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Difficulties in cognitive control including inhibitory control (IC) are related to the patho-
physiology of several psychiatric conditions. In healthy subjects, IC efficiency in childhood
is a strong predictor of academic and professional successes later in life. The dorsal anterior
cingulate cortex (ACC) is one of the core structures responsible for IC. Although quantitative
structural characteristics of the ACC contribute to IC efficiency, the qualitative structural
brain characteristics contributing to IC development are less-understood. Using anatom-
ical magnetic resonance imaging, we investigated whether the ACC sulcal pattern at age
5, a stable qualitative characteristic of the brain determined in utero, explains IC at age 9.
18 children performed Stroop tasks at age 5 and age 9. Children with asymmetrical ACC
sulcal patterns (n=7) had better IC efficiency at age 5 and age 9 than children with sym-
metrical ACC sulcal patterns (n=11). The ACC sulcal patterns appear to affect specifically
IC efficiency given that the ACC sulcal patterns had no effect on verbal working memory.
Our study provides the first evidence that the ACC sulcal pattern - a qualitative structural
characteristic of the brain not affected by maturation and learning after birth - partially
explains IC efficiency during childhood.

© 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.

1. Introduction

hereafter referred to as IC) are related to various patho-
logic conditions, including Attention Deficit Hyperactivity

Difficulties in the ability to control impulses and
to inhibit a prepotent response (i.e., inhibitory control,

* Corresponding author at: Laboratory for the Psychology of Child
Development and Education, CNRS U8240, Paris-Descartes University,
Alliance for Higher Education and Research Sorbonne Paris Cité 46 rue
Saint-Jacques, 75005 Paris, France. Tel.: +33 1 40 46 30 04;
fax: +33 1 40 46 29 93.

E-mail addresses: gregoire.borst@parisdescartes.fr,
gregoire.borst@gmail.com (G. Borst).

1 Both these authors contributed equally to this article.

http://dx.doi.org/10.1016/j.dcn.2014.02.006

Disorder (Willcutt et al., 2005), addiction (Goldstein and
Volkow, 2011), risk behavior (Quinn and Fromme, 2010),
conduct problems (Rothbart et al., 2011), schizophrenia
(Insel, 2010) and poor academic performance (Diamond
etal.,2007).In healthy subjects, cognitive control including
IC efficiency in childhood is a strong predictor of academic
and professional successes later in life (Moffitt et al., 2011).
The dorsal anterior cingulate cortex (ACC, also labeled the
midcingulate cortex, Vogt, 2009) is one of the core struc-
tures of the brain functional network responsible for the
ability to control impulses and to resolve cognitive conflict

1878-9293 © 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY -NC-ND license.
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(Petersen and Posner, 2012). Within the theoretical frame-
work of the conflict-monitoring hypothesis (Botvinick,
2007; Botvinick et al., 2001), the role of the dorsal ACC is
to signal conflict in information processing to the cognitive
control system supported through dorsolateral prefrontal
cortices. The cognitive control system will supposedly
increase the activation of task-relevant information and
inhibit task-irrelevant information to resolve the informa-
tion processing conflict (see Egner and Hirsch, 2005).

The ability to control impulses and to inhibit a prepo-
tent response is determined in part by the ACC structure,
as suggested by the relationship between interindividual
differences in adults’ cognitive control efficiency and dif-
ferences in the cortical thickness (Westlye et al., 2011),
surface area (Fjell et al., 2012) and the gray matter volume
(Takeuchi et al., 2012) of the ACC. Moreover, the rela-
tionship between cognitive control efficiency and these
quantitative structural characteristics of the ACC appears
to vary during the course of the development (Giedd et al.,
2009), with the relationship being stronger for younger
children compared to older ones (Fjell et al., 2012). How-
ever, the variations in the quantitative characteristics of
the brain structure are affected not only by brain matu-
ration but also by learning. Indeed, previous studies have
demonstrated that prolonged learning and specific train-
ings - leading to the improvement of cognitive efficiency
- can modify the quantitative structural characteristics of
the areas responsible for the trained processes (Draganski
etal., 2004, 2006; Hyde et al., 2009). For example, increases
in gray matter volume have been reported in adults in
response to 3 months of intense training in juggling
(Draganski et al., 2004) and to intense learning for med-
ical examinations (Draganski et al., 2006) and in children
in response to 15 months of musical training — with a rela-
tionship between the quantitative structural brain changes
induced by the training and behavioral improvements
(Hyde et al., 2009).

