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Children

Age-related progress in cognitive control reflects more frequent engagement of proactive control during child-
hood. As proactive preparation for an upcoming task is adaptive only when the task can be reliably predicted,
progress in proactive control engagement may rely on more efficient use of contextual cue reliability. Devel-
opmental progress may also reflect increasing efficiency in how proactive control is engaged, making this control
mode more advantageous with age. To address these possibilities, 6-year-olds, 9-year-olds, and adults completed
three versions of a cued task-switching paradigm in which contextual cue reliability was manipulated. When
contextual cues were reliable (but not unreliable or uninformative), all age groups showed greater pupil dilation
and a more pronounced (pre)cue-locked posterior positivity associated with faster response times, suggesting
adaptive engagement of proactive task selection. However, adults additionally showed a larger contingent
negative variation (CNV) predicting a further reduction in response times with reliable cues, suggesting motor
preparation in adults but not children. Thus, early developing use of contextual cue reliability promotes adap-
tiveness in proactive control engagement from early childhood; yet, less efficient motor preparation in children
makes this control mode overall less advantageous in childhood than adulthood.

1. Introduction

Behaving with increasing autonomy and flexibility is a hallmark of
growing up and is supported by protracted gains in cognitive control, the
goal-directed regulation of attention and actions, intrinsically related to
the development of frontoparietal networks with age (e.g., Baum et al.,
2017; Crone and Steinbeis, 2017). Efficient engagement of cognitive
control requires dynamic adjustments to meet moment-to-moment
variations in task demands. In particular, control can be engaged
either proactively, that is, in anticipation of upcoming task demands to
minimize subsequent interference, or reactively, that is, in the moment to
resolve current interference (Braver, 2012). For instance, as children
cycle to school, they may need to proactively monitor for traffic lights in
a busy city section and then release control on a quiet bike path while
still being able to reactively mobilise it if a dog unexpectedly runs across
the path. Proactive control is behaviourally advantageous when task
demands can be predicted, whereas reactive control is more adaptive for
unforeseen task demands.

As they grow up, children increasingly engage proactive control (e.
g., Chatham et al., 2009). However, unlike older children and adults,

who adaptively engage either control mode as a function of task de-
mands (Braver, 2012; Lewis-Peacock et al., 2016; Maki-Marttunen et al.,
2019), children around 5 and 6 years of age tend to rely mostly on
reactive control, even though they are already capable of proactive
control (e.g., Chevalier and Blaye, 2016; Chevalier et al., 2015; Hadley
et al., 2020; Troller-Renfree et al., 2020). For example, when switching
between colour- and shape-matching rules as a function of task cues, one
can proactively prepare to process either the colour or shape of the
upcoming target when the task cue is presented early. In adults, such
proactive preparation yields faster responses (e.g., Kiesel et al., 2010;
Vandierendonck et al., 2010), is supported by frontoparietal activity (e.
g., Cooper et al., 2017), and is associated with a cue-locked posterior
positivity in electroencephalogram (EEG) data reflecting proactive task
selection (e.g., Karayanidis et al., 2009; Nicholson et al., 2005). Simply
presenting the cue ahead of the target is sufficient to observe proactive
preparation in 10-year-olds but not in 5-year-olds, who tend to process
the cue reactively after target onset. However, even 5-year-olds proac-
tively process task cues when reactive control is made more difficult by
removing the cue after target onset, as shown by faster response times,
greater cue-locked pupil dilation (which suggests earlier cognitive
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effort, Beatty, 1982; Eckstein et al., 2017), as well as a more pronounced
cue-locked posterior positivity (Chevalier et al., 2015).

As proactive control is adaptive only if upcoming task demands can
be reliably predicted based on contextual cues (e.g., task cues), adap-
tiveness of proactive engagement likely relies on contextual cue reli-
ability. However, children may not use contextual cue reliability
effectively yet, as they tend to overlook and struggle to process
contextual cues. They show less prefrontal activation than adults while
processing task cues (Church et al., 2017), and perform better after
practicing contextual cue monitoring or when cue processing is facili-
tated (e.g., Barker and Munakata, 2015; Chevalier and Blaye, 2009;
Chevalier et al., 2014; Towse et al., 2007). Further, unlike adults (e.g.,
Kool et al., 2010), younger children do not use contextual information,
such as variations in cognitive control demands, to avoid unnecessary
cognitive effort and optimise their performance (Niebaum et al., 2019;
Niebaum and Munakata, 2020; O’Leary and Sloutsky, 2017, 2019).

