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Abstract

Tracing the connections from brain functions to children’s cognitive development and education is a major goal of modern
neuroscience. We performed the first meta-analysis of functional magnetic resonance imaging (fMRI) data obtained over the
past decade (1999-2008) on more than 800 children and adolescents in three core systems of cognitive development and school
learning: numerical abilities, reading, and executive functions (i.e. cognitive control). We ran Activation Likelihood Estimation
(ALE) meta-analyses to obtain regions of reliable activity across all the studies. The results indicate that, unlike results usually
reported for adults, children primarily engage the frontal cortex when solving numerical tasks. With age, there may be a shift
from reliance on the frontal cortex to reliance on the parietal cortex. In contrast, the frontal, temporo-parietal and occipito-
temporal regions at work during reading in children are very similar to those reported in adults. The executive frontal regions are
also consistent with the imaging literature on cognitive control in adults, but the developmental comparison between children and
adolescents demonstrates a key role of the anterior insular cortex (AIC) with an additional right AIC involvement in

adolescents.

Introduction

Are the capabilities for mathematics, language (especially
reading), and executive functions neuroanatomically
independent in childhood? Do children use the same
neural networks as adults? Advances in functional
magnetic resonance imaging (fMRI) over the past decade
(Casey & de Haan, 2002; Casey, Tottenham, Liston &
Durston, 2005) have allowed us to map brain functions
safely in children and to address such developmental
issues. Tracing the connections from brain functions to
children’s cognitive development and education is a
major goal of modern neuroscience (Blakemore & Frith,
2005; Diamond, 2009; Diamond & Amso, 2008; Durston
& Casey, 2006; Posner & Rothbart, 2005, 2007; Stern,
2005). Here we offer the first meta-analysis of fMRI data
obtained in children in three core systems of cognitive
development and school learning: numerical abilities,
reading, and executive functions. Executive functions,
also called cognitive control, include inhibition (resisting
habits, temptations, or distractions), switching (adjusting
to change), and working memory (mentally holding
and using information or instructions) (Davidson, Amso,
Anderson & Diamond, 2006; Diamond, Barnett, Thomas
& Munro, 2007; Houdé, 2000).

Fifty-two fMRI studies including 842 healthy partici-
pants with mean ages of 4 to 17 years, published between
1999 and 2008, were included in the present meta-ana-
lysis using the Activation Likelihood Estimation (ALE)
technique (Turkeltaub, Eden, Jones & Zeffiro, 2002). In
brain imaging research, 3-D stereotaxic coordinates
(x, y, z) are systematically used to refer to the specific
neural activations observed during the processing of
cognitive tasks. The aim of an ALE meta-analysis like ours
is to quantify, through the local maxima 3-D coordinates
reported, the degree of spatial reproducibility across a set
of independent fMRI studies. For this reason, activation
foci are modelled not as single points, but as spatial
probability distributions centred at the given coordinates.
The union of these distributions yields a statistical whole-
brain map (hereafter called an ‘ALE map’), which indi-
cates regions of reliable activity across all studies.

Following this methodological approach, we created
separate ALE maps from brain 3-D coordinates pub-
lished in fMRI studies on numerical abilities, reading, and
executive functions. For the latter domain, the available
data in the existing developmental literature allowed us to
subdivide the age range into two groups; young children
and adolescents (with a midpoint of 11.4 years). This
meta-analysis subdivision was not possible for numerical
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abilities and reading literature, in which only a young-
children’s group was technically identifiable (i.e. yielded
enough data for meta-analysis). Four separate ALE maps
were thus created; three for the young-children’s group
(numerical abilities, reading, and executive functions
domains) and one for the adolescent group (in the last
domain), and computing a between-group comparison
for the executive functions domain only.

