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a b s t r a c t 

Sensory processing during development is important for the emerging cognitive skills underlying goal-directed 
behavior. Yet, it is not known how auditory processing in children is related to their cognitive functions. Here, 
we utilized combined magneto- and electroencephalographic (M/EEG) measurements in school-aged children (6- 
14y) to show that child auditory cortical activity at ∼250 ms after auditory stimulation predicts the performance 
in inhibition tasks. While unaffected by task demands, the amplitude of the left-hemisphere activation pattern 
was significantly correlated with the variability of behavioral response time. Since this activation pattern is 
typically not present in adults, our results suggest divergent brain mechanisms in adults and children for consistent 
performance in auditory-based cognitive tasks. This difference can be explained as a shift in cortical resources 
for cognitive control from sensorimotor associations in the auditory cortex of children to top–down regulated 
control processes involving (pre)frontal and cingulate areas in adults. 
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. Introduction 

The development of basic auditory circuits in the brain, and con-
equently efficient and versatile auditory behavior, relies on everyday
ural experiences ( Gordon et al., 2003 ; Tierney et al., 2015 ). Auditory
ensory processing during development not only enables human com-
unication and language learning, but it also plays a role in cognitive
nd sensorimotor aspects of behavior ( Kraus et al., 2012 ). Indeed, the
ffect of auditory experience extends, for example, into attention and
ognitive control processes that rely on auditory processing ( Kraus and
hite-Schwoch, 2015 ). Presumably, an interaction between auditory,
ensorimotor and cognitive processing governs the resulting phenotype
f goal directed behavior ( Kraus and White-Schwoch, 2015 ). Given the
vident importance of auditory sensory development for cognitive skills,
e have surprisingly limited understanding of how the typical develop-
ent of cortical auditory processing is related to cognitive functions
uch as cognitive control. 
Auditory evoked brain responses measured with electro- and mag-

etoencephalography (EEG/MEG) have been successfully used to study
he development of the central auditory system ( Paetau et al., 1995 ;
ohnstone et al., 1996 ; Ponton et al., 2000 ; Ponton et al., 2002 ;
eponien ė et al., 2002 ; Wunderlich and Cone-Wesson, 2006 ) and they
ave been used as a marker for central auditory pathway plasticity
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 Sharma et al., 2002 ). Especially interesting from the perspective of
uditory development is a prolonged activation pattern approximately
50ms after auditory stimulation, as it is typically reported in a wide
ge range of children but is clearly less pronounced in adults. 
In adults, the resulting waveform from auditory stimulation is a

ombination of transient positive and negative deflections, which were
efined by their order (P1-N1-P2-N2) or latency (e.g., N100) – and a
ower letter “m ” to indicate their MEG counterparts. In contrast, the
ost prominent responses in primary school children ( ∼6–12 years) are
he P1(m) at around 100ms ( Orekhova et al., 2013 ; Yoshimura et al.,
014 ) and a prolonged activation pattern at ∼250 ms (N2m/N250m)
 Paetau et al., 1995 ; Ponton et al., 2000 ; Čeponien ė et al., 2002 ;
arviainen et al., 2019 ). The development of the auditory neural activa-
ion is best characterized by a gradual dissociation of the earlier, more
ransient responses (P1/N1), and an attenuation of the later, prolonged,
ctivity ( Sussman et al., 2008 ) until it is no longer or barely present in
dults ( Ponton et al., 2000 ; Albrecht et al., 2000 ; Čeponien ė et al., 2002 ;
akeshita et al., 2002 ; Wunderlich and Cone-Wesson, 2006 ). The right
emisphere seems to precede the left hemisphere in this developmen-
al trajectory, suggesting faster maturation of the right-auditory cortex
 Parviainen et al., 2019 ). 
Developmental studies of human auditory processing have merely

ketched the age-related changes in timing or strength of activation
cross the timeline of sensory activation. To go beyond the descrip-
n) . 
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ive level, a fundamental question is how the development of activity in
hese time-windows (i.e., ∼100 and 250 ms.) is functionally meaningful
or the development of cognitive functions. These two time-windows
eem to represent functionally distinct processes. First, they are dis-
ociated by their developmental trajectories ( Parviainen et al., 2019 ).
econd, activity in these time-windows show different refractory peri-
ds; whereas shortening the inter stimulus interval (ISI) attenuates the
arlier response pattern, the later, prolonged activity is enhanced (or
naffected) ( Takeshita et al., 2002 ; Karhu et al., 1997 ). 
The later time-window (i.e., ∼200-300ms) shows remarkable dif-

erences between adults and children. The auditory activation in chil-
ren in this late time-window is evoked even by purely passive stimu-
ation ( van Bijnen et al., 2019 ; Parviainen et al., 2019 ; Albrecht et al.,
000 ; Takeshita et al., 2002 ; Johnstone et al., 1996 ), but under these
ircumstances it is typically absent in adults ( Sussman et al., 2008 ;
uhnau et al., 2011 ). Instead, adults consistently show an evoked re-
ponse in this time-window only in active tasks, localized in the cingu-
ate cortex and important for inhibition and cognitive control processes
 Falkenstein et al., 1999 ; Nieuwenhuis et al., 2003 ; Huster et al., 2010 ).
n other words, the passive nature of the child’s auditory response would
uggest it is related to obligatory, stimulus-dependent processes. How-
ver, timing-wise it overlaps with known cognitive processes in the adult
rain, such as cognitive control and response inhibition. 
The prolonged activation pattern in children has been sug-

