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The maturation of processes involved in performance monitoring, crucial for adaptive behavior, is a core aspect
of developmental changes. Monitoring processes are often studied through the analysis of error processing.
Previous developmental studies generally focused on post-error slowing and error-related EEG activities. Instead,
the present study aims at collecting indicators of error monitoring processes occurring within trials that is, before
the erroneous response is produced. Electromyographic (EMG) activity and force produced during responding
were registered in 6 to 14-year-olds performing a choice-response task. As already reported in adults, force
produced was weaker, EMG bursts were smaller, and motor times (interval between EMG onsets and responses)
were longer during errors compared to correct responses. In contrast, the rising part of EMG burst, reflecting the
initial motor command, was the same for both response outcomes. This suggests that error inhibition was applied
online after the response was triggered but before the actual key was pressed. This error correction was already
present in children as young as 6 years old. The effects of reduced EMG and force amplitudes remained stable
across childhood. However, the prolonged motor times in young children suggests that they need more time to
implement motor inhibition than their older peers.

1. Introduction PES describes prolonged correct RTs on trials that follow an error as

compared to trials following correct responses (Laming, 1979; Rabbitt,

The ability to monitor, evaluate and adjust our performance is crit-
ical for adaptive behavior. The way we cope with behavioral errors
provides valuable insights into performance monitoring processes.
Notwithstanding, the developmental trajectory of error monitoring is
not clearly understood yet. Previous developmental studies focused
mainly on post-error slowing (PES) measured on response times (RTs)
and event-related potentials of EEG occurring after error commission.
Whereas these markers characterize what happens after an error,
research in adults has shown benefits of using indicators of within-trial
error-monitoring processes. Derived from EMG activity recorded during
responding, these markers capture processes occurring before the
execution of the erroneous response is completed (e.g., Allain et al.,
2004). These markers are used in the present study to investigate the
development of error-monitoring in 6-to-14 year-olds. Before describing
them in detail, we will first give a brief overview of the conventional
error-processing markers.

1966). Developmental effects on PES are somewhat inconsistent. Some
studies did not show any age-related differences between 7 years old of
age and adulthood (Davies et al., 2004a; Ladouceur et al., 2004; van de
Laar et al., 2012v; Wiersema et al., 2007) while others have shown that
PES decreases with age, from 5 years to adolescence (Fairweather, 1978;
Gupta et al., 2009; Schachar et al., 2004; Smulders et al., 2016). In one
study PES was not present at all in children aged 7-16 years (Yordanova
et al., 2011). Further, the functional meaning of PES is debated. It has
classically been interpreted as between-trial engagement of executive
control, such as response monitoring and post-error adjustment in de-
cision criteria (Laming, 1979) or increased response inhibition in the
following trial (Marco-Pallares et al., 2008; Ridderinkhof et al., 2004).
More recently, it has been suggested that PES might be related to pro-
cessing of novel or unexpected event rather than to executive control
(Notebaert et al., 2009; Wessel et al., 2012). While a recent theory of
error processing (Wessel, 2018) propose to integrate these
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interpretations (see: Burns, 1971 for similar proposition), the debate is
still open.

The main electrophysiological markers of error processing are the
error-related negativity (ERN/Ne) and the error positivity (Pe). ERN/Ne
is a negative potential peaking about 50—100ms after erroneous
response (Falkenstein et al., 1991; Gehring et al., 1993). The develop-
mental trajectory of ERN/Ne is again inconsistent. Whereas a few
studies evidenced an age-related increase in its amplitude between 7
years old of age and adulthood (Davies et al., 2004b; Ladouceur et al.,
2004; Overbye et al., 2019; Wiersema et al., 2007), potentially reflecting
the maturation of the neural systems for error monitoring, age effect was
only marginally significant in another study with participation of
younger children (5-7 years old; Meyer et al., 2012). No effect of age on
the ERN/Ne was also obtained in other studies (Eppinger et al., 2009;
Grammar et al., 2014; Richardson et al., 2011). ERN/Ne provided
valuable information about error monitoring, but there is still a lively
debate on processes it indexes: error detection signal (Falkenstein et al.,
1991; Gehring et al., 1993), detection of response conflict (Botvinick
et al., 2001; Yeung et al., 2004), prediction of error-likelihood (Brown
and Braver, 2005), or action monitoring (Bonini et al., 2014; Burle et al.,
2008; Vidal et al., 2003). Pe is a positive deflection peaking about
200—-500 ms after an error (Falkenstein, Hoorman, Christ, and Hohn-
stein, 2000) that has been associated with error awareness (Nieu-
wenhuis et al., 2001; Overbeek et al., 2005; Ficarella et al., 2019). Few
studies suggest that Pe amplitude increases between the ages of 3 and 7
(Grammar et al., 2014), many other studies evidenced no further
changes from later childhood till adulthood (Davies et al., 2004a, 2004b;
Ladouceur et al., 2004; Overbye et al., 2019; Wiersema et al., 2007),
suggesting that adults-like conscious error-detection is present already
at age of 7.