Methods

Study selection and age-group subdivisions

A preliminary list of articles for the meta-analysis was
obtained through several thematic searches of the
Medline/Pubmed database (http://www.pubmed.org) on
brain imaging of numerical abilities, reading, and exec-
utive functions in children. In addition, we reviewed the
reference lists of each of these articles to identify
additional papers. For purposes of meta-analysis
homogeneity, the selection of studies was refined
according to the following criteria. Studies were
restricted to those that included a sample of healthy
children. In order to avoid potential effects of cultural
experience on the brain (Cantlon & Brannon, 2007), we
also determined that all studies included children who
were taught a Western language based on an alphabetic
writing system. Moreover, all the numerical abilities,
reading, and executive functions tasks were restricted to
those based on visual stimuli. Only fMRI (not positron
emission tomography [PET]) studies were selected.
Finally, we included only those studies reporting acti-
vation foci as 3-D stereotactic coordinates in Talairach
and Tournoux (1988) or Montreal Neurological Institute
(MNI) space (http://www.fil.ion.ucl.ac.uk/spm).

The statistical independence of the meta-analysis was
ensured by selecting a single contrast per study. All
activation foci were selected from brain comparisons (i.e.
contrasts) of experimental tasks (numerical abilities,
reading, or executive functions tasks) with control
conditions (see the contrasts column in Table 1). For
purposes of meta-analysis power, we always selected the
relevant cognitive contrast with the highest number of
activation foci. Note that, in some articles, two studies
(hence, two contrasts) were included when they reported
fMRI data acquired on different samples of participants.

The final selection of studies that met all criteria
consisted of 52 independent fMRI studies which in-
cluded 842 healthy participants with mean ages in the
studies of 4 to 17 years. These studies were further sub-
divided into four meta-analysis sets of studies according
to the three cognitive domains, and the age group when
possible (i.e. young children vs. adolescents for executive
functions). The main characteristics of each selected
study are summarized in Table 1.

The ‘numerical abilities set” included seven separately
published studies, which included fMRI data from 88
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participants engaged in comparison or calculation tasks
with symbolic or non-symbolic materials. Their mean
age (mean £ SD) was 10.3 + 2.2 years. The ‘reading set’
consisted of 16 studies published as 15 separate articles
which included fMRI data from 318 participants en-
gaged in phonologic, orthographic, or semantic tasks
with letters, no-words, pseudo-words, words, or text
materials. The mean age (mean * SD) in these studies
was 10.8 * 2.3 years. Finally, the ‘executive functions set’
consisted of the largest series of studies (n = 29). The age
range authorized the subdivision of this data into two
groups with a midpoint of 11.4 years. From this point
forward, these will be called the ‘children’s group’ and
the ‘adolescent group’. The children’s group corre-
sponded to a set of 14 studies published as 13 articles,
which included 195 participants (mean * SD age, 9.5 £
2 years). The adolescent group corresponded to a set
of 15 studies published as 15 articles, which included
241 participants (mean = SD age, 14.3 * 2.8 years).
We ensured that the spectrum of executive functions
(inhibition, switching, and working memory) was well
balanced in the two developmental groups (although
different names for the same task were used in different
articles, as described in Table 1).

The available selected data in the existing develop-
mental fMRI literature allowed us to set up three meta-
analysis groups of children (without significant mean age
differences between them), each engaged in one of the
three targeted core systems of cognitive development and
school learning: numerical abilities, reading, and execu-
tive functions. Furthermore, we were able to set up a
distinct adolescent group engaged in executive functions
tasks to compare with the children’s group in the same
domain (adolescents — children mean ages = 4.8 years,
[(27) = 552, p < 0001)

ALE meta-analysis

According to Turkeltaub ez al. (2002), coordinate points
of significant cognitive-related activity represent peaks of
brain activity yielded during task performance without
imparting any information on the extent of the activa-
tion. While these local maxima alone do not fully portray
the patterns of activity observed in each experiment, they
represent the best quantitative depiction of the data
available for meta-analyses.

The present meta-analyses were carried out while build-
ing an ALE map for each set of studies using the local
maxima coordinates (i.e. foci) of the selected studies (see
Table 1). These included 61 foci for numerical abilities in
children, 141 foci for reading in children, 162 foci for
executive functions in children, and 166 foci for executive
functions in adolescents. We converted the foci published
with the Talairach and Tournoux (1988) stereotactic-space
system into the MNI system based on the 152-subjects
template: MNI-152 (http://www.fil.ion.ucl.ac.uk/spm).