Although quantitative characteristics of the brain
structure reveal the dynamic interplay between brain
maturation and learning/training on cognitive develop-
ment, they provide no information on the early constraint
imposed by the structure of the brain on cognitive devel-
opment. The study of the sulcal pattern, a qualitative
characteristic of the brain, might provide such information.
Indeed, the sulcal pattern is a stable feature of the brain
morphology determined in utero (Rakic, 2004; White et al.,
2010), and it is not affected by maturation and learning
occurring after birth (Sun et al., 2012). Specifically, asym-
metry in the sulcal pattern of the ACC between the right
and left hemispheres has been associated with increased IC
efficiency in preschoolers (Cachia et al., 2014) and in adults
(Fornitoetal.,2004; Huster et al., 2009). However, there has
not yet been evidence that the sulcal pattern of the ACC at
a given age explains IC efficiency later in development.

To provide such evidence, we asked the same 18 chil-
dren to perform Stroop tasks at age 5 and at age 9 - a
developmental window in which IC efficiency increases
dramatically (Fjell et al., 2012) — and we studied whether
a qualitative measure of the ACC morphology (i.e., the sul-
cal pattern of the ACC) at age 5 was associated with the
children’s behavioral performance on the Stroop tasks both

at age 5 and at age 9. Consistent with previous studies
(Cachiaetal.,, 2014; Fornito et al., 2004; Huster et al., 2009),
the sulcal pattern of the ACC was classified as a ‘single’ type
when only the cingulate sulcus was present and as a ‘double
parallel’ type when a paracingulate sulcus (PCS) ran par-
allel to the cingulate sulcus (Ono et al., 1990; Paus et al,,
1996a,b) (see Fig. 1A). Children performed the Color-Word
Stroop task (Stroop, 1935) at age 9 and the Animal Stroop
task (Wright et al., 2003) - an adaptation of the Color-
Word Stroop Task for non-reading children - at age 5 (see
Fig. 1B). In the Color-Word Stroop task, children named the
color of the ink of printed words that denoted colors in a
no-conflict condition, in which the ink colors matched the
colors denoted by the words (e.g., ‘BLUE’ appeared in blue
ink), and in a conflict condition, in which the colors denoted
by the words interfered with the ink colors to be named
(e.g., ‘RED’ appeared in blue ink). Similarly, in the Animal
Stroop task, children named the body of animals in a no-
conflict condition - i.e., the head matched the animal’s body
(e.g.,aduck’s head on a duck’s body) — and in a conflict con-
dition - i.e., the head of the animal was replaced by the head
of a different animal (e.g., a pig’s head on a duck’s body).
In both Stroop tasks, the difference in response times (i.e.,
the Stroop interference scores) between the no-conflict and
conflict conditions typically reflects the ability to process
conflicting information, drawing, in part, on IC efficiency.
Critically, the ACC is consistently activated in the Stroop
tasks (Petersen and Posner, 2012).

We reasoned that if the sulcal pattern of the ACC con-
strains IC efficiency during childhood, then the children
with asymmetrical ACC sulcal patterns (i.e., the ‘single’ type
in the left hemisphere and the ‘double parallel’ type in the
right hemisphere or vice versa) should have lower Stroop
interference scores (i.e., better IC efficiency) than children
with symmetrical ACC sulcal patterns (i.e., the ‘single’ type
or the ‘double parallel’ type in both hemispheres) not only
at age 5 but also at age 9. In addition, if the ACC sulcal pat-
terns not only partially explain IC efficiency during child-
hood but affect the development of IC efficiency per se, then
the ACC sulcal patterns should have an effect on the differ-
ence in Stroop interference scores between age 5 and age 9.

To assess the specificity of the effect of the ACC sulcal
pattern on the development of IC efficiency, we also inves-
tigated, in the same sample of children, whether the sulcal
pattern of the ACC partially explained the development of
their verbal working memory. This investigation was crit-
ical given that the Stroop task involves not only the ability
to overcome perceptual and cognitive conflicts (MacLeod,
1991) but also a range of other cognitive processes, includ-
ing working memory (MacLeod et al.,2003).To evaluate the
verbal working memory efficiency of children, we asked
children at age 5 and age 9 to perform, in addition to the
Stroop tasks, the forward and backward digit span tasks
from the Wechsler Intelligence Scale for Children (WISC-
IV, Wechsler, 2003). Children were instructed to listen to
a series of discrete digits, and they subsequently recalled
the series of digits in the same (i.e., forward digit span task)
or reverse (i.e., backward digit span task) order of presen-
tation. We reasoned that if the sulcal patterns of the ACC
constrain specifically IC efficiency during childhood and
not other executive functions, then the sulcal pattern of
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“Name the animal’s body as quickly as you can (e.g., ‘duck)”
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Animal Stroop task performed at age 5
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Color-Word Stroop task performed at age 9