Alternatively, children may use contextual cue reliability as well as
adults, but be biased to reactive control because they implement pro-
active control less efficiently and thus are less likely to benefit from it.
Indeed, proactive control engagement does not always yield a behav-
ioural benefit in 5- and 6-year- olds (Hadley et al., 2020; Jin et al., 2020),
perhaps because children do not efficiently engage the same cognitive
processes as adults while proactively preparing for an upcoming task. In
particular, proactive preparation for an upcoming task entails cue- based
task selection and proactive motor preparation. Task-selection is
indexed by a cue-locked posterior positivity that is larger (i.e., more
positive) when the cue predicts the upcoming task than when it is un-
informative (e.g., Karayanidis et al., 2009). Proactive motor preparation
is indexed by a frontocentral contingent negative variation (CNV)
observed just before target onset that is larger (i.e., more negative) when
task-relevant stimulus-response mappings can be activated ahead of
target onset (e.g., Kray et al., 2005). Unlike the posterior positivity,
which shows a similar pattern in middle childhood and adulthood (e.g.,
Chevalier et al., 2015), the CNV becomes larger from adolescence to
adulthood (Killikelly and Szfics, 2013), suggesting more efficient motor
preparation with age.

We investigated adaptiveness of proactive control engagement based
on contextual cue reliability and efficiency of proactive control
engagement in children and adults. Behavioural, pupillometry, and EEG
data were collected while 6-year-olds, who are relatively new to pro-
active control, 9-year- olds, who more ably use either control mode, and
young adults performed a cued task-switching paradigm. The task cues
presented ahead of the target either (a) reliably predicted the upcoming
task on all trials, hence making proactive control adaptive, (b) unreli-
ably predicted the upcoming task (i.e., correct information on half of the
trials only), making proactive control possible but maladaptive, or (c)
did not provide any information about the upcoming task, hence making
reactive control adaptive. Proactive preparation was probed through
cue-locked pupil dilation (as greater pupil dilation is a proxy for greater
general cognitive effort), posterior positivity (reflecting proactive task
selection), and CNV (reflecting motor preparation). Finally, reactive
control was indexed by the frontal pre-response negativity (PRN)
observed shortly before the response when adults engage control reac-
tively (Czernochowski, 2014).

Efficient use of cue reliability should result in selective engagement
of proactive control with reliable but not unreliable cues, as proactive
control would be maladaptive with unreliable cues. This should be
evidenced by faster responses, greater cue-locked pupil dilation (indi-
cating greater cognitive effort), a more positive posterior positivity
(reflecting proactive task selection) and a more negative CNV (reflecting
proactive motor preparation) with reliable than unreliable or uninfor-
mative cues. Further, efficient proactive preparation should decrease the
need to engage reactive control after target onset as shown by a reduced
(less negative) PRN. Importantly, we expected proactive control markers
to be more pronounced and vary more as a function of cue reliability in
older age groups.
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2. Methods
2.1. Participants

Participants included 35 six-year-old children (M = 6.5 years, SD =
0.3, age range = 6;0-6;11, 17 females, 18 males), 32 nine-year-old
children (M = 9.5 years, SD = 0.3; age range = 9;0-9;11, 15 females,
17 males), and 33 adults (M = 24.6 years, SD = 6.8; age range =
18;3-34;5, 19 females, 14 males). An additional four 6-year-olds, four 9-
year-olds, and one adult were recruited but excluded because they failed
to complete the session. Most children’s ethnicity was Caucasian (n =
56), nine children were of mixed ethnicities, and one was Asian
(ethnicity information was missing for one child). Fifty children had at
least one parent with a university degree and nine had parents with
high-school or vocational training (this information was missing for
eight children). Adults’ ethnicity was either Caucasian (n = 21) or Asian
(n = 12). Adults either were undergraduate students (n = 22) or held a
university degree (n = 11). As EEG data could not be correctly recorded
for some participants due to technical issues, participant recruitment
stopped after EEG data were collected for 30 participants in each age
group. Prior to participation, written informed consent was obtained
from all adults (participant or parent). In addition, 9-year-olds also gave
written informed assent. Adult participants and parents were compen-
sated £30, while children received small, age-appropriate prizes.

2.2. Materials and procedure

Two trained experimenters tested each participant individually in a
90-min long session. Behavioural, EEG, and pupil dilation data were
recorded while participants completed all three conditions of the cued
task-switching paradigm. One experimenter conveyed task instructions
while the other monitored EEG and eye-tracking data acquisition. After
applying the EEG cap on the participant’s head, the participant sat 60 cm
away from the computer screen, using a chin rest to minimize movement
artefacts and optimize pupil data quality, and completed the eye-
tracking calibration procedure. Parents completed a short de-
mographic questionnaire while children completed the tasks, whereas
adult participants completed the questionnaire during net application.

Each participant completed three conditions of the cued task-
switching paradigm, which was run using E-Prime 2 (Psychology Soft-
ware Tools, Pittsburgh, PA) and introduced as the ‘Santa Claus Game’
(adapted from Chevalier et al., 2015). To help Santa and his elves pre-
pare for Christmas, participants sorted toys (i.e., targets) by their shape
or colour (Fig. 1). Specifically, they had to switch between matching the
target with the response option of the same colour or shape as a function
of the visual task cue presented alongside the target. Importantly, an
initial cue presented ahead of target onset predicted the upcoming
relevant task (colour- or shape-matching) with varying reliability across
conditions, influencing to what extent proactive control was adaptive.

