N

N

Cognitive inhibition of number/length interference in a
Piaget-like task in young adults: evidence from ERPs
and fMRI.

Gagélle Leroux, Marc Joliot, Stéphanie Dubal, Bernard Mazoyer, Nathalie

Tzourio-Mazoyer, Olivier Houdé

» To cite this version:

Gaélle Leroux, Marc Joliot, Stéphanie Dubal, Bernard Mazoyer, Nathalie Tzourio-Mazoyer, et al..
Cognitive inhibition of number/length interference in a Piaget-like task in young adults: evidence
from ERPs and fMRI.. Human Brain Mapping, 2006, 27 (6), pp.498-509. 10.1002/hbm.20194 .
hal-00541622

HAL Id: hal-00541622
https://hal.science/hal-00541622
Submitted on 23 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00541622
https://hal.archives-ouvertes.fr

Cognitive inhibition of number/length interference in a Piaget-

like task in young adults: Evidence from ERPs and fMRI

Gaélle Leroux!, Marc Joliot!, Stéphanie Dubal®, Bernard Mazoyer':2, Nathalie

Tzourio-Mazoyer', and Olivier Houdé' 2.

1 Groupe d'Imagerie Neurofonctionnelle (GIN), UMR 6194, CNRS, CEA, Universités de
Caen et Paris-5, France.

2 Institut Universitaire de France (IUF).

3 Vulnérabilité, Adaptation et Psychopathologie, UMR 7593, CNRS,

Université Paris-6, France.

Contract grant sponsors: CEA/Région Basse Normandie, France, and ACI "Neurosciences
intégratives et computationnelles” from the French Ministry of Research.

Correspondence to: Dr Marc Joliot, Groupe d'Imagerie Neurofonctionnelle (GIN), UMR
6194, CNRS, CEA, Universités de Caen et Paris-5, GIP Cyceron, BP 5229, 14074 Caen
Cedex, France.

E-mail: joliot@cyceron.fr

Part of the results was presented during the 10" Annual Meeting of the Organization for

Human Brain Mapping in Budapest, Hungary (2004).

Abstract: 249 words.



Abstract

We sought to determine whether the neural traces of a previous cognitive
developmental stage could be evidenced in young adults. In order to do so, twelve young
adults underwent two functional imaging acquisitions (EEG then fMRI). During each
session, two experimental conditions were applied: a Piaget-like task with number/length
interference (INT), and a reference task with number/length covariation (COV). To
succeed at Piaget's numerical task, which children under the age of seven usually fail, the
subjects had to inhibit a misleading strategy, namely the visuospatial length-equals-number
bias, a quantification heuristic that is often relevant and that continues to be used through
adulthood.

Behavioral data confirmed that although there was an automation in the young adult
subjects as assessed by the very high number of accurate responses (>97%), the inhibition
of the "length equals number strategy™ had a cognitive cost, as the reaction times were
significantly higher in INT than in COV (with a difference of 230 msec).

The event-related potential results acquired during the first session showed
electrophysiological markers of the cognitive inhibition of the number/length interference.
Indeed, the frontal N2 was greater during INT than during COV, and a P3jate/P6 was
detected only during INT.

During the fMRI session, a greater activation of unimodal areas (the right middle and
superior occipital cortex), and in the ventral route (the left inferior temporal cortex) was
observed in INT than in COV. These results seem to indicate that when fully automated in

adults, inhibition processes might take place in unimodal areas.

Key words: Piaget-like task, number, visuospatial interference, inhibition, Event-

Related Potential (ERP), functional Magnetic Resonance Imaging (fMRI).



Introduction

In the study of human evolution to Homo sapiens, as well as in the study of cognitive
development, the inhibition of misleading strategies is regarded today as a crucial
mechanism of adaptation, a possible "Darwinian algorithm" [Dempster 1995; Diamond
1991; Diamond et al., 2002; Houdé 2000; Houdé and Tzourio-Mazoyer 2003; Houdé et al.,
2000]. It is an executive process involved in attention, self-regulation, and consciousness
[Posner and Rothbart 1998]. In cognitive developmental psychology, a very famous
inhibition task is Piaget's numerical task [Dempster 1995; Houdé 2000; Houdé and
Guichart 2001; Piaget 1952]. When shown two rows of objects containing the same
number of objects but having different lengths (because the objects in one of the rows have
been spread apart), the child has to say whether the two rows have the same number of
objects. Until the age of seven, children usually erroneously say there are more objects in
the longer row. To succeed in this cognitive task, children have to inhibit a misleading
strategy, namely the visuospatial length-equals-number bias [Houdé 2000; Houdé and
Guichart 2001], an often-relevant quantification heuristic still used by adults.

In a previous Event-Related Potential (ERP) study [Daurignac et al., 2005] we found,
in adults, electrophysiological correlates (namely an increased N2 amplitude) reflecting the
inhibition of the numerical visuospatial bias in Piaget's numerical task. For accuracy in
numerical quantification, the adult brain still has to control childlike cognition biases that
are stored in a kind of “developmental memory”. It is known in cognitive developmental
neuroscience that the acquisition of a fully coordinated and controlled set of executive
functions (namely, response inhibition) occurs relatively late in brain development
[Keating 2004; Paus 2005; Steinberg 2005].

