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ABSTRACT

The development of brain oscillatory responses and their possible role in the working memory (WM) perfor-
mance of children, adolescents and young adults was investigated. A set of 0- and 1-back tasks with letter stimuli
were administered to a final sample of 131 subjects (between 6 and 20 years of age). A decrease in response times
(RTs) and an increase of the sensitivity index d-prime (d) were seen with increased age. RTs increased and
d decreased with load, indicating higher difficulty for higher loads. Event-related synchronization (ERS) and
event-related desynchronization (ERD) were obtained by the convolution of Morlet wavelets on the recorded
EEG. Statistical analyses were performed of the absolute and relative power of brain oscillations defined by
topography, frequency and latency. Posterior alpha and beta ERD, and frontocentral theta ERS, were induced by
the stimuli presented during the n-back task. While relative theta ERS increased with age, absolute theta ERS,
absolute and relative alpha and, absolute beta ERD, decreased with age. Age-related improvement in behavioral
performance was mediated by relative theta. Alpha and beta ERD were more pronounced for the most difficult
task (1-back) and for the target condition. Globally, there was high consistency of the effects of target type and
task load across development. Theta ERS maturation is a crucial step for improving WM performance during
development, while alpha and beta ERD maturation seem to be less critical for behavioral performance
improvement with age, possibly due to a sufficient level of alpha-beta ERD for good performance in young
children.

1. Introduction

1.1. N-back task

Working memory (WM) is a temporary storage system that allows
the maintenance of a limited amount of information and its concurrent
processing (Baddeley and Hitch, 1974). WM has limited capacity and
can only maintain a certain amount of information in an activated state
(Cowan, 2005). This constraint requires an updating mechanism to
continuously activate information relevant to the goals of the task. WM
plays a crucial role in the performance of numerous laboratory and
everyday cognitive tasks. Indeed, individual differences in WM capacity
are in turn related to individual differences in different cognitive do-
mains: reading ability (Cain, 2006; Peng et al., 2018), math performance
(Friso-van Den Bos et al., 2013; Lee and Bull, 2016; Peng et al., 2016),
and intelligence (Cornoldi and Giofre, 2014; Friedman et al., 2006), as
well as learning ability and academic performance (Alloway and
Alloway, 2010).

There are a wide array of tasks available for measuring and inves-
tigating WM. Among them, the n-back task (Kirchner, 1958) has become
a widely used paradigm. According to Kane et al. (2016), Gevins et al.
(1990) introduced the n-back task into the field of neuroscience to
investigate event-related potentials (ERPs) under different loads. Since
then, it has been widely used, probably because it has certain advantages
over other WM tasks. It has lower response requirements, allows for easy
manipulation of difficulty, and enables the collection of response latency
and accuracy data (Conway et al., 2005). The n-back is a continuous
recognition task in which a sequence of stimuli (consisting of words,
letters, numbers, symbols, locations, etc.) is presented. The participant
has to decide whether or not the current item is the same as the one
presented n positions back. In the present study, only the 0- and 1-back
levels are used. In the 0-back level, the participant must determine
whether each item in the sequence is initially designated as a target or a
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distractor, whereas in the 1-back level, the subject has to decide whether
the presented item matches (target) or does not match (non-target) the
one that immediately preceded it. Both levels require maintaining an
item in memory, but while in the 0-back, the item in memory remains
the same, in the 1-back it changes continuously so that the information
about the target has to be continuously updated. As n increases (e.g., 2-
back and above) the task becomes more difficult, because the items to be
compared are not adjacent in the sequence and additional processes may
be involved (e.g., reordering, counteracting proactive interference).
Increases in difficulty have a detrimental effect on performance, as re-
flected in a drop in accuracy and slower responses times (RTs).

Behavioral studies have documented a rapid increase in WM ability
through childhood and adolescence (Gathercole et al., 2004), and spe-
cifically in the ability to update information in WM (Lendinez et al.,
2015; Linares et al., 2016). These age-related changes in WM func-
tioning are reflected in n-back performance. Studies using this task have
consistently observed a gradual improvement during childhood that
continues into adolescence, especially at more demanding levels of the
task (Kwon et al., 2002; Lopez-Vicente et al., 2016; Pelegrina et al.,
2015; Schleepen and Jonkman, 2009; Vuontela et al., 2003). These age-
related changes are reflected in increased accuracy, driven by higher hit
and lower false alarms rates, along with decreasing RTs.

N-back consistently activates various brain regions (Mencarelli et al.,
2019; Rottschy et al., 2012; Yaple et al., 2019), particularly bilateral
frontal and parietal cortical areas, which are considered essential for
working memory (Owen et al., 2005; Rottschy et al., 2012). Brain pro-
cessing varies with the difficulty of the n-back task, as evidenced by
increased amplitudes of evoked fMRI BOLD responses in frontal and
parietal cortical regions as load (i.e., n) increases from 1 to 3 back (e.g.,
Braver et al., 1997), whereas a plateau has been found from 3 to 6 back
(Lamichhane et al., 2020). Maturation of frontoparietal systems con-
tributes to WM improvements during childhood and adolescence (e.g.,
Casey et al., 2005; Kwon et al., 2002; Tamnes et al., 2013; Rosenberg
et al., 2020). Indeed, increases in activation in frontoparietal regions
during n-back tasks mediate the relationship between age and perfor-
mance (e.g., Satterthwaite et al., 2013; see also Kwon et al., 2002).

Electrophysiological responses in the n-back task include P300,
which may reflect attentional processing and updating. Typically, P300
amplitude decreases with n, suggesting greater resource allocation and
higher effort as load increases (Daffner et al., 2011). However, 0-back
shows a lower P300 amplitude than 1-back, probably due to differ-
ences in attentional demands and updating requirements (Chen et al.,
2008; Lopez Zunini et al., 2016). Additionally, P300 amplitude is greater
for targets than for non-targets, possibly reflecting recognition (Chen
et al., 2008; Gevins et al., 1996; Vila-Ballo et al., 2018; Watter et al.,
2001). In children and adolescents, a decrease in P300 amplitude with
age has been observed, along with a longer duration of the load effect in
young children, indicating that WM updating during the n-back requires
a greater allocation of resources at younger ages (see Pelegrina et al.,
2020 for a review of ERPs on n-back tasks in children and adolescents).

1.2. Brain oscillations

As outlined above, neural substrates of n-back performance and its
development have been explored through ERPs and fMRI studies, yet
investigations of brain oscillations in the context of this task are limited.
Our objective is to help fill this gap, given that brain oscillations are a
crucial aspect of neural activity related to basic sensorimotor processing,
but also to complex cognitive processing (Baghdadi et al., 2023; Basar,
1999; Schmidt et al., 2018). Brain oscillation power changes with
respect to baseline appear as an event-related synchronization (ERS) or
event-related desynchronization (ERD), as a brain response to new
stimulation. Please notice that increases in ERS or ERD, implies increase
of synchronization or desynchronization, respectively. Now we will re-
view different studies that have addressed the dynamic changes in brain
oscillation power using the n-back task, excluding studies that did not
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consider a time-frequency approach (i.e., studies using power spectral
density in predefined time windows), given the fast changes observed in
ERS and ERD in a variety of tasks (e.g., Gomez et al., 2023).

1.2.1. Theta

Theta oscillations (around 5-7 Hz) may play a variety of roles in WM
processes. They are thought to be involved in organizing sequentially
ordered items in WM (Chen and Huang, 2016; Costers et al., 2020). They
have also been associated with central executive functioning and
cognitive control in WM (Costers et al., 2020; Dong et al., 2015; Sauseng
etal., 2009). Moreover, theta power has been linked to the manipulation
of information in WM (Costers et al., 2020), supporting the continuous
cognitive processing necessary for tasks like the n-back (Dai et al.,
2017). It has been proposed that theta activity regulates the activation of
relevant information in WM (Dong et al., 2015; Missonnier et al., 2013)
and suppresses competing memories (Dong et al., 2015). Finally, theta
oscillations contribute to the coordination of different sub-functions of
WM through interregional synchronization, and to the integration of
various cognitive processes during WM tasks.

A number of studies in adults suggest that theta oscillations, partic-
ularly in the frontal and fronto-central electrodes, are sensitive to vari-
ations in WM load. Increases in memory load in n-back tasks are
associated with higher theta power (Scharinger et al., 2015). For
instance, differences in theta activity have been reported between 0-
back and 1-back (Brookes et al., 2011; Zhao et al., 2023), 1-back and
2-back (Brookes et al., 2011; Grissmann et al., 2017; Scharinger et al.,
2017), and 0-back and 2-back (Costers et al., 2020), with an increase of
theta power with load. Although there are a few studies that have failed
to observe differences (Chen and Huang, 2016; Kao et al., 2020; Krause
et al., 2010; Missonnier et al., 2013; Scharinger et al., 2023; Semprini
et al., 2021), or found a decrease of theta with load (Dong et al., 2015),
in general it is reasonable to assume that theta power may serve as an
index of variations in memory load during WM tasks (Grunwald et al.,
2014; Langer et al., 2013; Sauseng et al., 2005), and specifically during
n-back tasks (Dai et al., 2017), although as indicated before some doubts
remain.

Theta activity may dissociate between targets and non-targets in the
n-back task. Higher theta ERS has been reported for target than for non-
target items (Gajewski and Falkenstein, 2014; Palomaki et al., 2012;
Pesonen et al., 2007); although Krause et al. (2010) did not find such
enhancement of theta ERS in association with target presentation.

Individual and age-related differences in theta oscillations have been
reported during WM tasks. For example, Klimesch (2012) found that
increased theta oscillations during the memory retention period were
linked to improved memory performance. Higher frontal theta ERS has
been associated with higher WM capacity and better cognitive abilities
(Dong et al., 2015). Finally, Missonnier et al. (2013) noted reduced-
amplitude of early frontal theta activity in subjects with attention
deficit hyperactivity disorder (ADHD) compared to controls. However,
studies of children or adolescents using WM tasks are very scarce
(Krause et al., 2010; Zhao et al., 2023), and those that are available are
restricted in terms of age range and do not provide a developmental
trajectory of brain oscillations during n-back tasks, as seen in the
delayed match-to-sample test (Gomez et al., 2023). Krause et al. (2010)
showed a higher theta ERS in the target condition in adolescents, but no
differences according to task load; however, Zhao et al. (2023), who
recruited a population aged between 9 and 17 years and focused on
differences between control and clinical groups, found an increase in
theta ERS with load.

1.2.2. Alpha

Modulation of the dominant alpha rhythm (around 8-12 Hz) has a
dual role: it must be enhanced for suppressing interference of an ongoing
processing (ERS) (Klimesch, 2012) but also at some point must be sup-
pressed to permit processing of the current stimulus (ERD) (Vazquez
Marrufo et al., 2001). In the case of the n-back task, the sequencing of an
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early ERS theta followed by a late and long standing alpha ERD has been
often reported (Krause et al., 2010; Missonnier et al., 2013; Scharinger
et al., 2015).

The post-stimulus alpha oscillation has been shown to be modulated
by load and type of target in n-back tasks. For the load effect, an increase
of ERD amplitude and/or duration with load has been the most
frequently reported result (Chen and Huang, 2016; Haegens et al., 2014;
Kao et al., 2020; Krause et al., 2010; Palomaki et al., 2012; Pesonen
etal., 2007; Scharinger et al., 2015, 2017, 2023). However, a decrease of
alpha ERD with increasing load, at least in the early period of the post
stimulus alpha ERD (Costers et al., 2020), as well as no load effect, have
been reported (Dong et al., 2015; Semprini et al., 2021; Zhao et al.,
2023). With respect to the type of target, the most typical result is an
increase of ERD in target trials relative to non-target (Krause et al., 2010;
Missonnier et al., 2013; Palomaki et al., 2012; Pesonen et al., 2007).
Therefore, regarding the processing of targets and load increase, the
most commonly reported effect, namely ERD increase, suggests the need
for enhanced processing of the presented stimulus, which requires
suppression of alpha (Klimesch, 2012). In fact, during the expectancy
period in cueing paradigms, and during the processing of targets in vi-
sual search paradigms, a reduction of alpha in the contralateral hemi-
sphere for the cue location and the presented target is obtained as an
index of active processing (Worden et al., 2000; Bacigalupo and Luck,
2019). Similarly to theta, the information for alpha during development
in n-back tasks is very limited, and no age-related changes have been
described (Krause et al., 2010; Zhao et al., 2023). Krause et al. (2010)
found an increase in alpha ERD for targets, and with load, whereas Zhao
et al. (2023) did not report load effects for alpha.