Each trial started with a fixation cross within a black circle (7 cm
diameter) at the centre of the screen for a duration jittered between
1000 and 1200 ms. It was followed by an elf holding an initial cue
(referred to as ‘precue’ thereafter) potentially signalling the upcoming
task for a duration jittered between 1500 and 1700 ms. The target was
then displayed within the black circle surrounded by the actual task cue
overlaid on the black circle: either grey geometrical shapes for shape-
sorting or patches of colours for colour- sorting. Participants had to
sort the target as a function of the actual cue (rather than the precue)
and enter their responses by pressing one of four horizontally aligned
buttons on a response box. They had to keep their index and middle
fingers on top of the response buttons throughout the game. Although
there was no response time limit, participants were instructed to
respond as fast and accurately as they could. Upon entering the
response, feedback was displayed for 1000 ms in the form of a thumb-up
for correct responses or thumb-down for errors.

Critically, the precues differed across conditions. In the reliable-
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Fig. 1. Cued task-switching paradigm. Participants had to match the target (toy within the black circle) with the response option (below the black circle) of the same
colour or shape depending on the task cue (patches of colour or geometric shapes on the black circle). A precue (held by an elf and displayed ahead of cue and target
onset) predicted the upcoming task (colour- or shape-matching) with varying reliability. (A) Precues in the reliable-, unreliable-, and uninformative-precue con-
ditions varied as a function of whether or not they bore a semantic relation with one of the sorting tasks and whether or not they systematically occurred before the
same task cue. (B) The precue could either match or mismatch the following task cue (patches of colours or geometrical shapes on the black circle) in the unreliable-
precue condition. (C) Example of a shape trial in the reliable-precue condition. The response pictures were constantly displayed under the black circle.

precue condition, the precues were held by a blue elf and corresponded
to grey shapes (triangles, stars, circles) for shape-sorting and a yellow
paint brush for colour-sorting. Each precue always matched the task cue
it was semantically associated with (e.g., the shape precue always pre-
ceded the shape cue), making precue-based proactive preparation both
possible and adaptive. In the unreliable-precue condition, the exact
same precues were used but this time they were held by a green elf and,
importantly, they matched the upcoming task cue (e.g., shape precue
preceding a shape cue) on only half of the trials (matching trials) and
mismatched the upcoming task cue (e.g., shape precue preceding a
colour cue) on the remaining half (non-matching trials). Thus, precue-
based proactive preparation was possible but maladaptive in that con-
dition (as it would lead the participant to prepare for the wrong task on
mismatching trials). Finally, the precues used in the uninformative-
precue condition (lollipop or donut held by an orange elf) bore no se-
mantic associations with colour- or shape-matching, and equally pre-
ceded a shape or colour cue (Fig. 1), rendering precue-based proactive
preparation impossible. Participants were informed at the start of each
condition that the elf would help them by showing the upcoming task
(reliable-precue condition), the elf would try to help but it was a bit
absent-minded (unreliable-precue condition), it would not be able to
help as it did not know which task would come next (uninformative-
precue condition). We elected to explicitly communicate this informa-
tion to participants as (1) we were interested in whether they would use
precue reliability to adaptively adjust cognitive control engagement
(rather than whether they would notice precue reliability), and (2) it
avoided having to disclose this information only to the participants who

would inquire about it as they noticed precue unreliability during the
game. Condition order was counterbalanced across participants.

For the sake of pupil data, all precues, cues and targets were matched
in luminance (similar colour brightness calculated based on the RGB
colour model). Similarly, precues were accompanied by uninformative
brown dots over the black circle so they matched cue + target com-
pounds in visual complexity. Targets corresponded to three combina-
tions of colours and shapes (green/orange doll/airplane, pink/blue
bear/car, red/purple horse/train) and changed as participants moved
from one condition to the next, to keep participants engaged and high-
light condition changes. Small (2 x 2 cm), unidimensional response
pictures (e.g., outline of a doll, patch of green, patch of orange, and
outline of an airplane) were constantly displayed right underneath the
black circle to minimize working memory demands.

Each condition started with two demonstration trials during which
the experimenter provided guidance on how to sort based on the cued
dimension (e.g., colour), followed by four practice trials in which the
same dimension was always relevant. Demonstration and practice trials
were then repeated for the other sorting task (e.g., colour). Participants
then completed four demonstration and eight practice trials in which
both tasks were mixed. Finally, participants completed three blocks of
21 test trials for each condition (63 test trials/condition), including 30
no-switch trials in which the relevant task repeated and 30 switch trials
in which the relevant task differed from the previous trial (plus 3 start
trials). Switch and no-switch trials alternated unpredictably. In total,
participants completed 189 test trials. At the very end of the session,
participants were shown all three elves (corresponding to the three
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conditions) and asked the following questions: Did you like playing with
any of these elves best? Did you dislike playing with any of these elves? Do
you think it was easier to play with one of these elves? These questions
assessed metacognitive reflection on task demand variation across
conditions, as such reflection increases during childhood (e.g., Niebaum
et al., 2019; O’Leary and Sloutsky, 2017, 2019).