In this study our objective was both to replicate our previous ERP results in Piaget's

numerical task and to use functional magnetic resonance imaging (fMRI) to explore the



neural networks that young adults recruit to resolve this developmental task. To this aim,
we used two experimental conditions: a Piaget-like task with number/length interference

and a reference task with number/length covariation.

Materials and methods

Subjects

Twelve healthy volunteers (7 men), aged 23 * 3 years, all right-handed as evaluated by
the Edinburgh Inventory [Oldfield 1971], participated in this study. They were free from
cerebral abnormality as assessed by the T1-weighted magnetic resonance images of their
brain. They had normal vision without correction. All gave their informed written consent

to the study, which was accepted by our local ethics committee.

Stimuli

The stimuli used in this study were identical to those previously used in our group by
Houdé and Guichart [Houdé and Guichart 2001]. An item was displayed on a computer
screen divided in two by a horizontal line (see Fig. 1). On each side of the line there was a
row of shapes (blue, cyan, green, red, and yellow squares or rectangles). The two rows
could be of equal or different sizes (one to four shapes), and the subject had to judge their
numerical equivalence. They were instructed to respond by pressing the "same-number"
button or the "not-the-same-number" button as quickly as possible, without making any
errors (the side of the response, using the right and the left hand, was counterbalanced in
half of the subjects). When a button was pressed, the computer recorded the subject’s
reaction time (RT) (measured in milliseconds since stimulus onset). Two kinds of displays
were set up, one called “covariation” (COV) and the other one "interference” (INT). In

COV displays, the number of objects and the row length covaried (see the left screen in



Fig. 1), while in INT displays, the shapes in one of the rows were spread apart, and thus
involved number/length interference (see the right screen in Fig. 1). This latter kind of
display corresponds to a Piaget-like task.

---------------------------------- Include Figure 1 about here -

Since in COV displays, the subjects had — by definition —to always respond by
pressing the "not-the-same-number” button, while in INT displays they had to press the
“same-number” button, it was important to overcome any strategy consisting in a
systematic answer. We therefore introduced 20% of displays with “same-number”

responses in COV and “not-the-same-number” responses in INT.

Task design

Each subject was tested in two sessions on one day. In the first session, in the
morning, we recorded electroencephalograms (EEGs) during two runs: COV, then INT. In
the second session, in the afternoon, we measured brain activity during the same displays
with functional magnetic resonance imaging (fMRI).

In the EEG session, each run was composed of 100 stimuli and they subtended a
vertical visual angle of 1.1° and a horizontal visual angle of 1.3°. They were projected on a
centered screen by an optical system with mirrors (the display was controlled by a
computer running in MS-DOS mode). The inter-stimulus interval (1SI) was 2700 + 75
msec. A gray screen was displayed before each new stimulus (even if the button response
was not pressed) in order to avoid blinks during the baseline period. Before the first run, all
subjects performed familiarization trials with COV stimuli (a maximum of 10).

In the fMRI session, the stimulus displays were strictly the same than the EEG session.
Each fMRI run was composed of 6 blocks of 8 COV or INT stimuli, alternating with 24-

sec cross-fixation periods. The ISI was 3000 + 80 msec. Subjects viewed a backlit



projection (STIM software, NeuroScan Inc., El Paso, TX, USA) from within the magnet

bore through a mirror mounted on the head coil.

ERP data acquisition and analysis

Scalp voltages were recorded with a cap (FMS) of 64 Ag/AgCl electrodes. A medium or a
large cap was chosen accordingly to the subject’s head size. The Cz location was placed on
the vertex of the head (10-20 system) and the other midline electrodes on the mid-sagittal
plane. For one subject, the scalp voltages were not recorded for technical reasons. The
electrode impedance was maintained below 10 KQ. The reference electrodes consisted of
two linked-earlobe references with a shoulder ground. The electro-oculogram (EOG) was
monitored with two right supra-orbital and infra-orbital electrodes (vertical EOG) and two
electrodes on the external canthi (horizontal EOG). The electric signals were recorded
using CTF amplifiers (64 EEG and 2 EOG channels, low-pass 100 Hz) and digitalized
(sampling rate 625 Hz). The scalp voltages between -0.4 sec (pre-stimuli) and +1.7 sec
(post-stimuli) of the onset of each stimulus were recorded with a total of 100 trials per
condition.

EEG data were processed offline in three stages using the CTF software package
(Coquitlam, Canada), EEGLAB v4.4 [Delorme and Makeig 2004] and in-house software.

In the first stage, an artifact-handling procedure was implemented in two steps
including a global correction and trial-based manual rejections. For the global correction,
we used a method based on independent component analysis decomposition as described
by Jung et al. [Jung et al., 2000]. This phase was followed by a visual inspection of the
individual trials to exclude those showing artifacts (above 100 pV peak-to-peak or high
alpha contaminations). On average, the percentage of epochs removed was around 4% (SD

3%, N = 22) per run and no difference was found between the two conditions.