“Name the ink color as quickly as you can (e.g., ‘blue’)”

Conflict No conflict
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Fig. 1. ACC sulcal pattern classification and assessment of IC efficiency. The figure depicts the two types of ACC sulcal patterns (sulci are depicted in blue on
the gray/white interface): ‘single’ type when only the cingulate sulcus was present and ‘double parallel’ type when a paracingulate sulcus ran parallel to the
cingulate sulcus (A). The figure also depicts examples of stimuli in the conflict and no-conflict conditions of the Animal Stroop task (B) and the Color-Word
Stroop task (C). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the ACC should have no effect on the forward or backward
digit spans at age 5 and age 9.

Finally, to determine whether a qualitative characteris-
tic of the ACC (i.e., the sulcal patterns of the ACC) explain
to a greater extent IC efficiency during childhood than
quantitative characteristics of the ACC, we investigated the
relationship between the thickness and surface area of the
ACC at age 5 and the Stroop interference scores at age 5
and at age 9. Consistent with previous studies on adults
(see e.g., Takeuchi et al., 2012; Westlye et al., 2011) and
children (Fjell et al., 2012), we expected the thickness and
the surface area of the right but not the left ACC at age
5 to be related to IC efficiency at the same age. In addi-
tion, given that quantitative structural characteristics of the
ACC reflect the interplay of brain maturation and environ-
ment (including training and learning that might have been
different for the children between 5- and 9-year-old), the
thickness and the surface area of the right ACC at age 5
should not explain IC efficiency at age 9.

2. Materials and methods

All children were scanned before performing the
Animal Stroop task. They were tested on the Color-Word
Stroop task by a different experimenter than the one who
tested them on the Animal Stroop task. The classification
of the sulcal patterns was performed after the two testing
sessions by three experimenters that did not participate
in the behavioral testing. The experimenters that collected
the behavioral data were blind to the classification of the
sulcal patterns and the experimenters that performed
the classification of the sulcal patterns were blind to the
behavioral data.

2.1. Participants

Sample descriptive are provided in Table 1. Eighteen
right-handed preschoolers (age at testing on the Animal
Stroop task was 5.48 +0.18 years and age at testing on the
Stroop Color-Word task was 9.47 4 0.57 years; 10 females)

were recruited from a public preschool in Caen (France).
They had no history of neurological disease and no cerebral
abnormalities. The children were tested in accordance
with national and international norms that govern the
use of human research participants. We obtained writ-
ten informed consent from the children’s parents that
allowed us to enroll their children in the study. The
ethics committee approved our study (CPP Nord-Ouest III,
France).

2.2. Behavioral assessment

2.2.1. Inhibitory control

We used the Animal Stroop task (Wright et al., 2003)
to assess IC efficiency at age 5 and the Color-Word Stroop
task (Stroop, 1935) to assess IC efficiency at age 9. In the
Animal Stroop task, the conflict and no-conflict conditions
comprised 24 Animal Stroop stimuli printed on a sheet
of paper. The stimuli were designed and based on the
following four images of animals: a cow, a duck, a pig, and
a sheep. Children were asked to name the animal’s body. In
the no-conflict condition, the head and the animal’s body
were matched. In the conflict condition, the head of the
animal was substituted with the head of another animal.
In the Color-Word Stroop task, participants were asked to
name the ink color of 50 printed words in each condition.
In the no-conflict condition, the colors denoted by the
words were congruent with the ink color in which they
were printed (e.g., BLUE printed in blue). In the conflict
condition, the colors denoted by the words were incongru-
ent with the ink color in which they were printed (e.g., RED
printed in blue). In each Stroop task, the children started
with the no-conflict condition. We recorded separately the
response times and the number of errors in the conflict
and no-conflict conditions. The Stroop interference scores
were defined as the difference in response times or error
rates between the conflict and no-conflict conditions. Thus,
children with lower Stroop interference scores had higher
IC efficiency.
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Table 1
Sample characteristics.
Sym.n=11 Asym.n=7 Welch-t/ x? p-Value

Age first Stroop testing (year) 5.49 (0.18) 5.46 (0.2) t=.31 .76
Age second Stroop testing (year) 9.31(0.55) 9.73(0.51) t=1.64 12
Gender (female/male) 5/6 5/2 x*=.35 .55
Household (average income) 3136 (1125) 2714 (983) t=.84 42
Handedness (Oldfield score) 100 (0) 87.3(33.6) t=1 .36
Raven (raw score) 28.6(2.8) 28.3(2.6) t=.20 .84

Sym: symmetrical sulcal pattern; Asym: asymmetrical sulcal pattern. Standard deviations appear in parentheses.