1.2.3. Beta

The frontal beta rhythm has traditionally been linked to active pro-
cessing of information (Vazquez Marrufo et al., 2001). However, a
posterior beta in the low frequency range (around 15 Hz) has been
frequently recorded and related to active information processing (Arnal
et al., 2011; Bastiaansen et al., 2010).

Beta rhythm has been found to be modulated during n-back tasks. An
increased duration of beta ERD with load increase has been described
(Missonnier et al., 2013; Palomaki et al., 2012; Pesonen et al., 2007),
and a lower beta ERD was seen in a high-load condition relative to a low-
load condition (Chen and Huang, 2016; Costers et al., 2020), although
an increase of beta ERD with load has also been described (Brookes
et al.,, 2011; Scharinger et al., 2017). The longer duration and/or
increased beta ERD was more strongly associated with target conditions
than non-target conditions (Krause et al., 2010; Palomaki et al., 2012).
In this vein, an increase of beta ERD in attentional experiments is related
to the number of items attended to (load) (Rouhinen et al., 2013). As for
theta and alpha, age-related changes have been reported for beta in the
context of n-back tasks. An increase of beta ERD amplitude has been
described in adolescents with increasing load and in target conditions
(Krause et al., 2010).

For an accurate interpretation of posterior ERD and ERS beta, it must
be taken in account that the beta rhythm during the resting state shows a
simultaneous anterior and posterior topography in children up to young
adults (Rodriguez-Martinez et al., 2017), and the posterior low beta
should be considered as a high frequency alpha rhythm that would show
similar reactivity to the alpha rhythm (Gomez et al., 2006). This inter-
pretation is supported by Costers et al. (2020), who consider alpha and
posterior beta as a continuum of oscillations related to stimulus pro-
cessing in posterior sites.

Although the high frequency gamma rhythm has frequently been
related to WM (Miller et al., 2018), in EEG studies there is always the
possibility of contamination from muscle activity and rapid retino-
corneal dipole changes produced by microsaccades (Yuval-Greenberg
et al., 2008). Therefore, this important WM-related band is not consid-
ered in the present report.
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1.3. The present study

The current study sought to investigate potential age-related changes
in EEG brain oscillations during an n-back task. While there is a growing
body of research on this task in adults, no study has comprehensively
covered a wide age range from childhood to adulthood. The objectives of
the present study were to determine possible age-related differences in
absolute and relative event-related spectral perturbation (ERSP) during
the encoding and updating phase of an n-back task. While a general
decrease of absolute ERSP with age is expected in both ERS and ERD,
due to the known decrease of EEG power with age (e.g., Segalowitz
etal., 2010), a more complex pattern is predicted for relative ERSP. The
possible mediating role of brain oscillation amplitudes between age and
behavior was explored.

We are also interested in studying the main effects of load and type of
target in different frequency bands in young adults and across age
groups. As reviewed above, there are some inconsistencies among
studies in adults, with some reporting effects in certain bands not found
in other studies. For example, while some studies have reported in-
creases in theta associated with load (Grissmann et al., 2017; Scharinger
etal., 2017), others have not observed the same patterns (e.g., Chen and
Huang, 2016; Dong et al., 2015). Similarly, previous research has re-
ported some inconsistencies regarding load effects in alpha. Some
studies reported an increase in alpha ERD amplitude with load (e.g.,
Pesonen et al., 2007), but other studies did not observe such an increase
(e.g., Zhao et al., 2023). Thus, we will conduct complementary analyses
focused on a young adult group.

In the present study, both absolute and relative power were inves-
tigated. Although relative power is a more common way to analyze time-
frequency data than absolute power, it must be taken in account that
relative power emphasizes amplitude changes over baseline, but it loses
the possible influence that current EEG bands energy might have on
stimuli processing. Therefore, the analysis of both, relative and absolute
power, would be complementary. For instance, it is expected that ab-
solute ERD and ERS will decrease with increased age due to synaptic
pruning, although some exceptions have been observed to this rule such
as the increased beta with increased age, as well as the inversion from
ERS to ERD in theta; those results were obtained in a delayed match-to-
sample test (Gomez et al., 2023). On the other hand, the relative ERD
and ERS would be expected to overcome this general effect and mainly
reflect age-related changes related to task processing. Although absolute
power would potentially be influenced by the age-related changes of
skull thickness and mineralization (Hoekema et al., 2003; Pant et al.,
2011), it has been shown that magnetoencephalography (MEG) re-
cordings, which are much less influenced by the physical properties of
the skull, mirror the reduction of power with age over a broad frequency
range. This suggests that the age-related absolute power reduction is a
genuine process observable not only through MEG but also in EEG. The
latter results indicate that although some effects on EEG power would be
due to physical changes in the skull, the basic property of reduction of
amplitude with age would still be due to physiological age-related
processes, such as synaptic pruning (Gomez et al., 2017). Therefore,
measuring absolute power remains a valid method to capture neural
maturation processes.

2. Method
2.1. Participants

The study involved 168 participants aged 6-20 years. In total, 37
participants were excluded from the initial sample (36 participants due
to EEG artifacts and 1 participant who did not understand the task),
leaving a final sample of 131 participants. The sample consisted of 56
males and 75 females. Participants were assigned to five groups ac-
cording to their age. The first group consisted of 11 boys and 7 girls in
middle childhood (aged 6-8 years). The second group comprised 10
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boys and 10 girls in late childhood (aged 9-11 years). The third group
was composed of 14 males and 17 females in early adolescence (aged
12-14 years). The fourth group was made up 15 males and 16 females in
middle adolescence (aged 15-16 years), and finally, the fifth group
consisted of 6 males and 25 females in late adolescence (aged 18-20
years). A power analysis performed using G*Power (Faul et al., 2009)
suggested that, for the design used in the present study, which involved a
mixed ANOVA with four repeated measures (target, non-target, 0-back
and 1-back) and five age groups, 100 participants are sufficient to
detect a small/medium effect size (f = 0.15) with a power (1-8) = 0.80,
and o < 0.05. Our final sample exceeded this minimum.

All children and adolescents were recruited from local schools in a
middle socio-economic area of a medium-sized city. Written informed
consent was obtained from a parent or legal guardian, and children and
adolescents were asked for their assent before the study began. Partic-
ipants in the oldest group were undergraduate students at a university.
They gave written informed consent before the first session and received
course credit for their participation. The subjects and families did not
report any neurological or psychological impairments. This study was
approved by the Research Ethics Committee of the University of Jaén,
and it was carried out in accordance with the Declaration of Helsinki.

2.2. Experimental task

Participants performed a visual n-back with two levels of complexity:
0-back and 1-back. Each trial began with the presentation of a fixation
cross (+) in the center of the screen for 2000 ms. Then, a stimulus pair
consisting of a letter of the alphabet (B, C, D, F, G, H, J,K,L, M, N, P, Q,
R,S,T,V,W,X,Y,Z)and asymbol (!, #, $, %, (, /,?, @,}, }, (, &, <, =, >,
+, §, ©, Y, &) was presented. Both stimuli appeared side by side, with an
eccentricity of 4.8 deg. on the horizontal plane. In all trials, the location
of each stimulus (i.e., right or left) was determined pseudorandomly.
Stimuli were presented for 2000 ms because this response window al-
lows the assessment of ERPs related to selection, matching and updating
processes. The interstimulus interval was set to 1500 ms (Fig. 1).

In the 0-back task, participants had to indicate whether the letter
appearing on the screen was the letter X, whereas in the 1-back task,
participants had to determine whether the current stimulus matched (by

Target
2000 ms

ISI
1500 ms

Non Target
2000 ms

0-back

4 lists: 60 items:
40 pairs: letters (B-Z) & symbol

20 pairs: X & symbol
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pressing the “yes” key on a serial response box) or did not match (by
pressing the “no” key) the previous one. Participants were instructed to
respond using two fingers of their dominant hand.

The experiment consisted of four blocks, each comprised of two lists:
one for the 0-back level and one for the 1-back level. Thus, there were
eight lists, four for each of the n-back levels. Each list consisted of 60
trials, 20 requiring a “yes” response (33.3 % target) and 40 requiring a
“no” response (66.7 % non-target), making a total of 480 trials. To
prevent fatigue, a short break was allowed after each block.

The tasks were administered to the oldest group in a laboratory at the
university, while the rest of the groups were tested in a quiet room in
their school or high school. For the latter groups, especially the younger
ones, parents were given the opportunity to accompany their children
during the experiment, as long as they remained silent and out of sight of
the participants. Participants were seated in a chair about 70 cm from
the computer screen and were instructed to maintain a comfortable
posture and to avoid eye movements and blinking during the experi-
mental trials.

2.3. Recording and pre-processing of the EEG data

In an extended version of the International 10-20 system, an elec-
trode cap with 32 scalp sites (Fz, Cz, Pz y Oz, Fp2, F4, F8, Fc2, Fc6, C4,
Cp2, Cp6, Tpl0, P4, P8 y 02, Fpl, F7, F3, Ft9, Fc5, Fel, C3, Cp5, Cpl,
P7, P3, O1) was fitted to the participant’s head, with the ground elec-
trode at the mid-anterior frontal electrode and the reference electrode at
the left mastoid (Tp9). Three additional electrodes were placed around
the eyes to record vertical and horizontal eye movements, and the Fp2
electrode was also used to record vertical eye movements. EEG data
were recorded and digitized using a BrainVision ActiChamp amplifier
and the BrainVision Recorder software (Brain Products, Munich, Ger-
many). The EEG was recorded at a sampling rate of 500 Hz, and the
impedance was kept below 10 kQ. EEG data pre-processing was per-
formed with the BrainVision Analyzer v.2.1 (Brain Products, Munich,
Germany), EEGlab v2020.0 (Delorme and Makeig, 2004) and FieldTrip
v20220104 (Oostenveld et al., 2011) software packages using Matlab
R2016a (MathWorks Inc., Natick, MA, USA).

A band-pass filter (low cutoff: 0.1 Hz, high cutoff: 40 Hz, time

Non Target
2000 ms

Target
2000 ms

1-back

4 lists: 60 items:

40 pairs: Non target & symbol
20 pairs:  Target & symbol

Fig. 1. Display of 0-back and 1-back Trials. Note. Examples of item sequence for 0-back (on the left) and 1-back (on the right) lists. A response was required each time
a stimulus was presented, affirmative if it matched the target and negative if it did not. There were four lists consisting of 60 trials (33.3 % targets) for each level.
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constant: 0.3, order 2) was applied using a Butterworth digital filter to
obtain a well-filtered signal with zero phase shift. Then, independent
components (ICAs) related to eye movements or blinks were eliminated
using the restricted infomax algorithm (Makeig et al., 1997), as imple-
mented in Brain Vision Analyzer 2.

Data were referenced to the average of the left and right mastoid
(TP9 and TP10, respectively). Epochs were extracted from raw EEG,
with a total duration of 4500 ms, 1000 ms before stimulus presentation
and 3500 ms after stimulus presentation. These long epochs permitted
the exclusion of edge artifacts at baseline (from —500 to —100 ms before
stimuli presentation) and post-stimuli ERSP. The baseline was set before
the arrival of stimuli, to minimize power spread at baseline due to the
convolution of Morlet wavelets with the EEG signal (Cohen, 2014).
These epochs permitted us to observe the ERSP related to the processes
of encoding and updating (Pesonen et al., 2007; Krause et al., 2010).
Epochs with codes associated with trials with omissions or commission
errors were excluded from the subsequent analysis.

Finally, an artifact rejection procedure was implemented with a
rejection threshold +100 pV for adolescents and young adults (12 years
and older), and a threshold +150 pV was used for participants in middle
and late childhood (from 6 to 11 years). The decision to use different
voltage thresholds according to age was based on previous findings
indicating differences in EEG spectral power between children and
adults. Specifically, children were found to have higher spectral power
compared to adults (Barriga-Paulino et al., 2011), such that applying the
same criterion to children would result in a disproportionately large
amount of rejected data. Consequently, a higher artifact rejection
threshold was used for children under 12 years of age to account for age-
related changes in spectral power. For one subject to be admitted for
subsequent analysis, a minimum of 15 trials in each condition was
requested. Table 1 reports the number of participants per age group and
the mean number of trials included per condition.