In the second stage, only artifact free and correctly answered trials were included in
the individual average ERPs: 94% of the acquired trials for the Covariation ERPs (SD
2.4%, minimum of 92%, N = 11 subjects) and 88% for the Interference ERPs (SD 3.6%,
minimum of 82%, N = 11 subjects). The average ERPs were band-pass filtered (0.6 Hz —
30 Hz) with a 200 msec pre-stimuli baseline.

In the last stage of the processing, we identified, in each subject, three distinct
components in the Covariation ERPs (i.e. N1, N2, and P3cariy), and four components in the
Interference ERPs (i.e. N1, N2, P3eary, and P3jate). FOr each component, the latencies and
the amplitudes were measured for different subsets of electrodes. The N1 was measured at
the back of the brain with the parietal and occipital electrodes (N = 29), the N2 in the
frontal region up to the vertex (N = 33), and both P3early and P3jate With a set symmetrically
placed around the vertex (N = 50). The average amplitude and the average latency of each
component were computed for each condition (COV and INT) from the ten individual
values (another subject was excluded at the last stage of the analyses because we were
unable to unequivocally identify his N2 component). Maximum individual voltages were
assessed in four time windows (individually adjusted), corresponding roughly to N1 (100
msec to 200 msec), N2 (200 msec to 300 msec), a P3early (300 msec to 400 msec) and a
P3jate (400 msec to 600 msec).

For the N1, the N2 and the P3carly cOmponents, statistical comparisons for
electrophysiological parameters (amplitude and latency) were computed by separated
repeated-measure analyses of variance (ANOVAs) with two within-subject variables:
conditions (COV, INT) and electrode sites (29 for the N1, 33 for the N2, and 50 for the

P3early). Greenhouse-Geisser corrections were applied when appropriate.



fMRI data acquisition and analysis

MRI acquisitions were conducted on a GE Signa 1.5-Tesla Horizon Echospeed
scanner (General Electric, BUC, France). The session started with two anatomical
acquisitions. First, a high-resolution structural T1-weighted sequence (T1-MRI) was
acquired using a spoiled gradient recalled sequence (SPGR-3D, FOV = 240 x 240 x 186
mm?, sampling = 0.94 x 0.94 x 1.5 mm®) to provide detailed anatomic images and to define
the location of the 21 axial slices to be acquired during both the second anatomical
acquisition and the functional sequences. Note that, because of the limited size of the field
of view, the cerebellum was usually not imaged. The second anatomical acquisition
consisted in a double echo proton density / T2-weighted (PD-MRI / T2-MRI) sequence
(FOV = 240 x 240 x 105 mm?, sampling = 0.94 x 0.94 x 5 mm?q). Each of the two
following functional runs (COV and INT) consisted in a time series of 110 EPI volumes
(TR =3 sec, TE = 60 msec, FA = 90°, sampling = 3.75 x 3.75 x 5mm?q). To ensure the
signal stabilization, the first three EPI volumes were discarded at the beginning of each
run.

The pre-processing was built on the basis of SPM99b subroutines [Ashburner and
Friston 1999; Friston et al., 1995], AIR5.0 [Woods et al., 1992], Atomia [Verard et al.,
1997] and locally developed ones encapsulated in a semi-automatic processing pipeline.
The pre-processing included 9 steps: (1) correction for differences in EPI image acquisition
time between slices, (2) rigid spatial registration of each of the EPI volumes onto the fourth
EPI volume (EPI4) of the first acquired run, (3) computation of the spatial rigid
registration and re-sampling matrices from EPI4 to T2-MRI and DP-MRI to T1-MRl, (4)
computation of the nonlinear registration matrix for stereotaxic normalization of the T1-
MRI on the Montreal Neurological Institute T1-weighted templates T1-MNI, [Collins et

al., 1994] (SPM99b stereotaxic normalization with 12-parameter rigid body



transformations and 7 x 8 x 7 nonlinear basis functions, 12 nonlinear iterations, medium
regularization, bounding box in between -90 to +91 mm left-right, -126 to +91 mm back-
front and -72 to +109 mm feet-head directions, sampling 2 x 2 x 2 mm?®), (5) combination
of the matrices computed at the previous two steps, visual checking, and optional
optimization of the EP14 to T1-MNI registration in the stereotaxic space, (6) spatial
resampling of each EPI volume into the T1-MNI stereotaxic space, (7) spatial smoothing
of each EPI volume by a Gaussian filter (FWHM = 8 x 8 x 8 mm?), (8) high-pass filtering
(cut-off of 0.0102 Hz) of each voxel time course, and (9) normalization of the voxel values
by the average of its value in the course of the two runs (i.e. across time course).

