shape: As bilinguals gain proficiency with a 
second language, tissue volume increases, particularly in 
frontostriatal regions. However, once bilinguals gain a 
high level of expertise, gray matter tissue becomes 
specialized and appears to reduce relative to bilingual 
non-experts.   

These tissue modifications might contribute to a 
more efficient system for bilinguals.  The basal ganglia in 
particular are enlarged for bilinguals compared to 
monolinguals and these structural changes would allow 
bilinguals to rely more on perceptual/motor processes 
and less on frontal regions.  

Greater Integrity of White Matter Structures 
for Bilinguals 

White matter integrity is another significant 
contributor to efficient communication between brain 
regions29. Changes to white matter structures with L2 
experience may help to explain why bilinguals often 
outperform monolinguals on executive function tasks 
requiring fast response times30. White matter continues to 
develop throughout the lifespan, contrary to previous 
beliefs that the process stops after childhood31. Increased 
theta band activity generated from the ACC, a center 
critically involved in bilingualism32, possibly contributes to 
increases in white matter development33. For example, 
Voelker et al.31 argued that theta rhythms lead to a 

release of a protease that influences dormant 
ogliodendrocytes and results in increased white matter 
integrity through myelination. This white matter integrity in 
turn leads to increased motor efficiency. Semantic 
anomalies in sentence processing lead to power 
increases in the theta band34, and these sorts of semantic 
anomalies typify the bilingual experience. Increases in 
theta are also associated with greater verbal working 
memory demands35. Therefore, theta activity generated 
from the ACC might lead to greater WM integrity for 
bilinguals than monolinguals. The current evidence 
demonstrates that bilingualism modifies white matter 
volume and integrity in important ways. 

Coggins III, Kennedy, and Armstrong36 were the 
first to report that bilingualism modified a region of the 
corpus callosum, which is the largest white matter 
structure in the brain consisting of 200-300 million 
axons37,38. Compared to monolinguals, middle aged (~40 
years old) bilinguals showed enhancement of the anterior 
midbody of the corpus callosum. Felton et al. found 
similar results with young adults39. They examined the 
corpus callosum and found that bilinguals had greater 
volume in the middle-anterior and central regions than 
monolinguals. Diffusion tensor imaging (DTI) studies 
showed that bilingualism also leads to changes in 
fractional anisotropy (FA) in white matter. Luk, Bialystok, 
Craik and Grady40 demonstrated that older adult 
bilinguals had greater FA values than monolinguals in the 
corpus callosum and the superior and inferior longitudinal 
fasciculi. Similar FA findings and locations were reported 
for young adults41, again with greater FA for bilinguals in 
the corpus callosum that extended bilaterally to the 
inferior frontooccipital fasciculus, uncinate fasciculi, and 
superior longitudinal fasciculi. Olsen et al.12 showed 40 
that in addition to greater FA, bilinguals also had greater 
WM volume in frontal and temporal lobes. For both 
groups, greater WM in frontal regions was associated 
with faster RTs during the Stroop task.   

Not all studies find this pattern. Gold et al.42 
showed that older adult monolinguals had greater FA than 
bilinguals in the inferior longitudinal fasciculus, inferior 
frontooccipital fasciculus, and multiple portions of the 
corpus callosum. There are several potential reasons for 
this discrepancy. First, it is possible that the sample of 
bilingual participants in Gold et al.’s study had higher 
rates of preclinical mild cognitive impairment (MCI) 
pathology than monolinguals, despite cognitively normal 
performance42. If monolinguals with the same level of 
brain atrophy as bilinguals were excluded because they 
were being classified as MCI, but bilinguals remained 
cognitively intact, this pattern would explain Gold et al.’s 
findings. Second, it is possible that L2 experience 
modifies specific regions of WM structures in the brain, 
including different portions of the corpus callosum (e.g., 
anterior vs. posterior). It is also sometimes the case that 
“increases” in FA in areas with crossing fibers are not 
increases  but reflect an inability to distinguish between 
axial diffusivity of one fiber tract and radial diffusivity of 
the crossing fibre tract43. Thus, what is seen as an 
increase may be driven by a relative rather than an 
absolute change.   
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Finally, bilingualism is a complex experience that 

takes place in different environmental contexts44 that 
might themselves influence different portions of WM 
structures. For example, a dense code-switching 
environment44 in which individuals switch constantly 
between languages within a sentence might not enhance 
WM structures to the same degree as a dual-language 
context environment which requires more control. Similar 
to the Gold et al.42 findings, Kuhl et al.45 found greater FA 
for young adult monolinguals than bilinguals in multiple 
white matter tracts. However, unlike Gold and colleagues 
who did not include a continuous measure of L2 practice/
exposure within bilinguals, Kuhl et al. found that within 
Spanish-English bilinguals, time spent in the U.S., as well 
as time spent listening and speaking English, led to 
greater increases in FA. These increases were evident in 
left cortico-spinal, left inferior frontooccipital fasciculus, 
the left superior longitudinal fasciculus, and left inferior 
longitudinal fasciculus tracts. This pattern highlights the 
importance of looking at continuous measures because 
group divisions potentially mask important effects of L2 
experience.  

Many linguistic factors are also likely to contribute 
to structural changes to white matter integrity over time. 
Mohades et al.46 showed that monolingual children had 
greater FA in the anterior portion of the corpus callosum 
than bilingual children, but that bilinguals had greater FA 
in the left inferior frontooccipital fasciculus. Thus, the 
different WM structures are modified in complex ways. It 
is interesting that monolinguals showed greater FA than 
bilinguals in the corpus callosum given that among adults, 
bilinguals have typically shown greater FA in this region. 
The developmental course of white matter structures 
might therefore hinge on language mastery and 
automaticity over the course of the lifespan. Furthermore, 
as we noted earlier, the corpus callosum is a large brain 
structure and it is possible that collapsing across different 
portions of the tissue masks important group effects.   