2.3. Data recording and processing

Behavioural data. Response times (RTs) were examined for correct
responses only after removing outliers corresponding to values greater
than either M+3SD or 10000 ms and values lower than M-3SD or 200 ms
(2.9 % of trials). RTs were log-transformed prior to statistical analyses to
control for skew.

Pupil dilation. Pupil dilation was recorded at a 1000 Hz sampling rate
using an EyeLink 1000 eye-tracker (SR Research, Ottawa, ON, Canada),
tracking either the right or left eye. A 5-point calibration procedure was
performed prior to starting the game. Analysis of pupil dilation was
limited to a window from 300 ms before precue onset to 3200 ms after.
The 300 ms before precue onset were used as baseline for each trial.
Pupil dilation was calculated as percent change from this baseline to
control for age-related difference in baseline pupil diameter (Chatham
et al., 2009). Measurements for correct trials were averaged into
consecutive 10 ms bins and smoothed over a 100 ms moving window.
Trials with valid values for less than half of the segment length were
discarded. The data from participants with at least 10 good segments per
condition were included in the analyses. As precue-based proactive
preparation has been previously shown to peak between 1000 and 2000
ms after precue onset (Chevalier et al., 2015), mean change in pupil
dilation was calculated over this window. Outliers over 40 or M +3SD or
below —40 or M-3SD were removed (<.01 % of values removed). On
average, there were 45 good segments/condition at age 6 (n = 31), 53 at
age 9 (n = 32), and 58 in adults (n = 32).

EEG data. EEG data were recorded at a 512 Hz sampling rate using a
BioSemi ActiveTwo system with 64 channels (BioSemi BV, Amsterdam,
Netherlands). Impedances were kept below 50 kQ. The data were pro-
cessed offline using EEGLAB (Delorme and Makeig, 2004) and ERPLAB
(Lopez-Calderon and Luck, 2014). The continuous data were
re-referenced to the average of the two mastoids and band-pass filtered
(0.1-30 Hz). Bad channels were visually identified and removed (M =
1.4 channels, SD = 1.9). The data were first segmented around precue
onset (from —1 s to 4 s) and response (from —3 s to 2 s), and trials with
an incorrect response were removed. An independent component anal-
ysis (ICA) was run to correct for eye- blinks and other eye-movement
artefacts, using ADJUST (Mognon et al., 2011). Missing channels were
then replaced through spline interpolation. The initial epochs were
converted back to continuous data and segmented again in ERPLAB.
Segmentation was done twice, once around precue onset (—200 ms to
1500 ms) with the initial 200 ms as baseline, and once around the
response (—1000 ms to 500 ms) with the 200 ms before target onset as
baseline. After baseline correction, remaining artefacts were rejected
using a 200 ms peak-to-peak moving window, 200 Hz maximum
amplitude threshold, and 100 ms window step, and again using a simple
threshold of 200 Hz. The data from participants with at least 10 good
segments/condition were included in the analyses.

As the posterior positivity (PP) occurred later in younger than older
participants, time windows with different latency boundaries were used
to extract mean amplitudes in each age group. Latency boundaries were
selected based on visual inspection to capture peak amplitude in each
age group. As in previous work (Chevalier et al., 2015), the
precue-locked PP was right-lateralised and maximal over P2, P4, P6,
PO4 and PO8. Amplitude was averaged across these channels for the
following windows: 600—1000 ms at age 6, 500—900 ms at age 9, and
300—700 ms in adults. A lateralised CNV was observed in adults, which
is consistent with prior work (Mueller et al., 2007) but not in children. In
adults, it was left-lateralised and maximal over frontocentral channels
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Fz, F1, F3, F5, FCz, FC1, and FC3. CNV amplitude was averaged across
these channels from 1200 to 1500 ms post precue onset. Finally, the
pre-response negativity (PRN) was maximal over the midline and
examined by averaging frontal channels F1, Fz, and F2 using the last 200
ms before the response in adults, as in prior work (Czernochowski,
2014). As the PRN component was slower in children, the last 400 ms
before the response were used for 6- and 9-year-olds. For each compo-
nent, outliers over 100 Hz or M+3SD or below -100 Hz or M-3SD were
removed (<0.02 % of values removed). On average, there were 43 good
segments/condition at age 6 (n = 26), 54 at age 9 (n = 26), and 58 in
adults (n = 30) for the PP and CNV, and 34 at age 6 (n = 24), 53 at age 9
(n = 26), and 57 in adults (n = 30) for the PRN.