Using an MNI-modified Turkeltaub ez al. (2002)
implementation, each of the 530 foci was mapped
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Table 1 List of studies subjected to each meta-analysis. Main characteristics of each study are listed: mean age, number of subjects,
cognitive task, contrast, and number of foci
Subjects
. Foci
Studies Mean age in years [range] or (£ SD) n Tasks Contrasts n
Numerical abilities
Ansari et al., 2005 10.4 [9.2-11.1] 12 Symbolic comparison Small vs. large distance 8
Ansari et al., 2006 10.4 [9.1-11.1] 9  Nonsymbolic comparison Small vs. large distance 3
Cantlon et al., 2006 4.7 [4.2-4.9] 8  Nonsymbolic comparison Number vs. shape 7
Kaufmann ez al., 2006 9.6 [8-12] 17 Symbolic comparison Numerical comparison vs. fixation 13
Kaufmann et al., 2008 8.6 (£ 1.2) 12 Nonsymbolic comparison Numerical comparison vs. fixation 2
Kucian et al., 2006 11.2 (£ 1.3) 20  Symbolic calculation Exact addition vs. control 19
Qin et al., 2004 13.1 [12-15] 10 Algebra equation learning  Equation solving vs. fixation 9
Reading
Backes et al., 2002 11.6 (£ 0.7) 8  Nonword judgment Nonword rhyming vs. fixation 11
Bitan et al., 2006 10.9 [9-12] 15 Word judgment Spelling vs. symbols 7
Bitan ez al., 2007a 11.7 [9-15] 38  Word judgment Spelling vs. symbols 8
Bitan et al., 2007b 11.7 [9-15] 36  Word judgment Rhyming vs. symbols 11
Booth et al., 2001 11.1 [9.8-12.6] 5 Word judgment Semantic vs. symbols 3
Booth et al., 2003a 10.7 [9.4-11.9] 15 Word judgment Meaning vs. symbols 1
Booth et al., 2007 10.5 [9-15] 13 Word judgment Semantic vs. fixation 6
Cao et al., 2006 11.5 [8.9-14.1] 14 Word judgment Rhyming vs. fixation 5
Cao et al., 2008 12.3 [8.9-14.1] 12 Word judgment Rhyming vs. fixation 9
Gaillard et al., 2001 10.2 [7.9-13.3] 9  Reading Reading fable vs. dots 6
Gaillard ez al., 2003 7.2 [5.8-7.9] 16  Reading Reading stories vs. dots 5
Hoeft et al., 2006 10.9 (£ 0.3) 10 Word judgment Rhyming vs. fixation 9
- 8.7(x0.3) 10 Word judgment Rhyming vs. fixation 16
Hoeft et al., 2007 10 [8.2-12.4] 64  Word judgment Rhyming vs. fixation 9
Noble et al., 2006 7.9 [6.7-9.6] 38  Reading Pseudowords vs. fixation 15
Temple et al., 2001 10.5 (£ 1.9) 15 Letter judgment Match letters vs. lines 20
Executive functions
Children
Booth et al., 2003b 10.9 [9.3-11.7] 12 Go nogo (I) Nogo vs. go 16
Bunge et al., 2002 10 [8-12] 16  Flanker task (I) Incongruent vs. neutral 5
Ciesielski et al., 2006 6.1 (£0.5) 9  Categorical n-back (WM) Correct n-back vs. baseline 14
- 10.1 (£ 0.4) 8  Categorical n-back (WM) Correct n-back vs. baseline 12
Crone et al., 2006a 10.1 [8-12] 17 Rule switching (S) Mixed bivalent vs. univalent 35
Crone et al., 2008 9.5 [8-11] 17 Rule switching (S) Negative vs. positive feedback 12
Dibbets et al., 2006 6.8 (£ 0.5) 7 Rule switching (S) Switch vs. non switch 13
Durston et al., 2002b 8.7 [6.2-10.3] 10 Go nogo (I) Nogo vs. go 15
Konrad et al., 2005 10.1 [8-12] 16 Attention (I) Incongruent vs. congruent 4
O’Hare et al., 2008 9 [7-10] 12 Working memory (WM) Memory vs. fixation 6
Simmonds et al., 2007 10.6 [8-12] 30  Go nogo (I) Nogo vs. baseline 10
Suskauer et al., 2008 10.8 [8-13] 25  Go nogo (I) Nogo vs. baseline 7
Thomas et al., 1999 9.6 [8-10] 6  Spatial n-back (WM) Memory vs. motor 9
Vaidya et al., 2005 9.2 (x1.3) 10 Flanker task (I) Incongruent vs. neutral 4
Adolescents
Carrion et al., 2008 13.3 [10-16] 14 Go nogo (I) Nogo vs. go 31
Crone et al., 2006a 15 [13-17] 17 Rule switching (S) Mixed bivalent vs. univalent 22
Crone et al., 2006b 15.3 [13-17] 12 Working memory (WM) Backward vs. forward delay 15
Crone et al., 2008 14.5 [14-15] 20  Rule switching (S) Negative vs. positive feedback 22
Durston et al., 2006 152 (x 1.9) 11 Go nogo (I) Nogo vs. go 9
O’Hare et al., 2008 13.6 [11-15] 10 Working memory (WM) Memory vs. fixation 12
Olesen et al., 2007 13.1 (£ 0.5) 13 Working memory (WM) Working memory vs. control 4
Rubia ez al., 2006 15(x2) 29  Rule switching (S) Switch vs. non switch 5
Rubia et al., 2007a 14 [10-17] 18 Oddball task (WM) Oddball vs. standard 5
Rubia et al., 2007b 15 [10-17] 26  Tracking stop task (I) Successful vs. unsuccessful 9
Rubia ez al., 2008 14 [10-17] 20  Stop task (I) Successful vs. unsuccessful 7
Schulz et al., 2004 17.5 (£ 1.2) 9  Go nogo (I) Nogo vs. go 5
Smith ez al., 2006 14.1 (£ 2.0) 18  Go nogo (I) Nogo vs. oddball 10
Tamm et al., 2004 15.5 [14-16] 12 Go nogo (I) Nogo vs. go 3
Tamm et al., 2006 15.6 (£ 1.1) 12 Oddball task (WM) Oddball vs. standard 7