Given the above inconsistencies in the development of error moni-
toring, it may be beneficial to study new markers not yet used in the
development literature. In the present study, we used indexes that
directly highlight the online attempt to interrupt erroneous actions.

A The Simon task

b 3
fixation set1 ,..,‘/),‘ V' 4
& Y 4
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Forty years ago, Rabbitt (1978) reported that the force produced by
skilled typists was reduced on erroneous letters. More recently,
extending these results, Allain et al. (2004) recorded electromyographic
(EMG) activity of muscles involved in response production in a
choice-response time task in adults. The EMG burst of errors was smaller
than the EMG burst of correct responses, although the initial part of the
EMG burst (as assessed by the rising slope) was the same for both. The
rising slope, which indexes the degree of synchrony of the motor unit
(Meijers et al., 1976), is, in contrast, modified by factors directly
affecting the motor command (e.g. response cues, speed-accuracy
trade-off; Possamai et al., 2002; Spieser et al., 2014). This indicates
that the motor command is initially identical for correct and erroneous
responses, and hence that the difference appears after the command has
been initiated. Moreover, fractioning RT into premotor time (PMT, the
interval between stimulus onset and the onset of the EMG burst of cor-
rect or incorrect responses) and motor time (MT, the interval between
the EMG onset and the response; see Fig. 1D) revealed that MTs of errors
were longer than MTs of correct responses. This effect is specific to
motor execution, since PMTs (along with RTs) were faster for errors than
for correct responses; it hence does not reflect a general slowing (due for
example to inattention) that would spread to the motor system. Alto-
gether, these results, replicated several times since then (Allain et al.,
2004; Meckler et al., 2011; Rochet et al., 2014; Roger et al., 2014),
suggest that erroneous responses are initiated in the same way as correct
ones, but that they are later, although unsuccessfully, attempted to be
stopped. As being unambiguously linked to motor execution of a
response, error-related reduction in force and EMG-burst amplitude
(and consequent prolongation of MT duration) provides direct markers
of an on-line, within-trial error detection and inhibition even before the
actual behavioral response. In the present study force- and EMG-derived
markers were used to examine the development of error correction
processes in 6 to 14-year-olds performing a choice-response time task.

il
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Fig. 1. Materials and methods used in the experiments. Fig. 1A: the temporal sequence of events and stimulus sets used in the experimental task. Fig. 1B presents
the response device: Response buttons were mounted on cylindric handgrips (1B-2), that contained another thin cylinder (1B-3) touching force sensors located in the
board (1B-1). The size of the handgrip and the inner thin cylinder were chosen for each child to fit his/her hand size. The top of the thin cylinder was covered by a cap
(1B-4) to increase the pressing comfort. Fig. 1C: placement of electrodes for EMG recording. Fig. 1D: typical force and EMG signals recorded in the experiment
(vertical dashed lines denote stimulus, EMG onsets and behavioral response; PMT denotes the premotor time and MT the motor time).
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2. Method
2.1. Participants

Study participants were 114 children aged from 6 to 14 years old
recruited in primary and secondary French schools. Due to the low
number of errors (less than 5), 29 participants (equally distributed
across age groups) were excluded from the analysis, leaving 85 partic-
ipants in the final sample. (Eighteen additional children were tested but
not included in the initial sample of 114 participants due to very low
quality of their EMG signal that had at least 50 % of unclassified EMG
bursts, see below for details). Characteristics of the final sample grouped
by age (in years) are presented in Table 1. Children provided verbal
assent after being explained the procedure and informed written consent
was obtained from their legal guardians before the experiment. The
study was approved by the head of the regional ethics committee
(Comité de Protection des Personnes, CPP, Sud-Est, France). All partic-
ipants had normal or corrected-to-normal vision, normal color vision
and no history of neurological disorders.

