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Research investigating the neural mechanisms of language and cognition in bilingual
children is steadily growing. We reviewed functional magnetic resonance imaging (fMRI)
and functional near-infrared spectroscopy (fNIRS) studies to identify brain regions
engaged during linguistic and cognitive tasks of bilingual compared to monolingual
children. Out of 26 eligible studies, six fMRI studies were included into an exploratory
coordinate-based meta-analysis, whereas fNIRS papers lacked sufficient statistical and
methodological data for meta-analysis. However, the small number of studies, combined
with considerable heterogeneity in participant characteristics, task paradigms, and
underlying brain organization, limits the generalizability and interpretability of the
current findings. Results suggest that: (1) bilinguals’ neural correlates of language and
cognition revealed clusters across classic language areas (as well as additional
domain-general executive regions as supported by supplementary probabilistic atlas
analyses); (2) comparisons considering bilingual age of acquisition groups and
age-matched monolinguals revealed differences in activation within the IFG - the sole
area identified in the fMRI meta-analysis — among other regions across the frontal,
temporal, and parietal lobes. While findings should be interpreted cautiously given the
early and heterogenous nature of this literature, activation patterns in bilingual children
were consistent with those of bilingual adult studies, highlighting involvement of key
frontal and temporal regions in language and cognition. Our findings also underscore the
urgent need for standardized reporting practices, especially in fNIRS research, including
detailed documentation of acquisition parameters and processing methods to facilitate
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future meta-analyses and improve reproducibility.

INTRODUCTION

Neural correlates of language and cognition in diverse pop-
ulations, including bilinguals, have been of increasing in-
terest and expanding to pediatric populations.!-3 Overall,
behavioural evidence suggests that typically developing
bilinguals achieve crucial linguistic and cognitive develop-
mental milestones at a pace similar to that of monolingual
children; however, a bilingual learning environment may
also yield different trajectories.4"11 Whether potential dif-
ferences between monolingual and bilingual development
also exist at the neural level is unclear. Research has estab-
lished various brain regions and networks relevant to adult
bilingual language processing and cognition,!2-14 however
it is unclear when these bilingual activation patterns begin
to emerge. It has been also proposed that it is critical to un-

derstand the impact of a richer — bilingual — language input
on brain development and aging,!> neuroplasticity as well
as, 16 potentially, on cognitive reserve.1”18 Understanding
the effects of a bilingual environment may be key to under-
standing the mechanisms influencing cognitive functioning
across the lifespan and healthy brain aging. In the present
meta-analysis, we explore the neural correlates of language
and cognition during bilingual development.

BILINGUALS VS. MONOLINGUALS

It has been a common research practice to contrast bilin-
gual and monolingual outcomes, to gain a window into
bilingual development. While these comparisons can be
meaningful, it should be also considered that bilinguals
represent a heterogenous group, in terms of their age of
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acquisition (AoA), proficiency, and current and past expo-
sures to languages.!? Relevant here as well is that first (L1)
and second (L2) language acquisition may be constrained
to selected time windows or sensitive periods.20-21 For this
reason, simultaneous bilingual children - those exposed to
two or more languages since birth or prior to age three,22
though some classifications extend this range to beyond?23:
24 _ versus sequential bilingual children — those exposed
to another language after age three — might exhibit differ-
ent neural developmental patterns. Here, bilingual is used
inclusively to refer to both bilingual and multilingual lan-
guage environments.

LANGUAGE AND COGNITION

In our analyses, we consider language and cognition in tan-
dem to gain a comprehensive and ecologically valid under-
standing of the mechanisms underlying bilingual develop-
ment. We operationalize cognition broadly to encompass
higher-order mental processes, including but not limited to
attention, memory, and executive functions (such as inhi-
bition, working memory, and cognitive flexibility), as mea-
sured through both verbal and non-verbal cognitive tasks.
Most theoretical schools accept that language is integral
and a central part of cognition,25-27 given a deep intercon-
nection between language abilities and broader cognitive
processes.28:29

Regarding language, our scope includes tasks that focus
on both sub-lexical and lexical (e.g., phonemic, syllable,
word-level tasks) and supra-lexical (e.g., sentential, con-
tinuous speech) processes. This distinction captures the
unit of linguistic processing, ranging from fine-grained
acoustic-phonetic and lexical processing to higher-order
syntactic, semantic, and discourse-level integration30-33
and may be particularly relevant for bilingual popula-
tions.34 It is also important to note that in most exper-
imental paradigms reviewed here, there is a considerable
overlap in measurements of language and cognition - par-
ticularly in task-based assessments of language (e.g., se-
mantic/phonological interference task) and language-based
assessment of cognition (e.g., phonological working mem-
ory task).

LANGUAGE AND COGNITION IN THE MONOLINGUAL
BRAIN

Previous monolingual-focused, developmental neuroimag-
ing studies have identified brain regions that we now com-
monly refer to as “classic language areas”, including the
superior temporal gyrus (STG) and the left inferior frontal
gyrus (IFG).35-37 Also, with increasing age, the language
network develops greater left lateralization,38:39 (cf. recent
findings suggesting adult-like lateralization by age 4%0)
with increased activation of semantic processing regions
(frontotemporal areas, e.g., classic language areas of Brod-
mann areas 45, 47 - IFG, fusiform gyrus, superior and mid-
dle temporal gyri - STG, MTG*! and sensory/motor regions
(e.g., left premotor, bilateral primary motor, left so-
matosensory cortex3’ and a decrease in recruitment of the

default mode network (e.g., posterior cingulate cortex and
precuneus) during cognitive control processes with age.37

LANGUAGE AND COGNITION: MONOLINGUALS VS.
BILINGUALS

In developing bilinguals, brain structure differences have
been observed in comparisons with age-matched mono-
lingual peers, albeit based on limited evidence.*2 Across
various adult and pediatric age groups, voxel-based mor-
phometry studies revealed elevated levels of grey matter
in bilinguals compared to monolinguals, in a solitary clus-
ter located in the right culmen. Notably, the findings were
largely influenced by the sole pediatric study included in
the analysis, and when this study was removed, no signif-
icant differences were found in grey matter volumes be-
tween bilinguals and monolinguals. 4243

However, to date, no meta-analyses focusing on devel-
oping populations have compared the functional activa-
tions of task-based language and cognition, or the neural
responses associated with performing specific language and
cognitive tasks, across bilingual and monolingual children.
While there have been meta-analyses of comparing adult
bilinguals’ L1 and L2 performance on language and cogni-
tive tasks,!2-144445 here we focus on monolingual versus
bilingual comparisons. When drawing from adult literature
reviews of the neural correlates of bilingual processing,
there is no consensus on whether specific areas are engaged
in processes unique to the bilingual experience.#6-4 Both
increased and decreased activity can be seen for the same
area within- (across studies) and between-reviews. Greater
control-related functional brain activity across multiple
identified areas of anterior cingulate cortex (ACC), pre-
frontal cortex (PFC), putamen, caudate nucleus has been
claimed for both monolingual and bilingual adults; this is
also seen in the putamen/caudate nucleus for adult lan-
guage learning. EEG studies on the bilingual N2 component
activity, related to control, also show discrepancies, indi-
cating both greater N2 - possibly indicating heightened in-
hibition/monitoring — and smaller N2 — potentially reflect-
ing more efficient general processing depending on the task
and population.4” Similar to the discussion on functional
and structural connectivity as highlighted by Garcia-Pen-
t6n,4% the “hazy view” of bilingual neural correlates arises
from variations in analysis methods across studies and a
heterogeneity in recruited bilingual samples, resulting in a
lack of generalizability across results.