Cummine and Boliek47 provided further support 
for the idea that different regions of WM are modified by 
the bilingual experience. They showed that young adult 
bilinguals and monolinguals had qualitatively different 
relationships between FA values and reaction times to 
name words. Monolinguals and bilinguals both exhibited 
faster RTs with increased FA in the parietal-occipital 
sulcus regions, but bilinguals also exhibited faster RTs 
with increased FA in the extreme capsule and near the 
caudate nucleus. In contrast, monolinguals showed faster 
RTs with greater FA near the supplementary motor area. 
This pattern again underscores the point that the brain-
behavior relationship between WM integrity and RT is 
complex, and that L2 experience modifies this 
relationship. Nichols and Joanisse48 revealed that with 
earlier age of L2 acquisition, young adult bilinguals had 
higher FA values in inferior longitudinal fasciculus (ILF), 
anterior midbody of the corpus callosum, and the arcuate 
fasciculus. L2 proficiency was also associated with 
greater FA in ILF, the right arcuate fasciculus, and the 
forceps minor of the corpus callosum.  

If WM is involved in L2 learning, then it might 
follow that greater WM integrity leads to greater ability to 
learn a second language. The evidence so far reveals 

that it does. Golestani et al.49 taught non-native speech 
sounds to a group of individuals and found that fast 
learners had greater WM density in left Heschl’s gyrus 
and lingual gyri bilaterally than slow learners. More 
recently, Qi et al.50 showed that the most successful 
learners of a four-week long Mandarin course had greater 
FA in both the right superior longitudinal fasciculus and 
the right inferior longitudinal fasciculus than less 
successful learners.     

Compelling evidence for the idea that the corpus 
callosum is modified by L2 learning comes from a 
longitudinal study in which young adult university students 
enrolled in a 9-month second-language course51. A group 
of control students with a similar course load did not 
undergo language training. Those who took the L2 course 
showed significant increases in FA in the corpus callosum 
over time, whereas controls did not. Similarly, Mohades et 
al.52 measured FA values for simultaneous bilinguals (L2 
from birth), sequential bilinguals (L2 from age 3), and 
monolinguals (no L2) over a span of two years.  First, 
they showed that simultaneous bilinguals and sequential 
bilinguals had greater FA than monolinguals in the left-
inferior-frontooccipital fasciculus at both times. Second, 
they demonstrated that sequential bilinguals had the 
greatest increases in FA over the two year period.  The 
authors attributed the greater gains in WM integrity over 
the two-year span for sequential bilinguals to their having 
the largest proportional change of time being bilingual 
(i.e., years being bilingual at T2/years being bilinguals at 
T1).  Thus, the change in bilingual status was significantly 
related to WM integrity gains.  

These changes to white matter structures can in 
turn lead to more efficient communication between 
different areas of gray matter. Several recent studies with 
young adults have shown that bilingualism leads to more 
efficient communication between areas that are involved 
in language processing and control than monolinguals. 
One study examined white matter connections between 
gray matter nodes using graph theory53. They found 
greater connectivity for bilinguals than monolinguals 
between the left frontal and parietal/temporal regions, the 
left occipital and parietal/temporal regions, and the right 
superior frontal gyrus.  

While most studies accept that mean diffusivity 
(MD) is a measure of cellulitis and edema, one study 
showed a surprising finding that increases in this 
measure were associated with performance gains. 
Bakhtiari , Boliek, and Cummine54 found that both 
monolinguals and bilinguals had faster reading times with 
greater mean diffusivity in the uncinate fasciculus, but 
that only bilinguals showed faster RTs with greater mean 
diffusivity in the arcuate fasciculus and superior 
longitudinal fasciculus. It is important to understand the 
relation between MD and FA to reconcile these findings. 
FA is the ratio of the first eigenvector along the axon’s 
gradient – axial diffusivity (AD) – to the second and third 
eigenvectors showing diffusion perpendicular and 
diagonally to the primary gradient – radial diffusivity (RD).  
MD, by contrast, is a simple average of the three 
eigenvectors.  Greater MD could result from greater RD, 
which typically tracks axonal demyelination, or from 
greater AD, which increases with brain maturation and 
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reduces with axonal injury.  As such, any interpretation of 
the relation between MD and FA requires information 
about RD and AD.  Nonetheless, this study highlights yet 
another qualitative difference in WM connectivity between 
groups. 

The most consistent pattern of WM findings is 
found in studies examining levels of proficiency and 
exposure within bilinguals, and longitudinal studies 
examining WM changes over time. The regions most 
consistently reported in this regard include the corpus 

callosum and the inferior and superior longitudinal 
fasciculi. These structures generally become larger and 
show greater FA with increases in L2 experience. These 
WM integrity increases may contribute to delaying the 
onset of cognitive decline for bilinguals relative to 
monolinguals. For example, Douaud et al.43 demonstrated 
that conversion from mild cognitive impairment to 
Alzheimer’s disease was reliability indexed by declines in 
corpus callosum FA values.  Importantly, WM adaptations 
due to bilingualism fit with a model of efficient cognitive 
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Figure 1.  The Bilingual Anterior to Posterior and Subcortical Shift (BAPSS).  A) Regions showing 
expansion of gray and white matter with L2 acquisition. B) Hypothetical functional recruitment of 
frontal regions in response to task-demand by language group and age. C) Shift of functional 
recruitment from frontal to posterior and subcortical regions with L2 learning. Early frontal 
recruitment (red) gives way to posterior and subcortical regions at later stages of L2 acquisition 
(blue). D) Hypothetical shift from controlled (late) to automatic (early) processes with L2 learning. 
This shift is indicated by the red lines. CC = Corpus Callosum, ACC = Anterior Cingulate Cortex, 
DLPFC = Dorsolateral Prefrontal Cortex, BG = Basal Ganglia, OL = Occipital Lobe, OA = Older 
Adult, YA = Younger Adult, ERN = Error-Related Negativity.    
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processing: WM connects gray matter regions for more 
efficient functional communication55,56. 