2.2. Material and apparatus

All children were tested individually in their schools during a single
session of about 45 min, which took place in a classroom adapted to the
experimental needs (along which EMG recording). The experimental
task was controlled by PsychoPy software (Peirce, 2007). Three sets of
stimuli were used (see Fig. 1A): cartoonish images of yellow banana and
orange carrot (1 st set), brown nut and red strawberry (2nd set), green
frog and pink pig (3rd set). All stimuli (3,6° x 3,6°) appeared in a black
frame (12,1° x 3,9°) presented in the center of the gray screen located
approximately 50 cm in front of the participant. Stimuli appeared with
an eccentricity of 3,9° from the central fixation point (0,5°). Responses
were collected via a response device designed to be adjustable to chil-
dren’s hands (Fig. 1B). Response buttons were mounted on cylindric
handgrips, that contained another thin cylinder touching force sensors
located on the board. Pressure on the thin cylinder was directly trans-
ferred to the force sensors that recorded the force of the response button
presses. The top of the thin cylinder was covered by a cap to increase the
pressing comfort. Before the experiment started, the height of the
handgrip and the thin cylinder (one of five handgrips and cylinders
possible) were chosen independently to be adjusted to the size of par-
ticipants’ hands and thumbs. Participants were instructed to keep their
thumbs on the response buttons during the entire task and to respond as
quickly and as accurately as possible.

2.3. Procedure

Participants performed a child-friendly version of the Simon task
(Simon, 1990; Fig. 1A), which took less than 25 min to complete. It
consisted of three blocks, each containing a different set of stimuli,
which were counterbalanced between the participants. Each trial started
with a fixation point displayed for 500 ms. Next, a centrally displayed

Table 1
Descriptive statistics. Characteristics of the participants.
Group (agein  Number of Ratio (girls/ Mean age (in SD (in
years) children boys) months) months)
6 11 0.38 80.1 3.6
7 8 1.66 92.5 3.7
8 13 0.63 103.9 3
9 9 0.29 117.8 5.4
10 9 0.80 129.4 5.3
11 9 0.80 137.8 4
12 7 0.75 150 3.6
13 9 1.25 164.2 4
14 10 0.67 173.8 3.9
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black frame containing a target-stimulus on its left or right side was
presented until a response was given (no response time limit was set)
and the next trial started 1 s later. The participants were instructed to
press the left or right response button depending on the color of the
stimulus independently of its position, with the mapping between the
target-color and the response-side counterbalanced between partici-
pants. On compatible trials (50 % of all trials), the target was presented
on the same side as the required response and on incompatible trials, the
target was presented on the side opposite to the required response.

Each block consisted of 100 trials, with short breaks after each 25
trials and longer breaks between blocks. First, the instruction indicating
the mapping between target-color and response-side was displayed.
Next, two trainings (36 trials in total) were administered to participants
to properly learn the task. During the first training, participants received
auditory feedback (two contrasting sounds for correct and incorrect
response explicitly given before training). The next trial was initiated by
the experimenter, who re-explained the task in case a participant
committed an error. During the second training, with no feedback, trials
started after 1s independently of the response correctness. After each
training, participants received information, displayed on the screen and
explained by the experimenter, about the number of errors they
committed.