2.2.2. Working memory

We used the forward and backward digit span tasks
from the WISC-IV (Wechsler, 2003) to assess the verbal
working memory efficiency of children. In these two tasks,
series of discrete digits are presented and children are
instructed to recall the series either in the same (i.e., for-
ward digit span task) or reverse (i.e., backward digit span
task) order of presentation. Each task started with series
of two digits and then series were increased by one digit
every two trials. We stopped the task when a child failed
to recall two consecutive series with the same number of
digits. The working memory span (or score) was the num-
ber of digits correctly recalled in the last series presented.
The forward and backward digit span assessed children’s
ability to maintain (i.e., forward digit span task) or main-
tain and manipulate information (i.e., backward digit span
task), respectively, in verbal working memory.

2.3. MRI acquisition

Anatomical magnetic resonance images (MRIs) were
acquired on a 3T MRI scanner (Achieva, Philips Medical
System, The Netherlands) from the Cyceron biomedical
imaging platform (Caen, France, www.cyceron.fr) using
3D T1-weighted spoiled gradient images (FOV: 256 mm;
slice thickness: 1.33 mm; 128 slices; matrix size: 192 x 192
voxels). The children passively watched a cartoon on an
MRI-compatible screen during MRI acquisitions to reduce
motion, provide a positive experience and decrease wait
times (Lemaire et al., 2009).

2.4. MRI analysis

An automated pre-processing step skull-stripped the T1
MRIs and segmented the brain tissues. MRIs were not spa-
tially normalized to overcome the potential bias that may
have resulted from the sulcus shape deformations induced
by the warping process. The cortical folds were automati-
cally segmented throughout the cortex from the skeleton
of the gray matter/cerebrospinal fluid mask. This proce-
dure provided a stable and robust sulcal surface definition
that was not affected by variations in the cortical thickness
or the gray matter/white matter contrast (Mangin et al.,
2004). We visually checked the images at each processing
step for each MRI. No motion artifacts and no segmenta-
tion errors were detected. Image analysis was performed
with the Morphologist toolbox using BrainVISA 4.2 soft-
ware (http://brainvisa.info/).

2.5. ACC classification

The identification of the sulcal pattern of the ACC was
based on a visual inspection of a three-dimensional, mesh-
based reconstruction of the cortical folds (Cachia et al.,
2014; Huster et al., 2007; Leonard et al., 2009; Yucel et al.,
2001). We classified the ACC sulcal pattern as ‘single’ or
‘double parallel’ type (Fornito et al., 2004) depending on
the presence or absence of a paracingulate sulcus (PCS) (see
Fig. 1A). The PCS is a sulcus located dorsal to the cingulate
sulcus with a course parallel to the cingulate sulcus (Huster
et al., 2009; Yucel et al., 2001). The anterior limit of the
PCS was defined as the point at which the sulcus extended
posteriorly from an imaginary vertical line running per-
pendicular to the line passing through the anterior and
posterior commissures (AC-PC) and parallel to the ante-
rior commissure (Huster et al., 2007; Yucel et al., 2001).
The PCS was considered present if there were clear devel-
oped horizontal sulcus elements parallel to the cingulate
sulcus with a total length of at least 20 mm. Interruptions
or gaps between the PCS elements were not included in
the total length of the PCS. The sulcal patterns of the ACC
were independently classified by three of the co-authors
(Arnaud Cachia, Grégoire Borst & Julie Vidal). Reliability
for the left hemisphere was 100% and 94.7% for the right
hemisphere (i.e., one sulcal pattern out of 18 classified dif-
ferently by one of the three co-authors). We classified this
sulcal pattern as classified by the majority of the three
co-authors (see Fig. 2 for a depiction of the ACC sulcal pat-
terns of each child in the left and right hemispheres). In
the present study, we did not adopt the finer distinction
between ‘present’ and ‘prominent’ PCS - i.e., prominent
PCS (Leonard et al., 2009) defined as a PCS greater than
20 mm (Huster et al., 2009) or greater than 40 mm (Yucel
et al., 2001) - or 5 categories of PCS length with a 15-
mm step (Huster et al., 2007). Given that these criteria
are based on adult brains and that the brain size and
PCS length increases with age, these classifications are not
suitable for characterizing the ACC sulcal patterns of devel-
oping brains. Critically, the classification of the ACC sulcal
pattern (‘single’/‘double parallel’ type) adopted here has
been used previously to study the effect of the ACC sulcal
pattern on IC efficiency in schizophrenia (Fornito et al.,
2006a,b).