Executive functions include: (I) = inhibition, (S) = switching, and (WM) = working memory (oddball tasks are categorized here as WM tasks because they required
mentally holding and using information and instructions). Note: The symbol -’ is used when more than one independent comparison (i.e. contrast) was selected from the

same article.

into the MNI stereotactic space, then modelled through
three-dimensional Gaussian probability distributions
with a 10 mm full width half maximum (FWHM) chosen
to approximately match the smoothness measured in the
fMRI studies. As summarized in the Introduction, the
union of these distributions yielded a statistical whole-
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brain map (voxel by voxel), i.e. an ALE map, which
indicated regions of reliable activity across all studies of
each meta-analysis set.

ALE map threshold values were set to a conservative
statistical type-I error o« = 0.0001. This threshold
was computed on the cumulative histogram of 5000
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randomly generated sets using the same FWHM
value and the same number of foci as in ALE maps. Each
map was decomposed into clusters, subsequently
described by local maxima in MNI coordinates and
anatomical localizations (Tzourio-Mazoyer, Landeau,
Papathanassiou, Crivello, Etard, Delcroix, Mazoyer &
Joliot, 2002). For display purposes, the maps were
thresholded to p = .001.

ALE age-groups comparison

Using the ALE extension proposed by Laird, Fox, Price,
Glahn, Uecker, Lancaster, Turkeltaub, Kochunov and
Fox (2005), we tested the difference between executive
functions ALE maps obtained in the children’s group
(162 foci) with that of the adolescent group (166 foci).
Each map was subtracted from the other (children —
adolescents and adolescents — children) to create two
ALE difference maps which indicated the regions where a
statistical difference was observed between the ALE
values of the two age groups. They were thresholded to o
= 0.0001 and decomposed using the same method and
parameters as described above.

Results and discussion

For each of the three core systems (numerical abilities,
reading, and executive functions) the functional net-
works are illustrated in Figure 1 and their constituent
clusters are fully described in Table 2.