ested to reflect increased automatization of information processing
 Albrecht et al., 2000 ; Parviainen et al., 2011 ), possibly corresponding
ith the development of (neural) inhibition ( Čeponien ė et al., 2002 )
r the ability to control attention ( Johnstone et al., 1996 ). However,
irect correlational evidence comes only from language studies that
ave related weaker and/or contracted activity in this time window in
ypical developing children to a better performance in language tests
 Parviainen et al. 2011 ; Hämäläinen et al., 2013 ). An empirical link be-
ween (the maturation of) this prolonged activity pattern and cognitive
kills such as attention and inhibition has not been established. 
Here, we utilized the excellent temporal accuracy of electrophysi-

logical recordings and increased spatial sensitivity of combined MRI,
EG and EEG techniques to explore the behavioral significance of the
hild auditory activation at 250 ms. We used comparisons between three
ariations of a simple auditory oddball paradigm ( Fig. 1 ); a passive odd-
all task, a “detection ” oddball task (press button for deviant tone) and
n “inhibition ” or Go/No-go task (press button for standard tone). Based
n earlier findings we expected the child auditory response to be present
n both the active and passive (oddball & Go/No-go) tasks. We focused
n (i) the effect of task on the amplitude of the auditory activation pat-
ern in children and (ii) the relationship between this amplitude and
ehavioral performance measures of inhibition and/or attention (reac-
ion time, response accuracy and intra-individual variability in reaction
imes). 
We combined M/EEG recordings and individual MRIs to achieve
aximal sensitivity to the spatiotemporal characteristics of maturation-
pecific activation patterns ( Sharon et al., 2007 ). A combination of
/EEG is uniquely suitable to extract the separate components from the
ime-varying activation pattern evoked by auditory stimuli and adding
ndividuals MRI’s increases the accuracy of localizing the underlying
ortical generators. Importantly for our purpose, while MEG gener-
lly has a better spatial resolution compared to EEG, the sensitivity
f MEG decreases with increasing source depth and radial orientation
 Baillet, 2017 ; Gross, 2019 ). 

. Materials and Methods 

.1. Participants 

Participants were Finnish speaking school-aged (6 years in Finland)
hildren (6-14 years) recruited through schools and the National Reg-
stry of Finland. None of the participants had neurological disorders or
2 
ere on medication affecting the central nervous system. In total, 78
hildren participated in this study. Of the 78 children, eleven were ex-
luded: one did not finish the experiment and one had too many errors
n the MEG task ( > 50% errors in at least one block, see Fig. 1 ), five had
xcessive head movements or magnetic interference during MEG/MRI
easurements, two objected to go in the MRI scanner, and two showed
tructural abnormalities in their MRI. The data included in this study
onsisted of 67 children (mean age 10.2 years, SD: 1.4, range: 6 ‒14,
6 boys, 31 girls). Children were recruited to cover mainly the ages be-
ween 8-12 years as previous studies indicated this age range is an im-
ortant developmental period for our activation pattern of interest. All
articipants had normal hearing as tested with an audiometer. The study
as approved by the Ethics Committee of the University of Jyväskylä.
n informed consent was obtained from all children and their parents
n accordance with the Declaration of Helsinki. All participants received
ompensation for participation (movie ticket or gift card). 

.2. Stimuli and Tasks 

Auditory stimuli consisted of a 70-ms (10 ‒ms rise/fall time) sine
ave tone with a frequency of either 1.0 kHz (standard tone(ST); 70%)
r 1.5 kHz (deviant tone(DT); 30%) at 65 dB SPL and were created with
he Audacity software® (version 2.3.3) ( http://audacityteam.org/ ). A
ontinuous stream of auditory stimuli was presented binaurally with an
nter-stimulus interval varying between 1.6 and 2.0 s. The stream al-
ays started with the standard tone, and two deviant tones were never
resented in a row. The participants completed three tasks: a passive
istening task (PL), an auditory Go/No-go (GN) and an auditory oddball
ask (OB). The stimuli were identical in all three tasks but the instruc-
ions on how to respond were different: subjects were asked to ignore the
ones (PL), press a button to ST (GN), and press the button to DT (OB).
he number of stimuli was different in the PL task compared to the GN
nd OB: 150 stimuli/block vs. 90 stimuli/block, respectively ( Fig. 1 ). 
The stimuli were embedded in a game. We created a visual environ-
ent resembling a submarine, where the captain gave instructions to the
articipants “inside ” the submarine ( Fig. 1 ). Visual stimuli were created
y Studio Dennis Parren ( www.dennisparren.com ) and were there for
he sole purpose of engaging the participants. All stimuli were controlled
y PsychoPy (version 3.2) ( Peirce et al., 2019 ) running on a Linux desk-
op PC. Auditory stimuli were delivered to the subject through plastic
ubes and earpieces using an MEG-compatible high-fidelity sound sys-
em. 

