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Abstract

This study investigated the fine-grained development of the EEG power spectra in early adolescence, and the extent to which it is
reflected in changes in peak frequency. It also sought to determine whether sex differences in the EEG power spectra reflect
differential patterns of maturation. A group of 56 adolescents were tested at age 10 years and then at two further time-points
approximately 18 months apart. The EEG was recorded during both eyes-closed and eyes-open conditions and Fourier
transformed to provide estimates of absolute and relative spectral power at 0.5 Hz intervals from 0.5 to 40 Hz. The peak alpha
frequency for each individual at each time-point was also determined for relative spectral power. Partial Least Squares (PLS)
analysis was used to determine the combination of electrodes and frequencies that showed developmental change, or differed
between the sexes. As a function of age, absolute delta and theta frequencies power decreased, and relative alpha2 and beta
frequencies increased, replicating the standard findings of a decrease in lower, and increase in higher, frequencies with age. A
small but significant increase in peak alpha frequency with age was detected. Moreover PLS analysis performed with individual
alpha frequencies aligned to 10 Hz suggested that the age-related increase seen in alpha2 relative power was driven by changes in
the peak frequency. Although males demonstrated higher alpha power than females, there were no sex differences in peak
frequency, suggesting that there may be more to sex differences in EEG power than simply different rates of maturation between
the two sexes.

Introduction

Resting electrical activity recorded from the scalp is
characterized by rhythmic oscillations generated by the
synchronized synaptic activity of large populations of
neurons in thalamo-cortical and cortico-cortical
networks. Spectral analysis of this activity reveals a
summation of waves of different frequencies. These are
typically described in broad frequency bands termed
delta (1–4 Hz), theta (4–7 Hz), alpha (8–12 Hz), beta
(12–25 Hz) and gamma (25+ Hz). In adults, the domi-
nant frequency is in the alpha range, typically 10 Hz. The
peak frequency in this range changes considerably during
development, steadily increasing from around 6 Hz in
the first years of life (Katada, Ozaki, Suzuki & Suhara,
1981; Koroleva, Nebera & Gutnik, 2002). Although a
dominant value within the alpha range is typically
reached by approximately 10 years of age (Katada et al.,
1981; Lindsley, 1939), this continues to mature during
adolescence (Marcuse, Schneider, Mortati, Donnelly,
Arnedo & Grant, 2008; Peters�n & Eeg-Olofsson, 1971).

The frequency composition of the EEG power spectra
also changes throughout childhood and adolescence,
reflecting the increase in dominant frequency. This is
seen in a decrease in lower frequencies and a corre-
sponding increase in higher frequencies. These changes
begin over posterior brain regions, where they are also
largest (Clarke, Barry, McCarthy & Selikowitz, 2001;
Gasser, Verleger, B�cher & Sroka, 1988). This is followed
by changes in central and frontal areas later in devel-
opment (Gasser, Jennen-Steinmetz, Sroka, Verleger &
Mçcks, 1988; Gasser, Mçcks & B�cher, 1983; Katada
et al., 1981; Matousek & Peters�n, 1973). Some
researchers have suggested that the changes in frequency
composition are continuous, and can be explained by a
linear function (John, Ahn, Prichep, Trepetin, Brown &
Kaye,1980). In contrast, others propose a series of
growth spurts at approximately 6, 10, and 14 years of age
(Epstein, 1980; Thatcher, 1991), which some have com-
pared to stages of cognitive development (Case, 1992;
Hudspeth & Pribram, 1990). These growth spurts are not
incompatible with continuous development, however,
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and more recent findings have suggested that both types
of patterns occur (Somsen, van’t Klooster, van der
Molen, van Leeuwen & Licht, 1997).