2.4. Electrophysiological recording and processing

Ag/AgCl active flat electrodes (pre-amplified electrodes, Biosemi
Inc., Amsterdam, The Netherlands) were used to record EMG activity of
the flexor pollicis brevis of both hands (Fig. 1C). The electrodes were
placed on the thenar eminence of thumbs with the maximal possible
distance apart (1 cm at least). EMG activity was digitized online (sam-
pling rate: 2048 Hz; analog bandwidth limit: -3dB at 1/5th of the
sampling rate) with use of the BioSemi Active-Two system (Biosemi Inc.,
Amsterdam, The Netherlands). The EMG signal was continuously
monitored by a second experimenter (different from the one who runs
the experiment and provided instructions) who tracked down the
appearance of tonic muscular activity masking small task-related
muscular activations. Children were asked to relax their hands when-
ever the tonic activity appeared increasing during the recording.

Bipolar montage for left and right hand separately was computed
offline and high-pass filtered at 10 Hz to remove slow fluctuations un-
related to EMG activity. To facilitate visual inspection, onsets of force
recorded from force sensors and onsets of EMG activity were detected by
a home-made custom program written in Python.? Afterward, force and
EMG traces of each participant were inspected visually, and onsets of
force and EMG bursts were corrected manually in case of inaccurate
detection by the program. Trials in which EMG-burst onsets were un-
detectable by visual inspection due to low signal-to-noise ratio were
excluded from analysis (2 % of all trials in each age group). During this
procedure, the person who inspected the traces was unaware of the
nature of the trial (compatible vs. incompatible; correct vs. error), nor of
the age of the participant the traces corresponded to. Based on this
procedure, trials with EMG activity related to correct and incorrect re-
sponses were further decomposed into premotor time (PMT; from
stimulus onset to the onset of EMG burst) and motor time (MT; from
EMG onset to the button press defining the response) as illustrated in
Fig. 1D. To calculate the amplitude of the EMG burst, the EMG signal on
individual trials (Fig. 2A) was rectified (taking the absolute value of the
signal; Fig. 2B), ensuring that the EMG signal does not cancel out during
averaging. Next, the rectified signals were averaged time-locked to the
burst onset (Fig. 2C) across all trials separately for correct and incorrect
responses and filtered at 20 Hz (Fig. 2D). Force was measured from the
same trials as EMG bursts. To measure force produced, force traces,

2 This home-made custom Python program, which will soon be released with
an open-source license, is accessible upon request.
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Fig. 2. EMG signal preprocessing. The raw EMG activity on individual trials (panel A) was rectified (panel B), averaged across correct or incorrect trials (panel C)
and filtered (panel D). Panel E presents features extracted from EMG signal: surface of the EMG burst (shadowed area) and rising slope of the EMG burst (thick

black line).

consisting of only positive values and having very good signal-to-noise
ratio, were averaged time-locked to their onsets across correct and
incorrect responses.

2.5. Data analysis

The following variables were analyzed: RT, PMT, MT, the force
produced, the amplitude of the EMG burst and the leading-edge of the
EMG burst. RTs, PMTs and MTs were collected on individual trials and
their means were subsequently computed separately for correct re-
sponses and errors. The force produced and the amplitude of the EMG
burst were quantified on signals that were previously averaged across
correct and incorrect trials, time-locked to the force and the EMG burst
onset, respectively. The mean force produced and the amplitude of the
mean EMG burst were calculated as the surface under the averaged
curves of the force and EMG burst, respectively (Fig. 1D). Note that both
measures are extracted from different signals (from force and EMG
signals) and interpreted as indicating the same underlying mechanism
namely, an attempt to stop an error, although at slightly different mo-
ments (force onsets are slightly delayed compared to EMG onsets).
Finally, the leading-edge of the EMG burst was estimated (Fig. 2E): a
linear regression was fitted to the averaged EMG values from the EMG
onset to 40 ms after EMG onset. This window was chosen to correspond
to the rising part of EMG bursts. Values of the slope of this regression line
were used for statistics. The statistical analysis was performed with a
linear mixed model with Accuracy as repeated-measures factor (correct
vs. error)® and Age (in months) as a continuous factor. The develop-
mental changes of correct-error differences were additionally evaluated
by calculating the ratio (errors divided by correct trials) for all variables,
thereby normalizing for age-differences not related to Accuracy. This
ratio was subsequently entered as an outcome variable in a linear

3 The unbalanced number of trials in both conditions could bias the results.
Permutation statistics, applied to control for it, allowed to reject this possibility.

regression analysis with Age as predictor. Jamovi software (jamovi
project, 2018), built on top of R statistical language, was used for sta-
tistical analysis.