Bilingualism as a Model of Efficiency: The 
Bilingual Anterior to Posterior and 

Subcortical Shift (BAPSS) 
Our interpretation of this literature is that 

bilingualism is associated with a model of “efficient” brain 
recruitment. The pattern takes the form of less 
recruitment of frontal and executive regions and greater 
recruitment of posterior/subcortical regions by bilinguals 
to manage nonverbal executive tasks than found for 
monolinguals. In particular, bilinguals recruit the ACC and 
dorsolateral prefrontal cortices (DLPFC) less than their 
monolingual peers, but rely more than monolinguals on 
basal ganglia and posterior regions that are responsible 
for perceptual/motor functions. We use the phrase 
bilingual anterior to posterior and subcortical shift 
(BAPSS; see Figure 1) to describe this pattern. We argue 
that this pattern reflects efficiency rather than 
dedifferentiation (i.e., lack of specificity of neural 
activation accompanying worse performance) because 
the contributing studies report either no behavioral 
differences between groups, or more impressively, 
matched behavior, allowing brain differences to be 
discussed in the absence of a behavioral confound. Many 
studies do, however, examine behavioral correlates of 
activation. To the extent that bilinguals recruit frontal 
regions, they tend to show reduced performance.  

The earliest researchers to make the bilingual 
neural efficiency claim were Abutalebi et al.32 in a study 
using the Flanker Task. The authors used a combination 
of structural (VBM) and functional (fMRI) methods to draw 
two conclusions. First, bilinguals had larger ACC volumes 
than monolinguals. Secondly, bilinguals recruited ACC 
less than monolinguals, with better levels of behavioral 
performance. Their conclusion was that bilinguals relied 
on ACC tissue less than monolinguals for executive 
control. Rodriguez-Pujadas et al.57 replicated this 
reduction of ACC activation by bilinguals relative to 
monolinguals in a sample of Spanish-Catalan bilinguals 
and Spanish monolinguals while participants completed a 
stop-signal paradigm. Importantly, behavior was titrated 
so that all individuals had a 50% probability of stopping.  

This pattern of efficiency is also observable in 
“late” bilinguals who acquired a second language 
between 9-17 years58. Waldie et al.58 described a pattern 
consistent with BAPSS in English monolinguals and 
Macedonian-English bilinguals using a modified Stroop 
Task. For the feature vs. response conflict contrast on 
incongruent trials, bilinguals activated the left pons, left 
thalamus and left parahippocampus more than 
monolinguals. The first two of these regions are part of 
the striate nucleus (i.e., basal ganglia), which as we shall 
see is believed to gate information to the frontal lobes. 
The parahippocampal cortex is involved in spatial and 
object mapping, indicating a possible increased role for 
keeping the response mapping separate for bilinguals 
relative to monolinguals. For this contrast, monolinguals 
activated a host of frontal and temporal regions including 
the right superior frontal, right middle frontal, right inferior 

frontal, left fusiform, left cingulate, and left lingual gyrus. 
This finding fits well with the proposed model of efficiency 
by bilingual brains and anticipates the role of the striatum, 
discussed next.   

Some authors have argued that the shift from 
executive regions is paralleled by increased reliance on 
regions from the language control network10,59,60. We do 
see evidence of greater striatal involvement - and 
remodeling - in bilinguals relative to monolinguals, and 
there is now good evidence that the striate nuclei may be 
gating access to frontal structures61,62. From this 
perspective, bilinguals do not need to draw upon frontal 
regions to deal with conflict as this has largely been 
resolved earlier in the processing hierarchy. Stocco & 
Prat61 first described this finding empirically using two 
ROIs – one in the left striatum and one in the left frontal 
cortex. They showed that bilinguals increased striatal 
activity to manage conflict on a rapid-instructed task-
learning paradigm relative to monolinguals. Rodriguez-
Pujadas et al.63 reported similar findings using an 
“embedded critical trial design” with matched behavioral 
performance in a group of Spanish-Catalan bilinguals and 
Spanish monolinguals. Bilinguals recruited left caudate 
and left inferior frontal gyrus (IFG) more than 
monolinguals to complete the paradigm. We note that this 
study only partially fits the BAPSS model because the 
relative increase of left inferior frontal gyrus by the 
bilinguals is anomalous. However, it does not necessarily 
follow that greater L2 proficiency within the bilingual 
group predicts greater recruitment of left IFG. 
Interestingly bilinguals also recruited the left caudate 
more than monolinguals. This greater caudate 
recruitment by bilinguals fits with the Stocco et al.61,62 
proposal that increased processing by striate nuclei is 
potentially the mechanism by which bilinguals gate 
access to the frontal lobes.    

A shift between anterior regions and posterior 
and subcortical regions is also characteristic of changes 
with cognitive aging, although the direction is reversed 
(see Figure 1). Older adults typically show a shift from 
posterior to anterior processing relative to younger adults 
on simple tasks64,65. For more difficult tasks, however, 
young adults also recruit additional frontal resources. 
Older adults are generally unable to perform these 
difficult tasks, possibly because there are no more frontal 
resources to call upon.66 If bilingualism leads to 
enhancements of posterior/subcortical regions, then the 
frontal regions in older adult bilinguals remain available 
for difficult cognitive tasks. These changes to neural 
recruitment may act to combat typical patterns of neural 
decline for bilinguals. 