.3. Procedure 

The experiment was conducted in a child-friendly environment in
hich the participants were asked to help science by studying the clown-
sh population. Before the start of the tasks, we measured resting-state
ctivity with two times 1.5 minutes eyes open (EO) and eyes closed (EC).
ubsequently, participants were instructed by a captain through movie
lips on how to perform the three auditory tasks. 
The first PL task started after the captain instructed the participant

o ignore the tones while he would look for the clownfish. During this
ask, the participants watched the silent stop-motion animation series
Pingu ”. After the first PL task, the captain explained that the submarine
etects fish using sound (i.e., sonar) and that the captain needs help
etecting them while he navigates the submarine. The participants were
hen told that the two tone-pips represented two types of fish ( Fig. 1 );
he clownfish (ST) and the shark (DT). First, they were asked to detect
he clownfish (GN task) by pressing a button (as quickly as possible)
fter the ST’s. Participants were also instructed to look in the middle of
he window ( Fig. 1 ) and focus on the sounds. 
Twelve practice trials preceded the actual measurement to check

hether the participants understood the task. Subsequently, in the OB
ask they were asked to detect the sharks by pressing a button whenever
he DT was presented in order to protect the clownfish. Again, twelve

http://audacityteam.org/
http://www.dennisparren.com
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Fig. 1. Experimental design and procedure. Statistical contrasts of interest marked in yellow/green (bottom table). 
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ractice trials were included to check whether the participants under-
tood the task. Finally, two blocks of the GN task and OB task, each
onsisting of 90 trials (27 DT/63 ST), were completed alternately be-
ore the break. During the break, we offered participants a snack and
rink and a possibility to stretch their legs. After the break, participants
ompleted the same blocks again starting with the PL task followed by
wo blocks of alternating GN and OB tasks. The complete procedure is
hown in Fig. 1 . 

.4. M/EEG and MRI 

The brain responses were recorded using a 306-channel MEG system
nd the integrated EEG system (Elekta Neuromag® TRIUX TM , MEGIN
y, Helsinki, Finland). M/EEG data were filtered to 0.1–330 Hz and
ampled at 1000 Hz. EEG recordings were performed with a 32-channel
ap and referenced online to an electrode on the right earlobe. Vertical
nd horizontal electrooculograms (EOG) were measured to capture eye
ovements and blinks for offline artifact suppression. EOG electrodes
ere placed directly below and above the right eye and on the outer
anthi of each eye, and a common ground electrode was attached to the
ollarbone. 
Five digitized head position indicator (HPI) coils were placed on the

EG cap to continuously monitor the head position in relation to the sen-
ors of the MEG helmet. The EEG electrodes and HPI coils were digitized
elative to three anatomic landmarks (nasion, left and right preauricu-
ar points) using the Polhemus Isotrak digital tracker system (Polhemus,
olchester, VT, United States). In addition, ∼150 distributed scalp points
ere digitized to aid in the co-registration with individual magnetic res-
nance images (MRIs). 
T1- and T2-weighted 3D spin-echo MRI images were collected with

 1.5 T scanner (GoldSeal Signa HDxt, General Electric, Milwaukee, WI,
SA) using a standard head coil and with the following parameters:
R/TE = 540/10 ms, flip angle = 90°, matrix size = 256 × 256, slice
hickness = 1.2 mm, sagittal orientation. 

.5. Behavioral assessment 

Cognitive skills were tested on a separate visit. The behavioral tests
ncluded subtests of Wechsler Intelligence Scales for Children Third edi-
ion ( Wechsler, 1991 ) and the Stop Signal Task (SST) from the Cam-
ridge Neuropsychological Automated Test Battery (CANTAB). Of the
echsler Intelligence scale, the following subtests were administered:
imilarities, Block Design, Digit Span, Coding and symbol search. 
The similarities test is designed to assess verbal reasoning and the de-

elopment of concepts. The block design subtest is designed to assess an
ndividual’s ability to understand complex visual information. Digit span
backward/forward) is designed to measure verbal short-term memory
nd attention. The coding test is designed to measure speed of processing
ut is also affected by other cognitive abilities such as learning, short-
erm memory and concentration. Finally, the symbol search test (SyS)
s designed to measure processing speed but is also affected by other
ognitive abilities such as visuomotor coordination and concentration. 
In the SST, the participant must respond to an arrow stimulus by

electing one of two options depending on the direction in which the
rrow points. The test consists of two parts: in the first part, the partici-
ant is first introduced to the test and told to press the left-hand button
hen they see a left-pointing arrow and the right-hand button when
hey see a right-pointing arrow. There is one block of 16 trials for the
articipant to practice this. In the second part, the participant is told
o continue pressing the buttons when they see the arrows, but if they
ear an auditory signal (a beep), they should withhold their response
nd not press the button. The task uses a staircase design for the stop
ignal delay (SSD), allowing the task to adapt to the performance of the
articipant, narrowing in on the 50% success rate for inhibition. The
est is designed to measure response inhibition/impulse control. 
4 
.6. Data analysis 

MEG data were first processed with the temporal signal space sep-
ration (tSSS) and movement compensation options, implemented in
he MaxFilter TM program (version 3.0; MEGIN Oy, Helsinki, Finland),
o suppress external interference and compensate for head movements
 Taulu and Simola, 2006 ). The data were converted to the mean head
osition over the whole recording for each individual subject. 
M/EEG data were analyzed using MNE-Python (version 0.16)