3. Results
3.1. Errors

Percentages of errors decreased with increasing age (F;g3=4.2,
p =.04; mean = 4.3 %, SD = 2.4 %, min = 5, max = 39). (This effect was
only close to significance in the initial sample of 114 participants,
F1,112 = 3.4, p=.07, probably due to ceiling effect). More errors were
committed in the incompatible (6.2 %) than in the compatible task
condition (2.5 %, F1,83=75.4, p< 0.001), with this effect being
slightly larger in younger participants (F1,83 = 3.8, p= 0.054).

3.2. Global RT analysis

RTs decreased with increasing age (F1,83=109.5, p< 0.001, cf.
Fig. 3A"). RTs of errors were shorter than RTs of correct responses
(F1,83 =52.1, p< 0.001), with no interaction between Accuracy and
Age (F1,83 = 0.5, n.s.). After normalization for age-related differences in
latencies, Age did not modulate the errors/correct RTs ratio (R =0.05,
t1,83 = —0.5, n.s.).

3.3. RT fractioning

PMTs decreased with increasing age (F1,83=79.7, p< 0.001).
PMTs of errors were shorter than PMTs of correct responses
(F1,83=97.7,p < 0.001), and this difference decreased with age (Age x

4 Although Age was processed as a continuous variable in months in statis-
tical analyses, for better clarity of results, graphs present also mean results by
age in years.



K. Smigasiewicz et al.

B

Latency (ms)

PREMOTOR TIMES

® Correct responses

REACTION TIMES

Developmental Cognitive Neuroscience 41 (2020) 100742

- g2

I Errors £

700 o . «.° B

50 ] Em LI T f PR S e 0%,
—_ b7 s, . v <
g &0 I I Sos| L% e % 5%
>zz, £ . . .
[ [ So6l o N
= a
8 0 ] I
S 0.4 . +
- I 80 100 120 140 160 180

Age (in months)
6 7 8 9 10 11 12 13 14 e

g C g - ‘
Eoole ot . S e MOTOR TIMES 8. .
g1 =
3 | 8 ev et ..., 0 g
Sos| 27 . ° 2. | g1
s *7 . . . 40 5 .
o . . | €10
€oe . . $ .- g g ‘
=3 . 0 e
o Gos
= ]

P |

100

120 140 160

Age (in months)

100 180

Latency (ms)

|

Age (years)

150 l [
: |
| '1 e I

120 140 160

Age (in months)

-
Ty

Age (years)

Fig. 3. Chronometric measures. Reaction times (A), premotor times (B) and motor times (C) presented for categorical age groups separately for correct responses
(black bars) and errors (gray bars). Error bars denote the standard error of the mean. Insets present the ratios (latencies of errors divided by latencies of correct trials)
and their kernel density estimates. Gray dots represent individual participants, gray line the regression line between Age and ratios. Dotted lines denote the ratio of
1 serving as a reference.

Accuracy: F1,83=7.3, p= 0.009). However, after normalization, the
error/correct PMT ratio was not influenced by Age (R = 0.09, t; g3=0.8,

n.s.). MTs also decreased with increasing age (F1,83 =38.4, p < 0.001)
but they were longer for errors than for correct responses (F1,83 = 16.4,
p < 0.001), with this difference, again, decreasing with age (Age x Ac-
curacy: F1,83=12.8, p< 0.001). This effect was still present after
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3.4. Force and EMG burst

3.4.1. Force

The produced force was smaller for errors than for correct responses
(F1,83=86.5, p< 0.001). The main effect of Age and the interaction
between Age and Accuracy were not significant (1,83 =0.01, n.s.;
F1,83=1.3, n.s., respectively); this absence of interaction survived
normalization (R = 0.1; t; g3 = —1.2, n.s.). These results are presented in
Fig. 4.

