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The child seeks for independence by means of work; an independence of body
and mind. Little he cares about the knowledge of others; he wants to acquire a knowledge
of his own, to have experience of the world, and to perceive it by his own unaided efforts.

Maria Montessori, The Absorbent Mind



Abstract

The rapid pace of changes faced by todays young people calls for pedagogical prac-
tices that equip them not only with knowledge but also with the ability to think
effectively, flexibly, and independently. This process rely on performance moni-
toring, a fundamental function of learning. When individuals notice something
unexpected, such as an error, they tend to pause. In learning from this discrepant
event, they adapt their behavior accordingly. Although performance monitoring is
essential for academic learning and improves throughout childhood, its suscepti-
bility to educational influences has not been studied.

Pedagogical traditions differ on how they teach children to learn from feedback
and errors. Traditional education provides children from one age group with op-
portunities to engage in work, and then to learn about and correct their perfor-
mance later based on a teachers feedback and evaluation. By contrast, Montessori
education focuses on supporting children in self-correcting in real time. It utilizes
specialized materials that encourage childrens self-discovery of relevant concepts,
and multi-age classes in which children discuss answers as they work.

Here, we compared performance monitoring in children aged 4-15 years attend-
ing traditional or Montessori classes. Our multimodal approach (behavior, EEG,
and MRI) revealed that 1) cortical regions related to performance monitoring un-
dergo significant changes between the ages of 5 and 13 years; 2) children of that age
do not process errors as adults do, and 3) pedagogical practices modulate both be-
havior and neural responses. More specifically, the behavioral, morphometric and
EEG neural data reveal significant differences in how students notice and react to
errors, and in how they self-correct. fMRI analyses reveal difference in brain net-
work connectivity between students from the two groups, and suggest differences
in error correction strategies. Finally, higher academic performances were not at-
tributable to higher executive functions, but rather differences in creativity abilities.

Our work suggests that how students learn from errors reflects childhood schooling
experience. Performance monitoring styles are also likely associated with youths
cognitive flexibility more broadly, influencing how they react to novel or unex-
pected outcomes.



Résumé

Au vu du rythme effréné des changements auxquels sont confrontés les jeunes, il
est essentiel que les pratiques pédagogiques ne se concentrent pas uniquement sur
la transmission de connaissances, mais également sur leur capacité dapprendre de
maniére efficace, flexible et indépendante. L'élément central a cette entreprise est
de favoriser une approche autodirigée et orientée sur les processus, dans laque-
lle les éleves développent la capacité d’apprendre de leurs erreurs. Ce processus
est appelé la gestion de la performance. Bien que la gestion de la performance soit
essentielle aux apprentissages scolaires et se développe durant 1'enfance, sa sus-
ceptibilité aux influences pédagogiques n’a pas encore été étudiée.

Ici, nous avons comparé la gestion de la performance chez des enfants agés de 4
a 15 ans, issus de classes traditionnelles ou Montessori. Alors que les pratiques
pédagogiques traditionnelles mettent 1’accent sur le fait que les éleves apprennent
a partir des commentaires des enseignants, les pratiques pédagogiques Montessori
encouragent les éleves a travailler de maniére autonome avec du matériel spéciale-
ment congu pour permettre de faire et dapprendre de leurs erreurs. Notre approche
multimodale (comportement, EEG, IRM) nous a permis de dévoiler que 1) les ré-
gions corticales liées a la gestion de la performance subissent des changements im-
portants entre 5 et 13 ans; 2) les enfants de cet 4ge ne traitent pas lerreur de la méme
maniére que les adultes, et que 3) les pratiques pédagogiques modulent a la fois le
comportement et les réponses cérébrales.

Ce travail constitue une premiere étape connectant la recherche sur la gestion de
la performance avec I’émergence des habitudes mentales chez les enfants dans
leurs environnements scolaires, avec des implications directes pour la recherche
en développement, les professionnels de 1'enfance, et les politiques.
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Introduction

1.1 Skills for the 21st Century

We are facing rapid and substantial changes at the climatic, professional and so-
cial levels. Global warming will redraw the geographical contours, forcing large
migratory movements. The advent of artificial intelligence will define a new pro-
fessional landscape where purely executive jobs will no longer exist. At the social
level, the individualist model is called upon to evolve toward a model in which co-
operation more than competition dominates. These are significant challenges to be
met, and skills such as flexibility, creativity and self-regulation have become even
more important.

Professional organizations are already aware of these needs, they are trying
to adapt their workplaces and train workers to improve their skills in this direc-
tion [Morieux, 2018]. Despite their efforts, however, changing adults’ mental habits
is not trivial. Indeed, the early years period presents the optimal plasticity for learn-
ing and developing such talents [Nelson and Bloom, 1997] [Gogtay et al., 2004].
This raises an important question: how do today’s pedagogical practices in schools
prepare tomorrow’s adults for these critical skills and needs?

Current efforts in education focus on the curriculum’s content on the one hand,
and quantifying students” acquisitions on the other hand (e.g., formal assessment,
grades, PISA [Grisay et al., 2007]). However, the above mentioned in-demand
skills do not seem to result from supervised learning, nor can they be assessed
using current metrics under the dominant pedagogical model in Western coun-
tries (the traditional system) [New, 2015]. Furthermore, the drawback of focus-
ing solely on quantitative features is relegating to the background global and inte-
grated child development, which may also be important to address the challenges
ahead. Conversely, some alternative pedagogical approaches [Vygotsky, 1978] [Pi-
aget, 1952] [Condliffe et al., 2017] do not target quantitative performance, but tend
to address children’s scholastic development in a more holistic way, such as the

12



CHAPTER 1. INTRODUCTION 13

Montessori pedagogy [Lillard, 2019]. These approaches aim to address the devel-
opment of performance monitoring processes differently, with direct implications
for a child’s creative and cooperative abilities.

1.2 Montessori pedagogical practices

The Montessori pedagogy was born from years of empirical observations of de-
veloping children and their spontaneous self-directed activities. Students evolve
within multi-grade classrooms (e.g., three to six years old children are working
within the same class) equipped with a set of learning materials from which they
are free to choose. These learning activities are self-corrective, which means that
students discover the relevant concept on their own without requiring external
feedback such as grades or other quantitative evaluations [Montessori, 1936]. They
are allowed three uninterrupted hours of work at their own pace and are encour-
aged to cooperate with others [Lillard, 2011] [Ervin et al., 2010].

1.3 Quantitative studies of the Montessori pedagogy

The precited aspects, in isolation, are predictive of optimal development in chil-
dren [Marshall, 2017]. However, quantitative studies on the effects of Montes-
sori pedagogy are scarce. In general, Montessori students are reported to have
increased scholastic outcomes, social understanding and development, mastery
orientation, and well-being at school [Lillard and Else-Quest, 2006] [Lillard et al.,
2017] [Rathunde and Csikszentmihalyi, 2005] [Ervin et al., 2010] [Ahmad and Reba,
2018] [Courtier, 2019]. A French study also reported advantages for Montessori
pupils aged 6-10 years regarding both their divergent creativity (deriving new el-
ements from a single element) and their convergent creativity (integrating diverse
elements into a new, single element) [Besancon and Lubart, 2008]. Likewise, an-
other study using the same task reported higher creativity skills in Montessori stu-
dents [Fleming et al., 2019]. Moreover, children with lower socioeconomic status

have been shown to catch up with their peers on scholastic outcomes within two
years [Lillard et al., 2017].

While the majority of quantitative studies have confirmed the positive impact on
scholastic, creative and social outcomes for Montessori-schooled students, these
findings have been questioned [Lindenfors, 2007] [Mackinnon, 2007], found to be
inconsistent across studies (e.g., higher math achievement [Dohrmann et al., 2007]
versus higher language achievement [Peng and Md-Yunus, 2014]) or not repro-
duced (e.g., [Ruijs, 2017] [Lopota et al., 2005]). One possible explanation is the
fidelity of implementation of the pedagogy. It appears to be a prerequisite to its
success, as positive outcomes are reproducible as long as the pedagogy is strictly
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applied [Lillard, 2012]. Among the necessary criteria for high-fidelity implemen-
tation are the quality of teacher training, comprehensive didactic materials within
the class environment, absence of grades or rewards, low teacher/pupil ratio, three
hours of uninterrupted work and multi-grade classrooms [Montessori, 1936].

While positive outcomes are thought to reflect children’s experiences with the ped-
agogical practices, the cognitive origins of these effects have not been studied yet.
One dominant hypothesis is that Montessori-schooled students develop stronger
executive functions (EFs) [Diamond and Lee, 2011], a set of higher cognitive abil-
ities necessary for the direct monitoring of goals and planning of actions [Miyake
et al., 2000]. In fact, many pedagogical features of Montessori specifically require
EFs, such as the sequences of gestures to be memorized and repeated in new con-
texts, mindfulness activities, goal-directed movement and self-directed learning
[Diamond, 2012] [Diamond, 2013] [Diamond, 2014]. Some research has specifically
investigated EFs in Montessori students, reporting that five-year-old Montessori
pupils achieve higher scores in a card-sorting task than their traditionally schooled
peers [Lillard and Else-Quest, 2006]. A second longitudinal study of kindergarten
children reported some effect of EFs over three years, but not as strong as one might
have expected [Lillard et al., 2017]. An exploratory pre-test/post-test assessment in
a small sample of Montessori preschoolers revealed an improvement that was cor-
related with the time spent within the Montessori environment rather than with
age [Phillips-Silver and Daza, 2018]. However, it cannot be inferred that this ad-
vantage is specific to the Montessori setting, as these schoolchildren were from a
single class, suggesting that a teacher effect could be at work.

In summary, there is clear evidence that Montessori schoolchildren score higher
on scholastic tasks than traditionally schooled children, but without displaying a
definite gain in EFs. Either the EF measures are not yet sensitive enough (e.g.,
measuring combined instead of separate core EFs) or these scholastic performance
differences do not rely on EFs alone. One reasonable hypothesis is that the effects of
Montessori school practices could partially stem from how children learn from er-
roneous responses, especially 4-13-year-olds. While traditional pedagogy teaches
children by providing them information about when they have made a mistake so
that they can avoid such mistakes in future, Montessori students are not given di-
rect information about the correctness of their answers. Instead, Montessori teach-
ers encourage children to notice their own incorrect thinking or help peers identify
incorrect thinking in a pro-social manner [Montessori, 1936]. This could implicitly
teach Montessori-schooled children to engage with errors and self-correction in a
more autonomous, process-oriented and constructive way, while also helping raise
their social skills. This may lead Montessori students to more readily guess and
initially produce more incorrect responses; however, over time, they engage more
effectively with errors to learn, a process called ”performance monitoring.”
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1.4 Performance monitoring

1.4.1 Definition

The ability to flexibly adjust our behavior in response to a constantly changing
environment is necessary for optimal goal achievement. This process is called per-
formance monitoring and is depicted as a feedforward loop (see Fig. 1.1); unex-
pected events signal the necessity and form of adaptation required. It allows us to
(i) quickly detect outcomes that deviate from expectation, (ii) integrate feedback,
and (iii) fine-tune behavior and/or internal model for future decisions [Ullsperger
et al.,, 2014a]. As a consequence, human beings can avoid repeating the same mis-
takes and evolve towards more appropriate behavior. It is not possible to directly
measure performance monitoring itself. However, indirect informative markers are
known and reported in the context of response error (Fig. 1.2).

(" PREDICTION ) [ ACTUAL OUTCOME )

£ X

Environment / Adent Environment /
Context gen Context

o AN J

performance
monitoring

v

forward modehng actlon selectlon task and update in
outcome predlctlon parameter settlng outcome history action value

adaptation

Figure 1.1 — Performance monitoring occurs when there is a mismatch between expected and actual
outcomes (top panel). It is modeled as a feedforward loop; information resulting from unexpected
event is integrated and used for later predictions (bottom panel, from [Ullsperger et al., 2014a]).
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1.4.2 Behavioral measures

Post-error slowing

A large number of studies have investigated the cognitive mechanisms following
errors by comparing the reaction time (RT) between a routine and an unexpected
condition, such as response time in correct versus incorrect trials (Fig. 1.2 A). Any
speeded task can be used for this neurophysiological measure. The Flanker task, for
example, where participants track, respecting both speed and accuracy, the relevant
stimuli while ignoring distractors [Eriksen and Eriksen, 1974]. Consistently, stud-
ies in adults report a higher differential RT for rare events, a phenomenon called
Post-Error Slowing (PES) [Rabbitt, 1966].

PES amplitude correlates with different cognitive and emotional outcomes and re-
lates to self-regulation capacity [Compton et al., 2011]. However, the root causes
of PES are not clear yet and remain actively debated: is PES adaptive (enabling in-
crease in post-error accuracy), or somewhat disruptive regarding subsequent per-
formance? Indeed, slowed monitoring could stand for the higher cautious state that
recruits selective attention and executive skills to optimize speed-accuracy trade-
off [Ridderinkhof et al., 2004]. However, very few studies found a positive corre-
lation between post-error improvement in performance and PES [Danielmeier and
Ullsperger, 2011]. Another view stands more for an orienting reflex [Notebaert
et al., 2009], directly interfering with cognitive resources due to subsequently en-
larged attention, which would not be task-relevant, thus referred to as maladaptive.

These opposite views could be more intertwined than previously thought; a recent
study in humans and monkeys was able to explain PES as a reduced perceptual
sensitivity counteracting increased decision boundaries and lowering the urgency
signal [Purcell and Kiani, 2016]. There are known impact on visual perception,
such as post-error blinding effect [Houtman and Notebaert, 2013], or pupillary re-
sponses reflecting arousal [Murphy et al., 2016]. [Ullsperger and Danielmeier, 2016]
hypothesized that PES might not directly serve the prevention of future errors,
but is rather a general phenomenon: an orienting reflex elicited by unexpected
salient events reflecting a motivational component. They argued that a direct ef-
fect of PES might be not adaptive to the task at hand, but adaptive to resetting
functional connectivity for neuronal adaptation. From a physiological perspective,
noradrenaline release in forebrain structures impacts sensory processes by lower-
ing their threshold, increasing at the same time cognitive flexibility and executive
functioning, and offline memory consolidation [Sara and Bouret, 2012]. Altogether,
these dual central-peripheral mechanisms (executive-arousal) allow cortical plas-
ticity by resetting cortical networks. An increase in selective attention appears at a
later stage to re-orient focus according to relevant stimuli dependent on cholinergic
modulation [Ullsperger and Danielmeier, 2016].
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Post-error improvement in accuracy

Another important marker of performance monitoring stands in post-error im-
provement in accuracy (PIA). It measures the number of correct actions that directly
follow an incorrect response, over the total number of errors. PIA thus reflects the
ability to bounce back from incorrect actions and come up with a correct one. PIA
is an essential marker of behavioral adjustment that does not necessarily correlates
with PES [Ullsperger and Danielmeier, 2016]. Reasons for poor PIA performance
can be multiple, such as the emotional interferences (e.g., stress, anxiety), the affec-
tive bias toward error avoidance, or the lack of cognitive resources to overcome the
adversity [Schroder and Moser, 2014].

1.4.3 Neural activity measures and underlying brain structures

Electroencephalographic (EEG) studies evaluated the time course of events follow-
ing error responses (Fig. 1.2 B). A broad range of tasks emphasizing both speed
and accuracy elicit the same brain response sequence in adults. Response-locked
potentials of two components: an early frontocentral negativity (50 to 100 [ms] post-
response), called error-related negativity (ERN), and a later and slower response
(250-400 [ms]) more posterior, called error-related positivity (Pe). They respec-
tively reflect an early task-unspecific detection of a need for adjustments (ERN),
and a late task-specific selective attention orientation and learning (Pe) or con-
scious evaluation [Ullsperger et al., 2014a] [Ullsperger et al., 2014b] [Ullsperger and
Danielmeier, 2016] [Danielmeier and Ullsperger, 2011]. Some psychological states
alter the ERN amplitude suggesting dysfunction in underlying brain activity, such
as in obsessive-compulsive disorder [Endrass and Ullsperger, 2014], social anxiety
disorder [Endrass et al., 2014], anxiety or worry [Aarts and Pourtois, 2010] [Vocat
et al., 2008] [Weinberg et al., 2010] [Hajcak et al., 2003], or mindsets [Moser et al.,
2011]. Pe amplitude can be modulated by a happy mood (positivity), confirming
motivational salience and/or conscious appraisal of errors [Paul et al., 2017].

Both source localization analyses and intracranial EEG recording, conclude on the
role of distinct neural sub-regions in performance monitoring; ERN resulting mainly
from the anterior cingulate cortex (ACC), and Pe from a more posterior region of
the cingulate gyrus [Vocat et al., 2008] [Pourtois et al., 2010] [Vocat et al., 2008] (Fig.
1.2 C). Of note, the ACC contains a class of spindle-shaped neurons that is only seen
in humans and great apes, suggesting a recent evolutionary specialization. More-
over, such cells appear postnatally, and their development is highly modulated by
environmental conditions, such as stress [Allman et al., 2001]. EEG studies and
functional magnetic resonance (fMRI) studies report activity within the cingulate
gyrus, as well as the posterior medial frontal cortex (pMFC), the pre-supplementary
motor area and dorsomedial prefrontal cortex (PFC) in the context of error com-
pared to correct trials [Ullsperger et al., 2014b] [Danielmeier and Ullsperger, 2011]
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[Danielmeier et al., 2011] [Carter et al., 2000] [Carter et al., 1998]. While early activa-
tion of the ACC may signal an unexpected event, such as surprising events [Wes-
sel et al., 2012], the pMFC activity induces motor, sensory and social adaptation
through a broad repertoire of processes [Danielmeier et al., 2011] [Laubach et al.,
2015] [Izuma et al., 2015] [Klucharev et al., 2011].
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Figure 1.2 — Performance monitoring informative markers can be measured through (A) reaction
time (RT) behavior (e.g., post-error slowing), and neural activation from (B) an electroencephalo-
gram (e.g., error-related negativity -ERN- and positivity error -Pe- ), or (C) from magnetic resonance
imaging brain acquisitions (e.g., morphometric measures, functional activation, functional and/or
structural connectivity) [Ullsperger et al., 2014a].

1.4.4 Affective aspects of performance monitoring: the self and the others

The affective processing of self-generated actions

Performance monitoring triggers cognitive reactions, but also social and emotional
processes, as coactivation of ACC and amygdala in incorrect compared to correct
response showed [Pourtois et al., 2010]. Previous research performed on adults
showed that errors can even induce defensive motivational behavior [Hajcak and
Foti, 2008]. In fact, response errors are processed as negative and aversive events
in adults [Pourtois et al., 2010] [Koban et al., 2010] [Dignath et al., 2019]. A prim-
ing method (a speeded Go/noGo task coupled to an affective word categorization
task) allowed to unveil this rapid and automatic reaction [Aarts et al., 2012]. Adult
participants evaluated negative words faster and better than positive words after
incorrect responses (see also [Aarts et al., 2013] [De Saedeleer and Pourtois, 2016]
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for replications), while barely assigning a positive value to correct responses. These
findings suggest an asymmetry in the affective processing of self-generated actions
in adult participants. Of note, the affective processing does not correlate with PES,
implying that multiple intertwined components subserve performance monitoring
at the adult age.

The social processing of performance monitoring

Witnessed errors also elicit the previously described performance monitoring mark-
ers [de Bruijn et al., 2009] [Kang et al., 2010] [Koban and Pourtois, 2014]. We
learn from others incorrect responses by monitoring their actions [Metcalfe and
Xu, 2018]. EEG and fMRI studies in humans robustly report activity in the pMFC
when watching others performances. Human beings are thus able to learn from
their social group (in the absence of direct genetic transmission), thanks to observa-
tional learning, no matter if socially or affectively driven [Bandura et al., 1963] [Call
et al., 2005] [Clement and Dukes, 2013] [Meltzoff, 1995] [Nicol, 1995]. This process
ingeniously optimizes learning efficiency and survival rate. However, the qual-
ity of the inter-personal context might play a role too. For instance, competitive
or cooperative settings do not influence error-perception similarly. In both cases,
self-generated errors elicited the previously described ERN. However, errors gen-
erated by others induced the same reaction only for cooperative tasks (observed
ERN; oERN slightly delayed), whereas competition produced a later distinct one
(smaller amplitude), therefore denoting different degrees of congruency with per-
sonal goals [Koban et al., 2010].

Altogether, these findings support coherently built-in competencies for learning
from mistakes [Oudeyer et al., 2016], especially within a cooperative environment
[Laubach et al., 2015].

1.4.5 The development of performance monitoring

We know from infant looking time and EEG studies that unexpected events are
detected already by 2-3 months old babies [Dehaene-Lambertz, 2000] [Dehaene-
Lambertz and Gliga, 2004]. However, measures of PES and ERN/Pe do not exist
in children younger than three and four years old respectively [Jones et al., 2003]
[Torpey et al., 2012], and tightly relates to the development of executive abilities
[Downes et al., 2017]. Developmental studies are scarce and inconsistent in regard
to the developmental trajectories of PES, ERN and Pe [Tamnes et al., 2013]. They
sometimes show invariant [Davies et al., 2004] [Ladouceur et al., 2007] [Santesso
et al., 2006] [Grammer et al., 2014], increasing [Santesso and Segalowitz, 2008] [Tor-
pey et al., 2012] [Davies et al., 2004] or decreasing [Carrasco et al., 2013] [Hajcak
et al., 2003] [Smulders et al., 2016] PES across age. The contradictory results on the
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developmental path may reflect task design features such as inter-stimulus timing
or difficulty-level [Hogan et al., 2005] [Dutilh et al., 2012] or psychological factors
such as anxiety [Torpey et al., 2012] [Meyer et al., 2013] [Meyer et al., 2012], or
the social context of evaluation [Kim et al., 2005]. Still, instability of childrens per-
formance monitoring system may also reflect the maturational change within the
ACC [Smulders et al., 2016].

Performance monitoring highly depends on the ACC, which shows a protracted
maturational path following an age-related caudal-ventral gradient of develop-
mental change. Subregions of the ACC are associated with specific self-regulatory
functions [Posner et al., 2007] [Margulies et al., 2007]: caudal (motor control), dor-
sal (attention/cognitive control), rostral (conflict monitoring), perigenual (mental-
izing), and subgenual (emotional regulations). These cognitive competences are
known to gradually become functional from early childhood to late adolescence,
from motor to cognitive and socio-emotional control. A resting-state functional
connectivity MRI (rs-fcMRI) study confirmed age-related differences in functional
connectivity (FC) between the five precited subregions of the ACC, from diffuse
in children, intermediate in adolescent, to higher and longer FC in adults. How-
ever, FC development was not uniform across functional networks: only the one
associated with complex socio-emotional processing was significantly different in
adults revealing plasticity that is still in process [Kelly et al., 2009]. The develop-
ment of functional anatomy related to error processing was examined with fMRI
in a population of 8-27 y.o., primarily focusing on ACC activity. First, rostral ACC
activity was lower for correct versus incorrect responses, independently of age. Sec-
ond, dorsal ACC (dACC) showed increased activity for incorrect response in adults
compared to children and adolescents. Finally, adults recruited more PFC regions
than posterior attentional areas [Velanova et al., 2008]. These studies corroborate
others, suggesting that neural circuits for attentional control mature before those
sub-serving social-emotional competencies [Tau and Peterson, 2010] (Fig. 1.3). Fur-
thermore, it emphasizes that performance monitoring undergoes drastic and plas-
tic change across childhood. It is possible that performance monitoring and its
neural correlates are shaped by developmental experience, and in particular by
schooling.

1.5 Thesis Outline

Pedagogical practices differ in the ways they support children in learning from
their mistakes. Traditional approaches to schooling rely on teachers providing
problems to students and providing feedback on their work. Learning outcomes
are assessed using high-stakes tests graded for correct/incorrect answers. As stu-
dents accommodate teachers feedback, they are discouraged from providing in-
correct answers and encouraged to remember and reproduce correct answers. At
the social level, students are grouped into classes with peers of a similar age and
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ACC maturation path
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Figure 1.3 — The anterior cingulate cortex (ACC) is related to self-monitoring in general, different
subregions related to specific self-regulatory functions; motor, cognitive and socio-emotional, that
matures across age.

mainly interact during breaks for play. By contrast, in Montessori environments,
teachers provide materials specifically designed to help children discover for them-
selves the underlying principles that lead to correct/incorrect outcomes in their
work. Teachers avoid providing direct feedback about the correctness of childrens
answers and instead focus on helping them engage properly with the materials to
learn. The overarching aim is to help children actively learn and organize their own
understanding. At the social level, students act in a socially cooperative manner in
multi-grade classrooms, where they observe and sometimes teach each other, as the
teacher/pupil ratio is deliberately low. These features may have a direct impact on
performance monitoring development, with consequences on creativity and socio-
emotional abilities.

1.5.1 The developmental cohort

To address this main developmental hypothesis, we recruited and organized a co-
hort of Montessori- and traditionally schooled subjects aged four to 15 years as
well as adults. We adopted a multi-modal approach with behavioral as well as
neuroimaging assessments to gain better insights into the underlying processes of
performance monitoring. In total, 238 children and 55 adults were enrolled in the
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study. We controlled for between-group (Montessori and traditional) homogeneity
at the age, fluid intelligence and socioeconomic levels, and created a questionnaire
about parental pedagogical approach and home environment to control for selec-
tion bias as far as possible (see further discussion within chapter 3). The specific
methodologies are detailed in each article.

All students underwent different behavioral measures (EFs, creativity, academic
outcomes, well-being at school, post-error slowing). Some participants addition-
ally undertook specific behavioral tasks to measure the affective bias post-error
(speeded go/no go task with an affective categorization of words), understand
their emotion recognition abilities (a social appraisal task and the offset emotional
task) and characterize their multi-sensory capacities (a detection task and a multi-
sensory continuous object recognition task). A subset of 65 respondents partici-
pated in an MRI scan session (with anatomical, diffusion, task, stimulus-directed,
and resting-state fMRI acquisitions), and 36 also received an EEG (multi-sensory
continuous recognition task). We only used adult participants for the affective bias
post-error task. This dataset allowed us to answer the questions described in the

subsequent section.
13 Montessori classes
10 Traditional classes

55 adults 238 children
Affective Error task Flanker task
72 children 208 children — 77 children

Emotion Recognition task SELE s

Vo a Eroraar Worqug memory Multi-sensory evaluation
Creativity tasks
38 children 68 children
fMRI task

fMRI resting-state
Diffusion imaging
Structural imaging

Affective Error task

38 children

EEG task
Resting state EEG

Figure 1.4 — Enrollment plan.
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1.5.2 Research questions
During my Ph.D., I focused on specific research questions:

e Replication study and EF investigation The goal of this study was twofold:
to replicate existing studies in another cultural context, namely Switzerland,
and explore whether higher academic performance in Montessori-schooled
students was attributable to higher EFs. As performance monitoring improve-
ment parallels the development of executive abilities [Jones et al., 2003], we
systematically investigated EF measures across ages and groups to understand
their contribution to scholastic outcomes, such as other factor (creativity and
well-being at school).

e Multisensory integration profile Some studies report a cascading effect from
sensory functions to higher order cognitive abilities. Knowing the Montessori-
schooled children make use of multiple senses through their learning materi-
als, we investigated the extent to which perceptive abilities in the form of mul-
tisensory integration was more frequent than traditionally-schooled children.
We further explored how these multisensory capacities were related to higher
global cognitive outcomes (as measured through standardized tasks).

e Performance monitoring characterization The aim of these behavioral and
neuroimaging studies was to explore the effects of age and pedagogical prac-
tices on the development of performance monitoring.

PES and PIA Performance monitoring markers of PES and PIA were ex-
tracted from a standard and child-friendly flanker task. We further explored
the PES-PIA relationship across age and schooling background.

Cortical thickness and EEG components (ERN and Pe) relationship Mor-
phological data were used to evaluate the development of cortical thickness in
regions of interest within the ACC, and their relationship to ERN and Pe am-
plitudes. We further explored the pedagogical influences on this development.

Error-monitoring fMRI task Neural activation and connectivity post-error
responses were investigated through a tailored fMRI math task.

Affective aspect of performance monitoring We explored whether response
actions induced affective bias in children compared with adults and the extent
to which pedagogical practices influence it. We customized an existing task to
be child-friendly.

¢ Socio-emotional competencies Finally, we explored how pedagogical prac-
tices affect emotion recognition abilities as a more indirect social aspect of per-
formance monitoring. We adapted a social appraisal task for this purpose and
used another existing offset task.
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21 Summary of the findings

We conducted behavioral and neural studies of 4-15-year-old children in Switzer-
land exposed to high quality traditional and Montessori pedagogical practices. We
replicated previous quantitative findings on scholastic development [Lillard et al.,
2017] [Lillard and Else-Quest, 2006] [Besancon and Lubart, 2008], but in a different
cultural environment. The effect sizes had a similar range to those of randomized
studies [Lillard and Else-Quest, 2006] [Lillard et al., 2017], suggesting that some
of the measured effects are attributable to Montessori pedagogical practices. We
also found that higher academic outcomes did not relate to differences in EFs, but
rather to higher creative thinking abilities (2.2 Beyond executive functions, cre-
ativity skills benefit academic outcomes: Insights from Montessori education.).
We also showed that Montessori students benefit more from multi-sensory integra-
tion. We further report how multisensory integration has a direct relationship to
children’s cognitive abilities (2.3 Multisensory gains in simple detection predict
global cognition in schoolchildren).

Performance monitoring was further explored. Behavioral measures revealed sig-
nificant differences in how students notice, react and self-correct errors: Montessori
students noticed errors younger and were better at self-correcting by adolescence
than traditionally schooled students. We further observed a developmental shift
across ages, with longer pauses associated with higher self-correction in younger
children and shorter pauses predictive of better self-correction by adolescence (2.4
Effects of traditional versus Montessori schooling on 4 to 15-year old childrens
performance monitoring).The morphometric data confirmed that the brain struc-
tures implicated in performance monitoring, namely the dorsal and rostral part of
the ACC, undergo significant developmental changes during school years, corre-
lated with ERN amplitude. The ERN component reflected the pedagogical prac-
tices experienced. These differences were also observed at the topographic level

24
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(2.5 Error-Monitoring is Modulated by School Pedagogy). Brain activation was
higher for correct than incorrect responses in an error-monitoring math task for
both groups. However, the groups differed for other brain activity and the pattern
of functional connectivity. On the one hand, traditionally schooled students had
stronger FC between each seed region (cuneus, ACC, superior medial frontal) and
the hippocampus on correct trials only. On the other hand, Montessori students
had overall higher brain activity in brain regions implied in math, early visual
and executive processes, as well as stronger connectivity between the ACC and
superior frontal areas in error trials (2.6 Error-monitoring is influenced by school
pedagogy: fMRI evidence from Montessori and traditional schoolchildren). In
addition, we found children were biased toward correct responses, as opposed to
incorrect ones, in contrast to adults. However, response actions elicited no affective
bias for Montessori students, while traditionally schooled students were biased to-
ward positive affect when behaving correctly (2.7 Childrens automatic evaluation
of self-generated actions is different from adults). Finally, we also found differ-
ences in emotion perception; Montessori students more accurately integrated social
contextual cues than traditionally-schooled students, and looked at positive emo-
tional stimuli for longer (2.8 Emotion recognition development: Preliminary evi-
dence for an effect of school pedagogical practices).

Together, these findings suggest that children’s experience of performance moni-
toring differ to some extent from that of adults; correct responses elicit more brain
activity and bias their responses. Further, performance monitoring seems to follow
a non-linear developmental trajectory. Finally, there is evidence that error detec-
tion, evaluation and motivation differ in Montessori- and traditionally schooled
children and that how 6-12-year-old children learn from errors is influenced by
pedagogical practices.
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2.2 Beyond executive functions, creativity skills benefit academic
outcomes: Insights from Montessori education.

Denervaud, S., Knebel, J. E, Hagmann, P., & Gentaz, E. (2019). Beyond executive
functions, creativity skills benefit academic outcomes: Insights from Montessori
education. PLoS One, 14(11), e0225319. d0i:10.1371/journal.pone.0225319

2.2.1 Abstract

Studies have shown scholastic, creative, and social benefits of Montessori educa-
tion, benefits that were hypothesized to result from better executive functioning
on the part of those so educated. As these previous studies have not reported
consistent outcomes supporting this idea, we therefore evaluated scholastic de-
velopment in a cross-sectional study of kindergarten and elementary school-age
students, with an emphasis on the three core executive measures of cognitive flex-
ibility, working memory update, and selective attention (inhibition). Two hundred
and one (201) children underwent a complete assessment: half of the participants
were from Montessori settings, while the other half were controls from traditional
schools. The results confirmed that Montessori participants outperformed peers
from traditional schools both in academic outcomes and in creativity skills across
age groups and in self-reported well-being at school at kindergarten age. No dif-
ferences were found in global executive functions, except working memory. More-
over, a multiple mediations model revealed a significant impact of creative skills
on academic outcomes influenced by the school experience. These results shed
light on the possibly overestimated contribution of executive functions as the main
contributor to scholastic success of Montessori students and call for further investi-
gation. Here, we propose that Montessori school-age children benefit instead from
a more balanced development stemming from self-directed creative execution.

2.2.2 Personal Contribution

Conceptualization, Recruitment, Data curation, Formal analysis, Investigation, Project
administration, Visualization, Writing original draft.
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2.3 Multisensory gains in simple detection predict global cogni-
tion in schoolchildren.

Denervaud, S., Gentaz, E., Matusz, PJ.*, & Murray, M.M.* (in revision). Multisen-
sory gains in simple detection predict global cognition in schoolchildren. Scientific
Report

*both authors contributed equally

2.3.1 Abstract

The capacity to integrate information from different senses is central for coher-
ent perception across the lifespan from infancy onwards. Later in life, multisen-
sory processes are related to cognitive functions, such as speech or social com-
munication. During learning, multisensory processes can in fact enhance subse-
quent recognition memory for unisensory objects. These benefits can even be pre-
dicted; adults recognition memory performance is shaped by earlier responses in
the same task to multisensory but not unisensory information. Everyday envi-
ronments where learning occurs, such as classrooms, are inherently multisensory
in nature. Multisensory processes may therefore scaffold healthy cognitive devel-
opment. Here, we provide the first evidence of a predictive relationship between
multisensory benefits in simple detection and higher- level cognition that is present
already in schoolchildren. Multiple regression analyses indicated that the extent to
which a child (N=68; aged 4.5 15years) exhibited multisensory benefits on a simple
detection task not only predicted benefits on a continuous recognition task involv-
ing naturalistic objects (p=0.009), even when controlling for age. The same relative
multisensory benefit also predicted working memory scores (p=0.023) and fluid in-
telligence scores (p=0.033) as measured using age- standardised test batteries. By
contrast, gains in unisensory detection did not show significant prediction of any of
the above global cognition measures. Our findings show that low-level multisen-
sory processes predict higher-order memory and cognition already during child-
hood, even if still subject to ongoing maturation. These results call for revision of
traditional models of cognitive development (and likely also education) to account
for the role of multisensory processing, while also opening exciting opportunities
to facilitate early learning through multisensory programs. More generally, these
data suggest that a simple detection task could provide direct insights into the in-
tegrity of global cognition in schoolchildren and could be further developed as a
readily-implemented and cost-effective screening tool for neurodevelopmental dis-
orders,particularly in cases when standard neuropsychological tests are infeasible
or unavailable.
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2.3.2 Personal Contribution

Conceptualization, Recruitment, Data curation, Formal analysis, Investigation, Project
administration, Visualization, Writing original draft.
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2.4 Effects of traditional versus Montessori schooling on 4 to 15-
year old childrens performance monitoring.

Denervaud, S., Knebel, ]J. F.,, Immordino-Yang, M.H.*, & Hagmann, P* (2020). Ef-
fects of traditional versus Montessori schooling on 4 to 15-year old childrens per-
formance monitoring. Mind, Brain and Education, doi:10.1111/mbe.12233

*both authors contributed equally

2.4.1 Abstract

Through performance monitoring individuals detect and learn from unexpected
outcomes, indexed by post-error slowing and post-error improvement in accuracy.
Though performance monitoring is essential for academic learning and improves
across childhood, its susceptibility to educational influences has not been stud-
ied. Here we compared performance monitoring on a flanker task in 234 chil-
dren aged 4 through 15, from traditional or Montessori classrooms. While tradi-
tional classrooms emphasize that students learn from teachers feedback, Montes-
sori classrooms encourage students to work independently with materials specially
designed to support learners discovering errors for themselves. We found that
Montessori students paused longer post-error in early childhood and, by adoles-
cence, were more likely to self-correct. We also found that a developmental shift
from longer to shorter pauses post-error being associated with self-correction hap-
pened younger in the Montessori group. Our findings provide preliminary evi-
dence that educational experience influences performance monitoring, with impli-
cations for neural development, learning and pedagogy.

2.4.2 Personal Contribution

Conceptualization, Recruitment, Data curation, Formal analysis, Investigation, Project
administration, Visualization, Writing original draft.
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2.5 Error-Monitoring is Modulated by School Pedagogy.

Denervaud, S.*, Knebel, J.F.*, Mullier, E., Hagmann, P., & Murray, M.M. (internal
revisions). Error-Monitoring is Modulated by School Pedagogy.

*both authors contributed equally

2.5.1 Abstract

Within an inherently dynamic environment, unexpected outcomes are part of daily
life. Performance monitoring allows us to detect these events and adjust behav-
ior accordingly. The necessity of such an optimal functioning has made error-
monitoring a prominent topic of research over the last decades. Event-related
potentials (ERPs) have differentiated between two brain components involved in
error-monitoring: the error-related negativity (ERN) and error-related positivity
(Pe) that are thought to reflect detection vs. emotional/motivational processing of
errors, respectively. Both ERN and Pe depend on the protracted maturation of the
frontal cortices and anterior cingulate through adolescence. To our knowledge, the
impact of schooling pedagogy on error-monitoring and its brain mechanisms re-
mains unknown and was the focus of the present study. Swiss schoolchildren com-
pleted a continuous recognition task while 64-channel EEG was recorded and later
analyzed within an electrical neuroimaging framework. They were enrolled either
in a Montessori curriculum (N=13), consisting of self-directed learning through
trial-and-error activities with sensory materials, or a traditional curriculum (N=14),
focused on externally driven activities mainly based onreward feedback. The two
groups were controlled for age, gender, socio-economic status, parental educa-
tional style, and scores of fluid intelligence. The ERN was significantly enhanced
in Montessori schoolchildren (driven by a larger response to errors), with source
estimation differences localized to the cuneus and precuneus. In contrast, the Pe
was enhanced in traditional schoolchildren (driven by a larger response to correct
trials), with source estimation differences localized to the ventral anterior cingu-
late. Receiver operating characteristic (ROC) analysis demonstrated that the ERN
and Pe could reliably classify if a child was following a Montessori or traditional
curriculum. Brain activity subserving error-monitoring is modulated differently
according to school pedagogy.

2.5.2 Personal Contribution

Conceptualization, Task adaptation, Recruitment, Data curation, Formal analysis,
Investigation, Project administration, Visualization, Writing original draft.
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2.5.3 Follow-up analyses

We further investigated cortical thickness in specific subregions of the ACC (pos-
terior, dorsal and rostral) accross age, and their relationship to both ERN and Pe
amplitude.

MRI acquisition.

Structural imaging was collected at the Lemanic Biomedical Imaging Center (CIBM)
of the University Hospital Lausanne (CHUV), on a Siemens 3T Prisma-Fit MR
scanner, with a 64-channel head-coil. For each participant, a 3-dimensional high-
resolution isotropic T1-weighted sequence (MPRAGE) was acquired (TR = 2000ms,
TE = 2.47 ms, 208 slices; voxel size= 1x1x1, flip angle=8°) as anatomical individual
reference.

Image processing.

Individual T1-weighted sequence were processed using the FreeSurfer 5.1.0 soft-
ware (surfernmr.mgh.harvard.edu), a commonly-used open-source software pack-
age. The pipeline includes a first step of brain extraction, automated Talaraich
transformation, brain tissue segmentation into white and grey matter and their
boundaries, automated topological correction and deformation, and parcellation
of cerebral cortex into anatomical structures automatically labelled into 34 regions
per hemisphere. The second step computes voxels within each regions to derive
morphometric measures. For the current study, we focused on the cortical thick-
ness measures of predefined sub-regions of the ACC (posterior, caudal, rostral).

Caudal Cingulate Cortex

Rostral Cingulate Cortex

A ERN @FCz

:

2’4 2'6 2’8 3'0 3'2
Caudal Cingulate
Cortex thickness

Figure 2.1 — There is significant cortical thinning (maturation) between 6-12 yo. within both the
caudal (p =0.046) and rostral (p =0.052) subregions of the ACC (left panel), and thickness of the
dorsal part of the ACC was predictive of the children’s error-related negativity amplitude (= 2.37,
p =0.029; right panel).
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Statistical analyses.

All neuroanatomical measures were examined for normality using the Shapiro-
Wilk test. To statistically evaluate the effect of age on cortical thickness, as well
as potential group differences (Montessori vs. traditional), we ran a multivariate
analysis of covariance (MANCOVA) on the posterior, caudal and rostral subregions
of the ACC (left and right). Finally, we performed regression analyses to investi-
gate which factors between ACC subregions’ cortical thickness, age, and group
(Montessori, traditional) predicted error-related components (ERN and Pe). For
these analyses, we considered significant results with a p < 0.05.