 Gramfort et al., 2014 ; Gramfort et al, 2013 ). Continuous M/EEG record-
ngs were low-pass-filtered with a finite-impulse-response filter at 40
z, the EEG data were re-referenced to the average over all EEG chan-
els, and bad channels and data segments were identified and excluded.
pochs of –0.2 to 0.8 s relative to stimulus onset were then extracted
nd corrected for the baseline (–0.2 to 0s) offset. Epochs were rejected
or incorrect responses and large MEG signals ( > 4 pT/cm for gra-
iometers, > 5 pT for magnetometers). Independent component analy-
is (ICA) was applied to suppress ocular and cardiac artifacts separately
or MEG and EEG ( Hyvärinen and Oja, 2000 ). Next, autoreject, an au-
omatic data-driven algorithm, was used on the EEG data to repair or
xclude bad epochs. We followed procedure introduced by Jas and col-
eagues (2017) . If the algorithm excluded more than 20% of the epochs,
anual artifact rejection of the EEG epochs was used instead. Finally,
he data were manually checked for obvious artifacts, and the six exper-
mental conditions were averaged separately. 
The cortical surface for the source model was constructed

rom the individual structural MRI with the Freesurfer software
RRID: SCR_001847, Martinos Center for Biomedical Imaging,
ttp://freesurfer.net ; Dale et al., 1999 ; Fischl et al., 1999a ; Fischl
t al., 1999b ). The M/EEG source space was decimated at 4.9 mm
pacing, resulting in ∼5000 current locations per hemisphere. 
The MEG and EEG data were registered to the structural data with
NE coregistration using the fiducial landmark locations, digitized EEG
lectrode locations and the additional scalp point. A forward solution for
he source space was constructed using three-layer BEMs. Conductivity
alues used for the intracranial tissue (brain, CSF), skull and scalp were
et to 0.33, 0.0132 and 0.33 S/m. The noise covariance matrix was cal-
ulated from the individual epochs 200-ms pre-stimulus baseline, using
 cross validation method implemented in MNE. In order to combine
ata from the MEG gradiometers, MEG magnetometers and EEG elec-
rodes into a single inverse solution, the forward solution matrix and
ata were whitened using the covariance matrix ( Engemann and Gram-
ort, 2015 ). 
The source currents were examined using a cortically-constrained,

epth-weighted ( p = 0.8) L2 minimum norm estimate ( Hämäläinen and
lmoniemi, 1994 ) with a loose orientation constraint (0.2). To determine
he direction of the source currents, the source components normal to
he cortical surface were extracted. The MNE solutions were constructed
or each individual subject; source waveforms were computed as the
ean value of the source element within region-of-interest (ROI) label
0 (transverse temporal gyrus) as defined by the Desikan-Killiany At-
as ( Desikan et al., 2006 ). Amplitude values of the prolonged activity
ere calculated as an average over the 200-325ms time-window after
timulus presentation, which was determined by visual inspection of the
rand averages (see Figs. 4 and 7 ). Only negative averages were included
n the statistical analysis, as we assumed positive values would reflect
ortical activity unrelated to our response of interest. 

.7. Statistical analysis 

As shown in Fig. 1 (colored cells in bottom table) we designed the
xperiment to separately compare the effects of Oddball vs Passive (to
ocus on attention) and Go/No-go vs Passive (to focus on inhibition).
e used the deviant tones (DT) for the comparison between Passive and
o/No-go (GN) and the standard tones (ST) for the comparison between
assive and Oddball (OB). Crucially, for these comparisons the stimuli

http://freesurfer.net
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Table 1 

Mean, standard deviation (SD) and range of behav- 
ioral performance measures. Reaction times (RT), intra- 
individual coefficient of variation (ICV) and response ac- 
curacy (ERR) gathered from the Go/No-go task (GN) and 
the Oddball task (OB). Stop-signal reaction time (SSRT) 
was gathered from the stop-signal task during the behav- 
ioral assessment. 

Mean SD Range 

Age (years) 10.17 1.44 6–14 
M/EEG experiment 

GN RT (ms) 484.20 82.74 328–693 
GN ICV 0.4 0.09 0.19–0.56 
GN ERR ( 

√
%) 2.54 1 0.53–4.87 

OB RT (ms) 480.67 82.03 234–728 
OB ICV 0.38 0.11 0.18–0.82 
OB ERR ( 

√
%) 1.78 0.85 0–3.87 

Behavioral assessment 

SSRT (ms) 205.94 56.20 87–351 
Digit span ∗ 10.55 2.65 5–17 
Symbol search ∗ 12 2.58 5–18 
Coding ∗ 10.88 2.98 4–19 
Block design ∗ 11.61 2.97 4–17 
Similarities ∗ 10.39 2.63 2–16 

∗ = standardized score. 
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ST or DT), probability (30% or 70%) and motor response (None) were
dentical, and the number of trials close to equal. 
A forward multiple linear regression analysis was performed to test

or the effects of age, sex, hemisphere, task and behavioral perfor-
ance. We included the following behavioral performance measure-
ents: mean reaction time (RT), intra-individual coefficient of variation
ICV; calculated as SDRT/mean RT), response accuracy (ERR; calculated
s square root of error %) from tasks completed inside the scanner, and
he stop-signal reaction time (SSRT), which was completed outside the
canner during the behavioral assessment. Partial correlations (control-
ing for age) were calculated for behavioral performance measures and
he 2 × 2 (hemi x task) auditory brain responses. 
Subsequently, linear regression analyses were performed with the

ehavioral performance measures as dependent variables. Age was en-
ered first followed by the brain responses as independent variables.
ll variables in the linear regression model were selected based on the
ignificant partial correlations. All statistical analyses were performed
sing SPSS statistics 25. 
Finally, a bivariate correlation was used to check whether the brain

esponses were related to any of the subtests of the Wechsler Intelligence
cales for Children (i.e., digit span, symbol coding, symbol search, block
esign or similarities) to see if we had to control for possible intelli-
ence effects. We report our original p-values for all comparisons that
e make, but use an alpha of < .01 to limit the false positives. In Bonfer-
oni terms we thus (only) correct for five different statistical tests. We
rgue a more conservative correction might not be appropriate as our
ests are not independent. Note that the regression models still select
redictors based on an alpha of .05. 