These maturational changes in spectral power reflect
underlying changes in cortico-cortico and cortico-tha-
lamic networks (Lopes da Silva, 1991; Steriade, Gloor,
Llin�s, Lopes de Silva & Mesulam, 1990), but the exact
processes they represent remain unclear. One possibility
is that EEG maturation reflects developmental changes
in gray and white matter. A similar curvilinear decline in
slow-wave EEG frequency bands and gray matter in
10- to 30-year-olds, as measured by structural magnetic
resonance imaging, has led to the suggestion that elimi-
nation of active synapses is responsible for the observed
reduction in slow-wave EEG frequencies with age
(Whitford, Rennie, Grieve, Clark, Gordon & Williams,
2007). It has also been suggested that increases in peak
frequency may be related to developmental changes in
white matter, such as an increase in myelination or axon
size (Segalowitz, Santesso & Jetha, 2010). Direct evi-
dence is needed to confirm these hypotheses.

A number of studies have examined whether changes in
EEG power develop differently in males and females, but
the findings are mixed. Some studies find no sex differ-
ences (Gasser et al., 1988; Matousek & Peters�n, 1973),
while others suggest that EEG power matures earlier in
females (Peters�n & Eeg-Olofsson, 1971). The most
common finding is earlier maturation in males, reflected
in higher alpha and lower delta ⁄ theta than females dur-
ing childhood (Clarke et al., 2001; Harmony, Marosi,
D�az de Le�n, Becker & Fern�ndez, 1990; Matthis,
Scheffner, Benninger, Lipinski & Stolzis, 1980). None-
theless, there is some evidence that females show a
greater rate of maturation (Benninger, Matthis &
Scheffner, 1984; Clarke et al., 2001; Harmony et al.,
1990). This suggests that although EEG in males matures
earlier, females catch up during adolescence.

The studies reviewed so far describe developmental
changes based on the wide frequency bands used in adult
research. A number of researchers have suggested that as
the frequency spectra change so much during develop-
ment, these wide bands may miss important changes that
are taking place within these wide bands (Klimesch,
1999; Marshall, Bar-Haim & Fox, 2002; Somsen et al.,
1997). This is supported by studies that have split the
alpha band into alpha1 (7.5 to 9 Hz) and alpha2 (9.5 to
12 Hz; Benninger et al., 1984; Colon, Weerd, Notermans
& Graaf, 1979; Gasser et al., 1983; Gasser et al., 1988;
Martinovic, Jovanovic & Ristanovic, 1998; Matousek &
Peters�n, 1973; Matthis et al., 1980). These studies have
shown that between the ages of 8 and 14 years, an
increase in power is most evident in alpha2, whereas
alpha1 undergoes little or no change, suggesting that
important developmental changes are taking place
within conventional frequency bands.

Somsen et al. (1997) further investigated changes
within established frequency bands by analysing both
narrow frequency bands of 8 Hz and the standard wider

frequency bands. While they found no difference in
absolute alpha power when conventional frequency
bands were used, there was a significant change in the
narrow bands within the alpha range, with an increase in
peak frequency from 7.6 Hz to 10 Hz between the ages
of 5 and 12 years. This confirms that using wide fre-
quency bands can miss developmental changes that are
taking place. It also demonstrates that changes in peak
frequency are leading to changes in the composition of
the power spectrum that are seen when wide frequency
bands are used.

The current experiment undertook a more detailed
analysis of age-related variations in peak frequency and
power spectrum composition during early adolescence, a
time when important changes in the maturation of
cortical networks are taking place. We employed a lon-
gitudinal design, providing a clear and accurate picture
of developmental changes unhampered by differences
between subjects. Moreover, we also investigated whether
the previously reported sex differences in EEG power are
due to differences in maturation by comparing the
developmental patterns in males and females. If it is
the case that males mature earlier in childhood, but that
females catch up during adolescence, then we would
expect to see overall higher alpha and lower delta ⁄ theta
in males compared with females, but a greater rate of
change over time in these frequency bands in females.

Methods

Participants

A group of 65 typically developing adolescents were
tested at three time-points, approximately 18 months
apart, using a protocol that included resting-state EEG.
Participants were recruited through newspaper adver-
tisements and visits to schools. The sample was of mixed
ethnicity, with the majority of children (75%) being of
European ancestry. Parental consent and participant’s
assent were obtained for all participants. Any partici-
pants who did not have complete resting-state EEG
datasets at all three visits were excluded, leaving a final
sample of 56 (29 male). The adolescents were first tested
at age 10 years (M = 10.0, SD = .393) and then again at
11.5 (M = 11.5, SD = .41) and 13 years (M = 13.1,
SD = .441). All participants had English as their domi-
nant language and reported no history of neurological,
psychiatric, developmental, or medical disorders.