Numerical abilities

The first ALE map (Figure 1A) indicates the presence of
three frontal and occipito-parietal regions that exhibit
reliable activity across all studies in the ‘numerical abil-
ities set”: the right inferior frontal gyrus extended to the
middle frontal gyrus, the left superior frontal gyrus, and
the upper part of the left middle occipital gyrus near the
junction with the parietal cortex. Over the past 10 years,
a large consensus view has emerged that assumes adults’
numerical cognition to be mostly localized in the parietal
cortex; namely, in the intraparietal sulcus (Dehaene,
2002; Dehaene, Piazza, Pinel & Cohen, 2003; Piazza &
Dehaene, 2004; Zago, Pesenti, Mellet, Crivello, Mazoyer
& Tzourio-Mazoyer, 2001). However, it has already been
stressed by Ansari, Garcia, Lucas, Hamon and Dhital
(2005) and Kaufmann, Koppelstaetter, Siedentopf,
Haala, Haberlandt, Zimmerhackl, Felber and Ischebeck
(2006), for example, that results in children differ from
those usually reported for adults, because children pri-
marily engage the frontal regions when solving numerical
tasks (see also Ansari, 2008; Houdé, 2009; Rivera, Reiss,
Eckert & Menon, 2005).

Our meta-analysis clearly reinforces this evidence. We
suggest that the frontal involvement observed in children
indicates that their numerical abilities must require more

© 2010 Blackwell Publishing Ltd.

cognitive effort and attentional resources compared with
that of adults (Diamond et al., 2007; Fuster, 2003;
Houdg¢, 2000; Houdé & Guichart, 2001; Koechlin, Ody &
Kouneiher, 2003; Miller, 2000; Miller & Cohen, 2001). As
stated above, in terms of number research in adults, the
frontal cortex has received less attention than the parietal
cortex, but it is increasingly being seen as important in
the field (Ansari, 2008; see also the work by Nieder,
Freedman & Miller, 2002, on primate prefrontal neurons
that are number-sensitive). Our meta-analysis adds new
weight to this viewpoint. With age, there may be a shift
from the frontal cortex to the left parietal cortex to
perform numerical tasks, namely the intraparietal sulcus
(Dehaene, 2002; Dehaene et al., 2003; Piazza & Dehaene,
2004; Zago et al., 2001). The visuospatial left middle
occipital gyrus cluster (near the junction with the parietal
cortex) that we observed in the ALE map might be part
of these developmental anteroposterior dynamics.

Reading abilities

The second ALE map (Figure 1B) indicates that, unlike
numerical abilities, reading engages much of the left-
hemisphere language areas in children. Indeed, we
observed a large-scale network of left frontal, temporo-
parietal, and occipitotemporal regions responsible
for mapping visual (orthographic) information onto
auditory (phonological) and conceptual (semantic) rep-
resentations (Schlaggar & McCandliss, 2007; Turkeltaub,
Gareau, Flowers, Zeffiro & Eden, 2003). First, reading in
children, as in adults, engages the so-called Visual Word
Form Area (VWFA) situated at the left occipitotemporal
junction. The VWFA is argued to process a prelexical
representation of letter patterns within visual words or
pseudo-words and was reported in meta-analyses on
reading in adults (Jobard, Crivello & Tzourio-Mazoyer,
2003; Turkeltaub et al., 2002). This region exhibits reli-
able activity across all studies of the present ‘reading set’.
Complementary to visual processing skills, it is well
established that phonological skills contribute to suc-
cessful reading acquisition in children (Nunes & Bryant,
2003; Turkeltaub et al., 2003). Our ALE map shows a set
of left temporal and frontal across-studies regions, which
are known to be engaged in this phonological system.
The anterior part of this network includes the inferior
frontal gyrus and the precentral gyrus that sustains
speech production, as well as active analysis of phono-
logical elements within words. Its posterior part includes
the inferior, middle, and superior temporal gyri, and the
inferior parietal gyrus, which are reading areas known
for mapping visual (orthographic) information onto
phonological and semantic representations. These
clusters have all been reported in meta-analyses done on
adult brain-imaging studies on single-word reading tasks
(Turkeltaub et al., 2002), reading (Jobard et al., 2003),
and language in general (Vigneau, Beaucousin, Hervé,
Duffau, Crivello, Lamberton, Delcroix, Houdé &
Mazoyer, 2006). Additionally, we observed a bilateral
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Figure 1 Schematic illustration of brain imaging data obtained from 52 fMRI studies of 842 healthy children and adolescents.
On the left side of the figure, colours indicate locations of cognitive functions (numerical abilities [A], reading [B], and executive
functions [C and D]) in each hemisphere (L, left; R, right) rendered onto a 3-D view of the MNI standard brain (for illustrative
purposes, the four ALE maps were thresholded to p = .001). On the right side, the corresponding distributions showing the number
of studies per year of age are drawn (A, B, and C for children, and D for adolescents). These were computed for all studies of each
meta-analysis set, and modelled using a Gaussian distribution (solid black lines).