For the fMRI data processing, the region-of-interest analysis was based on the
anatomical region-of-interest (AROI) parcellation of the single T1 subject MNI MRI brain
data [Tzourio-Mazoyer et al., 2002]. The selected bilateral AROIs belonged to the occipital
and the ventral temporal cortex, as our tasks were presented visually and involved both
ventral and dorsal visual pathways [Gulyas et al., 1994; Haxby et al., 1991; Vidnyanszky et
al., 2000; Zeki et al., 1991], the right parietal cortex since the tasks required the dorsal
pathway recruitment and attention [Corbetta et al., 1993; Petit et al., 1996], the left parietal
cortex since the tasks involved a numerical decision [Chochon et al., 1999; Piazza et al.,
2002; Zago et al., 2001], and the lateral and medial frontal cortex and cingulates because
the tasks concerned executive functions, namely conflict monitoring and inhibition [Bush
et al., 2000; Bush et al., 2002; Houdé and Tzourio-Mazoyer 2003; Houdé et al., 2001],
leading to a subset of 19 AROIs for each hemisphere. For each of the subjects, each of the
selected AROIs and each run (COV and INT), an average BOLD-signal temporal course
was computed. Note that the analysis field of view (common to all subjects) was defined

between z =-19 mm and z = +60 mm.



Statistical analysis of fMRI data

The first statistical analysis, named the conjunction analysis, highlighted the regions
that were activated or deactivated respectively in both conditions. Using the COV time
courses, we computed for each AROI and each subject the signal variation of the task
periods minus the average signal of the cross fixation periods. The task signals were
defined in the interval between 3 sec and 24 sec after each block onset and the fixation
signals during the 9 sec before each block onset. The values of each AROI were subjected
to a unilateral Student's t-test. The same analysis was conducted on the INT data. We
reported the regions that survived a 0.05 (uncorrected) p-value threshold in both conditions
(COV and INT).

In the second statistical analysis, named overall condition effect analysis, a repeated-
measure ANOVA was performed in order to test effects between two within-subject
variables: conditions (COV, INT) and hemodynamic response latency (8 HRLs). The
HRLs were sampled every 3 sec in the interval between 3 sec and 24 sec (8 samples)
following each block onset (contrasted to the fixation signal period, see above). Regions
surviving the statistical threshold of 0.05 (uncorrected) for each overall effect (condition,
HRL) and the condition x HRL interaction were reported.

Since this study is the first to explore the neural networks of the inhibition of a
number/length interference with fMRI in a Piaget-like task in adults, we chose an

uncorrected exploratory statistical threshold of 0.05 to detect the significant AROISs.

Results

Below we present the behavioral data, reaction times and error rate, followed by the

electrophysiological (ERPs) and hemodynamic (fMRI) imaging data in the two



experimental conditions: number/length interference (INT) and number/length covariation

(COV).

Behavioral data

Reaction times. Only the reaction times (RTs) for the accurate responses were
considered (>97%). A repeated-measure ANOVA was computed on RTs with two within-
subject variables: conditions (COV, INT) and sessions (EEG, fMRI). It revealed a
significant overall condition effect, as the average RT was longer for INT (785 + 83 msec)
than for COV (555 + 103 msec) [F (1, 11) = 229.18, P <.0001]. The results also indicated

that neither the session overall effect nor the interaction was significant.

---------------------------------- Include Figure 2 about here -

In order to test habituation during the EEG session, RTs were artificially segregated in
blocks of 8 stimuli (as they were during the fMRI session) and the block averages (11)
were computed (see Fig. 2, top part). A repeated-measure ANOVA with condition (COV,
INT) and block as within-subject variables confirmed the previous condition overall effect
[F(1,11) = 116.75, P < 0.0001]. It also showed a habituation effect through the 11 blocks
for both conditions, COV then INT [F(10,110) = 23.39, P < 0.0001], with the strongest
decrease in RTs in the first two blocks as attested by a post-hoc Fischer's test (P < 0.0001).
A significant interaction effect indicated that this habituation was sharper in INT than in
COV [F (10, 110) = 6.01, P < 0.0001].

In order to test habituation during the fMRI session, we similarly computed a
repeated-measure ANOVA on RTs with condition (COV, INT) and block (6) as within-
subject variables. It confirmed the condition overall effect [F (1, 11) = 41.03, P < 0.0001]
and also the habituation effect through the 6 blocks for both conditions, COV then INT [F

(5, 55) = 29.15, P < 0.0001], with the strongest decrease in RTs in the first three blocks as



attested by post-hoc Fischer's tests (P < 0.0001 and P = 0.0160 respectively). This
habituation effect was not different in INT and in COV, the interaction not being
significant.

We also controlled the motor response lateralization effect on RTs. Whatever the
experimental condition (INT or COV) and the session (EEG or fMRI), no significant effect
was observed.

Error rates. The general average error rate was less than 3% (including 1.7% non-
responses). A repeated-measure ANOVA was computed on error percentages with two
within-subject variables: conditions (COV, INT) and sessions (EEG, fMRI) (see Fig. 2,
bottom part). It revealed a significant overall condition effect, as the average error
percentage was higher for INT (3.5%) than for COV (0.7%) [F (1, 11) = 16.15, P = 0.002].
The results also indicated a significant overall session effect characterized by a decrease in
error rate between the two sessions [F (1, 11) = 20.80, P = 0.0008], especially in the INT
condition [interaction effect: F (1, 11) = 17.44, P = 0.0015].