Results.

There was a significant effect of age on cortical thickness of the caudal part of the
ACC (F(23, 1)= 4.47, p =0.046), and near significant in the rostral part of the ACC
(F(23, 1)= 4.21, p =0.052). There also was a group difference in cortical thickness
in the posterior subregion of the ACC (F(23, 1)= 7.52, p =0.012). Finally, the ERN
amplitude was reliably predicted by age (t=2.55, p =0.020), and dorsal ACC cortical
thickness (t=2.37, p =0.029).

These preliminary findings further suggest a direct relationship between matura-
tional change within the dorsal region of the ACC and error-monitoring abilities
development.
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2.6 Error-monitoring is influenced by school pedagogy: fMRI ev-
idence from Montessori and traditional schoolchildren.

Denervaud, S., Fornari, E., Yang, X.F,, Hagmann, P., Immordino-Yang, M.H.*, &
Sander, D.* (submitted). Error-monitoring is influenced by school pedagogy: fMRI
evidence from Montessori and traditional schoolchildren. *both authors contributed
equally

2.6.1 Abstract

The development of error-monitoring is central to learning and academic achieve-
ment. However, few studies exist on the neural correlates of childrens error- mon-
itoring, and no studies have examined its susceptibility to educational influences.
Pedagogical methods differ on how they teach children to learn from errors. Here,
32 students (aged 8-12 years) from high quality Swiss traditional or Montessori
schools performed a math task with feedback during fMRI. Although the groups
accuracies were similar, Montessori students skipped fewer trials, responded faster
and showed more neural activity in right parietal and frontal regions involved in
math processing. While traditionally-schooled students showed greater functional
connectivity between the ACC, involved in error-monitoring, and hippocampus
following correct trials, Montessori students showed greater functional connectiv-
ity between the ACC and frontal regions following incorrect trials. The findings
suggest that pedagogical experience influences the development of error- monitor-
ing and its neural correlates, with implications for neurodevelopment and educa-
tion.

2.6.2 Personal Contribution

Conceptualization, Task development, Recruitment, Data curation, Formal analy-
sis, Investigation, Project administration, Visualization, Writing original draft.
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2.7 Childrens automatic evaluation of self-generated actions is dif-
ferent from adults.

Denervaud, S., Hess, A., Sander, D., & Pourtois, G. (in review). Childrens automatic
evaluation of self-generated actions is different from adults. Developmental Science

2.7.1 Abstract

Performance monitoring (PM) is an important cognitive process enabling to swiftly
detect mismatches between goal and action (such as response errors), as well as
trigger subsequently behavioral adaptation (such as post error slowing - PES). Pre-
vious research showed that response errors are automatically processed as negative
events in adults. Furthermore, this evaluative process could be dissociated from
the subsequent behavioral adjustment captured by the PES, suggesting that PM is
subserved by multiple components at the adult age. However, it remains unclear
whether (i) the evaluation of errors as negative events is present at an earlier stage
in life, namely childhood, and (ii) whether PM processes are fixed, or shaped by
the environment. To address these questions, we tested the affective processing of
self-generated actions and the PES in 8-12 years old schoolchildren enrolled either
in traditional (N=56) or Montessori (N=45) schools, and adults (N=46). Results
showed that children processed correct actions as positive events whereas adults
processed errors as negative events. Moreover, this former effect was observed in
traditional schoolchildren, but not in Montessori schoolchildren. In comparison,
the PES was not modulated by age, nor pedagogy. These findings suggest that
unlike the PES that likely reflects an age-invariant automatic attention orienting to-
wards response errors, the affective processing of actions depends on both age and
school environment.

2.7.2 Personal Contribution

Conceptualization, Task adaptation, Recruitment, Data curation, Formal analysis,
Investigation, Project administration, Visualization, Writing original draft.
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2.8 Emotion recognition development: Preliminary evidence for
an effect of school pedagogical practices.

Denervaud, S., Mumenthaler, C., Gentaz, E., & Sander, D. (in revision). Emotion
recognition development: Preliminary evidence for an effect of school pedagogical
practices. Journal of Learning and Instruction

2.8.1 Abstract

Emotion recognition is shaped through social interactions from a childs early years
through at least late adolescence. Experiences of culture or early life adversity
have been reported to impact emotion recognition competencies. However, no
emphasis thus far has been given to the effects of daily experience at school. En-
riched and more diverse social interactions, such as fostered by some pedagogical
practices, may contribute to emotion recognition competencies. Here, we inves-
tigated differences among schoolchildren experiencing Montessori versus tradi-
tional way of learning. Children were asked to categorize an ambiguous 50%fear-
50%surprise face while the context was manipulated, and, in another task, to track
positive-negative dynamic emotional changes. Results suggest that children expe-
riencing traditional practices show higher fear recognition sensitivity. Conversely,
schoolchildren experiencing Montessori practices integrated more social cues and
perceived longer positive emotion. Such preliminary findings call for further re-
search to determine both the extent to which pedagogy causes these effects, and
their underlying mechanisms.

2.8.2 Personal Contribution

Conceptualization, Task adaptation, Recruitment, Data curation, Formal analysis,
Investigation, Project administration, Visualization, Writing original draft.



Discussion

3.1 Interpretation and implications

The cognitive skills needed to face the rapidly changing 21st-century environment
successfully include creativity, flexibility, and self-regulation. Central to these com-
petencies stands the self-monitoring system, for which the ACC plays a central
role and undergoes protracted development from early childhood to late adoles-
cence (both at the structural and functional levels) [Posner et al., 2007]. An unan-
swered question is the extent to which pedagogical practices sustain its develop-
ment. Specifically, the dorsal part of the ACC matures from around 6-12 years,
along with EF maturation, improving the capacity to detect, evaluate and self-
correct errors [Kelly et al., 2009] [Velanova et al., 2008]. The susceptibility of perfor-
mance monitoring to pedagogical influence was the topic of this work, inspected
through seven different studies. A detailed discussion for each study is provided
within its related publication (see Annex). Here, I aim to broaden the reflection and
provide a more global interpretation of the findings and their potential implications
as well as possible future research directions.

3.1.1 What the switches and cascading effects suggest

Our findings corroborate previous studies of switches in learning signals [Peters
et al., 2016] [van den Bos et al., 2009] [Zanolie et al., 2008] [Crone and van der
Molen, 2007] [Crone et al., 2004] as well as those of cascading effects from sen-
sory to cognitive processes [Rose et al., 2008]. Together, they reconcile some of the
inconsistencies reported in the developmental literature on performance monitor-
ing [Smulders et al., 2016]. In particular, depending on the age range studied and
pedagogical training experienced, markers of performance monitoring may vary or
not and they may look more or less similar toan adult pattern. Hence, the implica-
tions of a dynamic and flexible view of performance monitoring development are

36
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twofold: (i) non-linear development and (ii) the possibility of an optimal window
of opportunity to acquire specific information (e.g., associate action with feedback).

Non-linear development

Post-mortem and neuroimaging studies have consistently reported the sequential
and asynchronous organization of brain development. Primary sensory-motor re-
gions mature first, followed by the adjacent unimodal associative cortices and, fi-
nally, the higher-order associative areas [Huttenlocher and Dabholkar, 1997] [Leben-
berg et al., 2018] [Friedrichs-Maeder et al., 2017]. The developmental pattern ob-
served in our data suggests that performance monitoring occurs in similarly se-
quential steps. First, the child seems to learn to detect discrepancy (higher PIA
for greater PES), a process that multi-sensory processes may scaffold (higher mul-
tisensory gain related to higher cognitive abilities). Then, s/he seems to asso-
ciate positive feedback with adequate behavior (higher brain activity for correct re-
sponses). Once these associations are integrated, the child may predict the causality
of his/her actions and thus learn from his/her errors (higher PIA for slower PES).
We further show that each step could benefit from pedagogical practices, as, for
example, Montessori students detect errors earlier than traditionally schooled stu-
dents.

This non-linear development could be tightly related to consciousness develop-
ment, or the gaining of awareness about the physical, mental and social bound-
aries over time [Lewis, 2003]. This development may lead to successive, relevant
information being processed as salient by the child [Uddin et al., 2011] [Menon
and Uddin, 2010], before being automatized (unconsciously processed). In the per-
formance monitoring framework, the child first needs to learn to detect incorrect
actions, to raise awareness on discrepancy. Whenever this step is acquired, brain
activity may shift from diffuse prefrontal areas to more segregated and integrated
networks [Fair et al., 2007]; the child will then automatically react to unexpected
events, while consciously integrating feedback thereafter [Metcalfe, 2017]. This
idea aligns with the cascading effect measured in our study as well as in previous
work: the quality of early awareness could predict later cognitive competencies.
This dynamic may be recursive for learning to self-monitor behavior at the motor,
cognitive and social level following the maturation path of the ACC [Kelly et al.,
2009] [Posner et al., 2007] [Velanova et al., 2008].

This idea of consciousness also aligns with studies showing the effectiveness of
error management training in adults through either mindfulness sessions (ref; in-
teroceptive awareness) or reframing the error as a great opportunity for learning
(ref; be aware that error avoidance is not an adaptive strategy) [Keith and Frese,
2005] [Keith and Frese, 2008] [Frese and Keith, 2015] [Smart and Segalowitz, 2017].
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A possible window of opportunity

A window of opportunity is a neurodevelopmental stage in which neuronal activ-
ity is particularly sensitive to environmental cues, characterized by switches (the
opening and closing of the sensitive period) and experience-dependent plastic-
ity [Carcea and Froemke, 2013]. While the windows of opportunity for senses and
language are well known and defined [Huttenlocher and Dabholkar, 1997] [Hen-
sch, 2005a] (see Fig. 3.1, left panel), more recent studies report the same process
to be true for higher-order executive functioning aspects [Tottenham and Gabard-
Durnam, 2017]. For example, the fear response is highly modulated by maternal
care in childhood (up to 12 years) but not adolescence, unveiling a sensitive pe-
riod for the amygdala—prefrontal cortex connectivity and its related self-regulatory
component [Callaghan and Tottenham, 2016]. Our findings provide compelling
evidence for the presence of another window of opportunity for performance mon-
itoring, that is self-regulation in the face of an unexpected event (e.g., error). If
further confirmed, this would explain not only the switches and the influences of
pedagogical practices, but also children’s orientation to trial-and-error behavior.

0-6 y.0. 6-12 y.0. 12-16 y.o. Auditory cortex
Visual cortex
Prefrontal cortex

motor cognitive socio-emotional

Synapses per 100 ums
Plasticity

> >
Step-wise gain in autonomy
Ages in days from conception

Figure 3.1 — Synaptogenesis across age was reported to be sequential; from sensory to prefrontal
cortices (left panel, adapted from [Huttenlocher and Dabholkar, 1997]). Sensory modalities, as well
as association between sensory abilities related to language, are known to be related to specific and
temporally-defined windows of opportunity [Hensch and Fagiolini, 2005] [Hensch, 2005a]. There
are preliminary evidence for windows of opportunities related to higher-order socio-emotional
competencies [Tottenham and Gabard-Durnam, 2017]. We hypothesize that these successive win-
dows of opportunity are meant to help the child acquire specific abilities toward autonomy and
self-directed behavior (right panel). If true, performance monitoring may rely on such a specific
time-window in development, related to the anterior cingulate cortex maturation [Velanova et al.,
2008]

How and why switches exist. The cellular mechanisms underlying the windows
of opportunity were shown for sensory development. They partially result from
(i) released target signals that (ii) initiate a molecular cascade allowing inhibitory
cells (interneurons) to enter maturation, where they (iii) show synapse prolifera-
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tion similarly to inhibiting cells (non-specific) and finally (iv) pruning redundant
or aberrant connections [Hensch and Fagiolini, 2005] [Hensch, 2005b] [Hensch,
2004]. Hence, a newly shaped receptive map results from the most frequently ac-
tivated pattern. The maturation of interneurons balances the inhibitory-excitatory
signal [Carcea and Froemke, 2013]. Plasticity switches off when the newly carved
whole network is shaped. Both structural (peri-neuronal nets or myelin) and func-
tional brakes ensure long-term stability [Bavelier et al., 2010] [Hensch and Bil-
imoria, 2012] [Thomas and Johnson, 2008]. Myelinization takes place to convey
neural signals efficiently from one cortical region to another [Dubois et al., 2012].
Spontaneous brain activity at rest strengthens the connections between recently
co-activated cortical areas, ensuring the integrity of the existing network [Vogel
et al., 2010]. In the context of performance monitoring, we also report switches that
could relate to how learning signals are first processed for positive feedback, but no
longer when older, as ACC-related FC across ages partially denotes an experience-
dependent organization.

Maturational change in the ACC and behavior. The relationship between neural
dynamics and psychological/behavioral outcomes is poorly understood. How-
ever, some evidence shows that cortical [Tau and Peterson, 2010] and white matter
maturation [Dubois et al., 2009] coincides with related cognitive functions. In ad-
dition, genotype—environment correlational studies report a relationship between
neurodevelopment and behavior. Spontaneously chosen activities tend to reflect
and/or match genetic developmental programs [Plomin, 2014] [Plomin et al., 2014].
While we observe a maturational change in the dorsal and rostral parts of the ACC,
children may have a particular orientation for trial-and-error learning at both the
cognitive and the social levels [Margulies et al., 2007] [Posner et al., 2007] (see Fig.
3.1, right panel). If pedagogical practices follow this tendency, as Montessori ped-
agogy does, students make more errors and inhibit less, leading them to develop
strategies to face adversity and self-regulate over time [Metcalfe, 2017].

3.1.2 The pedagogical approach to feedback

The different pedagogical traditions may actually shape performance monitoring
by influencing specific reinforcement learning (RL) parameters. From this per-
spective, it is relevant to recall that in the performance monitoring loop, incor-
rect actions are perceived as a mismatch between the expected and the actual out-
come. Based on RL theories, the mismatch can be either model-free or model-
based [Dolan and Dayan, 2013] [Glascher et al., 2010] [Neftci and Averbeck, 2019].
Whereas the former refers to how the value for a given outcome is computed and
expected, the latter relates to a state transition for it, thereby enabling the optimal
processing of sensory cues (unvalued) (see Fig. 3.2).

Performance monitoring is thus tightly related to the type of feedback received
post-error. The pedagogical practices studied in this work differ largely in that
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Figure 3.2 — The mismatch between expected and actual outcomes result in an error prediction
signal that can be either valued (an expected quantity is not received, or higher than expected), or
unvalued (change in state). These feedback are integrated within our internal model and used for
forward modeling in later outcome predictions [Ullsperger et al., 2014a] [Dolan and Dayan, 2013]

aspect. Specifically, Montessori-schooled students rarely face evaluative feedback
(from the teacher), grades or punishment for incorrect actions or behaviors. On the
contrary, they have to self-discover relevant concepts using didactic material. In ad-
dition to the cognitive aspect of learning, there is an underestimated social compo-
nent. Montessori pedagogical practices encourage the child to teach and learn from
peers in multi-grade classrooms. Montessori students may thus rely more on un-
valued feedback than traditionally-schooled students do [Lillard, 2012] [Rathunde
and Csikszentmihalyi, 2005]. Indeed, we observed Montessori students detecting
errors as early as four years old and they were also better at integrating multi-
sensory cues. These findings may be intertwined. The Montessori curriculum of-
fers children a sensory education from three years [Montessori, 1936] [Marshall,
2017] [Lillard, 2012]. In parallel, children start learning by doing; each incorrect
action has a direct consequence that the child needs to fix. The child is invited
to figure it out by him/herself. Therefore, as early as three years, the child trains
to perceive his/her environment accurately and fix his/her incorrect actions au-
tonomously through sensory feedback. By the age of 8-12 years, Montessori stu-
dents showed no affective bias after their action responses. Together, these findings
suggest that they may rely more on model-based RL [Shadmehr et al., 2010]. As the
child certainly makes sense of his/her experience (e.g., incorrect actions), accord-
ing to the feedback received and its weighting, both the academic materials and the
social cues conveyed from the environment could have long-term implications for
learning and curiosity [Oudeyer et al., 2016] [Oudeyer and Smith, 2016] [Gottlieb
and Oudeyer, 2018] [Gottlieb et al., 2014].

In adults, this framework is extremely valuable, as it can account for a wide range
of phenomena during RL, including the modulatory effects of feedback type and
reward for it [Mattar et al., 2018]. The higher frequency of value feedback in 4-12-
year-olds could relate to some extent to error avoidance in adulthood [Aarts et al.,
2012]. Accordingly, it would be extremely informative for future studies to link
more directly changes in performance monitoring to possible alterations of specific
RL parameters.
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Preliminary results on feedback processing

We analyzed the fMRI math task by focusing on different reward conditions. The
participant solved the math problems; feedback were either in the form of points
("Point"), toy reward ("Toy"), or nothing ("No reward"). At the behavioral level,
students performed better when the math problem was presented to "train," with-
out reward, independently of the schooling background. We extracted the BOLD
signals of the 180 seconds where the participant was playing for one of the three
conditions, and computed the related FC matrices (correlation of brain activity be-
tween 128 cortical regions). We found significant differences between Montessori
and traditionally-schooled students within each condition (Fig. 3.3). These find-
ings provide preliminary evidence of a modulatory effect of feedback on neural
connectivity in 8-12-year-old students.
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Figure 3.3 — At the behavioral level (left panel), students had higher accuracy when playing for "no
reward" than for "points." At the functional connectivity level, connectivity matrices per condition
and schooling system are displayed (right panel, up and down). Differences in functional connec-
tivity were computed (absolute value of differences in FC between M and T) and plotted on a glass
brain (right panel, middle).

3.1.3 Implications for cognitive flexibility

Central to the performance monitoring system is the dorsal part of the ACC. This
subregion of the ACC, together with the anterior insula, form the salience network
(SN). The SN acts as a switch turning off the default mode network (DMN) in
the profit of the central executive network (CEN) [Menon and Uddin, 2010] (see
Fig. 3.4, left panel). In the context of performance monitoring, when incorrect
actions are more infrequent than correct responses [Ullsperger et al., 2014b] [Wes-
sel et al., 2012], they undoubtedly trigger the SN, explaining the robust activation
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of the dACC across studies. The switching function then segregates intra- from
extra-personal stimuli in a twofold mechanism: (i) fast and automatic perceptive
bottom-up signaling and (ii) a higher-order system related to context-specific cues
enhancing access to goal-directed actions [Menon, 2015]. Pediatric studies report
the SN from the age of two. Still, studies show that its protracted development
undergoes FC changes between seven and 20 years old [Uddin et al., 2011], sug-
gesting that maturation responds to the environment for the optimal calibration of
flexible control [Ryali et al., 2016] [Menon and Uddin, 2010].

Cognitive flexibility & creativity Inflexibility
DMN CEN
Default Mode Central Executive
Network Networks SN
PPC
*——o - S
Prec  VMPFC '\%PR
_Salience
g Network Over-flexibility
; dACC
DMN CEN
SN
e

Figure 3.4 — Functional connectivity fluctuates over time between the different neural networks. Op-
timal coupling between the default mode network (DMN) and the central executive network (CEN)
is orchestrated by the salience network (SN) (left panel). Dysregulation of the SN result in cogni-
tive inflexibility or over-flexibility (right panel). Nodes for these networks are typically: Precuneus
(Prec) and ventro-medial prefrontal cortex (VMPFC) for the DMN; dorsal anterior cingulate cortex
(dACC) and anterior insula (AI) for the SN; posterior parietal cingulate (PCC) and dorso-lateral
prefrontal cortex (DLPFC) for the CEN. Adapted from [Uddin, 2015] [Menon and Uddin, 2010].

The calibration of the SN has drastic consequences on how flexibly an adult acts
and thinks. A growing body of research shows that over-activation of the SN leads
to excessive inhibition, while weaky SN control impacts attentional and executive
abilities [Uddin et al., 2010] [Taghia et al., 2018] [Uddin, 2015] (see Fig. 3.4, right
panel). Different clinical populations, such as children with autism spectrum disor-
der and adults with schizophrenia, show impaired SNs [Odriozola et al., 2016] [Su-
pekar et al., 2018]. On the contrary, the optimal calibration of the SN allows cogni-
tive flexibility.

The neural dynamics underlying cognitive flexibility report CEN, SN and DMN in-
teractions. In adults aged 22-35 years, transient connectivity and rapid switching
is observed between the SN, CEN and DMN, with each presenting multiple short-
lived states [Ryali et al., 2016]. The higher cognitive flexibility, the better creative
thinking capacities are as a result of the tight coupling of the CEN and DMN [Beaty
et al., 2016] [Kenett et al., 2018] [Beaty et al., 2018] [Adnan et al., 2019] [Shi et al.,
2019].
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As performance monitoring reflects the quality of ones voluntary control over one-
self to self-regulate unexpected events, the quality of an individual’s performance
monitoring may predict his/her level of cognitive flexibility and creative abili-
ties. Corroborating previous studies [Besangon and Lubart, 2008] [Lillard and Else-
Quest, 2006] [Fleming et al., 2019], we showed that Montessori-schooled students
score higher in both divergent and convergent creativity tasks. This may result
from higher metastability in their neural networks and related to increased self-
regulatory skills.

Preliminary results on cognitive flexibility

In this work, we lack a direct measure linking performance monitoring to cognitive
flexibility. However, when running an independent component analysis to isolate
DMN, CEN and SN from resting-state fMRI data (42 children aged 6-12, 22 from
Montessori classes), we do find preliminary evidence that Montessori students
have a stronger co-activation of the DMN and CEN than traditionally-schooled
students. While this may denote increased cognitive flexibility and creative abili-
ties, we show that correlating the DMN and CEN is highly dependent on the emo-
tion regulation strategy. The higher the capacity for cognitive reappraisal [Ochsner
et al., 2002] [Gross and John, 2003], the more the SN is related to the CEN, sug-
gesting a voluntary control to self-regulate. This effect was significantly stronger
in Montessori-schooled students (Fig. 3.5). These preliminary findings corroborate
those of another study showing how SN FC changes across ages are related to the
global development of emotion networks [Zhang et al., 2019]. The more intrinsic
self-regulation the student grows, the higher his/her self-monitoring may be, with
a direct impact on both flexible and creative competencies.

We further have preliminary evidence of differences in cognitive flexibility through
the verbal fluency measure. In this task, the child produced words belonging to a
defined semantic category (e.g., animals) during one minute. The analysis of the
vocabulary field is done through semantic network pipelines using graph measures
(here the Fruchterman Reingold algorithm, see [Kenett et al., 2017]). The extent and
quality of semantic distance between words have been shown to reflect adults level
of openness and creativity [Kenett and Faust, 2019] [Kenett et al., 2014] [Christensen
et al., 2018]. Here, we found significant differences between five to twelve years of
age students (N=65, half from each type of schooling). Montessori-schooled stu-
dents had a higher capacity to associate distant concepts and showed a broader
semantic network. We further have preliminary evidence of differences in cogni-
tive flexibility through the verbal fluency measure. In this task, the child needs to
produce words that belong to a defined semantic category (here; animals) during
one minute. The analysis of the resulting vocabulary field is done through some
semantic network pipelines using graph measures (here). The extent and quality of
semantic distance between words have been shown, in adults, to reflect ones level
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Figure 3.5 — Inter- and intra-networks of interest (DMN, CEN, SN) connectivity (top panel). Main
effects of pedagogy (DMN more connected to the CEN in Montessori versus traditionally-schooled
students) and emotion-regulation strategy (reappraisal was related to functional connectivity be-
tween the SN and the CEN) (left panel). Interactions between the pedagogical practices experienced
by the child and its capacity to self-regulate his/her emotion (right panel); Montessori-schooled stu-
dents reappraisal capacity was significantly correlated to (1) increased intra-DMN functional con-
nectivity, and to (2) stronger inter-SN and CEN functional connectivity.

of openness and creativity. Here, we found significant differences with Montessori-
schooled students having a higher capacity to associate distant concepts and show-
ing a broader semantic network (Fig. 3.6).

3.2 Limitations

While these findings offer new insights into the development of children’s perfor-
mance monitoring system and its susceptibility to pedagogical practices, it comes
along with limitations that future research should address to consolidate and broaden
this work.
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Figure 3.6 — Semantic network analysis comparing between-group capacity to cite less-related
words, as well as between-group size and complexity of semantic network.

3.2.1 Selection bias and possible confounds

As a result of local policies in Switzerland, the Montessori schools partaking in
these studies were all private, while all the traditional schools were public. We
thus controlled for participants’ fluid intelligence level as well as their parents’ so-
cioeconomic level (we further controlled for other factors in the neural studies; e.g.,
home environment, how much parents perceived life as stressful). Although the
measured effects are similar to those of randomized studies, we cannot rule out se-
lection bias. Indeed, by choosing Montessori education for their child, parents may
have developed a more in-depth educational reflection and/or present a higher
level of mental flexibility, with direct implications on their behavior and pedagog-
ical practices at home. A feasible option to address this limitation would be to in-
clude children whose parents wished for Montessori education, but did not pursue
it for practical reasons (e.g., the school was too far from their place of residence),
but not because of financial limitations. Another would be to train the parents of
prospective participants on pedagogical features and education before they enroll
their child in one of the two schooling systems. Later, we could then start to collect
longitudinal data on children to measure the extent to which pedagogical practices
at school play a role in the development of performance monitoring compared with
parental practices at home.

3.2.2 Small sample size

An explicit limitation of these studies is their relatively small sample size. We con-
ducted power or sensitivity analyses to ensure that the effects measured were re-
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liable. However, the findings result from a limited number of participants. When
investigating the impact of pedagogical practices, where many other variables can
interact, this may weaken the findings. Inter-individual variability may blur some
of the effects or bias the outcomes. As a consequence, we may miss essential as-
pects of performance monitoring or overstate others because of the low number
of participants. By other research groups replicating the studies and pooling data
from different research groups in comparable areas (e.g., Swiss and French research
groups), we could confirm the validity of the findings.

3.2.3 Cross-sectional design

We report developmental findings using only cross-sectional designs, whereas a
state-of-the-art approach would be able to investigate the same measures under a
longitudinal design. While the multi-modal approach could provide the redundant
findings, future work should aim to assess some of the performance monitoring
measures (PES, PIA, multisensory integration) over at least a year or two.

3.2.4 Quantitative approach

Finally, quantitative research, as presented in this work, can establish developmen-
tal benchmarks with a high degree of precision. However, this only represents a
restricted view of the more complex reality. A view defined through a priori hy-
potheses and specific measurement tools can eliminate a large number of the vari-
ables that play a significant role in real life. Quantitative developmental studies
have two direct consequences: (i) they lack a global and contextual perspective of
the mechanisms studied and (ii) they raise questions of interest that derive from an
adult "mature brain" that refrains from a more bottom-up developmental approach
(an adult vision of what children’s life experience is while children certainly do not
sense reality as we do). A multi-modal approach makes it possible to overcome the
first point partially; (i.e., we can approach the same question using complementary
tools to broaden our understanding of a process); however, it does not address the
second point. It would thus be useful to supplement present studies with qual-
itative observational approaches such as unsupervised interviews with children,
record self-talk and gaze as well as investigate the content of spontaneous inter-
actions with adults and peers when they face adversity in their endogenous envi-
ronment. Less "controlled" approaches would offer knowledge and understanding
about the child and the meaning of his/her developmental processes, such as those
related to performance monitoring.
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3.3 Future directions

Future work is needed to confirm the reported findings and address the above-
mentioned limitations. However, these new insights in performance monitoring
already raise further questions that would benefit from new research.

3.3.1 Isolate pedagogical features

In this work, we compared Montessori with traditionally schooled students. The
dissimilarities found offer new insights into the development of the underlying
brain mechanisms. However, this work cannot decipher the features of the Montes-
sori pedagogy that make it possible for students to grow different performance
monitoring abilities. As stated in the Introduction, traditional and Montessori ped-
agogical practices differ in at least two critical aspects: (i) the social environment
(multi-grade classrooms with a low teacher to students ratio) and (ii) the learn-
ing approach (sensory education in kindergarten, self-corrective material, decision-
making in daily curricula, uninterrupted work for three hours, no grade or reward).
Studying these specific features in isolation could shed new light on the develop-
mental processes of performance monitoring. For example, researchers could com-
pare traditionally schooled groups of students that differ only in their grading sys-
tem (in Switzerland, some alternative private schools do not use a grading system
while keeping a traditional teaching approach). Alternatively, they might study
specific social aspects such as multi-grade classrooms (public schools in rural ar-
eas pool children of different levels). Another research avenue could be to include
alternative pedagogical approaches such as Waldorf or Freinet and look for any
similarities between these approaches to help isolate crucial features. However, we
suspect that even if some pedagogical features in isolation play an essential role in
the performance monitoring process, the complexity of neurodevelopment could
not be addressed other than by relying on a combination of features rather than
simply one or two.

3.3.2 Peer-to-peer interactions

Performance monitoring studies in adults have paid much attention to the direct
relation to supervised learning. However, an as-yet understudied side of perfor-
mance monitoring deserves more investigation: unsupervised learning. How do
children learn when not supervised? In particular, how do children learn from ob-
serving and interacting with peers of a similar age? And how do these peer-to-peer
interactions impact learning strategies such as error monitoring, self-correction and
action value attribution, all markers of performance monitoring. It might also be
important to investigate the age at which children start using cues from peers as
a source of information (Fig. 3.7). These aspects of learning are not yet well un-
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derstood despite their fundamental importance for effective pedagogical practices.
The investigation of such ideas should include eye-tracking studies, studies that
characterize children’s displacements and interactions with peers (frequency, du-
ration) and portative EEG experiments to record the extent to which brainwaves
synchronize with peers compared with an adult. While these studies would be
less directly related to pedagogical practices, they would benefit from endogenous
learning contexts such as classrooms in which children are free to move and inter-
act, as found in Montessori environments.
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Figure 3.7 — It would be of interest to investigate how children learn with peers compared to with
adults.

3.3.3 Longitudinal study

Our findings suggest that school pedagogical practices impact performance moni-
toring in 5-15-year-old children, with preliminary evidence for a window of plas-
ticity for learning from errors. Confirming and characterizing the age range for the
scaffolding of performance monitoring would rely on longitudinal studies. At least
three research questions should be addressed. The first is the extent to which sen-
sory integration capacity at kindergarten age predicts a child’s ERN brain compo-
nent. If any relationship were to be found, this would shed new light on the brain-
waves that could reflect a time-wise record of experience and explain the cascading
effect. It would also mean that the early sensory window of opportunity serves as
a first step to learning how to learn autonomously, that is performance monitoring.
Second, we could test the possibility of a cascading effect of error-monitoring abil-
ities in childhood on an adolescent’s coping with conflict in a social environment.
One’s relationship with error might predict the quality of ones interpersonal inter-
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actions, especially the capacity for cooperative behaviors. The third is to track and
characterize the behavioral shift and study its relation with brain maturation and
how experience fastens or optimizes this process (Fig. 3.8).

These studies would benefit from multi-modal approaches and the use of more
endogenous settings that better mat reality.
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Figure 3.8 — We hypothesize that the quality of error-monitoring in school-aged children is predic-
tive or conflict-monitoring in adolescents, based on the maturational path of the anterior cingulate
cortex (ACC) and related self-moniotring competences [Posner et al., 2007], with direct effects on
individual’s cognitive flexibility in social contexts. Nodes of the networks related to cognitive flexi-
bility and creativity are reported in the figures: Precuneus (Prec) and ventro-medial prefrontal cor-
tex (VMPFC) for the default mode network; dorsal anterior cingulate cortex (1ACC) and anterior
insula (AI) for the salience network; posterior parietal cingulate (PCC) and dorso-lateral prefrontal
cortex (DLPFC) for the central executive network.
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3.4 Conclusion

This work sheds light on the emergence of mental habits when facing unexpected
events such as response errors. While learning signals for performance monitoring
shift across ages, pedagogical practices play a crucial role in shaping cognitive and
social reactions. Indeed, when comparing Montessori students with traditionally-
schooled students, differences in performance monitoring are unveiled not only at
the behavioral level, but also at the neural one. More work is needed to consolidate
these findings and investigate the long-term implications on mindsets and inter-
personal behaviors. Nonetheless, this work opens two essential research avenues.
The first is that performance monitoring in children seems to be oriented more
toward correct responses than incorrect ones, contrary to adults, with more sig-
moidal than linear developmental dynamics. The second is the influence of school
experience in the development of performance monitoring, which strongly sug-
gests the existence of a specific window of opportunity for the acquisition of that
competency. Together, these two aspects may have a drastic impact on education
and thus they urgently call for further research. In a social context in which rapid
changes and uncertainty predominate and where Al development and implemen-
tation occur at a sustained pace, students need to foster their flexibility, creativity
and self-regulatory skills to ensure their future. It therefore seems wise to think
about school pedagogical practices from an enlightened neurodevelopmental per-
spective.

Every person is the author of his own skills.

Maria Montessori, The Absorbent Mind
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Abstract

Studies have shown scholastic, creative, and social benefits of Montessori education, bene-
fits that were hypothesized to result from better executive functioning on the part of those so
educated. As these previous studies have not reported consistent outcomes supporting this
idea, we therefore evaluated scholastic development in a cross-sectional study of kindergar-
ten and elementary school-age students, with an emphasis on the three core executive
measures of cognitive flexibility, working memory update, and selective attention (inhibition).
Two hundred and one (201) children underwent a complete assessment: half of the partici-
pants were from Montessori settings, while the other half were controls from traditional
schools. The results confirmed that Montessori participants outperformed peers from tradi-
tional schools both in academic outcomes and in creativity skills across age groups and in
self-reported well-being at school at kindergarten age. No differences were found in global
executive functions, except working memory. Moreover, a multiple mediations model
revealed a significant impact of creative skills on academic outcomes influenced by the
school experience. These results shed light on the possibly overestimated contribution of
executive functions as the main contributor to scholastic success of Montessori students
and call for further investigation. Here, we propose that Montessori school-age children ben-
efit instead from a more balanced development stemming from self-directed creative
execution.

Introduction

In a professional context where artificial intelligence is expected to surpass humans in the exe-
cution of routine tasks, we need to ensure that pedagogical approaches support a workforce
capable of creative executions to retain its cooperative advantage and benefit from technologi-
cal advances in autonomy and freedom. Some argue that a human advantage is fundamentally
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his ability to create; to efficiently execute individually-driven thoughts [1]. In the traditional
and dominant pedagogical system in Western countries, the metric of school success relies
mostly on academic outcomes (e.g., PISA [2]), directly encouraging executive abilities. The
drawback of such measures focusing solely on performance and execution is to relegate to the
background a more global and integrated child development assessments, which may well also
be very important to address the challenges ahead. Conversely, some alternative pedagogical
approaches, such as Freinet, Waldorf, Montessori [3, 4, 5], do not target performance per se
and tend to address school curricula in a more global and interdisciplinary fashion. They may
address academic development differently.

The Montessori pedagogy was born of years of empirical observations of self-directed activ-
ities from developing children [6] and feature multi-age classes and a focus on peer-to-peer
teaching. Children are free to choose their own learning activities from a specific set of sensory
and self-corrective materials, without external feedback such as grades or evaluations [6, 7].
Many pedagogical aspects of the Montessori approach were individually shown to require and
train executive functions (EFs), such as goal-directed movement, sequence of gestures to be
memorized and repeated in new contexts, and so on [8-10]. Based on preliminary evidence
showing that young Montessori schoolchildren (5 years old, on average) achieved higher
scores at a card-sorting task [11] than children from traditional schools, it was hypothesized
that a Montessori curriculum should more effectively promote EF development [12]. A second
longitudinal study of kindergarten children reported some effect on EFs over three years, but
not as strong as one could have expected [13]. An exploratory pretest/posttest assessment in a
small sample of Montessori preschoolers revealed an improvement that was correlated not
with age but with the time spent within the Montessori environment, and beyond the national
normed data [14]. However, it cannot be inferred that this advantage is specific to the Montes-
sori setting, as schoolchildren were issued from one single class, this could be a confound with
a teacher-effect. While these studies do not report clear and robust effects on EFs, they do not
discard this possibility, and investigating EF outcomes in older Montessori students could con-
firm this hypothesis.

On the other hand, despite no clear differences in EFs, Montessori students were reported
to have increased scholastic outcomes, higher creativity skills as well as better well-being at
school [11, 13, 15, 16]. Notably, Lillard and Else-Quest (2006) [11] have shown, through a lot-
tery design in U.S. public schools, that children who received a Montessori-based education
exhibited cognitive and socio-emotional advantages. These benefits are sometimes debated
[17, 18] but seem reproducible as long as the quality and fidelity of pedagogical implementa-
tion is observed [19]. In addition, a French study reported advantages for Montessori pupils,
regarding both divergent (deriving new elements from a single element) and convergent (inte-
grating diverse elements into a new, single element) creativity over a period of 2 years in chil-
dren ranging from 6 to 10 years of age [16]. Finally, a more recent and randomized study [13],
followed children over the three years of public preschool. Children improved faster in aca-
demic achievement, social understanding, and mastery orientation.

In summary, there is core evidence that Montessori schoolchildren score higher on scholas-
tic tasks than traditionally schooled children, but without displaying a definite gain in EFs.
Either the EF measures were not yet sensitive enough (measuring combined instead of sepa-
rated core EFs), or these scholastic performance differences do not rely on EFs alone. In this
study, we tested whether reported findings held in another socio-cultural environment,
namely Switzerland, while emphasizing the three core EF measures (selective attention, work-
ing memory, and cognitive flexibility). We further investigated how creativity, well-being at
school, and executive functions mediate academic outcomes. Finally, we assessed the global
development of both groups.
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We addressed these questions in a large cohort of 201 schoolchildren (Mg, = 9.01 years
old, SD = 2.34, 96 girls and 105 boys) through a controlled observational study. As there are no
public Montessori schools in Switzerland, and accordingly no option for a lottery design
study, we matched pupils from Montessori private schools with peers from traditional public
schools controlling for their SES, fluid intelligence, and age.

Materials and methods
Participants and procedures

The study’s experimental design was based on existing literature [11, 16]. It was conducted in
accordance with the Declaration of Helsinki and ethical committee from the Psychology and
Education Faculty, University of Geneva (First approved on the 3rd of December 2015 under
the name "Evaluation comportementale des compétences cognitives et émotionnelles chez les
enfants de 5-6 ans, 9-10 ans et 12-13 ans scolarisés dans différents environnements pédagogi-
ques -Montessori et Systéme Traditionnel-"). Teacher participation was voluntary.

Montessori private schools were selected according to the criteria set by the International
Montessori Association (S1 Text). For the control group, traditional public schools were
selected in specific areas, given the city’s official statistical data on mean salary to include the
upper class-salary population only, and were controlled to apply the official local study plan.
In total, 21 different classes (13 Montessori classes and 8 traditional classes) from 10 different
schools (5 Montessori schools and 5 traditional schools) were included in the study. The 30
teachers who participated were equally experienced (in each group, one teacher was in the
early stage of her career, and all others were in the mid-to-late stages of their careers) and
trained across systems (all teachers had graduated with an official pedagogical diploma).

Written consent was obtained for each child from his or her parent. Selection criteria
included age group (from kindergarten age up to 7 years old, and from elementary age up to
13 years old) and school system (children had to have been enrolled in their school system
since the year of their fourth birthday, or for at least 3 years). In total, 208 children were
enrolled.

Data from children reported to benefit from psychological support because of learning diffi-
culties (n = 2), with low fluid intelligence or low socio-economic status (lower than 2 standard
deviations [SDs] from the mean; n = 2), outside the target age range (more than 13 years old;
n = 2) as well as data from nonnative French speakers (as reported by parents or teachers;

n = 1), were excluded from the study. In total, 201 children from 4.37 to 13.40 years of age
(Mage = 9.01 years old, SD = 2.34, 96 girls and 105 boys) were retained for the study. Ninety-
nine (99) participants were schooled in the Montessori educational system (54 girls; Table 1),
while 102 were enrolled in the traditional group (42 girls). Descriptive check of age confirmed
a bimodal distribution (S1 Fig); children were then assigned to either the kindergarten (Mg =
5.9, SD = 0.82, 4.4-7.8 years old) or elementary group (M,g = 10.3, SD = 1.4, 7.6-13.4 years
old), according to their current school enrollment (Table 2).

Table 1. Study participants.

Control variable (N =201) Montessori (n = 99) Traditional (n = 102)
Age (SD) 8.91 (2.40) 9.10 (2.28)

Age min, max 4.37,13.37 4.62,13.28

Gender, # of girls 42 54

Fluid intelligence 30.5(7.18) 29.4 (6.63)
Socio-economic status 0.70 (0.11) 0.70 (0.12)

https://doi.org/10.1371/journal.pone.0225319.t1001
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Table 2. Study participant subgroups.