cluster in the Supplementary Motor Area (SMA), a region
engaged in word selection and encoding (Alario, Chainay,
Lehericy & Cohen, 2006), and that was reported in meta-
analyses of word reading in adults (Fiez & Petersen, 1998;
Turkeltaub er al., 2002). Therefore, our meta-analysis
confirms that the brain regions at work in children while
reading are very similar to those known in adults.

Executive functions

Finally, the third and fourth ALE maps (Figures 1C and
1D) indicate that bilateral prefrontal areas, namely the
dorsolateral prefrontal and inferior prefrontal cortices,
extending to the insular cortex, as well as related
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posterior areas, exhibit reliable activity across all studies
of the ‘executive functions set’. This overall prefrontal
result is consistent with the brain imaging literature on
inhibition, switching, and working memory in adults
(reviewed in Aron, Robbins & Poldrack, 2004; Fuster,
2003; Houdé & Tzourio-Mazoyer, 2003; Koechlin et al.,
2003; Miller, 2000; Miller & Cohen, 2001; see also
Dickstein, Bannon, Castellanos & Milham, 2006, an
ALE developmental meta-analysis in children and ado-
lescents with attention deficit hyperactivity disorder).
More precisely, our ALE meta-analysis on executive
functions compared the difference maps between chil-
dren and adolescents (see Figure 2 and Table 2). We
observed a distinct involvement of the AIC. The left AIC
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Figure 2 Schematic illustration of the difference ALE maps
between children and adolescents for executive functions.
Clusters are rendered onto a 3-D view and axial slices of the
MNI standard brain (for illustrative purposes, the two ALE maps
were thresholded to p = .001). L, left hemisphere; R, right
hemisphere. The corresponding distributions, showing the
number of studies per year of age, are drawn on the top.

exhibited more reliable activity across all studies in
children than in adolescents, while the right AIC was
more reliable in adolescents compared with children. We
then directly compared the AIC activity in the two
hemispheres (post-hoc asymmetry analysis thresholded
to p = .0001) and found a rightward lateralization in the
adolescent group only.!

This developmental difference might be related to the
asymmetric role of emotions in the AIC (Craig, 2009).
The left AIC is known to be activated mostly by positive
feelings; for example, seeing someone smile or the act of
smiling, listening to cheerful voices, and so on. In con-
trast, the right AIC is known to be activated by negative
feelings that arouse the body, such as pain. Hence, the
AIC change evidenced by our meta-analysis is consistent
with the fact that adolescents are often psychologically
embedded in a period of great emotional reactivity and
sensitivity with negative feelings (Blakemore, 2008).
Recognizing the necessity of being wrong is necessary to
achieve high levels of adult adaptation and maturity in
cognitive control. Our result might reflect a key transi-
tion around the time of adolescence toward an increased
influence of negative feedback (see also Van Duijven-
voorde, Zanolie, Rombouts, Raijmakers & Crone, 2008)
— 1.e. error detection and/or anticipation — on cognitive
control. Furthermore, according to Damasio (1999), the
right insula is crucial for subjective emotional feelings
because of its role in mapping the bodily states that are
elicited by emotions (see Naqvi & Bechara, 2009, for a
recent neurobiological model that suggests that fMRI,

! The participants in each group were predominantly (more than 97%)
right-handed.
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Table 2 Meta-analysis results. Location of cognitive function,
volume, and local maxima MNI coordinates are reported for
each brain cluster