FMRI AND ENIRS

Neuroimaging investigations in developmental research
have successfully utilized functional magnetic resonance
imaging (fMRI) and functional near-infrared spectroscopy
(fNIRS). Both techniques provide valuable insights into dy-
namic changes during task-based brain activity. While fMRI
typically offers higher spatial resolution and deeper pen-
etration into brain tissue compared to fNIRS, the latter
generally provides better temporal resolution. fNIRS espe-
cially has gained popularity in language studies involving
pediatric samples due to its accessibility, versatility, and
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compatibility for use with children.50 While an important
body of literature exist in this area, studies using electroen-
cephalography were not included in the present review due
to the limited spatial resolution of this imaging technique
and given our focus on the neuroanatomy of bilingual pro-
cessing.

RESEARCH QUESTIONS

1. What brain areas are activated when typically devel-
oping bilingual children engage in language and/or
cognitive tasks?

2. How do these activated brain regions in bilingual
children compare with those identified in monolin-
gual children from the same studies?

METHODS

TWO-STAGE SYSTEMATIC SEARCH

Study protocol preregistration is available here
(https://osf.io/SNKWZ/). We adhered to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
guidelines (PRISMA).>! Following consultation with a
health science research librarian, we conducted a system-
atic search across three electronic OVID databases, Med-
line, PsycINFO and Embase. Concepts and more detailed
search terms adapted for each database are available in the
Supplementary Material (S1). In addition, a supplementary
manual search using the reference lists of pre-qualifying
articles from the electronic database search and relevant
articles identified through Google Scholar ‘Cited By’ section
was conducted. The most recent search was finalized in May
2024.

SELECTION CRITERIA

Studies were included if: (a) they were peer-reviewed, pri-
mary texts written in either English or French without a
specific date range; (b) they included participants <18
years; (c) the participants were identified as bilinguals in
the article, including either simultaneous bilinguals (who
have been exposed to both oral languages from birth up
to three years of age) or sequential bilinguals (exposed to
each oral language after the age of three); (d) the studies
reported activations for language and/or cognitive tasks for
each language group; (e) studies did not evaluate literacy
(no reading-related task as to not exclude children at ear-
lier ages); (f) the studies used one or more of these specific
types of neuroimaging — fMRI or fNIRS; (g) the studies re-
ported Talairach or MNI coordinates for each activation. No
limitations were placed on the specific characteristics of the
bilinguals.

ARTICLE SCREENING

Both database and manual search results were subject to
article screening. After duplicates were removed, a two-
step screening process was applied. First, a screening of
titles and abstracts was conducted by a team of trained

reviewers (three trained graduate research assistants and
author), with each article reviewed by two reviewers. Dis-
agreements were resolved by a third reviewer who had not
previously assessed the article. Second, a full-text screen-
ing was conducted with a focus on appraising the study crit-
ically using the “Checklist for Quasi-Experimental Studies”
from the Joanna Briggs Institute Appraisal Tools.52 Again,
two reviewers were tasked with appraising each study for
potential for bias in methodology and results. After the full
text of each article was screened, disagreements were once
again reviewed by the third reviewer to determine inclusion
into the final count. Once the disagreements were sorted,
studies that qualified were added to the final list of articles
included in the knowledge synthesis.

CRITICAL APPRAISAL OF STUDIES

The Joanna Briggs Institute Appraisal Tools “Checklist for
Quasi-Experimental Studies” was adapted for appraising
studies for risk of bias.52 Critical appraisal questions are
available in the Supplementary Material (S2). Queries from
the original tool checklist were followed, and additional
questions were also added, tailored to the needs of this
study:

1. Measure of socioeconomic status (SES) as matched
between groups: As SES is an important factor in
the study of bilingualism, measuring and matching
SES between groups would be ideal in the articles se-
lected (i.e., recruitment from the same neighborhood,
parental education, household income).

2. Assessment for bilingual language background: stud-
ies should assess bilingual language background, at
least identifying two factors: age of acquisition and
proficiency.

To evaluate the assessments quantitatively, we trans-
formed the responses (Yes, Unclear, No, N/A) to numerical
values (100, 50, 0, N/A) and calculated summary statistics
(average and standard deviation). We set an average score
of >60 as a cutoff to only retain studies of medium and high
quality.

DATA EXTRACTION AND SYNTHESES

The following data was extracted from included studies:
study location, age, language background history, neu-
roimaging technique (fMRI, fNIRS), nature of the task per-
formed (task), linguistic or cognitive level of processing
(sub-lexical and lexical — phonemic, syllable, word; supra-
lexical - sentential, continuous speech; cognitive — execu-
tive function, social cognition), name and location (x,y,z) of
regions showing significant activity, and summary of main
findings.

For the fNIRS studies, given the heterogeneity in task
design, fNIRS systems, optode placement, data preprocess-
ing, and reporting standards (see Supplementary Material
$3), it was determined that a meta-analysis could not be
conducted. While previous meta-analyses have incorpo-
rated fNIRS studies by accounting for differences in
methodology, the level of variability in the present dataset
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- particularly in data acquisition and the definition of re-
gions of interest —posed significant challenges for synthe-
sizing effect sizes in a meaningful way (see the Limitations
section for more details). As a result, a narrative synthesis
was deemed the most appropriate approach to summarize
the findings. Accordingly, we present a narrative synthesis
that integrates findings from both fNIRS and fMRI studies,
alongside a meta-analysis of the fMRI data.

For the fMRI studies, an exploratory fMRI analysis was
conducted through activation likelihood estimation
(ALE)>3; using GingerALE software, version 3.0.2
(http://brainmap.org/ale/). 3D maps were generated via the
collected locations (x,y,z) of regions. The likelihood of sig-
nificant activation within a given voxel is represented by
ALE scores resulting in activation maps and compared to a
null distribution>455 and a random effects model accounts
for clustering between experiments to limit the effect of
a single experiment. All contrasts and foci from fMRI ar-
ticles were manually extracted and input into the Brain-
Map’s Scribe database. Coordinates reported in Talairach
were converted to Montreal Neurological Institute (MNI)
standard space in GingerALE. Given the exploratory na-
ture of this analysis, we used an uncorrected threshold of
p<0.001, with a minimum volume of 150 mm3, compara-
ble to previous ALE meta-analyses investigating bilingual
subjects.12:13,44.56 yoxels surviving this threshold were in-
terpreted as showing above-chance convergence between
experiments reflecting the language- and cognitive-associ-
ated activations in children. Thresholded ALE maps were
overlaid onto the Talairach coordinate brain template,>”
using image viewing software Mango, version 4.1
(http://rii.uthscsa.edu/mango/).