Kindergarten Montessori (n = 30) Traditional (n = 28)
Age (SD) 5.93 (0.89) 5.87 (0.75)

Min, max 4.37-7.83 4.62-7.83

# of girls 16 16

Fluid intelligence 22.8 (8.79) 21.7 (7.26)
Socio-economic status (SD) 0.64 (0.12) 0.70 (0.13)
Elementary Montessori (n = 69) Traditional (n = 74)
Age (SD) 10.22 (1.53) 10.30 (1.21)

Min, max 7.69-13.4 7.58-13.3

# of girls 26 38

Fluid intelligence 33.8 (1.98) 32.4 (3.09)
Socio-economic status (SD) 0.73 (0.09) 0.70 (0.11)

https://doi.org/10.1371/journal.pone.0225319.t002

Children were tested in schools in a dedicated, separated room. Tasks were either paper or
computer based. The total duration of the experiments was of 2 hours, interrupted by brief
breaks depending on the participant’s fatigue.

Group comparison

To ensure the homogeneity of the two groups, we controlled for age, gender, socio-economic
status, and fluid intelligence.

(i) Socio-economic status (SES). SES was assessed through a parental questionnaire [20]
based on education level and both professional situation and category that 79% of parents filled out.
(ii) Fluid intelligence (FI). FI evaluation was made with the help of a black-and-white

version of Raven’s Progressive Matrices (PM-47) test [21] (S2 Fig). The task comprised 36
items. For each item, an incomplete matrix was presented, and the child was asked to identify
the missing element that completes the matrix. Each correct item granted 1 point, with the
maximum score being 36.

Scholastic assessment

Each child’s global scholastic development was evaluated using well-established metrics based on
four aspects (i-iv): executive functions, academic outcomes, well-being at school, and creativity.
(i) Exectuive Functions (EFs). EFs were evaluated with the help of two different types of
tasks: (a) selective attention (inhibition) and (b) cognitive flexibility measures were derived
from reaction time (RT) of the Flanker fish task (a child-friendly version of the flanker task,
where arrows are replaced by fishes) [22]. In this particular experiment (performed using Pre-

sentation™ software), the child was asked to indicate the orientation of fish (replacing the
pointing arrow) by pressing keys during three different blocks. Rules were switched from the
first block (focus on the fish at the center of a line of five blue fishes—17 trials) to the second
block (focus on the four fish flanking the central one, all pink—17 trials). The final block ran-
domly mixed both instructions (line of five blue fish or five pink fish for 45 trials). Response
time limit was 2,000 ms for children up to 6 years old and 1,500 ms for older children. Trials
with valid RT (within 2 SD) were computed as follows: for selective attention (inhibition),
mean RT of congruent trials were subtracted from mean RT of incongruent trials within the
first block. For cognitive flexibility, switching was computed as the mean of RT differences
between successive blocks with a switch in the rules (i.e., from a line of blue fish, to a line of
pink fish, last block only). (c¢) Working memory update was measured from the Ascending
Digit (up to 6 years old) or Digit-Letter (more than 6 years old) span tasks (item from the
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WISC-1V)[23]; the child was asked to listen to and memorize a string of mixed digits or mixed
digit-letters, and to repeat them in an orderly ascending manner. The game started with a two-
digit string; when the child successfully performed two trials in a row, an extra digit was added
to the string. If the child missed a trial, a digit was removed from the string. If the child missed
either three trials in a row or three trials at a single level, the game ended. The final score was
age standardized.

(ii) Academic outcomes. Academic outcomes were assessed using both literacy and
numeracy standardized tasks. Younger children (up to 6 years old) were evaluated through
oral comprehension [24], early reading competence [25], and verbal problems [26]. (a) Oral
comprehension: 27 items from Pierre Lecocq’s “Epreuve de Compréhension Syntaxico-séman-
tique” (E.CO.S.SE) to evaluate oral comprehension were selected. Children were told a sen-
tence and had to select among four pictures the one corresponding to that sentence. Correct
responses were summed to obtain the final score (maximum 25; S3 Fig). (b) Early reading
competence: First, phonemic and syllabic awareness was measured using items as cited in
Gentaz et al. (2013). The child was told a pseudoword and had to repeat the same pseudoword
without the first syllable (10 items) or the first phoneme (24 items). Length and difficulty
increased throughout the task (maximum score, 34). Second, each child performed a decoding
task (Word attack); reading 30 pseudowords within 1 minute (maximum score, 30). Accuracy
across language tasks was summed and expressed as a percentage. (c) Verbal problem: children
were told orally 10 different verbal problems and had to report their answer each time (54 Fig).
Accuracy (0 or 1) was computed, the final score being the sum with a maximum of 10 and
expressed as a percentage of accuracy.

For older children, we evaluated language and mathematical skills through standardized
competence scales [27]. (a) Language competence: Based on a story the child was asked to first
read, several skills were successively tested: reading comprehension (questions on the story),
grammar, and spelling tests. The maximum score was 100% of correct answers. (b) Mathemat-
ical competence: The child had to perform some arithmetical, logical, and geometric tasks.
The maximum score was 100% of correct answers.

(iii) Self-reported well-being at school. Well-being at school was evaluated through ques-
tionnaires. Children up to 6 years old answered the “Feeling about School” questionnaire [11]
using a graduated faces scale (from a very sad face to a very happy one) corresponding to a
5-level Likert scale. Older children filled out the Buss and Plomin questionnaire for the socia-
bility measure [28]. Children answered statements about their feelings using a Likert scale
ranging from 0 to 4. The final score was expressed as a percentage.

(iv) Creativity. Creativity was measured using both divergent and convergent abstract
drawing items from a standardized test [29]. (a) Divergent creativity: The child was asked to
draw as many different drawings as possible from one imposed abstract form, within a time
frame of 10 minutes. The final score was the sum of all valid creations, where the initial
imposed abstract form was correctly integrated within a new concept. (b) Convergent creativ-
ity: The child was asked to pick at least three different abstract forms out of eight and to create
one new drawing that combined them, within a time frame of 15 minutes. Drawings were
blindly scored by three different judges following the referenced scale (maximum of 7, from
1 = very poor creativity to 7 = highly creative). Criteria were originality and storytelling of the
drawing. The final score was expressed as a percentage.

Statistical analysis

Statistical analyses were computed using R, and, in part, jamovi (Version 0.9) Computer
Software.
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Group comparison. Prior to group comparison, statistical ¢ tests were run on the control
variables (age, fluid intelligence, and socio-economic status) to ensure group homogeneity (S1
Table).

Scholastic outcomes.

T tests. Assuming a selection bias, scores per task were tested statistically using bootstrap-
ping Yuen ¢ test [30] with 20% trimming and 600 repetitions for bootstrapping. This test was
used to determine significant differences between the two groups of schoolchildren (Montes-
sori vs. traditional) at the two age levels (kindergarten and elementary), with a false discovery
rate (FDR) p-value correction at g = 0.05. Additionally, we controlled for age by running
ANCOVA on each measure with age as a covariate.

Multiple mediation model. Z-scored data from the same cognitive measure (executive
functions, academic outcomes, well-being at school, or creativity skills) were averaged across
subjects. A multiple mediator model was built and computed on the pooled data to evaluate
the effects of multiple factors (executive functions, creativity skills, well-being at school) simul-
taneously on academic outcomes, when the predictor was school system (contrast Montessori-
Traditional). The full model was Academic outcomes ~ executive functions + well-being at
school + creativity skills + system, and the mediator model was executive functions~system
(M-T), well-being at school~system (M-T), and creativity skills~system (M-T). We used the
large sample z-test of the mediated effect, known to be slightly more accurate than the Sobel
test, with 1,000 bootstrap repetitions (percentile method) [31].

Radial plot. Finally, a radial plot was designed to qualitatively represent the scholastic
development of each child and the mean for both groups (Montessori or traditional) with the
pooled dataset. There were four axes in the radial plot; each edge standing for the maximal
score possible for the core skills (academic outcomes, EFs, creativity, and well-being), and the
center standing for the minimal score for all the skills. Each child’s averaged z-score was
reported as a distance along each axis and joined between axes.

Results

Children were proficient at all tasks, and no one was excluded due to missing data or outlier
outcomes. The scores were individually computed and reported before the statistical compari-
son between the two groups at both school-level, controlling for age. We then built the multi-
ple mediation model to investigate the relationships between EFs, creativity, well-being at
school, and academic outcomes. Finally, we plotted a qualitative measure of global scholastic
development through the radial representation.

Scholastic outcomes

At kindergarten age, between group comparison revealed that, even when controlling for age,
Montessori schoolchildren score higher than same-age children from traditional schools on lan-
guage, math, well-being, working memory, convergent and divergent creativity tasks (Table 3,
top panel). At elementary age, results revealed that language, math, working memory, conver-
gent and divergent creativity scores were higher in the Montessori schoolchildren than in same-
age children from traditional schools, even when controlling for age (Table 3, bottom panel).
Our findings are of medium to large effect sizes (Cohen’s d), that are at least comparable to pre-
vious studies comparing Montessori and traditional schoolchildren (Table 3, right column).

Multiple mediation model

There was a significant indirect effect of creativity skills only on academic outcomes, z > 2,
p =0.04. As Fig 1 illustrates, for Montessori schoolchildren, the standardized regression
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Table 3. Scores per age level and group (mean, SD), and statistics.

Kindergarten Montessori Traditional Yuen’s test Main effect of pedagogy Effect Effect size Cohen’s d from randomized
mean (SD) mean (SD) bootstrapped (p-values | when controlling for age | size studies [11, 13]
FDR corrected) (ANCOVA) Cohen’s
d
Language (%) 66.1 (26.7) 51.8 (23.8) 2.05,p = 0.06 5.26, p = 0.026 0.56 | 0.44 (Letter-Word) & 0.63 (Word
Attack); 0.36 & 0.41 (Academic
achievement at time 1 and time 2)
Math (%) 45.1 (27.8) 23.9 (31.0) 3.52,p=0.012 8.66, p = 0.005 0.72 | 0.55 (Applied problem)
Well-being at 87.2(12.0) 75.8 (13.9) 3.69, p = 0.008 11.13, p = 0.002 0.88
school (%)
Convergent 3.88 (1.49) 2.74 (1.27) 3.54,p=0.013 11.8, p = 0.001 0.82
creativity (score)
Divergent 6.63 (4.32) 3.36 (2.72) 2.89,p=0.016 13.6, p < 0.001 0.90
creativity (score)
Working memory 5.30 (1.85) 4.16 (1.56) 3.13,p=0.016 7.01, p =0.010 0.66 0.61 (Dimensional Card Sort); 0.35 (at
(score) time 3 for the Head-Toes-Knees-
Selective attention |  74.5 (203) 144 (245) ~1.77, p = 0.100 1.29, p = 0.260 031 | Shouldersand Copy-Design tasks)
(ms)
Cognitive 46.7 (104) 31.0 (76.7) 0.22, p =0.380 0.355,p =0.554 0.17
flexibility (ms)
Elementary Montessori Traditional Yuen’s test Main effect of pedagogy Effect | Effect size Cohen’s d from randomized
mean (SD) mean (SD) bootstrapped (p-values | when controlling for age size studies
FDR corrected) (ANCOVA) Cohen’s
d
Language (%) 74.4 (14.8) 57.6 (26.7) 3.74, p = 0.004 29.0, p < 0.001 0.78
Math (%) 66.1 (25.0) 45.1 (26.7) 4.28,p = 0.003 30.6, p < 0.001 0.81
Well-being at 65.7(20.7) 63.4 (19.7) 0.42,p=0.77 0.60, p = 0.442 0.12 0.54 (positive school feeling)
school (%)
Convergent 5.13 (1.46) 3.53 (1.51) 6.07, p = 0.003 43.93, p < 0.001 1.07 0.71 (Creativity of narrative)
creativity (score)
Divergent 10.8 (4.08) 7.42 (4.65) 4.61,p = 0.003 22.76, p < 0.001 0.76
creativity (score)
Working memory 7.32 (2.12) 6.29 (2.35) 1.99, p =0.053 7.79, p = 0.006 0.46
(score)
Selective attention 21.8 (85.4) 7.18 (87.6) 1.38,p=0.24 0.94, p =0.335 0.17
(ms)
Cognitive 51.3 (68.6) 43.7 (54.5) 0.12, p = 0.900 0.44, p = 0.508 0.12
flexibility (ms)

https://doi.org/10.1371/journal.pone.0225319.t003

coefficient between system and creativity as well as creativity and academic outcomes were sta-
tistically significant (p < 0.001 and p = 0.036, respectively). The standardized indirect effect
was 3 =0.39 (p < 0.001), with partial mediation of Montessori system by creativity on the aca-
demic outcomes. Of note, the standardized regression coefficient between system and execu-
tive functions was not significant (p = 0.18) (52 Table).

Radial representation

Fig 2A depicts the radial representation of the group means. Each core skill z-score center is
tracked with the red line, allowing a visual assessment of mean global development. The pat-
tern shows that only creativity skills and academic outcomes differ between groups in favor of
Montessori schoolchildren. Fig 2B (Montessori schoolchildren) and Fig 2C (traditional school-
children) are radial plots, where individual outcomes are depicted; of note, there is a visible dif-
ference on the “creativity” corner.
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Indirect effect through creativity skills

z=2.08, p=0.039
creativity
skills
0.49* 0.14*
Pedagogy 0.16 well-being 0.20* academic
(M-T) \ at school o outcomes
S 0.26*
N\
N\
\ S 0.27*
0.03 \ ;
N

A executive
functions

Fig 1. Multiple mediation model (according to [31]) for the indirect effect of children’s school system (Montessori
vs. traditional) via multiple mediators (executive functions, well-being at school, and creativity skills) on
academic outcomes. The only significant (z > 2) indirect mediation effect on academic outcomes was creativity skills
in Montessori schoolchildren (green path). The standardized solution coefficients (£3) and significant p-values < 0.05
(depicted with a star) are reported next to related path.

https://doi.org/10.1371/journal.pone.0225319.9001

Discussion

We evaluated cognitive measures that were studied separately in previous works done in the
field, comparing Montessori with traditional schoolchildren on scholastic, creativity and well-
being outcomes [11, 13, 15, 16].

Regarding scholastic and creativity scores, our findings corroborate previous studies [11,
16] but in a different cultural environment, suggesting that some of the measured effects could
reflect the child pedagogical experience in a Montessori setting. Kindergarten Montessori
schoolchildren also reported a better sense of well-being at school than schoolchildren from
traditional pedagogy. This is in line with previous studies using the same tasks; however, we
did not find a similar difference among elementary schoolchildren. Based on the existing liter-
ature reporting that the Montessori pedagogy promote students’ sense of belonging to the
school [11, 15], with higher autonomy usually leading to well-being [32], this result is contrary
to our expectations. This may reflect more generally a developmental shift in how schoolchil-
dren orient and evaluate their social interest at school; from the teacher at kindergarten-age to
their peers from 6 years old onwards. The general attenuation in well-being with age may thus
reflect the usual appearance of socio-cognitive conflicts in children and/or the social bias of
self-reported questionnaires [33].

Concerning EFs, which include cognitive flexibility, working memory update, and selective
attention (inhibition) according to Miyake’s model [34], no difference was found between
school settings. The exception was for working memory, which was found to be different in
favor of Montessori students. As opposed to cognitive flexibility and inhibition, which were
measured based on RT (speeded response task) through a computerized task, working mem-
ory was measured as a score (no time restriction). Time limit and/or the screen interface could
artifact the outcomes, since Montessori schoolchildren are not accustomed to this type of
activity within their school environment, nor to work under time pressure. Previous studies
making use of screen-free tasks with no account for RT reported advantages for the Montes-
sori schoolchildren. For example, the Head-Toes-Knees-Shoulders and Copy-Design tasks
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B MONTESSORI (n=99) C TRADITIONAL (n=102)

A

Executive
Functions

Creativity
skills

Well-Being
at school

Academic
outcomes

Fig 2. Radial qualitative representation of the four different cognitive measures: executive functions, creativity
skills, well-being at school, and academic outcomes, each located at a summit. The scales depend on the measured
cognitive skill; however, all run from the minimum at the center to the maximum at the border of the square. Individual
results are represented with a thin line (Montessori schoolchildren on top left 2B, and control on the top right 2C), and
mean for each group is reported with a bold line in the central square 2A, where the dotted red line marks the 0 of each
cognitive measure’s z-score scale. Montessori (M) depicted in green, traditional (T) in blue. Group differences (M vs. T)
are observed for creativity skills and academic outcomes.

https://doi.org/10.1371/journal.pone.0225319.9002

showed an improvement over two years in Montessori schoolchildren compared to controls
from traditional schools [13]. Either these tasks pull more on the child’s working memory
capacity, or time/computer constrains their actual competences. We further addressed the
issue of timing by looking at the error-rate of the flanker task instead of RT, but none of these
analyses revealed group differences (p>0.5). Another possible explanation for the absence of a
clear global EF difference in our cohort could also stem from the known relationship between
EFs and SES [35]. Indeed, in the context of our study, participants come from relatively high-
income family environments, which likely influenced their EF capacity in a similar way. In
addition, these children attend schools with high-quality settings, where great emphasis was
placed on EF trainings in the last decade.

While there are no differences in EFs, their self-monitoring could still differ. Empirical
studies describe Montessori schoolchildren with the capacity for a deep concentration state
[9,18], which certainly rely on combined self-regulatory features rather than just selective
attention capacity (high focus). In this context, it would be of interest to measure self-directed
EF [36], as the Montessori children are trained for more autonomous thinking behaviors that
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could promote more “intrinsically” driven executive control, and also explain their higher cre-
ativity skills.

This was further explored through the multiple mediator analysis. Our data shows that
beyond EFs, creative competencies specifically modulate academic success in Montessori
schoolchildren, suggesting good execution of self-generated ideas. This aspect of EFs is cur-
rently understudied in the framework of academic outcomes in school years.

Finally, pupils attending a Montessori school were shown to have a more balanced global
development. This may play a key role in promoting academic performance. This finding
raises the question of the limit of emphasizing a unique aspect of scholastic development, such
as EFs. In fact, cognition with less control (lower EFs) as during the childhood years presents
many advantages, such as faster learning rate and higher creative abilities [37]. Seeking for cog-
nitive performance may be at the cost of qualitative and long-term learning[38]. Accordingly,
expecting schoolchildren to maintain a high level of selective attention, or placing too much
emphasis on other core EFs, may well be counterproductive and impair the individual’s innate
capacity for learning and creative execution abilities.

More broadly, one can wonder whether educating and directing competencies in isolation
does not prevent schoolchildren from making connections or unrelated links later on, and
thus prevent from nurturing individual creative thinking. Indeed, creativity is frequently
attributed to genius or pure talent—an innate spark found only in the Albert Einsteins, Pablo
Picassos, or Steve Jobses of this world. However, creative thinking is a fundamental compe-
tency, present in all of us to different degrees, and something that can be nurtured. We need to
address and educate creative execution abilities, not simply by allocating more hours for paint-
ing or crafting within curricula (there is little of these activities within the Montessori educa-
tion, for instance), but rather by investigating which aspects of pedagogical approaches
fostering creativity, such as Montessori, make it possible for schoolchildren to grow this way of
thinking. We suspect that it results from a combination of features more than one; such as
using more naturalistic activities that are inherently inter-disciplinary, interacting with peers
from different ages, making a choice amongst different activities, taking the lead over projects,
or seeking for answers and solutions on their own. These pedagogical aspects are not easy to
capture scientifically and will highly benefit from extensive multimodal research in the future.

The main limitation of our study is the fact that, due to local policies in Switzerland, the
Montessori classes included in the study are all in private schools, whereas the traditional
schools are public. We chose public schools in areas of similar wealth to that of Montessori
school candidates and controlled for their SES. This may constitute, despite all precautions, a
selection bias. Nevertheless, our basic findings are in agreements with the two existing ran-
domized studies made in public Montessori schools [11, 13], suggesting that this bias may be
weak or negligible and that the observed effect is mainly attributable to schooling differences.
However, in our effort to match the schoolchildren based on their SES, we did not account for
the possible bias that parents enrolling their children within Montessori curricula could them-
selves present higher creative thinking. If so, interactions with their child could also influence
the higher level of creativity measured in our study. Further studies should be conducted to
deepen these findings and would benefit either from a longitudinal or a lottery design study
instead of the use of matched controls to clarify some of the uncertainty raised in this
discussion.

Supporting information

S1 Text. School selection criteria.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0225319 November 21, 2019 10/13



@ PLOS |IONE

Beyond executive functions, creative thinking: Insights from Montessori education

S1 Table. Control variables’ t-Test. Age, Fluid Intelligence (FI) and socio-economic status (SES).
(PDF)

S2 Table. Mediation model.
(PDF)

S1 Fig. Age distribution.
(PDF)

S2 Fig. Fluid Intelligence was measured with the help of the Raven matrices task, examples
displayed here.
(PDF)

$3 Fig. Oral comprehension, examples from the E.C.O.S.S.E task.
(PDF)

$4 Fig. Verbal problem examples.
(PDF)

Acknowledgments

We thank all the children, parents, teachers and school Directors who participated in this
study; we are grateful to Prof. Diamond and David Abott, Ph.D., Prof. Angeline Lillard, and
Prof. Todd Lubart and Maud Besangon, Ph.D., for sharing some of their tasks and advice, we
also thank Morgane Budry, Diane Gervaise, Julien Fedrizzi, and Claire Battilotti for help with
data collection and coding; Andres Posada, Ph.D., for technical support; Adin Ross-Gillespie,
Ph.D,, for his expertise in statistical analysis and editing; Jean-Marc Randin, Prof. David
Sander, and Nicolas Denervaud, Ph.D., for their critical insights, Prof. Liliane Sprenger-Char-
olles and Prof. Kerstin von Plessen for comments on an earlier version of this manuscript;
both reviewers for highly constructive remarks; Nora Yang, Tim Pfahlert, and Cambridge
Proofreading for editing the final version of this manuscript.

Author Contributions

Conceptualization: Solange Denervaud, Edouard Gentaz.

Data curation: Solange Denervaud.

Formal analysis: Solange Denervaud, Jean-Fran¢ois Knebel, Patric Hagmann.
Funding acquisition: Edouard Gentaz.

Investigation: Solange Denervaud.

Project administration: Solange Denervaud, Edouard Gentaz.

Supervision: Patric Hagmann.

Visualization: Solange Denervaud, Patric Hagmann.

Writing - original draft: Solange Denervaud.

Writing - review & editing: Jean-Francois Knebel, Patric Hagmann, Edouard Gentaz.

References

1. Puccio GJ, State University College at Buffalo. Center for Studies in Creativity. Creativity rising: creative
thinking and creative problem solving in the 21st century. Buffalo, N.Y.: ICSC Press, International Cen-
ter for Studies in Creativity; 2012. 144 p. p.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225319 November 21, 2019 11/13



@ PLOS |IONE

Beyond executive functions, creative thinking: Insights from Montessori education

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.
25.

26.

27.

Grisay A, de Jong JH, Gebhardt E, Berezner A, Halleux-Monseur B. Translation equivalence across
PISA countries. J Appl Meas. 2007; 8(3):249-66. Epub 2007/09/07. PMID: 17804893.

Vygotsky L. Mind in society: The development of higher psychological processes. Cambridge: MA:
Harvard University Press; 1978.

Piaget J. The origins of intelligence in children. New York: International Universities Press; 1952.

Condliffe B, Quint J, Visher MG, Bangser MR, Drohojowska S, Saco L, et al. Project-Based Learning; A
Literature Review. New York: 2017.

Montessori M. The Secret of Childhood. 1981 ed. New York: Ballantine; 1936.

Marshall C. Montessori education: a review of the evidence base. npj Science of Learning. 2017; 2(1).
https://doi.org/10.1038/s41539-017-0012-7 PMID: 30631457

Diamond A. Activities and Programs That Improve Children’s Executive Functions. Curr Dir Psychol
Sci. 2012; 21(5):335—41. Epub 2012/10/01. https://doi.org/10.1177/0963721412453722 PMID:
25328287; PubMed Central PMCID: PMC4200392.

Diamond A. Executive Functions. Annu Rev Psychol. 2013; 64:135-68. https://doi.org/10.1146/
annurev-psych-113011-143750 WOS:000316383600007. PMID: 23020641

Diamond A. Want to Optimize Executive Functions and Academic Outcomes?: Simple, Just Nourish
the Human Spirit. Minn Symp Child Psychol Ser. 2014; 37:205-32. Epub 2014/11/02. PMID: 25360055;
PubMed Central PMCID: PMC4210770.

Lillard AS, Else-Quest N. The early years. Evaluating Montessori education. Science. 2006; 313
(5795):1893—4. Epub 2006/09/30. https://doi.org/10.1126/science.1132362 PMID: 17008512.

Diamond A, Lee K. Interventions shown to aid executive function development in children 4 to 12 years
old. Science. 2011; 333(6045):959-64. Epub 2011/08/20. https://doi.org/10.1126/science.1204529
PMID: 21852486; PubMed Central PMCID: PMC3159917.

Lillard AS, Heise MJ, Richey EM, Tong X, Hart A, Bray PM. Montessori Preschool Elevates and Equal-
izes Child Outcomes: A Longitudinal Study. Front Psychol. 2017; 8:1783. Epub 2017/11/23. https://doi.
org/10.3389/fpsyg.2017.01783 PMID: 29163248; PubMed Central PMCID: PMC5670361.

Phillips-Silver J, Daza MT. Cognitive Control at Age 3: Evaluating Executive Functions in an Equitable
Montessori Preschool. Frontiers in Education. 2018.

Rathunde K, Csikszentmihalyi M. Middle School Students’ Motivation and Quality of Experience: A
Comparison of Montessori and Traditional School Environments. American Journal of Education. 2005;
111(3).

Besancgon M, Lubart T. Differences in the development of creative competencies in children schooled in
diverse learning environments. Learning and Individual Differences. 2008; 18(4):381-9. https://doi.org/
10.1016/j.lindif.2007.11.009

Mackinnon P. Studying students in Montessori schools. Science. 2007; 315(5812):596—7; author reply
-7. Epub 2007/02/06. PMID: 17278256.

Lindenfors P. Studying students in Montessori schools. Science. 2007; 315(5812):596—7; author reply
-7. Epub 2007/02/03. https://doi.org/10.1126/science.315.5812.596b PMID: 17272701.

Lillard AS. Preschool children’s development in classic Montessori, supplemented Montessori, and con-
ventional programs. J Sch Psychol. 2012; 50(3):379-401. Epub 2012/06/05. https://doi.org/10.1016/j.
jsp.2012.01.001 PMID: 22656079.

Genoud PA. Indice de position socioéconomique (IPSE): un calcul simplifié: Fribourg University; 2011
[cited 2015]. Available from: http://www3.unifr.ch/cerf/fr/indice-de-position-socioeconomique.html.

Raven J, Raven JC, Court JH. Manual for Raven’s Progressive Matrices and Vocabulary Scales. Sec-
tion 2: The Coloured Progressive Matrices. San Antonio, TX: Harcourt Assessment; 1998.

Eriksen BA, Eriksen CW. Effects of noise letters upon identification of a target letter in a non- search
task. Perception and Psychophysics. 1974; 16:143-9.

Wechsler D. WISC-IV Echelle d'intelligence de Wechsler pour enfants et adolescents. 4th ed: ECPA,;
2005.

Lecocq P. L’E.Co.S.Se: une épreuve de compréhension syntaxico-sémantique. Lille1996.

Gentaz E, Sprenger-Charolles L, Theurel A, Cole P. Reading comprehension in a large cohort of French
first graders from low socio-economic status families: a 7-month longitudinal study. PLoS One. 2013; 8
(11):e78608. Epub 2013/11/20. hitps://doi.org/10.1371/journal.pone.0078608 PMID: 24250802;
PubMed Central PMCID: PMC3826761.

von Aster M. ZAREKI-R Batterie pour I'évaluation du traitement des nombres et du calcul chez I'enfant.:
ECPA,; 2005.

Simonart G. ECHAS; échelle d’apprentissages scolaires primaires2008.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225319 November 21, 2019 12/13



@ PLOS |IONE

Beyond executive functions, creative thinking: Insights from Montessori education

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Buss AH, Plomin R. Temperament: Early developing personality traits. London: Psychology Press;
1984. 196 p.

Lubart T, Besangon M, Barbot B. EPoC: Evaluation du potentiel créatif des enfants. France: Hogrefe
2011.

Yuen KK. The two-sample trimmed t for unequal population variances. Biometrika. 1974; 61:165-70.

Selker R. Simple Mediation and Moderation Analysis https://github.com/raviselker/medmod2017.
Packagel].

Ryan RM, Deci EL. Self-determination theory and the facilitation of intrinsic motivation, social develop-
ment, and well-being. Am Psychol. 2000; 55(1):68—78. Epub 2001/06/08. https://doi.org/10.1037//
0003-066x.55.1.68 PMID: 11392867.

Rosenman R, Tennekoon V, Hill LG. Measuring bias in self-reported data. Int J Behav Healthc Res.
2011; 2(4):320-32. Epub 2011/10/01. https://doi.org/10.1504/IJBHR.2011.043414 PMID: 25383095;
PubMed Central PMCID: PMC4224297.

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of
executive functions and their contributions to complex "frontal lobe" tasks: A latent variable analysis.
Cognitive Psychol. 2000; 41(1):49—-100. https://doi.org/10.1006/cogp.1999.0734
WOS:000088656100002. PMID: 10945922

Lawson GM, Hook CJ, Farah MJ. A meta-analysis of the relationship between socioeconomic status
and executive function performance among children. Dev Sci. 2018; 21(2). Epub 2017/05/31. https:/
doi.org/10.1111/desc.12529 PMID: 28557154; PubMed Central PMCID: PMC5821589.

Barker JE, Semenov AD, Michaelson L, Provan LS, Snyder HR, Munakata Y. Less-structured time in
children’s daily lives predicts self-directed executive functioning. Front Psychol. 2014; 5:593. Epub
2014/07/30. https://doi.org/10.3389/fpsyg.2014.00593 PMID: 25071617; PubMed Central PMCID:
PMC4060299.

Thompson-Schill SL, Ramscar M, Chrysikou EG. Cognition without control: When a little frontal lobe
goes a long way. Curr Dir Psychol Sci. 2009; 18(5):259-63. Epub 2009/01/01. https://doi.org/10.1111/j.
1467-8721.2009.01648.x PMID: 2040134 1; PubMed Central PMCID: PMC2855545.

Soderstrom NC, Bjork RA. Learning versus performance: an integrative review. Perspect Psychol Sci.
2015; 10(2):176-99. Epub 2015/04/25. https://doi.org/10.1177/1745691615569000 PMID: 25910388.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225319 November 21, 2019 13/13



1. SUPPORTING INFORMATION

School selection criteria

The criteria set by the International Montessori Association (AMI) (https://montessori-

ami.org):
(1) all teachers were AMI trained,
(i1) a complete set of Montessori material was available in each classroom,
(iii))  children had a 3-hour continuous working time, and

(iv)  there were at least 3 different age-levels per class.

The official local study plan for traditional public schools strictly implies, as from 6 years old:
(1) frontal teaching,
(il))  tests and formal evaluations,
(iii)  breaks every hour, and

(iv)  one age-level per class.

N.B. In Switzerland, it is quite common to have two part-time teachers that share the lead of
one class, which was the case for many of the public traditional classes included in the study.
In addition, Montessori classes had often two teachers per class, if the latter was large

(according to the Swiss law).

Control t df P Cohen’s d
variable

Age -0.59 | 199 0.56 -0.08

FI 1.09 199 0.28 0.15

SES 0.92 156 0.36 0.15

Table S1: Control variables’ t-Test. Age, Fluid Intelligence (FI) and socio-economic status (SES)



Models Info

Mediators
Models
ml Creativity skills ~ Pedagogy
m2 Well-being at school ~ Pedagogy
m3 Executive functions ~ Pedagogy
Full Model
4 Acad_emic outcomes ~ Creativity skills + Well-being at school + Executive
functions + Pedagogy
Indirect
Effects
IE 1 Pedagogy = Creativity skills = Academic outcomes
IE 2 Pedagogy = Well-being at school = Academic outcomes
IE3 Pedagogy = Executive functions = Academic outcomes
Indirect and Total Effects
95% C.I. (a)
Type Effect Estimate SE Lower Upper p z P

Pedagogyl =
Indirect Creativity skills = 0.0304 0.01465
Academic outcomes

0.00257 0.0562 0.0684 2.07 0.038

Pedagogyl = Well-
being at school = 0.0141 0.00793 0.00126 0.0324 0.0317 1.78 0.076
Academic outcomes

Pedagogyl =
Executive functions 0.0115 0.00970 A
= Academic ’ . 0.00644

outcomes

0.0324 0.0258 1.18 0.238

Pedagogyl =
Creativity skills

Creativity skills
= Academic 0.1691 0.08028
outcomes

Component 0.1796 0.02208 0.13393 0.2228 0.4870 8.13 <.001

0.01448 0.3086 0.1405 2.11 0.035

Pedagogyl =
Well-being at 0.0630 0.02812 0.00627 0.1187 0.1585 2.24 0.025
school

Well-being at
school =
Academic
outcomes

0.2235 0.06837 0.08783 0.3556 0.1999  3.27 0.001

Pedagogyl =
Executive 0.0385 0.02980
functions

0.02243 0.0934 0.0949 1.29 0.196

Executive
functions =
Academic
outcomes

0.2974 0.06360 0.17958 0.4324 0.2719  4.68 <.001



Indirect and Total Effects

Effect Estimate

95% C.L (a)

Type SE Lower Upper i} z p
Direct Pedagogyl = 0.1167  0.02993  0.06126  0.1801  0.2629 3.90  <.001
Academic outcomes
Total Pedagogyl = 0.1726  0.02905  0.11563  0.2295 03873 594  <.001

Academic outcomes

Note. (a) Confidence intervals computed with method: Bootstrap

Table S2: Mediation model.
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Figure S1: Age distribution.
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Figure S2: Fluid Intelligence was measured with the help of the Raven matrices task, examples

displayed here.



E.CO.S.SE | Examples of sentence for oral comprehension (CO) Pictures
Active
sentences OC- La fille pousse le cheval.
The girl pushes the horse
Passive
sentences OC - La fille est poursuivie par le cheval.
The girls is pursued by the horse
Pronouns
OC - L’éléphant les porte.
The elephant carries them
Double
negation CO - Ni le garcon ni le cheval ne courent.
Neither the boy nor the horse run )
Spatial :
relation CO - Le crayon est derriére la boite. ) e ‘{‘:\f g
The pencil is behind the box == ‘> e
Embedded
relative CO - Le crayon qui est sur le livre est jaune. G”‘?"
clause with | The pencil on the book is yellow = [ =
spatial = _
relation ==

Figure S3: Oral comprehension, examples from the E.C.O.S.S.E task.




Oral Sentence

Expected Answer

“Jean a 4 cerises. 1l en mange 1. Combien de cerises lui reste-t-il ?”

Jean has 4 cherries. He eats one. How many cherries are left?

4-1=3

“Pierre a 12 billes. 1l donne 5 billes a sa copine Anne. Combien de 12-5=7
billes a Pierre maintenant ?”
Pierre has 12 marbles. He gives 5 marbles to his girlfriend Anne.
How many marbles has Peter now?
4+x=6

“Il y a 4 poissons dans le bocal. David ajoute des poissons.
Maintenant, il y a 6 poissons dans le bocal. Combien David a-t-il
ajouté de poissons ?”

There are four fishes in the jar. David adds fishes. Now there are six

fishes in the jar. How many fish did David add?

X =

Figure S4: Verbal Problem examples.
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Multisensory Gains in Simple
Detection Predict Global Cognition
in Schoolchildren

Solange Denervaud'?, Edouard Gentaz(®?23, Pawel J. Matusz'*>8 & Micah M. Murray ®?%567:8*

The capacity to integrate information from different senses is central for coherent perception across the
lifespan from infancy onwards. Later in life, multisensory processes are related to cognitive functions,
such as speech or social communication. During learning, multisensory processes can in fact enhance
subsequent recognition memory for unisensory objects. These benefits can even be predicted; adults’
recognition memory performance is shaped by earlier responses in the same task to multisensory — but
not unisensory — information. Everyday environments where learning occurs, such as classrooms, are
inherently multisensory in nature. Multisensory processes may therefore scaffold healthy cognitive
development. Here, we provide the first evidence of a predictive relationship between multisensory
benefits in simple detection and higher-level cognition that is present already in schoolchildren.
Multiple regression analyses indicated that the extent to which a child (N=68; aged 4.5-15years)
exhibited multisensory benefits on a simple detection task not only predicted benefits on a continuous
recognition task involving naturalistic objects (p = 0.009), even when controlling for age, but also

the same relative multisensory benefit also predicted working memory scores (p =0.023) and fluid
intelligence scores (p =0.033) as measured using age-standardised test batteries. By contrast, gainsin
unisensory detection did not show significant prediction of any of the above global cognition measures.
Our findings show that low-level multisensory processes predict higher-order memory and cognition
already during childhood, even if still subject to ongoing maturation. These results call for revision

of traditional models of cognitive development (and likely also education) to account for the role of
multisensory processing, while also opening exciting opportunities to facilitate early learning through
multisensory programs. More generally, these data suggest that a simple detection task could provide
direct insights into the integrity of global cognition in schoolchildren and could be further developed as
areadily-implemented and cost-effective screening tool for neurodevelopmental disorders, particularly
in cases when standard neuropsychological tests are infeasible or unavailable.

When a child wishes to cross the street, simply looking left and right for incoming cars is not always sufficient to
make a safe choice. Sensitivity to additional cues, like the noise generated by an approaching car, will also guide
their judgement, and may save their life. There are two aspects of this capacity to integrate information from
different senses that are likely themselves synergistic. First, multisensory information may accelerate perceptual
decision-making and result in faster and more accurate responses (reviewed in'~*). Second, multisensory infor-
mation may provide a more efficient means for learning and memory than unisensory stimuli, which in turn can
guide future behaviour (reviewed in®-%). Learning in multisensory contexts is thus of clear adaptive benefit during
development and throughout the lifespan, particularly given the fact that multisensory contexts are reflective of
naturalistic settings’. It thus logically follows that the gain afforded by multisensory processes may themselves
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University of Geneva, Geneva, Switzerland. 3Faculty of Psychology and Educational Sciences (FAPSE), University
of Geneva, Geneva, Switzerland. “Information Systems Institute at the University of Applied Sciences Western
Switzerland (HES-SO Valais), 3960, Sierre, Switzerland. *Department of Hearing and Speech Sciences, Vanderbilt
University Medical Center, Nashville, TN, USA. ®Department of Ophthalmology, Fondation Asile des aveugles and
University of Lausanne, Lausanne, Switzerland. ’Sensory, Cognitive and Perceptual Neuroscience Section, Center
for Biomedical Imaging (CIBM) of Lausanne and Geneva, Lausanne, Switzerland. 8These authors contributed equally:
Pawel J. Matusz and Micah M. Murray. *email: micah.murray@chuv.ch

SCIENTIFIC REPORTS |

(2020) 10:1394 | https://doi.org/10.1038/s41598-020-58329-4



www.nature.com/scientificreports/

provide a scaffold for improved higher-level cognitive functions such as learning, recognition memory, working
memory, and fluid intelligence (among others) (reviewed in'®). The aim of the present study was to assess the
presence of such relationships in school-aged children.

Considerable research points to a general link between processing speed and measures of intelligence''~'4, in
adults as well as in school-aged children'®. One potential consideration with that research is that the tasks used
to evaluate processing speed were all visual in nature and thus did not assess the contribution of other sensory
systems to cognitive abilities, including intelligence. At the same time, it stands to reason that individuals capable
of capitalising on situations that improve processing speed (e.g. multisensory contexts) should also demonstrate
stronger cognitive abilities; what Rose and colleagues refer to as a “cognitive cascade”>'®.

Longitudinal studies have linked cross-modal pattern matching in infants with their later reading abilities,
such as in the seminal work of Birch and Belmont'’'° in 220 elementary (5-12 years old) scholars. This link was
then extended to infants, including those born prematurely, by Rose and colleagues. An infant’s ability to match
information (typically temporal patterns) between the senses is predictive of later reading skills. In particular,
matching abilities between the senses has been shown to be a better predictor of reading skills than matching skills
for patterns within a given sensory modality*’. The capacity to establish sensory-independent or multisensory
representations may be a core underlying skill for cognitive functions to develop and thus are indicative of core
intelligence.

While the literature in infants and young children appears to support links between multisensory processes
and higher-level cognition, establishing these links in school-aged children has proven more elusive. There is evi-
dence that school-aged children (8-12 years-old) do benefit from multisensory compared to unisensory learning
contexts, with facilitated later (unisensory) recognition memory??2. Similar conclusions are garnered from the
works of Broadbent and colleagues. These authors found incidental learning to be improved by multisensory
cues®, and that retention of category learning over a 24-hour delay to be significantly higher for multisensory
cues than unisensory ones in 5-10 year-old schoolchildren®. This is consistent with literature in adults report-
ing evidence for links between processes subserving multisensory integration on the one hand and cognitive
functions, including recognition memory, on the other hand. For example, Thelen ef al.>® showed that individual
performance on a continuous object recognition task could be predicted by brain responses to multisensory, but
not unisensory, stimuli at initial encounters. Likewise, healthy elderly and those with mild cognitive impairment
can be classified based on performance on a simple multisensory detection task, but not from unisensory perfor-
mance alone, highlighting functional links between multisensory processes and memory (dys)functions®.