2.4. Time frequency analyses

The FieldTrip toolbox (version 20,220,104) was used for time-
frequency analyses (Oostenveld, et al., 2011). The time-frequency rep-
resentation (TFR) for each participant and condition (type of target and
load) was calculated using a Morlet wavelet (width = 6) for EEG fre-
quencies ranging from 2 to 30 Hz in steps of 0.5 Hz. The pre-stimulus
time interval (—500 ms to —100 ms) was used as the spectral baseline.
For the first set of analyses, log10 transform of the quotient between the
power in each trial relative to its baseline (expressed in dB) was
executed. In a second set of analyses, the absolute change with respect to
the baseline was calculated.

The present study focused on the following oscillatory EEG bands,
which have previously been investigated in n-back research and pre-
sented an amplitude modulation in theta (4-6 Hz), alpha (8-13 Hz), and
beta (16-22 Hz) (e.g., Chen and Huang, 2016; Gevins et al., 1998;
Gevins and Smith, 2000; Haegens et al., 2014; Krause et al., 2010;
Pesonen et al., 2007; Scharinger et al., 2017). In order to identify the
time range of interest, the maximum and 50 % power values, prior to
and after the maximum, were obtained for each EEG band after
collapsing ERSP data across subjects and conditions (Fig. 2). For the
selection of electrodes, a topographical representation of the ERSP for

Table 1
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the selected frequencies and time windows was displayed, and the
electrodes with maximum ERSP values were selected. Please note the
non-biased method used for the selection of electrodes and time win-
dows, where ERSPs for experimental conditions and subjects were
averaged together. The different time frequency windows and electrodes
identified for subsequent statistical analyses are presented in Table 2.

There are several reasons for choosing the above described time-
frequency analysis method instead of cluster-mass permutation (Maris
and Oostenveld, 2007): (i) the number of electrodes (30), age groups (5),
relative and absolute power (2), would have produced 600 time-
frequency panels statistical comparisons, (ii) the high number of time-
frequency points would reduce the possibility to obtain significant re-
sults, (iii) the computed ANOVAs (see below) imply three factors (type
of target, load and age groups), resulting in a number of interactions of
the factor effects that cannot be analyzed in a straightforward manner
with cluster-mass permutation, and (iv), the age evolution of power
would not be so graphically expressed as it is now in the displayed
figures.

2.5. Statistical analyses

RTs and d-prime (d) were used as dependent variables in the
behavioral analyses. RTs were computed separately for each load con-
dition (0-back and 1-back). RTs from incorrect trials and practice lists
were discarded, as well as those RTs below 200 ms and those exceeding
3.5 standard deviations from the mean RTs of each participant and
condition. As a result, 0.72 % of the RTs were excluded from further
analysis. As a measure of sensitivity to discriminate between targets and
non-targets, we used the d parameter, which was calculated using the
formula d' = Zyjts — ZralseAlarms, and following the fourth method sug-
gested by Stanislaw and Todorov (1999), to avoid indeterminate
d values.

The data (RTs and d values) were subjected to two mixed-model
ANOVAs with load (0-back, 1-back) as the within-subject variable and
age group as the between-subject variable. Follow-up ANOVAs were
conducted when there were significant interactions. Post-hoc pairwise
tests with Bonferroni correction for multiple comparisons were per-
formed to examine main effects (e.g., age group differences). Alpha was
set at 0.05.

For the statistical analyses of TFR, the EEG processing was repeated
to focus on the time window of interest (using an epoch of —1000 to
2000 ms) in order to decrease the number of rejected trials following the
same protocol defined previously. Once the ERSPs were obtained, a
baseline from —500 to —100 was applied. We conducted a series of
mixed-model ANOVAs on mean ERSP values for each frequency band
(theta, alpha and beta) and measure of power (dB and absolute). Rela-
tive power was computed as dB = 10 * LOG,o(pV? poststimulus/pVv? at
baseline), Absolute power was computed by subtracting the value at
baseline from the power in the analyzed time-frequency window.

These ANOVAs included load (0-back, 1-back) and type of target
(target, non-target) as within-subject variables and age group as a
between-subject variable. Follow-up ANOVAs were conducted in case of
interactions, and post-hoc pairwise tests with Bonferroni correction
were performed to test the main effects.

Given the scarcity of studies including children and adolescents on

Characteristics of participants included in the analysis after artifact rejection and mean number of trials per condition.

Age n Gender (male/female) Handedness (left/right) Age Mean (SD) Mean (SD) number of trials included

0-back-T 0-back-nT 1-back-T 1-back-nT
6-8 18 11/7 1/17 7.7 (0.93) 43.8 (15.9) 81.7 (30.1) 27.6 (11.0) 65.8 (28.8)
9-11 20 10/10 1/19 10.5 (0.77) 47.5 (18.8) 93.0 (39.3) 40.7 (17.8) 87.3 (35.8)
12-14 31 14/17 4/27 13.6 (0.88) 50.7 (15.2) 97.2 (32.8) 44.9 (19.1) 92.9 (37.6)
15-17 31 15/16 6/25 16.5 (0.91) 58.1 (17.4) 114.4 (34.9) 55.6 (16.4) 119.0 (33.5)
18-20 31 6/25 0/31 19.6 (0.83) 57.0 (16.1) 110.9 (35.4) 56.7 (18.2) 111.4 (38.2)
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Fig. 2. Average relative event-related spectral perturbation (ERSP) panels and topography for theta, alpha and beta during the n-back task collapsed across subjects
and conditions. Note. Panel 2A: Relative ERSP topographies of selected frequencies. Panel 2B: Time-frequency display collapsed across subject and conditions for
selected electrodes in the different regions. The squares in 2B represent the time interval and the frequency windows selected for subsequent analyses. Panel 2C:
Relative ERSP (collapsed across subjects and conditions) over time of the selected frequency windows. The squares in 2C represent the time windows selected for
subsequent analyses, which were defined by the time points before and after the maximum power value at which 50 % of the power value was reached.

Table 2
Time frequency windows identified for statistical analyses.

Frequency Electrodes Frequencies Time interval Time interval
band dB absolute

Alpha 01 0z 02 8.0-13 0.24t00.94s 0.21t01.15s
Beta P3 Pz P4 16.0-22 0.28t00.86s 0.27 t0 0.88 s
Theta FC1FC2FzCz  4.0-6.0 0.07 t0 0.82s  0.08 t0 0.78 s

oscillatory behavior in n-back tasks, and because most of the research
has been conducted in adults, an additional and preliminary set of an-
alyses was conducted specifically on the young adults group. This was
done to allow us to compare the present results with previous findings
reported in other adult studies.

Finally, a set of analyses examined the possible mediating role of
ERSP in the relationship between age and behavioral measures. Fig. 3
represents the general model. The coefficient a refers to the relationship
between age and power. The coefficient b is the relationship between

Behavioral
measures

Age

Fig. 3. Path diagram of the mediation model.

power and behavioral measures. The term a x b quantifies the indirect
effect of age on behavioral measures through the mediator. The coeffi-
cient c represents the total effect of age on behavioral measures. The
coefficient ¢’ indicates the effect of age on behavioral measures inde-
pendent of the mediator. Variables were standardized in the mediation
analyses. False discovery rate (FDR) was used for correcting the alpha
level after multiple comparisons. These analyses were performed using
the lavaan package (Rosseel, 2012) in R (version 4.2.0; R Core Team,
2022).

3. Results
3.1. Behavioral data

3.1.1. Response times

A mixed ANOVA model with age group (G-6-8, G-9-11, G-12-14, G-
15-17, and G-18-20), load level (0-back, 1-back) and type of target
(target, non-target) as independent variables and reaction time as the
dependent variable was computed. For RTs, the results showed signifi-
cant main effects of age group, F(4, 126) = 65.14, p < .001; yp2 = 0.674,
due to a reduction of RTs with age; of load level, F(1, 126) =179.39,p <
.001; yp2 = 0.587; 0-back (M = 791) < 1-back (M = 879); and of type of
target, F(1, 126) = 26.31, p < .001; yp2 = 0.173; target (M = 821) <
non-target (M = 849); as well as interaction effects of load and type of
target F(1, 126) = 12.85, p < .001; yp2 = 0.093; and of age, load, and
type of target, F(4, 126) = 2.97, p = .022; yp2 = 0.86 (Fig. 4A). To
decompose the higher-order interaction, we examined the effects of age
and type of target separately for each level of load.

The analysis of the 0-back condition showed significant effects of age
group, F(4,126) =71.73, p < .001, yp2 = 0.695; and type of target, F(1,
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Fig. 4. Means response times and d' as a function of age group, type of target, and load. Note. Please note the decrease in RTs (Panel A) and the increase in d (Panel B)
with age; the load effect: 0-back showed shorter RTs and higher performance accuracy than 1-back; and the type of target effect: non-targets resulted in longer RTs
than targets. Panel A represents RTs, and Panel B represents d. Error bars represent 2 standard errors.

126) = 9.72, p = .002, yp2 = 0.072, due to longer times for non-targets
(M = 798) than for targets (M = 784). The Bonferroni post-hoc analysis
of group is described in Supplementary Table 1, and it shows a signifi-
cant difference among all groups except between the oldest groups (G-
15-17 and G-18-20). The analysis of the 1-back condition showed
analogous results to those described for the 0-back condition. There
were significant effects of age group, F(4, 126) = 49.28, p < .001, yp2 =
0.610; and type of target, F(1, 126) = 25.53, p < .001, yp2 = 0.168, due
to longer RTs for non-targets (M = 900) than for targets (M = 858).
Bonferroni post-hoc t-tests (Supplementary Table 1) of RTs showed
differences among all age groups except between the G-9-11 and G-12-
14 groups, and between the G-15-17 and G-18-20 groups.

In summary, three main results were found for RTs: shorter times
with age, longer times in 1-back than in 0-back, and longer times in non-
targets than in targets.

3.1.2. d-Prime (d)

An ANOVA was computed with d' as the dependent variable and age
and load as independent variables. Type of target was not included in
this analysis, given that d' is calculated from the performance in target
and non-target conditions. The results showed significant effects of age,
F(4,126) = 17.70, p < .001; yp2 = 0.360 due to an increase of d with
age, and of load level, F(1, 126) = 170.55, p < .001; yp2 = 0.575; 0-back
(M = 4.36) > 1-back (M = 3.45); there was also a significant interaction
between age and load level, F(4, 126) = 3.41, p = .01; yp2 = 0.098
(Fig. 4B). Separate post-hoc analyses were conducted for each level of
memory load. For 0-back, the post-hoc tests showed significant differ-
ences of the G-6-8 group with the G-12-14, G-15-17 and G-18-20 groups
(Supplementary Table 2). For the 1-back condition, there were signifi-
cant differences between group G-6-8 and all of the other four age
groups; between the G9-11 group and the G-15-17 and G-18-20 groups;
and between the G-12-14 and the G-18-20 group. This suggests that an
asymptotic level of d'is reached earlier in the 0-back than in the 1-back.
(Supplementary Table 3).

3.2. Event-related spectral perturbation

In our sample, there was an age difference between the gender
groups (girls were older than boys: Mgirls = 15.22, Mboys = 13.36; p =
.01). In a set of preliminary analyses, the possible effect of gender and
the interaction age group x gender on all TFR dependent variables were
tested for by two-way ANOVAs. Gender was found to be significant only
for absolute beta ERD, F(1, 121) = 4.21, p = .04; yp2 = 0.03, indicating
somewhat greater beta desynchronization among female (M = —105.2)
compared to male participants (M = —67.4). No other gender-related
effects or gender interactions with age group reached significance (ps
> .17). Therefore, possible age-related differences were not confounded
by gender effects. In order to simplify the ANOVA design and enhance

statistical power, gender was not included in subsequent ANOVAs.
3.2.1. Theta

3.2.1.1. Initial analysis for the adult group. The ANOVA (load x target)
for the adult group showed that, for the relative ERSP, there was a sig-
nificant interaction between type of target and load, F(1, 30) =7.66,p <
.010; yp2 = 0.203. This interaction was driven by a significant load ef-
fect in the target condition, t(30) = 2.59, p = .015, with 0-back (M =
1.98) > 1-back (M = 1.85). The load effect did not reach significance in
the non-target condition, t(30) < 1. The means are displayed in Fig. 5.

For the absolute theta ERSP in the adult group, the effect of type of
target presents a trend for significance, F(1, 30) = 4.00, p = .055; p2 =
0.118, as well the interaction between type of target and load, F(1, 30)
=7.02,p=.013; yp2 = 0.190, reached significance. The interaction was
due to a load effect for targets, t(30) = 2.147, p = .04, with 0-back (M =
1092) > 1-back (M = 1009), which was not observed for non-targets (p
< 1) (see Fig. 5).