Two studies highlight these patterns. The first 
study67 matched participants behaviorally on intelligence, 
socioeconomic status, and cognitive ability. The authors 
then compared younger and older adult monolinguals and 
bilinguals on a non-linguistic color-shape switching task 
administered in three blocks. For the critical switch trials, 
young adult performance was equivalent between 
language groups, and both groups were faster and more 
accurate than older adults. In the older adult sample, 
however, monolinguals showed significantly larger switch 
costs than bilinguals. ROI analyses of fMRI data revealed 
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that monolingual older adults significantly over-activated 
left DLPFC, left ventrolateral prefrontal cortex (VLPFC), 
and ACC compared to bilingual older adults and both sets 
of younger adults. The authors interpreted this finding in 
terms of greater efficiency by the older bilinguals.   

A recent study provided a conceptual replication 
of these results using a Simon Task.68  The participants 
were older adult French-English bilinguals and French 
monolinguals.  Performance was equivalent between the 
groups, however, paralleling the results described by 
Gold et al.67, only monolinguals showed the classic 
posterior to anterior shift with aging (PASA)64,65 pattern of 
activity in response to task demands. The BAPSS 
efficiency pattern thus maintains itself into older age.   

Studies of linguistic processing also reveal 
findings in line with the BAPSS model in which frontal 
resources are drawn upon for second-language 
processing. Over time, this pattern of daily use leads to 
greater efficiency that is manifested by bilinguals on 
nonlinguistic tasks when compared to monolinguals. 
Managing two languages is taxing and draws upon broad 
language and executive control networks. Reverberi et al.
69 contrasted intention to speak and the execution of 
speech in a group of German-English young adult 
bilinguals. Participants were cued to either get ready to 
respond in English or German, or to subvocalize a 
response in English or German. During the 
subvocalization phase, the language network was 
recruited more when participants prepared to shift from 
one language to the other (regardless of the language). 
Notably, speaking (executing) the non-native language 
(English) resulted in greater ACC and caudate nucleus 
activation than speaking German. The authors argue that 
this finding underscores the demanding nature of 
managing two languages. Complementary findings were 
produced by another study70 which found that bilinguals 
recruited right insula, ACC and DLPFC to manage less 
proficient languages.  

There is an exception to the BAPSS pattern from 
studies of children. In general, children tend to over 
recruit those same regions that are later engaged more 
efficiently by bilingual adults. For example, Mohades et al.
71 tested bilingual and monolingual children using the 
Simon and Stroop tasks and found that bilingual children 
recruited bilateral cingulate cortex to a greater extent than 
monolinguals on conflict trials. Converging findings from 
two other studies72,73 show that bilingual children over-
recruit frontal resources when completing theory of mind 
tasks and reading (though the latter is confounded by the 
linguistic nature of the task). Although the evidence from 
functional studies with children is limited, this over 
recruitment may be a byproduct of bilingual children 
attempting to master two languages at this stage of 
development. Evidence supporting this view comes from 
parallel studies of language processing where less 
proficient bilinguals devote more neural real estate to 
managing two languages than more proficient 
bilinguals74,75. Thus, in the initial stages, learning to keep 
two languages in mind results in neural redundancy and 
over recruitment. This pattern of over-recruitment ebbs 
once the brain recognizes the commonalities between the 
languages.   

Modulation of Functional Connectivity in 
Bilinguals and Monolinguals 

In the previous section, we argued that bilinguals 
have more efficient neural activity than monolinguals, 
particularly in frontal regions. In this section, we review 
evidence from functional connectivity studies. In general, 
bilinguals appear better able to modulate functional 
connectivity than monolinguals; specifically, during task-
evoked brain activity, bilinguals show stronger 
connectivity with salience and frontoparietal network 
regions. These regions are involved in error detection, 
attention, shifting, and staying on task. These regions 
also substantially overlap with the language control 
networks. During rest, by contrast, bilinguals tend to show 
less connectivity with frontal task-regions than 
monolinguals.   

Luk et al.76 provided some of the earliest 
functional connectivity analyses of bilinguals and 
monolinguals. They used behavioral partial-least-squares 
(PLS) to examine networks of brain regions that covaried 
with RT during a flanker task. Importantly, behavioral 
performance did not differ between groups, but the 
relation between performance and brain patterns was 
different for monolinguals and bilinguals. In the 
Congruent-Neutral contrast (facilitation), monolinguals 
and bilinguals drew upon a network including right 
caudate nucleus, left superior frontal gyrus, and occipital 
regions. This network facilitated performance in both 
groups. In contrast, in the more difficult Incongruent-
Neutral contrast (interference), bilinguals recruited a 
network including bilateral thalami, ACC, temporal and 
occipital regions but monolinguals continued to use the 
same network from the easier condition. Thus, bilinguals 
are more able than monolinguals to adapt network 
connections in response to task demands.   

Two further studies investigated whether 
bilinguals and monolinguals differentially modulated task 
versus rest functional connectivity77,78. Grady et al.77 used 
the Luk et al.76 dataset to conduct a seed-PLS analysis to 
extract the salience network (SN), FPN and default mode 
(DMN) networks. At rest, bilinguals had stronger 
connections to the FPN and the DMN than monolinguals.  
However, there was no interaction between task and rest 
functional connectivity by group suggesting that bilinguals 
did not modulate functional connectivity more than 
monolinguals.  A follow-up analysis examined whether 
FPN coupling across task and fixation conditions would 
predict task activity. Here they reported that FPN 
modulation across task/fixation states only predicted task 
activity in the bilinguals, with greater modulation of activity 
associated with greater activation changes.   