3.4.2. EMG bursts

As can be seen on Fig. 5, EMG bursts of errors were smaller compared
to EMG bursts of correct responses (F1,83 =44.3, p= 0.01). The Age
effect on EMG amplitudes felt short of significance (Age: F g3 =3.8,p =
0.055). The interaction between Accuracy and Age was not significant
neither on the raw data (F1 g3 = 0.5, n.s.), or nor on ratios (R = 0.05; t; g3
= —0.4, n.s.). The analysis of the rising part of EMG bursts revealed no
difference in the leading-edge between EMG bursts related to correct
and incorrect responses (F1,83 = 3.0, n.s.) and no main effect of Age
(F1,83 = 2.0, n.s.) nor any interaction between Accuracy and Age either
the raw data (F1,83 =0.7, n.s.) or on ratios (R=0.1; t; g3 = —1.1, n.s.,
see Fig. 6A for EMG surface and 6B for the leading-edge).

3.5. Compatibility effect on correct trials

It is well established that the number of errors in the Simon task is
larger on incompatible than compatible trials. The unequal number of
compatible and incompatible trials might then be a confounding factor.
Although MTs has repeatedly been reported to be insensitive to
compatibility in adults (e.g. Hasbroucq et al., 2009; Spieser et al., 2014),
we tested the compatibility effect by contrasting compatible and
incompatible trials that resulted in correct responses for each measure of
interest, i.e. the force produced, the amplitude of EMG bursts and MT
durations (similar analysis on incorrect responses was not possible due
to the low number of errors in case of compatible trials). The linear
mixed model was used for statistical analysis with one
repeated-measurement factor Compatibility (compatible vs. incompat-
ible) and one continuous factor Age (in months). No evidence of
Compatibility effect nor interaction between Compatibility and Age was
obtained on any of the considered measures (all Compatibility effects:

Developmental Cognitive Neuroscience 41 (2020) 100742

F1,83<0.9, n.s.; all interactions: F1,83 < 2.8, n.s.), ruling out a poten-
tial bias due to imbalanced number of errors between compatible and
incompatible trials.

4. Discussion

Children’s efficiency in performance monitoring and error correction
is a decisive factor explaining behavioral adaptation to the environment,
hence the importance of understanding its development. Although the
use of EEG measures as well as post-error slowing has allowed important
progress in this field (for reviews see Ferdinand and Kray, 2014; Tamnes
et al., 2013), these markers measure processes after the commission of
error. As such, they have concealed the role of error monitoring pro-
cesses taking place during error commission. In the current study, we
used within-trial markers of error monitoring to investigate specifically
the development of these processes.

The current findings indicate that even young children try to inter-
rupt the commission of errors, revealing their ability to detect errors and
initiate online response inhibition processes. As in adults, errors pro-
duction in children was associated with reduced EMG amplitudes and
reduced force of response button presses that induced prolonged motor
times (MTs; intervals between the EMG onset and the response)
compared to correct responses. Remarkably, as previously shown in
adults, children’s attempts to inhibit errors start during the execution of
incorrect responses and does not precede its initiation, as indicated by
comparable leading-edge of the EMG bursts of correct and incorrect
button presses. It is noteworthy that such within-trial, online inhibitory
processes occur before incorrect button presses. Indeed, reducing the
force and amplitude of muscle contraction before an incorrect response
is finalized indicates some form of advance action inhibition. As such,
these findings provide new evidence in favor of a form of proactive
control in 6-year-olds (see also Chatham et al., 2009; Gonthier et al.,
2019; Lucenet and Blaye, 2014).

Children’s ability to monitor their errors appear to be globally stable
across childhood. Age did not modulate the error-related reduction of
the force produced nor the EMG amplitude, suggesting that the effi-
ciency of error inhibition was similar for children of all ages. However,
such a similar efficacy was achieved at the costs of prolonged MTs in
younger children. Indeed, error-related lengthening of MTs, compared
to MTs on correct trials, decreased with age suggesting that younger
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Fig. 5. EMG. Averaged EMG signal presented for categorical age groups separately for correct (black lines) and incorrect (gray lines) responses.
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(B) and the corresponding kernel density estimates. Gray points denote individual participants, gray lines the regression between ratio and Age and the dotted line

indicates the ratio value of 1, representing no effect.

children need more time to implement motor inhibition. In this line, the
shortening of time needed to inhibit a response as age increases was
observed in the Stop-signal task (Carver et al., 2001; Tillman et al., 2007;
van den Wildenberg and van der Molen, 2004; but see Johnstone et al.,
2007).