. Results 

Descriptive statistics of the children’s performance during the
/EEG experiment and their cognitive skills as per the behavioral as-
essment session are presented in Table 1 . We found no significant effect
f age on the response in the left- and right hemisphere; the age distri-
ution and age-brain associations are depicted in Fig. 2 . 
Both in the passive and the active tasks the children’s strongest acti-

ation pattern in our time-window of interest was located in the audi-
ory cortex ( Fig. 3 ). We first present the Passive vs Go/No-go (deviant
ones) comparison and subsequently the Passive vs Oddball comparison
standard tones). 
5 
.1. Passive vs Go/No-go 

.1.1. Left hemisphere auditory activity at ∼250ms predicts behavioral 
erformance on inhibition tasks 

The source waveforms for the PL and GN deviant tones are presented
n Fig. 4 . Fig. 5 shows the individual data points as well as the average
line) and standard deviation (bar) extracted from the neural responses
n the transverse temporal gyrus for each condition. 
The multiple linear regression model, as shown in Table 2 revealed

hat hemisphere, ICV, age and SSRT are significant predictors of the
uditory brain responses. Sex, task, RT and response accuracy did not
ignificantly contribute to the model. 
To further investigate the behavioral relevance of the brain re-

ponses, and because age and behavioral performance measures are
trongly correlated, we subsequently performed a bootstrapped (10.000
amples) partial correlation (controlled for age). This revealed signifi-
ant positive correlations between amplitudes in the left hemisphere (ir-
espective of task) and the ICV on the Go/No-go task ( Table 3 ). Stronger
eft-hemisphere activation was related to lower intra-individual variabil-
ty (ICV) in reaction times. 
More specifically, in the PL task, a stronger left-hemisphere re-

ponse amplitude was related to decreased ICV ( r = .479, 95%CI =
.195 – .661], p = .000) SSRT ( r = .331, 95%CI = [.113 – .543], p = .02)
nd ERR ( r = .314, 95%CI = [-.026 – .553], p = 0.028). But only the
elationship between L PL and ICV was significant at our alpha ( p < .01).
imilarly, in the GN task, a stronger left-hemisphere response amplitude
o the No-go tone was related to decreased ICV ( r = .467, 95%CI =
.185 – .685], p = .001), decreased ERR ( r = .343, 95%CI = [.022 –
587], p = 0.016), and decreased SSRT ( r = .292, 95%CI = [.022 –
533], p = 0.041). But only the relationship between L GN and ICV
as significant at our alpha ( p < .01). Fig. 6 shows the corresponding
catterplots. 
Finally, linear regressions were used to predict the performance mea-

ures using age and the selected brain responses. The brain responses to
ifferent tasks in the same hemisphere were highly correlated, and there
as no significant effect of task, so we used the brain responses mea-
ured during the Go/No-go task. As shown in Table 4 , the amplitude
f the auditory response in the left hemisphere (to the No-go tone) was
 significant predictor of intra-individual variability of reaction time
 p < .001) . 

.2. Passive vs Oddball 

.2.1. Left hemisphere auditory activity at ∼250ms predicts stop-signal 
eaction time 

The source waveforms for the PL and OB standard tones are
resented in Fig. 7 . Fig. 8 shows the individual data points as
ell as the average (line) and standard deviation (bar) extracted
rom the neural responses in the transverse temporal gyrus for each
ondition. 
The multiple linear regression model, as shown in Table 5 revealed

hat hemisphere, SSRT and age are significant predictors of the audi-
ory brain responses. Sex, task, RT, ICV and response accuracy did not
ignificantly contribute to the model. 
To further investigate the behavioral relevance of the brain re-

ponses, and because age and behavioral performance measures are
trongly correlated, we subsequently performed a bootstrapped (10.000
amples) partial correlation (controlled for age). This revealed signifi-
ant positive correlations between amplitudes in left hemisphere during
he OB task and SSRT ( Table 6 .). Stronger activation in the left hemi-
phere during the OB task were related to smaller SSRT’s ( r = 0.355,
5%CI = [0.142 – 0.560], p = 0.008). 
As shown in Table 7 , the linear regression model revealed that the

trength of the auditory response in the oddball task was not a significant
redictor of the SSRT ( p = 0.019) at our alpha ( p > .01). 
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Fig. 2. Age distribution (left) and age brain associations (right) of the passive listening deviant tone (PLDT) in the left- and right-hemisphere. 

Fig. 3. Grand-average 3D visualization of the 
M/EEG combined estimates of the source dis- 
tribution at 248ms post auditory stimulation in 
children. Superior temporal regions circled in 
white, red dot represents peak coordinate. 

Table 2 

Forward selection multiple linear regression analysis using hemisphere, task, age, sex and behav- 
ioral performance as predictors of the brain responses at ∼250ms. 