A similar question was investigated by Li et al.78 
using ROIs with bimodal bilinguals and monolinguals who 
performed a picture naming task. The authors showed 
that bilinguals, but not monolinguals, were able to 
modulate connectivity with the dorsal ACC across task 
and rest states. Relative to monolinguals, bilinguals had 
stronger coupling with ACC during task and lower 
coupling with ACC during rest. Increased ACC coupling 
was associated with slower RTs, an unsurprising result 
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given the verbal nature of the task. Linguistic stimuli offer 
greater challenges for bilinguals than monolinguals since 
for the former group both language representations must 
be managed. This conceivably requires greater ACC 
management and does not (necessarily) simply reflect 
better/faster performance.  Complementary findings were 
reported by Costumero et al.79 who defined the FPN and 
SN in Spanish monolinguals and Spanish-Catalan 
bilinguals who were performing a go-nogo task using 
independent components analysis. Echoing the other 
results described in this section, bilinguals had stronger 
functional connectivity during task than monolinguals in 
the left FPN and SN. The authors reported that this 
increased modulation of SN and FPN networks by 
bilinguals predicted better accuracy and faster RTs. No 
such relationship was found for monolinguals. Finally, Luk 
et al.40 used seed PLS focusing on two regions (bilateral 
IFG) to examine language group differences at rest. 
Monolinguals were found to have stronger resting-state 
connectivity within frontal lobes, while bilinguals 
expressed greater frontal-to-posterior connections. This 
last finding is intriguing and suggests that even at rest the 
functional organization of the bilingual brain differs in 
notable ways to that of monolinguals.  Future studies 
comparing rest to task organization within subjects should 
be conducted to discover whether this innate difference is 
related to the pattern of greater bilingual modulation we 
describe earlier.   

Earlier and More Automatic Processes in 
Bilinguals 

So far we have shown that L2 experience leads 
to enhanced gray matter, white matter, and functional 
connectivity, as well as a shift from reliance on anterior to 
subcortical and posterior brain regions. These changes 
might be related to a shift from more effortful controlled 
processing to more automatic processing of stimuli, but 
fMRI alone cannot confirm this interpretation due to poor 
temporal resolution. Event-related potentials (ERPs) allow 
for the investigation of temporally-rich neural processing 
at the level of millisecond resolution. The amplitude and 
latency of each ERP component provides information 
regarding the strength and timing of various cognitive 
processes and the interplay between automatic and 
controlled processing80.   

Two of the most commonly reported 
electrophysiological markers for language processing are 
the N400 and the P60081. The N400 is an index of several 
aspects of language processing and is especially 
sensitive to semantic integration of objects and 
representations82.  Bilinguals must work harder than 
monolinguals to integrate this information because they 
must consider information from two languages. The N400 
is sensitive to activation from the non-target language 
during linguistic processing and is thus modified by the 
linguistic competition that bilinguals continually 
manage83,84. The N400 is modulated by attentional 
control rather than being automatically produced in 
response to bottom-up linguistic input85. N400 responses 
are often followed by another top-down, late positive 
component known as the P600 that appears 

approximately 600 ms after stimulus onset and is 
sensitive to syntactic violations81. Critically, 
electrophysiological modulations at the N400 and the 
P600 in response to syntactic violations and grammatical 
processes are qualitatively different for monolinguals and 
bilinguals86–88. Furthermore, language switching studies 
show greater activation for language switch than non-
switch trials at a related component known as the late 
positive component (LPC)89. 

Top-down executive control is thus heavily 
involved in language processing. Continual use of higher-
order executive control centers has been shown to 
enhance early visual90, auditory91, and other sensory 
modality processes through feedback loops. Uncertainty 
and conflict can trigger a more in-depth analysis of visual 
features of stimuli. For example, the temporal parietal 
junction, an area responsible for early visual feature 
extraction92, may receive feedback from higher-order 
control centers, such as the ACC, to enhance visual 
feature processing during conditions of uncertainty93,94. 
Similarly, the conflict monitoring theory95–97 proposes that 
the ACC detects conflict which in turn biases early 
perceptual processing toward task-relevant features and 
away from distractors. It is likely that lifelong use of 
higher-order cognitive processes leads to more efficient 
resource allocation and enhances more automatic, early 
processes to prepare the system for potential conflict. If 
L2 learning leads to domain-general cognitive changes, a 
prediction is that bilinguals will show enhanced automatic 
attentional allocation compared to monolinguals on non-
verbal tasks. As we will see, this is precisely what the 
evidence shows. Although there are some exceptions, the 
overall picture is consistent: Across a range of non-verbal 
cognitive tasks, L2 experience leads to larger and earlier 
ERPs at stimulus-locked components such as the N2 and 
the P3 and reduced amplitude ERPs in later windows 
such as the stimulus-locked N450 and the response-
locked error-related negativity (ERN)98,99.  

Evidence from N2 
The N2 component is a fronto-central negative 

deflection that occurs approximately 200-300 ms after 
stimulus onset and is believed to be sensitive to 
automatic conflict detection96.  Language switching 
studies have shown that N2 amplitudes are also linked to 
language switching costs. For example, Jackson et al.89 
found greater N2 amplitudes when switching between 
languages during a digit naming task than when 
continuing with the same language.  Similarly, Shao et al.
100 showed that N2 effects depended on the degree of 
linguistic conflict present during picture naming. They 
recorded ERPs while participants named pictures with 
either high or low word agreement indicating the extent to 
which people agree on the name of the picture. The 
authors found larger N2 amplitudes in the low than in the 
high name agreement pictures. The low word agreement 
condition where there are alternative names parallels the 
bilingual extensive experience in selecting one word from 
among two competing languages.  Given that N2 
amplitudes increase when there is a high probability of 
encountering conflict101,  one might expect to find larger 
N2 amplitudes for bilinguals than monolinguals. 