The following analyses were performed: (i) within-group
(bilingual) activation patterns during language and/or cog-
nitive tasks; (ii) between-group (bilingual # monolingual)
activation patterns during language and/or cognitive tasks.

RESULTS

First, we present a narrative synthesis of the results from
both fNIRS and fMRI studies. We then present an ex-
ploratory ALE meta-analysis of fMRI studies, given the lim-
ited number of available studies (n=6).

SYSTEMATIC SEARCH

Twenty-six studies met inclusion criteria, of which 6 in-
cluded fMRI data; those were analysed in an exploratory
meta-analysis. Figure 1 provides a summary of the search,
number of study exclusions to final inclusion following the
PRISMA flow diagram.5! Articles were excluded for the fol-
lowing reasons: did not include bilinguals according to the
defined criteria; missed sufficient information (e.g., activa-
tion reported separately by group, coordinates); did not re-
cruit children (participants older than 17 years); not a pri-
mary study or a case report; reported on tasks that were
beyond the scope of the current review (e.g., reading tasks);
did not use fNIRS/fMRI neuroimaging and additional dupli-
cate records were missed in the original duplicate screen-

ing. After evaluating the quality of the studies, one more
study was excluded from synthesis. Details on study char-
acteristics for fNIRS and fMRI studies are available in Table
1 and Table 2 respectively.

CRITICAL APPRAISAL

Critical appraisal assessments were conducted for all stud-
ies that met inclusion criteria (S2). We excluded one
study®8 from our synthesis as it fell below the established
threshold (score >60; medium and high quality). Although
other studies also lacked information on either SES or bilin-
gual language background, the decision to exclude this
study was based on its inadequate reporting of both ele-
ments, with no details provided on SES or bilingual back-
ground, causing it to fail to meet our threshold.

PARTICIPANTS

Across the 26 studies, a total of approximately N=1,460
participants were included. All studies recruited bilingual
participants (n=928). Twenty studies included at least one
comparator group, most often age-matched monolinguals
(19/20; n=532) or more rarely, another bilingual group (2/
20; e.g., different age groups, different language pairing).
Some overlap across samples is possible, particularly in
longitudinal or lab-based studies, and therefore this num-
ber should be interpreted as an approximate upper bound
of unique participants.

AGE AT TEST

Most participants were recruited at two developmental
stages, around the start of kindergarten (3-6 years old) and
during early elementary school (7-12 years old). However,
the age range of the participant sample was wide, rang-
ing from 4 months to 16 years, with a mean age of 7.06
years (standard deviation = 3.72) for bilinguals and 6.95
years for monolinguals (standard deviation = 4.22). Three
fNIRS studies and one fMRI study recruited bilingual par-
ticipants of multiple ages for the purpose of conducting
analyses using age as a predictor variable. The fMRI study
included two distinct age groups: 6-8 and 9-10-year-olds.>?
The three fNIRS studies involved infants at 6-month-olds
and  10-month-0lds,®° and  4-6-month-old and
10-12-month-old infants®!; the other study recruited an
older school age group of 6-8-year-olds and 9-11-year-
olds.62

BILINGUAL TYPE

Given our definition of exposure to two languages before
three years of age, simultaneous bilinguals were most often
reported (n=10), whereas sequential bilinguals were re-
ported less often (n=3; Table 1-2). Only one study compared
performance across bilingual type, recruiting both simul-
taneous and sequential bilingual groups.®3 Studies also re-
cruited a mixed group of simultaneous and sequential bilin-
guals, often labeled “early bilinguals” (n=10; Table 1-2),
given the fact that authors may have used different age cut-
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= Critical appraisal (n=1)
E Studies included in Studies included in
'g narrative synthesis (n=26) > meta-analysis
] (n=6)
=

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart for

Systematic Reviews.

The PRISMA flowchart outlines the study identification, screening, eligibility, and inclusion process, from database and manual search sources.

offs for designation of bilingual type (e.g., age four or five).
Unfortunately, a subset of studies did not provide enough
information to determine bilingual type (n=4); these chil-
dren were often described as learners of English as a foreign
language.

LANGUAGES OF TASKS AND LANGUAGES USED BY
BILINGUALS

Many studies used an English-language task, as the most
often spoken language across studies was English. However,
a few research groups used French®%%5 and German.66:67
Several studies conducted the task in both bilinguals’ lan-
guages (8/26). Bilinguals were almost always heritage lan-
guage speakers (e.g., language learned from home envi-
ronment), learning an additional societal language, or the
language commonly used as a majority language in the so-
ciety of the speaker (e.g., English and French in Canada,
German in Germany). While the term ‘heritage speaker’
can imply broader patterns of language shift or attrition
(see Benmamoun et al.®8), the studies reviewed here focus
on individuals still in the process of language acquisition
and do not describe such pattern. The most often reported
bilingual heritage language was Spanish, followed by Man-
darin Chinese, and Japanese. Studies most often recruited
homogenous groups of bilinguals, where all children had in
common the same language pairings (e.g., all speakers of

English and Spanish), as seen in 23/26 studies (Table 1-2).
One study recruited two homogenous groups of different
language pairings.®® The remaining three studies recruited
heterogenous groups of bilinguals, where all participants
shared one language (societal language, language the task
was conducted in) but differed in their other language, of-
ten a home/heritage language.

STUDY LOCATION

Half of the included studies were conducted in North Amer-
ica (United States and Canada). Additional sites include Eu-
ropean (Germany, France and United Kingdom) and East
Asian nations (Taiwan, China and Japan).

METHODOLOGY

NEUROIMAGING TECHNIQUE AND APPROPRIATENESS
FOR META-ANALYSES

fNIRS studies (n=20) largely outnumbered fMRI studies
(n=6), given the enhanced applicability of fNIRS in pediatric
samples and its lower cost compared to MRI. Methods for
reporting fNIRS signal acquisition (e.g., fNIRS instrument,
source-detector distances, regions of interest and lateral-
ity) were heterogenous across studies; fNIRS signal acqui-
sition details are available in Supplementary Material (S3).
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Table 1. Study characteristics describing study location, bilingual’s age, type and language, comparator group, experimental task, level of processing, regions of interest
and main findings of included fNIRS studies.