2.4. Data analysis

We ran ANOVAs including age group (6-year-olds, 9-year-olds,
adults), condition (reliable-precue, unreliable-precue, uninformative-
precue), and trial type (switch, no-switch) as predictors on response
times and accuracy. Trial type was not entered in models on precue-
locked pupil dilation and ERPs because (a) trial type was not psycho-
logically meaningful before target/cue onset in the unreliable and un-
informative precue conditions, (b) proactive preparation did not interact
with trial type in prior research with children (Chevalier et al., 2015; Jin
et al., 2020), and (c) this allowed optimisation of signal-to-noise ratios.
As the numbers of good segments differed significantly across age
groups (ps<.001), this factor was entered as a covariate (except for ac-
curacy). Greenhouse-Geisser correction was applied when necessary, as
evidenced by Mauchly’s sphericity test. Generalised eta squared values
are reported as estimates of effect sizes (Olejnik and Algina, 2003).
Post-hoc tests were run using Bonferroni correction. Relations among
variables were examined with Pearson’s correlations. To investigate to
what extent the PP and CNV independently predicted performance, a
mixed model was run on RTs with condition and age group as categor-
ical predictors, and PP and CNV amplitudes as continuous predictors.
Amplitudes for each ERP were centred for each age group separately
and, for ease of interpretation, CNV values were flipped so that greater
values indicated more pronounced amplitudes for both ERPs. All fixed
effects and interactions were tested with random intercepts for subjects.
Effects were examined by comparing models with likelihood ratio tests
(LRT).

3. Results
3.1. Behaviour

As all three age groups performed the task well above chance
(indicating that RT effects are interpretable), we first report RT effects,
for which we had the strongest predictions, and then move on to accu-
racy effects.

Response Times (RTs). RTs for correct responses varied as a function
of age group, F(2, 97) = 44.33, p < .001, %G = .424, precue condition, F
(2,194) =69.28,p < .001, nZG =.101, and trial type, F(1,97) = 23.32,p
<.001, n%g = .003 (Fig. 2). They decreased across all three age groups
(7.92 log ms at age 6, 7.47 log ms at age 9, 6.90 log ms in adults,
respectively, ps<.001), and were faster with reliable precues (7.28 log
ms) than either unreliable (7.51 log ms) or uninformative precues (7.53
log ms), ps<.001, whereas the latter two precue conditions did not differ
(p = 1). Importantly, precue condition interacted with age group, F(4,
194) = 4.10, p = .004, 1% = .013. Although all age groups responded
faster with reliable than other precues (ps<.038), this difference was
greater in adults than 6-year-olds (p = .001), with 9-year-olds differing
marginally from 6-year-olds (p = .061) but not from adults (p = .258).
Responses were overall faster in no-switch (7.42 log ms) than switch
trials (7.46 log ms). However, trial type interacted with age group, F(2,
97) = 3.97, p = .021, n%g = .001. Adults and 6-year-olds showed sig-
nificant switch costs (.03 and .07 log ms, respectively, ps<.002), but not
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(B) RTs: precue types
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Fig. 2. Log-transformed response times (RTs) and accuracy. (A) RTs in the three precue conditions: all age groups responded faster with the reliable than the other
precues, and the benefits from reliable precues increased with age. (B) RTs as a function of matching vs. non-matching unreliable precue trials. (C) Accuracy in the
three precue conditions: switch costs decreased with age and informative precues. (D) Accuracy as a function of matching vs. non-matching unreliable precue trials:
Only children showed signs of preparing based on unreliable precues (difference in accuracy on matching and non- matching trials). Error bars show standard errors.

9-year-olds (.02 log ms, p = .111). No other effects were significant,
ps>.135.

Accuracy. Response accuracy increased across age group, F(2, 97) =
15.74, p < .001, 1% = .179, although the increase was significant from
6- to 9-year-olds (.81 vs. .92, p < .001) but not between 9-year-olds and
adults (.95, p = .098). Collapsing across all age groups, accuracy was
slightly higher in no-switch (.90) than switch trials (.88), F(1, 97) =
12.95, p < .001, 1% = .002. Trial type interacted with both age group, F
(2,97) =6.51, p = .002, n2G =.003, and precue condition, F(2, 194) =
6.35, p = .002, n%g = .003. Six-year-olds showed significant switch costs
(.03, p < .001) but not 9-year-olds or adults (.01 and <.01, respectively,
ps >.178). In addition, switch costs were significant with uninformative
precues (.03, p < .001), marginally significant with unreliable precues
(.01, p = .061), but not with reliable precues (<.01, p = 1; Fig. 2). No
other effects were significant, ps>.533.

Matching vs. non-matching unreliable precue trials. In the unreliable-
precue condition, proactive preparation may be helpful on trials
where the precue matched the actual cue but detrimental on trials where
the precue and actual cue mismatched. Thus, proactive preparation in
that condition would lead to a performance difference between match-
ing and non-matching precue trials. Although no such difference was
found for RTs (ps>.139), accuracy was higher when the precue and cue
matched (.91) than when they mismatched (.88), F(1, 97) = 9.29, p =
.002, n%g = .181, consistent with proactive preparation in the unreliable-
precue condition. The interaction with age group was marginal, F(2, 97)
=2.77,p = .067, n%g = .008. The difference between precue trial types
was significant in 6-year-olds (.05, p = .011), marginally significant in 9-
year-olds (.04, p = .053) but not in adults (<.01, p = .845), potentially
due to their relatively high levels of accuracy.