Annals of the New York Academy of Sciences �  of �9 17
Several studies have demonstrated this effect in 

which bilinguals have larger amplitude and shorter 
latency N2 responses during non-verbal cognitive tasks. 
Larger N2 amplitudes reflect more resources devoted to 
early conflict processing102 and shorter latencies reflect 
faster (more automatic and efficient) processing103. 
Fernandez et al.104 examined young adult monolinguals 
and bilinguals performing an auditory Go/No-Go task in 
which participants had to respond by making a button 
press to two subsequently-presented high tones (Go 
trials) and withhold responses to any other combination of 
high or low tones (No-Go trials). There were no 
behavioral differences, but bilinguals showed larger N2 
responses than monolinguals to No-Go trials in which a 
motor response had to be withheld. L2 proficiency 
moderated this effect, such that higher proficiency was 
associated with larger N2 responses for No-Go trials. 
Fernandez and colleagues105 further examined the 
modality-specificity of these findings. Using a similar Go/
No-Go paradigm but in both auditory and visual 
modalities, the authors found that bilinguals showed 
larger N2 responses than monolinguals in the auditory, 
but not visual, modality. This difference was once again 
moderated by L2 proficiency, with larger N2 responses on 
No-Go trials for higher proficiency bilinguals.   

Other studies have also converged on the idea 
that bilinguals show enhanced N2 responses compared 
to monolinguals, even in the visual modality. Moreno et al.
106 had young adults perform a visual Go/No-Go task  in 
which participants were required to make a key press in 
response to white shapes (75% probability) and withhold 
responses to purple shapes (25% probability). Bilinguals 
showed larger N2 responses than two groups of 
monolinguals (i.e., musicians and non-musician controls) 
for No-Go trials, despite no behavioral differences. The 
authors concluded that bilinguals were better at detecting 
response competition or at allocating resources to resolve 
conflict.   

Sullivan et al.107 also used a Go/No-Go task with 
EEG to track the effect of early L2 experience. They 
tested English-speaking monolinguals enrolled in first-
year Spanish or first-year Psychology courses. Behavioral 
and EEG data were acquired at two time points – at the 
beginning of the term and after six months of instruction. 
Results revealed that although the magnitude of the 
amplitude did not change, L2 learning led to earlier N2 
latencies after training. This finding is consistent with 
more efficient and automatic conflict processing at the 
N2.       

Finally, Barac, Moreno, and Bialystok108 
administered a visual Go/No-Go task to 5-year-old 
children. Again, no group differences were observed for 
N2 amplitudes, but latency analyses revealed earlier N2 
responses for bilingual than monolingual children, 
reflecting more efficient processing. In the behavioral 
results, bilinguals showed faster and more accurate 
responding than monolinguals. Furthermore, earlier 
latencies were associated with better performance in 
bilinguals but not monolinguals. This brain-behavior 
relationship illustrates how bilinguals are taking 
advantage of earlier N2 processing while monolinguals do 
not.  

Another paradigm that has shown robust N2 
differences between monolinguals and bilinguals is the 
AX version of the continuous performance task (AX-
CPT)109. Morales et al.110 examined the 
electrophysiological correlates of proactive and reactive 
control111 as a function of L2 experience. Monolingual and 
bilingual young adults were instructed to respond to 
specific prime and probe combinations, namely, press 
“yes” when the letter X was preceded by the letter A and 
“no” for all other sequences. Target (AX) trials appeared 
70% of the time and the other three combinations (AY, 
BX, BY) each appeared 10% of the time. AY trials 
consisted of an A prime followed by any letter other than 
X, BX trials consisted of primes that could be any letter 
other than A followed by an X letter probe, and BY trials 
were control trials in which neither the prime or the probe 
overlapped with target trials. On the most difficult AY trials 
in which participants are primed to expect an X target and 
then withhold a prepotent (incorrect) response, bilinguals 
were more accurate and showed larger N2 amplitudes 
than monolinguals.    

The AX-CPT task shares important features with 
the Go/No-Go task. AX trials are similar to Go trials in that 
they occur most frequently and set up the participant to 
expect more trials of this sort. AY trials are similar to No-
Go trials because they occur less frequently and some 
form of control is required to overcome the prepotent 
response. Thus, like the Go/No-Go task, bilingualism is 
associated with enhanced N2 on conflict trials in the AX-
CPT task. This pattern was also found in a study with two 
groups of young adult bilinguals in which one group 
received practice in language switching; both groups 
performed the AX-CPT at two time intervals112. ERPs 
were first recorded to get a measure of baseline 
performance. Following this, the experimental group 
received language switching practice for 10 days, but the 
control group did not. The results showed larger prime-
locked N2 amplitudes in the follow-up EEG recordings for 
the language switching group but not for the control 
group. These results are consistent with the view that N2 
amplitudes are enhanced by L2 learning and language 
switching practice. 