For the EEG session, error percentages were artificially segregated in blocks of 8
stimuli (as they were during the fMRI session) and the block averages (11) were computed.
A repeated-measure ANOVA with condition (COV, INT) and block as within-subject
variables confirmed the previous condition overall effect [F (1, 11) = 18.04, P = 0.0014]. It
also showed a habituation effect through the 11 blocks for both conditions, COV then INT
[F (10,110) = 8.16, P < 0.0001], with the strongest decrease in errors in the first two blocks
as attested by a post-hoc Fischer's test (P <.0001). A significant interaction effect
indicated that this habituation was mainly observed in INT [F (10, 110) =7.71, P <

0.0001].



Note that the repeated-measure ANOVA on fMRI error percentages was impossible
because the subjects committed too few errors (variance was not computable for some

blocks). The average error rate was exactly the same in INT and in COV (0.5%).

ERP data

Fig. 3 illustrates the grand average waveforms from the covariation (COV) and the
interference (INT) conditions at midline locations, for the N1, N2, P3early, and P3jate
components. Fig. 4 illustrates their relative topographic maps, while Table | summarizes
the main results of the Student's tests (condition and electrode effects) on their amplitudes

and latencies.

N1 component. A first negative deflection peaking at 146 and 149 msec (COV and
INT, respectively) was identified as the N1 component. Only an electrode effect was
observed in amplitude, supporting the customary occipital topography of N1 (the greatest
effects were observed at the bilateral occipital and parieto-occipital electrodes).

---------------------------------- Include Table I about here

N2 component. A second negative deflection peaking at 260 and 277 msec (COV and
INT, respectively) was identified as the N2 component. N2 amplitude and latency were
significantly larger and longer in INT than in COV (condition effects) and an electrode
effect on amplitude supported the fronto-central distribution (the greatest effects were
observed at the Fz and AFz electrodes).

P3early cOmponent. A positive deflection peaking at 359 and 369 msec (COV and INT
respectively) was identified as the P3carly component. A P3eary condition effect was
significantly detected in amplitude, and an electrode effect was observed in amplitude
supporting a centro-parietal distribution (the greatest effects were observed at the C2, Cpz,

and Cz electrodes).



P3iate cOmponent. Finally, a positive deflection peaking at 556 msec was only
identified as a P3jate in INT. For this reason, no statistical comparison was possible
between the two conditions. However, an electrode effect was observed, which supported
the centro-parietal distribution (the greatest effects were also observed at the CP,, CZ, and
C2 electrodes for INT).

---------------------------------- Include Figure 4 about here -

fMRI data

The fMRI data presented below are analyzed in three ways (see Table I1): (1) the
conjunction analysis (areas activated in both conditions, INT and COV), (2) the overall
condition effect, and (3) the percentage change of the block response shape depending on
the experimental conditions (condition X HRL interaction).

Conjunction analysis: areas activated in both conditions. This analysis shed light on a
bilateral posterior network including primary (V1) and associative areas of ventral and
dorsal pathways (see Fig. 5). The visual areas of the ventral pathway were extended as far
as V4 (the lingual and the fusiform gyri); on the right hemisphere, the occipito-temporal
junction was also activated (the posterior part of the inferior temporal gyrus). The areas of
the dorsal pathway included the middle and superior occipital gyri, with an internal
activation of the cuneus, as well as the inferior and superior parietal cortex.

Finally, the conjunction highlighted a set of right frontal areas on the external surface: the

middle frontal gyrus and the opercular part of the inferior frontal gyrus.

---------------------------------- Include Figure 5 about here -
Overall condition effect. This analysis implicated regions according to three patterns
of activity: (1) the regions that were more activated in the interference condition (INT)

than in covariation (COV) (see Fig. 6), (2) the regions that were deactivated during INT



and activated in COV (see Fig. 7, blue regions) and (3) the regions that were more
activated in COV than in INT (see Fig. 7, yellow regions).
The regions that were more activated in INT than in COV were the right middle and

superior occipital cortex, and the posterior part of the left inferior temporal gyrus.

Among the regions that were deactivated in INT and activated in COV, we first noticed the
bilateral anterior cingulate, the orbital part of the left superior medial frontal gyrus, the
bilateral superior medial frontal gyrus, the left middle and superior frontal gyri, and the
orbital part of the left inferior frontal gyrus. Finally, we noticed the left middle temporal
gyrus and the left supramarginalis gyrus (SMG).

The regions that were more activated in COV than in INT were the bilateral median

cingulate and the right middle temporal gyrus.

---------------------------------- Include Figure 7 about here -

Percentage change of the block response shape depending on the experimental
conditions. This analysis shed light on different activation/deactivation patterns. In the first
one, we observed a greater activation in INT than in COV in the left inferior occipital
cortex. In another pattern, we observed a greater activation in COV than in INT at the
beginning of the block, whereas at the end of the block, the opposite occurred: activation
was greater in INT than in COV. The regions with activity fitting this pattern were the left
superior occipital cortex, the left superior parietal cortex, and the right inferior temporal
cortex.
Eventually, two other patterns were observed: a greater activation in COV than in INT (the
left lingual gyrus, the left cuneus, the right SMG, and the right middle temporal gyrus) and
an activation in COV with deactivation in INT (the right superior temporal gyrus and the

left SMG).