3.2. Pupil dilation as an index of cognitive effort

Change in pupil dilation varied as a function of precue condition, F
(2,184)=9.22,p < .001, n2G =.027, due to greater change with reliable

precues (1.04 %) than either unreliable or uninformative precues (0.42
% and 0.28 %, respectively), ps<.002, with no difference between the
latter, p = .970 (Fig. 3). No other effects were significant, ps>.140.

3.3. ERPs

Posterior Positivity (PP) as an index of proactive task selection. The
precue-locked PP amplitude varied across precue conditions, F(2, 158)
= 22,59, p < .001, 1% = .110 (Fig. 4). It was greater with reliable
precues (7.00 pV) than either unreliable or uninformative precues (4.34
pV and 3.40 pV, respectively), ps<.001, with no difference between the
latter two, p = .270. No other effects were significant, ps>.946.

Contingent Negative Variation (CNV) as an index of motor preparation.
There was a significant interaction between precue condition and age
group, F(4, 158) = 3.13, p = .016, 1% = .037 (Fig. 5). In adults, precue-
locked CNV amplitude was lower with reliable precues (-2.49 uV) than
either unreliable or uninformative precues (-1.19 pV and -0.91 pv,
respectively), ps<.033, with no difference between the latter two,p =1,
whereas no differences were observed in children, all ps>.140. No other
effects were significant, ps>.284.

Pre-Response Negativity (PRN) as an index of reactive control. Precue
condition and age group significantly interacted, F(4, 154) = 3.08, p =
.017, nZG = .030 (Fig. 6). In adults, PRN amplitude was lower with
uninformative (-3.57 pV) than reliable precues (-1.22 pV), p = .018,
while unreliable precues (-3.04 pV) did not differ from the other precues,
ps>.134. No differences reached significance in children, ps>.130. No
other effects were significant, ps>.282.

3.4. Relations between response times, PP and CNV

Correlations among behavioural, pupil, and ERP indices broken
down by age group and precue condition are provided in Appendix A.
Only the correlation between PRN amplitudes and RTs with reliable
precues in adults held after false discovery rate (FDR) correction, r=-.68,
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Fig. 3. Precue-locked pupil dilation change (%) as an index of cognitive effort. (A) Pupil dilation waveforms. The vertical dotted line indicates precue onset. The grey

area indicates the time window for analysis. (B) Mean pupil dilation between 1000 and 2000 ms post precue onset. Error bars indicate standard errors. Pupil dilation
was greater with the reliable than the other precues.
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Fig. 4. Precue-locked posterior positivity as an index of proactive task selection. (A) Waveforms averaged across channels. The dotted vertical line indicates precue
onset. The window used for statistical analysis is shown in grey. (B) Topographies. Mean amplitude over the window of interest for each age group. Black squares
indicate the channels used to compute the posterior positivity (P2, P4, P6, PO4, PO8). (C) Mean amplitudes. Error bars indicate standard errors. Reliable precues
yielded a more pronounced posterior positivity than the other precues.
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Fig. 5. Precue-locked contingent negative variation (CNV) as an index of motor preparation. (A) Waveforms averaged across channels. The dotted vertical line
indicates precue onset. The window used for statistical analysis is shown in grey. (B) Topographies. Mean amplitude over the window of interest for each age group.
Black squares indicate the channels used to compute the CNV (F5, F3, F1, Fz, FC3, FC1, FCz). (C) Mean amplitudes. Error bars indicate standard errors. Reliable

precues yielded a more pronounced CNV than the other precues in adults only.

p <.001, suggesting that when adults proactively prepared with reliable
precues, less reactive control engagement was associated with faster
responses. A mixed model was run to examine whether PP and CNV
amplitudes predicted RTs. Besides the effects of condition, age group,
and condition x age group, ps<.012, PP interacted with condition, LRT
72(2) = 6.87, p = .032, and CNV with age group, LRT y%(2) = 10.78,p =
.004, More pronounced PP amplitudes predicted faster RTs with reliable
precues (p=-.086, p = .023) but not other precues (ps>.777). More
pronounced CNV amplitudes predicted faster RTs in adults (p=-.105,p =
.011), but not in children (ps>.091). Finally, RTs tended to be fastest
when both PP and CNV were pronounced, LRT y%(1) = 3.49, p = .062
(Fig. 7). No other effects were significant, ps>.284.