3.2.1.2. Analysis across age groups. For the relative theta ERSP, there
were significant effects of the age group, F(4, 126) = 8.81, p < .001; yp2
=0.219; load, F(1, 126) = 9.31, p = .003; yp2 = 0.060, with more theta
synchronization in 0-back (M = 1.52) than in 1-back (M = 1.35), and of
type of target, F(1, 126) = 5.4, p = .022; yp2 = 0.041, with more theta
synchronization in the target (M = 1.50) than non-target (M = 1.36)
condition. There was also a significant interaction effect of age group,
type of target and load, F(4, 126) = 2.77, p = .03; yp2 = 0.081 (Fig. 6A).
The Bonferroni post-hoc analysis, which is described in Supplementary
Table 4, showed a significant difference between G-6-8 and groups G-12-
14, G-15-17 and G-18-20; and between G-9-11 and G-18-20. Subsequent
t-test analysis revealed that the significant difference between target and
non-target occurred only in the 0-back in the G-15-17 and G-18-20
groups (p = .007 and p = .008, respectively).

For the absolute theta ERSP, there was a significant effect of age
group, F(4, 126) = 6.39, p < .001; yp2 = 0.169; load, F(1, 126) = 6.69, p
= .011; yp2 = 0.05, with more theta synchronization in 0-back (M =
1505) than in 1-back (M = 1308), and of type of target, F(1, 126) = 6.58,
p = .012; yp2 = 0.05, with more theta synchronization in the target (M
= 1518) than non-target (M = 1296) condition (Fig. 6B). The Bonferroni
post-hoc analysis is described in Supplementary Table 5 and shows
significant differences between the G-9-11 group with G-15-14, the G-
15-17 and G-18-20 groups.

3.2.2. Alpha
3.2.2.1. Initial analysis for the adult group. The ANOVA (load x target)

of the relative alpha ERSP in the group of young adults showed a main
effect only of type of target, F(1, 30) = 12.31, p = .001, yp2 = 0.291,
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theta ERS with age and the decrease in absolute ERS theta with age. Error bars represent 2 standard errors.

with a somewhat higher ERD in targets (M = —0.92) than in non-targets
(M = —0.49) (Table 3). Means are displayed in Fig. 5. The analogous
ANOVA of the absolute alpha ERSP values showed a main effect of type

Table 3
Summary of the ANOVA (type of target x load) results for the adults group.

Load Target Load x target
Relative theta (O-b>1b)inT
Absolute theta T >nT (0-b>1-b)in T
Relative alpha T >nT
Absolute alpha T >nT
Relative beta 1-b > 0-b T >nT
Absolute beta 1-b > 0-b

Note. T: Target, nT: non-Target; 0-b: 0-back; 1-b: 1-back. Theta comparisons are
of ERS, and alpha and beta corresponds to ERD comparisons. Higher ERS means
higher theta synchronization. Higher alpha or beta ERD means higher
desynchronization.

of target, F(1, 30) = 4.68, p = .039, yp2 = 0.135. Absolute alpha pre-
sented a higher ERD in the target (M = —489) than in the non-target (M
= —376) condition.

3.2.2.2. Analysis across age groups. For the relative alpha ERSP, there
was a significant effect of age group, F(4, 126) = 3.57, p = .009; yp2 =
0.102; load, F(1, 126) = 10.32, p = .002; yp2 = 0.076, with more alpha
desynchronization in 1-back (M = —1.97) than in 0-back (M = —1.73),
and of type of target, F(1, 126) = 48.71, p < .001; yp2 = 0.279, with
more alpha ERD in the target (M = —2.06) than in the non-target (M =
—1.63) condition (Fig. 7A) (Table 4). The Bonferroni post-hoc analysis is
described in Supplementary Table 6, and shows differences between G-
6-8 with G-18-20, and between G-15-17 with G-18-20.

For the absolute alpha ERSP, there were significant effects of age
group, F(4, 126) = 2.78, p = .030, yp2 = 0.081, and type of target, F(1,
126) = 6.93, p = .01, yp2 = 0.052, due to a higher ERD in targets (M =
—2243) than in non-targets (M = —1902). The interaction of load and
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and absolute alpha ERD with age. Error bars represent 2 standard errors.

Table 4
Summary of the ANOVA (age group x type of target x load) results.

Load Target Age Load x Load x target x
target age
Relative 0-b > T >nT G-6-8 < All; G- [(0-b > 1-b) in
theta 1-b 9-10 < T] in G-15-17 &
G18-20 G-18-20 groups
Absolute 0-b > T >nT G-9-11 > (G-
theta 1-b 15-17 & G-18-
20)
Relative 1-b > T >nT G-6-8 > G-18-
alpha 0-b 20; G-15-17 >
G-18-20
Absolute T >nT G-6-8 > G-18- (T >
alpha 20 nT) in
1-b
Relative 1-b > T >nT
beta 0-b
Absolute 1-b > T >nT G-9-11 > G-
beta 0-b 18-20

Note. T: Target, nT: non-Target; 0-b: 0-back; 1-b: 1-back. Theta comparisons are
of ERS, and alpha and beta corresponds to ERD comparisons. Higher ERS means
higher theta synchronization. Higher alpha or beta ERD means higher
desynchronization.

type of target was also significant, F(1, 126) = 4.42, p = .037; yp2 =
0.034 (Fig. 7B). The Bonferroni post-hoc analysis of group appears is
described Supplementary Table 7, and shows a significant difference
between the G-6-8 with G-18-20 groups. The interaction of load and type
of target was due to a significant higher alpha ERD for target (M =
—2133) than for non-target (M = —1714) only in 1-back (p = .019).

3.2.3. Beta

3.2.3.1. Initial analysis for the adult group. When considering relative
beta ERD in the adult group, the ANOVA (load x type of target) revealed
a main effect of load, F(1, 30) = 14.4, p < .001; yp2 = 0.325, with more
negative values in 1-back (M = —0.80) than in 0-back (M = —0.52), and
a main effect of type of target, F(1, 30) = 8.00, p = .008; yp2 = 0.211,
with targets showing more negative values (M = —0.75) than non-
targets (M = —0.58) (see Fig. 6).

For absolute beta in the adult group, the analogous analysis revealed
only a main effect of load, F(1, 30) = 9.42, p = .005; yp2 = 0.239, with
more negative values in the 1-back (M = —50.6) than in the 0-back load
condition (M = —37.0). Neither the effect of type of target (p > .07) nor
the interaction effect (F < 1) was significant. Means are represented in
Fig. 6.

3.2.3.2. Analysis across age groups. For relative beta ERD, there was a
significant effect of load, F(1, 126) = 32.67, p < .001; yp2 = 0.206, with

more beta desynchronization in 1-back (M = —0.96) than in 0-back (M
= —0.73), and of type of target, F(1, 126) = 39.69, p < .001; yp2 =
0.240, with more beta desynchronization in the target (M = —0.96) than
non-target (M = —0.72) condition (Fig. 8A).

For absolute beta ERD, there was a significant effect of age group, F
(4, 126) = 3.00, p = .02; yp2 = 0.087; load, F(1, 126) = 6.48, p = .012,
yp2 = 0.049, with more beta desynchronization in 1-back (M = —91.95)
than in 0-back (M = —78.24), and of type of target, F(1, 126) = 23.27, p
< .001; yp2 = 0.156, with more beta desynchronization in the target (M
—96.63) than non-target (M = —73.55) condition (Fig. 8B). The
Bonferroni post-hoc analysis of group is described in Supplementary
Table 8, and shows a significant difference between the G-9-11 and G-
18-20 groups in absolute beta ERD.

Tables 3 and 4 show a summary of the ANOVA results of the ERD and
ERS of theta, alpha and beta, for adults and across ages respectively.

3.3. Mediation analyses

The results of the mediation models with age as a predictor are
presented in Table 5. Age was a significant predictor of most ERSP
amplitudes (coefficients a). As for the mediation effect of ERSP in the
relationship between age and behavioral measures (coefficients a x b),
only relative theta emerged as a significant mediator. Specifically, the
increase of relative theta had a mediation effect between age and d' in
the 1-back level (a x b = 0.032, p = .003). Further, relative theta was
also a mediator of the effect of age on RTs in both levels of the n-back,
indicating that the increase of ERS theta contributed to the decrease of
RTs with age (@ x b = —0.021, p = .006; a x b = —0.024, p = .004,
respectively for 0 and 1-back).

4. Discussion

The behavioral results of this study showed the expected decrease in
RTs and increase in d with age, where the RTs increased and
d' decreased with load. Posterior alpha and beta ERD, and frontocentral
theta ERS, were generated as brain responses to the task. Age-related
differences in absolute and relative ERS and ERD during n-back per-
formance were investigated. The results showed that while relative theta
ERS increased with age, absolute theta ERS, absolute and relative alpha,
and absolute beta ERD, decreased. There was a general trend of higher
amplitude of theta ERS, alpha and beta ERD in the target than in the non-
target condition. Further, alpha and beta showed higher ERD amplitude
in the in the 1-back, while ERS theta presented a higher amplitude in the
0-back condition. The mediation analyses showed that relative theta was
the brain oscillation that mediated the relationship between age and
behavior. When the young adult group was considered independently,
the theta ERS amplitude increased in the target condition for the 0-back,
while absolute theta ERS, relative and absolute alpha and relative beta
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Table 5
Mediation analyses: standardized direct and indirect effects of age on behavioral measures through ERSP amplitudes.

Outcome Load Mediator a b axb 95 % CI ¢ c

Absolute

d 0-back Alpha 0.056* —0.094 —0.005 [-0.015, 0.004]
0-back Beta 0.069* 0.020 0.001 [-0.01, 0.013]
0-back Theta —0.068* 0.002 0.000 [-0.011, 0.011]
1-back Alpha 0.053* —0.057 —0.003 [-0.011, 0.005]
1-back Beta 0.057* 0.191* 0.011 [0, 0.022]
1-back Theta —0.049* 0.239% —0.012 [-0.023, 0]

RT 0-back Alpha 0.056* 0.068 0.004 [-0.003, 0.01]
0-back Beta 0.069* —0.026 —0.002 [—0.009, 0.006]
0-back Theta —0.068* —0.076 0.005 [-0.003, 0.013]
1-back Alpha 0.053* 0.055 0.003 [-0.004, 0.01]
1-back Beta 0.057* —0.061 —0.004 [-0.011, 0.004]
1-back Theta —0.049* —0.120 0.006 [-0.002, 0.013]

Relative (dB)

d 0-back Alpha 0.055* —0.038 —0.002 [-0.011, 0.007]
0-back Beta 0.045 0.000 0.000 [-0.007, 0.007]
0-back Theta 0.119** —0.003 0.000 [-0.022, 0.021]
1-back Alpha 0.042 —0.014 —0.001 [-0.006, 0.005]
1-back Beta 0.030 0.187* 0.006 [-0.003, 0.014]
1-back Theta 0.114** 0.281%* 0.032* [0.012, 0.052]

RT 0-back Alpha 0.055* 0.041 0.002 [—0.004, 0.008]
0-back Beta 0.045* —0.047 —0.002 [-0.007, 0.003]
0-back Theta 0.119%* —0.178* —0.021~ [-0.036, —0.006]
1-back Alpha 0.042 —0.028 —0.001 [—0.006, 0.004]
1-back Beta 0.030 —0.103 —0.003 [-0.009, 0.002]
1-back Theta 0.114%* -0.211* —0.024* [-0.041, —0.008]

Note: p-Values were adjusted using FDR; a: coefficients for the path from age to ERSP amplitudes; b: coefficients for the path from ERSP amplitudes to behavioral
measures; a x b: indirect effects of age on behavioral measures through ERSP amplitudes; ¢": direct effects of age on behavioral measures; c: total effects of age on

behavioral measures; CI: confidence interval for the coefficients a x b.

" p < .001.
" p<.05.

ERD increased with the presentation of targets, and beta ERD increased
in the 1-back condition. This developmental study suggests that theta
ERS maturation is a crucial developmental step for improving WM
performance during n-back tasks, while posterior alpha and beta are also
maturing but are less important determinants of behavioral performance
improvement with age, probably because the alpha-beta suppression
level in young children is already sufficient to permit task focusing.