Relatively early development of error correction processes, as evi-
denced in the current study, is in clear contrast with the well-established
long and protracted maturation of cognitive control (Diamond, 2013).
This apparent discrepancy may be resolved in the framework of the
adaptive orienting theory of error processing (Wessel, 2018). Our
within-trial measures potentially reflect the very first stage of adaptive
orienting, namely the inhibition of ongoing motor representation. As
this inhibition is supposedly automatically triggered, it is consistent
with stable error-related reduction of amplitudes of force/EMG bursts
from childhood to adulthood. In contrast, control adaptive processes
that take place after the commission of error (e.g. task-set reconfigura-
tion, perceptual (re-)tuning, strategic post-error slowing) may require
the involvement of processes that continue to mature until adolescence
or adulthood. Thus, different control processes might have different
developmental trajectories, with error inhibition maturing relatively
early, as evidenced in this choice-response time task. An important issue
in further studies will be to establish the relationship between EMG and
force markers of error inhibition and other electrophysiological (e.g.
Ne/ERN and Pe) and behavioral (e.g. PES) markers of error processing
and draw an integrative developmental picture of the error monitoring
function.

The current study enlightens the importance of indexes derived from
force and EMG signals. Recording of EMG and force is relatively easy
and allows to determine the onset of the muscular activity on a trial-by-
trial basis. This remarkably reduces between-trial jitter and improves
the reliability of calculation made on an averaged signal. EMG is easily
combined with EEG and both methods can provide complementary in-
formation. Moreover, EMG signal might also solve an apparent paradox
in the ERN/Ne developmental literature: the ERN/Ne component has
been reported as having shorter rather than longer latency in children
than in adults (Davies et al., 2004a, 2004b; Wiersema et al., 2007),
which is difficult to interpret at the functional level. This result is very

likely related to the shortening of MTs as age increases. Indeed, the
ERN/Ne is better time-locked to the beginning of motor response (EMG
onset) rather than to the mechanical response (Burle et al., 2008).
Time-locking the ERN/Ne on the EMG onset should shift it towards
shorter latencies, but this shift will be more important for young chil-
dren due to longer MTs. In line with this hypothesis, no age-related
differences in ERN/Ne latency was found when ERN/Ne were locked
to the EMG onset (Kim et al., 2007).

Whereas the present study revealed that children can detect errors
and to engage inhibition processes in advance of error commission,
research in adults suggest that this investigation could be taken one step
further. In adults, correct performance is sometimes associated with
small EMG activation on the hand corresponding to the incorrect
response. These so-called partial errors (Burle et al., 2002) reflect suc-
cessful inhibition that intervene early enough to prevent errors. The
development of this ability in children would be worth considering in
future research.

Pointing to a possible shortcoming, the cross-sectional nature of the
current study may conceal more subtle age-related changes in error
correction processes. Moreover, while EMG is a very valuable method
for developmental research, some precautions are needed when inter-
preting the results. Indeed, besides physiological and functional matu-
ration (which are of direct relevance), electrode placement, and more
specifically inter-electrodes distance, is critical. While we tried to keep
them as constant as possible, different hand sizes between age groups
imply different inter-electrodes distances. Hence, while indexes derived
from EMG and force measures are directly interpretable for within
participants effects (as used in the present study to investigate the dif-
ference between errors and correct responses), they are more difficult to
interpret for between-participant factors (e.g. age, gender) and should
be taken with caution.

4.1. Conclusions
In conclusion, the analysis of force and EMG activity during the

performance of choice-reaction time task is a valuable method that gives
direct access to error monitoring processes and can be successfully used



K. Smigasiewicz et al.

in children. The present study indicates that error detection and inhi-
bition processes are present already in children by the age of 6. Although
effects on the EMG and force signals do not change across childhood
indicating similar control abilities, results on MTs suggests that younger
children might need more time to implement motor inhibition.
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