While there is evidence that children (and, later, adults) indeed garner benefits from multisensory contexts
when performing memory tasks, the links between benefits of multisensory information during stimulus pro-
cessing and measures of intelligence remain to be firmly established. For example, one study of 95 school chil-
dren aged 6-11 years old”” compared performance on an auditory-visual simple detection task with scores from
Raven’s Coloured Progressive Matrices*® and the Neal Analysis of Reading Ability?. In this work, there was no
evidence of a statistically reliable link between multisensory facilitation of behaviour and these measures of cog-
nitive function. Instead, those results provide evidence that multisensory processes, at least those indexed by
violations of Miller’s race model inequality, remain immature in this age group. In a later study of 88 school
children, Barutchu and colleagues observed a significant difference in full-scale IQ between those children whose
facilitation of reaction times exceeded probability summation and those children whose multisensory facilitation
could be explained by probability summation®. An additional more recent study of 38 8-11 years-old children
reported no correlation between (absolute) multisensory reaction time facilitation and IQ scores. Instead, there
was a significant positive correlation between raw multisensory reaction time and their working memory index*!.
It should be noted, though, that there was no evidence for a systematic correlation between measures of multi-
sensory facilitation and IQ scores (In fact, there were positive correlations between IQ and unisensory RTs**% a
pattern somewhat at odds with the notion of IQ being coupled with processing speed or with facilitation under
multisensory conditions).

That multisensory processing capabilities are related in some manner or another to cognitive ones is certain,
as is the evidence that this relationship develops (and perhaps modulates in its nature) over childhood and ado-
lescence. As this relationship could potentially offer a long-term scaffold to improve a child’s scholastic outcomes,
both in the case of typical development as well as in cases of neurodevelopmental disorders'>?***, clarification
seems important. Our prior work in adults would indeed suggest that the manner in which an individual detects
multisensory stimuli in their environment is predictive of how well multisensory contexts will be beneficial for
recognition memory functions**>-*!. One implication is that low-level multisensory processes may be predictive
of higher-level cognitive functions, be it multisensory or more traditional and unisensory, and that such relation-
ships may be formed during childhood (and perhaps earlier). To better understand the nature of these interac-
tions, here, we collected data from both a simple detection task and a continuous recognition memory task, which
we have used extensively in our research in adults*>*>~*!, together with standardised neuropsychological measures
of working memory and fluid intelligence in school-age children.

11-14

Materials and Methods

Participants. In total, seventy-seven children (36 girls) from 4.6 to 15.5 years old (M, = 8.1 years, SD=3.0
years) partook in the experiment. All children had normal or corrected vision and reported no hearing loss.
Moreover, Swiss children are all screened at age of 4 for sensory and learning disabilities. Any child with a
reported suspicion of such disabilities was excluded from participating in our study. These individuals are the sub-
set of participants from another study comparing pedagogical settings, and so information about schooling was
also collected (Montessori and traditional). Nine schoolchildren were excluded from the study due to poor per-
formance on the detection task (N =3), defined as an accuracy rate lower than 30%, or due to missing data from
technical issues (N =6). The final sample included 68 children (32 girls), aged 4.6-15.5 years (M, = 7.9 years,
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Median = 6.4 years, SD = 3.0 years). The study was conducted in accordance with the Declaration of Helsinki,
and all parents provided written informed consent for their child to participate. The experimental procedures

were approved by the Vaudois Cantonal Ethics Committee (Commission cantonale d'éthique de la recherche sur
'étre humain).

Tasks and procedure. All experiments took place within Swiss French-speaking schools, and a separate
room was set up for testing of individual children. Two different examiners collected the data, and task order
was randomized. For computerized tasks, children were seated in front of a 20”-screen laptop. The auditory
stimuli were presented over headphones (model: CASIO LK-260), and the volume was adjusted to a comfortable
level (~60 dB, as measured with the Decibel meter from the laptop)*2. Both tasks were presented and controlled
electronically using the E-Prime 2.0 Professional software (Psychology Software Tools, Pittsburgh, PA), and the
behavioural data were recorded through the laptop’s keyboard.

Simple detection task. Children were presented with either visual (V), auditory (A) or audiovisual (AV) stimuli.
Each child was presented with a total of 60 trials with a pseudo-randomised presentation, and equal distribution
of the V, A, and AV conditions (i.e. 20 per condition). The visual stimuli were white drawings (cloud or star)
presented on a black background, and the auditory stimuli were two different tones (44100 Hz digitisation; 16 bit
stereo) that differed in their spectral composition to create two “opposite” types of sounds (the first one ranged
from 20 Hz to 21000 Hz and the second one - from 18700 Hz to 19600 Hz). Stimuli were intermixed within blocks
to maintain a high level of attention and unpredictability (in terms of which specific sensory modality would be
stimulated). The audiovisual (AV) stimuli were the simultaneous and synchronous presentation of a visual and
auditory stimulus. This type of detection paradigm is highly similar to that used by Fort and colleagues® in their
seminal work in adults. Stimulus duration was 500 ms and was followed by a randomised inter-stimulus interval
(ISI) ranging from 1500 to 1900 ms, during which time a central, white fixation cross was presented. Children
were asked to press a button (the keyboard spacebar) as fast as possible when they perceived any type of stimulus.
Both accuracy and reaction time were recorded.

Continuous recognition task. Children performed a continuous recognition task, adapted from Thelen et al.?®
The task was a 2-alterative forced choice that required the discrimination of initial (i.e., ‘first’) from repeated (i.e.,
‘second’) instances of line drawings of common objects presented in a series of trials within a block (i.e., an “old/
new” task) by pressing one of two buttons. The visual objects were black drawings presented centrally on a white
background. The sounds were also selected from Thelen et al. (16 bit stereo; 44100 Hz digitization; 10 ms rise/
fall to avoid clicks, they differed in their spectral composition, ranging from 100 Hz to 4700 Hz, and sometimes
were modulated in terms of amplitude envelopes and/or waveform types). Trials were pseudo-randomised within
a block of 60 trials (30 different drawings). On each trial a single image (selected from the original study) was
presented alone (V) or with a congruent (AVc) or meaningless (AVm) sound (equal distribution of the three
conditions; 10 trials per condition). Images were controlled to equate spatial frequency spectra and luminance
between image groups (AV vs. V), according to the original task. Stimuli were presented for 500 ms, followed by a
randomised inter-stimulus interval (IS) ranging from 900 to 1500 ms, where a fixation cross was shown. The mean
number of trials between the initial and the repeated presentation was 5=+ 1 pictures for both V and AV condi-
tions. Altogether, children performed four different blocks with new drawings each time (only two presentations
of each drawing over all the experiment). The second presentation being always unisensory (V). Emphasis was
put on both speed and accuracy. Supplementary Figure 1 illustrates the paradigm. Stimulus timing and synchrony
across sensory modalities for both the simple detection task and the continuous recognition task were tested and
verified using the EEG system in our laboratory as an “oscilloscope’”. Visual signals were converted to voltage with
a photodiode, and auditory signals were directly taken from the output of the sound card. Simultaneous stimulus
presentation has been reported to be perceived as synchronous both by adults and children (e.g.**).

Working memory. ~ Children performed the Ascending Span task from the WISC-IV* to investigate the relation-
ship between elementary multisensory processes and more complex cognitive abilities such as working mem-
ory*®. The child was asked to listen and memorise a string of numbers spoken out loud by the experimenter and
to repeat the string in an ascending order. The assessment started with a two digits string, and if the child success-
fully performed two trials in a row, an additional digit was added to the string. If the child missed a trial, a digit
was removed from the string. If they missed three trials in a row the evaluation stopped. A final score was com-
puted for the ascending digit task, based on the maximal number of correctly memorized and properly re-ordered
digits, with a maximum of 7. No time limit was set for the answer; only accuracy was emphasized. These scores
were then age-standardised based on mean span per year of age based on ref. */.

Fluid intelligence (g factor). Children performed the black and white version*® of Raven’s Coloured Progressive
Matrices® to assess abstract reasoning and non-verbal intelligence. It is a multiple-choice test composed of 36
items. For each item, an incomplete matrix was presented, and the child was asked to identify the missing element
to complete the matrix. Participants had 15 minutes to complete as many matrices as possible. This test was con-
ducted collectively (per small groups of maximally 5 children). Raw scores were based on the number of correct
items (max. 36). The raw scores were then age-standardised using the calibration scale based on a sample of 1064
French schoolchildren following a traditional pedagogy (ECPA Pearson)®.

Analysis design.  As mentioned above, participants who missed more than 30% of the trials at the Simple
Detection Task (3 children; mean age =6.53, SD =2.15), or with missing data due to technical issues (6 children;
mean age =10.28, SD = 1.10) were excluded from the analyses. Computerized data were pre-processed using
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Excel; correct trials with a valid RT (subject’ smean RT £ 3SD) were considered in analyses. Statistical analyses
were run with Jamovi open-access software (retrieved from https://www.jamovi.org) as well as SPSS version 26
(IBM Corporation). Statistical significance criterion was set at p < 0.05. For all tests, the effect size is reported
(either partial eta squared or Cohen’s d). The full correlation matrix of the measures used in this study are pro-
vided in Supplemental Table 1.

First, to confirm multisensory benefits on a simple detection task, a repeated-measures analysis of covariance
variance (ANCOVA) on mean RTs was performed with the within-subjects factor Condition (A, V, AV), and
Age as the co-variate. We also performed this ANCOVA on detection rates. We also ran a repeated-measures
ANCOVA on the accuracy rate [%] with the repetition conditions only from the continuous recognition task. The
within subjects factor was Condition (V—, V +¢, V +m) and Age was the co-variate. While previous results in
adults has repeatedly indicated that RTs are not significantly modulated across conditions in this task™, we none-
theless also analysed RTs from the continuous recognition task in a similar ANCOVA design as described above.

Second, in order to investigate how low-level multisensory gain (simple detection task) was related to
high-level (continuous recognition task) multisensory gain as well as to both working memory and fluid intelli-
gence scores, a relative multisensory gain was derived from the detection task for each subject as:

faster unisensory Mean RT — multisensory Mean RT y

ART[%] = 100

faster unisensory Mean RT

In addition, a relative multisensory memory gain was computed from the continuous recognition task for
congruent AV recall condition as:

AAccuracy[%] = (%Accuracy V + ¢) — (%Accuracy V —)

In this study, we specifically addressed the relationship between low-level multisensory processes and
higher-order cognitive abilities. First, the relative multisensory gain value of each subject was related to the rela-
tive multisensory memory gain from the continuous recognition task using a stepwise linear regression with the
relative multisensory memory gain as the dependent variable and relative multisensory gain and age as the inde-
pendent variables. Next, we related the relative multisensory gain and age-standardised working memory scores
using a logistic regression model (given the fact that the working memory scores are discrete rather than con-
tinuous). Finally, we related the relative multisensory gain with age-standardised fluid intelligence scores using
a stepwise linear regression with the fluid intelligence scores as the dependent variable and relative multisensory
gain and age as the independent variables. For completion and despite our specific research questions regarding
the relationship of relative multisensory gain to various global cognition measures, we also include a complete
correlation table across all the measures in this study.

In addition, to control for the specificity of multisensory versus unisensory processes, we also computed the
relative unisensory gain from the detection task, as:

slower unisensory Mean RT — faster unisensory Mean RT

ART[%] = x 100

slower unisensory Mean RT

We identified the slower and the faster sensory modality for each participant, separately. In 65 of the children,
the visual modality was faster. In the remaining 3 children, the auditory modality was faster. This measure of rela-
tive unisensory gain was then related to (i) the relative multisensory memory gain from the continuous recognition
task, (ii) age-standardised working memory scores, and age-standardised fluid intelligence scores in an analogous
manner to what is described above.

Results

Simple detection task. The children performed the simple detection task with near-ceiling performance.
Mean detection rates were 93.1%, 95.1%, and 96.5% for the visual, auditory, and multisensory conditions, respec-
tively. These data were submitted to a one-way repeated-measures ANCOVA, with Condition as the within-subjects
factor and Age as the co-variate (Greenhouse-Geisser corrected degrees of freedom are reported in cases of violation
of assumptions of sphericity). There was a main effect of Condition (F 13,119,639 =4.769, p=0.012, 1},>=0.07) and
a general increase in accuracy with age (i.e., significant covariation; F(66=14.11, p<0.001, npz =0.18). However,
this co-variation did not reliably differ across conditions (F(; g13,119.639) = 2.22, p=0.12, 1,> = 0.03). Detection rates
for visual stimuli were significantly lower than those for multisensory stimuli (P yngerron; = 0-005, d=0.36). No other
contrasts were statistically significant (p’s >0.17). Thus, and despite RTs being overall slower for A than V conditions
(see below), there was no evidence that this slowing was matched by impaired detection rates.

Mean RTs were computed for each condition (AV, V, A) and subject (see Table 1 for group averages). Results of
the one-way repeated-measures ANCOVA, with Condition as the within-subjects factor and Age as the co-variate,
yielded a main effect of Condition (F, 15, =23.53, p < 0.001, 1,”=0.26) and a general decrease of RT with age
(i.e., significant covariation; F(, &)= 40.50, p < 0.001, npz =0.38). However, this co-variation did not reliably differ
across conditions (F 135 = 2.27, p=0.11,m,>=0.00) (Fig. 1A). Post-hoc paired t-tests with a false-rate discovery
(FDR) p-value correction at q=0.05, showed participants had faster RTs on trials with AV stimuli than those with
A stimuli (tg;) = 12.95, pppr=0.002, Cohen’s d = 1.57) as well as those with V stimuli (ts;) = 2.14, prpr = 0.036;
Cohen’s d =0.26), and faster RTs for V than A condition (t(s;) = 11.58, prpr = 0.002, Cohen’s d = 1.40).

Across participants, the average relative multisensory gain was 3.19%, SD = 10.2%. The average absolute mul-
tisensory gain in milliseconds was 17.78 ms, SD = 75.95 ms. These metrics were highly positively correlated, even
when controlling for age (partial r(ss) = 0.975; p < 0.001). Across participants, the average relative unisensory gain
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Tasks Mean SD
Detection RT [ms] A 748 187
\4 635 146
AV 615 173
Multisensory gain [%] 3.19 10.17
Unisensory gain [%] 14.98 6.98
Continuous recognition Accuracy [%] V- 68.8 19.5
V+c 70.2 18.2
V+m 69.4 17.3
Relative multisensory memory gain [%] 1.40 13.0
Age-standardised Working Memory [%] 61 25
Age-standardised Fluid Intelligence [scale] 5.42 2.81

Table 1. Tasks’ mean scores and standard deviations.

A. Simple Detection Task B. Recognition Memory
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Figure 1. Multisensory gains in simple detection predict memory as well as fluid intelligence in schoolchildren.
(A) Simple detection task; children were asked to press a button as fast as possible whenever a stimulus
(auditory, visual or auditory-visual multisensory) was perceived. On average, reaction times were significantly
faster for multisensory than for either auditory or visual stimuli (p < 0.001 and p < 0.035, respectively). For
each child, a measure of multisensory gain was derived, equal to the relative difference in mean reaction time
between the multisensory and the better unisensory condition. This percentage of multisensory gain (plotted
on the y-axis in panels B-D) was linearly related to several measures of cognitive functioning, including
recognition memory on a continuous old/new recognition task (B), working memory as assessed with the
ascending digit task (C), and fluid intelligence as measured with Raven’s Progressive Matrices (D). The images
in panel B are from the Snodgrass and Vanderwart (1980) database®.

was 14.98%, SD = 6.98%. The relative multisensory and unisensory gains (in percentages) were negatively corre-
lated, when controlling for age (partial r(ss = —0.343; p =0.004).

It is important to mention that our paradigm, which entailed 2 visual stimuli, 2 auditory stimuli and their
4 multisensory combinations. It could be argued that one of the visual stimuli or auditory stimuli was more
challenging to process, despite the task requirement of simple detection and the high performance rates of
the participants. To assess this possibility, we compared mean RTs for the 2 visual stimuli, and there was no
significant difference (635 vs. 626 ms; p = 0.43). We also compared mean RTs for the 2 auditory stimuli, and
there was no significant difference (735 vs. 753 ms; p = 0.20). It could also be argued that participants estab-
lished an implicit association between a given visual and auditory stimulus; a notion referred to as crossmodal
correspondence®. While the fact that all multisensory combinations were equally probable provides one level
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of argument against this possibility, we also assessed this empirically by comparing mean RTs from what could
arguably be labelled as the congruent and incongruent combinations®'. There was no significant difference (548
vs. 562 ms; p=0.24).

Continuous recognition task. Accuracy rates [%] were computed for each repetition condition per
subject; initially visual [V—] (mean = 68.8%, SD =19.5%), initially paired with a meaningless sound [V + m]
(mean = 69.4%, SD = 17.3%), and initially paired with a semantically congruent sound [V + c] (mean =70.2%,
SD=17.3%). A repeated-measures ANCOVA, with Condition as the within-subjects factor and Age as the
co-variate, yielded a significant covariation between accuracy and age (F(; 135 = 23.0, p < 0.001, n,>=0.26).
Neither the main effect of Condition (F, 3, = 1.39, p=0.25, n,> = 0.20), nor the interaction term of age
co-varying differently across Condition (F,, 3, =2.03, p = 0.14, 1, = 0.03) were reliable. Across participants, the
average relative multisensory memory gain was 1.40%, SD = 13.0%, range —30% to 45%. The ANCOVA using RTs
as the dependent measure did not yield a reliable main effect of Condition (F, 3, < 1) or any reliable covariation
with age (F ;3 <1).

Predictive value of gains in simple detection for memory and global cognitive functions. We
first conducted a stepwise linear regression, using the relative multisensory memory gain as the dependent, out-
come variable and relative multisensory gain on the detection task as well as age as independent variables. The
regression model was statistically significant (R=0.316; F(; 4y =7.296, p = 0.009). Only the relative multisensory
gain on the detection task was identified as a significant predictor of relative multisensory memory gain, account-
ing for 10% of the unique variance (part r=0.316). Age did not significantly increase the performance of the
model, p=0.456). Figure 1B shows a scatterplot relating the relative multisensory gain on the detection task with
that on the continuous recognition memory task.

Next, we conducted a multinomial logistic regression, using the age-standardised working memory scores as
the dependent, outcome variable and relative multisensory gain on the detection task as well as age as covariates.
Addition of the relative multisensory gain on the detection task and age to a model that contained only the inter-
cept significantly improved the fit between the model and data, x*(8, N =68) = 30.90, Nagelkerke R>=0.392,
p < 0.001. Significant unique contributions were made by both the relative multisensory gain on the detection
task [x%(4, N=68) =11.381; p=0.023] and age [x*(4, N =68) = 19.724; p=0.001]. Goodness of fit was explored
by using the Pearson chi-square statistic, which was not statistically significant (p =0.98). Figure 1C shows a
scatterplot relating the relative multisensory gain on the detection task with age-standardised working memory
scores.

Finally, we conducted a stepwise linear regression, using the age-standardised fluid intelligence scores as the
dependent, outcome variable and relative multisensory gain on the detection task as well as age as independent
variables. This regression model was statistically significant (R =0.258; F(; 45)=4.718, p=0.033). Only the rela-
tive multisensory gain on the detection task was identified as a significant predictor of the age-standardised fluid
intelligence scores, accounting for 6.7% of the unique variance (part r =0.258). Age did not significantly increase
the performance of the model, p=0.392). Figure 1D shows a scatterplot relating the relative multisensory gain on
the detection task with age-standardised fluid intelligence scores scores.

To assess the specificity of the relative multisensory gain on the detection task as a predictor of global cogni-
tive functions, we performed the abovementioned regressions with the relative unisensory gain on the detection
task. In the case of relative multisensory memory gain, the model including age and unisensory gain as predictors
did not result in a significant improvement (R=0.175; F, 45y = 1.31; p=0.362). In the case of age-standardised
working memory scores, addition of the unisensory gain and age to a model that contained only the intercept
significantly improved the fit between the model and data, x(8, N =68) = 20.537, Nagelkerke R*=0.280,
p=0.008. Significant unique contributions were made only by age [x*(4, N=68) =18.966; p =0.001], but not
by the unisensory gain [x*(4, N=68) =1.016; p=0.907]. Goodness of fit was explored by using the Pearson
chi-square statistic, which was not significant (p=0.94). In the case of age-standardised fluid intelligence scores,
the model including age and unisensory gain as predictors did not result in a significant improvement (R =0.221;
F(2,55> =1.67; pP= 0196)

Discussion

In this study, we investigated the relationship between multisensory gain in a simple detection task and
global cognitive measures such as memory, working memory and fluid intelligence. Our principal find-
ing is the statistically significant and selective link between low-level multisensory processes and multiple
measures of higher-order cognitive performance in schoolchildren. These links were observed not only with
laboratory-based tasks, for which the contribution of age was controlled, but also with age-standardized clini-
cal evaluation tools that index working memory and fluid intelligence. Such links did not generalize to unisen-
sory processes, suggestive of a certain degree of specificity of the studied constructs. These collective findings
reinforce the hypothesis that multisensory perceptual processes provide a crucial scaffolding for cognition
throughout the lifespan’.

A long history of research has reported links between unisensory as well as multisensory stimulus processing
and measures of cognition and intelligence in infants and pre-school children>'*'®17. However, the majority of
these studies involved tasks that required matching information (e.g. shape or temporal pattern) across the senses
rather than simple detection of the stimuli'*?, obfuscating the ability to claim that it is specifically the low-level
stimulus processing mediating such links, rather than a common higher-level cognitive function contributing to
both tasks. In fact, we do know that children and adults allocate attention differently to unisensory and multi-
sensory stimuli*>**. In a series of studies in schoolchildren, Barutchu and colleagues did not observe a linear cor-
relation between indices of low-level multisensory processing and intelligence scores. Specifically, in their 2009
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study, they found no evidence for associations between simple reaction times to multisensory stimuli (or absolute
measures of multisensory facilitation as derived from mean RTs between multisensory condition and the better
unisensory condition) and non-verbal IQ (as measured with Raven’s progressive matrices) or reading abilities (as
measured with the Neal Analysis of Reading Ability). Likewise, no correlation was observed in a subsequent 2011
paper that used the WISC-IV as a measure of IQ. The 2009 study focused on age-related differences in the extent
to which simple reaction times were facilitated under multisensory conditions beyond what could be explained
by probability summation, using Miller’s race model inequality>*. The 2011 study revealed IQ differences between
sub-groups of children according to whether or not the child’s multisensory facilitation of RTs exceeded pre-
dictions of probability summation. The present results and those of Barutchu et al. are consistent to the extent
that they both indicate that the degree to which a child benefits from multisensory stimuli is related to their
global cognition. Here, in our view, age-related differences in violations of Miller’s race model inequality, even if
repeatedly reported, ought to be considered with some caution. For one, there are examples in adults where such
violation have not been systematically observed™, raising the possibility that this metric is not fully indicative
of the maturity of multisensory processes. Second, biases in the use of Miller’s inequality can be observed when
numbers of trials are low>*’, which is often the case in studies of children. Third, non-linear neural response
interactions can be decoupled from violations in Miller’s inequality®®*°. Additional research is clearly required to
fully ascertain which multisensory or integrative processes are indexed by violations of Miller’s inequality. Such
notwithstanding, evidence from multiple laboratories would indeed indicate that some forms of multisensory
integration remain immature in children as old as 10-11 years old. Our findings thus provide an important exten-
sion beyond what has been previously reported by Barutchu and colleagues. By showing a correlation between the
percentage of multisensory facilitation of simple reaction-time and age-standardised measures of IQ, we provide
evidence that multisensory processes are sufficiently mature already in school-aged children to be informative of
their global cognitive abilities. Our findings also extend the studies showing that cross-modal matching is linked
with cognitive functions'**. We show that multisensory gains during simple detection, which arguably rely on
more rudimentary processes than those involved in temporal matching, can reliably predict several measures of
global cognitive functions.

It is also worth mentioning that our data are consistent with a rich literature characterising links between
unisensory processing speed (as measured on either simple or choice reaction time tasks) and intelligence
measures (e.g.'"%; reviewed in®'). This can be gleaned from the correlation matrix (Supplementary Table 1),
which generally shows a negative correlation between unisensory reaction times and working memory as
well as fluid intelligence scores, though not with performance on the continuous recognition task. However,
multiple regression analyses that included both RTs and age did not lead to a consistent pattern of results.
While unisensory RTs reliably predicted age-standardised fluid intelligence scores, they did not predict either
age-standardised working memory scores or relative multisensory memory gains on the continuous recog-
nition task (Supplementary Table 2). Such notwithstanding, the claim in these prior studies is that simple
reaction times, in general, reflect processing speed of basic cognitive operations. One prominent hypothesis
focuses on the notion of neural efficiency (reviewed in®?). More efficient processing, as in the case of individ-
uals with higher intelligence or cognitive abilities, is paralleled by faster reaction times. It has also be shown
that multisensory conditions result in less variable reaction times®, which may be a further contributing fac-
tor as to why multisensory processes may be particularly informative of cognitive functions. Here, our find-
ings only reinforce the idea that low-level stimulus processing — and specifically the ability to garner benefits
from multisensory contexts during low-level stimulus processing - are tightly related to higher-level cognitive
processes (i.e., memory) and intellectual abilities in schoolchildren. Nonetheless, additional research will be
required to not only determine to what extent multisensory processes are innate and/or experience-dependent
(see'” for discussion), but also to what extent genetic factors contribute to multisensory stimulus processing,
particularly given some evidence for genetic contributions to speed of information processing and its link to
I1Q (e.g.*%). Regarding the former aspect, an ongoing clinical trial by our group is investigating multisensory
processes in prematurely born infants and children as well as their predictive value for cognitive functions
and scholastic achievement®. It is likewise important to consider the extent to which our findings are indic-
ative of links between multisensory processes and a common (and perhaps general) cognitive construct or
multiple such constructs. One access point to this issue is the pattern of relationships across the continuous
recognition task, working memory task, and fluid intelligence. There was no reliable association between the
relative multisensory memory gain from the continuous recognition task and age-standardised working mem-
ory scores (1= 0.291; p=0.225) nor a correlation between such and age-standardised fluid intelligence scores
(rgey=—0.027; p=0.828). By contrast, and unsurprisingly (see%), age-standardised working memory and
fluid intelligence measures were reliably associated (1= 0.482; p < 0.001) (see Supplementary Table 1). This
overall pattern would suggest that the measures of working memory and fluid intelligence may be indexing
a common cognitive construct. By contrast, the continuous recognition task is likely gauging a distinct con-
struct. As such, it would thus appear that a child’s ability to garner multisensory benefits on a simple detection
task provides an indicator of the integrity of at least two distinct cognitive systems.

There is a particularly straightforward and exciting implication of our findings; it suggests that multisen-
sory learning, which is arguably more reflective of the sensory environment a child confronts and acts upon
from birth onwards, could potentially empower cognitive development®®. Linked to the above idea is the
question of the extent to which multisensory processing abilities can be trained. This is a burgeoning field of
empiric research. On the one hand, there are data showing that the so-called temporal binding window over
which multisensory signals are perceptually bound is flexible and subject to learning®”®%. This is important
as the temporal binding window has been reported to be altered in a number of neurodevelopmental disor-
ders®, as well as in aging”’, and also to scale across tasks from simple detection to speech processing”!. On
the other hand, there are data showing that multisensory contexts are particularly effective for recognition
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memory not only in adults (reviewed in*'), but also in schoolchildren?®!-?*. That is, if multisensory processes
can be trained®’, preschool and school years may be ideal to facilitate early learning and basic perceptual
skills through multisensory programs (discussed in”?). This was already acknowledged by some educational
approaches, such as Montessori Education where children work mainly through the manipulation of sensory
materials”’. Interestingly, the few quantitative existing studies in this area do report scholastic advantages for
schoolchildren following a Montessori versus traditional system”#-7°. An additional, exploratory analysis of the
current dataset was thus run on the children according to their schooling background and their multisensory
gain on the detection task. The results revealed that Montessori scholars (half of the participants) were more
likely to exhibit a multisensory gain than their peers in traditional schooling (x*(1) =5.7, p=0.02) (Fig. S2).
These preliminary results call for further investigation of the topic of pedagogical tools, but already support
increased efforts in multisensory enrichment targeting learning and memory processes. More generally, our
results are in line with the cognitive cascade model as proposed by Rose et al.’® that focuses on the relationship
between low-level multisensory processes and higher-order cognitive skills. While our sample size was modest,
there was the added value of readily controlling for many demographic factors in a setting such as Switzerland.
However, replication and multi-cultural studies will be required to establish the potential utility of multisen-
sory tasks as a screening tool and multisensory enrichment as a learning aide.

It is important to mention some limitations of the present study. First, our study included a wider range of ages
than other comparable studies?”***!. The fact that we included younger children may be one contributing factor
to the smaller average relative multisensory gain on the detection task that we observed here versus that observed
in works by Barutchu and colleagues. When we considered an age range restricted to the 6-11 year-old range
in Barutchu et al.?’, the average relative multisensory gain on the detection task was 5%. That said, it is perhaps
important to note that relative multisensory gains in studies of adults exhibit considerable inter-individual as well
as between-study variability®>’7-%°. More importantly, our results provide no evidence that age was significantly
contributing to any of the models using relative multisensory gain on the detection task as a predictor. Second,
our study made no effort to calibrate the stimuli used in the simple detection task; RTs to auditory stimuli were
slower than those to visual stimuli. Other similar work in children has used stimuli that resulted in equivalent
mean RTs to both unisensory conditions?”®!. Larger multisensory gains are obtained when the distributions to the
unisensory conditions are closer to each other®*®. Interestingly and consistently with our prior work in adults?,
we observed a strong negative correlation between relative multisensory gains and relative unisensory gains.
While there was no evidence here that relative unisensory gains were reliable predictors of cognitive abilities, it
may be that a combined metric of relative multisensory and unisensory processes may prove particularly effective
should a multisensory detection task be used as a screening tool for neurodevelopmental disorders (cf.?® for a
similar tactic in the case of mild cognitive impairment). Third, our study used a detection task that was some-
what different from that used in prior works. While prior studies used a single visual stimulus, a single auditory
stimulus and their multisensory combination, the present study used 2 visual stimuli, 2 auditory stimuli, and
all 4 multisensory combinations thereof. Prior studies in adults have used a detection task with multiple stimuli
and did not observe differences between specific items*. Similarly, we found no such differences here nor any
evidence for implicit crossmodal correspondences (at least with the stimulus set we used). Nonetheless, it would
be informative for future research to determine what might constitute an optimal detection task design both in
terms of predictive value for cognitive (dys)function and in terms of ease-of-use in schoolchildren, but also in
preschoolers and infants.

The present findings of reliable links between multisensory processes and higher-level cognition cannot
directly speak to their causality. Nonetheless, our results would indeed suggest that low-level multisensory pro-
cesses may constitute an effective access point for the assessment of children and their cognitive development.
They reinforce the possible applicability of multisensory processes to public health screening in schoolchildren.
In fact, our group has already demonstrated such in the case of screening for mild cognitive impairment in the
elderly based on a similar multisensory simple detection task®. In that study, a combined measure of sensory
dominance and multisensory gain on performance reliably classified healthy elderly from those with mild cogni-
tive impairment at level comparable with a standard clinical tool (i.e. the Hopkins Verbal Learning Task). It would
be particularly promising to apply the present results in screening of (pre)school children, particularly given that
multisensory processing has been shown to be selectively impaired in dyslexia (e.g.***?) as well as autism (e.g.%,
reviewed in'?). Moreover, the detection task per se circumvents some of the major limitations of current screening
batteries (e.g. parental report, socio-economic bias, requirement of literacy/numeracy skills). Combined with a
prompt administration time, a simple detection task makes an attractive potential screening tool for pre-schoolers
or pre-linguistic children.
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Multisensory gains in simple detection predict global cognition in schoolchildren

Solange Denervaud, Edouard Gentaz, Pawel J. Matusz*, Micah M. Murray*

1. 2. 3. 4. 5. 6. 7. 8. 9. 10
Age Det-V Det-A Det-AV Abs_AV | %_AV %_uni %Mem WM Fl
1. Age( years)
2. Detection task: -0.612**
Visual RT (ms)
3. Detection task: -0.590** | 0.911**
Auditory RT (ms)
4. Detection task: -0.587** | 0.897** | 0.892**
Multisensory RT (ms)
5. Detection task: 0.186 -0.173 -0.302* -0.573**
Absolute Multisensory gain (ms)
6. Detection task: 0.254* -0.163 -0.287* -0.565** | 0.938**
Relative multisensory gain (%)
7. Detection task: -0.125 0.019 0.404** | 0.181 -0.331** | -0.361**
Relative unisensory gain (%)
8. Continuous recognition task: 0.165 -0.013 -0.085 -0.159 0.353** | 0.316** | -0.080
Multisensory memory gain (%)
9. Age-standardised 0.357** | -0.504** | -0.476** | -0.519** | 0.270* 0.220 -0.035 -0.002
working memory score
10. Age-standardised 0.165 -0.278* -0.192 -0.325** | 0.189 0.258* 0.125 -0.027 0.422**
fluid intelligence score

Supplementary Table 1. Correlation matrix reporting Pearson’s correlation coefficients between pairs of measures. * indicates p<0.05; ** indicated p<0.01



Predictors

Visual RTs + age

Auditory RTs + age

Multisensory RTs + age

Dependent variable
Continuous recognition Neither variable improved the model. Neither variable improved the model. Neither variable improved the model.
task (F2,65=1.34; p=0.27) (F(2,65=0.918; p=0.404) (Fi2,65=1.116; p=0.334)

Age-standardised
working memory score

Significantly improved the fit between the
model and data, x*(8, N=68) = 27.22,
Nagelkerke R?= 0.354, p< 0.001).
However, there were no significant unigue
contributions by either visual RTs [x%(4,
N=68) = 7.702; p=0.103] or age [x*(4, N=
68) = 7.841; p=0.098]. Goodness of fit was
explored by using the Pearson chi-square
statistic, which was not significant
(p=0.978).

Significantly improved the fit between the
model and data, x*(8, N=68) = 24.96,
Nagelkerke R?= 0.330, p= 0.002).

However, there were no significant unique
contributions by either auditory RTs [x*(4,

Significantly improved the fit between the
model and data, x*(8, N=68) = 26.947,
Nagelkerke R?= 0.351, p< 0.001).

However, there were no significant unique
contributions by either multisensory RTs

N=68) = 5.434; p=0.246] or age [x*(4, N=
68) = 8.091; p=0.088]. Goodness of fit was
explored by using the Pearson chi-square
statistic, which was not significant
(p=0.995).

[x*(4, N=68) = 7.425; p=0.115] or age [x*(4,
N=68) = 6.200; p=0.185]. Goodness of fit
was explored by using the Pearson chi-
square statistic, which was not significant
(p=0.985).

Age-standardised fluid
intelligence score

(F(1,66)=5.54; p=0.022), though age did not
significantly contribute to the model
(p=0.953)

Neither varibale improved the model.
(F(2,65=1.383; p=0.258)

(F(1,66)=7.81; p=0.007), though age did not
significantly contribute to the model
(p=0.786)

Supplementary Table 2. Results of multiple regression analyses using mean reaction times on the detection task and age as predictors of relative
multisensory memory gain on the continuous recognition task, age-standardised working memory scores, or age-standardised fluid intelligence scores.
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Supplementary Figure S1. Experimental design. A. Simple Detection task; V stands for visual-only sitmuli, A for auditory-only and AV for audio-visual ones. B. Continuous
Recognition task; lines of black and white drawings taken from the Snodgrass and Vanderwart (1980) database. The first encounters were combined with meaningless (AVm),
congruent (AVc) auditory sounds, or not (V). The recall conditions were always unisensory, visual only (V+m, V+c, and V-, respectively).
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® Multi-sensory benefit ~ ® Multi-sensory cost 7%(1)=5.70,p=.02

Supplementary Figure S2. The reaction time gain (top) according to scholastic background of the children (Montessori or traditional). By setting a threshold at zero, we could
classify the scholars showing a multisensory gain (%RT>0ms) or cost (%RT<Oms). Here, the subsequent percentages per system are displayed, and statistically tested as
significantly different.
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Eftects of Traditional Versus
Montessori Schooling on 4-

to 15-Year Old children’s
Performance Monitoring

Solange Denervaud!??
Patric Hagmann®'

ABSTRACT— Through performance monitoring individ-
uals detect and learn from unexpected outcomes, indexed
by post-error slowing and post-error improvement in
accuracy. Although performance monitoring is essential
for academic learning and improves across childhood,
its susceptibility to educational influences has not been
studied. Here we compared performance monitoring on
a flanker task in 234 children aged 4 through 15, from
traditional or Montessori classrooms. While traditional
classrooms emphasize that students learn from teachers’
feedback, Montessori classrooms encourage students to
work independently with materials specially designed to
support learners discovering errors for themselves. We
found that Montessori students paused longer post-error
in early childhood and, by adolescence, were more likely
to self-correct. We also found that a developmental shift
from longer to shorter pauses post-error being associated
with self-correction happened younger in the Montessori
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group. Our findings provide preliminary evidence that
educational experience influences performance monitoring,
with implications for neural development, learning, and

pedagogy.

To be successful in school, children must learn to distinguish
correct from incorrect responses. To do this, they must
monitor their own performance, noticing when their work
is flawed and efficiently adapting their behavior. That is, they
must notice, learn from and correct errors.

Performance monitoring comprises the set of behavioral
and neuronal responses that individuals show in reaction
to unexpected outcomes. When individuals notice some-
thing unexpected, such as an error, they tend to pause, a
phenomenon known as post-error slowing (PES; Ullsperger,
Danielmeier, & Jocham, 2014). To learn from the dis-
crepant event, they must adapt their behavior accordingly
(Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004),
a phenomenon measured as post-error improvement in
accuracy (PIA; Danielmeier & Ullsperger, 2011; Schroder &
Moser, 2014).

The response to own error is measured through conflict
tasks (e.g., Flanker task, Simon task, Go/noGo task), where
congruent and incongruent conditions require task-specific
response monitoring. PES can be computed as the reaction
time (RT) difference between post-error and post-correct
responses. While a multitude of infant looking time and elec-
trophysiological studies show that by 2—3 months children
detect and respond to deviant events (Dehaene-Lambertz,
2000; Dehaene-Lambertz & Gliga, 2004), PES has not been
measured in children until about age 3 years (the Simple
Simon Task; Jones, Rothbart, & Posner, 2003). However,

© 2020 International Mind, Brain, and Education Society and Wiley Periodicals, Inc. 1
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developmental data are inconsistent, sometimes showing
invariant (Davies, Segalowitz, & Gavin, 2004; Ladouceur,
Dahl, & Carter, 2007; Santesso, Segalowitz, & Schmidt,
2006), and sometimes increasing (Santesso & Segalowitz,
2008) or decreasing (Carrasco et al., 2013; Hajcak, Franklin,
Foa, & Simons, 2008; Smulders, Soetens, & van der Molen,
2016) PES across age. Neural developmental studies have
also reported inconsistent outcomes in error-related brain
components and their trajectories (Tamnes, Walhovd,
Torstveit, Sells, & Fjell, 2013). These contradictory results
may reflect task design features such as interstimulus tim-
ing or difficulty level (Dutilh et al., 2012), but they have
also been proposed to reflect the instability of children’s
error monitoring (Smulders et al., 2016). Taken together
with a behavioral study reporting that PIA increases with
age (Overbye etal, 2019), such data suggest the possibil-
ity that the relationship between PES and PIA changes
with development (Brewer & Smith, 1989). Perhaps longer
post-error pauses are adaptive in early childhood, when
children require time to effortfully stop and redirect, while
shorter pauses post-error may be the hallmark of efficient
and automatic self-correction by adolescence. This would be
in line with the literature reporting a shift in how children
process learning signal saliency (van den Bos, Guroglu, van
den Bulk, Rombouts, & Crone, 2009; van Duijvenvoorde,
Zanolie, Rombouts, Raijmakers, & Crone, 2008).

In addition to the possibility of a developmental shift in
adaptive use of post-error pauses, these apparently con-
tradictory results could reflect variability of experience,
particularly in school. Such environmental influences would
be consistent with known experience-dependent effects on
the development of executive functioning (Davidson, Amso,
Anderson, & Diamond, 2006), for example in children
experiencing different school curricula (Diamond, 2012).
If true for executive functions, related competencies could
be impacted as well. Here, we hypothesize that even among
children from relatively privileged backgrounds, school
pedagogical approach may modulate the processes by which
children come to notice and respond to their own errors.

Pedagogical traditions differ on how they teach children
to learn from feedback, though school-based influences on
the development of performance monitoring have not been
investigated to our knowledge. For example, traditional edu-
cation provides children from one age group with opportu-
nities to engage in work, and then to learn about and correct
their performance later based on a teacher’s feedback. By
contrast, Montessori education focuses on supporting chil-
dren in self-correcting in real time. It utilizes specialized
materials that encourage children’s self-discovery of relevant
concepts, and multiage classes in which children discuss cor-
rect and incorrect answers as they work.