Volume MNI coord. (mm)
Anatomical localizations (mm’) X y z
Numerical abilities
R inf. frontal gyrus, mid. 176 44 28 22
frontal gyrus
L mid. occipital gyrus 144 -26 —-64 36
L sup. frontal gyrus 104 -22 0 64
Reading
L supplementary motor area 1776 -4 10 58
L fusiform gyrus, inf. 1216 -44 =52 -18
temporal gyrus
L inf. frontal gyrus 1104 —48 32 6
L mid. temporal gyrus 728 -52 -42 6
L precentral gyrus, inf. frontal 600 —44 10 30
gyrus pars opercularis
R insula 576 34 24 -2
L thalamus 408 -10 -14 8
L inf. parietal gyrus, 272 -30 -58 48
sup. parietal gyrus
L inf. temporal gyrus 96 -56 -50 -12
L precentral gyrus 64 -40 -4 40
L inf. occipital gyrus 56 —46 =70 -14
L inf. occipital gyrus 16 -32  -92 -12
Executive functions
Children
L insula, inf. frontal 1232 =30 18 12
gyrus pars triangularis
R supplementary motor area 176 4 16 52
L mid. occipital gyrus 72 =26 =76 10
L supplementary motor area 56 -4 6 58
R mid. frontal gyrus, 40 30 54 16
sup. frontal gyrus
R fusiform gyrus 32 40 -56 -14
L precentral gyrus 8 —44 0 30
Adolescents
R insula 3376 40 20 -6
L insula, inf. frontal 840 -32 24 -4
gyrus pars orbitaris
L/R supplementary motor area 688 0 8 54
L inf. parietal gyrus 288 =32 —48 48
L precentral gyrus 200 -40 =2 48
R sup. frontal gyrus 96 30 56 12
R mid. frontal gyrus 24 38 42 36
Children vs. Adolescents
L insula 88 =30 18 12
Adolescents vs. Children
R insula 1624 40 20 -6

Note: L = Left, R = Right, sup. = superior, inf. = inferior, med. = medial, mid. =
middle. Clusters are ordered by decreasing volume.

coupled with probes of drug-related interoceptive func-
tion, should be used to monitor the activity of the insula
during therapies for addiction).

There are certainly other possible and complementary
explanations for the difference between adolescents and
children in the right AIC: for example, the increasing
executive performance that might be associated with
greater visuospatial task-relevant processing (Durston,
Davidson, Tottenham, Galvan, Spicer, Fossela & Casey,
2002a; Durston, Thomas, Yang, Ulug, Zimmerman &
Casey, 2002b) (all the executive tasks based on visual
stimuli, see Methods). According to some authors, AIC
might play an important but currently unknown role in
cognitive control (Bunge, Dudukovic, Thomason, Vaidya



& Gabrieli, 2002; Dosenbach, Visscher, Palmer, Miezin,
Wenger, Kang, Burgund, Grimes, Schlaggar & Petersen,
2006) together with other prefrontal and cingulate
regions, which are more often reported in the executive
literature. Dosenbach and colleagues proposed that the
bilateral AIC participates in a core control system for the
implementation of task sets (Dosenbach et al., 2006;
Dosenbach, Fair, Miezin, Cohen, Wenger, Dosenbach,
Fox, Snyder, Vincent, Raichle, Schlaggar & Petersen,
2007). Furthermore, Sridharan, Levitin and Menon
(2008) showed the critical role of the right frontoinsular
cortex in adjusting activation and deactivation of large-
scale brain networks. All these insights about AIC fit well
with our developmental meta-analysis result, showing an
age-related involvement of the right AIC in cognitively
demanding tasks such as inhibition, switching, and
working memory.

In conclusion, our meta-analysis results indicate that,
unlike results usually reported for adults, children pri-
marily engage frontal regions when solving numerical
tasks. With age, there might be a shift from relying on the
frontal cortex during these tasks to the parietal cortex. In
contrast, the reading frontal, temporoparietal, and
occipitotemporal regions at work in children are very
similar to those reported in adults. The executive frontal
regions are also consistent with the brain imaging litera-
ture in adults, but the developmental comparison between
children and adolescents shows a key role for the AIC with
an additional right AIC involvement in adolescents.

Despite these findings, there are many loose ends and
future directions in the field, such as the need to examine
activation patterns in other domains (i.e. social cogni-
tion) and to conduct more systematic comparisons
between meta-analyses computed in various age groups.
No meta-analysis is perfect (see Introduction and
Methods for limitations of the ALE method), and ours is
no exception. It needs to be extended and/or challenged
by other developmental scientists.
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