# Study Study Bilinguals’ Bilinguals’ Bilinguals’ Languages Comparator Experimental Task Level of Processing
Location Age Type group
1 Arredondo et al., USA 7-13 Mixed (<5 English-Spanish Monolingual Atte‘nt|onal Network Task COG - Executive Function
2017 years years) (Active task)
2 Arredondo, Hu, USA 7-10 Mixed (<5 English-Spanish Monolingual Linguistic Competition Task SUBLEX/LEXLANG/COG -
Satterfield, et al. years years) (Active task) Word, Executive Function
(2019a)
3 Arredondo, Hu, USA 6-12 Mixed (<5 English-Spanish Monolingual Grammaticality Judgment Task SUPRALEX LANG - Sentential
Seifert, et al. (2019b) years years) (Active task)
4 Arredondo, Aslin, et Canada 6 months, Simultaneous English-Other Monolingual Attentional Orienting Task COG - Executive function
al. (2022a) 10 (Active task)
months
5 Arredondo, USA 7-9 years Mixed (<5 English-Spanish Monolingual Attentional Network Task COG - Executive Function
Kovelman, et al. years) (Active task)
(2022b)
6 Baronet al., 2023 USA 6-8 years, Mixed (<5 English-Spanish None Grammaticality Judgment Task (Active task) SUPRALEX LANG - Sentential
9-11 years)
years
7 Dinget al. 2021 USA 9-12 Simultaneous, Mandarin Chinese - Monolingual Agent Selection Task SUPRALEX LANG - Sentential
years Sequential English (Active task)
8 Grobaetal. 2018 Germany 4-6 years Simultaneous German-Spanish Monolingual Property Term Learning Task SUPRALEXLANG/COG -
(Active task) Sentential, Executive Function
9 Grobaetal. 2019 Germany 5years Simultaneous German-Spanish Monolingual Property Term Learning Task SUPRALEX LANG /COG -
(Active task) Sentential, Executive Function
10 Hidaka et al. 2012 Japan 3-5years Mixed (<5 Japanese-English None Listening Task SUPRALEX LANG - Continuous
years) (Passive task) speech
11 Kou et al. 2024 Taiwan 6-7 years Mixed (<5 Mandarin Chinese - Monolingual Phonological/ Semantic Interference Task SUBLEX/LEXLANG/COG -
years) English (Active task) Word, Executive Function
12 Lietal. 2019 China 5-7 years Unable to Mandarin Chinese- Monolingual Attentional Network Task COG - Executive Function
determine English (Active task)
13 Liet al. 2020 China 5-7 years Unable to Mandarin Chinese None Bilingual Comprehension Switch Task SUBLEX/LEX LANG/COG -
determine -English (Active task) Word, Executive function
Listening Task SUPRALEX LANG -Continuous
(Passive task) Speech
14 Mercure et al. 2020 United 4-8 Simultaneous English-Other Monolingual, Listening Task SUPRALEX LANG -
Kingdom months Bimodal (Passive task) Continuous Speech
Bilingual
15 Moriguchi et al. 2020 Japan 3-6years Unable to Japanese-English None Dimensional Change Card Sort Task COG - Executive Function
determine (Active task)
16 Petitto et al. 2012 Canada, 4-6 Simultaneous English-Other Monolingual Listening Task SUBLEX/LEX LANG -
USA months, (Passive task) Phonemic
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# Study Study Bilinguals’ Bilinguals’ Bilinguals’ Languages Comparator Experimental Task Level of Processing
Location Age Type group
10-12
months
17 Sun et al. 2023 USA 7 years Simultaneous English-Mandarin Monolingual Morphological Awareness Task SUBLEX/LEX LANG - Word
Chinese; English- (Active task)
Spanish
18 Wagley et al. 2024 USA 7-11 Mixed (<5 English-Spanish None Semantic Plausibility Task (Active task); SUPRALEX LANG - Sentence
years years) Grammaticality Judgment Task (Active task)
19 Xieetal. 2021 China 4-6 years Unable to Mandarin Chinese None Dimensional Change Card Sort Task COG - Executive Function
determine -English (Active task)
20 Zhang et al. 2023 USA 5-10 Simultaneous English-Mandarin Monolingual Morphological Awareness Task SUBLEX/LEX LANG - Word
years Chinese (Active task)

Note. COG: Cognition; SUBLEX/LEX LANG: Sub-lexical/lexical language; SUPRALEX LANG: Supra-lexical language.

Table 2. Study characteristics describing study location, bilingual age, type and language, comparator group, experimental task, level of processing, regions of interest
and main findings of included fMRI studies.

# Study Study Bilinguals’ Bilinguals’ Bilinguals’ Comparator group Experimental Task Level of Processing
Location Age Type Languages
21 Archila-Suerte et USA 6-8 years, Sequential English- Spanish Monolingual Listening Task SUBLEX/LEX LANG - Syllable
al.2013 9-10 (Passive task)
years
22 Ipetal. 2017 USA 7-12 Mixed (<5 English -Mandarin Monolingual Morphological SUBLEX/LEX LANG - Word
years years) Chinese Awareness Task
(Active task)
23 Kobayashi et al. Japan 8-12 Mixed (<5 English-Japanese Monolingual False-Belief Cartoon Task COG - Social Cognition
2007 years years) (Active task)
24 Meng et al. 2016 China 9-12 Sequential Mandarin Bilingual impaired readers Rhyme Judgment Task SUBLEX/LEX LANG - Word
years Chinese-English (Active task)
25 Pierce et al. 2014 France 9-16 Simultaneous French-Mandarin Monolinguals, Monolingual Tone Discrimination Task SUPRALEX LANG - Sentential,
years Chinese international adoptees (Active task) Prosodic
26 Pierce et al. 2015 France 9-16 Simultaneous French-Mandarin Monolinguals, Monolingual Phonological Working SUBLEX/LEX LANG/COG - Word,
years Chinese international adoptees Memory Task Executive Function
(Active task)

Note. COG: Cognition; SUBLEX/LEX LANG: Sub-lexical/lexical language; SUPRALEX LANG: Supra-lexical language
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Given a lack of openly available channel-based data, we
found the fNIRS studies were not suitable for a meta-ana-
lytic approach in the current study.”0

As for fMRI, all 6 studies reported BOLD signal imaging
obtained through 3T MR scanners, with coordinates in MNI
space. fMRI protocols varied in terms of data acquisition
parameters and pre- and post-processing (software, pre-
processing steps). Stimuli were presented through insert
headphones (n=3) or not otherwise specified. Findings are
explored using an ALE meta-analysis approach in the fol-
lowing section.

EXPERIMENTAL DESIGNS AND TASKS

Auditory language-related tasks were most employed, often
using sub-lexical and lexical (e.g., phonemic, syllabic,
word-level processing; n=10) and supra-lexical (sentence-
level, continuous speech processing; n=10) listening tasks
and morphological awareness tasks (Table 1-2). Six out of
the twelve cognitive tasks were language-based cognitive
tasks, evaluating executive functions (working memory,
monitoring, switching) through tasks including phonologi-
cal working memory (n-back), lexical competition, bilingual
comprehension switch and property term learning forced
choice. The other half were cognitive-only paradigms, typ-
ically evaluating executive functions (attention, switching)
using tasks such as the Attentional Network Task and Di-
mensional Change Card Sort Task. Mode of task stimulation
skewed towards active tasks that required participants to
think about, process information and/or provide a response
(e.g., button press), as opposed to passive (n=5), minimally
demanding, listening-only tasks.