Most of the results described to this point have 
been consistent in demonstrating effects of bilingualism 
on N2, but there is an exception to this pattern. Kousaie 
and Phillips113 tested monolingual and bilingual young 
adults on a Stroop114, Simon115, and Flanker116 task while 
EEG was recorded. They found no behavioral group 
differences on the three tasks but reported larger N2 
amplitudes for monolinguals than bilinguals on the Stroop 
task. However, there are some important caveats 
regarding these findings. First, only the Stroop task 
showed larger N2 amplitudes for monolinguals, with no 
N2 group differences on the flanker or the Simon task.  
More importantly, the Stroop task is the only task that has 
a verbal component (word reading). Because bilinguals 
divide their time between two languages, they have less 
experience in each language than monolinguals117–119. As 
a consequence, verbal tasks often disadvantage 
bilinguals and resources typically devoted to earlier 
processing in bilinguals might be needed elsewhere for 
additional linguistic processing.     
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In sum, the overall pattern of findings is 

consistent with the view that bilinguals devote more early 
resources to the N2 than monolinguals while performing 
non-verbal cognitive tasks.  Some have claimed that this 
reflects better inhibitory control by bilinguals105, but this 
view has been challenged by others120 given that the N2 
has been shown to become smaller with development121. 
We agree with Paap et al.120 that it is best to not label this 
as better inhibitory control, but neither should it be labeled 
as worse control as the authors argue, given that it 
becomes smaller with development. We instead propose 
that there are qualitative processing differences in 
attentional control between language groups when 
resolving conflict. Importantly, the amplitude of the N2 
depends on both proactive and reactive conflict 
processing, so better control depends on the context. 
Grützmann et al.101 showed that the amplitude of the N2 
gets smaller on immediate repetitions of conflict trials, but 
that it gets larger over the course of the block if many 
conflict trials are present, as opposed to few. Thus, 
bilinguals may be adopting a more proactive processing 
strategy than monolinguals, anticipating that many conflict 
trials will be present, and allocating more early attentional 
resources to process these stimuli. This idea is in line 
with the fact that bilinguals continually deal with linguistic 
conflict between two languages whereas monolinguals do 
not. The temporal course of this information processing is 
especially interesting, and the evidence suggests that 
bilinguals process stimuli earlier at this conflict-sensitive 
N2 component. We argue that monolinguals adopt a 
different strategy in which later, more effortful control 
processes are used to reach the same behavioural 
outcome as bilinguals on conflict tasks.     

Evidence from P3  
Many of the studies that found earlier and larger 

amplitude N2 components for bilinguals than 
monolinguals also showed group effects at the P3 
component. The P3 appears around 300-400 ms after 
stimulus onset and may reflect stimulus 
categorization122,123. Larger P3 amplitudes are associated 
with better working memory performance124,125 and 
shorter P3 latencies are associated with faster stimulus 
categorization time122,123. Bilinguals generally show larger 
amplitude and shorter latency P3s than monolinguals on 
non-verbal tasks. Using a visual Go/No-Go task, Moreno 
et al.106 showed that bilinguals had larger P3 amplitudes 
than monolinguals for the conflict No-Go trials, but 
showed no difference for Go trials. Sullivan et al.107 used 
a similar Go/No-Go paradigm and found that six months 
of enrolment in a Spanish language university course led 
to larger P3 amplitudes over time, but no P3 changes in 
amplitude or latency were observed in a control group of 
participants enrolled in Psychology. Similar findings were 
observed for children performing the Go/No-Go task, with 
larger P3 amplitudes for bilinguals than monolinguals108. 
Barac et al.108 further demonstrated that bilingual children 
showed earlier P3 latencies, indexing faster stimulus 
categorization times.   

The results reported by Kousaie and Phillips113 
were less consistent than other studies, but still showed 
shorter P3 latencies by bilinguals than monolinguals on 

two of the three tasks (i.e., flanker & Simon), 
demonstrating again faster stimulus categorization for 
bilinguals. In contrast, the Stroop task showed greater P3 
amplitudes for monolinguals than bilinguals. Similarly, 
Coderre et al.126 reported greater P3 amplitudes for 
monolinguals than bilinguals during a Stroop task. As 
described for the N2, the Stroop task requires linguistic 
processing and this might lead to more distributed neural 
network recruitment for bilinguals than monolinguals, thus 
smaller P3 responses.  Finally, larger P3 amplitudes for 
bilinguals than monolinguals on the AY conflict trials were 
reported during AX-CPT task described earlier110. 

Taken together, the P3 findings demonstrate that 
when group differences are observed on non-verbal 
conflict resolution tasks, they are in the direction of 
shorter latencies and increased amplitudes for bilinguals. 
These findings might indicate that bilinguals devote more 
early neural resources to stimulus categorization than 
monolinguals on non-verbal cognitive tasks. We use the 
term “early” to reflect two things. First, earlier latencies for 
bilinguals suggest earlier stimulus categorization than 
monolinguals, and not that the P3 is an “early” 
component. Second, even though P3 amplitudes are 
larger for bilinguals than monolinguals and the P3 is an 
attentional component, we provide evidence for the idea 
that later cognitive processes tend to be larger for 
monolinguals (e.g., N450 and response-locked ERN – 
see next two sections).  More resource deployment at 
early stages of processing (e.g. N2) for bilinguals than 
monolinguals might also facilitate categorization at the P3 
in order to lessen the requirements for later cognitive 
processing.  In this sense, the P3 is part of set of 
components that allow more automatic and efficient 
processing of stimuli for bilinguals than monolinguals.  

N450 and the Late Sustained Negative-going 
Potentials  

The N450 is a late negative-going component 
that appears approximately 450 ms after stimulus onset 
and is sensitive to interference control before response 
selection during the Stroop task127. The sustained 
negative-going potential, which appears around 550-700 
ms after stimulus onset and follows the N450, is believed 
to index conflict resolution and response selection 
processes128,129. Heidlmayr et al.130 had monolingual and 
bilingual young adults perform a Stroop task that 
combined elements of negative priming. The authors 
found ERP Stroop effects (incongruent minus congruent) 
for monolinguals but not bilinguals at both the N450 and 
the late sustained potential, despite no behavioral 
differences. These ERP effects suggest that monolinguals 
might be devoting more resources at late stages of 
processing (interference control and response selection) 
than bilinguals to deal with conflict. In another study, 
Coderre et al.126 examined the N450 and found that 
bilinguals had smaller ERP Stroop effects than 
monolinguals with equal behavioural performance, again 
demonstrating that monolinguals are devoting more 
resources at late stages of processing compared to 
bilinguals.   