2.6. Thickness and surface area estimation

We calculated the cortical thickness and sur-
face area estimates with a fully automated set of
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M Paracingulate sulcus (PCS)

Fig. 2. ACC sulcal pattern of each child. 3-D mesh-based reconstructions of the cingulate sulcus (turquoise) and PCS (blue) of each child at age 5 in the left
(top) and the right (bottom) hemispheres. Other sulci of the cortex are depicted in light gray. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

tools available in the FreeSurfer software suite
(http://surfer.nmr.mgh.harvard.edu/). T1-weighted struc-
tural images were corrected for distortions caused by
gradient nonlinearities, coregistered, averaged, and rigidly
resampled into alignment with an atlas brain. Details
regarding the surface based cortical reconstruction and
subcortical volumetric segmentation can be found else-
where (Dale et al., 1999; Fischl et al., 1999, 2002, 2004,
Fischl and Dale, 2000). Note that these morphometric
procedures have been validated for children as young
as 4-years old (Ghosh et al., 2010). Based on the MRI
scans of each child a 3D model of the cortical surface was
constructed. This 3D model included the segmentation
of the white matter, the tessellation of the gray/white
matter boundary, the inflation of the folded, tessel-
lated surface, and the correction of topological defects.
Cortical thicknesses were calculated from this cortical
surface reconstruction by estimating and then refining the
gray/white boundary, deforming the surface out to the

pial surface, and measuring the distances from each point
on the white matter surface to the pial surface (Fischl and
Dale, 2000). Cortical surface area was calculated at the
pial level and represents the area of vertex on the gray
matter surface, calculated as the average of the area of the
tessellated triangles touching that vertex. We restricted
our analysis to the thickness and surface area estimates
of the right and left ACC because (a) we investigated the
sulcal morphology of this region and (b) previous studies
have demonstrated that quantitative structural charac-
teristics of this region are associated with IC efficiency in
both adults (Takeuchi et al., 2012; Westlye et al., 2011)
and children (Fjell et al., 2012; Khornitova et al., 2013).

3. Results
Based on the three-dimensional mesh-based recon-

struction of cortical folds at age 5, we identified
11 right-handed children with symmetrical ACC sulcal
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Table 2

Mean (M) and standard deviation (SD) of the response times (RTs) and error rates (ERs) in the no-conflict and conflict conditions of the Animal Stroop task
and the Stroop Color-Word task for children with symmetrical (Sym.) and asymmetrical (Asym.) sulcal patterns of the ACC.

Animal Stroop task

Color-Word Stroop task

Sym.n=11 Asym.n=7 Sym.n=11 Asym.n=7

RTs (s)

No-conflict 40.91 (11.65) 31.89 (6.69) 28.01(3.74) 27.51(7.68)

Conflict 78.16 (30.11) 43.90(7.37) 83.8(15.96) 66.43 (15.01)

Stroop score 37.26 (22.59) 12.01(12.01) 55.79(15.63) 38.91(9.48)
ERs (%)

No-conflict 3.41(4.09) 2.98(3.15) 0(0) 0(0)

Conflict 9.47 (4.20) 5.95(5.30) 8.91(3.94) 6.86 (5.27)

Stroop score 6.06 (3.42) 2.98(5.22) 8.91(3.94) 6.86 (5.27)

Standard deviations appear in parentheses.

patterns - ‘single’ (n=6) or ‘double parallel’ (n=5) type
in both hemispheres - and 7 right-handed children with
asymmetrical ACC sulcal patterns - ‘single’ type in the left
hemisphere and ‘double parallel’ type in the right hemi-
sphere (n=3) or vice versa (n=4). Age, gender, household
income as a proxy indicator for socioeconomic status, and
raw scores on the colored progressive matrices of Raven
as a proxy indicator for general intelligence (Raven et al.,
1998) did not differ between the two groups (see Table 1).