4.1. N-back performance

The behavioral results showed a general trend toward a decrease in
RTs and improvement in accuracy with age (Kwon et al., 2002; Lopez-
Vicente et al., 2016; Pelegrina et al., 2015; Schleepen and Jonkman,
2009; Vuontela et al., 2003). The improvement of RTs with age inde-
pendent from the type of task should be attributed to general
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developmental changes in processing speed (Fry and Hale, 2000; Kail
and Miller, 2006) which could be due to age-related changes in white
matter microstructure (Peters et al., 2014). Task effects independent of
age would reflect the higher difficulty of 1-back compared to 0-back
tasks due to the different substitution requirements (Pelegrina et al.,
2020). The improvement in accuracy with age may result from increased
distance in terms of the neural representation of presented items, as
suggested by signal detection theory (Macmillan and Creelman, 2004),
due to a sharpening of these representations with age. This process could
also operate in the 0-back task due to repetition suppression of the 0-
back target (Barron et al., 2016). However, to substantiate this latter
interpretation, the neural activity of individual neurons, or the minimal
morphological differences between standard and deviants needed for
generating a reliable visual mismatch negativity, should be ascertained
in a developmental context.
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4.2. Brain oscillations

After collapsing the TFR results of all the conditions and age groups,
three different brain oscillations appeared: an early and short-duration
fronto-central ERS theta, a long-standing posterior alpha ERD and, a
short-duration posterior beta ERD. Regarding the beta posterior ERD, it
is difficult to disentangle it from posterior alpha in terms of frequency,
given that Loreta studies localizing posterior oscillations have shown
that posterior low beta rhythms would form a continuous pattern with
posterior alpha rhythms, interpretable as the high frequency tail of the
alpha rhythm (Gomez et al., 2006; Costers et al., 2020). However, the
present results showed a more parietal topography for beta ERD when
compared with alpha ERD, therefore it is possible that beta ERD reflects
not only the high frequency tail of posterior alpha, but also beta ERD
related to motor responses (McFarland et al., 2000). This set of theta,
alpha and beta oscillatory patterns has been broadly described in pre-
vious results of n-back tasks in children, adolescents and adults (Costers
et al., 2020; Pesonen et al., 2007; Scharinger et al., 2015, 2017, 2023).
As indicated before, there is controversy in the literature regarding how
the type of target and load impact the brain oscillations generated
during the n-back task in adult subjects. Therefore, we analyzed young
adults in terms of brain oscillations related to WM operation.

In our young adult group, the observed increase of theta ERS under
the lower load (0-back > 1-back) only for the target condition, and the
lack of a load effect in the non-target condition, is consistent with pre-
vious results that failed to find load effects in theta (Chen and Huang,
2016; Dong et al., 2015; Kao et al., 2020; Krause et al., 2010; Missonnier
et al., 2013; Scharinger et al., 2023; Semprini et al., 2021), and those
that found an increase of theta for the target condition (Gajewski and
Falkenstein, 2014; Palomaki et al., 2012; Pesonen et al., 2007). With
respect to alpha and beta ERD, the general trend was of increasing ERD
with greater task difficulty and with targets; this was seen in a more
restricted manner for alpha (target > non-target), relative to beta, where
the effect of task difficulty was more evident with a higher ERD in 1-back
and target conditions. This trend of higher ERD with more difficult tasks
and targets has been extensively described in previous studies (Brookes
et al., 2011; Chen and Huang, 2016; Haegens et al., 2014; Kao et al.,
2020; Krause et al., 2010; Palomaki et al., 2012; Pesonen et al., 2007;
Scharinger et al., 2015, 2017, 2023). Taken together, the results suggest
that an increase in alpha and beta ERD for the more engaging conditions
would help the networks processing the received stimuli to accomplish
the intended goal. The most consistent involvement of alpha and beta for
processing the most difficult conditions (1-back and target), suggests
that the increased cortical disinhibition indexed by alpha and beta ERD
is more crucial than theta ERS activity for processing the most difficult
and engaging conditions.

4.3. Developmental trajectories in brain oscillations

From a developmental point of view, the most important questions
that arise from the present report in relation to WM operation are: (i)
how the different brain rhythms evolve with age, (ii) which brain os-
cillations are most related to behavioral performance across develop-
ment, and (iii) whether it is possible to unequivocally define the
relationships of some of the obtained brain oscillations with the
encoding and updating processes during development. These points
should be addressed from a transversal perspective.

With respect to how the different brain rhythms evolve with age,
there was an increase of relative theta ERS, and a reduction of absolute
theta ERS, absolute and relative alpha and absolute beta ERD. Other
authors (Krause et al., 2010; Zhao et al., 2023) reported the same brain
oscillatory patterns of theta, alpha and beta obtained in the present
study, but they did not describe age dependence or developmental
trajectories.

In the present report, the absolute ERS theta and absolute ERD alpha
and beta decreased with age, a result that could be related to the general
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reduction in power for brain rhythms with age due to synaptic pruning
(Barriga-Paulino et al., 2011; Segalowitz et al., 2010). More interesting
is the increase in relative power obtained in theta, which implies that the
relative strength of theta with respect to baseline increases with age. The
mediational analysis also showed that maturation of relative (increase
with age) were critical for improving WM performance with age. In a
developmental study of TFR in another WM task, the DMTS, in which
developmental trajectories of absolute brain oscillations were obtained
(Gomez et al., 2023), a decrease of absolute power with age was also
observed for most brain oscillations and in particular for an early pos-
terior theta. Interestingly, theta also exhibited a mediational role with
respect to behavioral performance. The present report and Gomez et al.
(2023) indicate that theta maturation is crucial for behavioral perfor-
mance improvement with age, in terms of both accuracy and RTs. Up to
a point, it is possible that the ERSP in the theta range presented here
could be in part due to the presence of a P300 ERP component, which
has been shown to decrease with age in terms of absolute values
(Pelegrina et al., 2020; Polich, 2011; Van Dinteren et al., 2014). Given
the long-standing proposal that P300 is related to the process of memory
encoding (Polich, 2007), it is possible that the increase in theta relative
power observed in the present report is related to an improvement of
memory encoding with age. Therefore, the observed reduction in P300
amplitude with age would be associated to the decrease in absolute
theta. However, to support this conclusion a topographic similarity, and
a significant correlation between P300 and theta should be obtained.
The influential role of theta in encoding is supported by the observed
differences between the target and non-target conditions, given that the
latter condition requires new encoding while the former needs only
reinforcement of the currently encoded item in memory.

Absolute alpha and beta ERD showed a decrease in amplitude with
age, as has been described previously for spontaneous and stimuli-linked
brain oscillations (Barriga-Paulino et al., 2011; Gomez et al., 2023;
Segalowitz et al., 2010); this result is likely due to synaptic pruning with
age. However, the observed reduction of relative alpha ERD with age,
covarying with (although not mediating) developmental behavioral
trends, implies a general phenomenon, given the broadly accepted dual
role for alpha: (i) would reflect inhibition of the visual cortices to control
for interferences (alpha ERS), and (ii) would facilitate the processing of
visual stimuli by disinhibiting the cortical networks needed for current
stimulus processing (alpha ERD). Therefore, the reduction of relative
alpha ERD with age would reflect a lower dependency of cortical
disinhibition for effective visual processing as brain matures (Gratton,
2018; Heinrichs-Graham and Wilson, 2015; Lenartowicz et al., 2014) .
Moreover, the very low alpha ERD obtained in the adult group would
possibly be related to the easy nature of the task, which would require a
very low cortical disinhibition for further target processing. The higher
relative alpha and beta ERD in the 1-back condition suggests that more
cortical disinhibition is needed for more difficult tasks (1-back > 0-
back), with a higher level of focused attention required for processing
the stimuli (Gratton, 2018). The higher ERD obtained for targets also
suggests a greater focus on targets than non-targets, probably due to the
target shape validation needed in the presence of a target. In contrast,
non-targets can be recognized simply based on discordance between the
features of the stimulus stored in memory and the new stimuli being
processed.

The general trend of increased alpha and beta ERD for the 1-back and
target conditions seen in the young adults in this study is similar to the
results obtained regarding load and type of target in the developmental
analysis, indicating a degree of consistency in brain processing strategies
across developmental stages. The non-significant results for some com-
parisons in the adult group, are probably due to a lack of statistical
power due to the relatively lower number of recorded subjects when
compared to the whole sample.

Given that the 0-back and 1-back conditions differ in their updating
requirements, the load effect on brain oscillations, particularly relative
theta, could also be attributed to this process. It is noteworthy that there
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were no clear interactions of load with age, suggesting that the basic
mechanism appears to be in place at all ages studied.

The developmental trajectory of brain oscillations for the n-back task
showed some similarities with the results obtained in the DMTS during
the encoding and maintenance phases, with the former showing a more
simple TFR structure than the DMTS (Gomez et al., 2023). In the DMTS,
a theta ERS during encoding, followed by a Parieto-central theta ERS
during maintenance and a long-lasting alpha ERD during the encoding
and maintenance phases, were observed (Gomez et al., 2023). Although
the developmental trajectories are very similar in both experiments, the
different TFR signatures of the two tasks suggest a somewhat different
processing strategy. For instance, early theta was more prominent in
posterior sites and a fronto-central theta subsequently developed in the
DMTS, while in n-back theta ERS was already present in the early post-
stimulus period, suggesting greater involvement of the frontal cortex for
the n-back with respect to the DMTS.

4.4. Conclusions

In general, present results showed statistically effects primarily in
terms of the main factors, suggesting a dominant independent process-
ing of load and type of target. This independence maintained along the
developmental stages of childhood, adolescence and emergent
adulthood.

During the encoding and updating phases in an n-back task, posterior
alpha and beta, and frontocentral theta brain activity, are observable
from childhood through early adulthood. Alpha and beta ERD were
more pronounced for the most difficult task (1-back) compared to the
easier 0-back task, and also for the target than for the non-target con-
dition. The effects of type of target and load were largely consistent
across development, but age-related changes were observed for absolute
and relative power in the different frequency bands. Relative theta ERS
increased with age, whereas absolute theta ERS, and absolute and
relative alpha and absolute beta ERD, decreased with age. The matu-
ration of theta brain activity appears to play a role in the development of
WM performance, as suggested by its mediation of the age-related
improvement in n-back performance. In contrast, the maturation of
alpha and beta brain activity could be less critical for age-related
changes in behavioral performance, possibly because young children
already have sufficient alpha-beta ERD, ensuring proper functioning of
basic WM processes.

CRediT authorship contribution statement

Carlos M. Gomez: Writing — original draft, Validation, Methodol-
ogy, Conceptualization. Rocio Linares: Writing — original draft, Re-
sources, Investigation, Data curation. Elena I. Rodriguez-Martinez:
Writing — review & editing. Santiago Pelegrina: Writing — original
draft, Visualization, Supervision, Software, Methodology, Formal anal-
ysis, Conceptualization.

Acknowledgments

This research was supported by Grants: PID2019-105618RB-100,
PID2022-1391510B-100 and PID2020-120065GB-100 funded by the the
Spanish Agencia Estatal de Investigacion (AEI) and European Union
NextGenerationEU/PRTR.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijpsycho.2024.112372.

12

International Journal of Psychophysiology 202 (2024) 112372

References

Alloway, T.P., Alloway, R.G., 2010. Investigating the predictive roles of working memory
and IQ in academic attainment. J. Exp. Child Psychol. 106 (1), 20-29. https://doi.
org/10.1016/j.jecp.2009.11.003.

Arnal, L.H., Wyart, V., Giraud, A.-L., 2011. Transitions in neural oscillations reflect
prediction errors generated in audiovisual speech. Nat. Neurosci. 14 (6), 797-801.
https://doi.org/10.1038/nn.2810.

Bacigalupo, F., Luck, S.J., 2019. Lateralized suppression of alpha-band EEG activity as a
mechanism of target processing. J. Neurosci. 39 (5), 900-917. https://doi.org/
10.1523/JNEUROSCI.0183-18.2018.

Baddeley, A.D., Hitch, G., 1974. Working memory. In: Bower, G.H. (Ed.), Psychology of
Learning and Motivation, vol. 8. Academic Press, pp. 47-89. https://doi.org/
10.1016/S0079-7421(08)60452-1.

Baghdadi, G., Kamarajan, C., Hadaeghi, F., 2023. Editorial: role of brain oscillations in
neurocognitive control systems. Front. Syst. Neurosci. 17, 1182496. https://doi.org/
10.3389/fnsys.2023.1182496.