GROUP COMPARISON: BILINGUAL (SIMULTANEOUS,
SEQUENTIAL/MIXED)

The activation patterns presented below are derived from
a qualitative synthesis of fNIRS and fMRI findings across
simultaneous bilinguals, as well as other bilingual types
(e.g., sequential, mixed). These patterns are reported sep-
arately for sub-lexical and lexical language, supra-lexical
language, and cognitive tasks. Although the observations
reflect trends we have identified across studies, they should
be interpreted with caution due to considerable method-
ological variability and the limited number of available
studies (see Limitations section for further discussion).

SUB-LEXICAL AND LEXICAL (PHONEMIC, SYLLABLE,
WORD)

Comparing studies recruiting simultaneous bilinguals to
other bilingual types (sequential, mixed), we represented
segmental level activation patterns across hemispheres in
Figure 2. In phonemic- and word-level studies, left hemi-
sphere (LH) activity in simultaneous bilinguals was gen-
erally localized to frontoparietal and temporal areas. In
contrast, LH activity in other types of bilinguals appeared
more diffuse, with additional activations reported in supe-
rior frontoparietal regions, as well as in cerebellar, medial
surface, and subcortical areas across phonemic-, syllable-

, and word-level studies. Right hemisphere (RH) activity
in simultaneous bilinguals was similarly localized to fron-
toparietal and temporal areas. In contrast, other types of
bilinguals showed additional activations in cerebellar, me-
dial, and basal surface regions, as well as subcortical struc-
tures such as the paracentral lobule, fusiform gyrus, cau-
date, hippocampus, and insula. Overall, simultaneous
bilinguals tended to report a more constrained pattern of
activation on frontal and parietal lobes’ superolateral sur-
face, compared to studies that recruit sequential or mixed
groups which often report more diffuse or additional acti-
vations.

SUPRA-LEXICAL (SENTENCE, CONTINUOUS SPEECH)

To compare studies recruiting simultaneous bilinguals with
those including other bilingual types (sequential, mixed),
we illustrated supra-lexical-level activation patterns across
hemispheres in Figure 3. For simultaneous bilinguals, LH
activity tended to be observed in the IPL, posterior tempo-
ral cortex and planum temporale for sentence-level tasks,
whereas reported LH activity for other bilinguals addition-
ally included frontal areas of MFG, IFG for both supra-lex-
ical level tasks. RH activity for simultaneous bilinguals was
noted in the DLPFC, STG/MTG and posterior temporal cor-
tex, whereas RH activity for other bilinguals included the
SFG, MFG and IFG.

COGNITION (EXECUTIVE FUNCTION, SOCIAL
COGNITION)

To compare studies recruiting simultaneous bilinguals with
those including other bilingual types (sequential, mixed),
we illustrated cognitive-level activation patterns across
hemispheres in Figure 4. For simultaneous bilinguals, RH
activity for was noted in IPL, SFG and MFG, whereas other
bilinguals activated frontal areas — SFG, MFG, IFG - with
additional reports of activity in the STG/MTG, IPL/STG and
subcortically in the precuneus. LH activity was only re-
ported by studies that recruited other bilingual types and
largely activated frontal areas and STG/MTG; thus, we are
not able to make comparisons on bilingual type.

GROUP COMPARISON: BILINGUAL (SIMULTANEOUS,
SEQUENTIAL/MIXED) VS. MONOLINGUAL

Nineteen studies evaluated monolingual and bilingual (si-
multaneous, sequential/mixed) children on both language
and cognitive tasks. The results are presented separately for
sub-lexical and lexical, supra-lexical, and cognitive tasks,
with comparisons made between each bilingual group (si-
multaneous, sequential and mixed) and monolingual coun-
terparts. As noted earlier, patterns are presented for de-
scriptive purposes only and should be interpreted with
caution.
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SUB-LEXICAL AND LEXICAL (PHONEMIC, SYLLABLE,
WORD)

Figure 5 summarizes reported findings from sub-lexical and
lexical language studies comparing bilingual and mono-
lingual children. Sub-lexical and lexical language studies
generally reported greater LH activity across all groups,
with a tendency for higher reported activity in simultane-
ous bilinguals (>monolingual) during word-level task pro-
cessing. For the most part, syllabic and word-level studies
reported increased activation in distinct brain regions for
simultaneous and sequential/mixed bilinguals, in compar-
ison to monolinguals - though both bilingual groups
demonstrated greater activity in the left MTG. Simultane-
ous bilinguals were noted to show higher activation in bi-
lateral STG, left MTG, left cingulate gyrus, and right pre-
cuneus. Sequential/mixed bilinguals were reported to
exhibit increased activation in the left MFG, bilateral IFG,
left MFG, and right IPL/STG. Monolinguals were observed
with higher activation in the bilateral IFG (> simultaneous
bilingual), area bordering MFG/IFG, right MFG, IPL/SPL (>
sequential/mixed bilingual) and temporo-occipital area and
left insula (> simultaneous bilingual). Interestingly, all
comparison groups reported increased activity in the left
IFG, while different groups also reported higher activity in
the MFG/IFG border area (monolingual > sequential/mixed
bilingual; simultaneous bilingual > monolingual).

For the phonemic task,®! studied groups varied in their
activation patterns, sometimes showing starkly opposite
patterns for the same area. For instance, similar levels of
LH IFG activity for younger monolingual and simultaneous
bilinguals were reported, whereas older groups of simul-

taneous bilinguals (>monolingual) reported greater activa-
tion of the LH IFG. Considering both age groups, monolin-
guals showed greater LH activation of IFG than bilinguals.

SUPRA-LEXICAL (SENTENCE, CONTINUOUS SPEECH)

Few studies (n=3) compared bilingual and monolingual
children’s supra-lexical task-based activations, all pertain-
ing to sentence-level processing (Figure 6). Findings be-
tween simultaneous and sequential bilinguals (>monolin-
gual) were similar as one study recruited both groups Ding
et al.3 in which greater LH IFG and RH DLPFC was reported
in both bilingual groups (> monolingual). The left anterior
temporal cortex and right MFG activity was reported as
greater in sequential bilinguals (> monolinguals).

One study reported opposite group difference patterns
for the different study conditions examined.”! For instance,
bilateral IFG activity was reported as greater in simultane-
ous bilinguals (>monolinguals) overall but also in mono-
linguals (> simultaneous bilinguals) when considering find-
ings from the higher attentional demand/difficult sentence
type condition only.

Greater RH IPL, temporoparietal activation was reported
in monolinguals (> sequential/mixed bilingual). Right
frontal activation was also reported as higher in monolin-
guals (> simultaneous bilingual).