3.5. Metacognitive questions

Answers to the three metacognitive questions are provided in
Table 1. Overall, participants preferred playing with the reliable elf (43
%), x2(1) = 4.08, p = .043, with no differences across age groups, y*(4) =
4.22, p = .377. Regarding the elf they disliked playing with, although
differences across age groups did not reach significance, y%(4) = 8.36, p
= .079, 6-year-olds disliked the uninformative elf significantly more
than chance (63 %), ;{2(1) =12.79, p < .001, whereas older age groups’
choices did not differ from chance, ps>.138. Finally, participants iden-
tified the reliable elf as the easiest to play with significantly more than
chance (70 %), ;(2(1) = 60.26, p < .001, with no differences across age
groups, ;(2(4) =1.98,p =.738.

4. Discussion

The present study examined age-related changes in adaptiveness of
proactive control engagement as a function of precue reliability in 6- and

9-year-olds and adults, and yielded two main findings. First, all age
groups showed adaptiveness in proactive control engagement as func-
tion of precue reliability. Specifically, they adaptively engaged proactive
control with reliable but not unreliable precues, as evidenced by more
pronounced precue-locked pupil dilation and posterior positivity with
reliable than unreliable and uninformative precues. Consistently, the
vast majority of participants in all age groups correctly identified the
reliable-precue (and not the unreliable-precue) condition as the easiest.
Second, when participants did engage proactive control, children,
especially 6-year-olds, did so less efficiently than adults. They showed
no evidence of CNV while preparing for the upcoming target (unlike
adults), less subsequent variation in reactive control engagement after
target onset, and a smaller reduction of response times with reliable
precues than in adults.

Thus, even 6-year-olds, who have just transitioned to engaging
proactive control (e.g., Lucenet and Blaye, 2014), could use precue
reliability to tailor cognitive control engagement. This is especially
remarkable given children’s difficulty processing and monitoring for
contextual cues (Chevalier and Blaye, 2009; Chevalier et al., 2014;
Church et al., 2017). These findings show that children can already use
contingencies between contextual cues and tasks. They may build on
early developing use of contextual cue reliability to subsequently pro-
cess and monitor for contextual cues with growing efficiency. Indeed,
infants show efficient implicit learning of statistical regularities in the
environment (Aslin and Newport, 2012; Saffran et al., 1996) and are not
only sensitive to contingencies between events but can also use this
information to derive expectations about people’s actions (e.g., Johnson
et al., 2010). As proactive control is advantageous only if one can reli-
ably anticipate upcoming events, some form of sensitivity and use of
contextual cue reliability may be needed for spontaneous engagement of
proactive control to emerge during childhood.
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However, although even 6-year-olds showed evidence of adaptive
proactive control engagement, this adaptiveness may refine with age, as
6-year-olds and to a lesser extent 9-year-olds (but not adults) responded
more accurately when the unreliable precue and the actual cue matched
than when they mismatched. As proactive preparation would be ad-
vantageous in the former and disadvantageous in the latter, the

performance difference between the two types of trial may hint at some
proactive processing of the unreliable precues in childhood, even though
a reactive approach is more adaptive with such cues. Moreover, unlike
older children and adults, a majority of 6-year-olds disliked the unin-
formative precues the most, perhaps reflecting limited metacognitive
awareness of the misleading nature of the unreliable precues. However,
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Table 1

Percentages of participants selecting reliable, unreliable or uninformative pre-
cues for each metacognitive question (numbers of participants are shown in
parenthesis).

Question Age Precue Condition
Group
Reliable Unreliable  Uninformative
6-year- 51 % o o
olds as) 29 % (10) 20 % (7)
Did you like playing with 9-year- 41 %
18 % 1% (1
any of these elves best? olds 13) 8% (©) 4a1%a3)
Adults 36 % 28 % (9) 36 % (12)
a2 0 ()
6Yer b ) 17%(6) 63 % (22)
. - . olds
Did you dislike playing O-vear-
with any of these elves? 013175 22%(7) 31 % (10) 47 % (15)
Adults 24 % (8) 46 % (15) 30 % (10)
- - 0,
Elgzar (7287)A’ %@  11% 4
Do you think it was easier 9-year 62 %
. - - 0 0 0
to play with one of these olds ©0) 19 % (6) 19 % (6)
elves? 70 %
0, 0
Adults 23) 12 % (4) 18 % (6)

as the interactions with age were only marginal and there was no similar
trend for RTs, these findings should be interpreted with caution at this
stage.

Furthermore, explicitly informing participants about precue reli-
ability in the present study may have favoured adaptiveness in proactive
control engagement, especially in children. Preschoolers do not seem to
be aware of and use variations in task demands to optimize their per-
formance (Niebaum et al., 2019; O’Leary and Sloutsky, 2017, 2019).
Yet, they can use this information when it is explicitly communicated to
them (Niebaum and Munakata, 2020; O’Leary and Sloutsky, 2017).
Although there are reasons to expect lower adaptiveness in proactive
control engagement when children need to infer contextual cue reli-
ability from experience, this issue will need to be directly examined in
the future. In addition, how children (and adults) use contextual cue
reliability to adjust proactive control engagement may depend on the
order in which they experience cues of varying reliability. For instance,
people may (maladaptively) try to engage proactive control with unre-
liable precues if they experience these precues first, before situations
where proactive control is clearly adaptive (reliable precues) or mal-
adaptive (uninformative precues), whereas greater adaptiveness may be
observed when unreliable precues are experienced last. As our sample
size was not large enough to examine potential effects of precue con-
dition order, this possibility will need to be addressed in a future study.