Given these open developmental and experience-related
questions, the purposes of this study are: (1) to examine PES

and PIA development across childhood and early-middle
adolescence; and (2) to evaluate whether children from
equivalently high-quality pedagogical environments with
systematically different pedagogical approaches differ in
their developmental trajectories of performance monitoring.
Accordingly, we measured PES and PIA among groups of
Montessori and traditionally schooled children during the
completion of a child-friendly Flanker Task (Eriksen & Erik-
sen, 1974). We hypothesized that: (a) PES would decrease
with age; (b) PIA would increase with age; (c) there would be
a developmental shift in the relationship between PES and
PIA such that young children’s longer pauses, and adoles-
cents’ shorter pauses, would be associated with more effec-
tive self-correction; (d) these developmental effects would
be stronger in the Montessori group; (e) by adolescence,
Montessori students would show lower PES and higher PIA
than their traditionally schooled peers.

The study was conducted in Switzerland, where alter-
native education is only found within private schools. As
a consequence, the Montessori schools in this study were
private. Accordingly, we had no option for a lottery design
study. Given these constraints, we selected Montessori and
traditional schools from the same neighborhoods and of
similarly high academic quality, and confirmed that partici-
pating groups of students did not differ on the basis of family
socioeconomic status (SES), fluid intelligence (FI), or age.

METHODS

The study was conducted in accordance with the Declaration
of Helsinki and the research protocol was approved by the
University ethics committee. The study is part of a larger
project investigating effects school pedagogy on children’s
brain development. Teachers’ and pupils’ participation were
voluntary.

Recruitment Site Selection
Schools were selected to include children from affluent areas
only, using official government data on mean salary. Tradi-
tional and Montessori schools coexisted in the same neigh-
borhoods and were of similar academic quality as judged by
adherence to either official Montessori qualifications or gov-
ernment specifications for public schools.

Traditional schools were public and were identified based
on their adherence to the official local study plan. This plan
strictly implies, as from 7 years old, that children are pro-

vided:

(i) lecture-style, interactive teaching;
(ii) feedback in the form of grades and summative assess-
ments;
(iii) breaks every hour;



Solange Denervaud et al.

(iv) age-specific class groupings (i.e., one grade level per
class).

Prior to 7years old, traditionally schooled children are
provided play-oriented curricula with emphasis on building
gross and fine motor skills and social skills.

Montessori schools were private and were selected follow-
ing the criteria set by the International Montessori Asso-
ciation (https://montessori-ami.org) to ensure high fidelity
implementation of the curriculum (Lillard, 2012), such that:

(i) all teachers were Montessori trained and there was a
complete set of Montessori materials in each classroom;
(ii) children were not provided formal grades or summative
assessments on work;
(iii) children had 3 hr of continuous work time each day;
(iv) classes contained at least three different grade levels;

Prior to 7 years old, Montessori curricula emphasize inde-
pendent learning from specialized materials designed to
refine the senses and teach early academic skills.

Participants

Ten traditional and 13 Montessori schools were selected to
participate. Consent letters were sent home to all parents of
children ages 4 to 15, and 234 children’s parents consented.
An additional four children were consented but excluded
due to having made no errors (accuracy rate of 100%; n = 2),
or being outside the target age range (older than 15.5 years;
n = 2). The final sample consisted of 234 children from 4.4 to
15.3 years (M,z, = 9.02years old, SD = 2.43 years, 114 girls
and 120 boys); 111 participants were enrolled in the tradi-
tional educational system (59 girls), and 123 were schooled
in the Montessori educational system (55 girls).

Study Protocol

The experiment took place in the children’s schools. Partic-
ipants were seated in a separate room outside their class-
room. Assessments of both groups were conducted by four
trained experimenters (including the first author).

Group Comparison
To ensure between-group homogeneity, we tested for ped-
agogical group differences in: (i) age; (ii) gender; (iii) SES
(measured through a parental questionnaire (Genoud, 2011)
that 78.6% filled out, 84.7% in the traditionally schooled
group, and 73.2% in the Montessori group); and (iv) FI, eval-
uated using the black-and-white version of the Raven’s Pro-
gressive Matrices task (Raven, Raven, & Court, 1998).

PES and PIA were assessed using RT and accuracy from a
child-friendly version of the Flanker task (Eriksen & Eriksen,
1974), presented via Presentation® software. The child was

asked to “feed hungry fish” by pressing the key facing the
same direction as the target fish in the display (five fish in
line). Each child completed three blocks, the first two of
which were preceded by training sessions. In the first block,
the child was instructed to focus on the fish at the center of
the line (17 trials). In this block, all stimuli (fishes) were blue.
In the second block, the child was instructed to focus on the
fishes flanking the central one (17 trials). In this block, all
stimuli were pink. In the final block, the child was instructed
to focus either on the inside fish or on the outside, flanker
fish, depending on their color (45 trials). Due to RT change
across age, the response time limit was 2000 ms up to 6 years
old, and 1,500 ms for older children.

Dependent Variables
We examined PES and PIA measures across age and tested
for interactions by pedagogical group.

Statistical analyses were done with the Jamovi
open-source software (Version 0.9; The jamovi project
(2019). Retrieved from https://www.jamovi.org).

RESULTS

Pedagogical Group Demographic Comparison
Independent samples ¢-tests showed no pedagogical group
differences in age, SES background or FI scores (all p > .4;
see Table 1). A y? test showed no group differences in gender
distribution.

Pedagogical Group Task Performance Comparison
One-way analyses of covariance (ANCOVAs) showed
no statistically significant differences between Montes-
sori and traditional students on either mean RT or error
rate, controlling for age; RT: F(1,230) =0.34, p=.56,
n* = 0.001; error rate: F(1,230) =1.29, p = .26, n,> = 0.006.
As expected, RT and Error rate significantly decreased with
age; RT: F(1,230) = 295.52, p <.001, npz = 0.56; error rate:
F(1,230) = 167.10, p <001, 11,> = 0.42.

Post-error Slowing

The detection of errors was investigated by comparing the
RT after correct and incorrect responses. Following previ-
ous studies’ protocol (Eriksen & Eriksen, 1974; McDermott,
Perez-Edgar, & Fox, 2007), we computed differences in valid
RT! (RT > 250 ms and within 2 SD) between post-error and
post-correct trials (RT pogterror — RT postcorrect)- We computed
a one-way ANCOVA with age as the covariate and pedagogy
as a fixed factor, and the interaction term (pedagogy*age).
The analysis revealed that PES increased with age, F(1,230)
=499, p =.026, np2 = 0.02. There was no effect of peda-
gogy on PES, F(1,230) =2.26, p = .134, np2 =0.01, and no



Table 1

Effects of Pedagogy on Performance Monitoring

Participant Demographics and Control Variables

Control Variables

Group

Montessori (n =123)

Traditional (n=111)

x? or t-test

Age, mean (SD)

Age min, max

Gender (N girls)
Socioeconomic status (SD)
Fluid intelligence, mean (SD)
Mean RT (SD)

Error rate (SD)

8.89 (2.34)
4.40,15.2
52
0.70 (0.11)
30.1 (7.81)
878.28 (199.52)
20.95 (14.72)

9.17 (2.53) £(232) = —0.87, p = .39, s
4.50,15.3 ns
59 x%(1,231) = 2.23, p = .14,ns
0.70 (0.12) £(182) = —0.006, p = .99, ns
29.6 (6.61) £(209) = 0.56, p = .58, ns
878.09 (191.28) £(232) = 0.007, p = .99, ns
20.94 (12.79) £(232) = 0.08, p =.99, ns

Table 2
Groups Per Pedagogy
Pedagogy Age Group (Years) Mean Age SE
Montessori 4.5-6 5.35 0.159
6-9 7.75 0.125
9-11.5 10.19 0.107
11.5-15 12.36 0.187
Traditional 4.5-6 5.31 0.167
6-9 7.29 0.167
9-11.5 10.04 0.106
11.5-15 12.56 0.163

Notes. To complement our continuous analysis, we additionally ran an age-group
discrete analysis. Accordingly, children were divided into four groups. A two-way
analysis of variance confirmed that mean ages did not differ by pedagogical
group, F(3,226) = 1.49, p = .217. SE stands for standard error.

significant interaction between pedagogy and age on PES,
F(1,230) = 1.76, p = .186, np2 = 0.001. To accommodate the
possibility that the developmental change would not be lin-
ear, we ran an additional age-group analysis. We divided the
children into four age groups with cut points correspond-
ing as closely as possible to school transitions, i.e., from
Kindergarten to grade school; from early to middle grade
school; from middle grade school to preadolescent class-
rooms; from early adolescence onward. Groups spanned an
average of 2.5 years (see Table 2). To test differences in devel-
opmental pattern in PES, we computed a two-way analysis
of variance (ANOVA) with age group, pedagogy, and the
interaction term (age group*pedagogy) as fixed factors and
confirmed an age-group difference, F(1,226) =2.67, p = .048,
npz =0.034. A post-hoc t-test revealed that pedagogical
groups differed in PES from age 4.5 to 9years; traditional
students showed significantly less PES in this age range,
£(226) = —3.16, pyyiey = 0.038; see Figure la.

Post-error Improvement in Accuracy

Self-correction post-error was computed as the ratio of
error trials that were immediately followed by a correct
trial, divided by the total number of error trials. The

ANCOVA analysis revealed that PIA increased with age,
F(1,230) = 104.76, p <.001, np2 = 0.31. Pedagogy was asso-
ciated with PIA at the trend level, F(1,230) = 3.09, p = .08,
np2 = 0.013, with overall self-correction post-error slightly
higher in Montessori students. As hypothesized, there was
a significant interaction between pedagogy and age on PIA,
F(1,230) =4.08, p = .045, np2 = 0.02, such that Montessori
students showed a stronger developmental increase in
self-correction. A two-way ANOVA on PIA by age group,
pedagogy, and the interaction term (age group*pedagogy)
further confirmed a significant increase across age groups,
F(1,226) = 32.39, p<.001, npz =0.30, an effect that was
stronger in the Montessori old schoolers (py e, < 0.025; see
Figure 1b).

The relationship between PES, PIA, and Pedagogy shifted
with development

In a linear regression model, PES, age, pedagogy, and the
interaction terms (age*PES, age*pedagogy, pedagogy*PES)
were all predictors of PIA (R* =0.34; all p <.035), such
that as students grew older, the more PES they showed,
the greater PIA they showed. Pedagogy was nearly a sig-
nificant predictor of PIA in this model (p = .052). Further-
more, there was a significant interaction between pedagogy
and age such that Montessori students showed a stronger
and earlier developmental effect, F(1,227) =5.72, p = .018;
see Figure 2. By adolescence (age 11-15 years), Montessori
students showed lower PES and greater PIA than their tra-
ditionally schooled peers, PES: £(46) = 2.13, p =.039; PIA:
t(46) = 2.14, p = .037.

DISCUSSION

In this study, we compared PES and PIA in traditional and
Montessori schoolers across age, with the aim of mapping
developmental differences in performance monitoring in the
flanker task, and observing how developmental changes in
performance monitoring may be influenced by pedagogy.
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Fig. 1. (A) Post-error slowing (PES) as a measure of error detection. ART (M of trials
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a function of age group showing that young children differ in their PES pattern according to their pedagogical experience, while older
students do not. (B) Post-error improvement in accuracy (PIA) as the percentage of errors that were subsequently corrected. Post-error
correct trials over the total number of errors as a function of age-group showing that 9- to 15-year-old students differ in PIA pattern

according to their pedagogical experience, while younger students do not. For both graphs, error bars display standard error (SE).

The age range included in our study, from 4 to 15 years old,
corresponds to the broad developmental period in which
the brain regions responsible for conflict monitoring and
error recognition and correction are maturing (Kelly et al.,
2009; Velanova, Wheeler, & Luna, 2008). It is also the age
range in which schooling is known to have a profound effect
on cognitive skills (e.g., on intelligence quotient; Falch &
Massih, 2011).

We found that, whether attending Montessori or tradi-
tional school, as children grew older both their PES and
their PIA increased, partially corroborating previous studies
(Overbye etal., 2019; Smulders et al., 2016). Interestingly,
the developmental increase in PES we observed was largely
driven by the younger children (<9years old) enrolled in
traditional schools. In our study, the youngest Montessori
students’ PES was similar to that of the oldest students,
suggesting an earlier maturation of the capacity to detect
response errors. These findings may possibly explain incon-
sistencies between previously reported findings (Smulders
etal., 2016); our data suggest that the ability to detect
response errors is especially malleable up to 9years old,
and may be trained by schooling. Of note, the number of
errors did not differ between pedagogical groups at any age;
instead, it was the capacity for self-correction that showed
pedagogical effects.

The relationship between PES and PIA also changed with
age: in young children, pausing after an error was associ-
ated with a subsequent self-correction. This was no longer
the case among adolescents, for whom shorter pauses were

associated with more effective self-correction. The devel-
opmental shift from longer to shorter pauses being asso-
ciated with more effective self-correction happened at a
younger age among Montessori students (approximately at
age 8 vs. at age 10). Together these results shed light on the
developmental trajectory of performance monitoring across
childhood and early mid adolescence, and suggest that error
recognition may be modulated by early school experience
(<9years old), with implications for self-correction in ado-
lescence. Future longitudinal work is needed to uncover the
developmental processes that undergird our findings, and to
better understand the implications of these findings for chil-
dren’s development and learning more broadly.

Over the course of schooling, children learn to associate
salient events like task outcomes with context-dependent
feedback, and to adjust behavior. Our results could pos-
sibly reflect the Montessori curriculum’s relative emphasis
on students building early awareness of the sensory proper-
ties of materials (i.e., learning to discriminate forms, colors,
textures, temperatures, etc.), without waiting for a teacher’s
feedback or external reinforcers (e.g., grades, rewards, etc.;
Dolan & Dayan, 2013; Glascher, Daw, Dayan, & O’Doherty,
2010). This may serve to orient Montessori students toward
directly perceiving information about outcomes in academic
tasks and may teach them to more effectively self-monitor in
academic tasks. Whereas the free play orientation used early
in traditional schools may benefit children in other ways (Lil-
lard, 2017), it may not orient children to notice errors on
academic-style tasks as effectively.
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Fig. 2. Pedagogical influence on the relationship between error detection (post-error slowing [PES]) and error correction (post-error
improvement in accuracy [PIA]). PIA was reliably predicted by age and age*PES, such that younger children who slowed more after
errors (slower PES; mean reaction time [RT] + 1 SD) were more likely to self-correct, while older children who slowed less after errors
(faster PES; mean RT — 1 SD) were more likely to self-correct. Pedagogy effected this developmental shift, which happened earlier in

Montessori than in traditionally schooled students.

The social-affective orientation toward errors in Montes-
sori and traditional classrooms my further contribute
to our effects. Montessori students’ reliance on direct
sensory perceptions as feedback may be reinforced by the
culture of the Montessori classroom, which emphasizes
non-competitive peer-to-peer teaching within classes of
students of different ages. Previous research has demon-
strated that cooperative environments lead to more effective
shared learning from errors, and hence to better trans-
fer of knowledge (Koban, Pourtois, Vocat, & Vuilleumier,
2010). By contrast, the delayed, teacher-provided evaluative
feedback in traditional classrooms may lead students to
become increasingly reactive to errors, which come to be
negatively valenced, privately conveyed from the teacher to
the student, and socially stigmatized. As formal instruction
is instituted and the grading system for external valuation
of work takes hold, traditionally schooled children learn
to value correct answers provided by their teachers and to
avoid, rather than productively engage with, errors (Hayek,
Toma, Guidotti, Oberlé, & Butera, 2017; Hayek, Toma,
Oberle, & Butera, 2014, 2015). Indeed, a study suggests
that correct answers are selectively associated with positive
valence in traditionally schooled children, while Montessori
students show no such effect (Denervaud et al., in review).

Our interpretation builds from the basic distinction
between internally derived, sensory learning and externally
derived, value-based learning that is fundamental to learn-
ing theories, including for example to work on extrinsic

versus intrinsic motivation (Oudeyer, Gottlieb, & Lopes,
2016; Ryan & Deci, 2000) and reinforcement learning (Dolan
& Dayan, 2013; Frank, Woroch, & Curran, 2005; Glascher
etal,, 2010; Worthy, Cooper, Byrne, Gorlick, & Maddox,
2014). If we are correct, it would suggest that many types of
experiences that support children in building skills for safe
and adaptive self-directed learning should support children’s
performance monitoring development. It is possible that,
for example, the strong outcomes found with well-designed
and supported project-based learning (Condliffe et al., 2017;
Knecht, Gannon, & Yaffe, 2016) could have a similar effect,
or, for that matter, increased proportions of productive
self-directed time during childhood (Barker et al., 2014).
This study has two main limitations. First, the study is
cross-sectional. Though the study includes a continuous
age range of students, longitudinal work with children
experiencing different styles of pedagogy would increase
confidence in the developmental trajectories described
here. Second, the study has a nonrandomized design. It is
possible that parents who value self-directed behavior them-
selves are more likely not only to enroll their children into
Montessori schools but also to encourage their child to err
and autonomously correct themselves on academic tasks at
home. That said, we find it unlikely that the effects we report
here are entirely due to selection biases. A study of scholas-
tic, social-emotional, and creativity measures in students
from the schools included here produced similar effect sizes
as have existing randomized studies in other Montessori
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and traditional schools (Lillard & Else-Quest, 2006; Lillard
et al.,, 2017; Denervaud, Knebel, Hagmann, & Gentaz, 2019).

In conclusion, our findings suggest that children from
4 to 15years of age develop performance monitoring, and
that this development may be influenced by the pedagogi-
cal approach they experience at school. Our findings pro-
vide preliminary evidence that inconsistencies in previous
studies may be due in part to classroom experience. Our
results also suggest the possibility that early and strong
development of the capacity to discriminate errors, though
this requires time in young children, may have downstream
developmental effects on the ability to efficiently self-correct
in adolescence.

Debates in education often focus on the most appropri-
ate ways to optimally provide content-area knowledge to
students. Our findings reiterate the importance of under-
standing how pedagogical orientations toward the learning
process, and not simply curricular content itself, are impor-
tant factors shaping children’s development. The findings
also point to the need for nuanced developmental studies of
children’s cognitive, affective, and social capacities and their
interactions in various school contexts (Immordino-Yang,
Darling-Hammond, & Krone, 2019). Given the rapid pace
of societal change youth face, it is of utmost importance
that educational experiences equip children not simply
with knowledge but with abilities to effectively and flexibly
learn independently. Our study provides a small step toward
connecting research on performance monitoring with the
development of mental processes in children’s educational
environments.
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ENDNOTE

1 Analysis with raw RTs strengthens the findings. However,
to avoid that outlier trials drive the significant results, RTs
outside 2 SD were filtered out.
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Abstract

Within an inherently dynamic environment, unexpected outcomes are part of daily life. Performance
monitoring allows us to detect these events and adjust behavior accordingly. The necessity of such an
optimal functioning has made error-monitoring a prominent topic of research over the last decades.
Event-related potentials (ERPs) have differentiated between two brain components involved in error-
monitoring: the error-related negativity (ERN) and error-related positivity (Pe) that are thought to
reflect detection vs. emotional/motivational processing of errors, respectively. Both ERN and Pe
depend on the protracted maturation of the frontal cortices and anterior cingulate through
adolescence. To our knowledge, the impact of schooling pedagogy on error-monitoring and its brain
mechanisms remains unknown and was the focus of the present study. Swiss
schoolchildren completed a continuous recognition task while 64-channel EEG was recorded and later
analyzed within an electrical neuroimaging framework. They were enrolled either in a Montessori
curriculum (N=13), consisting of self-directed learning through trial-and-error activities with sensory
materials, or a traditional curriculum (N=14), focused on externally driven activities mainly based on
reward feedback. The two groups were controlled for age, gender, socio-economic status, parental
educational style, and scores of fluid intelligence. The ERN was significantly enhanced in Montessori
schoolchildren (driven by a larger response to errors), with source estimation differences localized to
the cuneus and precuneus. In contrast, the Pe was enhanced in traditional schoolchildren (driven by a
larger response to correct trials), with source estimation differences localized to the ventral anterior
cingulate. Receiver operating characteristic (ROC) analysis demonstrated that the ERN and Pe could
reliably classify if a child was following a Montessori or traditional curriculum. Brain activity subserving

error-monitoring is modulated differently according to school pedagogy.

Key words: Error-monitoring, executive functions, development, pedagogy, event-related potential
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Introduction

The ability to adjust our actions in response to a constantly changing environment is necessary
for optimal goal achievement. This process is called performance monitoring and signals the necessity,
type and amplitude of adaptation required in the face of unexpected events, being adversity, conflict,
error, etc. It allows any agent to (i) quickly detect outcomes that deviate from expectation, (ii) integrate
feedback and (iii) fine-tune behavior and/or internal models for future decisions (Ullsperger,
Danielmeier, & Jocham, 2014). Consequently, human beings can avoid repeating the same mistakes,
and adopt a more appropriate behavior. The necessity of such an optimal functioning has made it a
topic of interest over the last decades of research. While many developmental studies focused on
performance monitoring characterization (i.e. specific features, personality traits, etc.) or individual
trait or state differences in healthy or clinical populations (anxiety, mindsets, obsessive-compulsive
disorders, etc.), inconsistencies in reported outcomes preclude establishing a clear developmental
trajectory. We hypothesized that error-monitoring development is subject to environmental
influences, such as learning strategies reinforced within schooling pedagogies. Here, we evaluated the
extent to which school-pedagogy modulates children’s error-monitoring.

There is no direct measure of performance monitoring, but indirect informative markers have
been widely studied and reported in the context of erroneous actions. At a behavioral level, studies
have generally focused on reaction times on correct compared to incorrect conditions (referred as
post-error slowing), providing a measure of individual reactivity when facing errors. On the other hand,
there is a long history of EEG studies examining the time course of events following error commission.
Despite differences in the protocols used, a similar sequence of brain responses has been reported in
the case of tasks where both speed and accuracy were emphasized. In adults, response-locked brain
potentials include two components: an early frontocentral negativity (typically peaking 50-100ms post-
response onset), dubbed the error-related negativity (ERN) and a later and slower response (~200-
400ms post-response onset) with a more central scalp distribution, called the error positivity (Pe). They
are thought to respectively reflect an early task-unspecific detection of need for adjustments (ERN),
and the late task-specific selective attention for orientation and learning (Pe) (Ullsperger &
Danielmeier, 2016) or conscious evaluation (Ullsperger et al., 2014). ERN and Pe together reflect a
built-in error-detection system (Elton, Band, & Falkenstein, 2000) of respectively low-level perceptive
ability for fast detection of incongruency (or mismatch) (Falkenstein, Hohnsbein, Hoormann, & Blanke,
1991; Murphy, van Moort, & Nieuwenhuis, 2016), and for later top-down processes of
adaptation/evaluation (Falkenstein, 2000; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001;
Overbeek, Nieuwenhuis, & Ridderinkhof, 2005). While these markers are well-studied in adults,

developmental data are inconsistent.



Both components are reported to be present in children of preschool age (Brooker, Buss, &
Dennis, 2011). For example, the ERN was recorded in children as young as 3-4 years old, suggesting
that discrepancy is detected even in young children (Grammer, Carrasco, Gehring, & Morrison, 2014;
Smulders, Soetens, & van der Molen, 2016). This process seems to gain in efficiency with age. Indeed,
a majority of the pediatric studies on ERN report an increase in amplitude with age, reaching adult-like
levels at late adolescence (Tamnes, Walhovd, Torstveit, Sells, & Fjell, 2013). However, there is also
evidence that the trajectory of this maturation is non-linear and inconsistent across ERN and Pe
components (Tamnes et al., 2013). For example, there are reports of reduced ERN during adolescence
(between 10-13 y.o.), despite constant Pe. Such fluctuations are thought to reflect protracted
maturation of the underlying related brain structures, such as the anterior cingulate cortex (ACC)
(Velanova, Wheeler, & Luna, 2008), and subject to developmental changes.

In fact, part of these variations is related to impaired behavior. Indeed, pediatric clinical
populations have been studied, and showed differences in PES or ERN amplitude when compared to
healthy controls. For example, the ERN of clinically anxious children differ from the ERN of healthy
children (studies from 6-18 y.0.) (Meyer & Gawlowska, 2017; Meyer et al. 2013). The relationship
between ERN and anxiety scores appears to be age-dependent; positively correlated in older children
and negatively correlated in younger children (Meyer et al., 2012). ERN amplitude was also reported
to be altered in obsessive-compulsive disorder patients (Gehring, Himle, & Nisenson, 2000; Hajcak &
Simons, 2002), and decreased in ADHD children (Plessen et al., 2016; Liotti, Pliszka, Perez, Kothmann,
& Woldorff, 2005; Pliszka, Liotti, & Woldorff, 2000). However, clinical states do not fully explain inter-
individual variabilities in ERN and Pe amongst same-age children, nor inconsistencies across studies.

So far, developmental studies on ERN and/or Pe have focused on characterization, personality
or clinical comparisons. However, it may be that interaction with the environment plays a key role in
the development of these processes and in turn contribute to inter-individual variability. More
specifically, the extent to which experience with school pedagogy modulates young children error-
monitoring responses remains unexplored. In this study, we specifically investigated the possibility of
a modulatory effect in 27 schoolchildren experiencing different learning environments; namely
Montessori and Swiss traditional pedagogies. Indeed, both approaches address error-monitoring
differently. On the one hand, the Montessori pedagogy is based on a self-corrective learning strategy
through the use of sensory materials within multi-age classes (Montessori, 1936). On the other hand,
the traditional pedagogy is mainly based on externally-driven reward feedback (i.e. grades). Given the
different emphasis that Montessori and traditional Swiss pedagogies place on self-corrective vs.
externally-driven reward, we predicted that ERN and Pe components would differ across
schoolchildren; with early error-detection emphasized in Montessori children. We had no a-priori

hypothesis regarding the Pe amplitude.



Methods

Ethics. The experiment was conducted in accordance with the Declaration of Helsinki. Written
parental consents were obtained for each child and informed assent was provided by each participant.
The experimental procedures were approved by the Ethics Committee of the Hospital Center and
University of Lausanne (Vaud CER). No subject had a history of a neurological or psychiatric illness.

Participants. In total, 31 children completed the experiment as part of a larger study, including
neuroimaging and behavioral measures aiming at evaluating the impact of school environment on
development. Selection criteria were age (5 to 14 y.o.) and school system (children had to be enrolled
in a Swiss Montessori or traditional school system from the early years on or for at least 3 years).
Children with an error rate lower than 10% were excluded from the study (N=4), and recordings with
excessive movement, technical difficulties with EEG recording were removed (N=5). Finally, data from
27 children (mean age £SD = 9.0+1.9 years; all right-handed with normal or corrected-to-normal vision)
were included in the current analyses.

Behavioral control variables. Control variables were collected online post-recording to
evaluate between-group homogeneity. Furthermore, we controlled for trait anxiety (STAI-Y2)
(Spielberger & Vagg, 1984) and mindsets (implicit theories of intelligence) (Blackwell, Trzesniewski, &
Dweck, 2007), given their impact on ERN and Pe measures (Moser, Moran, Schroder, Donnellan, &
Yeung, 2013; Moser, Schroder, Heeter, Moran, & Lee, 2011). Finally, to control, as best as possible, for
the selection bias of including Montessori scholars from private school systems and children from local
traditional schools, we measured the socio-economic status (Largo et al., 1989) and evaluated the
parental education style to ensure home environments to be similar (see Supplementary Materials).
Finally, children were controlled for fluid intelligence as well (Raven, Raven, & Court, 2003).

Multiple t-tests (independent or Wilcoxon according to the preliminary data check with Q-Q
plots and Levene’s test) with a 95% confidence interval (Cl) for the mean difference were run on the
different control variable scores to statistically determine significant differences between the two
groups of schoolers (Montessori vs control), with a false-rate discovery (FDR) p-value correction at
g=0.05. None of the multiple t-tests were found to be significant (p>0.05), revealing comparable
groups in term of age, gender, fluid intelligence, trait anxiety, and mindsets. Furthermore, parental SES
and education style at home were similar as well (Table 1).

EEG task and procedure. Children performed a continuous recognition task, modified for
children from Thelen et al. (2014) and which required the discrimination of initial (i.e., ‘new’) from
repeated (i.e., ‘old’) presentations of line drawings. Initial and repeated presentations of an item were
pseudo-randomized within a block of trials. Each object was repeated only once within each

experimental block. The line drawings were taken from a standardized set or obtained from an online



library (dgl.microsoft.com). The experiment took place in a sound-attenuated chamber (MDL 102126E
from Whisperroom Inc.), where children were seated centrally in front of a 20” LCD computer monitor
that was located about 80cm away from them to produce a visual angle of ~4°. The task was designed
and controlled by PsychoPy 3.0 (Peirce et al., 2019), and all behavioural data were recorded in

conjunction with a serial response box (Psychology Software Tools, Inc.; www.pstnet.com).

EEG acquisition and pre-processing. Continuous EEG was acquired at 1024Hz through a 64-
channel Biosemi ActiveTwo AD-box (http://www.biosemi.com) referenced to the common mode
sense (CMS; active electrode) and grounded to the driven right leg (DRL; passive electrode), which
functions as a feedback loop driving the average potential across the electrode montage to the
amplifier zero (full details, including a diagram of this circuitry, can be found at

http://www.biosemi.com/fag/cms&drl.htm).

Pre-processing and analyses were performed using both homemade python scripts using Anaconda
distribution (Python Software Foundation. Python Language Reference, version 2.7. Available at
http://www.python.org) and the Cartool freeware (Brunet et al. 2011; cartoolcommunity.unige.ch).
Data were first filtered with a 2" order Butterworth filter (12dB/octave roll-off; 01.Hz high-pass; 60Hz
low-pass; 50Hz notch). The filters were computed linearly in both forward and backward directions to
eliminate phase shifts. Then EEG epochs were time-locked to the motor response and spanned 500ms
pre-response and 500ms post-response. Epochs with amplitude deviations in excess of £100uV at any
channel, with the exception of those labeled as ‘bad’ due to poor electrode-skin contact or damage,
were considered artifacts and were excluded. Data from ‘bad’ channels (Melectrodes=2.04, SD=2.49) were
interpolated using 3D splines (Perrin et al., 1987). Prior to group-averaging response-locked potentials
were baseline-corrected (-500 to -400ms from the response).

Error-related components. Two error-related components were extracted: the ERN and the
Pe. The time periods for these components were selected based on hierarchical topographic clustering
analyses of our dataset (Murray et al., 2008). Briefly, topographic clustering is a data-driven way to
identify, at the group-level, time periods of stable electrical field configurations on the scalp surface.
These stable configurations are characterized by a topographic map or so-called template map (since
they are based on group-averaged data). These hypothetical segments were then statistically tested
with a fitting procedure and resulting maps were used as relevant physiological markers of periods of
interest. For the ERN, stable scalp topography was identified from -25ms to 25ms, and for the Pe stable
topography was observed from 200ms to 500ms (see Supplementary Materials).

Statistical analyses - Behavioral data. First, independent t-tests were computed on accuracy
and error rates, to statistically evaluate group differences (Montessori vs. traditional). Second, a mixed

model analysis of variance (ANOVA) with response condition (correct, incorrect) as the within-subject



factor and group (Montessori, traditional) as the between-subjects factor, was run on RTs (with
?<0.05).

Electrical neuroimaging analyses. The analyses of response-locked data were based on the
hypothesis that school pedagogy (Montessori vs. traditional) would affect the differential neural
response between correct and incorrect trials; the latter of which would nonetheless were anticipated
to differ based on prior observations of ERN and Pe in schoolchildren (e.g. Hogan et al., 2005). Based
on previous literature (e.g.Aarts, De Houwer, & Pourtois, 2013; Grammer et al., 2014; Meyer,
Weinberg, Klein, & Hajcak, 2012) and according to our dataset (topographic clustering), we selected
scalp locations (Fpz and Cz) and the time period of interest (-25 to 25ms and 200-500ms) respectively
for the ERN and Pe components (Figure 1). We performed the statistical analysis on the area under
the curve. For each component, a mixed model ANOVA was conducted with response condition
(correct, incorrect) as the within-subjects factor and group (Montessori, traditional) as the between-
subjects factor. Post-hoc Tukey tests were performed when appropriate. Additionally, we applied the
local auto-regressive average distributed linear inverse solution (LAURA) to these response-locked
data to visualize and statistically contrast the likely underlying sources of the effects identified during
the preceding steps of analysis of the surface-recorded response-locked potentials, with use of the
software brain template for 7.5-13.5 year-old children (provided by Cartool). Statistical analysis
entailed the same mixed model design as above and was performed using STEN software (Knebel &
Notter, 2012). A spatial extension criterion of at least 10 contiguous significant nodes (p<0.05) was
applied. F-maps thresholded by significant points was displayed.

Binomial logistic regression analysis. We tested the specificity and sensitivity with which the
two brain components (AERN and APe) could classify the schooling system in which a child was enrolled
(Montessori vs. traditional). The results of this analysis are reported as the area under the receiver

operating characteristic (ROC) curve (AUC).

Results

Behavioral outcomes. Overall, participants committed an average of 17% (SD=12%) errors,
with an accuracy rate of 74%(SD=20%). Age was unrelated to accuracy (r;;7=0.10, p=0.63). Both error
and accuracy rates were comparable in the two experimental groups (respectively t;5=0.56, p=0.58,
Cohen’s d=0.21 and t;;5=0.46, p=0.65, Cohen’s d=0.18). As shown in previous studies, participants
were faster on incorrect than correct trials (MgrtSD = 9264+360ms vs. 1040+436ms; F(1,25=7.39,
p=0.012, n,2=0.23). There was no evidence of a significant effect of group (F1,25<1, p=0.84, n,2=0.00)
nor of an interaction between these two factors (F1,25<1, p=0.93, n,2=0.00). As intended, we obtained

comparable behavioral outcomes in both groups (Table 2).



Electrophysiological results. We calculated the summed amplitude of the ERP during the ERN
and Pe time windows for both correct and incorrect trials as well as both groups of schoolers (Figure
2A). The ERN summed amplitude over the time period was significantly more negative on incorrect
than correct trials (-173+584uV vs. 104+522uV; F2s) = 15.81, p < 0.001, ny*=0.34). There was a
significant interaction of action (correct, incorrect) on group (Montessori, traditional), F1,25 = 7.19 ,
p=0.013, n,?=0.22. A post-hoc Tukey test revealed that Montessori schoolers differed significantly at
Prukey<.001 between the incorrect and correct conditions, while there was no reliable difference for the
traditional schoolers (ptukey=0.788). Analysis of the Pe amplitude revealed a significant main effect of
action (correct, incorrect)(F,25 = 4.53, p =0.043, n,?=0.15) as well as a non-significant trend for an
interaction of action (correct, incorrect) on group (Montessori, traditional), F(,25=3.08 , p=0.09,
ne?=0.11. A post-hoc Tukey test revealed that traditional schoolchildren presented a significant
difference at puke,=0.045, while there was no reliable difference for the Montessori schoolers
(prukey=0.994). There was no evidence that the magnitude of the Pe and ERN were correlated (r=-0.05,
p=0.80). The results of analyses of distributed source estimations are displayed in Figure 2B. For both
the ERN and Pe there was a significant interaction between action and pedagogy. For the ERN period,
loci exhibiting a significant interaction were limited to the precuneus. The Cartesian coordinates
(Talairach & Tournoux, 1988) of the maximal F-value was -17, -70, 19 mm, which is situated within
Brodmann’s Area 18. Significant voxels extended into the cuneus. For the Pe, voxels exhibiting a
significant interaction were limited to the anterior cingulate cortex, with a maximal F-value at the
coordinates 10, 44, 7 mm, which is situated within Brodmann’s Area 32.

Binomial logistic regression analysis. The area under the ROC-curve (AUC) is related to the
overall ability of the test to correctly identify schoolers based on multivariate logistic regression using
the predicted probability from the combined AERN and APe values (Figure 2C). The AUC 0.824 (95% ClI
=0.667-0.982) and was significantly above 0.5 change levels (p=0.004).

Discussion

The current study demonstrated the effect of schooling environment on the processing of
errors. Using standardized electrophysiological measures, we showed that there was a differential
expression of both when and where in the brain children in Montessori vs. traditional schooling
processed errors, despite no reliable differences in their behavior.

Children were controlled for their level of fluid intelligence, trait anxiety, mindsets, socio-
economic background and education at home. While outcomes were similar in these external

measures, this was also apparent with the task-related behavioral outcomes. Reaction time and



performance analyses revealed no reliable differences between schooling systems, suggestive of well-
controlled groups on multiple levels, minimizing contributions of a selection bias.

Regarding the electrophysiological data, children enrolled in Montessori schools exhibited a
larger early component of error-detection. Montessori curricula offer pedagogical tools in the form of
sensory materials that are self-corrective, so that children, from early years on, are trained to explore
and solve unexpected outcomes on their own (Montessori, 1936). Not only is the feedback direct, but
is also conveyed through the senses (Lillard, 2017). Their error-monitoring may thus be shaped or
reinforced in regard to this early perceptive detection response, in line with the recent framework
suggesting ERN to be an orienting reflex (Ullsperger & Danielmeier, 2016). While an increased ERN is
often related to anxiety or obsessive-compulsive disorders (e.g. Meyer et al., 2012;Endrass, Riesel,
Kathmann, & Buhlmann, 2014; Gehring et al., 2000; Hajcak & Simons, 2002), students with higher
academic outcomes also show strong responses to deviant actions. In such cases, increased ERN was
argued to reflect higher cognitive resources during cognitive control tasks and was found to be
predictive of academic performance in undergraduate students (Hirsh & Inzlicht, 2010). However, in
college students, the ERN has been linked to mood and affect (Luu, Collins, & Tucker, 2000). Here, we
would argue that beyond greater cognitive control or affective state, Montessori children appear
prone to early perception of discrepancies. In fact, the ERN may be related to sensory prediction error,
as framed by the reinforcement learning theory. Indeed, a study in 5-7 y.o. (N=18) young children
revealed that ERN was not modulated by error value while error-detection was still present (Torpey,
Hajcak, Klein, 2009). A study in adults reported the ERN to be predictive of reinforcement learning,
with larger ERNs in better learning participants (Frank, Woroch, & Curran, 2005). In our study, the
distinction between correct and incorrect actions seems clear in Montessori students, while not
reliably so for students in traditional schooling. By contrast, the later component Pe, is often reported
to reflect more value-based processes (e.g. motivation, evaluation)(Overbeek et al., 2005). In adults,
its amplitude is modulated by a happy mood (positivity) and mindsets (Moser et al., 2011), suggesting
motivational salience and/or conscious appraisal of errors (Paul, Walentowska, Bakic, Dondaine, &
Pourtois, 2017). However, much less is known about the Pe, and its function is currently debated
(Nieuwenhuis, Ridderinkhof, Blow, Band, & Kok, 2001; Overbeek et al., 2005). Here, the Pe was been
found to be larger in traditional schoolers, while not in Montessori schooling children. Interestingly, it
was the correct condition that elicited higher amplitude. Together, our results suggest development
of error-monitoring competencies of different kinds according to the school pedagogy, revealing
modulatory effect in school age children. This suggests that, underlying maturation of the related brain
structures are prone to modulations by daily-life experience in general, and at school in particular.

Source estimations in the present study confirmed differences in underlying active brain

networks, with two main regions exhibiting statistically reliable interactions. First, Montessori and
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traditional scholars differ during the early stage of error-monitoring (ERN) within both the cuneus and
precuneus. The cuneus is related to visual processes and may reflect an attention-related function
(Simpson et al., 2011). It may be that errors elicit a subsequent increase in selective attention. Here
we would contend that early precuneus coupled with cuneus activities are related to sensory
consciousness of discrepancy. Indeed, the cuneus is tightly related to the precuneus, which in turn, is
acknowledged to have a widespread connectivity with subcortical and cortical structures. It thus is
thought to play a central role in many cognitive processes, but mainly those related to consciousness
(Cavanna & Trimble, 2006). Furthermore, it was shown to be subdivided into an anterior part implying
self-related functions and a posterior one tightly related to episodic memory retrieval (Cavanna &
Trimble, 2006). We thus further hypothesize that visuo-spatial imagery (also reported to activate the
precuneus) differences between expectation and outcome are related to internal model
representation and embodiment (sensory learning) (Immordino-Yang, 2009). Further studies would be
required to investigate whether early performance monitoring markers are related to internal model
revision.

Source estimations during the later component (Pe) indicated that brain activity in the anterior
cingulate cortex (ACC) was significantly different across Montessori and traditional schoolchildren. This
is in close agreement with previous work on error or conflict-monitoring where the ACC is robustly
activated (e.g. (Carter et al., 1998) (Kiehl, Liddle, & Hopfinger, 2000; van Veen & Carter, 2002), and
linked to greater prefrontal activity (Botvinick, Cohen, & Carter, 2004). In the current study, differences
were most robust in the ventral region of the ACC. While the dorsal part of the ACC is related to
cognitive processes, the ventral one is thought to reflect emotional components (Bush, Luu, & Posner,
2000). The latter is thought to assess the saliency of emotional and motivational information, and is
connected with the amygdala, nucleus accumbens, hippocampus, and anterior insula. It may thus be
that error evaluation and motivation are dissimilar in Montessori and traditional schoolchildren.