Discussion

Behavioral data

The behavioral data indicated longer RTs for the accurate responses (>97%) in the
interference condition (INT) than in the covariation condition (COV) in both sessions
(EEG, fMRI), with no difference between the two sessions. This result corresponds to a
classical interference effect [Houdé 2001]. Recall that in INT there was number/length
interference and that the subjects should therefore inhibit the misleading strategy "length
equals number" to reach a correct answer. This strategy inhibition triggers, longer RTs in
INT than in COV (where number and length covaried) in adults, as it does in children
[Houdé and Guichart 2001]. In addition, the results showed a decrease in RTs within both
sessions and in both conditions, that corresponded to a classical habituation effect.

The behavioral data also indicated that the mean error rate in the numerical judgments
was very low in both conditions, which was expected, as it was known that this child-
psychology task can be successfully performed by children as young as seven years old
[Houdé and Guichart 2001; Piaget 1952]. Nevertheless, the specific large decrease in error
rate in the first two INT blocks (in the EEG session) is congruent with the strongest RT
habituation effect during the same blocks. It confirms that in this case, contrary to COV,
the subjects had to inhibit the usual strategy "length equals number™ for the first time. Note
that during cognitive development, the Piaget-like (INT) task is also successfully solved
later (at seven years of age) than the number/length covariation task (COV), which
preschoolers are able to solve.

Thus, the behavioral data confirm that INT was a task that required strong cognitive

inhibition by the subjects and that COV was a reference task.



ERP data

The first difference in ERP was observed for the N2 component over the fronto-central
area, of which the amplitude and latency were significantly larger and longer in INT than
in COV. The amplitude result is consistent with our previous work using similar
experimental stimuli [Daurignac et al., 2005]. In this study, the amplitude of the N2 was
also enhanced after stimuli with number/length interference. We interpreted this as an
increase of the energetic cost in information processing when the heuristic “length equals
number” strategy had to be inhibited. A greater N2 component is known to be involved in
the NoGo condition (where the subjects had to inhibit a response) of different Go/NoGo
designs [Bekker et al., 2005; Bruin et al., 2001; Eimer 1993; Falkenstein et al., 1999;
Jackson et al., 1999; Lavric et al., 2004; Nieuwenhuis et al., 2004; Nieuwenhuis et al.,
2003].

The P3early COmponent over the centro-parietal areas was also significantly larger (in
amplitude) in COV than in INT, while the inter-condition difference in latencies was not
significant. This amplitude difference is consistent with Go/NoGo data showing a larger P3
during the Go condition than during the NoGo condition (inhibition condition) [Bruin et
al., 2001; Eimer 1993; Falkenstein et al., 1995; Hunter et al., 2001; Jackson et al., 1999;
Katayama and Polich 1998; Kopp et al., 1996; Linden et al., 1999]. It is also consistent
with oddball paradigm studies showing a larger P3 for target stimuli than for nontarget
stimuli (inhibition condition) [Hunter et al., 2001; Katayama and Polich 1998; Linden et
al., 1999].

Finally, an additional component over the centro-parietal area, called P3jate, was only
observed in INT. This component, peaking around 500-600 msec, could be related to
nontarget stimuli (inhibition condition) during three-stimulus paradigms (target, nontarget,

and standard) [Comerchero and Polich 1998; 1999; Knight and Scabini 1998; Polich 2003;



2004; Polich and Comerchero 2003]. More generally, this second positivity (P3jate)
indicates a cognitive process related to the extraction of information relevant to successful
execution of the task [Gaeta et al., 2003].

Another view would be to consider the latency and amplitude of the P3jae bear some
resemblance to the so-called P6 component. Indeed, such a component peaking around
500-600 msec was reported to be related to rule violation in a numerical task [Nunez-Pena
and Honrubia-Serrano 2004]. Coherently, during INT, subjects had to manage the
number/length interference as a perceptual violation of the "length equals number" rule.

Note that both views of our P3)ate are in line with the current debate about the P6 /
P3Jate dissociation or association, since these components have very similar characteristics
[Munte et al., 1998; Osterhout et al., 1996].