B SE B Standardized beta ΔR2 Significance F change 

Step 1 .06 .000 
Constant -21.73 1.93 
Hemisphere 4.82 1.22 0.246 
Step 2 .03 .003 
Constant -29.96 3.37 
Hemisphere 4.82 1.2 0.246 
GN_ICV 20.62 6.96 0.18 
Step 3 .02 .015 
Constant -41.88 5.89 
Hemisphere 4.82 1.19 0.246 
GN_ICV 23.88 7.02 0.211 
Age 1.04 0.43 0.152 
Step 4 .04 .002 
Constant -51.91 6.61 
Hemisphere 4.82 1.17 0.246 
GN_ICV 16.42 7.29 0.145 
Age 1.55 0.45 0.226 
SSRT 38.03 12.11 0.216 

Note: B = Unstandardized beta, SE B = standard error for the unstandardized beta, ΔR2 = R2 
change. GN_ICV = Go/No-go intraindividual coefficient of variability. Excluded variables: reaction- 
time, response accuracy, sex and task (p > .05). 

6 
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Fig. 4. Source waveforms in the left and right transverse temporal gyrus for the PL (top) and GN (middle) deviant tones. Top and middle graphs show individual 
waveforms (gray) and the grand average waveform (red). Bottom graph shows the grand average waveforms of the PL (solid line) and GN (dotted line) and their 
standard deviation (red shaded area). Child- activity pattern starting at ∼200 ms highlighted in gray shaded area. 

Fig. 5. Individual data points (dots), average (horizontal line) and standard deviation (black bar) for the conditions: passive listening (PL) deviant tone and No-go 
(NG) deviant tone in the left (L) and right (R) hemisphere. 

7 
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Fig. 6. Scatterplots of the responses at ∼250ms to the No-go tone and the behavioral performance measures: intraindividual coefficient of variability (ICV; left), 
stop-signal reaction time (SSRT; middle), and response accuracy (right). 

Fig. 7. Source waveforms in the left and right transverse temporal gyrus for the PL (top) and OB (middle) standard tones. Top and middle graphs show individual 
waveforms (gray) and the grand average waveform (red). Bottom graph shows the grand average waveforms of the PL (solid line) and OB (dotted line) and their 
standard deviation (red shaded area). Child activity pattern starting at ∼200 ms highlighted in gray shaded area. 

4

 

i  

A  

t  

d  

o  

s  

p  

a  

s  
. Discussion 

We assessed the age differences and especially the functional signif-
cance of a robust activation pattern at ∼250ms (N250m) in children.
ge of the children did not seem to strongly affect the strength of ac-
ivation in this time window. It suggests a non-linear decrease during
8 
evelopment of this auditory activation pattern with age. Indeed, previ-
us studies with a wider age range found an initial increase in activation
trength until the age of eleven, after which a gradual decrease was re-
orted ( Ponton et al., 2000 ; Ponton et al., 2002 ), continuing well into
dolescence ( Sussman et al., 2008 ). Importantly, we showed that the
trength of activation in children in the 250-ms time-window is unaf-
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Table 3 

Bootstrapped (10 000 samples) partial correlation 
(controlled for age) between the brain responses 
and behavioral performance measures. Significant 
correlations marked in bold. 

RT ICV ERR SSRT 

L PL -0.024 0.479 ∗∗∗ 0.314 ∗ 0.331 ∗ 

R PL 0.157 -0.033 0.037 0.162 
L GN -0.019 0.467 ∗∗∗ 0.343 ∗ 0.292 ∗ 

R GN 0.035 0.077 0.036 0.231 

Note: RT = reaction time, ICV = intra-individual 
coefficient of variability, ERR = response accu- 
racy, SSRT = stop signal reaction time. ∗ p < 0.05, 
∗ ∗ ∗ p ≤ 0.001. 

Table 4 

Linear regression analysis using the behavioral performance measures as 
the dependent variable, age was entered first in the model, followed by 
the auditory responses in the left hemisphere to the No-go (NG) tone as 
the predictors. 

Performance 
measure 

Step Standardized 
Beta 

Δ R2 

ICV 1. Age 
2. Left auditory NG 

-0.248 0.036 
0.459 0.207 ∗∗∗ 

ERR 1. Age 
2. Left auditory NG 

-0.319 0.078 ∗ 

0.304 0.091 ∗ 

SSRT 1. Age 
2. Left auditory NG 

-0.438 0.160 ∗∗ 

0.295 0.086 ∗ 

Note: ICV = intra-individual coefficient of variability, ERR = response ac- 
curacy, SSRT = stop signal reaction time. ∗ p < 0.05 

∗∗ p < 0.01. 
∗∗∗ p < .001 significance of R2 change. 
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Fig. 8. Individual data points (dots), average (horizontal line) and standard 
deviation (black bar) for the conditions: passive listening (PL) standard tone 
and oddball (OB) standard tone in the left (L) and right (R) hemisphere. 

Table 6 

Bootstrapped (10 000 samples) partial correla- 
tion (controlled for age) between the brain re- 
sponses in left (L) and right (R) hemisphere and 
behavioral performance measures. Significant 
correlations marked in bold. 