Here, we show that error-monitoring is modulated by daily-life experience such as the school
learning environment. As depicted by the ROC analysis, children could be classified based on their two
error-related brain components significantly above chance levels. On the one hand, Montessori
scholars seem to be trained at early and sensory error-detection (A. Lillard, 2013; A. S. Lillard, 2005).
On the other hand, traditional schoolchildren show positive reinforcement in motivational later
component, potentially reflecting value-based reward learning. In conclusion, we would posit that
different pedagogies effectively emphasize different aspects of error-monitoring; in the cases here
perception vs. evaluation of errors. Our results call for further research to unveil how ERN and Pe
develops in the context of school pedagogy and raises the question of the relation between error-

monitoring and reinforcement learning.
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Group

p-values

Montessori Traditional t or X? Cohen’s d
FDR corrected

N (girls) 13 (4) 14 (8) 1.90 0.45
Age [years] 9.24 (2.19) 8.79 (1.72) 0.60 0.75 0.23
min, max 6.33-14.3 5.75-12.3
SES [au] 7.25(0.87)  7.50(1.24) -0.59 0.75 -0.23
Parental education style 26.42 (4.54) 26.86 (4.20) -0.26 0.91 -0.11
[score]
Fluid intelligence [score] 34.08 (2.25) 32.36(3.27) 1.58 0.45 0.61
STAI [score] 13.38(6.20)  13.14 (4.88) 0.11 0.91 0.04
Growth mindset [score] 12.80(6.28) 15.60 (4.99) -1.23 0.46 -0.49
Fixed mindset [score] 13.00 (5.44) 9.92 (3.88) 1.64 0.45 0.66

Note. Mean and SD indicated. au = arbitrary units.

Table 1. Population and control variables.
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Group

Montessori Traditional Statistics p Cohen’s d/ np
Behavior
Accuracy (%) 75.8 (16.0) 72.3(23.2) t(25)=0.46 0.65 0.18
Error rate (%) 18.1 (13.9) 15.6 (0.1) t(25)=0.56 0.58 0.21
RT Correct (ms) 1054 (477) 1019 (412)
F(1,25)=0.009 0.93
RT Incorrect (ms) 941 (382) 913 (352)
ERP components (uV)
ERN_Correct (Fpz) 129.7 (542.6) 81.0(520.7)
ERN_Incorrect (Fpz) -346.8 (527.8) -11.6 (605.6) F(1,25)=7.19 0.013
AERN -476 (411) -92.7 (331) -2.68 0.01 -1.03
Pe_Correct (Cz) 161 (2529) 755 (3760)
F(1,25)=3.08  0.09
Pe_Incorrect (Cz) 313 (2386) 2336 (3576)
APe -151 (1659) -1581 (2461) 1.76 0.09 0.676

Table 2. Means (SD) of behavioral performance and ERP amplitudes at electrode sites.
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Figure 1. Mean response-locked event-related potentials at frontocentral (Fpz) and vertex (Cz) scalp
locations for correct (blue) and incorrect (grey) actions, collapsed across all participants.
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Figure 2. Electrical Neuroimaging and ROC Analyses. A. ANOVAs were performed on the sum under
the curve for correct and error trials from the response-locked ERPs of schoolchildren in Montessori
and Traditional systems at Fpz for the ERN (left) and at Cz for the Pe (left). Asterisks indicate a
significant interaction. B. The images display the interaction term of the 2x2 (Condition x Group) mixed
model repeated measures ANOVA using scalar values from the LAURA source estimations over the
ERN and Pe time periods (left and right images, respectively). Results are displayed on the surface of
the 7.5-13.5 y.o. Cartool brain template with red representing sources with maximum F-Values. Only
solution points exhibiting a significant interaction are shown (p<0.05 and a spatial extent of at least 10
significant points). All other points were set to zero. The maximum of activity differences for ERN and
Pe were observed in the cuneus/precuneus and in the anterior cingulate cortex, respectively. C. Based
on the combined measure of AERN and APe, the schooling system of a child (Montessori vs. Traditional)
was reliably classified using a binomial logistic regression analysis. The resulting area under the ROC
curve was 0.824 and reliably discriminated between Montessori (69.2%) and Traditional schoolchildren
(78.6%).
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Abstract

The development of error-monitoring is central to learning and academic achievement.
However, few studies exist on the neural correlates of children’s error-monitoring, and no
studies have examined its susceptibility to educational influences. Pedagogical methods differ
on how they teach children to learn from errors. Here, 32 students (aged 8-12 years) from

high quality Swiss traditional or Montessori schools performed a math task with feedback
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during fMRI. Although the groups’ accuracies were similar, Montessori students skipped
fewer trials, responded faster and showed more neural activity in right parietal and frontal
regions involved in math processing. While traditionally-schooled students showed greater
functional connectivity between the ACC, involved in error-monitoring, and hippocampus
following correct trials, Montessori students showed greater functional connectivity between
the ACC and frontal regions following incorrect trials. The findings suggest that pedagogical
experience influences the development of error-monitoring and its neural correlates, with

implications for neurodevelopment and education.

Introduction

Given the changing landscape of work and the ease of acquiring factual information
via technology (New Vision for Education; Unlocking the Potential of Technology, 2015),
there is an active debate around how pedagogical approaches can support students not simply
in memorizing facts and becoming proficient at procedures but in developing abilities for
evaluating their ongoing learning processes (Soderstrom & Bjork, 2015); in essence, for
learning how to learn efficiently. Central to this enterprise is fostering a self-directed, process-
oriented approach to learning, in which children learn to recognize and utilize information
about incorrect responses to iteratively improve their skills (Benedek et al., 2014; Melby-
Lervag, Redick, & Hulme, 2016; Oudeyer, Gottlieb, & Lopes, 2016; Redick, Shipstead,
Wiemers, Melby-Lervag, & Hulme, 2015).

Error-monitoring refers to the intrinsic ability to detect and evaluate outcomes that
violate expectation and to adapt in response (Ullsperger, Danielmeier, & Jocham, 2014).
Existing work suggests that error-monitoring shares processing features with surprise or
violation of expectations and serves as a basic orienting mechanism for subsequent behavioral

adaptation and learning (Wessel, Danielmeier, Morton, & Ullsperger, 2012; Danielmeier,
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Eichele, Forstmann, Tittgemeyer, & Ullsperger, 2011; Laubach, Caetano, & Narayanan,
2015). Individuals’ error-monitoring competencies are tightly related to self-regulatory and
flexible goal-directed behaviors (Posner, Rothbart, Sheese, & Tang, 2007; Ullsperger,
Danielmeier, & Jocham, 2014). Along with executive functions, error-monitoring improves
across development, with adult-like responses by mid-adolescence (Buzzell et al., 2017;
Grammer, Carrasco, Gehring, & Morrison, 2014; Tamnes, Walhovd, Torstveit, Sells, & Fjell,
2013). Its developmental trajectory is known to depend upon underpinning brain networks,
most notably involving the cingulate gyrus, including the anterior cingulate cortex (ACC),
and developmental changes in both behavior and brain activity have been described
(Smulders, Soetens, & van der Molen, 2016; Tamnes et al., 2013; Velanova, Wheeler, &
Luna, 2008; Posner, Rothbart, Sheese, & Tang, 2007). Most notably, these include increased
capacity to detect errors quickly and self-correct accurately, and corresponding shifts in
functional connectivity of the ACC.

It is possible that error-monitoring and its neural correlates are shaped by
developmental experience, and in particular by schooling. Pedagogical traditions differ in the
ways they support children in recognizing and reacting to incorrect responses. While
traditional pedagogy typically teaches children by providing them information about when
they have made a mistake, feedback that is often delayed (Dihoff, Brosvic, & Epstein, 2003;
Epstein, Epstein, & Brosvic, 2001), so that they can avoid such mistakes in future (Metcalfe,
2017), Montessori students are typically not given direct information about the correctness of
their answers. Instead, Montessori teachers encourage children to notice their own incorrect
thinking or to help peers identify incorrect thinking in a pro-social manner (Montessori,
1936). This method was built from the thinking of Maria Montessori in the 1920’s based on
her systematic observations of children’s development in educational settings and in

interactions (Montessori, 1936). The global aim was to facilitate children actively organizing



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

their own understanding in a socially cooperative context in which children of mixed ages
observe and sometimes teach each other (Montessori, 1936). This could implicitly teach
Montessori-schooled children to engage with errors and self-correction in a more
autonomous, process-oriented and constructive way, while also helping them leverage social
skills. This is in contrast to methods that focus children through testing on memory and recall
(Karpicke & Roediger, 2007; Marsh, Roediger, Bjork, & Bjork, 2007), which are emphasized
in traditional schooling.

Montessori students have been reported to achieve higher scores on academic tasks
(Lillard & Else-Quest, 2006; Lillard et al., 2017; Rathunde, 2001), on tests of socio-emotional
skills (Rathunde, 2001; Rathunde & Csikszentmihalyi, 2005) and on creativity tests
(Besangon & Lubart, 2008; Denervaud, Knebel, Hagmann, & Gentaz, 2019). These outcomes
are thought to reflect children’s experiences with the pedagogical strategies (Lillard, 2012),
but the cognitive origins of these effects have not been studied. Given the focus on
independent recognition of errors in Montessori pedagogy, one reasonable hypothesis is that
Montessori schooling may be effective in part because it impacts children’s development of
error-monitoring.

Our previous work supports the hypothesis that error-monitoring may differ in
children exposed to Montessori versus traditional pedagogy (Denervaud, Knebel, Immordino-
Yang, & Hagmann, 2020). Compared with Montessori students, traditionally-schooled
students were found to react more strongly when detecting an incorrect response, as measured
by strength of global field power in EEG, suggesting lower self-regulated error-monitoring
ability (Denervaud et al., in prep.). These first results suggest that pedagogical practice
influences the way young students learn to perceive and respond to errors, with traditional
teaching methods potentially teaching children to strive to remember and produce only correct

responses (Denervaud et al., in revision). These results align well with research on adults
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demonstrating that incorrect responses are typically affectively tagged as negative and
aversive (Aarts, De Houwer, & Pourtois, 2012, 2013). Of note, the adults participating in the
existing studies had likely almost exclusively been traditionally-schooled.

Human studies consistently implicate cingulate regions in general, and the ACC in particular,
in the process of error-monitoring. This is consistent with functional connectivity and brain
activation studies on neurodevelopmental maturation of the cingulate gyrus. These studies
report an age-related caudal-ventral gradient of developmental change (Kelly et al., 2009),
that is evident with regard to error-monitoring (Velanova, Wheeler, & Luna, 2008), especially
between 8-12 years of age. However, to date, functional neuroimaging studies of error-
monitoring have mainly been conducted with adults. These studies shed light on the spatio-
temporal specificity of error-monitoring. They make clear its distinction from conflict
responses and reward processes (lannaccone et al., 2015), and highlight its role not only in
behavioral change but in social adaptation (Bediou et al., 2012; Danielmeier et al., 2011;
Izuma et al., 2015; Klucharev, Munneke, Smidts, & Fernandez, 2011). That is, error-
monitoring processes are not only invoked for our own mistakes, but also for mistakes that we
monitor in others (de Bruijn, de Lange, von Cramon, & Ullsperger, 2009; Kang, Hirsh, &
Chasteen, 2010). Competitive or cooperative social settings have been shown to differently
influence error perception and vicarious learning, such that cooperative settings heighten
error-monitoring responses to others’ mistakes, and increase subsequent learning (Koban,
Pourtois, Vocat, & Vuilleumier, 2010).

Here, we asked 8-12 year old students from Swiss traditional and Montessori schools
to judge whether solutions to straightforward math problems were right or wrong during
fMRI scanning, and studied their brain activation patterns when their responses were correct
or incorrect using blood oxygen-level dependent (BOLD) activation and functional

connectivity analyses. Public traditional and private Montessori schools in Switzerland both
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provide high quality education, but differ systematically in their pedagogical approaches
(according to local educational policies and the Montessori application standards). To control
as best as possible for selection bias, we collected information on demographic factors,
families’ reported educational practices and beliefs, as well as on fluid intelligence and math
ability, and found students in the two pedagogical groups to be comparable (Table 1).

We hypothesized that both groups of children would show neural responses to their
self-generated incorrect versus correct responses, and that this neural activity and connectivity
would differ in children from these two types of schools. Specifically, we hypothesized that:
1) regardless of pedagogical experience, students would show increased activity along the
cingulate gyrus to incorrect versus correct answers, consistent with data from adults; and 2)
Montessori and traditionally-schooled students would show relatively different patterns of
brain activation and connectivity in trials corresponding to correct and incorrect responses;
Montessori students would show higher brain activation and connectivity in brain regions
implied in error-monitoring (ACC, medial frontal cortex), whereas traditionally-schooled

students would show effects in brain regions involved in memory (e.g., hippocampus).

Materials and Methods

Participants. Thirty-seven healthy children (18 females; aged 8-12.3 years, mean + SD =
9.95 + 1.25) completed the experiment as part of a larger study including neuroimaging and
behavioral measures aiming at evaluating the impact of school environment on cognitive and
emotional development of error monitoring. Selection criteria were age (8 to 12 years of age)
and school enrollment (participants had to be enrolled in a Montessori or in a traditional
school system from the Kindergarten on, or for at least 3 years in the case of the youngest
children). All but one participant in each group were right-handed. One Montessori

participant stopped the task half-way due to sickness in the scanner, and four others were
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excluded due to dental braces interference on the fMRI scan (n = 1 Traditional student), high
dyslexia and dyscalculia (n = 1 Montessori student), or motion greater than 3 mm exceeding a
rate of 20% of the slices collected (n = 2, one from each group), leaving 32 subjects (17
female; aged 8-12.3 years, mean + SD = 9.98 & 1.25) available for analyses (half from each
schooling system). This study was approved by the local ethics committee (CER-Vaud).
Written informed consent to take part in the study was obtained from parents and oral consent
from subjects; participants acknowledged that they were free to withdraw at any time without
penalty. Participants were compensated with a voucher and received the personalized gift that

had been displayed during the fMRI task.

Group variables.
Data used to evaluate between-group homogeneity were:

(1) non-verbal intelligence (black and white version of the Progressive Matrices;
Raven et al., 1998); the child had to choose from amongst 6 items one pattern that
would fit within a matrix. There were 36 matrices to be completed and each
correct answer granted a point (maximum 36).

(i1) self-reported anxiety (STAI-Y2; Spielberger & Vagg, 1984); on a 3-point Likert
scale, the child responded to questions about their state anxiety. Responses were
summed (scores ranging from 0 to 40; higher scores denote higher anxiety).

(i)  working memory (Digit-Letter span tasks; Wechsler, 2005); the child listened to
and memorized a string of mixed digit-letters and repeated them in ascending
order (that is, they mentally reorganized the information). The score was age-

standardized (higher scores denote greater working memory capacity).
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(iv)

mathematical skills (Simonart, 2008); the child solved standardized math problems
including arithmetic, logic and geometric paper-based tasks. The maximum score

was 100% correct answers.

Finally, to control as best as possible for the possibility of selection bias stemming from

recruiting Montessori students from private schools and traditional students from public

schools, to ensure home environments were similar, and to ensure equivalence on math

anxiety (which is known to be impacted by parents; Maloney, Ramirez, Gunderson, Levine,

& Beilock, 2015) we measured :

(1)

(i)

(iii)

(iv)
V)

family’s socio-economic status, including both parents’ education levels and
current job (higher scores denote higher socio-economic status).

parental report of child math affect (parents’ reports of their child’s level of math
anxiety and math enjoyment) using a 5-point Likert scale (higher scores denote
more positive affect toward math).

home physical environment, using a questionnaire about whether there is a yard,
the number of rooms, etc. (higher scores denote more enriched home
environment).

parents’ perceived life stress (higher scores denote higher perceived life stress);
home pedagogical environment, including questions about parents’ interest in
education and pedagogy (e.g., how many books on education they have at home),
and style of parenting (e.g., number of meals shared with the child per week on
average, frequency of museum visits together, type of feedback given when the
child succeeds); (higher scores denote increased knowledge about pedagogy and

more parental involvement in their child’s intellectual development).
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Control variables were partially collected online (parental questionnaires; children’s fluid
intelligence and self-reported anxiety) and through a behavioral assessment that took place

after fMRI scanning.

A chi-square test was performed to determine whether the gender ratios differed between
Montessori and traditional students. In addition, multiple t-tests (independent or Welch’s
according to the preliminary data check with Q-Q plots and Levene’s test) with a 95%
confidence interval (CI) for the mean difference were run on the control variables to test for
significant differences between the groups (Montessori vs traditional), with a false-rate

discovery (FDR) p-value correction at qg=0.05.

Task and procedure

Students were individually assessed on a novel math proofreading fMRI paradigm that
was designed to evoke a school-related task. During scanning, participants were asked to
respond as to whether the solution of the math problem they viewed was right or wrong using
a response-box in their right hand. Instructions emphasized the need for both speed and
accuracy. Each trial consisted of (i) a start cue displayed for 1000 ms, followed by (ii) a
simple addition or subtraction problem with a suggested solution that could be correct or
incorrect (retrieved from a standardized age-normalized task, presented in random order; von
Aster, 2005) displayed for 3000 ms, during which the participant had to respond, (iii) the
feedback (words “correct” or “incorrect”) displayed for 2000 ms, and (iv) a fixation cross as
inter-trial jitter lasting between 2000-3000 ms, in steps of 500ms, varying randomly to
provide adequate temporal sampling of the blood oxygen level dependent (BOLD) response
(Figure 1). In total, 64 trials were divided evenly into eight blocks with an inter-block interval

of 14000 ms.
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Stimulus delivery and recording of behavioral data (reaction time and accuracy) were
controlled by E-prime and a serial response box (www.pstnet.com; Psychology Software
Tools). Button presses occurring more than 3000 ms after stimulus the presentation of the
math problem were labeled as a miss, and were excluded from neuroimaging analysis.

The data were collected as part of a larger study examining the differential effects of
various rewards versus no reward or no feedback on correct versus incorrect responses.
Because of the short experiment duration necessary for child participants, we were unable to
include sufficient trials within each reward condition to test condition-specific reward effects
on error-monitoring. The current study therefore focused exclusively on the comparison
between “correct versus incorrect” trials. To avoid confounding with reward, reward images

were presented concurrent with the feedback for both correct and incorrect trials.

eak

Participant’s response: "
CORRECT / INCORRECT END
* 2z /

Figure 1. The fMRI task design: after the cue presentation (e.g., “If you perform well, you
will gain points™), the participant had to determine whether the math problem and its
suggested solution (e.g. “3+10 = 12”) was right or wrong. Feedback was given, based on
his/her real performance.

Data acquisition

Structural and functional images were collected at the Lemanic Biomedical Imaging

Center (CIBM) of the University Hospital Lausanne (CHUV), on a Siemens 3T Prisma-Fit
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MR scanner, with a 64-channel head-coil. For each participant, a 3-dimensional high-
resolution isotropic T1-weighted sequence (MPRAGE) was acquired (TR =2000ms, TE =
2.47 ms, 208 slices; voxel size= 1x1x1, flip angle=8°) as anatomical individual reference and
basis for surface reconstruction. The functional scans were continuously acquired using a
standard echo-planar gradient echo sequence acquired by simultaneous multislice (SMS)
imaging technique and covering the whole brain with an isotropic voxel size of 2mm ([TR] =
1000 ms; echo time [TE] = 30 ms; 64 axial slices; slice thickness = 2 mm, no gap between
slices, flip angle = 80°, matrix size = 100 x 100, field of view [FOV] =200 mm, sms
factor=4, parallel imaging acceleration factor=2). For each subject one session of 740
volumes was recorded, including seven “dummy” scans that were then discarded by the
scanner, for a total acquisition time of 12m26s. Foam pads were placed around the subject’s

head inside the coil to prevent head’s motion.

Behavioral analysis

Behavioral data were analyzed using the statistical R software jamovi (Jamovi Project, 2018).
First, to validate the fMRI task, Pearson correlation coefficients were computed to assess the
relationship between correct response scores and the participant’s standardized math task
performance and parental report of affect toward math. Second, main effects and their
interaction on accuracy were analyzed using a 3-by-2 ANOVA (response type -correct,
incorrect, missed-, as within-subject factor; Montessori versus traditional as between- subject
factor). Main effects and their interaction on response time were analyzed using a 2-by-2
ANOVA (response type -correct, incorrect-, as within-subject factor; Montessori versus
traditional as between-subject factor), with a<0.05. Post-hoc Tukey tests were computed

when relevant. Finally, we computed participants’ efficiency as their reaction time divided by
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their proportion of correct responses (Bruyer & Brysbaert, 2011) and an independent t-test

was used to statistically evaluate group differences (Montessori versus traditional students).

Neural activation analyses

Imaging data processing and analyses were carried out with Matlab (Mathworks, Natick, MA,
USA Version 7.13) using the software SPM12 (Wellcome Department of Cognitive
Neurology, London, UK) and the results were visualized using xjview Toolbox for SPM

(http://www.alivelearn.net/xjview) and MRIcroGL (http://www.cabiatl.com/mricrogl/).

Anatomical locations were labeled and described with the help of the aal atlas.
Preprocessing. Functional images were motion corrected with reference to the first scan,
using a 6-parameter rigid-body realignment. Then, slice timing correction was performed on
these realigned images. The functional images were then co-registered to the high-resolution
T1 anatomical image of the participant, using mutual information. Finally, images were
normalized (by estimation based on the anatomical images and then applied to the functional
images) to the MNI template and spatially smoothed using an 8 mm Gaussian filter. Visual
inspection of estimated motion parameters was conducted on a subject-by-subject basis, and
subjects demonstrating a rate of motion-corrupted scans (> 3 mm, >3°) exceeding 20% were
excluded (n=2).

Brain activation analysis. First-level statistics were performed for each subject using a
general linear model as implemented in SPM12. Brain activity of interest comprised the 4-sec
stimulus presentation that followed the start cue, including task and feedback time. Contrasts
of the participant’s correct vs. incorrect responses were computed. The realignment
parameters were included in the model as a nuisance variable, and the highpass filter cut-off
was set to 128 sec. The generated maps were then used as input values for the group-level

analysis. Second-level random effects were analyzed using general mixed-design ANOVA
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including the factors Response (participant’s correct or incorrect responses) as within-subjects
factor, and Pedagogy (Montessori, traditional) as between-subjects factor. All activation maps
were thresholded at p<0.05 for cluster level FDR correction, which correspond to a voxel-
wise threshold of p<0.001 and a cluster size threshold of greater then 30 voxels per cluster.
Functional connectivity analysis. To investigate effects of response type and pedagogical
group on functional connectivity, selected seed regions of interest (ROIs) identified in the
activation analysis were used as seeds in a Psycho-Physiological Interaction (PPI) analysis
implemented in SPM12. ROIs in the middle prefrontal cortex (x=-30, y=28, z=44) and ventral
anterior precuneus (x=-10, y=-46, z=46) were identified from the main effect of correct versus
incorrect responses; ROIs in the right prefrontal cortex (x=6, y=64, z=8), anterior middle
cingulate (x=-2, y=52, z=-2) and cuneus (x=22, y=-90, z=8) were identified from the main
effect of pedagogical group. Seeds were defined as 8mm-radius spheres. The average
connectivity maps were computed for each subject by response type (correct and incorrect).
We conducted a second-level group analysis using a t-test for each response type (correct
versus incorrect), or pedagogical group (Montessori versus traditional). As the connectivity
analyses were exploratory, the threshold was set at p<0.001 uncorrected at the voxel-wise

level.

Results

Group variables

No significant differences were found (p>0.3) for age, fluid intelligence, trait anxiety,
working memory, mathematical competency, and affect toward math, revealing comparable
groups on these measures; parents’ SES, parenting style, perceived life stress and pedagogical

approach at home did not differ between the groups (Table 1). There were marginally more
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girls in the traditionally-schooled group (p=0.08). We thus examined the effect of gender and

founded to be not significant (p=0.18).

Group
M T X or p-values Cohen’s d
t-test FDR corrected
N (girls) 16 (6) 16 (11) 3.14 0.08
Age [years] 10.1 (1.24) 9.90 (1.29) 0.36 0.78 0.13
min, max 8.34-12.2 8.00-12.3

Non-verbal Intelligence [score] 34.7 (1.35) 32.7 (3.24) 2.28 0.30 0.81
Self-report Anxiety [score] 10.1 (5.17) 13.5(5.18) -1.88 0.30 -0.66
Working Memory [score] 11.3(2.77) 10.3 (1.44) 1.28 0.53 0.45
Mathematical Skills [score] 56.1(16.4) 51.6 (20.0) 0.69 0.69 0.24
Family SES [score] 7.19 (0.70) 6.50 (1.40) 1.75 0.30 0.62
Parent-report Math Affect [au] 34.4 (16.7) 30.2 (15.5) 0.73 0.69 0.26
Home Phys. Environment [au] 25.63 (4.56) 26.50 (3.61) -0.60 0.69 -0.21
Parents’ life-stress [%)] 45.81(23.41) 54.50(19.95) -1.13 0.54 -0.40
Home Ped. Environment [au] 7.13(1.31) 7.25(1.24) -0.28 0.78 -0.10

Note. Mean and SD. Au = arbitrary unit. “Phys.”: Physical; “Ped.”: Pedagogical.

Table 1 Demographic and control variables for the Montessori (M) and traditionally-schooled

(T) groups.

Behavioral analysis

All participants performed at above 60% accuracy and no ceiling effect was observed,

suggesting that the fMRI math task’s difficulty level was calibrated well for this age.

Validating the fMRI experimental task, as shown in Figure 2, performance was positively

correlated with performance on the standardized math task completed outside the scanner (r =

0.56, n =32, p <0.001) and with parental report of the child’s math affect (r=0.38,n=32,p

=0.038).
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Figure 2. Participants’ performance on the fMRI math task correlated with their mathematical
skills score (standardized task; leff) and with parental report of child’s math affect (right).

As expected, participant’s correct responses were more frequent than incorrect or
missed (no response) responses, F(60,2) =22.88, p<0.001, I1P2=0.43. There was an interaction
by group in response patterns, F(60,2) =3.78, p=0.028, np2=0.1 1. While the groups did not
differ on rate of correct responses, t(60)=-0.03, puey=1.0, Montessori participants had higher
incorrect rates, while traditionally-schooled students missed more trials, t(60)=3.05,
Drkey=-038 (see Figure 3, left).

We checked whether right and wrong math problems (in the stimulus presentation)
interacted with students’ correct and incorrect responses and found no interaction (no
differences in response patterns when presented with right and wrong math problems, F(30,1)
=1.46, p=0.237, np2=0.05). There was also no interaction by pedagogical group (F(60,2)
=0.23, p=0.638, np2=0.001). However, we did not have sufficient trials to power a test for
condition-specific (right/wrong problem presented) response effects at the neural activation
level.

Reaction time (RT) was on average faster in Montessori students (Mrt m=1719 ms,
SD=405) than in traditionally-schooled students (Mgt =2060, SD=351), F(30,1)=6.55,

p=0.016, r]p2=0. 18. RT did not differ according to the response type (correct, incorrect),
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F(30,1) =0.94, p=0.34, np2=0.03, and no interaction between response type and pedagogical
group was found, F(30,1)=2.06, p=0.161, np2:0.06 (see Figure 3, center).

Overall, efficiency (RT/Accuracy) was higher in Montessori students than in
traditionally-schooled students; My=3.26, SD=1.31; M1=2.46, SD=0.81; t(30)=2.09,

p=0.046, Cohen’s d=0.74 (see Figure 3, right).

Response rate Reaction time [ms] Efficiency
* * *

25 * 2500 i 20
20 I e 2000 I I 3
30

15 1500 25 I
I 20
10 I 1000 15
10

5 500
0 0 0.0
Correct Incorrect Miss Correct Incorrect
® Montessori Traditional

Figure 3. Group averages for behavioral results; response-rate, reaction time and efficiency
(computed as the ratio of reaction time to percentage correct responses). Error bars represent
SEM.

Neural activation analyses

The two-way mixed-design ANOVA with response (student is correct or incorrect) as within-
subject factor and pedagogy (Montessori, traditional) as between-subjects factor revealed
main effects of both factors, but no interaction. First, relative to incorrect responses, correct
responses elicited higher brain activity (Figure 4 top panel, table 2A) in the bilateral posterior
cingulate cortex and left precuneus, as well as within the middle frontal gyrus, the left inferior
temporal gyrus, and both left 1** and 2™ crus of the cerebellum. Second, regardless of whether
the response was correct or incorrect, relative to the traditionally-schooled students, the
Montessori students showed increased activation of: the left occipital cortex and right cuneus

(Figure 5 top panel, and Table 2B), and contralateral regions at trend-level; the right superior
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parietal lobule; and the medial prefrontal cortex (with some activation extending into the left

anterior cingulate cortex).

MNI coordinate of local peak in  Cluster extent according to Z-value Cluster extent
(X,y,2) aal automatic labeling (aal) (in mm®)
A) Main effect of Response — voxel threshold at p<0.001 and cluster threshold at p<0.05 (FDR)

-10, -46, 44 Left precuneus 4.76, p<.000 1306
-2,-42,32 Left PCC

4,-48, 30 Right PCC

-30, 28, 44 Left MFC 4.43, p<.000 569
-44,-78, -30 Left crusl cerebellum 4.17, p<.000 693

-4, -80, -22 Left crus2 cerebellum

-44, -46, -14 Left inferior temporal cortex 4.09, p=0.002 372

B) Main effect of Pedagogy

20,-92, 10 Right cuneus 4.41, p=0.006 300
-28,-96, 10 Left middle occipital 4.31, p<.000 703

30, -56, 66 Right superior parietal 4.09, p=0.010 270
6,64,6 Right. MFC 4.08, p=0.019 234
-2.52,-2 Left ACC

C) Interaction term

No

Table 2. Cluster-level information corresponding to the ANOVA fMRI activation results
shown in Figures 4 and 5, top panels. PCC: posterior cingulate cortex; MFC: medial frontal
cortex; ACC: anterior cingulate cortex.

We excluded the miss condition from the current analysis as a skipped response could
be due to a range of situations, from fatigue to delayed button press to loss of concentration or
uncertainty about the answer. Future research should differentiate brain activity underlying

trials “missed” for these various reasons, especially given the group difference in frequency of

missed responses.

Functional connectivity analyses

The functional connectivity analyses revealed that connectivity differed depending on
whether students responded correctly or incorrectly. Independent of pedagogical group, the
precuneus and the mid-frontal cortex seeds were more strongly connected to the left insula for
correct responses compared to incorrect responses (Figure 4 bottom panel, table 3A).
Connectivity patterns in correct compared to incorrect responses also differed by pedagogical
group. For correct responses, the traditional pedagogy group showed stronger connectivity

(higher correlation) between each seed (the left anterior cingulate cortex, the right medial
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prefrontal cortex, and the right cuneus) and the right hippocampus. Traditionally-schooled
students also showed stronger connectivity during correct trials between the right medial
prefrontal cortex seed and the right putamen. There were no regions that showed greater
connectivity for correct responses for the Montessori group. For incorrect responses,
Montessori students showed greater connectivity between the left anterior cingulate cortex
seed and the right middle and superior frontal regions, and the left orbitofrontal cortex (Figure
5 bottom panel, table 3B). There were no regions that showed greater connectivity for

incorrect responses for the traditionally-schooled group.

SEEDS Condition MNI coordinate of peak  Peak according to T-value
in (X,y,z) aal automatic labeling (aal)

A) Functional connectivity from the SEEDs selected from main effect of correct vs incorrect response — voxel threshold at p<0.001

and peak-level threshold at p<0.001 (uncorr.)

Left MFC Correct > Incorrect -38,-16, 16 Left insula 3.77, Punc.<-001
Incorrect > Correct
Left precuneus Correct > Incorrect -38,-18, 16 Left insula 3.72, Punc.<-001

Incorrect > Correct

B) Functional connectivity from the SEEDs selected from main effect of pedagogical group

M>T correct responses

T>M correct responses 24,-38,4 Right hippocampus 4.44, pync<.001
34, 60, 28 Right MFC 3.70, pun.<-001
Left ACC M>T incorrect responses 14, 68, 26 Right SFC 3.17, pune =001
-44,42, -8 Left inf. OFC 3.26, pune=-001
T>M incorrect responses
M>T correct responses
24,-38,4 Right hippocampus 4.53, punc.<.001
Right MFC T>M correct responses 26, -6, 10 Right putamen 4.04, pune<.001

M>T incorrect responses
T>M incorrect responses

M>T correct responses

T>M correct responses 24,-38,4 Right hippocampus 4.62, punc.<.001
M>T incorrect responses

T>M incorrect responses

Right cuneus

18
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Figure 5. Top panel: Effect of pedagogy on neural activations during the math task. The
relative activation was higher in Montessori students (M) compared to traditionally-schooled
students (T). Bottom panel: Functional connectivity analyses by pedagogical group for trials
with correct versus incorrect responses. Montessori students (M) showed stronger
connectivity (higher correlation) with seed regions for incorrect responses, while
traditionally-schooled students (T) showed stronger connectivity (higher correlation) for
correct responses. MFC: medial frontal cortex; ACC: anterior cingulate cortex; OFC:
orbitofrontal cortex.

Discussion

Though error-monitoring is fundamental to learning and develops across childhood
and adolescence, to our knowledge, few studies have examined its neural correlates in
children (Buzzell et al., 2017; Grammer et al., 2014; Hammerer, Muller, & Li, 2014) and no
study has examined its susceptibility to pedagogical approaches. Accordingly, the goal of this
study was to identify brain activity and functional connectivity during math-task error-
monitoring in 8-12 year old schoolchildren from Montessori and traditional schools.

Interestingly, we found that the schoolchildren in our samples showed greater neural activity

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

for their correct than for their incorrect responses in various regions, independent of
pedagogical experience. This was found in several regions, including regions implicated in
the default mode and executive networks. This runs against previous studies with adults
(Botvinick, Cohen, & Carter, 2004; Bush, Luu, & Posner, 2000; Carter et al., 1998;
Danielmeier et al., 2011; Magno, Foxe, Molholm, Robertson, & Garavan, 2006), which report
greater activity for incorrect responses.

We also found that pedagogical exposure was associated with the behavioral and
neural correlates of error-monitoring in our samples. Even with similar levels of math
competency to traditionally-schooled students, and similar proportions of correct answers in
our task, we found that Montessori students reacted more quickly during the task and made
more incorrect responses but missed fewer trials compared to traditionally-schooled students.
Across conditions, Montessori participants showed higher brain activity than traditionally-
schooled students in regions implicated in visual and math processing, as well as in regions
related to attentional/executive control.

Most interestingly, the groups’ functional connectivity patterns following their correct
and incorrect responses differed. We used the neural activity contrast of correct versus
incorrect participants’ responses to identify seed regions in the ACC, the cuneus cortex and
the right superior medial frontal cortex. These regions are interesting for our research question
because they have been shown to be involved in self-monitoring (Jones, Rothbart, & Posner,
2003; Posner, Rothbart, Sheese, & Tang, 2007; Velanova, Wheeler, & Luna, 2008).
Montessori students showed stronger connectivity (higher correlation) between these seed
regions and the ventromedial prefrontal cortex in trials in which they had made errors. By
contrast, traditionally-schooled students showed stronger connections between the seed
regions and the hippocampus on trials in which they had answered correctly. Montessori

students did not show significant changes in connectivity following correct responses, and
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traditionally-schooled students did not show significant changes following incorrect
responses.

Higher brain activation for correct responses. Both the Montessori and traditionally-
schooled groups showed greater neural activation during correct responses relative to
incorrect responses in the precuneus, PCC, MFC, inferior temporal cortex and cerebellum.
This is the opposite pattern than has generally been observed in adults (Ullsperger,
Danielmeier, & Jocham, 2014), and deserves additional experimental attention in future work
on the development of error-monitoring in children. One possible interpretation comes from
the observation that our findings align with earlier work showing a stronger impact of positive
than negative feedback on learning in late childhood (van Duijvenvoorde, Zanolie, Rombouts,
Raijmakers, & Crone, 2008). This difference between adults’ and children’s responses to
feedback has been proposed to reflect a change in the information that children find salient for
learning, rather than a change in their perception of the affective value of the feedback (van
den Bos, Guroglu, van den Bulk, Rombouts, & Crone, 2009; Denervaud, Knebel, Immordino-
Yang, & Hagmann, 2019). Though further work is needed, it is possible that our neural
finding corresponds to a developmental difference between children and adults around the
saliency and utility of correct responses. It could be that prior to reaching a level of
competence in math that allows for reliable error prediction, children may rely more heavily
on associative learning and on integrating into their knowledge schemas the procedures that
led them to correct information. This would make correct responses more relevant for
learning and therefore more neurologically salient. At the same time, an experience-
dependent shift in subsequent processing, given the known network plasticity of error-
monitoring in children, could still be possible and would be reflected in pedagogical group
differences in connectivity. A heavier reliance on integration of procedures leading to correct

responses would also be consistent with the increased PCC and cerebellar activations that we
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observed to correct responses in both pedagogical groups. PCC is a highly anatomically
connected hub central to the default mode network (Hagmann et al., 2008), and is involved in
the switch from internally to externally directed attention (Yang, Pavarini, Schnall, &
Immordino-Yang, 2018; Immordino-Yang, Christodoulou, & Singh, 2012), as well as in
forming integrated memories (Leech & Sharp, 2014; Ryali et al., 2016). The activated sectors
of cerebellum are involved in many cognitive functions involving associative and procedural
learning (Keren-Happuch, Shen-Hsing, Moon-Ho, & Desmond, 2014).

Our findings open the question of whether these developmental processes are specific
to math learning, or reflect the development of more general attentional and learning
mechanisms. Here, the increase in activity in the ventral anterior sector of the precuneus
(Cavanna & Trimble, 2006; Immordino-Yang, Christodoulou, & Singh, 2012), left middle
frontal gyrus (Heitzeg et al., 2014) and Crus 1 and Crus 2 of the cerebellum (Keren-Happuch,
Shen-Hsing, Moon-Ho, & Desmond, 2014; Marvel & Desmond, 2010; Schmahmann, 2010),
could reflect greater executive control and external focus when responding correctly, and
integration of executive control with regions known to be involved in mathematical cognition,
including inferior temporal gyrus and the lateral frontal area (Amalric & Dehaene, 2017).
Whether the student would be correct as a consequence of his or her cognitive control and
engagement of mathematical processing regions, or whether being correct would elicit higher
engagement, is a topic for future work.

Pedagogical influence. The finding that Montessori students missed fewer trials and
had more incorrect trials could reflect the emphasis on exploratory learning in Montessori
classrooms (Livstrom, Szostkowski, & Roehrig, 2019; Marshall, 2017). The extent of
exploratory learning through trial-and-error is known to depend on the structure of the
environment, the task complexity and the instructions given; these features together have been

shown to impact self-directed executive functions and curiosity among children (Barker et al.,
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2014; Baranes, Oudeyer, & Gottlieb, 2014; Gottlieb, Lopes, & Oudeyer, 2014; Oudeyer,
2017). This explanation would also be consistent with the fact that, in our study, Montessori
students’ showed stronger neural activation during math processing in bilateral occipital and
parietal cortices, involved in multisensory integration (Corbetta & Shulman, 2002; Vossel,
Geng, & Fink, 2014), in the right inferior parietal lobule, known to be recruited for math
processing (Arsalidou, Pawliw-Levac, Sadeghi, & Pascual-Leone, 2018), and showed
increased connectivity during incorrect trials with frontal areas. One testable hypothesis for
future work is that these patterns of results in Montessori students reflect a more exploratory,
self-corrective and multisensory approach to mathematical cognitive processes. Conversely, it
may be that the traditionally-schooled children’s increased functional connectivity between
the ACC and the hippocampus reflects a strategic inclination to either memorize or recall
correct answers, consistent with instrumental learning (Brovelli, Nazarian, Meunier, &
Boussaoud, 2011; Vogel & Schwabe, 2016) and/or reinforcement learning (Ballard, Wagner,
& McClure, 2019), with less reliance on self-direction and self-monitoring of errors.
Together, these results suggest that daily pedagogical experience may have important
implications for learning, behavior and related mindsets (i.e., being more oriented towards
processes versus outcomes, Dweck, 1999) that should be further explored.

Limitations. First, our study compared groups that were not randomly assigned to
either Montessori or Traditional type of education, making it possible that, despite our efforts
to control for relevant variables, the observed effects were also driven by other factors (e.g.,
family-related or motivation-related) than the pedagogical ones. Second, our study has a
modest sample size and a cross-sectional design. While our results suggest that error-
monitoring is modulated by pedagogical experience, further longitudinal and larger-scale
studies will need to investigate the extent to which pedagogy contributes to the emergence of

robust psychological and neural error processing. Such studies would help to further probe the
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role of context in the development of error-monitoring for both Montessori and traditionally-
schooled students, and could inform pedagogical and policy-related decisions that aim to
foster process-oriented learning behaviors (Slavin, 2019; Darling-Hammond, 2016; Seghier,
Fahim, & Habak, 2019). Another limitation of our study is that it did not include adult
participants so we could not test whether brain patterns to correct and incorrect responses in
our specific task are development-related or persist in adulthood. To confirm brain activation
differences are development-related, it would be of interest to have adults perform the same
experiment (with track of their pedagogical history).