In summary, our ERP data fit very well with our behavioral data (RTs and error rates)

showing that INT was a task that required a specific cognitive inhibition by adults.

fMRI data

The conjunction analysis of the fRMI data shed light on the areas activated in both
conditions (INT and COV). The ventral pathway areas (from V1 to V4) were likely to
reflect the identification of the visual stimulations (colored shapes) common to both
conditions [Gulyas et al., 1994; Zeki et al., 1991]. In the right hemisphere, we also
observed activation of the occipito-temporal junction, which is known to be involved in
visual discrimination of forms spatially presented in a row display [Vidnyanszky et al.,
2000]. In the present study, this mechanism was indispensable for numerical
quantification, i.e. the decomposition of the rows of forms (squares or rectangles) into
discrete units. The dorsal pathway areas were likely to reflect visuospatial information
processing [Haxby et al., 1991], here corresponding to the exploration of the computer

screen that was divided into two spaces by a horizontal line. More precisely, the bilateral



superior parietal cortices are known to be involved in attentional processes [Corbetta et al.,
1998; Corbetta et al., 1993; Petit et al., 1996], whereas the bilateral inferior parietal
cortices were more specifically activated in numerical processes, as for number
comparison [Chochon et al., 1999] or subitizing [Piazza et al., 2002], which fit both
experimental conditions well. We also know that the inferior parietal cortex is activated
during complex calculations [Zago et al., 2001].

The conjunction analysis also brought a set of right frontal areas to light. On the
external surface, we observed the middle frontal gyrus activation known to be involved in
object and spatial working memory [Owen 1997] and which probably corresponded here to
the required mental manipulation necessary for the numerical comparison. We also
observed the activation of the opercular part of the inferior frontal gyrus, which was likely
to reflect a form of spontaneous episodic memory retrieval [Herrmann et al., 2001], that is,
the retrieval of visuospatial configurations (the repeated row displays) during task
monitoring.

Concerning the overall condition effect, the right occipital cortex, which is known to
be involved in visuospatial vigilance and attention [Martinez et al., 1999; Mesulam 2000;
Murray and Wojciulik 2004; Pardo et al., 1991; Petit et al., 1999], particularly during
numerical tasks such as subitizing and counting [Piazza et al., 2002], was more activated in
INT than in COV. Here, it appeared to be specifically recruited by cognitive inhibition of
number/length interference during the Piaget-like task [Houdé and Guichart 2001]. Our
data show that in a numerical task with visuospatial stimulus, executive attention
(inhibitory control) is implemented in posterior unimodal brain areas [Mesulam 2000],
while in other logico-mathematical tasks such as reasoning with linguistic rules, executive
attention is implemented in heteromodal prefrontal areas [Houdé 2000; Houdé and

Tzourio-Mazoyer 2003; Houdé et al., 2001]. Consequently, it does not seem that a



modality- and task-independent, unique “cognitive-inhibition center” exists in the human
brain. This neuroimaging insight fits well with data from developmental psychology
[Houdé 2000] indicating that the processes of selection-inhibition are age- and domain-
specific (for object construction, number, categorization, and reasoning). It is also
consistent with the recent idea that high-order cognition, such as the representation and use
of conceptual knowledge, may be implemented in modality-specific systems [Barsalou et
al., 2003].

Interestingly, the highest activation of the posterior part of the left inferior temporal
gyrus in INT was likely to reflect the enhanced visual computing (linked to subitizing or
counting) of objects (the colored squares) [Mazard et al., 2005] required to avoid the
spatial "trap" triggered off by the two unequal rows.

One should also note that a set of left-lateralized frontal and temporal regions was
deactivated in INT and activated in COV. Other authors have already reported such a
deactivation of left frontal areas during numerical tasks [Zago et al., 2001]. Here we can
suppose that it was here an inter-hemispheric balance phenomenon [Tzourio-Mazoyer et
al., 2004], since the right visuospatial areas were particularly enhanced for executive
attention in INT (see above). The deactivation of the left SMG, known to be involved in
number-language interactions [Houdé and Tzourio-Mazoyer 2003; Zago et al., 2001], may
be understood in the same vein.

Finally, concerning the block response shape, we noticed a greater activation in INT
than in COV in the left inferior occipital cortex. As this region is contiguous with the
posterior part of the left inferior temporal gyrus, its greater activation in INT than in COV
is also likely to reflect the enhanced visual computing that occurs during inhibitory control.

The other regions were also observed in the conjunction analysis, but they appeared here



with a greater activation at the end of the block in INT than in COV, which was likely to
reflect the sustained attentional effort needed to inhibit number/length interference.

Finally, we attempt to integrate both the ERP and fMRI results. They are congruent
with regard to the P3 component. Greater amplitude was found in COV than in INT. Some
authors have already reported P3 generator localizations in the lateral prefrontal cortex, the
cortico-limbic circuits, and the cingulates [Knight 1996; Knight and Scabini 1998; Soltani
and Knight 2000]. This is consistent with the fMRI results (see Fig. 7) since the
identification of most of these regions was found to be significant based on COV minus
INT contrast.

Our ERP contour maps showed a frontal N2 component. Some authors have reported
N2 generator localizations in the medial frontal regions, the right inferior frontal gyrus, and
the right ventral and dorsolateral frontal cortex [Bekker et al., 2005; Jackson et al., 1999;
Lavric et al., 2004; Nieuwenhuis et al., 2003]. However, in our fMRI results, the direct
INT minus COV comparison did not indicate significant differences in those frontal areas.