RT ICV ERR SSRT 

L PL -0.153 0.252 0.194 0.251 
R PL 0.087 0.042 0.025 0.224 
L OB 0.033 0.234 0.230 0.355 ∗ ∗ 

R OB 0.143 0.086 0.028 0.238 

Note: RT = reaction time, ICV = intra- 
individual coefficient of variability, ERR = re- 
sponse accuracy, SSRT = stop signal reaction 
time. PL = passive listening, OB = oddball. ∗ ∗ p 
< 0.01. 

l  

t
 

h  

(  

a  

t  

t  

t  

t  

d  

t  
ected by task demands, but in the left hemisphere it was associated
ith superior performance on inhibition tasks and measures of cogni-
ive control. Our findings bring important novel understanding of the
unctional significance of the child auditory activation pattern for the
eveloping skills in cognitive control. It seems that engagement of the
asic auditory cortex circuitry in the left hemisphere supports cognitive
ontrol in children as measured by the ICV. 
The strength of the prolonged activation in the left, but not right,

emisphere was most consistently associated with performance on inhi-
ition tasks. Left-hemisphere response strength during No-go trials ex-
lained 20.7%, 9.1% and 8.6% of unique variance of the ICV, response
ccuracy and SSRT respectively. We focus on the ICV and the prolonged
ctivation during No-go trials, as the other results are likely different,
Table 5 

Forward selection multiple linear regression analysi
ioral performance as predictors of the brain respons

B SE B Standardi

Step 1 

Constant -22.1 1.73 
Hemisphere 5.12 1.1 0.29 
Step 2 

Constant -27.07 2.64 
Hemisphere 5.12 1.09 0.29 
SSRT 24.16 9.73 0.15 
Step 3 

Constant -41.31 5.66 
Hemisphere 5.12 1.07 0.29 
SSRT 36.04 10.47 0.22 
Age 1.16 0.41 0.18 

Note: B = Unstandardized beta, SE B = standard e
change. SSRT = stop-signal reaction time. Excluded
ICV, sex and task (p > .05). 

9 
ess sensitive, measures of the same effect (i.e., one underlying effect is
he most parsimonious explanation of our results). 
The ICV reflects temporal variation in cognitive performance and it

as been extensively studied in attention-deficit/hyperactivity disorder
ADHD) ( de Zeeuw et al., 2008 ; van Belle et al., 2015 ). Intrasubject vari-
bility has long ago been put forward as an endophenotype of ADHD,
he characteristic lapses of intention and attention in ADHD are thought
o be a result of deficits in temporal processing that result in higher in-
rasubject intertrial variability ( Castellanos and Tannock, 2002 ). Impor-
antly, the auditory cortex coordinates activity with intricate timing. In-
eed, the evoked responses reflect the auditory system’s ability to consis-
ently respond with the same timing to each stimulus presentation. The
s using hemisphere, task, age, sex and behav- 
es at ∼250 ms. 

zed beta ΔR2 Significance F change 

.08 .000 

.02 .014 

.03 .005 

rror for the unstandardized beta, ΔR2 = R2 
 variables: reaction-time, response accuracy, 
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Table 7 

Linear regression analysis using the behavioral performance measures as 
the dependent variable, age was entered first in the model, followed by 
the auditory responses in the left hemisphere to the No-go tone as the 
predictors. 

Performance 
measure 

Step Standardized 
Beta 

Δ R2 

SSRT 1. Age 
2. Left auditory OB 

-0.469 
0.282 

0.160 ∗ ∗ 

0.075 ∗ 

Note: SSRT = stop signal reaction time. ∗ p < 0.05, ∗ ∗ p < 0.01 significance 
of R2 change. 
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ehavioral importance of temporal processes is further supported by our
nd other studies’ finding that ICV, while unrelated to reaction time, is
 much better predictor of inhibitory success ( r = .79) than traditional
easures of reaction time ( r = .22) ( Bellegrove et al., 2004 ; de Zeeuw
t al., 2008 , van Belle et al., 2015 ). Combined, these results suggest that
CV is an important measure of cognitive control that possibly relies on
he auditory cortex’s (in auditory tasks) ability to consistently respond
o the presented stimulus. 
Our results indicate that the brain mechanisms that, in auditory

ased tasks, help achieve a consistent performance is remarkably dif-
erent in children than what has previously been indicated in adults.
ost notably, the No-go activation in the 200-325 ms. time-window
xhibits clear differences between our data of children to what is
ypically reported in adult studies: whereas the adult major activa-
ion peak is typically localized in medial regions of the cerebral cor-
ex (e.g., cingulate cortex) ( Nieuwenhuis et al., 2003 ; Huster et al.,
010 ), in the current study, children’s strongest activation pattern was
n the auditory cortex ( Fig. 3 .). Importantly, there is a vast literature
hat emphasizes the importance of both the 200-300 time-window and
he cingulate cortex for inhibitory and cognitive control processes in
dults ( Nieuwenhuis et al., 2003 ; Huster et al., 2010 ; Falkenstein et al.,
999 ; Smith et al., 2007 ; Botvinick et al., 2004 ; Chambers et al.,
009 ). In contrast to those findings in the mature brain, our data
how that children rely strongly on activation in the auditory cor-
ex during the 200–300-ms time-window and although also evoked
ithout task demands, it contributes to task performance in inhibition
asks. 
This suggests that the activity pattern during auditory inhibition