Barriga-Paulino, C.1., Flores, A.B., Gémez, C.M., 2011. Developmental changes in the
EEG rhythms of children and young adults: analyzed by means of correlational, brain
topography and principal component analysis. J. Psychophysiol. 25 (3), 143-158.
https://doi.org/10.1027/0269-8803/a000052.

Barron, H.C., Garvert, M.M., Behrens, T.E.J., 2016. Repetition suppression: a means to
index neural representations using BOLD? Philos. Trans. R. Soc. Lond. Series B Biol.
Sci. 371 (1705), 20150355 https://doi.org/10.1098/rstb.2015.0355.

Basar, E., 1999. Brain function and oscillations. 2: integrative brain function. In:
Neurophysiology and Cognitive Processes. Springer.

Bastiaansen, M., Magyari, L., Hagoort, P., 2010. Syntactic unification operations are
reflected in oscillatory dynamics during on-line sentence comprehension. J. Cogn.
Neurosci. 22 (7), 1333-1347. https://doi.org/10.1162/jocn.2009.21283.

Braver, T.S., Cohen, J.D., Nystrom, L.E., Jonides, J., Smith, E.E., Noll, D.C., 1997.

A parametric study of prefrontal cortex involvement in human working memory.
Neurolmage 5, 49-62. https://doi.org/10.1006/nimg.1996.0247.

Brookes, M.J., Wood, J.R., Stevenson, C.M., Zumer, J.M., White, T.P., Liddle, P.F.,
Morris, P.G., 2011. Changes in brain network activity during working memory tasks:
a magnetoencephalography study. Neurolmage 55 (4), 1804-1815. https://doi.org/
10.1016/j.neuroimage.2010.10.074.

Cain, K., 2006. Children’s Reading comprehension: the role of working memory in
Normal and impaired development. In: Pickering, S.J. (Ed.), Working Memory and
Education. Elsevier, pp. 61-91. https://doi.org/10.1016/B978-012554465-8/
50005-3.

Casey, B.J., Tottenham, N., Liston, C., Durston, S., 2005. Imaging the developing brain:
what have we learned about cognitive development? Trends Cogn. Sci. 9, 104-110.
https://doi.org/10.1016/j.tics.2005.01.011.

Chen, Y., Huang, X., 2016. Modulation of alpha and Beta oscillations during an n-back
task with varying temporal memory load. Front. Psychol. 6 https://doi.org/
10.3389/fpsyg.2015.02031.

Chen, Y.N., Mitra, S., Schlaghecken, F., 2008. Sub-processes of working memory in the N-
back task: an investigation using ERPs. Clin. Neurophysiol. 119 (7), 1546-1559.
https://doi.org/10.1016/j.clinph.2008.03.003.

Cohen, M.X., 2014. Analyzing Neural Time Series Data: Theory and Practice. The MIT
Press. https://doi.org/10.7551/mitpress/9609.001.0001.

Conway, A.R.A., Kane, M.J., Bunting, M.F., Hambrick, D.Z., Wilhelm, O., Engle, R.W.,
2005. Working memory span tasks: a methodological review and user’s guide.
Psychon. Bull. Rev. 12 (5), 769-786. https://doi.org/10.3758/BF03196772.

Cornoldi, C., Giofre, D., 2014. The crucial role of working memory in intellectual
functioning. Eur. Psychol. 19 (4), 260-268. https://doi.org/10.1027/1016-9040/
a000183.

Costers, L., Van Schependom, J., Laton, J., Baijot, J., Sjggérd, M., Wens, V., De Tiege, X.,
Goldman, S., D'Haeseleer, M., D’hooghe, M.B., Woolrich, M., Nagels, G., 2020.
Spatiotemporal and spectral dynamics of multi-item working memory as revealed by
the n-back task using MEG. Hum. Brain Mapp. 41 (9), 2431-2446. https://doi.org/
10.1002/hbm.24955.

Cowan, N., 2005. Working Memory Capacity. Psychology Press.

Daffner, K.R., Chong, H., Sun, X., Tarbi, E.C., Riis, J.L., McGinnis, S.M., Holcomb, P.J.,
2011. Mechanisms underlying age-and performance-related differences in working
memory. J. Cogn. Neurosci. 23 (6), 1298-1314. https://doi.org/10.1162/
jocn.2010.21540.

Dai, Z., De Souza, J., Lim, J., Ho, P.M., Chen, Y., Li, J., Thakor, N., Bezerianos, A.,
Sun, Y., 2017. EEG cortical connectivity analysis of working memory reveals
topological reorganization in theta and alpha bands. Front. Hum. Neurosci. 11, 237.
https://doi.org/10.3389/fnhum.2017.00237.

Delorme, A., Makeig, S., 2004. EEGLAB: An open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis. J. Neurosci. Methods
134 (1), 9-21. https://doi.org/10.1016/j.jneumeth.2003.10.009.

Dong, S., Reder, L.M., Yao, Y., Liu, Y., Chen, F., 2015. Individual differences in working
memory capacity are reflected in different ERP and EEG patterns to task difficulty.
Brain Res. 1616, 146-156. https://doi.org/10.1016/j.brainres.2015.05.003.

Faul, F., Erdfelder, E., Buchner, A., Lang, A.G., 2009. Statistical power analyses using G
Power 3.1: tests for correlation and regression analyses. Behav. Res. Methods 41,
1149-1160. https://doi.org/10.3758/BRM.41.4.1149.

Friedman, N.P., Miyake, A., Corley, R.P., Young, S.E., DeFries, J.C., Hewitt, J.K., 2006.
Not all executive functions are related to intelligence. Psychol. Sci. 17 (2), 172-179.
https://doi.org/10.1111/j.1467-9280.2006.01681.x.

Friso-van Den Bos, 1., Van Der Ven, S.H.G., Kroesbergen, E.H., Van Luit, J.E.H., 2013.
Working memory and mathematics in primary school children: a meta-analysis.
Educ. Res. Rev. 10, 29-44. https://doi.org/10.1016/j.edurev.2013.05.003.


https://doi.org/10.1016/j.ijpsycho.2024.112372
https://doi.org/10.1016/j.ijpsycho.2024.112372
https://doi.org/10.1016/j.jecp.2009.11.003
https://doi.org/10.1016/j.jecp.2009.11.003
https://doi.org/10.1038/nn.2810
https://doi.org/10.1523/JNEUROSCI.0183-18.2018
https://doi.org/10.1523/JNEUROSCI.0183-18.2018
https://doi.org/10.1016/S0079-7421(08)60452-1
https://doi.org/10.1016/S0079-7421(08)60452-1
https://doi.org/10.3389/fnsys.2023.1182496
https://doi.org/10.3389/fnsys.2023.1182496
https://doi.org/10.1027/0269-8803/a000052
https://doi.org/10.1098/rstb.2015.0355
http://refhub.elsevier.com/S0167-8760(24)00076-X/rf0040
http://refhub.elsevier.com/S0167-8760(24)00076-X/rf0040
https://doi.org/10.1162/jocn.2009.21283
https://doi.org/10.1006/nimg.1996.0247
https://doi.org/10.1016/j.neuroimage.2010.10.074
https://doi.org/10.1016/j.neuroimage.2010.10.074
https://doi.org/10.1016/B978-012554465-8/50005-3
https://doi.org/10.1016/B978-012554465-8/50005-3
https://doi.org/10.1016/j.tics.2005.01.011
https://doi.org/10.3389/fpsyg.2015.02031
https://doi.org/10.3389/fpsyg.2015.02031
https://doi.org/10.1016/j.clinph.2008.03.003
https://doi.org/10.7551/mitpress/9609.001.0001
https://doi.org/10.3758/BF03196772
https://doi.org/10.1027/1016-9040/a000183
https://doi.org/10.1027/1016-9040/a000183
https://doi.org/10.1002/hbm.24955
https://doi.org/10.1002/hbm.24955
http://refhub.elsevier.com/S0167-8760(24)00076-X/rf0100
https://doi.org/10.1162/jocn.2010.21540
https://doi.org/10.1162/jocn.2010.21540
https://doi.org/10.3389/fnhum.2017.00237
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.brainres.2015.05.003
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1111/j.1467-9280.2006.01681.x
https://doi.org/10.1016/j.edurev.2013.05.003

C.M. Gomez et al.

Fry, A.F., Hale, S., 2000. Relationships among processing speed, working memory, and
fluid intelligence in children. Biol. Psychol. 54 (1), 1-34. https://doi.org/10.1016/
S0301-0511(00)00051-X.

Gajewski, P.D., Falkenstein, M., 2014. Age-related effects on ERP and oscillatory EEG-
dynamics in a 2-back task. J. Psychophysiol. 28 (3), 162-177. https://doi.org/
10.1027/0269-8803/a000123.

Gathercole, S.E., Pickering, S.J., Ambridge, B., Wearing, H., 2004. The structure of
working memory from 4 to 15 years of age. Dev. Psychol. 40 (2), 177-190. https://
doi.org/10.1037/0012-1649.40.2.177.

Gevins, A., Smith, M.E., 2000. Neurophysiological measures of working memory and
individual differences in cognitive ability and cognitive style. Cereb. Cortex 10 (9),
829-839. https://doi.org/10.1093/cercor/10.9.829.

Gevins, A.S., Bressler, S.L., Cutillo, B.A., Illes, J., Miller, J.C., Stern, J., Jex, H.R., 1990.
Effects of prolonged mental work on functional brain topography.
Electroencephalogr. Clin. Neurophysiol. 76 (4), 339-350. https://doi.org/10.1016/
0013-4694(90)90035-i.

Gevins, A., Smith, M.E,, Le, J., Leong, H., Bennett, J., Martin, N., Whitfield, S., 1996.
High resolution evoked potential imaging of the cortical dynamics of human
working memory. Electroencephalogr. Clin. Neurophysiol. 98 (4), 327-348. https://
doi.org/10.1016/0013-4694(96)00288-X.

Gevins, A., Smith, M.E., Leong, H., McEvoy, L., Whitfield, S., Du, R., Rush, G., 1998.
Monitoring working memory load during computer-based tasks with EEG pattern
recognition methods. Hum. Factors 40 (1), 79-91. https://doi.org/10.1518/
001872098779480578.

Gomez, C.M., Marco-Pallarés, J., Grau, C., 2006. Location of brain rhythms and their
modulation by preparatory attention estimated by current density. Brain Res. 1107
(1), 151-160. https://doi.org/10.1016/j.brainres.2006.06.019.

Goémez, C.M., Rodriguez-Martinez, E.I., Fernandez, A., Maestq, F., Poza, J., Gémez, C.,
2017. Absolute power spectral density changes in the magnetoencephalographic
activity during the transition from childhood to adulthood. Brain Topogr. 30 (1),
87-97. https://doi.org/10.1007/510548-016-0532-0.

Gémez, C.M., Munoz, V., Rodriguez-Martinez, E.I., Arjona, A., Barriga-Paulino, C.I.,
Pelegrina, S., 2023. Child and adolescent development of the brain oscillatory
activity during a working memory task. Brain Cogn. 167, 105969 https://doi.org/
10.1016/j.bandc.2023.105969.

Gratton, G., 2018. Brain reflections: A circuit-based framework for understanding
information processing and cognitive control. Psychophysiology 55 (3), e13038.
https://doi.org/10.1111/psyp.13038.

Grissmann, S., Faller, J., Scharinger, C., Spiiler, M., Gerjets, P., 2017.
Electroencephalography based analysis of working memory load and affective
valence in an N-back task with emotional stimuli. Front. Hum. Neurosci. 11, 616.
https://doi.org/10.3389/fnhum.2017.00616.

Grunwald, M., Weiss, T., Mueller, S., Rall, L., 2014. EEG changes caused by spontaneous
facial self-touch may represent emotion regulating processes and working memory
maintenance. Brain Res. 1557, 111-126. https://doi.org/10.1016/j.
brainres.2014.02.002.

Haegens, S., Cousijn, H., Wallis, G., Harrison, P.J., Nobre, A.C., 2014. Inter- and intra-
individual variability in alpha peak frequency. Neurolmage 92, 46-55. https://doi.
org/10.1016/j.neuroimage.2014.01.049.

Heinrichs-Graham, E., Wilson, T.W., 2015. Spatiotemporal oscillatory dynamics during
the encoding and maintenance phases of a visual working memory task. Cortex 69,
121-130. https://doi.org/10.1016/j.cortex.2015.04.022.

Hoekema, R., Wieneke, G.H., Leijten, F.S.S., Van Veelen, C.W.M., Van Rijen, P.C.,
Huiskamp, G.J.M., Ansems, J., Van Huffelen, A.C., 2003. Measurement of the
conductivity of skull, temporarily removed during epilepsy surgery. Brain Topogr.
16 (1), 29-38. https://doi.org/10.1023/A:1025606415858.