At a behavioral level, we found classical Stroop inter-
ference effects (M+SD) in the Animal Stroop task at
age 5: children were slower and less accurate in the
conflict condition (M=64.84+29.12s and M =8.1 +4.84%)
than in the no-conflict condition (M=37.4+10.77s
and M =3.2443.66%), respectively t(17)=5.15, p=.00004,
d=1.84, for the response times and t(17)=4.75, p=.0001,
d=1.16, for the error rates (see Table 2). Similarly,
we found classical Stroop interference effects in the
Color-Word Stroop task at age 9 on the responses
times (M=77.04+17.47s in the conflict condition and
M=27.82 4+ 5.39 sin the no-conflict condition, t(17)=13.28,
p<.0001, d=4.14) and on the error rates (M=8.11+4.47%
in the conflict condition and M =0% in the no-conflict con-
dition, t(17)=7.70, p<.0001, d=1.28). A stem and leaf plot
procedure revealed no outliers in the data.

At a neurocognitive level, a 2 (age of testing: 5 vs. 9
years old) x 2 (sulcal pattern: asymmetrical vs. symmet-
rical) mixed-design repeated measures ANOVA with age of
testing as a within-subject factor and sulcal pattern as a
between-subject factor revealed that the Stroop interfer-
ence scores based on the response times differed between
children with symmetrical and asymmetrical ACC sulcal
patterns (i.e., significant main effect of the sulcal pattern),
F(1,15)=4.67,p=.047, np? = .23, and this effect did not vary
with age, as witnessed by the lack of a significant inter-
action between the age of testing and the sulcal pattern
of the ACC in two different Stroop tasks adapted for the
age of the children (i.e., the Animal Stroop task at age 5
and the Color-Word Stroop task at age 9), F(1, 16)=1.55,
p=.23.2 As shown in Fig. 3B, the Stroop interference scores

2 Note that a 2 (age of testing: 5 vs. 9 years old) x 2 (condition: congru-
ent vs. incongruent) x 2 (sulcal pattern: asymmetrical vs. symmetrical)
mixed-design repeated measures ANOVA on the RTs revealed a similar
pattern of results to the one reported on the Stroop score. We found

were lower (and thus IC efficiency was higher) in chil-
dren at age 5 with asymmetrical ACC (12.01+12.015s)
than in children with symmetrical ACC (37.26 £22.595s),
t(16)=3.07, p=.0004, d=1.49. Critically, at age 9, chil-
dren with an asymmetrical ACC sulcal pattern at age 5
(M=38.91+9.48s) continued to have lower Stroop inter-
ference scores than children with a symmetrical ACC sulcal
pattern at age 5 (M =55.79+15.63s), t(16)=2.85, p=.006,
d=1.38> (see Fig. 3C). Note that a stem and leaf plot proce-
durerevealed no outliers in the data. Two separate one-way
ANOVA with the sulcal patterns of the ACC as a between-
subject factor on the Stroop interference scores at age 5 and
age 9 demonstrated that ACC asymmetry at age 5 explained
27% of the Stroop interference score variability at age 5 and
25% of the Stroop interference score variability at age 9.
Given that we found no effect of the ACC sulcal pattern on
the Stroop interference scores based on the error at age
5 (p=.15) or at age 9 (p=.36), the effect reported on the
Stroop interference scores based on the response times was
unlikely to reflect a speed accuracy trade-off. In addition, to
determine whether the sulcal patterns of the ACC constrain
the development of IC efficiency per se, we normalized
the Animal Stroop and the Color-Word Stroop interference
scores and then computed, for each child, the difference
between the normalized Stroop interference scores at age
9 and age 5. The difference in the normalized Stroop inter-
ference scores reflects the development of IC efficiency per
se between 5 and 9 years of age. A one way ANOVA on
these difference scores with the ACC sulcal patterns as a
between-subject factor revealed no main effect of the ACC
sulcal patterns, F(1, 16)=1.59, p=.22.

We used linear regressions to determine the associa-
tion between the thickness and the surface area of the ACC

significant main effects of the condition, F (1, 16)=111.97, p=.0001,
np?=.88, and of the sulcal pattern, F (1, 16)=7.81, p=.013, np*=.33, a
significant interaction between the sulcal pattern and the condition, F(1,
16)=9.59, p=.007, np*=.38, but no interaction between the age of test-
ing, the condition and the sulcal pattern of the ACC, F< 1. The same pattern
of results was found when normalized RTs (i.e., z-transformed RTs) were
considered except for the main effect of the condition that was not signif-
icant, F<1.