asks (e.g., Go/No-go or SST) in children and adults are qualitatively
ifferent. Consequently, with possible divergent cortical origins of the
ignals, it is not informative to compare sensor-level amplitude mea-
ures between adults and children in this time-window. This is relevant
specially for EEG studies with limited spatial sensitivity; electrical po-
entials originating in the auditory cortices summate at the vertex, gen-
rating one maximum on the head surface ( Hari and Puce, 2017 ). Thus,
ven though the main current source underlying the measured signal
s different between adults and children, typical EEG-ERP analysis will
ave limited capacity to reveal this difference and may also erroneously
ransfer spatial differences into amplitude effects. Taken together, these
esults suggest that in order to move forward in understanding the neu-
odevelopmental underpinnings of improvement in cognitive skills (or
roblems therein), we need to adopt a more comprehensive approach
n analysis, incorporating both temporal and spatial characteristics of
ctivation. 
Our claim that children and adults employ different neural mecha-

isms to achieve a consistent performance in a cognitive control task is
n line with previous fMRI studies. In adults, both reduced response vari-
bility and improved top-down cognitive control have been directly re-
ated to greater anterior cingulate gyrus (ACG) activity ( Bellgrove et al.,
004 ; van Belle et al., 2015 ) and focal damage to the frontal lobes
mpairs the stability of cognitive performance ( Stuss et al., 2003 ). In
ne fMRI study, younger subjects (7–15 years) showed differences from
10 
lder subjects (15–24 years) in the relationship between dorsal ACG ac-
ivity and response variability: in older children increased dorsal ACG
ctivity was related to a reduction in response variability, whereas in
he younger group dorsal ACG activity did not relate to this measure of
ognitive control ( van Belle et al., 2015 ). Intriguingly, Simmonds and
olleagues (2007) reported that, in typically developing children (8-12
ears), instead of cingulate activity, lower variability was associated
ith activation in the rostral supplementary motor area (pre-SMA) in
 Go/No-go task. 
The exact neurobiological underpinnings that underlie the child re-

ponse pattern are unclear and should be the subject of further investi-
ation. Our results indicate engagement of the auditory sensory regions
n the child brain, both in passive conditions and during task demands.
his could indicate a developmentally specific emphasis on sensorimo-
or associations in children while successful performance on inhibition
asks in adults relies on cognitive control networks. In the present study,
he strength of the prolonged activation in children showed a positive
orrelation with performance consistency, and thus seems to aid cogni-
ive control in children. We hypothesize it reflects neural processes that
llow for a flexible use of neural resources that (causally) improves per-
ormance on cognitive control tasks in children. However, future brain
anipulation studies should ascertain a possible causal link of this brain-
ehavior relationship. A similar relationship has been suggested in non-
uman primates where a recent study identified prolonged activity in
he auditory cortex to reflect sensorimotor representations important for
ehavioral inhibition ( Huang et al., 2019 ). 
It is noteworthy that even though the right hemisphere showed

tronger responses, left hemisphere activity showed the meaningful be-
avioral association in children. We surmise this relates to the different
evelopmental trajectories of the auditory cortices. The left auditory
ortex has been suggested to mature slower than the right ( Paetau et al.,
995 ; Parviainen et al., 2019 ), based on the later emergence of the
arlier N100 response. In addition, auditory responses in the right-
emisphere have been more strongly linked with genetic regulation
ompared to the left-hemisphere ( Renvall et al., 2012 ). Others have sug-
ested a similar developmental shift in the functional lateralization of
refrontal areas during cognitive control tasks, also emphasizing the
mportance of the left-hemisphere during development ( Zelazo, Carl-
on & Kesek, 2008 ), Finally, handedness has also been shown to af-
ect hemispheric dominance of neuromagnetic responses to sounds
 Kirveskari et al., 2006 ) and as such our reported effect might depend on
andedness. An important remaining question is whether our reported
elationship depends on the auditory cortex that is contralateral to the
and used to respond, or a mechanism unique to the left hemisphere. 
A few theoretical considerations of this study need to be addressed.

irst, most brain-behavior correlations did not hold for the passive vs
ddball comparison. Arguably, the standard tones used in that compari-
on were behaviorally less relevant compared to the deviant tones in the
o/No-go. We hypothesize that task relevance of the auditory response
s an important factor determining (the strength of) the brain-behavior
elationship. This would suggest that the deviant tones are more rele-
ant than the standard tones, perhaps because deviant tones required
ctive inhibition in the context of a Go/No-go task. 
Second, we focused our discussion on the ICV and argued it reflects

ognitive control. It is, however, good to note that the actual relation-
hip is shown between child neural activity in the (left) auditory cortex
nd individual response time variability in a Go/No-go task and stop-
ignal reaction times (SSRTs). How broadly this can be interpreted, both
n terms of other auditory neural responses as well as cognitive processes
nder the general domain of cognitive control (e.g., selective attention,
nhibition or conflict monitoring) is up to debate and should be subject
f further investigation. 
To conclude, we provide unique evidence that the child auditory ac-

ivation in the left-hemisphere at around 250ms is functionally meaning-
ul for performance on inhibition tasks. We claim that the mechanisms
nderlying cognitive control are different in children and adults with
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ore emphasis on sensorimotor associations in children. Interestingly,
he correlation between activation strength and performance measures
re limited to the left-hemisphere. We presume this reflects the general
ateralization of function of the auditory cortices and experience-driven
lasticity which is more strongly linked to the left-hemisphere. 
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