Kail, R.V., Miller, C.A., 2006. Developmental change in processing speed: domain
specificity and stability during childhood and adolescence. J. Cogn. Dev. 7 (1),
119-137. https://doi.org/10.1207/515327647jcd0701_6.

Kane, M., University of North Carolina at Greensboro, Conway, A., Claremont Graduate
University, 2016. The Invention of n-Back: An Extremely Brief History [dataset].
https://doi.org/10.15200/winn.146722.26397.

Kao, S.-C., Wang, C.-H., Hillman, C.H., 2020. Acute effects of aerobic exercise on
response variability and neuroelectric indices during a serial n-back task. Brain
Cogn. 138, 105508 https://doi.org/10.1016/j.bandc.2019.105508.

Kirchner, W.K., 1958. Age differences in short-term retention of rapidly changing
information. J. Exp. Psychol. 55 (4), 352-358. https://doi.org/10.1037/h0043688.

Klimesch, W., 2012. Alpha-band oscillations, attention, and controlled access to stored
information. Trends Cogn. Sci. 16 (12), 606-617. https://doi.org/10.1016/j.
tics.2012.10.007.

Krause, C.M., Pesonen, M., Hamaldinen, H., 2010. Brain oscillatory 4-30 Hz
electroencephalogram responses in adolescents during a visual memory task.
NeuroReport 21 (11), 767-771. https://doi.org/10.1097/WNR.0b013e32833bfcbb.

Kwon, H., Reiss, A.L., Menon, V., 2002. Neural basis of protracted developmental
changes in visuo-spatial working memory. Proc. Natl. Acad. Sci. 99 (20),
13336-13341. https://doi.org/10.1073/pnas.162486399.

Lamichhane, B., Westbrook, A., Cole, M.W., Braver, T.S., 2020. Exploring brain-behavior
relationships in the N-back task. Neurolmage 212, 116683. https://doi.org/
10.1016/j.neuroimage.2020.116683.

Langer, N., von Bastian, C.C., Wirz, H., Oberauer, K., Jancke, L., 2013. The effects of
working memory training on functional brain network efficiency. Cortex 49 (9),
2424-2438. https://doi.org/10.1016/j.cortex.2013.01.008.

Lee, K., Bull, R., 2016. Developmental changes in working memory, updating, and math
achievement. J. Educ. Psychol. 108 (6), 869-882. https://doi.org/10.1037/
edu0000090.

13

International Journal of Psychophysiology 202 (2024) 112372

Lenartowicz, A., Delorme, A., Walshaw, P.D., Cho, A.L., Bilder, R.M., McGough, J.J.,
McCracken, J.T., Makeig, S., Loo, S.K., 2014. Electroencephalography correlates of
spatial working memory deficits in attention-deficit/hyperactivity disorder:
vigilance, encoding, and maintenance. J. Neurosci. 34 (4), 1171-1182. https://doi.
org/10.1523/JNEUROSCI.1765-13.2014.

Lendinez, C., Pelegrina, S., Lechuga, M.T., 2015. Age differences in working memory
updating: the role of interference, focus switching and substituting information. Acta
Psychol. (Amst) 157, 106-113. https://doi.org/10.1016/j.actpsy.2015.02.015.

Linares, R., Bajo, M.T., Pelegrina, S., 2016. Age-related differences in working memory
updating components. J. Exp. Child Psychol. 147, 39-52. https://doi.org/10.1016/j.
jecp.2016.02.009.

Lopez Zunini, R.A.L., Knoefel, F., Lord, C., Dzuali, F., Breau, M., Sweet, L., Goubran, R.,
Taler, V., 2016. Event-related potentials elicited during working memory are altered
in mild cognitive impairment. Int. J. Psychophysiol. 109, 1-8. https://doi.org/
10.1016/j.ijpsycho.2016.09.012.

Lopez-Vicente, M., Forns, J., Suades-Gonzalez, E., Esnaola, M., Garcia-Esteban, R.,
Alvarez-Pedrerol, M., Julvez, J., Burgaleta, M., Sebastian-Gallés, N., Sunyer, J.,
2016. Developmental trajectories in primary schoolchildren using n-back task. Front.
Psychol. 7 https://doi.org/10.3389/fpsyg.2016.00716.

Macmillan, N.A., Creelman, C.D., 2004. Detection Theory. Psychology Press. https://doi.
org/10.4324/9781410611147.

Makeig, S., Jung, T.P., Bell, A.J., Ghahremani, D., Sejnowski, T.J., 1997. Blind separation
of auditory event-related brain responses into independent components. Proc. Natl.
Acad. Sci. 94 (20), 10979-10984. https://doi.org/10.1073/pnas.94.20.10979.

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164 (1), 177-190. https://doi.org/10.1016/j.
jneumeth.2007.03.024.

McFarland, D.J., Miner, L.A., Vaughan, T.M., Wolpaw, J.R., 2000. Mu and beta rhythm
topographies during motor imagery and actual movements. Brain Topogr. 12 (3),
177-186. https://doi.org/10.1023/A:1023437823106.

Mencarelli, L., Neri, F., Momi, D., Menardi, A., Rossi, S., Rossi, A., Santarnecchi, E., 2019.
Stimuli, presentation modality, and load-specific brain activity patterns during n-
back task. Hum. Brain Mapp. 40, 3810-3831. https://doi.org/10.1002/hbm.24633.

Miller, E.K., Lundqvist, M., Bastos, A.M., 2018. Working memory 2.0. Neuron 100 (2),
463-475. https://doi.org/10.1016/j.neuron.2018.09.023.

Missonnier, P., Hasler, R., Perroud, N., Herrmann, F.R., Millet, P., Richiardi, J.,
Malafosse, A., Giannakopoulos, P., Baud, P., 2013. EEG anomalies in adult ADHD
subjects performing a working memory task. Neuroscience 241, 135-146. https://
doi.org/10.1016/j.neuroscience.2013.03.011.

Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.-M., 2011. FieldTrip: Open Source
Software for Advanced Analysis of MEG, EEG, and Invasive Electrophysiological
Data. Comput. Intell. Neurosci. 2011, 1-9. https://doi.org/10.1155/2011/156869.

Owen, A.M., McMillan, K.M., Laird, A.R., Bullmore, E., 2005. N-back working memory
paradigm: a meta-analysis of normative functional neuroimaging studies. Hum.
Brain Mapp. 25, 46-59. https://doi.org/10.1002/hbm.20131.

Palomaki, J., Kivikangas, M., Alafuzoff, A., Hakala, T., Krause, C.M., 2012. Brain
oscillatory 4-35Hz EEG responses during an n-back task with complex visual stimuli.
Neurosci. Lett. 516 (1), 141-145. https://doi.org/10.1016/j.neulet.2012.03.076.

Pant, S., Te, T., Tucker, A., Sadleir, R.J., 2011. The conductivity of neonatal piglet skulls.
Physiol. Meas. 32 (8), 1275-1283. https://doi.org/10.1088/0967-3334/32/8/017.

Pelegrina, S., Lechuga, M.T., Garcia-Madruga, J.A., Elostia, M.R., Macizo, P.,

Carreiras, M., Fuentes, L.J., Bajo, M.T., 2015. Normative data on the n-back task for
children and young adolescents. Front. Psychol. 6 https://doi.org/10.3389/
fpsyg.2015.01544.

Pelegrina, S., Molina, R., Rodriguez-Martinez, E.L, Linares, R., Gémez, C.M., 2020. Age-
related changes in selection, recognition, updating and maintenance information in
WM. An ERP study in children and adolescents. Biol. Psychol. 157, 107977 https://
doi.org/10.1016/j.biopsycho.2020.107977.

Peng, P., Namkung, J., Barnes, M., Sun, C., 2016. A meta-analysis of mathematics and
working memory: moderating effects of working memory domain, type of
mathematics skill, and sample characteristics. J. Educ. Psychol. 108 (4), 455-473.
https://doi.org/10.1037/edu0000079.

Peng, P., Barnes, M., Wang, C., Wang, W., Li, S., Swanson, H.L., Dardick, W., Tao, S.,
2018. A meta-analysis on the relation between reading and working memory.
Psychol. Bull. 144 (1), 48-76. https://doi.org/10.1037/bul0000124.

Pesonen, M., Hamaldinen, H., Krause, C.M., 2007. Brain oscillatory 4-30 Hz responses
during a visual n-back memory task with varying memory load. Brain Res. 1138,
171-177. https://doi.org/10.1016/j.brainres.2006.12.076.

Peters, B.D., Ikuta, T., DeRosse, P., John, M., Burdick, K.E., Gruner, P., Prendergast, D.M.,
Szeszko, P.R., Malhotra, A.K., 2014. Age-related differences in white matter tract
microstructure are associated with cognitive performance from childhood to
adulthood. Biol. Psychiatry 75 (3), 248-256. https://doi.org/10.1016/j.
biopsych.2013.05.020.

Polich, J., 2007. Updating P300: an integrative theory of P3a and P3b. Clin.
Neurophysiol. 118 (10), 2128-2148. https://doi.org/10.1016/j.clinph.2007.04.019.

Polich, J., 2011. Neuropsychology of P300. Oxford University Press. https://doi.org/
10.1093/0xfordhb/9780195374148.013.0089.

R Core Team, 2022. R: A Language and Environment for Statistical Computing.
[Computer software]. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/.

Rodriguez-Martinez, E.I., Ruiz-Martinez, F.J., Barriga Paulino, C.I., Gémez, C.M., 2017.
Frequency shift in topography of spontaneous brain rhythms from childhood to
adulthood. Cogn. Neurodyn. 11 (1), 23-33. https://doi.org/10.1007/s11571-016-
9402-4.

Rosenberg, M.D., Martinez, S.A., Rapuano, K.M., Conley, M.I., Cohen, A.O., Cornejo, M.
D., Hagler Jr., D.J., Meredith, W.J., Anderson, K.M., Wager, T.D., Feczko, E., Earl, E.,


https://doi.org/10.1016/S0301-0511(00)00051-X
https://doi.org/10.1016/S0301-0511(00)00051-X
https://doi.org/10.1027/0269-8803/a000123
https://doi.org/10.1027/0269-8803/a000123
https://doi.org/10.1037/0012-1649.40.2.177
https://doi.org/10.1037/0012-1649.40.2.177
https://doi.org/10.1093/cercor/10.9.829
https://doi.org/10.1016/0013-4694(90)90035-i
https://doi.org/10.1016/0013-4694(90)90035-i
https://doi.org/10.1016/0013-4694(96)00288-X
https://doi.org/10.1016/0013-4694(96)00288-X
https://doi.org/10.1518/001872098779480578
https://doi.org/10.1518/001872098779480578
https://doi.org/10.1016/j.brainres.2006.06.019
https://doi.org/10.1007/s10548-016-0532-0
https://doi.org/10.1016/j.bandc.2023.105969
https://doi.org/10.1016/j.bandc.2023.105969
https://doi.org/10.1111/psyp.13038
https://doi.org/10.3389/fnhum.2017.00616
https://doi.org/10.1016/j.brainres.2014.02.002
https://doi.org/10.1016/j.brainres.2014.02.002
https://doi.org/10.1016/j.neuroimage.2014.01.049
https://doi.org/10.1016/j.neuroimage.2014.01.049
https://doi.org/10.1016/j.cortex.2015.04.022
https://doi.org/10.1023/A:1025606415858
https://doi.org/10.1207/s15327647jcd0701_6
https://doi.org/10.15200/winn.146722.26397
https://doi.org/10.1016/j.bandc.2019.105508
https://doi.org/10.1037/h0043688
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1097/WNR.0b013e32833bfcbb
https://doi.org/10.1073/pnas.162486399
https://doi.org/10.1016/j.neuroimage.2020.116683
https://doi.org/10.1016/j.neuroimage.2020.116683
https://doi.org/10.1016/j.cortex.2013.01.008
https://doi.org/10.1037/edu0000090
https://doi.org/10.1037/edu0000090
https://doi.org/10.1523/JNEUROSCI.1765-13.2014
https://doi.org/10.1523/JNEUROSCI.1765-13.2014
https://doi.org/10.1016/j.actpsy.2015.02.015
https://doi.org/10.1016/j.jecp.2016.02.009
https://doi.org/10.1016/j.jecp.2016.02.009
https://doi.org/10.1016/j.ijpsycho.2016.09.012
https://doi.org/10.1016/j.ijpsycho.2016.09.012
https://doi.org/10.3389/fpsyg.2016.00716
https://doi.org/10.4324/9781410611147
https://doi.org/10.4324/9781410611147
https://doi.org/10.1073/pnas.94.20.10979
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1023/A:1023437823106
https://doi.org/10.1002/hbm.24633
https://doi.org/10.1016/j.neuron.2018.09.023
https://doi.org/10.1016/j.neuroscience.2013.03.011
https://doi.org/10.1016/j.neuroscience.2013.03.011
https://doi.org/10.1155/2011/156869
https://doi.org/10.1002/hbm.20131
https://doi.org/10.1016/j.neulet.2012.03.076
https://doi.org/10.1088/0967-3334/32/8/017
https://doi.org/10.3389/fpsyg.2015.01544
https://doi.org/10.3389/fpsyg.2015.01544
https://doi.org/10.1016/j.biopsycho.2020.107977
https://doi.org/10.1016/j.biopsycho.2020.107977
https://doi.org/10.1037/edu0000079
https://doi.org/10.1037/bul0000124
https://doi.org/10.1016/j.brainres.2006.12.076
https://doi.org/10.1016/j.biopsych.2013.05.020
https://doi.org/10.1016/j.biopsych.2013.05.020
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1093/oxfordhb/9780195374148.013.0089
https://doi.org/10.1093/oxfordhb/9780195374148.013.0089
https://www.R-project.org/
https://doi.org/10.1007/s11571-016-9402-4
https://doi.org/10.1007/s11571-016-9402-4

C.M. Gomez et al.