3 Note that the main effect of the sulcal patterns of the ACC on the Stroop
scores at age 9 was still significant, F(1, 15)=5.87, p=.03, np?=.28, when
children’s age at the time they were tested on the Color-Word Stroop task
was entered as a covariate in a one-way ANOVA with the sulcal patterns
as a between-subject factor.
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Fig. 3. Interindividual variability of the ACC sulcal pattern of the children (A) and IC efficiency in the children with asymmetrical and symmetrical ACC
sulcal patterns at age 5 (B) and at age 9 (C). (A) 3-D mesh-based reconstructions of the cingulate sulcus (turquoise) and PCS (blue) of each child at age 5 are
depicted on the same gray/white interface after being linearly aligned in a common referential (MNI-space). (B) and (C) Mean Stroop interference scores
at age 5 (on the Animal Stroop task) and at age 9 (on the Color-Word Stroop task) in children with symmetrical (single or double parallel type in both
hemispheres; n=11) and asymmetrical (single type in the right hemisphere and double type in the left hemisphere or vice versa; n=7) ACC sulcal patterns.
Children with asymmetrical ACC sulcal patterns at age 5 had lower Stroop interference scores than children with symmetrical ACC sulcal patterns at age 5,
t(16)=3.07, p=.0004, d=1.49, and at age 9, t(16)=2.85, p=.006, d=1.38. Error bar denotes standard error of the mean (SEM); *p <.05. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

at age 5 and the Stroop interference scores at age 5 and
age 9. We found that the right ACC thickness at age 5 was
marginally related to the Stroop interference scores at age
5 (B=24.39, p=.067) but not at age 9 (B=12.49, p=.19).
Note that the positive relationship between the thickness
of the right ACC and the Stroop interference score at age
5 suggests that a thinner right ACC was associated with a
lower Stroop interference score (i.e., better IC efficiency)
which is consistent with previous studies on children (see
e.g., Khornitova et al., 2013). We found no association with
the cortical thickness of the left ACC and the Stroop inter-
ference score at age 5 (B=9.23, p=.51) and age 9 (B=-.99,
p=.92). The surface area of the right and the left ACC at age
5 was neither associated with the Stroop interference score
at age 5 (respectively, B=.008, p=.72 and B=.002, p=.94)
nor with the Stroop interference score at age 9 (respec-
tively, B=.012, p=.42 and B=.003, p=.87). Note that we
found no association between the asymmetry in the cor-
tical thickness and the surface area of the ACC at age 5
and the Stroop interference score at age 5 (respectively,
B=-118.6, p=.20 and B=80.89, p=.49) and age 9 (respec-
tively, B=-97.99, p=.12 and B=-99.56, p=.18).

Finally, as expected if the sulcal pattern of the ACC par-
tially explained specifically IC efficiency during childhood,
we found no effect of the sulcal pattern of the ACC at age
5 and age 9 on the forward or backward digit spans (all
ps>.16, see Table 3).

4. Discussion

As expected, children with asymmetrical ACC sulcal pat-
terns were more efficient at resisting interference (i.e.,
naming the body of the animal in the Animal Stroop task) at
age 5 than children with symmetrical ACC sulcal patterns.
Critically, we provided evidence for the first time that the
sulcal pattern of the ACC at age 5 partially explained IC
efficiency at age 9; children with asymmetrical ACC sul-
cal patterns continued 4 years after (at age 9) to be more
efficient at resisting interference than children with sym-
metrical ACC sulcal patterns in a different Stroop task (i.e.,
the Color-Word Stroop task), in which children had to
inhibit their prepotency to read the word to identify the
color of the ink in which the word was printed. Given that
we found no difference in the rate at which IC efficiency
developed during childhood between children with asym-
metrical ACC sulcal patterns and children with symmetrical
ACCsulcal patterns, then these ACC patterns might not con-
strain the development of IC efficiency per se but more
likely correspond to a qualitative structural characteristic
of the ACC which puts an early constrain on IC efficiency
that is not compensated for at least throughout childhood.
In addition, we found that IC efficiency at age 5 was related
to the thickness of the right but not the left ACC at age
5 which is consistent with previous studies that reported
a relationship between quantitative characteristics of the

—
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Table 3
Mean forward and backward digit spans for children with symmetrical (Sym.) and asymmetrical (Asym.) sulcal patterns of the ACC.
Sym.n=11 Asym.n=7 Welch-t p-Value
Forward digit span (age 5) 3.90(0.83) 3.71(1.11) 40 .70
Backward digit span (age 5) 2.09 (0.30) 2.43(0.54) 1.52 .16
Forward digit span (age 9) 5.09 (0.70) 4.71(0.76) 1.06 31
Backward digit span (age 9) 3.64 (0.81) 4(0.58) 1.11 .28

Standard deviations appear in parentheses.