It is important to note that all these studies 
reporting language group differences on the late 
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components used a Stroop task and therefore required 
linguistic processing. Thus, it is unclear if monolinguals 
are devoting more resources at these late stages of 
processing to perform the task equivalently to bilinguals 
or if bilinguals are distributing their resources elsewhere 
for the linguistic demands of the task. Future research will 
be needed to separate these competing possibilities.   

Evidence from Error-Related Negativity (ERN) 
Given that behavioral performance with young 

adults is often similar across language groups in these 
studies and that fMRI findings generally show greater 
activation in frontal regions (e.g., ACC) for monolinguals 
than bilinguals, it is possible that monolinguals are 
deploying more control later in processing. Preliminary 
evidence from the error-related negativity (ERN) supports 
this interpretation. The ERN is a response-locked ERP 
that appears following error trials and is believed to index 
the need for more control after response execution131. 
The response-locked ERN and the stimulus-locked N2 
are tightly linked in that both respond to conflict; more 
control at the ERN is required when control at the N2 is 
not sufficient131.  Moreover, both the ERN and the N2 
have generators in the ACC132 which is critically involved 
in distinguishing between monolinguals and bilinguals 
performing conflict resolution tasks.  Furthermore, the 
ERN is believed to be involved in both verbal and non-
verbal error processing133. If monolinguals devote fewer 
resources than bilinguals at the N2 and more resources 
later, then it follows that monolinguals should show 
greater ERN amplitudes than bilinguals to signal the need 
for more control following errors.   

Only two studies have examined the ERN in 
monolingual and bilingual participants, but the evidence is 
consistent with our speculations. First, Kousaie and 
Phillips113 reported a larger ERN for monolinguals than 
bilinguals during the Stroop task, despite equivalent 
behavioral performance for both RT and accuracy. 
Second, using the AX-CPT task, Morales et al.110 showed 
that monolinguals had larger ERN amplitudes than 
bilinguals across all trial types. They concluded that 
bilinguals showed more adaptive control mechanisms 
than monolinguals and that their findings were in line with 
other research reporting smaller ERNs for more efficient 
self-monitoring systems134.  Note that in the Morales et al. 
study, bilinguals had fewer errors than monolinguals.  
This is important because errors are negatively correlated 
with the size of the ERN135.  Larger ERN amplitudes 
reflect more controlled response strategies136.  Thus, in 
the Morales study, bilingual ERNs are likely enhanced 
due to more accurate responding than monolinguals and 
that with equivalent behavioural performance, the ERN 
distinctions between groups would be even larger.   

Relatedly, Festman and Münte134 conducted a 
study in which they divided groups into switcher and non-
switcher bilinguals according to their ability to stay in the 
intended language (non-switchers) or switch to the 
unintended language (switchers) during picture naming. 
Following this classification, the two groups performed a 
flanker task while EEG was recorded. Accuracy was 
equivalent between groups, but non-switchers were faster 
on incongruent trials and showed smaller ERN 

amplitudes than switchers across all trials. This suggests 
that better language control results in smaller ERN 
amplitudes on non-verbal executive function tasks. Given 
that bilinguals have a lifetime of experience managing two 
languages and monolinguals do not, one would expect 
ERN differences to emerge between groups.  

In sum, the limited amount of evidence suggests 
that L2 experience leads to smaller ERN amplitudes.  We 
suggest that this may be the result of a lifetime of 
committing errors during language learning and 
consequently opting to rely on earlier automatic 
processes that make the system more efficient.  Future 
studies should examine this possibility.   

Conclusions  
The literature reviewed above indicates that 

bilingualism modifies both structural and functional 
aspects of the brain and that these changes contribute to 
domain-general cognition. When first learning a new 
language, bilinguals devote more frontal resources to 
help them deal with competition between two languages. 
Over time, drawing upon these resources becomes more 
efficient by enlarging important gray and white matter 
structures and facilitating communication between 
anterior (cognitive) and subcortical/posterior (motor/
sensory/perceptual) regions. However, with increasing 
experience and specialization, some structures are 
optimally remodeled. This remodeling sometimes appears 
in the form of selective volume reductions. Compared to 
monolinguals, over time bilinguals devote fewer 
resources to anterior regions and more resources to 
subcortical/posterior regions (BAPSS), corresponding to a 
shift from more demanding, late, top-down processing, to 
more automatic processing of stimuli during non-verbal 
executive control tasks.      

The BAPSS framework may help explain why 
bilinguals show delayed cognitive decline associated with 
aging compared to monolinguals137. There is a well-
documented posterior to anterior shift with aging 
(PASA)64,65 in functional activity. Older adults recruit more 
frontal regions to complete cognitive tasks at the same 
level of performance as younger adults. If bilinguals rely 
less on frontal regions, as the evidence suggests, and 
more on subcortical/posterior regions than monolinguals, 
this efficiency would stave off cognitive decline associated 
with older age.  The BAPSS framework is the first attempt 
to unite the EEG, structural MRI, functional MRI, and 
aging literatures to account for the effects bilingualism on 
cognition across the lifespan. It is now well accepted that 
experience has the capacity to lead to neuroplastic 
changes in brain structure and function. The research 
summarized in this review suggests that bilingualism is 
one such experience. 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