Although children engaged proactive control when this control mode
was adaptive, their proactive preparation was less efficient than in
adults, as the RT advantage of proactive preparation increased across
age groups. Critically, the partially different patterns of ERPs across age
groups shed new light on why proactive preparation is less efficient in
children. The posterior positivity was enhanced with reliable cues and
predicted faster responses in all three age groups, but only adults sub-
sequently showed a marked CNV before target onset. These two com-
ponents reflect different cognitive processes and indeed each uniquely
predicted response times in adults. The posterior positivity is robustly
observed during the cue-target interval in the cued task switching
paradigm in both children and adults and likely reflects proactive task
selection (Chevalier et al., 2015; Elke and Wiebe, 2017; Karayanidis
et al., 2013; Manzi et al., 2011). In contrast, the CNV is observed in
various paradigms (e.g., Hammerer et al., 2010; Kray et al., 2005;
Pauletti et al., 2014) but not as systematically as the posterior positivity
in the cued task-switching paradigm (Kang et al., 2014). It has been
associated with activity in the supplementary motor area and is thought
to reflect motor preparation such as task-relevant stimulus-response
mapping activation (Forstmann et al., 2007; Nagai et al., 2004; Rektor
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et al., 2004). Motor preparation seems to develop late in this paradigm
as the CNV is still less pronounced in adolescents than adults (Killikelly
and Sztcs, 2013).

Thus, children seem to have engaged only partial proactive prepa-
ration, selecting the relevant task but not preparing the motor responses
(i.e., getting ready to press one of the two task-relevant buttons)
accordingly ahead of target onset. Consistently, they showed less vari-
ation in PRN amplitude across conditions, suggesting that proactive
preparation with reliable precues alleviated less the need for control
after target onset in children than adults. The PRN in children should be
interpreted with caution, though, as children have a greater tendency
than adults to look at their hands while responding, creating more ar-
tefacts around the response, hence reducing signal-to-noise ratios and
potentially the chance to detect PRN variations across conditions. In
adults, a more pronounced CNV (i.e., greater motor preparation before
target onset) was indeed associated with a less pronounced PRN (i.e.,
less reactive control after target onset) and in turn both were associated
with faster RTs, further suggesting proactive motor preparation
contributed to proactive control efficiency. These findings show that
proactive control is less efficient in childhood because children do not
proactively prepare in all the ways that adults do (and not just because
they are less consistent in proactive task selection across trials). Growing
efficiency of proactive control likely contributes to more frequent use of
this control mode with age.

Why did children not engage in proactive motor preparation? One
possibility is that they simply did not have enough time. Although this
cannot be ruled out, it seems unlikely given that children often do not
fully prepare even when they are given as long as they want before
triggering the target (Chevalier and Blaye, 2016). Alternatively, antici-
pating the benefit of early motor preparation may require more meta-
cognitive reflection than selection of the relevant task, as the (pre)cue
directly relates to the relevant task but only indirectly to responses. As
metacognition develops (e.g., Roebers, 2017), children may better
recognize the additional benefit of proactive motor preparation. Finally,
children may not yet have enough working memory resources for full
proactive preparation, making proactive control more cognitively
demanding, less efficient to implement and less behaviourally advan-
tageous than in adults. Therefore, children may have a higher threshold
to engage this control mode. Consistently, when given the choice be-
tween versions of the task-switching paradigm in which the cue was
presented either ahead of or on target onset, hence encouraging proac-
tive or reactive control, respectively, children either showed no prefer-
ence or preferred the version allowing reactive control, whereas adults
favoured proactive control (Niebaum et al., 2020). Indeed, proactive
control development closely relates to working memory development
during childhood (Gonthier et al., 2019; Kubota et al., 2020; Troller-
Renfree et al., 2020), and age-related gains in both proactive control and
working memory performance relate to increasing frontostriatal con-
nectivity with age (Rubia et al., 2006; Vink et al., 2014).

In conclusion, the present study reported evidence for early adap-
tiveness in proactive control engagement as a function of contextual cue
reliability and potential refinement with age, and showed that less
efficient proactive control in children relates to a lack of motor prepa-
ration in the cued task- switching paradigm. The early emerging ability
to tailor cognitive control engagement as a function of contextual cue
reliability may play an important role in the spontaneous use of proac-
tive control that children start to demonstrate from 6 years of age.
Growing efficiency of proactive preparation likely contributes to
increasing engagement of proactive control with age.

Note

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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