right ACCand IC efficiency in adults (see e.g., Takeuchi et al.,
2012; Westlye et al., 2011). Moreover, as opposed to a pre-
vious study (Fjell et al., 2012), we found no association
between the surface area of the right and left ACC at age
5 and IC efficiency at age 5 probably due to the limited
sample size. The different patterns of association between
two complementary quantitative characteristics of the ACC
and IC efficiency at age 5 might be a consequence of the
fact that the cortical thickness and the cortical surface area
are influenced by different genetic (Panizzon et al., 2009)
and developmental (Raznahan et al., 2011) factors. Criti-
cally, we found no relationship between the thickness and
surface area of the ACC at age 5 and the Stroop interfer-
ence score 4 years later (at age 9) which suggest that this
quantitative structural characteristic of the ACC (i.e., the
thickness) does not explain IC efficiency during childhood
as efficiently as a qualitative structural characteristic of the
ACC (i.e., the sulcal patterns). Finally, the ACC sulcal pat-
tern at age 5 did not explain the ability to maintain and
manipulate information in verbal working memory which
provided evidence that the sulcal pattern of the ACC specif-
ically explained IC efficiency.

Given that different sulcal patterns have been associ-
ated with white matter connectivity (Hilgetag and Barbas,
2006; Van Essen, 1997) and that cognitive processes
involved in the Stroop tasks appear to be highly lateralized
in the brain (Brown et al., 2001), we suspect that the higher
IC efficiency of children with asymmetrical patterns of the
ACC could stem from a greater asymmetry of the underly-
ing white matter connectivity of the ACC. Finally, the sulcal
pattern of the ACC, by affecting the white matter connec-
tivity, might constrain the development of the connectivity
of the ACC to other areas of the brain, enabling this struc-
ture and other prefrontal structures to take control over
these areas (Posner, 2012), which could explain why this
qualitative structural characteristic of the brain partially
explained the IC efficiency during childhood. Alternatively,
given that previous studies have demonstrated that the
sulcal pattern of the ACC have likely an impact on ACC
activation (Amiez et al., 2013; Artiges et al., 2006; Crosson
et al., 1999; Paus et al., 1998) and on quantitative charac-
teristics of the structure of the ACC (e.g., cortical thickness,
gray and white matter volumes, and surface area, see Paus
et al., 1996a,b; Fornito et al., 2006a,b; Huster et al., 2007;
Fornito et al., 2008), the constrain of the sulcal pattern of
the ACCon IC efficiency reported in the present study could
be mediated by the effect of the sulcal pattern of the ACC
on the level of activation and/or quantitative characteris-
tics of the structure of this region. However, we note that
IC efficiency at age 5 and at age 9 were not associated with

asymmetries in the thickness and surface area of the ACC
at age 5.

A potential limitation of the present study is the small
sample size, reflecting the difficulty to conduct brain imag-
ing studies and longitudinal follow-up in young children.
Hence, we could not statistically determine whether chil-
dren with a leftward asymmetry of the sulcal pattern of the
ACC (i.e., PCS in the left but not in the right hemispheres)
have greater IC efficiency than children with a rightward
asymmetry (i.e., PCS in the right but not in the left hemi-
spheres) as in adults (Fornito et al., 2004; Huster et al.,
2009; Whittle et al., 2009). However, our analyses revealed
a similar pattern of results at two different ages using dif-
ferent behavioral tasks to assess IC, providing evidence of
the robustness and replicability of our findings.

To conclude, we provided evidence for the first time
that the sulcal pattern of the ACC - a qualitative structural
characteristic of the brain determined in utero that is not
affected by maturation and learning after birth - partially
explained the IC efficiency during childhood. Therefore, it
appears that the sulcal pattern of the ACC constrains IC
efficiency, at least in children aged 5-9 years. This result
suggests an intriguing hypothesis that qualitative struc-
tural characteristics of the brain might contribute to the
risk of developing impaired IC and thus neurodevelop-
mental disorders, in line with previous works reporting
abnormal ACC sulcal pattern in patients with established
schizophrenia (Fornito et al., 2006a,b; Yucel et al., 2002) as
well as in subjects highly vulnerable to develop schizophre-
nia (Yucel et al., 2003). Further longitudinal studies with
larger samples are needed to investigate the interaction
between the effects of qualitative structural characteris-
tics of the brain (e.g., sulcal patterns) and of quantitative
characteristics of the structure of the brain (e.g., cortical
thickness, gray and white matter volumes, surface area, and
white matter connectivity) on IC efficiency in normal and
pathological children.
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