Fair, D.A., Barch, D.M., Watts, R., Casey, B.J., 2020. Behavioral and neural
signatures of working memory in childhood. J. Neurosci. 40 (26), 5090-5104.
https://doi.org/10.1523/JNEUROSCI.2841-19.2020.

Rosseel, Y., 2012. lavaan: an R package for structural equation modeling. J. Stat. Softw.
48, 1-36. https://doi.org/10.18637/jss.v048.102.

Rottschy, C., Langner, R., Dogan, 1., Reetz, K., Laird, A.R., Schulz, J.B., Fox, P.T.,
Eickhoff, S.B., 2012. Modelling neural correlates of working memory: a coordinate-
based meta-analysis. Neurolmage 60, 830-846. https://doi.org/10.1016/j.
neuroimage.2011.11.050.

Rouhinen, S., Panula, J., Palva, J.M., Palva, S., 2013. Load dependence of p and y
oscillations predicts individual capacity of visual attention. J. Neurosci. 33 (48),
19023-19033. https://doi.org/10.1523/JNEUROSCL.1666-13.2013.

Satterthwaite, T.D., Wolf, D.H., Erus, G., Ruparel, K., Elliott, M.A., Gennatas, E.D.,
Hopson, R., Jackson, C., Prabhakaran, K., Bilker, W.B., Calkins, M.E., Loughead, J.,
Smith, A., Roalf, D.R., Hakonarson, H., Verma, R., Davatzikos, C., Gur, R.C., Gur, R.
E., 2013. Functional maturation of the executive system during adolescence.

J. Neurosci. 33, 16249-16261. https://doi.org/10.1523/JNEUROSCI.2345-13.2013.

Sauseng, P., Klimesch, W., Schabus, M., Doppelmayr, M., 2005. Fronto-parietal EEG
coherence in theta and upper alpha reflect central executive functions of working
memory. Int. J. Psychophysiol. 57 (2), 97-103. https://doi.org/10.1016/j.
ijpsycho.2005.03.018.

Sauseng, P., Klimesch, W., Heise, K.F., Gruber, W.R., Holz, E., Karim, A.A., Glennon, M.,
Gerloff, C., Birbaumer, N., Hummel, F.C., 2009. Brain oscillatory substrates of visual
short-term memory capacity. Curr. Biol. 19 (21), 1846-1852. https://doi.org/
10.1016/j.cub.2009.08.062.

Scharinger, C., Soutschek, A., Schubert, T., Gerjets, P., 2015. When flanker meets the n-
back: what EEG and pupil dilation data reveal about the interplay between the two
central-executive working memory functions inhibition and updating.
Psychophysiology 52 (10), 1293-1304. https://doi.org/10.1111/psyp.12500.

Scharinger, C., Soutschek, A., Schubert, T., Gerjets, P., 2017. Comparison of the working
memory load in N-back and working memory span tasks by means of EEG frequency
band power and P300 amplitude. Front. Hum. Neurosci. 11 https://doi.org/
10.3389/fnhum.2017.00006.

Scharinger, C., Prislan, L., Bernecker, K., Ninaus, M., 2023. Gamification of an n-back
working memory task - is it worth the effort? An EEG and eye-tracking study. Biol.
Psychol. 179, 108545 https://doi.org/10.1016/j.biopsycho.2023.108545.

Schleepen, T.M.J., Jonkman, L.M., 2009. The development of non-spatial working
memory capacity during childhood and adolescence and the role of interference
control: an N-back task study. Dev. Neuropsychol. 35 (1), 37-56. https://doi.org/
10.1080/87565640903325733.

Schmidt, H., Avitabile, D., Montbrid, E., Roxin, A., 2018. Network mechanisms
underlying the role of oscillations in cognitive tasks. PLoS Comput. Biol. 14 (9),
1006430 https://doi.org/10.1371/journal.pcbi.1006430.

14

International Journal of Psychophysiology 202 (2024) 112372

Segalowitz, S.J., Santesso, D.L., Jetha, M.K., 2010. Electrophysiological changes during
adolescence: a review. Brain Cogn. 72 (1), 86-100. https://doi.org/10.1016/j.
bandc.2009.10.003.

Semprini, M., Bonassi, G., Barban, F., Pelosin, E., Iandolo, R., Chiappalone, M.,
Mantini, D., Avanzino, L., 2021. Modulation of neural oscillations during working
memory update, maintenance, and readout: an HpEEG study. Hum. Brain Mapp. 42
(4), 1153-1166. https://doi.org/10.1002/hbm.25283.

Stanislaw, H., Todorov, N., 1999. Calculation of signal detection theory measures. Behav.
Res. Methods Instrum. Comput. 31 (1), 137-149. https://doi.org/10.3758/
BF03207704.

Tamnes, C.K., Walhovd, K.B., Grydeland, H., Holland, D., @stby, Y., Dale, A.M., Fjell, A.
M., 2013. Longitudinal working memory development is related to structural
maturation of frontal and parietal cortices. J. Cogn. Neurosci. 25, 1611-1623.
https://doi.org/10.1162/jocn_a_00434.

Van Dinteren, R., Arns, M., Jongsma, M.L.A., Kessels, R.P.C., 2014. P300 development
across the lifespan: a systematic review and meta-analysis. PloS One 9 (2), e87347.
https://doi.org/10.1371/journal.pone.0087347.

Vazquez Marrufo, M., Vaquero, E., Cardoso, M.J., Gémez, C.M., 2001. Temporal
evolution of alpha and beta bands during visual spatial attention. Brain Res. 12 (2),
315-320. https://doi.org/10.1016/50926-6410(01)00025-8.

Vila-Ballo, A., Salmi, J., Soveri, A., Rodriguez-Fornells, A., Lehtonen, M., Laine, M.,
2018. Neural signatures for active maintenance and interference during working
memory updating. Biol. Psychol. 132, 233-243. https://doi.org/10.1016/j.
biopsycho.2018.01.007.

Vuontela, V., Steenari, M.-R., Carlson, S., Koivisto, J., Fjallberg, M., Aronen, E.T., 2003.
Audiospatial and visuospatial working memory in 6-13 year old school children.
Learn. Mem. 10 (1), 74-81. https://doi.org/10.1101/Im.5350.

Watter, S., Geffen, G.M., Geffen, L.B., 2001. The n-back as a dual-task: P300 morphology
under divided attention. Psychophysiology 38 (6), 998-1003. https://doi.org/
10.1111/1469-8986.3860998.

Worden, M.S., Foxe, J.J., Wang, N., Simpson, G.V., 2000. Anticipatory biasing of
visuospatial attention indexed by retinotopically specific a-bank
electroencephalography increases over occipital cortex. J. Neurosci. 20 (6), RC63.
https://doi.org/10.1523/JNEUROSCI.20-06-j0002.2000.

Yaple, Z.A., Stevens, W.D., Arsalidou, M., 2019. Meta-analyses of the n-back working
memory task: fMRI evidence of age-related changes in prefrontal cortex involvement
across the adult lifespan. Neurolmage 196, 16-31. https://doi.org/10.1016/j.
neuroimage.2019.03.074.

Yuval-Greenberg, S., Tomer, O., Keren, A.S., Nelken, I., Deouell, L.Y., 2008. Transient
induced gamma-band response in EEG as a manifestation of miniature saccades.
Neuron 58 (3), 429-441. https://doi.org/10.1016/j.neuron.2008.03.027.

Zhao, J., Ji, L., Du, S., Gu, H., Zhao, Q., Chi, P,, Li, X., 2023. Working memory
impairment in children orphaned by parental HIV/AIDS: an event-related potentials
study. Psychol. Health Med. 28 (8), 2198-2211. https://doi.org/10.1080/
13548506.2021.1896761.


https://doi.org/10.1523/JNEUROSCI.2841-19.2020
https://doi.org/10.18637/jss.v048.i02
https://doi.org/10.1016/j.neuroimage.2011.11.050
https://doi.org/10.1016/j.neuroimage.2011.11.050
https://doi.org/10.1523/JNEUROSCI.1666-13.2013
https://doi.org/10.1523/JNEUROSCI.2345-13.2013
https://doi.org/10.1016/j.ijpsycho.2005.03.018
https://doi.org/10.1016/j.ijpsycho.2005.03.018
https://doi.org/10.1016/j.cub.2009.08.062
https://doi.org/10.1016/j.cub.2009.08.062
https://doi.org/10.1111/psyp.12500
https://doi.org/10.3389/fnhum.2017.00006
https://doi.org/10.3389/fnhum.2017.00006
https://doi.org/10.1016/j.biopsycho.2023.108545
https://doi.org/10.1080/87565640903325733
https://doi.org/10.1080/87565640903325733
https://doi.org/10.1371/journal.pcbi.1006430
https://doi.org/10.1016/j.bandc.2009.10.003
https://doi.org/10.1016/j.bandc.2009.10.003
https://doi.org/10.1002/hbm.25283
https://doi.org/10.3758/BF03207704
https://doi.org/10.3758/BF03207704
https://doi.org/10.1162/jocn_a_00434
https://doi.org/10.1371/journal.pone.0087347
https://doi.org/10.1016/s0926-6410(01)00025-8
https://doi.org/10.1016/j.biopsycho.2018.01.007
https://doi.org/10.1016/j.biopsycho.2018.01.007
https://doi.org/10.1101/lm.5350
https://doi.org/10.1111/1469-8986.3860998
https://doi.org/10.1111/1469-8986.3860998
https://doi.org/10.1523/JNEUROSCI.20-06-j0002.2000
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.1016/j.neuron.2008.03.027
https://doi.org/10.1080/13548506.2021.1896761
https://doi.org/10.1080/13548506.2021.1896761

	Age-related changes in brain oscillatory patterns during an n-back task in children and adolescents
	1 Introduction
	1.1 N-back task
	1.2 Brain oscillations
	1.2.1 Theta
	1.2.2 Alpha
	1.2.3 Beta

	1.3 The present study

	2 Method
	2.1 Participants
	2.2 Experimental task
	2.3 Recording and pre-processing of the EEG data
	2.4 Time frequency analyses
	2.5 Statistical analyses

	3 Results
	3.1 Behavioral data
	3.1.1 Response times
	3.1.2 d-Prime (d′)

	3.2 Event-related spectral perturbation
	3.2.1 Theta
	3.2.1.1 Initial analysis for the adult group
	3.2.1.2 Analysis across age groups

	3.2.2 Alpha
	3.2.2.1 Initial analysis for the adult group
	3.2.2.2 Analysis across age groups

	3.2.3 Beta
	3.2.3.1 Initial analysis for the adult group
	3.2.3.2 Analysis across age groups


	3.3 Mediation analyses

	4 Discussion
	4.1 N-back performance
	4.2 Brain oscillations
	4.3 Developmental trajectories in brain oscillations
	4.4 Conclusions

	CRediT authorship contribution statement
	Acknowledgments
	Appendix A Supplementary data
	References