COGNITION

Cognition studies reported greater LH activity primarily in
sequential/mixed bilinguals (>monolinguals) for executive
function tasks across the frontal regions of MFG, (DL)PFC
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and bilaterally in the IFG (Figure 7). For social cognition other hand, simultaneous bilinguals (>monolinguals) were
tasks, the right IFG and left STG and temporal pole were re- noted to show greater activity bilaterally in the STG, left
ported as more active in bilinguals (>monolinguals). On the cingulate and right precuneus.
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Studies of executive function reported higher activation
for monolinguals (> both bilingual) in the bilateral frontal
regions and insula. One study reported various hemispheric
activation patterns, sometimes showing opposite patterns
for the same area depending on the trial and contrasts stud-
ied.®0 For instance, bilateral IFG activity was reported as
greater in bilinguals (conflict > control + rest trial) and
monolinguals (control > rest trial), depending on reported
contrasts. Likewise, LH SFG activity was reported as greater
in bilinguals (conflict > control + rest trial) and monolin-
guals (conflict > control; control > rest trials) in this same
study.

The social cognition study reported higher activation for
monolinguals (> sequential/mixed bilingual) in right tem-
poroparietal junction.’? Other cognition studies also re-
ported greater monolingual (> simultaneous bilingual) ac-
tivity in the left PFC and temporoparietal region and right
frontal. Increased activity has been reported in the bilateral
IFG and left MFG among both monolingual (>sequential/
mixed bilingual) and sequential/mixed bilingual (>mono-
lingual) groups.

EXPLORATORY ALE META-ANALYSES

fMRI studies and contrast analyses included in the meta-
analysis are seen in Table 3. Six studies used fMRI, compris-
ing a total of N=127 participants (Bilingual, n=96; Mono-
lingual n=31). The paucity of the studies did not allow a
specific analysis on bilingual type. Three sets of contrasts
were analysed:

1. Set I: Bilingual contrasts - within-group (bilingual)
activation patterns;

Aperture Neuro

2. Set 2A: Bilingual>Monolingual contrasts - unidirec-
tional between-group (bilingual and monolingual)
activation patterns;

3. Set 2B: Bilingual>Monolingual and Monolin-
gual>Bilingual contrasts, henceforth Bilingual #
Monolingual - bidirectional between-group (bilingual

and monolingual) activation patterns.

The first set of analyses targeted within-group (bilin-
gual) activation patterns during language and/or cognitive
tasks. Multiple fMRI contrasts reported within a single ar-
ticle constitute multiple independent experiments if they
were obtained from different samples.>® Seven clusters
emerged in the following regions of the left hemisphere
(Figure 8): (i) STG; (ii) culmen; (iii) supramarginal gyrus
(SMG) and (iv) MFG/cingulate gyrus and right hemisphere:
(i) STG and (ii) precentral gyrus.

The second set of analyses focused on between-group
(bilingual and monolingual) activation patterns during lan-
guage and/or cognitive tasks. Bilingual > Monolingual con-
trast analyses found no significant clusters. Contrast analy-
ses combining multidirectional between-group analyses
(Bilingual # Monolingual) were also explored. Multiple
fMRI contrasts reported within a single article constitute
multiple independent experiments if they are obtained
from different samples, however samples were the same in
these included papers. Contrasts were pooled into a sin-
gle experiment to control for within-group effects.>73 One
cluster in the left hemisphere, inferior frontal gyrus (Figure
9) displayed activation.

12



Table 3. Characteristics of the fMRI studies and contrast analyses included in the meta-analysis.

A systematic review and meta-analysis of language and cognition in the developing bilingual brain

Set 1: Bilingual contrasts 67 foci
Experiments (n=7) Bilingual Sample size Task Domain Contrasts
(n=10)

Archila-Suerte et al., 22 Listening Syllable 1

2013 16 Listening Syllable 1

Ipetal, 2017 11 Morphological Structure Social cognition 2

Kobayashi et al., 12 False-Belief Cartoon Word 1

2007

Menget al., 2016 13 Auditory rhyme Word 1
judgment

Pierce et al., 2014 10 Tone Discrimination Sentential, Prosodic

Pierce et al., 2015 12 Phonological Working Word, Executive 3
Memory Function

Set 2A: Bilingual > Monolingual contrasts 17 foci

Experiments (n=3) Bilingual, Monolingual Task Domain Contrasts

Sample size (n=3)

Ipetal, 2017 11,11 Morphological Structure Social cognition 1

Kobayashi et al., 10, 10 False-Belief Cartoon Word 1

2007

Pierce et al., 2015 12,10 Phonological Working Word, Executive 1
Memory Function

Set 2B: Bilingual # Monolingual contrasts 24 foci

Experiments (n=3) Bilingual, Monolingual Task Domain Contrasts

Sample size (n=5)

Ipetal, 2017 11,11 Morphological Structure Social cognition 1

Kobayashi et al., 10, 10 False-Belief Cartoon Word 2

2007

Pierce et al., 2015 12,10 Phonological Working Word, Executive 2

Memory

Function

Note. Multiple fMRI contrasts reported within a single article constitute multiple independent experiments if they are obtained from different samples.

DISCUSSION

The present systematic review and exploratory meta-analy-
ses was performed to describe the neural correlates of lan-
guage and cognition in the developing bilingual brain. Fol-
lowing an extensive literature search, we identified 26
neuroimaging studies (20 fNIRS, 6 fMRI), comprising ap-
proximately N = 1,460 participants (bilingual: n = 928;
monolingual: n = 532), with ages ranging from 4 months
to 16 years. A subset of these studies also conducted group
comparisons with age-matched monolingual counterparts
(n=19).

NARRATIVE SYNTHESIS

Studies comparing simultaneous bilinguals to other bilin-
gual types show distinct patterns of brain activity across
linguistic levels of processing. Our results show simultane-
ous bilinguals exhibit more localized LH activity in fron-
toparietal and temporal areas for phonemic and word-level
tasks, while sequential/mixed bilinguals show more diffuse
activation, including additional cerebellar, medial surface
and subcortical activity. Supra-lexical and cognitive studies
reveal similar trends, with simultaneous bilinguals showing

specific patterns for LH and RH activations, compared to
other bilingual types.

Our findings suggest that bilinguals rely on “classic lan-
guage areas” previously defined by monolingual studies,
such as the left IFG, from a young age, commencing as
early as 4-6 months in the youngest bilinguals included
and persisting throughout the lifespan. Across all linguistic
levels of processing, both IFG and STG have been consis-
tently highlighted as key areas for bilingual language and
cognition, showing left dominant but bilateral activity. The
IFG especially is important to both monolingual and bilin-
gual processing as both groups claimed greater activity in
this area depending on the study/level of processing exam-
ined compared to each other. This suggests that IFG acti-
vation in the context of language and cognition may re-
flect contributions from both core language processes and
domain-general networks, such as executive functions, a
point increasingly recognized in the literature (e.g., Fe-
dorenko and Blank’4). These findings highlight shared and
unique mechanisms between bilingual and monolingual in-
dividuals, with the divergent findings regarding greater
monolingual and bilingual processing in the IFG warranting
investigation as more studies become available.
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2 1584 Superior Temporal Gyrus Left -58 22 8 41
-60 -14 4 22
3 400 Precentral gyrus Right 54 -2 48 4
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5 272 Superior Temporal Gyrus Left -42 -40 8 41
6 216 Supramarginal Gyrus Left -42 -44 42 40
7 216 Medial Frontal Gyrus / Left =12 30 44 8
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Figure 8. (A) Thresholded within-group (Bilingual) ALE maps with MNI template anatomical underlay showing
clusters 1-7. (B) Cluster results for Set 1 within-group (bilingual) activation patterns.