Conclusion. Our findings suggest that 8-12 year old students may process correct and
incorrect responses differently than do adults, and that they may attend especially to correct
responses. Our findings also suggest that pedagogical experience in school modulates error-
monitoring behavior, and its underlying brain activity and connectivity. Together, these
findings call for further research testing whether error-monitoring competencies and
corresponding brain networks indeed undergo a shift with age that is modulated by

pedagogical experience.
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Children’s automatic evaluation of self-generated actions is different from adults

Running head: CHILDREN’S AUTOMATIC EVALUATION OF ACTIONS

Research highlights

e Response errors led to post error slowing in both children and adults.

e Response errors were associated with negative affect in adults only.

e In children, correct responses were related to positive affect.

e Children experiencing the traditional or the Montessori pedagogy showed

different action monitoring effects.

Abstract

Performance monitoring (PM) is central to learning and decision making. It allows to swiftly
detect deviations between actions and intentions, such as response errors, and adapt behavior
accordingly. Previous research in adult participants showed that error monitoring is associated
with two distinct and robust behavioral effects. First, a systematic slowing down of reaction
time speed is usually observed following error commission, and known as post error slowing
(PES). Second, response errors are automatically evaluated as negative events “on the fly”.
However, it remains unclear whether children (i) process response errors as adult do, (ii) also
evaluate them as negative events, and (iii) the specific school environment they encounter
could influence error monitoring. To address these questions, we adapted a simple decision
making task validated previously in adults, and allowing to measure PES as well as the
affective processing of response errors. We recruited 8-12 years old schoolchildren enrolled
either in traditional (N=56) or Montessori (N=45) schools, and compared them to adults
(N=46) on the exact same task. Results showed that children processed correct actions as

positive events whereas adults processed errors as negative events. Moreover, this former
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effect was observed in traditional schoolchildren only, but not in Montessori schoolchildren.
In comparison, PES was not modulated by age, nor pedagogy. These findings suggest that
unlike PES that likely reflects an automatic attention orienting towards response errors, their

affective processing depends on both age and school environment in 8-12 years children.

Keywords: performance monitoring development — action monitoring — evaluative

priming — post-error slowing — school environment — Montessori pedagogy

Central to learning and decision making stands the remarkable ability to rapidly
evaluate the outcome of our actions as good or bad, and adapt our behavior accordingly. In
adults, response errors provide a unique window into performance monitoring (PM), which is
tightly related to self-regulation (Inzlicht, Bartholow, & Hirsh, 2015), as well as value-based
decision making (Ullsperger, Danielmeier, & Jocham, 2014). In comparison, research on PM
in children is limited. More specifically, whether or not children can process response errors
as adults, remains an open question. This gap in the literature is surprising given that PM is a
building block of self-regulation and decision making. The main goal of our study was to

address this question.

Post-Error Slowing

In adults, the cognitive architecture underlying PM has been conceived as a feedback
loop that monitors possible deviations between action and goal, and this way assigns value to
it. Based on this evaluation, remedial processes can subsequently take place (Ullsperger,
Danielmeier, & Jocham, 2014; Ullsperger, Fischer, Nigbur, & Endrass, 2014). At the behavioral

level, these remedial processes can be explored using Post-Error Slowing (PES) (Rabbitt,
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1966). PES translates the systematic slowing-down in reaction time (RT) speed for trials
following response errors versus correct responses. Although the PES has long been conceived
as adaptive (i.e. increasing the likelihood of post-error accuracy and/or reflecting enhanced
cognitive control; see also Botvinick, Braver, Barch, Carter, & Cohen, 2001), recent models
and data (see Ullsperger & Danielmeier, 2016 for a review) have challenged this view,
suggesting that the PES could also probably reflect unspecific attention processes to some
degree, including an automatic orienting response to deviant events, and bearing in mind that
response errors are usually “oddball” in the trial series (Notebaert et al., 2009). According to
this view (see also Wessel, 2018), the PES reflects a blend of both adaptive and unspecific

adjustment effects following error commission.

In comparison, research on PES in children is scant. Accordingly, it remains unclear
whether they automatically orient to them (like adults do too). Earlier work already showed
that the PES could be found in children as young as 3 years old (Jones, Rothbart, & Posner,
2003), suggesting an early onset in life for it, in agreement with the view that it is likely
subtended by an exogenous attention control system that can operate and maturate rapidly
after birth (Colombo, 2001). Given this evidence, it is likely that older children (e.g. 8-12
years old), very much like adults, could exhibit PES (see also Smulders, Soetens, & van der

Molen, 2016). The first goal of our study was to address this question.

Errors are negative

Besides the behavioral adaptation following errors (i.e., PES), these worse-than-
expected events are also usually associated with a distinctive affective processing. More
specifically, accumulating evidence shows that response errors are perceived as negative events
compared to correct responses in adults (Pourtois et al., 2010; Koban & Pourtois, 2014; see also

Dignath, Eder, Steinhauser, & Kiesel, 2019). Moreover, this evaluation is deemed rapid and
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automatic (in young adults - undergraduate students; see Aarts, De Houwer, & Pourtois, 2012).
Using a simple priming methodology, it has been shown that young adults categorize negative
words faster and better after response errors than positive words, suggesting that this evaluation
of response errors as negative events could be traced at the behavioral level too (see also Aarts,
De Houwer, & Pourtois, 2013 and De Saedeleer & Pourtois, 2016 for replications).
Interestingly, the reverse effect (i.e. assigning a positive value to correct responses) was much
weaker in these earlier studies, suggesting an asymmetry in the affective processing of self-
generated actions in young adult participants. Further, this evaluative effect did not correlate
with PES, suggesting that the processing of response errors as aversive is unrelated to the
automatic orienting towards these deviant events in young adults. Presumably, in analogy with
PES, the affective processing of response errors as negative events could also be deemed
adaptive since it might serve to quickly identify them, and in turn foster error-based learning,
with the goal to protect the organism from their possible bad or deleterious consequences. While
it can be adaptive to perceive error as negative events, inhibition or mistakes retention, on the
other hand, undermine the learning rate (Thompson-Schill, Ramscar, & Chrysikou, 2009).

However, whether or not young children automatically assign a negative value to their
response errors, like adult do (Aarts et al., 2012), remains an open question. Previous research
showed that toddlers express complex emotions such as shame or anger when failing to reach
a goal, suggesting that they can assign negative value to breakdowns in self-efficacy. More
generally, they usually show a negative bias whereby “bad” is stronger than “good” when it
comes to stimulus or outcome evaluation (Vaish, Grossmann, & Woodward, 2008).
Accordingly, one could conjecture that response errors are probably processed as negative
events in toddlers. However, toddlers’ behavior is usually characterized by active exploration,
and guided by trials and errors, which suggests indirectly that response errors are not

necessarily associated with negative value during childhood, and unlike what has been found
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in young adult participants (Aarts et al., 2012). For children, response errors, conflicts or
challenges usually correspond to valuable learning opportunities that allow them to acquire
and transform knowledge (see e.g., Gopnik & Wellman, 2012). These distinctive events allow
them to adjust and update the mental representations that form and structure newly acquired
information (Fischer & Rose, 1996; Montessori, 1936; Piaget, 1952; Vygotsky, 1978).
Interestingly, the minimization of error probability is thought to underlie and drive cognitive
development (Oudeyer & Smith, 2016). Moreover, children actually allocate attention
preferentially towards surprising events, such as novel stimuli, and they exhibit an intrinsic
motivation, or curiosity, to learn from them.This tendency to lower error prediction is
observed in the self-organization of language acquisition (Moulin-Frier, Nguyen, & Oudeyer,
2013), or when they engage in traditional games for example (Pellegrini, Dupuis, & Smith,
2007; Lillard, 2017). Hence, whereas children undoubtedly can detect and react to events that
violate or challenge their expectations, it remains unclear whether response errors are
automatically processed as negative events by them or not. The second goal of our study was

to assess the affective processing of response errors in children, and compare it to adults.

Influence of School Pedagogy

As a matter of fact, during childhood, exploration and learning are strongly influenced
by the environment in which they take place. Therein, the specific pedagogy encountered by
the children in their school is an important determinant of how exploration and learning
develop and manifest (Kaplan & Patrick, 2016; Kang et al., 2009; Oudeyer, Gottlieb, &
Lopes, 2016), and it might therefore also influence their “natural” processing of response
errors as more or less negative, or even as positive events. In many Western developed
countries, a traditional pedagogy is often used (PISA; Grisay, de Jong, Gebhardt, Berezner, &

Halleux-Monseur, 2007). This pedagogy entails that learning progresses are evaluated
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through formal assessments, typically with the use of grades or other forms of evaluative
feedback, such as rewards or punishments. In contrast, the Montessori pedagogy, which is
less frequently used and encountered in these countries, offers an alternative approach, where
learning and development are promoted without the use of these incentives and reinforcers
(Lillard & Else-Quest, 2006; Lillard, 2012; Marshall, 2017; Montessori, 1936; Rathunde,
2001). More specifically, through independent or peer-to-peer exploration in the absence of
evaluative feedback (emanating from the teacher), learning is facilitated, and self-efficacy is
eventually stimulated (Denervaud, Knebel, Hagmann, & Gentaz, 2019; Denervaud, Knebel,
Immordino-Yang, & Hagmann, 2020; Lillard et al., 2017). Accordingly, it is conceivable that
the specific pedagogy encountered by the children may have a modulatory effect on the way
they process response errors as distinctive affective events, and orient to them (as expressed
by PES). Presumably, the Montessori pedagogy might have a different impact on the affective
processing of response errors than the traditional pedagogy, even though in both cases, a PES

could be found. The last goal of our study was to put to the test this hypothesis.

To this end, in this study, we used and adapted the experimental procedure previously
devised and validated by Aarts et al. (2012) and De Saedeleer & Pourtois (2016) in young
adults. More specifically, we asked 8-12 years old schoolchildren (experiencing either the
traditional or Montessori pedagogy) and young adults to perform the same and simple
speeded Go/noGo task. Given the strict response deadline imposed, participants committed
now and then response errors. Importantly, after each trial of the Go/noGo task, participants
had to categorize as fast as possible an emotional word shown on the screen as being either
positive or negative (second task). We borrowed the logic of evaluative priming (Jones,
Olson, & Fazio, 2010), and used this second task to probe at the behavioral level the affective

processing of response errors (first task) by the participants. More specifically, we assessed if
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emotional word categorization was globally delayed following responses errors compared to
hits (suggesting PES), as well as whether negative words were processed faster than positive
words following response errors, selectively (suggesting evaluative priming of response errors
as negative events). In light of the literature reviewed here above, we hypothesized that PES
should be observed in young adults as well as children. Moreover, we surmised that in young
adults, response errors would be processed as negative events, thereby replicating Aarts et al.,
(2012). In children, we explored if a similar evaluative processing of errors could be found
(see also Vaish, Grossmann, & Woodward, 2008), and whether it could be influenced by the
pedagogy encountered by the children at school, here with a focus on the direct comparison

between Montessori and traditional pedagogy.”

Material and Method

Ethics
The experiment was conducted in accordance with the Declaration of Helsinki.
Written parental consent was obtained for each child, and informed consent was provided by

each adult participant.

Participants

Hundred-and-ten schoolchildren participated in the experiment. Selection criteria were
age (8 to 13 y.o0.) and schooling system. Children with missing data (n=2, Montessori
schoolchildren), or outside target age (n=7) were excluded from the study (N=9). In total, the
data from 101 children (Mage=10.4, SD=1.1) were included in the analysis. Forty-five of them
were enrolled in the Montessori schooling system (Mag=10.3, SD=1.2, 17 girls), and 56 in the

traditional one (Mage=10.5, SD=1.1, 29 girls). In addition, 55 adult participants took part in
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the study either in exchange of course credits (28 undergraduate psychology students), or
were compensated 15CHF (27 recruited outside University). Adults who did not commit
errors in all conditions and hence had missing data, were removed (N=9). Following this

criterion, 46 subjects were included in the analysis (Mag=28.0, SD=9.4, 30 women).

Demographic and socio-economic variables

For children, we collected age, gender, fluid intelligence (Raven, Raven, & Court,
2003) and information about the socio-economic background (Genoud, 2002) to assess
whether the two groups were comparable on these variables or not. For adults, we only

collected age and gender.

Evaluative Priming Task

Participants performed an adapted version of the speeded Go/noGo task from Vocat,
Pourtois & Vuilleumier (2008) intertwined with an affective word categorization task (see
Figure 1; see Aarts et al., 2012). The main interest being to evaluate how responses are
affectively evaluated, responses from the first task (Go/noGo) served as primes for the word
categorization task.

Go/noGo task. We adapted the stimuli of the Go/noGo task to make it child-friendly.
Instead of arrows, we used rich and colourful stimuli (i.e. diamonds) that the children were
asked to chase in a game-like environment. The diamonds (diameter of ~7.14 cm) had
different colors: green (average relative luminance 32.8%), red (average relative luminance
23.0%) or pink (average relative luminance 35.1%). These stimuli were retrieved from an
online open-source data base (www.pexels.com). On each trial, the first diamond that
appeared on screen was always green. It was followed by a second diamond that could be

similar (green) or change in color (red or pink; see Figure 1). The former corresponded to the
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imperative stimulus (i.e. Go trial), while the latter required response inhibition (i.e. noGo
trials).

Evaluative Categorization Task. Stimuli were 15 positive and 15 negative words
selected from the Affective norms for French words rated by children and adolescents
(Monnier & Syssau, 2017). These words were either nouns or adjectives (see Table S1).
Based on this database (Monnier & Syssau, 2017, 2014), we could ascertain that children and

adults had similar valence ratings for the selected words (#(1,56)=0.016, p=.90).

Procedure

The task was performed on a computer. The stimuli were presented in the center of the
screen, on a white background. Given the limited and fluctuating attention capacity of
children, we shortened the experiment compared to Aarts et al. (2012). We used 100 trials in
total, whereas Aarts et al. (2012) used 540 trials. The experiment was composed of a training
block (24 trials, corresponding to 16 Go and 8 noGo trials), followed by 4 test blocks,
amounting 100 trials (68 Go and 32 noGo, randomly presented). Each trial started with a
fixation cross (500 ms), followed by a green diamond shown for a duration varying randomly
between 1000 and 2000 ms. This jittering was introduced to reduce anticipatory effects for the
second diamond. After its presentation, a blank screen (250 ms) was presented before the
second diamond appeared. Its actual duration was determined based on reaction times
recorded during the first test block, ensuring personalized calibration of speeded reaction time
speed. Similar to Aarts et al. (2012), we used a conservative cutoff and adjusted the stimulus
duration of the second diamond in the three subsequent test blocks to be 70% of the mean RT
on Go trials (first test block).

In analogy with Aarts et al. (2012), RTs on go trials were labelled online as either fast

or slow hits. Fast hits corresponded to RTs falling below this arbitrary RT cutoff, and were
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associated with a positive performance feedback. In comparison, slow hits were RTs falling
above it and were associated with a negative performance feedback. This procedure was used
to promote the use of rapid/speedy decisions, and hence used to increase the likelihood of
error making on the noGo trials. After the Go/noGo decision, a blank screen was presented
for 300 ms, followed by the written affective word (with either a positive or negative valence,
see Figure 1), presented until a response was recorded. Participants were asked to perform a
two alternative forced choice (2AFC) task based on the valence of the word. Across trials and
participants, the presentation was random, such that both the Go and noGo trials were
followed by a similar amount of positive and negative words on average. Moreover, this
procedure ensured that on average, the 30 words were sampled a similar amount of times. At
the end of each trial, a general performance feedback was presented for 1000 ms and
informed participants about the accuracy and speed of the Go/noGo decision, as well as the
accuracy of the emotion word categorization task.

Participants were asked to use their non-dominant hand for the Go/noGo task and their
dominant hand for the 2AFC categorization task. This way, we could rule out that evaluative

priming was explained by a motor effector shared between the two tasks

Data Analyses

Demographic and socio-economic variables

For each control variable separately, a t-test (independent or Welch’s according
to the preliminary data check with Q-Q plots and Levene’s test) with a 95%
confidence interval (CI) for the mean difference was used, with a false-rate discovery
(FDR) p-value correction set at p=.05. A chi-squared test was used for gender. None

of them was significant (p>.05), revealing that the two groups of children did not
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differ significantly for age, gender, socio-economic status, as well as fluid intelligence (Table

1.

Go/noGo Task
Accuracy. We extracted False Alarms -FAs-, Hits, Correct Rejections and Misses for
each group (adults, traditional, and Montessori schoolchildren) separately (see Table S2).
Next, a mixed-model ANOVA was used to assess possible group differences in accuracy. We
also assessed whether the ratio of fast vs. slow hits significantly differed between them.
Reaction time. We computed the mean reaction time (RT) for Hits and compared the

three GROUPs on this metric using an ANOVA.

Affective Word Categorization Task

Reaction time. Given the large RT differences between adults and children that
precluded a direct comparison between them, RTs for correct responses were first z-
transformed using the following formula (RT-RTgroup mean)/SDgroup. To test our a priori
hypotheses, we first performed a mixed-model ANOVA on these z-scored RTs with
VALENCE (positive vs. negative) and ACTION (hits vs. FAs) as within-subject factors, and
GROUP (adults, traditional or Montessori schoolchildren) as between-subjects factor. Fast
and slow Hits were combined for this analysis, as the procedure was kept short to remain
child friendly, and hence the Go/noGo task eventually generated a limited number of Hits in
total. As the three-way interaction was significant (see Results), we next performed three
ANOVAs on the non-transformed RTs, for each group separately (adult, traditional and
Montessori schoolchildren), with ACTION and VALENCE as within-subject factors (with
a <.05). Post-hoc Tukey tests were computed when appropriate.

Accuracy. We analyzed the percentage of correct responses using the same statistical

model as for the RTs.

11
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Results

Go/noGo Task

Accuracy. Across the three groups, participants’ mean accuracy was higher in the Go
(M =175.4%, SE = 23.8%) than in the noGo condition (M = 33.5%, SE = 23.8% ), F(1, 144) =
201.8, p <.001, n°,= 0.58. Furthermore, schoolchildren’s mean accuracy for Go and noGo
trials collapsed together (M= 41.3%, SE = 3.2%) was lower than adults’ mean accuracy (M =
80.8%, SE = 3.2%), F(2, 144) = 48.5, p< .001, n>,= .40. However, the two groups of children
did not differ from each other, F(2, 144) = .63, p = .537, n°,= .01. Moreover, the ratio of Fast
vs. Slow Hits did not differ between the three groups, F(2, 144) = 1.93, p = .148, 1, = .03.

Reaction time. Mean RTs (in ms) for hits were significantly faster for adults than
traditional schoolchildren (pvonferroni<.001), and Montessori schoolchildren (pvonferroni=.019),
F(2,144)=17.67, p <.001, n°,= .10 (see Table S2). However, the two groups of children did

not differ on this metric (#(144) = .88, pukey = .654).

Affective Word Categorization Task

The number of trials per condition (Hit-positive, Hit-negative, FA-positive and FA-
negative) did not differ between groups and conditions, F(2, 144) = .982, p = .377, n°,= .01
(see Table S3).

Reaction Time. The ANOVA showed a significant three-way interaction, F(2, 144) =
5.32, p=.006, n°, = .07, suggesting that ACTIONS were differently processed at the affective
level (VALENCE) depending on the GROUP (Table S4, Figure 2A and 2B). Since accuracy
was different (lower) for children and adults, we selected a subset of errors in children (using
a down-sampling technique) to match error frequency with the adults. After down-sampling,

we recomputed PES and priming, hence based on a smaller number of data (for the errors of
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children). The results of this control analysis confirmed those of the main analysis: the
omnibus ANOVA (run on the z-transformed RTs) showed a significant three-way interaction
between GROUP, ACTION and VALENCE, F(2, 144) = 4.58, p = .012, n°p=.06. This
analysis confirmed that whereas PES was evidenced in the three groups alike, F(1, 144) =
77.95, p <.001, n°p=".35, priming for errors was only found in adults (pzukey <.001). In
comparison, priming for hits was found in children (p7ut, = .020), and was different between
schoolchildren experiencing the Montessori (prukey = 1.0) or the traditional pedagogy (prukey =
.014). Accordingly, the imbalance in accuracy between adults and children cannot easily
account for the differential affective processing of actions found between them.”

Adults Participants. The main effect of ACTION was significant, F(1, 45)=35.4,p <
.001, °,= .44, indicating slower RTs after FAs (M = 755, SE = 27.6) than following Hits (M
=579, SE = 27.6), and hence the presence of a substantial PES effect (Ullsperger,
Danielmeier, et al., 2014). The main effect of VALENCE was trend significant, F(1 ,45) =
3.86, p = .056, n°,= .08, translating slightly faster RTs for negative (M = 639, SE = 27.4) than
positive words (M = 695, SE = 27.4). Importantly, the two-way interaction was also
significant, F(1, 45) = 6.39, p =.015, n°,=.12. Post-hoc t-tests revealed that mean RT for
negative words was faster than for positive ones after FAs (pukey <.011), whereas RTs for
negative and positive words after hits did not differ (pukey =.973) (see Figure 2A).

Schoolchildren Experiencing the Traditional Pedagogy. The effect of ACTION was
significant, F(1, 55) = 25.54, p <.001, 1°,= .32, showing that RTs following FAs were slower
(M =1394, SE = 69.1) than following hits (M = 1173, SE = 69.1), and hence that a PES effect
was present in this group as well. VALENCE was also significant, (1, 55)=11.88, p =.001,
n’,= .18, with faster RTs for positive (M = 1208, SE = 69.2) than negative words (M = 1360,
SE = 69.2). Importantly, the two-way interaction was also significant, F(1, 55) =4.57, p=

.037, n°,=.08. A post-hoc t-test revealed that RTs for positive words were faster than for
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negative ones after hits (pukey < .001), whereas RTs did not differ between negative and
positive words after FAs (pukey = .877) (see Figure 2C). Hence, this result suggests opposite
patterns for children and adults: the traditional schoolchildren showed affective priming for
correct actions only, whereas adults showed affective priming for errors only.

Schoolchildren Experiencing the Montessori Pedagogy. The effect of ACTION was
significant, F(1, 44) = 27.41, p <.001, °,= .38, with slower RTs for words following FAs (M
= 1634, SE = 87) than following hits (M = 1297, SE = 87), suggesting that PES was also
observed in Montessori schoolchildren. VALENCE was significant as well, F(1, 44) = 5.591,
p =.023, ?,=.11. Unlike the traditional schoolchildren, the two-way interaction was not
significant however in this group, F(1, 44) = .802, p = .375, n°,= .02 (see Figure 3D).
Accordingly, Montessori schoolchildren did not show a differential affective priming
depending on the value of the preceding action.

Schoolchildren Experiencing the Traditional Versus the Montessori Pedagogy.
Based on the fact that traditionally-schooled and Montessori schoolchildren did not process
the affective valence of words after correct actions in a similar fashion, we additionally ran a
mixed model ANOVA comparing directly the two groups of children for evaluative word
categorization following hits. This analysis confirmed that the two groups of children differed
from each other, F(1, 99) =3.99, p =.049, 7, = .04. Whereas the affective priming was
significant after Hits for traditional schoolchildren (#(99) = -4.04, pukey < .001), it was not for
Montessori schoolchildren (#99) = -0.60, pukey = .933). When controlling for gender and SES
in an ANCOVA, this effect was trend significant, F(1, 94) = 3.95, p =.050, ;= .04. We did
not add age and fluid intelligence as covariates in this ANCOVA, as they correlated with one
another, and moreover, they both correlated strongly with the mean RT speed, making the

interpretation of these results difficult.
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Accuracy. The ANOVA showed a significant three-way interaction, F(2, 144) = 6.82,
p =.001, ,= .09 (Table S5).

Adults Participants. The main effect of ACTION was trend significant only, F(1, 45)
=3.54, p =.067, n°,= .07, translating a slightly higher accuracy following hits (M = 87.9, SE
= 2.0) than FAs (M = 83.6, SE =2.0). VALENCE was significant, F(1, 45) = 14.46, p <.001,
n’,= .24, with a higher accuracy for negative (M = 90.3, SE = 2.0) than positive words (M =
81.2, SE = 2.0). The two-way interaction was significant, F(1, 45) = 21.49, p <.001, %= .32,
with a higher accuracy for negative than positive words after FAs (pukey <.001), but no
significant difference between them after hits (pukey = .956), in agreement with a previous
study performed in adults (De Saedeleer & Pourtois, 2016).

Schoolchildren Experiencing the Traditional Pedagogy. There was a significant
main effect of ACTION, F(1, 55) = 8.06, p =.006, n°,= .13, with a higher accuracy after hits
(M =289.7, SE =1.7) than FAs (M =84.9, SE = 1.7). VALENCE was not significant, F(1, 55)
=0.19, p =.664, n°,= .003, nor the interaction between VALENCE and ACTION, F(1, 55) =
2.18, p =.145, n°,= .04.

Schoolchildren Experiencing the Montessori Pedagogy. The effect of ACTION was
significant, F(1, 44) = 4.94, p = .031, °,= .10, with a higher accuracy after hits (M = 89.6, SE
=1.9) than FAs (M = 86.6, SE = 1.9). The main effect of VALENCE was significant, F(1, 44)
=10.32, p =.002, 7°,= .19, with a higher accuracy for positive (M = 91.7, SE = 2.1) than
negative words (M = 84.5, SE = 2.1. The two-way interaction was not significant, F(1, 44) =

.05, p =831, %= .00L.

Discussion

In this study, we compared PM in 8-12 years old schoolchildren and adults. We also

tested whether the pedagogy experienced at school could modulate PM in children. Based on
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earlier studies performed in adults only (Aarts et al., 2012; De Saedeleer & Pourtois, 2016),
we used a dual task procedure in order to derive two dissociable correlates of PM at the
behavioral level: the affective processing of actions (suggesting that response errors are
processed as negative events at the adult age) and the PES (suggesting an automatic attention
orienting to response errors). Our results showed that even though response errors led to a
PES in the three groups, the affective processing of actions substantially differed between
them. More specifically, although the adults evaluated their response errors as negative
events, the children did not. Moreover, and contrary to the adults, these children, if
experiencing the traditional pedagogy, actually evaluated correct responses as positive events.
Further, the children experiencing the Montessori pedagogy did not show this latter priming
effect. Here after, we discuss the possible implications of these new results, which suggest
that PM is qualitatively different for children when compared to adults. More generally, they
also lend support to the notion that the automatic attention orienting towards response errors,
as captured by the PES, and their affective processing as negative events (as visible in the

priming effect), are two distinct components of PM (e.g. Koban & Pourtois, 2014).

Our results are consistent with previous studies showing that young children, very
much like adults, systematically slow down following response errors (Smulders et al., 2016).
Hence, it appears unlikely that PES would follow a U-shaped developmental trajectory. Given
that the PES could reflect an automatic orienting response to deviant events (i.e., “oddball”
response errors in the trial series, Danielmeier & Ullsperger, 2011; Notebaert et al., 2009), our
results suggest that this attention-based PM effect is probably mature in 8-12 years old
schoolchildren. This interpretation is compatible with a vast literature in developmental
psychology showing that the stimulus-driven attentional system (i.e. exogenous attention) is
functional and active early in life, and before the one involved in the top-down control of

attention (Johnson, Posner, & Rothbart, 1991), with an asymmetric development observed
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between them (Farrant & Uddin, 2015). This dissociation has been confirmed across many
modalities or tasks, including language processing (de Diego-Balaguer, Martinez-Alvarez, &
Pons, 2016). In fact, young children’s attention is easily attracted toward salient stimuli or
events in their environment (such as response errors in the present case), but disengaging and
switching their attention require more years of development to be fully functional (Farrant &
Uddin, 2015; Wainwright & Bryson, 2002). Interestingly, we found that this behavioral
adaptation following errors was not smaller or larger in magnitude for children compared to
adults in our study, suggesting indirectly that the PES seen at the adult age likely reflects the
operations of a core PM component that is already active early in life (e.g. Basirat, Dehaene,
& Dehaene-Lambertz, 2014), and does not undergo major change between childhood and
adulthood. Moreover, since we failed to observe a difference for the PES between the
traditional and Montessori schoolchildren, it is likely that this PM component is not easily
liable to contextual effects, including the affective meaning of response errors (or the lack
thereof), and its reinforcement by external factors or agents (such as the schooling system

encountered).

This age-invariance of the PES sharply contrasts with the significant modulation of the
affective processing of self-generated actions by age found in our study. Replicating previous
results for adult participants (Aarts et al., 2012, 2013; De Saedeleer & Pourtois, 2016), we
found here that response errors were aversive for them (Hajcak & Foti, 2008), even though a
child-friendly version of the Go/noGo task was used, and these response errors only
threatened the self indirectly, or “self-efficacy” broadly speaking (e.g. they did not entail
monetary losses for instance). Moreover, we could rule out a speed accuracy tradeoff
underlying this evaluative priming effect because the adult participants were not only faster
for negative than positive words after errors, they were also more accurate in the former case.

However, and strikingly, this effect was not found in 8-12 years old schoolchildren, who
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showed instead a RT facilitation for positive compared to negative words following hits,
selectively, suggesting that, unlike adults, they processed correct actions as positive events.
Hence, our results suggest that the affective processing of actions is asymmetrical, but this
imbalance takes different forms and expressions depending on age. Importantly, because the
positive and negative words used as targets in our study were rated in a similar way for the
children and the adults, it is unlikely that this asymmetry arose because negative or positive
words were perceived as less or more negative/positive by the children compared to the
adults. Instead, our results suggest that the way the correct or incorrect action preceding this

word was evaluated substantially differed between the two groups.

The affective processing of correct actions as positive events seen in these children
aligns with earlier work showing a stronger impact of positive than negative feedback on
learning in 8-9 years old children, with a reversal of this effect occurring later during the
development, at around 11-13 years old (van Duijvenvoorde, Zanolie, Rombouts, Raijmakers,
& Crone, 2008). Moreover, this shift seems to reflect a change in what children perceive as
salient during learning, as opposed to be driven by valence only (van den Bos, Guroglu, van
den Bulk, Rombouts, & Crone, 2009). Accordingly, it is likely that the opposite priming
effects found for children and adults in this study occurred as a result of a change through
development and maturation in the saliency of the action value, where children mostly
assigned a positive value to correct decisions whereas adults assigned more weight to
incorrect ones. However, future studies will be needed to unveil the cognitive and emotional
factors that enable this profound shift in the way self-generated actions are evaluated by

children vs. adults.

Tentatively, the lack of distinctive evaluative processing of errors in these children

could be explained by the fact that these events are often instrumental to learning at that age
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and/or these events do not pose a main threat or challenge to the self (Chrysikou et al., 2013;
Chrysikou, Novick, Trueswell, & Thompson-Schill, 2011; Thompson-Schill et al., 2009). In
line with this idea, it was found previously that children are actually better than adults to learn
abstract causal relationships as they could more easily update prior knowledge, and this way
more flexibly solve problems (Lucas, Bridgers, Griffiths, & Gopnik, 2014). Hence, a greater
flexibility and lower error-avoidance could explain why children do not automatically assign
negative value to response errors, even though they are generating them now and them during
decision making, and automatically orient to them after their occurrences (as reflected by the
PES). Likewise, this specific processing style of children could also explain why they actually
assign a positive value to correct actions, which usually manifest that the task goal has been
met (i.e. an overt response in face of an imperative go stimulus has been made in the present
case), and hence that learning was successful. Further and more generally, this specific
processing style could stem from the fact that the prefrontal cortex is not fully matured yet in
these children (Crone & van der Molen, 2007). As a result, evaluative processes, including
those involved in action and outcome, are already functional, but probably recruiting a
network of (subcortical) brain areas that are different than those used by adult participants,

and characterized by reward sensitivity (van Duijvenvoorde, Peters, Braams, & Crone, 2016).

Remarkably and unlike the PES, this priming effect in children was restricted to those
enrolled in the traditional schooling system. In comparison, Montessori schoolchildren were
slower following errors, but they did not process correct actions as positive events. This
difference suggests that the affective processing of actions, unlike the PES, is shaped by both
age and pedagogy. At that age, the way self-generated actions are assessed by peers and
evaluators (e.g. school teachers) is likely to influence profoundly how they are eventually
processed along an affective dimension by the children who execute them. Because children

experiencing Montessori pedagogy are usually much less confronted with evaluative feedback
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and reinforcers for their actions than those experiencing traditional pedagogy (Lillard, 2013;
Lillard, 2012; Rathunde, 2001; Rathunde & Csikszentmihalyi, 2005), it is possible that their
actions acquire less specific affective values, as our new results suggest indirectly. Hence, we
contend that the difference in affective priming found between Montessori versus traditional
schoolchildren could stem from a differential reinforcement learning (RL) effect. Although
speculative at this stage, it is feasible that the schooling environment actually shapes PM by
influencing specific RL parameters. In this perspective, it appears relevant to consider the
difference between model-free and model-based RL (Dolan & Dayan, 2013; Glascher, Daw,
Dayan, & O'Doherty, 2010; Neftci & Averbeck, 2019). Whereas the former refers to how
value/weight for a given outcome or action is computed and expected, the latter relates to a
state transition for it (model-based RL), thereby enabling an optimal processing of sensory
cues that is weighted according to prior beliefs. In adults, it has been shown that this
framework is extremely valuable as it can account for a wide range of phenomena during RL,
including modulatory effects of feedback type or reward on it (Mattar, Thompson-Schill, &
Bassett, 2018). Accordingly, it would be extremely informative in future studies to link more
directly changes in PM with possible alterations of specific RL parameters (using
computational modelling methods for example), in order to obtain a more mechanistic
understanding of how development and prefrontal cortex maturation can influence it. Finally,
we found that accuracy was higher for positive than negative words in Montessori
schoolchildren, but not in traditionally schoolchildren. This result is compatible with previous
findings showing that the former children can exhibit a bias for positive emotional stimuli
(Denervaud et al., in revision). Moreover, this finding is interesting when considering the fact
that they did not show evaluative priming of actions compared to traditionally schoolchildren.

Accordingly, this bias for positive stimuli does not contribute to influence the evaluative
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processing of actions as good or bad, suggesting indirectly that this bias could be restricted to

external stimuli only.

A few limitations warrant comment. First, we used a child friendly version of the dual
task previously devised for adult participants (Aarts et al., 2012), and as a result, we only had
a limited trial number per condition. A way to overcome this limitation in future studies
would be to increase trial number, although this might be detrimental to the selective attention
or task’s involvement of these children. Second and more importantly, here we performed a
cross-sectional study comparing children to adults, but it appears important to assess how the
PES and the evaluative processing of actions could change as a function of development and
prefrontal cortex maturation, which would require the use of longitudinal studies instead.
Although these studies are more expensive and time-consuming than cross-sectional ones,
they are the ones who could provide a unique and unprecedented insight into the
developmental trajectory of PM until the adult age. Third, there also might be a selection bias
in our sample as we drew, for practical and ethical reasons, schoolchildren experiencing the
Montessori pedagogy from private schools exclusively, whereas the schoolchildren
experiencing the traditional pedagogy attended regular schools instead (where practices
regarding grades and formal assessments are quite homogenized due to local policies).
Accordingly, it remains to establish whether Montessori pedagogy as such, or alternatively
any private schooling system, eventually yields a differential affective processing of (correct)
actions in children. A way to address this limitation would be to compare, using the same
experimental design as used here, Montessori children to children enrolled in a private school
as well, but where a different pedagogy than Montessori is used. Also, it might be interesting
to consider parental attitude and education doctrine in future studies, as these variables might
influence the way actions, and more specifically response errors, are appraised by children

and in turn influence their behavior. Finally, it should be noted that while information about
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socio-economic status and fluid intelligence were collected in children, adults were not tested
and compared on these variables.

To conclude, our findings shed new lights on PM in children, and more specifically
two fundamental components that underlie this utmost important cognitive ability. Results
suggest that children of that age, very much like adults, orient automatically to response
errors, as reflected by the PES. However, unlike what we observed for the adults, we found
that response errors were not evaluated as negative events by the children. Instead, they
evaluated correct actions as positive events, with this reward-related effect being only found
for traditional schoolchildren. All in all, these results therefore suggest that PM is composed
of an age-invariant component that allows individuals to orient attention to (deviant) errors,
while the affective evaluation of actions is shaped by both development and school
environment. This in turn may allow children as well as adults to assign value to action in a
flexible and context-dependent fashion, and ultimately foster goal-adaptive behavior in an

ever-changing environment.
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Figure 1 Evaluative priming task. On each trial, participants performed two tasks: first a
speeded Go/noGo task (that led either to correct or incorrect responses), followed by an
affective word categorization task (based on positive and negative words), serving

respectively as primes and targets in an evaluative priming procedure.
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Schoolchildren
Group
-val >
M T t or X2 F[I))R Corﬁife q Cohen’s d
N (girls) 45 (17) 56 (29) 3.40 0.13
Age [years] 10.3 (1.2) 10.5(1.1) 0.82 0.42 0.16
min, max 8.31-12.8 8.5-12.8
SES [au] 7.10 (0.8) 6.77 (1.1) 1.69 0.13 0.34
Fluid intelligence [score] 34.1(1.6) 33.4(2.3) 1.78 0.13 0.35
Adult Group
N (women) 46 (30)
Age [years] 28.0(9.4)
min, max 20-40

Note. Mean and SD. Au = arbitrary unit, M=Montessori schooling background T=traditional schooling background.

Table 1 Descriptive statistics of control variables, and group comparisons.
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SUPPLEMENTARY MATERIAL

Positive targets Negative targets

Ami (friend) Liberté (freedom) Cauchemar (nightmare) Maladie (disease)

Blague (joke) Paix (peace) Chagrin (grief) Malheur (misfortune)
Bonheur (happiness) Paradis (paradise) Diable (devil) Meéchanceté (wickedness)
Cadeau (gift) Plaisir (pleasure) Douleur (pain) Peur (fear)

Chance (luck) Réve (dream) Enfer (hell) Regret (regret)

Féte (party) Rire (laugh) Fatigue (tiredness) Souffrance (misery)
Humour (humor) Soleil (sun) Guerre (war) Tristesse (sadness)

Joie (joy) Larme (tear)

Table S1 Target words selected from the Affective norms for French words rated by children and adolescents
(FANchild) (Monnier & Syssau, 2017)

Descriptives
Group Hit C.O rr(?ct Miss FA Mean
rejection Accuracy
Mean responses 81.4 18.6 90.7
(SD) [%] Adults 100 (12.4) 0.00 (12.4) 6.2)
Traditional 84.8 61.3 18.2 38.7 73.0
(19.9) (20.3) (9.6) (20.4) (13.5)
Montessori 81.0 58.4 19.6 41.6 69.7
(20.1) (20.8) 9.8) (20.8) (12.9)
282
RT (SD) [ms] Adults (53)
.\ 370
Traditional (135)
. 350
Montessori (135)

Table S2 Descriptive statistics of the Go/noGo task.



Descriptives

Group NB_HitPos NB_HitNeg NB_FAPos NB_FANeg
Mean (SD)  Adults 34.6 (3.51) 33.4(3.51) 3.13(1.34) 4.04(2.71)
Traditional 35.7(4.79) 32.3(4.79) 6.23(3.29) 6.79 (3.61)
Montessori ~ 36.6 (3.91) 31.4(3.93) 7.40 (4.01) 6.38(3.20)
Table S3 Number of trials per condition included in the analyses.
Within Subjects Effects
Sum of Squares df Mean Square F p partial n?
ACTION 96.371 1 96.371 78.418  <.001 0.353
ACTION 3k Group 40.671 2 20.336 16.547  <.001 0.187
Residual 176.967 144 1.229
VALENCE 0.122 1 0.122 0.112 0.739 0.001
VALENCE 3¢ Group 15.892 2 7.946 7252 <.001 0.092
Residual 157.775 144 1.096
ACTION % VALENCE 8.254 1 8.254 6.540 0.012 0.043
ACTION * VALENCE * Group 13.420 2 6.710 5.317 0.006 0.069
Residual 181.727 144 1.262
Note. Type 3 Sums of Squares
Between Subjects Effects
Sum of Squares df Mean Square F P partial n?
Group 48.3 2 24.13 5.65 0.004 0.073
Residual 615.3 144 4.27

Note. Type 3 Sums of Squares

Table S4 Results of the omnibus ANOVA performed on the mean z-RTs (affective word categorization task).