A first view is to consider that in the present fMRI results, the frontal regions
mentioned above were activated in the conjunction of both conditions, with most of the
right frontal areas more activated in INT than in COV. The N2 amplitude difference (INT
greater than COV) might involve a weak frontal metabolic cost which was not detectable
because the fMRI was insufficiently sensitive, an idea already reported by other authors
[Linden et al., 1999; McCarthy et al., 1997].

Another view is to consider our paradigm very sensitive to habituation/automation,
which induced a front-to-back shift (see Fig. 6) from the first session (EEG) to the second
one (fMRI). It is consistent with the recent idea that high-order cognition such as the
representation and use of conceptual knowledge may also be implemented in posterior

modality-specific systems [Barsalou et al., 2003].



In conclusion, we provided the first attempt to image cognitive inhibition in a Piaget-
like task in adults, with hemodynamic data. In order to integrate both results, it would be
interesting to consider the same tasks in a simultaneous EEG-fMRI study, in future

research.
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Table I. Grand average latency (msec) and amplitude (V) of each ERP component, in

the covariation (COV) and interference (INT) conditions. Statistics on condition and

electrode effects are given.

Condition effect Electrode effect
Cov INT F value F value

N1 amplitude 61+18  -56+18 F(1,9)=23 F(28,252)=5.8%**
N2 amplitude 22+32 09+26  F(1,9)=7.8* F(32,288)=5.5**
P3earty amplitude 76+3.6 3.6+25  F(1,9)=60.4***  F(49,441)=9.8%*
P3jate amplitude - 26+1.8 - F(49,441)=14.2%**
N1 latency 146 + 70 149+70  F(1,9)=1.9 F(28,252)=0.7
N2 latency 260 + 23 277+21  F(1,9)=17.6**  F(32,288)=1.0
P3early latency 359 + 16 369+20  F(1,9)=3.1 F(49,441)=1.2
P3jate latency - 556 + 24 - F(49,441)=0.9

Condition values are mean £ SD. * P < 0.05 ** P < 0.01 *** P < 0.001. Electrode P values are adjusted by the
Greenhouse-Geisser correction.



Table Il. AROIs (Anatomical Regions Of Interest): statistical analysis. For each

hemisphere, the left column shows AROIs found to be conjointly significant in the COV

and INT conditions (labeled "Conjunction™). The right column shows the ANOVA results,

with the overall condition effect and the Cond x HRL interaction. COV, covariance

condition; INT, interference condition; Cond, overall condition effect; HRL, hemodynamic

response latency.

Left Hemisphere

Right Hemisphere

Conjunction ANOVA Conjunction ANOVA

Occipital lobe COV / INT Cond Cf"gﬁ X COV / INT Cond Cgr;{clix
Calcarine fissure and surrounding cortex xRk [ wkk KAk [ KAk
Cuneus *k [k *k *kk [ kkk *k
Fusiform gyrus *kk [ kkx *kk [ kkk
Lingual gyrus *kk [ kkx * *kk [ kkk
Superior occipital gyrus Kk [ Kk * *kk [ kkk *
Middle occipital gyrus Khk [ kkk kkk [ kkk *
Inferior occipital gyrus *h [ Kk * *k [ Kk
Temporal lobe
Middle temporal gyrus * *x *x
Inferior temporal gyrus * kkk [ kkx *
Parietal lobe

. ) * kK / * k% * * k% / * k%
Superior parietal gyrus
Inferior parietal gyrus *hk [ xk *kkk [ kkk

* * k% *

Supramarginalis gyrus
Frontal lobe

Superior frontal gyrus

Middle frontal gyrus

Inferior frontal gyrus, orbital part

Inferior frontal gyrus, opercular part

Superior frontal gyrus, medial part
Limbic lobe

* %%k

* %

* % / *

* % % / * % %

* %

Anterior cingulate and paracingulate gyri
Median cingulate and paracingulate gyri

"P<0.05 "P<0.01 ™P<0.001
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Figure legends

Figure 1. Experimental design. The subject had to judge the numerical equivalence of two
rows displayed on a computer screen. They were instructed to respond by pressing the
"same-number" button or the "not-the-same-number" button as quickly as possible, without
making any error. In the first run, the number and the length covaried (COV), whereas in
the second run, the participant had to inhibit (INT) the misleading strategy "length equals

number".

Figure 2. Mean reaction times (RTs, top part) and error percentages (bottom part) for each
session (EEG, fMRI) and condition (COV, INT). RTs and errors were artificially grouped

into blocks of 8 items each. Circles: COV. Squares: INT.

Figure 3. Grand average ERP waveforms at midline electrodes for both conditions (COV
and INT). For each condition and component (N1, N2, P3cary, and P3jate), the latencies

were plotted at their maxima. Electrode sets are displayed on a schematic head (nose is

up).

Figure 4. Grand average topographic maps of COV and INT voltages, at N1, N2, and P3

maxima.

Figure 5. Activated regions of the conjunction of COV and INT. L: left, R: Right. MNI

coordinate space.



Figure 6. Regions more activated in INT than in COV.

Figure 7. Blue: Regions deactivated in INT and activated in COV. Yellow: Regions more

activated in COV than in INT. L: left, R: Right. MNI coordinate space.
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