Bilingual # Monolingual
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Figure 9. (A) Thresholded between-group (Bilingual # Monolingual) ALE map with MNI template anatomical
underlay showing a cluster in the left inferior frontal gyrus. (B) Cluster results for between-group (Bilingual #

Monolingual) activation patterns.

Language tasks also engaged frontoparietal control ar-
eas, such as DLPFC, IPL and other areas surrounding the
intraparietal sulcus, traditionally associated to cognitive
functions. It is possible this activation pattern is influenced
by the study design as a greater proportion of active overt-
response tasks were chosen over passive-listening tasks.

These active tasks were varied but required bilinguals to
process and monitor linguistic information and select be-
tween competitors — all of which would also depend on
cognition as well. Active-response studies in monolingual
children have also required greater memory and attentional
resources, with greater recruitment of a wider network of
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additional areas and a larger effect size in left IFG compared
to passive tasks.”>76 These results are also consistent with
adult bilinguals’ language and task switching, with lan-
guage-related activations across multiple areas, including
the IPL, DLPFC, IFG - albeit all in the left hemisphere.l4

Comparing language and cognition-related activation
across monolingual and bilingual (simultaneous, sequen-
tial/mixed) representation, a pattern emerged across stud-
ies of sub-lexical and lexical task processing, whereby si-
multaneous bilinguals (> monolinguals) primarily reported
greater frontal and temporal activity. Supra-lexical studies,
while few, also corroborated this pattern. Cognitive tasks
were associated with greater activity for sequential/mixed
bilinguals (>monolinguals) on the other hand, also concen-
trated in the left frontal and temporal regions. Results show
a closer alignment between sequential/mixed bilingual and
monolingual groups especially evident in cognitive tasks,
as both groups claimed higher activity in the same left
frontal regions compared to each other. This pattern across
bilingual types sheds some light on the effects of expe-
rience-dependent functional effects, relating to early vs.
later language exposure. This is concordant with theories
like interactive specialization,’” which posits that initially
brain regions have broad responsiveness to various stimuli
and tasks and then over time, through competitive and co-
operative interactions, these regions become more special-
ized and interconnected.

META-ANALYSIS

Seven clusters emerged from the within-group analysis of
bilingual contrasts highlighting regions of the left hemi-
sphere including (i) STG; (ii) culmen; (iii) SMG and (iv)
MFG/cingulate gyrus as well as the right hemisphere: (i)
STG and (ii) precentral gyrus. Compared to other adult re-
views focusing on language control and task-switching, our
analysis revealed notable similarities across all identified
neural areas. Liu and Cao!3 also identified the left STG
(task switching), right STG (language switching), left cul-
men (language switching), SMG (task switching, IPL) and
MFG/cingulate gyrus (language switching), matching our
results. Only the precentral gyrus (LH)1344 was reported in
the opposing hemisphere. This could be a result of thresh-
olding differences (although ours was similar to Liu and
Caol3), or differences in anatomical localization or la-
belling. Another area of difference is in the bilinguals that
were included. While we aimed to focus on simultaneous
bilinguals, for methodological reasons, we could only use
a mixed group of bilinguals. However, 4/6 of our included
studies would qualify as “early bilinguals” based on the de-
finition used by Cargnelutti et al.44

Whereas no subthreshold clusters emerged for the Bilin-
gual > Monolingual analysis set, we did find one cluster in
the left IFG for our Bilingual # Monolingual analysis. How-
ever, the comparison of multidirectional contrasts poses
challenges in interpretation. The signature for the left IFG
seems to signal importance for this area in language pro-
cessing and cognition, however, more work is needed to un-
derstand differences. As no other ALE analyses has com-
pared language and cognition across bilinguals and

monolinguals, we contrast our analysis with ALE compar-
isons of various bilingual cohorts. Cargnelutti and col-
leagues’#* meta-analysis of adult bilingual brain represen-
tation found no surviving activation clusters between their
groups of early and late bilinguals use of L1. However, one
cluster in the left IFG was displayed in their L2 conjunction
analyses of proficient early and late bilinguals suggesting
its importance for bilingual representation.#4 To fine-tune
our interpretations and identify the functional network
where the IFG cluster belongs, we conducted an ex-
ploratory, unplanned extension consisting in mapping clus-
ter coordinates onto established probabilistic atlases for
the Language, Theory of Mind (ToM) and Multiple Demand
(MD) networks (see Supplementary Material S4 for detailed
results and methodology).”8 For the left IFG cluster iden-
tified in the bidirectional analysis, peak and median vox-
elwise atlas probabilities were highest for the Language
network (.383/.274, respectively), with much lower corre-
spondence to the ToM and MD networks. This approach
converges with our narrative findings, positioning greater
left hemisphere Language network dominance in bilingual
language processing and supports the particular relevance
of the left IFG to language-mediated cognition in develop-
ment.

LIMITATIONS AND FUTURE DIRECTIONS

A key limitation of this review includes the inability to con-
duct a coordinate-based meta-analysis of the fNIRS studies.
While fNIRS has become a highly popular method with pe-
diatric populations, given its applicability, ease of use with
younger populations and low cost, the studies included
here present with substantial methodological heterogene-
ity. The fNIRS literature currently lacks the standardization
seen in other neuroimaging fields, posing several chal-
lenges for meta-analysis.

One area of inconsistency lies in the acquisition parame-
ters which varied widely across studies. Key factors include
the number of sources and detectors, optode array config-
urations, and optical properties such as wavelengths used
(e.g., 690/830 nm vs. 760/850 nm). Variations in source-de-
tector distances (e.g., 2.5-3 cm) and sampling rates (e.g.,
10-50 Hz) also influence signal quality and depth sensitiv-
ity. These parameters, often limited by the fNIRS system,
can affect spatial resolution and inter-study comparability.
Most relevant in terms of the goal of the current study, spa-
tial localization methods also lacked consistency. Optode
placements are inconsistent across studies, often based
only on approximate 10-20 EEG system points or custom
cap designs, making it difficult to precisely align regions
of interest (ROIs) across studies. In addition, the absence
of consistently reported MNI or Talairach coordinates rep-
resents a critical barrier to the coordinate-based meta-an-
alytic approach, as these standardized coordinates are es-
sential for spatially aligning activation patterns. Attempts
to infer or reconstruct channel locations from scalp-based
placements can introduce considerable uncertainty and er-
ror due to individual anatomical variability and the diffuse
nature of light propagation, which undermines the spatial

Aperture Neuro 1 5



A systematic review and meta-analysis of language and cognition in the developing bilingual brain

precision required for coordinate-based meta-analytic ap-
proaches.