Within Subjects Effects

Sum of Mean L,
Squares df Square F p partialn
ACTION 0.23416 1 0.23416 14.6871 <.001 0.093
ACTION 3k Group 0.00851 2 0.00426 0.2670 0.766 0.004
Residual 2.29585 144 0.01594
VALENCE 9.35¢-4 1 9.35¢-4 0.0314 0.860 0.000
VALENCE 3 Group 0.62825 2 0.31413 10.5406  <.001 0.128
Residual 4.29145 144 0.02980
ACTION 3k VALENCE 0.33385 1 0.33385 16.4932 <.001 0.103
ACTION * VALENCE 0.27602 2 0.13301 68182  0.001  0.087
Group
Residual 2.91479 144 0.02024
Note. Type 3 Sums of Squares
Between Subjects Effects
Sum of Squares df Mean Square F P partial n?
Group 0.0531 2 0.0265 0.519 0.596 0.007
Residual 7.3672 144 0.0512

Note. Type 3 Sums of Squares

Table S5 Results of the omnibus ANOVA performed on the accuracy score (% correct affective word
categorization).
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Descriptives

Group NB_HitPos NB_HitNeg NB_FAPos NB_FANeg
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Within Subjects Effects

Sum of Mean L,
Squares df Square F p partialn
ACTION 0.23416 1 0.23416 14.6871 <.001 0.093
ACTION 3k Group 0.00851 2 0.00426 0.2670 0.766 0.004
Residual 2.29585 144 0.01594
VALENCE 9.35¢-4 1 9.35¢-4 0.0314 0.860 0.000
VALENCE 3 Group 0.62825 2 0.31413 10.5406  <.001 0.128
Residual 4.29145 144 0.02980
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Sum of Squares df Mean Square F P partial n?
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Table S5 Results of the omnibus ANOVA performed on the accuracy score (% correct affective word
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e Emotion recognition differ according to different pedagogical practices
e Traditionally-schooled children show higher fear recognition sensitivity
e Montessori schoolchildren integrate more social context and are positively biased
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EMOTION RECOGNITION DEVELOPMENT:

Preliminary evidence for an effect of school pedagogical practices.

While emotion recognition is shaped through social interactions from a child’s
early years through at least late adolescence, no emphasis has thus far been given
to the effects of daily experiences at school. We posited that enriched, more
diverse, and less competitive social interactions fostered by some pedagogical
practices may contribute to emotion recognition processes in children. Here, we
investigated differences in emotion recognition among schoolchildren
experiencing the Montessori versus traditional practices. Children performed two
tasks; one measuring the impact of social context on fear-surprise perception, and
one measuring their bias toward happiness or anger. Results suggest that children
experiencing traditional practices show a higher sensitivity to fear-recognition,
while children attending Montessori schools show a higher integration of social
cues and perceive expressions of happiness for longer durations. Such
preliminary findings call for replication and further research to determine which

pedagogical features from the Montessori method may explain these effects.

Keywords: Emotion recognition development; Social Context; School

pedagogical practices; Montessori Education

Research concerning the role of emotions in school-related social behavior,
well-being, and academic performance, as well as the role of school interventions on the
development of social and emotional competencies has substantially grown in the last
two decades (see e.g., Nathanson et al., 2016; Pekrun & Linnenbrink-Garcia, 2014).
Emotion recognition abilities, broadly defined here as the way individuals perceive,
identify, categorize, or interpret others’ emotional expressions, are typically considered
to be a key process involved in socio-emotional competencies (e.g., Ohl, Fox, &
Mitchell, 2013). Culture and early life experiences have been shown to influence such

emotion recognition abilities (e.g., Yik, Widen, & Russell, 2013; Gendron, Roberson,
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van der Vyver, & Barrett, 2014), and evidence indicates that targeted school-based
interventions also have the potential to improve them (Garner & Waajid, 2008;
Nathanson, Rivers, Flynn, & Brackett, 2016, for example), thereby benefiting scholastic
outcomes, personal well-being, as well as long-term positive and cooperative social
interactions (Immordino-Yang, Darling-Hammond, & Krone, 2019). For instance,
MacCann et al. (2020) recently showed that emotional intelligence can predict academic
performance. To the best of our knowledge, no study to date has examined the extent to
which unsupervised socio-emotional learning induced by school pedagogical practices
contributes to schoolchildren’s emotion recognition abilities. Given some divergent
characteristics of the Montessori versus traditional pedagogical principles, we aimed at
obtaining preliminary evidence that emotion recognition performances differ in children

attending Montessori versus traditional schools.

Emotion Recognition Development

The ability to adequately identify and categorize emotions emerges early in life,
(see Widen & Russell, 2013) with a protracted maturation through adolescence (e.g.,
Thomas, De Bellis, Graham, & LaBar, 2007) and life-long modifications (Ruffman,
Henry, Livingstone, & Phillips, 2008). While happiness is the first emotion that infants
easily recognize (Herba & Phillips, 2004; Palama, Malsert, & Gentaz, 2018), the ability
to recognize fear, surprise, and disgust improves from 3 to 10 years of age (Coenen,
Aarnoudse, Huitema, Braams, & Veenstra, 2013; Widen & Russell, 2003, 2013),
suggesting that some emotions require more cognitive development and/or more
complex socio-emotional experiences to be learned. Emotion recognition not only

requires us to track emotional cues from the face, voice, and body, but to also integrate
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contextual information for the attribution of an emotion to be made (e.g., Mumenthaler

& Sander, 2012; 2019).

Contextual Social Cues

It takes more than perceiving an isolated facial, vocal, or postural expression to
recognize an emotion: There is growing evidence indicating that the very process of
emotion recognition is integrating contextual information (such as co-occurring body
cues or social information) in order to identify an emotion (Aviezer et al., 2017;
Mumenthaler & Sander, 2019). Evidence suggests that some contextual effects in
emotion recognition may even automatically take place in adults (e.g., Aviezer et al.,
2011; Leitzke & Pollak, 2016; Mumenthaler & Sander, 2015). The contextual effects
are particularly observed when the to-be-recognized expressions are ambiguous such as
when they are perceived as expressing both fear and surprise (see Mumenthaler &
Sander, 2015; 2019). Studies in children even suggest that children rely more on social
cues than facial cues to efficiently recognize an emotion, and that they look longer at
co-occurring contextual cues to identify emotions such as fear, surprise, or disgust than
adults (Durand, Gallay, Seigneuric, Robichon, & Baudouin, 2007; Widen & Russell,
2010). The efficiency of such processing increases with age (e.g., Theurel et al., 2016)
and is modulated by targeted training in children aged 3-12 years (for a review, see

Theurel & Gentaz, 2015).

Positivity/Negativity Bias
Studies propose a process of probabilistic learning across development that
improves emotion recognition: Associations experienced over time cumulate to guide

selective attention (Plate, Fulvio, Shutts, Green, & Pollak, 2018). While babies and
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infants look longer at happy faces than angry ones (Farroni, Menon, Rigato, & Johnson,
2007; Grossmann, Striano, & Friederici, 2007), adults seem to exhibit the opposite
pattern, even cross-culturally (Marinetti, Mesquita, Yik, Cragwall, & Gallagher, 2012).
This is sometimes interpreted as a “threat advantage”, an effect where dangerous cues
(e.g., angry faces) are more salient and thus processed longer than safer cues (e.g.,
happy faces). Interestingly, a recent study reported developmental changes (8 to 23
years of age) in the brain networks subserving salience detection and cognitive control
of emotion recognition, fearful and angry faces being subject to more considerable
functional reorganization (Zhang, Padmanabhan, Gross, & Menon, 2019). The
developmental shift in emotional valence perception (Kauschke, Bahn, Vesker, &
Schwarzer, 2019) parallels the calibration of threat perception across development, with
a potential cascading effect from early childhood to late adolescence. In fact, the
miscalibration of threatening signals can lead to an overcautious attentional bias toward
negative emotional stimuli, as is the case with social anxiety (Maoz et al., 2016) or
depression (Gollan et al., 2016), which typically emerges during adolescence (Siegel &
Dickstein, 2012). In addition, studies on early experiences, such as exposure to family
violence or acute adversity, align with this idea. Indeed, they report a link between
early-life adversity, an attentional bias toward negative stimuli (e.g., Dannlowski et al.,
2013) or threat, and a higher level of anxiety at an older age (Briggs-Gowan et al.,
2015). Importantly, the capacity to assign valence to a stimuli can be biased toward
positive or negative emotional stimuli (positive/negative bias) and has a direct impact
on the person’s interpretation and handling of a situation (Moser, Hajcak, Huppert, Foa,
& Simons, 2008). In fact, a bias toward positive stimuli (positivity bias) is related to an

increase in positive emotion and better regulation of negative emotions, as well as
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predicts an individual’s resilience to stress (Thoern, Grueschow, Ehlert, Ruff, & Kleim,

2016; Van Bockstacele et al., 2018).

Effective School Practices

If early social experiences modulate an individual’s emotion recognition
abilities, one can then hypothesize that social interactions experienced at school also
contribute to the development of emotion recognition competencies. Children from 4 to
12 years of age spend at least six hours a day in school environments, which are
essentially social settings. It is therefore crucial to understand the impact that school
pedagogical practices can have not only on children’s academic outcomes but also on
their socio-emotional competencies, such as emotion recognition abilities, that can, in
turn, also predict academic performance (MacCann et al., 2020).

So far, the few studies that have linked education with emotion recognition skills
have focused on the education level. These studies reported that students with a higher
education level perform better on emotion recognition tasks (Wolfgang & Cohen, 1988;
Mill, Allik, Realo, & Valk, 2009; Trauffer, Widen, & Russell, 2013) and show
differential brain activation in emotion-related neural substrates (e.g., the amygdala;
Demenescu et al., 2014). It could be that growing up in dense social contexts, such as
those inherent to educational environments where social interactions are intense and
diverse, offer unsupervised learning of emotion recognition (Huelle, Sack, Broer,
Komlewa, & Anders, 2014). If true, schoolchildren experiencing enriched social
environments and fostered peer-to-peer interactions throughout their daily school
practices would show different emotion recognition capacities than schoolchildren of
the same age experiencing less diverse social practices. As a “case study”, we compared

two school pedagogical practices: the Montessori method and traditional practices. Both
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can be of high quality, but vary in how unsupervised learning and social interactions
take place both quantitatively (e.g., amount of time allocated for social interactions),
and qualitatively (e.g., with respect to the form and diversity of the social interactions
within the environment).

The so-called traditional schools have quite homogeneous pedagogical practices as
described by the local policies about school curricula. Schoolchildren typically (i)
interact out-class with peers, mainly during recess (twice per day, for 20-30 minutes),
and are otherwise asked to work individually at their desk for most of their time; (ii) are
in class environments with peers of a similar age lead by one teacher at a time; (iii)
receive formal assessments with grades and receive punishments for their behavior
(e.g., class exclusion, extra hours after school). Within a typical competitive class
climate (Hayek, Toma, Guidotti, Oberle, & Butera, 2017; Hayek, Toma, Oberle, &
Butera, 2015), children may undermine their emotion recognition capacities, or even
bias them. In adults, competitive climates have been shown to bias intra- and inter-
group emotion recognition (Lazerus, Ingbretsen, Stolier, Freeman, & Cikara, 2016).
Furthermore, school-related anxiety is also often reported in students experiencing
traditional pedagogical practices (Steinmayr, Crede, McElvany, & Wirthwein, 2015;
Briggs-Gowan et al., 2015). In adults, anxiety increases threat sensitivity (i.e., more fear
or anger perceived; Meyer & Gawlowska, 2017; Notebaert et al., 2018; Proudfit,
Inzlicht, & Mennin, 2013).

On the other hand, the Montessori practices, when implemented with high fidelity,
provide schoolchildren (i) with in-class peer interactions by keeping the teacher-to-
children ratio low so they communicate during on-going work all day long, or share
learning moments in small groups; (ii) with multi-grade classrooms (i.e., 3-6 years old,

6-9 years old, 9-12 years old stay together); (iii) with no grades or punishments
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(Denervaud, Knebel, Hagmann, & Gentaz, 2019; Lillard, 2011, 2012; Lillard, 2019;
Marshall, 2017; Montessori, 1936; Rathunde, 2001). Montessori-schooled children
experience a higher percentage of social interactions with peers, as well as more
individualized exchanges with their teacher (Baines & Snortum, 1973; Hojnoski et al.,
2008). They may learn more from their peers, not only at a cognitive level, but also at a
social-emotional one, potentially increasing their emotion recognition capacity.
However, there is scarce and indirect evidence suggesting socio-emotional advantages
for schoolchildren experiencing Montessori practices compared with their peers
exposed to traditional practices. More precisely, Montessori students were reported to
be better at self-regulation, to have more positive social interactions, better conflict-
monitoring skills, and a higher well-being at school (Ervin, Wash, & Mecca, 2010;
Alves et al., 2015; Denervaud et al., 2019; Lillard & Else-Quest, 2006; Lillard et al.,
2017a; Rathunde & Csikszentmihalyi, 2005). This form of self-monitoring and resilient
behavior is related to a bias toward positive information in adults (Thoern, Grueschow,
Ehlert, Ruff, & Kleim, 2016; Van Bockstaele et al., 2018).

Taken together, these elements suggest that school pedagogical practices have an

impact on the development of socio-emotional processes such as emotion recognition.

Hypotheses

The aim of this study was to investigate how the differences in social
interactions and environments experienced over the last 6 years would impact 8-12
years old’s emotion recognition abilities. In particular, we were interested in
investigating (i) the processing of social emotional cues displayed in context; and (ii)
the bias toward positive emotion. Accordingly, we measured these effects by adapting

two tasks. First, we adapted an existing social appraisal task for 8- to 12-year-old
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schoolchildren to test the influence of social contextual cues on the categorization of an
ambiguous facial expression (50% surprise-50% fear morphed face). It may be that
children who learn more from peers on a daily basis could be particularly sensitive to
children’s expressions. Therefore, both child and adult faces were used as stimuli for the
social context. Second, we used an offset reaction time task of dynamic emotional
changes (morphing video clips) to test for the presence of any positivity bias. We
hypothesized that, based on the indirect preliminary evidence previously cited,
schoolchildren experiencing Montessori practices compared with traditional practices
would (i) be more efficient at integrating social cues in the emotion recognition process;
(il)) be more biased toward positive emotional faces; and (iii) show a lower fear

recognition sensitivity.

Methods

Study Sites and Participants
Selection Criteria for the Schools
Montessori private schools (4 classes from 3 different schools) were selected following
the criteria set by the International Montessori Association (https://montessori-ami.org),
and ensured to have a high fidelity in the implementation of their curriculum (Lillard,
2012):
(1) self-directed activities, through the use of Montessori educational materials;
(i)  self-correction and no formal assessments;
(iii))  children have the opportunity to work for 3 uninterrupted hours;

(iv)  classes with at least 3 different age-levels.



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

Emotion recognition and school pedagogy

The Swiss public schools were selected based on their rigorous application of the local
policies for traditional pedagogical practices, which was observed and discussed with
the school Directors. Traditional public schools (3 classes from 2 different schools)
were selected in a specific area based on the city’s official statistical data on mean
salary to only include an upper-class population (as a way to control some family
related variables when comparing this group with the group of children attending
Montessori schools), and they were controlled for their application of the official local
study plan:

(1) lecture-style, adult-driven interactions;

(i)  feedback in the form of grades and summative assessments;

(ii1)  children are given a break every hour, and mainly interact with their during

these breaks;
(iv)  one age-level per class.

The teachers’ and students’ participation was voluntary.

Participants

In total, a subset of 57 children were recruited in the framework of a larger
study, which includes neuroimaging and other behavioral measures aimed at evaluating
the school environment’s impact on a series of psychological processes. The present
study was conducted in accordance with the Declaration of Helsinki and with ethics
approval from the department of Psychology from the University of XXX. Written
parental consent was obtained for each child and informed consent was provided by
each adult participant. For this specific study, inclusion criteria were the age of the
participants (8-12 years of age) and belonging to one of the two schooling systems for

the last 6 years (according to parental report). The Montessori group was composed of
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28 children (Mage = 10.07, SD = 1.35), 16 boys and 12 girls recruited from 3 different
schools. The group of children attending traditional public schools was composed of 29
children (Mage = 10.64, SD = 1.02), 15 boys and 14 girls recruited from 3 different
schools.

Group Variables. Socio-Economic Status (SES). Due to local policies in
Switzerland, no public Montessori schools exist. In order to control for the fact that the
Montessori schools included in this study were all private schools, the selected
traditional public schools were located in specific areas to include a disproportionately
upper-class population. Parents were also asked to complete a socio-economic
questionnaire to assess their education level and professional level. More precisely, in
the questionnaire, the parent(s) had to select which of the four options best described
their education level (e.g., less than a high school diploma to university level) and
professional level (e.g., unemployed to senior executive employee) (Genoud, 2011).

Fluid Intelligence. To account for the effect of intelligence in emotion
recognition abilities (Schlegel et al., 2020), fluid intelligence was determined using the
black and white short version of the Raven matrices (Raven, Raven, & Court, 2003).
The child is presented with a pattern that is missing a piece and is asked to select a piece
from several options to complete the given pattern. Children from both school systems

showed a similar level of fluid intelligence.

Measures

Each participant completed two separate experimental tasks. Given the exploratory
nature of this study and its sample size, we computed sensitivity analyses to determine a
priori the critical ' and ¢ for the expected effects to ensure a statistical power of 80%

(G*Power 3; Faul, Erdfelder, Lang, & Buchner, 2007).
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Emotion Categorization with Social Context

The social context task, adapted from Mumenthaler & Sander (2012), was
programmed using Matlab with the Psychophysics Toolbox extensions (Brainard,
1997). During the task, the participants were asked to look at a fixation cross on one
side of the screen while a social context was displayed on the other side. The social
context consisted of a Caucasian front-facing adult or child (male or female) face from
the Radboud database (Langner et al., 2010), with either an angry or neutral facial
expression (referred to as the “contextual face”). A congruent non-verbal emotional
prosody (Banse & Scherer, 1996) was simultaneously played bilaterally to foster the
contextual emotion. For the so-called contextual faces of children, the pitch was adapted
by an upward transposition (shift in tone) of the adult voice to mimic a child’s prosody.
After a 50 ms presentation of the fixation cross, it was replaced by a target face. All
target faces were of front-facing static Caucasian children with either a neutral or a
morphed emotional expression. The morphed expression was always a mixed facial
expression composed of 50% surprise and 50% fear (see Figure 1A). In order to create
these faces, surprise and fear faces from the CAFE database (LoBue, Baker, &
Thrasher, 2018) were morphed at 50% with FantaMorph-Abrosoft. The neutral faces
served as a control condition, while the morphed faces were used for the experimental
condition. The presentation side was counter balanced across the block, and the total
presentation time of the target faces was 2 seconds. After the presentation of the stimuli,
the child was asked to select the emotional label corresponding to the target face from 5
different options (fear, surprise, shame, sadness, or “something else”), which were
presented in a randomized order between participants. No time limit was set for the
response. At the beginning of the task, the child was instructed to “look at the fixation

cross and rate the following target picture.” Each child performed 2 familiarization
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trials, followed by 4 blocks of 32 trials, each of which was pseudo-randomized with a

controlled number of stimuli for gender, age, and left or right gaze per block (see Fig. SI

1.

Positivity/Negativity Bias

Short morphing video-clips with either an adult or a baby face displaying a
continuum of a 100% (pure) happy or anger expression that was gradually changing into
a 100% of the other expression (from Korb et al., 2015) were used. Each 5-second clip
consisted of 60 frames (see Fig 1B). The child was asked to press the space bar as soon
as s/he could no longer perceive the first emotion. Every child performed one
familiarization trial of the baby and adult trials, followed by two blocks (randomly
starting by adult or baby) of 24 video-clips of faces (see Fig. SI 2), with a balanced

gender presentation.

Procedure
The experiments were conducted in situ at the end of the school year, where children
performed the tasks in a random order on a laptop with headphones, in a separate quiet

room.

Results

Statistical analyses were performed with R (R Core Team, 2014) and with the Jamovi

open-source software (Version 0.9).
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Group Variables

Participants with missing data for one of the two tasks (n=9), outside of the target age (2
SD from the mean; n=4) or with low SES (n=1) or low fluid intelligence (n=1) were
excluded from the analysis. In total, data from 57 children were analyzed. Regarding the
fluid intelligence measure, correct answers for the Raven matrices task (PM-47) were
summed (maximum 36 points) and reported as a single score for each participant
(missing data from one participant). The socio-economic status (SES) was rated from
the parental questionnaires; answers were summed (maximum score is 8) and scores
were averaged when both parents responded (missing data from one participant). All
scores were normalized. Three independent-sample t-tests were conducted comparing
the age, fluid intelligence, and SES scores of the Montessori versus the traditional
schoolchildren. There were no significant differences in the scores (all p’s > 0.05; see

table SI 1), suggesting a between-group homogeneity in these variables.

Emotion Categorization with Social Context

The responses to the adapted social appraisal task were summed per conditions over all
trials for each participant. Two repeated measures analyses of variance (ANOVA) were
conducted on the means of each condition to examine the effects of the contextual face
(child versus adult), the contextual emotion (anger versus neutral), and the type of
schooling system (Montessori versus traditional) on emotion recognition (fear, surprise,
shame, sadness, “something else”) of the target face; one analysis was performed on the
control condition (neutral target face), and the other, on the morphed fear-surprise target
face (experimental condition) (see Fig. SI 3 for the mean number of responses per

condition). For the experimental condition, we established the critical F accounting for
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an interaction between responses and context as 1.60 based on a sensitivity analysis
with a power of at least 80% (Faul et al., 2007).

For the control condition, in which the target was a neutral face and the
contextual faces could be either a neutral or an angry face, no significant between-group
effect was observed (see Fig. SI 4, table SI 2). For both the control and the experimental
conditions, there was no significant difference observed between the adult and children
faces (see Fig. SI 5).

For the experimental condition, where the target face was morphed to express
50% fear and 50% surprise, there was a significant interaction between the school
pedagogical practices experienced by the children and the responses given, £(4,220) =
2.93, p = 0.022, np? = 0.05". The actual F-value was higher than the critical F computed,
confirming the reliability of our measure (Faul et al., 2007). This was further confirmed
by a reliable post-hoc power of 86.6% (Fig. 2). The results indicated that schoolchildren
exposed to Montessori pedagogical practices perceived more “surprise” in the
ambiguous faces than traditionally-schooled students did when the social context was
neutral (#2(220) = 4.00, prukey = 0.013, d=0.31). However, when the social context
displayed an angry face, no significant difference was observed for the “surprise”
responses between the two groups. In addition, for both angry and neutral contexts,
schoolchildren exposed to traditional practices significantly reported more “fear” than
“surprise” in the ambiguous faces (1(295) = 3.77, prukey = 0.026, d= 0.39; #(295) = 4.61,
Prukey < 0.001, d=0.37, respectively), a pattern that was not observed in schoolchildren

exposed to Montessori practices. Furthermore, independently of the context,

! When including all data collected (i.e., adding the data from the children who did not participate in the
Positivity/negativity Bias task, N=62), the triple interaction was robustly present, F(4,220)=3.27, p =

0.012, p? = 0.05 (see Table SI 4).
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schoolchildren exposed to Montessori pedagogical practices gave significantly less fear
responses for the ambiguous faces than the schoolchildren exposed to traditional

practices (#(55) =-2.47, p =0.017, d = 0.65) (see table SI 3 for details).

Positivity/Negativity Bias

We computed a score for the positivity bias using the offset reaction times (RT) of the
pooled data from both the baby and adult conditions (i.e., starting with an anger
expression versus starting with a happy expression). By computing the reaction time for
each condition, we derived individual differences in positive emotion perception
(positivity bias [ms] = RThappy - RTangry). An independent t-test was conducted to
compare the positivity bias between the Montessori and traditional schoolchildren. We
established a critical t of 1.67 based on a sensitivity analysis with a power of 80%. The
results indicated a significant positivity bias in favor of the Montessori schoolchildren
(M =80.4 [ms], SD = 320 [ms]) compared to the traditional schoolchildren (M = -83.3
[ms], SD =276 [ms]), #(55) = 2.07, p = 0.043. The actual t-value was higher than the
critical t computed a priori (2.07 > 1.67), suggesting a reliable measured effect. As an
additional measure of positive versus negative sensitivity, children with either a
negative (< 0 [ms]) or a positive bias (> 0 [ms]) were classified into two groups,
“positively” or “negatively” biased (Fig. 3). An independent Chi-square test was
computed to compare the frequency of positively versus negatively biased

schoolchildren in the Montessori and traditional systems. A significant interaction was
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found, X2 (1, N=57)=9.27, p = 0.0022. The schoolchildren enrolled in the Montessori
system were more likely to present a positivity bias (67.9%) than the traditional

schoolchildren (27.6%) (Fig. SI 6).

Discussion

This study was a first attempt at investigating whether the social environment, as
operationalized by school pedagogical practices, has the potential to modulate emotion
recognition in children. We tested 57 children (8-12 years old) experiencing either
Montessori or traditional practices for at least the past six years (as reported on the
parental questionnaire). We first measured individual sensitivity to contextual social
cues in fear perception. Second, we investigated the bias toward positive or negative
emotional facial expressions.

Results from the social context task suggest that the contextual cues were
integrated differently depending on the pedagogical practices the schoolchildren
experienced. Emotion attribution for the ambiguous target face (morphed to contain
50% fear and 50% surprise) was found to be different in the angry versus neutral social
contexts for schoolchildren experiencing Montessori practices: these children attributed
less “surprise” when exposed to the angry versus neutral social context. No evidence
was found for such an integration of social cues (i.e., differential recognition pattern
according to the context) in children experiencing traditional practices. Interestingly,
these children attributed more “fear” than “surprise” to the ambiguous faces when the

context displayed an angry face and a neutral face, suggesting a higher fear-recognition

% The results are significantly different even when introducing more data (adding participants that had not

participated in the the emotion categorization with social context task); X2 (1,N=61)=8.70,p=

0.003.
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sensitivity in these children compared with those attending Montessori schools. Taken
together, these results suggest that the integration of social cues in the process of
emotion recognition is modulated by the early social environment. Although further
research is needed to reach such a conclusion, it is possible that daily enriching social
interactions, which are promoted in the Montessori method, may hasten the maturation
of the contextual cue integration (training-effect, such as is found in unsupervised
learning, see Huelle et al., 2014). Furthermore, the higher fear sensitivity and related
threat calibration in schoolchildren exposed to traditional practices may tentatively
reflect their experience of a more competitive environment (through grading for
example, Hayek et al., 2017), or less peer interactions during learning. These effects
may have an impact on the underlying flexibility in cognitive processes through daily
cumulative social experiences, thereby potentially causing long-term effects on social
behaviors (van Duijvenvoorde, Peters, Braams, & Crone, 2016) and undermining the
integration of social contexts that could lead to suboptimal interpersonal relationships
(Maoz et al., 2016). It would be interesting to test, in a future study, whether
systematically introducing more peer-to-peer working interactions on a daily basis in
traditional practices would engender an increase in social cue integration. In fact, when
working together, schoolchildren need to coordinate their goals, overcome conflicts,
develop their theory of mind mechanisms, and regulate their emotions (Ainsworth &
Baumeister, 2013; Domberg, Koymen, & Tomasello, 2018). All these aspects may
benefit socio-emotional skills. Finally, to confirm our preliminary findings, studying the
response patterns of younger children (i.e., with less experience in each pedagogical
method) and tracking their development, within a longitudinal and randomized

framework, seems necessary.
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In addition, results from the second experiment also suggest a different pattern of
emotion processing for children who attended Montessori versus traditional schools.
More specifically, in the task where children had to notice when the dynamical facial
expression changed, schoolchildren attending the Montessori schools perceived happy
expressions for a longer duration than they perceived angry expressions, an effect that
we can refer to as a positivity bias. In contrast, anger expressions were perceived for a
longer duration than happy expressions in schoolchildren exposed to traditional
practices. These results suggest that the school pedagogical practices experienced by
schoolchildren contribute to the emergence of such a positive/negative bias.

The pattern observed in Montessori-schooled children is consistent with previous
studies reporting a relatively high positive affect at - and toward - school in children
experiencing Montessori practices (Lillard & Else-Quest, 2006; Rathunde &
Csikszentmihalyi, 2005; Denervaud et al., 2019; Lillard et al., 2017b). A bias toward
positive stimuli, which has been shown in many paradigms (Pool et al., 2016), can be
influenced by a current positive mood (e.g., Wadlinger & Isaacowitz, 2006), and impact
emotion regulation that can lead to more positive social interactions (Thoern,
Grueschow, Ehlert, Ruff, & Kleim, 2016; Van Bockstaele et al., 2018). Conversely, the
pattern observed in children attending traditional schools parallels adults’ longer
looking times at angry faces compared to happy faces (Marinetti et al., 2012), and
suggests a precocious “threat advantage” bias (Marinetti et al., 2012; Martinez, Falvello,
Aviezer, & Todorov, 2016). However, a too large bias toward negative stimuli may
have deleterious implications on emotion regulation or affective disorders such as
anxiety or depression (Bar-Haim et al., 2007; Bone et al., 2019).

Future studies could test whether the school climate, and its direct impact on

students’ well-being (Steinmayr, Heyder, Naumburg, Michels, & Wirthwein, 2018),
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may be an underlying feature shaping attentional bias. More research is clearly needed
to replicate these effects and understand their origins, using multiple tasks, larger
populations, randomized designs, and manipulating variables that relate to school-
induced mood and anxiety.

Consistent with the proposal that emotion recognition ability depends on
education, our research provides preliminary evidence suggesting that this ability not
only depends on the level of education (e.g., Trauffer et al., 2013) but also on the
pedagogical practices. Crucially, some specific pedagogical features from the
Montessori education may explain such differences, but cannot be inferred from our
study. The measured effects are certainly not specific to the Montessori pedagogy, but
rather to some variables found in this pedagogy (e.g., a focus on collaborative learning
with peers, multi-grade classrooms). From a different perspective, recent results
showing that the more a student talked in class, the better they performed in a reading
literacy test are inspiring in this respect (Sedova et al., 2019). An interesting approach
would be to compare specific pedagogical practices by systematically as well as
empirically testing them using designs manipulating specific variables such as the
diversity of social interactions during learning hours (e.g., age and diversity of the
children who interact and the social contexts in which the interactions take place),
moods induced, feedback given, or active collaborative learning. Although new
research should test whether these results can be replicated, and if they are directly
caused by the school environment and/or by other factors, such as family-related
variables (Castro, Halberstadt, Lozada, & Craig, 2015), our findings suggest that the
early social environment influences emotion recognition mechanisms. With respect to
theories of emotion, our results are particularly compatible with appraisal theory’s

account of emotion recognition (e.g., Sander et al., 2007) as well as with theories
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focusing on emotion attribution (see Widen, 2013). Both account for the contextual
effects (see Aviezer, Ensenberg, & Hassi, 2017) and for the existence of environmental

modulators of emotion recognition (see Trauffer, Widen, & Russell, 2013) in children.
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Figure 1. A. Emotion Categorization with Social Context. In this task, schoolchildren
were first presented with a social context in the form of an adult or child face expressing
either anger or no emotion (neutral) concomitant with a congruent emotional prosody;
then, a target face appeared in the form of a neutral child expression or an ambiguous
(50% fear-50% surprise morphed) child expression. After the stimuli presentation,
schoolchildren were asked to label the emotion of the target face (forced choice between
fear, surprise, shame, sadness, or “something else”). B. Positivity/Negativity Bias. In
this task, schoolchildren were asked to track a dynamic change in emotions from
positive to negative or the opposite (morphing video clips) in baby or adult faces. They

were asked to detect when the first emotion (happiness or anger) had stopped.
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761  Figure 2. Emotion Categorization with Social Context. Emotion recognition in the

762  ambiguous condition (50% fear-50% surprise morphed face) with either a child or an
763  adult in context, with an angry or neutral facial expression (from the Radboud database)
764  combined with a congruent emotional prosody. The descriptive plot shows the results of
765  the triple interaction (contextual face x responses given x school pedagogy). Error bars
766  represent SE.
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Figure 3. Positivity /Negativity Bias. The capacity to assign valence to a stimulus can be
biased toward positive versus negative emotional stimuli, and is measured through the
positivity bias: the difference between the amount of time (RT) spent perceiving
positive stimuli (here, happy faces) and the amount of time (RT) spent perceiving

negative stimuli (here, angry faces).
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Fig. SI 1 Emotion categorization with Social Context Task. In each trial, a contextual face (from the Radboud
database) with a congruent emotional prosody (from Banse & Scherer, 1996) was displayed for 50ms.
Subsequently, a target face that was either a morph or a neutral face appeared alongside the contextual face.
After the presentation of the stimuli, the child was asked to indicate which emotion the target face expressed
using 5 different labels: fear, surprise, shame, sadness, or something else. Due to copyright protection, the
pictures featured in this figure were made by the authors, while the pictures we used in the study were taken

from the CAFE database. The target stimuli were made of surprise-fear morphed faces and the control ones were

of neutral faces.

Fig. SI 2 Positivity/Negativity Bias Task. During this task, participants were shown 5-second morphing video
clips showing either an angry (displayed on the left) or happy (displayed on the right) facial expression gradually
changing to the other expression (happy or angry, respectively). The child was asked to press a key as fast as



possible when s/he perceived the initial emotion to be over. The two conditions consisted of either baby faces

(panel a) or adult faces (panel b).
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Fig. SI 3 Emotion categorization with Social Context; main effect of responses. Average number of
responses given in (A) the control condition, when the target face was neutral, and (B) the experimental

condition (B), when the target face was a fear-surprise morphed face. The error bars represent the CI.
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Fig. SI 4 Emotion categorization with Social Context. The figure illustrates the three-way ANOVA
interactions in the control and testing conditions on the average number of responses. The top plots depict the
testing condition of the fear-surprise morphed face: Children enrolled in traditional systems (in orange) keep on
reporting higher fear compared to children enrolled in Montessori schools (blue line) when the contextual face
was neutral, while Montessori schoolers report more surprise (highlighted in grey). The bottom plots depict the
control condition, when the target face was a neutral child face. M stands for Montessori, T for traditional; the

error-bars represent the SE.
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Fig. SI 5 Contextual faces (child or adult) in the morph target experimental condition. The graphs show the
average number of responses given when the contextual neutral face was an adult (left) or a child (right). There
was no significant effect between conditions (adult versus child) for traditional (T, in orange) or Montessori (M,
in blue) schoolers. The original pictures for the target faces were taken from the CAFE database, but due to
copy-right protection, the current pictures are used to depict at best the experimental design. The contextual

faces are taken from the Radboud database. The bars represent the SE.
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Fig. SI 6 Frequency of positively or negatively biased students.



Montessori
# schoolers (girls) 28 (12)
Age (SD) 10.07 (1.35)
Fluid Intelligence (SD) 33.82 (1.70)
SES (SD) 0.72 (0.09)

Traditional

29 (14)
10.64 (1.02)
33.00 (2.37)
0.69 (0.10)

Table SI 1 Independent t-tests for the Control variables.

Statistics
(t-test or y2)

0.17
-1.82
1.37
1.11

df

55
54
54

0.68
0.08
0.18
0.27

Cohen’s d

-0.52
0.37
0.30



Within Subjects Effects

Sum of Mean partial

Squares df Square ¥ P n?
Contextual face 2.25e-30 1 2.25e-30 p 1.000 -0.000

6.21e—15
Contextual face * System 6.88e-30 1 6.88e-30 1.906-14 1.000 -0.000
Residual -1.99¢-14 55 -3.62e-16
Contextual emotion 2.02e-29 1 2.02e-29 _ 1.000 -0.000
2.65¢—14

Contextual emotion ¢ System 1.26e-30 1 1.26e-30 _l 66615 1.000 -0.000
Residual -4.19¢—14 55 -7.62¢—-16
Response 2527.396 4 631.849 23.5870 <.001 0.300
Response * System 196.052 4 49.013 1.8297 0.124 0.032
Residual 5893.352 220 26.788
Contextual face > Contextual emotion 2.25¢-30 1 2.25e-30 -1 0615 1.000 -0.000
Contextual face * Contextual emotion ¢ System 0.000 1 0.000 0.0000 1.000 0.000
Residual -1.17e-13 55 -2.12e-15
Contextual face * Response 13.678 4 3.420 1.5643 0.185 0.028
Contextual face *k Response >k System 1.977 4 0.494 0.2261 0.924 0.004
Residual 480.918 220 2.186
Contextual emotion % Response 100.452 4 25.113 5.9280 <.001 0.097
Contextual emotion * Response *¢ System 13.522 4 3.380 0.7980 0.528 0.014
Residual 931.987 220 4.236
Contextual face >k Contextual emotion 3k 0.644 4 0.161 0.0840 0.987 0.002
Response
Contextual face ¢ Contextual emotion > 6.100 4 1525 07954 0529 0014

Response * System

Residual 421.812 220 1.917

Note. Type 3 Sums of Squares

Between Subjects Effects

Sum of Squares  df Mean Square F p partial n?
System 5.62¢-31 1 5.62e-31 -6.69¢—16 1.000 -0.000
Residual -4.62e—14 55 -8.40e—16

Note. Type 3 Sums of Squares

Table SI 2 Repeated measures ANOVA for the control condition (neutral face) with contextual face (child,
adult), contextual emotion (angry, neutral), and response (fear, surprise, shame, sadness, something else) as

within-subject factors, and system (Montessori, traditional) as a between-subject factor.



Within Subjects Effects

Sum of Mean partial

Squares df Square F p n?
Contextual face 3.51e-28 1 3.51e-28 791e-13 1.000 0.000
Contextual face * System 4.00e-29 1 4.00e-29 9.01e-14 1.000 0.000
Residual 2.44e-14 55 4.44e-16
Contextual emotion 2.75e-29 1 2.75e-29 h 1.000 -0.000

3.14e-14
Contextual emotion ¢ System 9.27e-30 1 9.27e-30 106014 1.000 -0.000
Residual -4.82e—14 55 -8.77e-16
Response 8263.33 4 2065.832 90.312 <.001 0.622
Response * System 203.69 4 50.922 2.226 0.067 0.039
Residual 5032.37 220 22.874
Contextual face * Contextual emotion 2.75e-29 1 2.75e-29 9.52e-14 1.000 0.000
Contextual face ** Contextual emotion *¢ System 1.78e-31 1 1.78e-31 6.15e-16 1.000 0.000
Residual 1.59e-14 55 2.89¢-16
Contextual face * Response 2.40 4 0.601 0.268 0.899 0.005
Contextual face * Response * System 5.74 4 1.434 0.639 0.635 0.011
Residual 493.88 220 2.245
Contextual emotion * Response 34.79 4 8.698 2.158 0.075 0.038
Contextual emotion *k Response ¢ System 47.32 4 11.830 2.934 0.022 0.051
Residual 886.89 220 4.031
Contextual face * Contextual emotion * Response 14.49 4 3.623 2.107 0.081 0.037
Contextual face * Contextual emotion * Response 10.46 4 2614 1521 0.197 0.027
System
Residual 378.26 220 1.719
Note. Type 3 Sums of Squares
Between Subjects Effects
Sum of Squares df Mean Square F p partial n?

System 1.37e-29 1 1.37e-29 3.77e-14 1.000 0.000
Residual 2.00e-14 55 3.63¢-16

Note. Type 3 Sums of Squares

Table SI 3 Repeated measures ANOVA for the testing condition (morph face) with contextual face (child,
adult), contextual emotion (angry, neutral), and response (fear, surprise, shame, sadness, something else) as

within-subject factors, and system (Montessori, traditional) as a between-subject factor.



Within Subjects Effects

Sum of Mean partial
Squares df Square F P n?
Response 8747.61 4 2186.904 97.386 <.001 0.619
Response & System 144.24 4 36.061 1.606 0.173 0.026
Residual 5389.46 240 22.456
6.81e-
Contextual face 1.85e-29 1 1.85e-29 15 1.000 0.000
, 6.90¢-
Contextual face % System 1.87¢-30 1 1.87¢-30 16 1.000 0.000
Residual 1.63e-13 60 2.71e-15
Contextual emotion 4.41e-29 1 4.41e-29 2'7613 1.000 0.000
. , 8.60e-
Contextual emotion * System 1.37¢-30 1 1.37¢-30 16 1.000 0.000
Residual 9.59e-14 60 1.60e-15
Response * Contextual face 2.22 4 0.556 0.259 0.904 0.004
Response & Contextual face * System 5.85 4 1.463 0.681 0.606 0.011
Residual 515.43 240 2.148
Response * Contextual emotion 26.38 4 6.595 1.702 0.150 0.028
Response ¢ Contextual emotion >k System 50.69 4 12.672 3.270 0.012 0.052
Residual 930.11 240 3.875
Contextual face * Contextual emotion 2.20e-29 1 2.20e-29 3‘6113 1.000 0.000
Contextual face * Contextual emotion ¢ System 9.54¢-33 1 9.54¢-33 1‘57167_ 1.000 0.000
Residual 3.65¢-14 60 6.09¢-16
Response * Contextual face * Contextual emotion 15.49 4 3.873 2.346 0.055 0.038
R:esponse & Contextual face * Contextual emotion 1035 4 2587 1567 0.184 0.025
*k System
Residual 396.18 240 1.651
Note. Type 3 Sums of Squares
Between Subjects Effects
Sum of Squares df Mean Square F p partial n?
System 3.10 1 3.10 0.937 0.337 0.015

Residual 198.40 60 331

Note. Type 3 Sums of Squares

Table SI 4 Repeated measure ANOVA for the whole sample of children in the testing condition (morph
face) with contextual face (child, adult), contextual emotion (angry, neutral), and response (fear, surprise, shame,
sadness, something else) as within-subject factors, and system (Montessori, traditional) as a between-subject

factor.