Analytical variability further impeded synthesis. No sin-
gle, generally recommended data processing pipeline exists
in fNIRS research; studies employed diverse methods for
filtering, motion artifact correction, physiological noise re-
moval, and hemodynamic response function modeling.
These analytic decisions can profoundly shape the resulting
activation patterns and limit comparability across studies.
Inconsistent reporting standards further complicated syn-
thesis, with essential methodological details and statistical
outcomes (e.g., precise effect sizes or their variances), crit-
ical for meta-analytic calculations, were frequently absent
or unclearly presented.

While previous fNIRS meta-analyses have been con-
ducted, they typically included studies with greater
methodological consistency or accounted for variability in
by severely restricting their scope to a highly circumscribed
area of interest - approaches that were incompatible with
the broader objectives and the observed variability within
our dataset. Given these challenges, we opted for a narra-
tive synthesis to capture the main findings in a tabular for-
mat. Future research would benefit from greater method-
ological standardization and transparent reporting in fNIRS
studies (e.g., see emerging guidelines and resources for
transparent reporting and open science practices for fNIRS
projects’9-83) which would allow for stronger cross-study
comparisons to facilitate more robust meta-analytic ap-
proaches.

The prevalence of fNIRS may in part explain the lower
number of studies using alternative neuroimaging tech-
niques such as fMRI - a limitation noted in prior reviews.3?
Given this gap in the literature, we opted to perform an
exploratory fMRI meta-analysis to better understand this
emerging data. However, this meta-analysis was con-
strained by the inclusion of only six studies, and the lack
of overlap in task paradigms. This lack of task consistency
introduces considerable interpretive challenges, as the cog-
nitive and linguistic processes engaged by each study are
likely to differ, reducing the comparability of activation
patterns across datasets.

Another unaccounted source of heterogeneity is individ-
ual variability in functional brain network boundaries. Most
studies rely on group-level analyses with spatial normaliza-
tion, which, while standard, can mask meaningful anatom-
ical and functional differences, especially in pediatric sam-
ples with variable developmental trajectories. As a result,
it is difficult to determine whether similar reported activa-
tions reflect truly equivalent underlying neural processes,
or whether they arise from coarse averaging across func-
tionally distinct regions. Probabilistic mapping ap-
proaches’8:84 have been proposed to address these chal-
lenges by providing spatially precise network boundaries.
However, as these atlases predominantly derive from adult
cohorts, they may not accurately capture the dynamic de-
velopmental changes in pediatric brains. As the approach
relies on existing datasets that vary in acquisition parame-
ters and population characteristics, it can also potentially
introduce biases and limit generalizability for underrepre-

sented groups. Nonetheless, probabilistic mapping remains
a promising approach, particularly as larger, age-appropri-
ate, harmonized datasets become available.

With a larger evidence base, future research could also
focus on untangling finer group differences observed in
sub-lexical and lexical and supra-lexical language, as well
as cognition, beyond what we are able to do in our current
review. Diverse tasks within these categorizations can be
expected to elicit distinct neural responses across varying
brain regions and functional networks. This lack of overlap
in task paradigms within and across groups makes it chal-
lenging to attribute observed neural patterns (such as lat-
eralization differences) solely to bilingual type (simultane-
ous vs. sequential) rather than to the differing cognitive
demands of the tasks themselves. This limitation is consis-
tent for the qualitative synthesis of the studies in this re-
view. However, due to the limited scope of the literature,
it is not currently feasible to pursue this, especially within
tasks that encompass both language and cognitive process-
ing.

In this review, we interpreted potential differences in ac-
tivation levels across language groups. In the broader neu-
roscientific context of neural processing, the interpreta-
tion of difference in degree of activity remains ambiguous.
Whether such activity differences signal enhanced auto-
maticity or efficiency in bilinguals (e.g., through less ac-
tivity in a region) or greater cognitive effort compared to
monolinguals (e.g., through more activity) is not clear.47:85
86 While various theories have been proposed to contextu-
alize findings in young brains (including Johnson’s?! inter-
active specialization), however, these do not provide direct
insights into interpretations of activation levels.

Our critical appraisal of the literature found that SES is
not always measured or matched across language groups,
which poses a potential issue for bilingual cognitive neuro-
science research as SES is a known moderator of task per-
formance.87-89 Only about half of the papers we reviewed
reported and controlled for SES. Another challenge of bilin-
gual research is that bilingualism is multidimensional and
is measured in different ways depending on the conven-
tions of the field, laboratory, and study.?® This poses a
problem when there is not enough information to charac-
terize the participant group in a meaningful way to con-
duct group comparisons across studies, as remarked in pre-
vious reviews.4? Regarding bilingualism factors, both age of
acquisition and language proficiency were not consistently
and transparently reported. In many cases, when one of
these factors was reported, the other was omitted. Age of
acquisition was more commonly available or could be in-
ferred from the data, which is why we focused more on this
aspect in our review, as it provided more reliable informa-
tion than proficiency for the studies included. These in-
consistencies in reporting SES and bilingual language back-
ground motivated our adaptation of the JBI appraisal
criteria to account for their inclusion. While various studies
lacked information on one or the other, only one study was
excluded due to missing information on both SES and bilin-
gual language background. Moving forward, future research
should adopt more standardized and transparent reporting
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practices for bilingual language background and SES to im-
prove cross-study comparisons and strengthen the reliabil-
ity of bilingualism research.

CONCLUSION

Taken together, the narrative synthesis of fNIRS and ex-
ploratory meta-analysis of fMRI studies revealed similari-
ties between developmental and adult bilingual neural ar-
chitecture, highlighting a widespread bilateral network that
include cortical and subcortical-cerebellar structures. The
comparison between monolingual and bilingual children
revealed distinct patterns in language and cognition-re-
lated brain activation. Simultaneous bilinguals displayed
greater frontal and temporal activity during sub-lexical and
lexical task processing compared to monolinguals, while
sequential/mixed bilinguals exhibited greater activity in
left frontal and temporal regions during cognitive tasks
compared to monolinguals. Interestingly, sequential/mixed
bilinguals showed a closer alighment with monolinguals in
left frontal regions during cognitive tasks, indicating po-
tential effects of early vs. later language exposure on func-
tional brain activation. However, given the limited num-
ber of studies and variability in participant characteristics
and task designs, further research is needed to confirm and

expand upon the present preliminary findings. Critically,
the field would benefit from the adoption of standardized
methodological and reporting guidelines, particularly for
fNIRS research, including detailed documentation of acqui-
sition parameters, preprocessing pipelines, and statistical
outcomes. Such consistency is essential to improve repro-
ducibility, facilitate meta-analytic integration, and advance
understanding of bilingual brain development.
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