Procedure

Resting-state EEG was recorded using a 128-channel
Geodesic Sensor Net (Tucker, 1993) and Net Station
software, version 3.0.2 (Electrical Geodesics, Inc.,
Eugene, OR). Scalp-electrode impedances were between
20 and 60 kOhms (Ferree, Luu, Russell & Tucker, 2001).
All channels were referenced to Cz during acquisition.
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EEG was recorded using a 0.1 Hz to 200 Hz band-pass
filter (3 dB attenuation), amplified at a gain of 1000,
sampled at a rate of 500 samples per second, and digi-
tized with a 16-bit A ⁄ D converter.

The EEG was recorded during eyes-closed and eyes-
open conditions, administered in the following sequence:
60 s eyes-closed – 30 s eyes-open – 30 s eyes-closed – 30 s
eyes-open – 30 s eyes-closed – 30 s eyes-open – 30 s eyes-
closed – 30 s eyes-open – 60 s eyes-closed. At the start of
each period in the sequence the experimenter verbally
instructed the participant to open or close their eyes. At
the same time they annotated the EEG recording by
manually inserting an event signaling ‘eyes closed’ or
‘eyes open’ using the user mark-up function in Net
Station. The resting-state EEG data were collected at the
start of a session lasting approximately 1.5 hours. A
sleepiness scale (adapted from Hoddes, Zarcone, Smythe,
Phillips & Dement, 1973) was administered at the end of
the session to assess how sleepy the children were feeling
for each task on a scale of 1 (wide awake) to 8 (asleep).
These ratings were available for 40 of the participants
across all three visits.

Data preprocessing and analysis

The data were processed using the EEGLAB toolbox
for Matlab (Delorme & Makeig, 2004). They were first
re-referenced to an average reference and filtered with a
0.5–55 Hz bandpass filter. To avoid artefacts associated
with opening or closing the eyes, 20-s epochs were
extracted from the center of each segment (5–25 s). As
there was no pre-stimulus baseline, the mean activity
was subtracted from each epoch. Corrections for blinks
and lateral eye movements were performed using inde-
pendent components analysis (ICA). ICA decomposi-
tion was performed on concatenated epochs and
components carrying ocular artefacts were subtracted.
Any epochs with remaining artefacts were then manu-
ally identified and removed. An average of 4.94 (.52)
epochs for each visit were included for the eyes-closed
condition, and 3.86 (.38) epochs for the eyes-open
condition.

Spectral power was calculated using Fast Fourier
Transform (FFT) at 0.5 Hz intervals from 0.5 to 40 Hz
with an increase in bandwidth as the frequency
increased. For frequencies below 1.5 Hz the bandwidth
was 0.6 Hz, between 1.5 and 8 Hz the bandwidth was
2 Hz, and above 8 Hz the bandwidth was a quarter of the
frequency. This was then divided by total power for
relative spectral power and a log transformation was
applied to both the absolute and relative spectral power.

Statistical analysis was performed using partial least
squares (PLS) for EEG data (McIntosh & Lobaugh,
2004). PLS is a multivariate technique that can be used
to identify where experimental effects are expressed,
simultaneously across the whole frequency spectrum and

all electrodes. This is completed in a single analytical step
so that correction for multiple comparisons is not
required. As such, there is no need to restrict the analyses
to a small number of electrodes or frequency bands in
order to reduce the number of comparisons, as is often
the case with traditional univariate analyses. As far as we
are aware, this is the first time it has been applied to
resting-state EEG power spectra, but it has previously
been used for time-frequency analysis (D�zel, 2003) and
to explore the relationship between theta oscillations and
memory performance (Caplan & Glaholt, 2007), as well
as numerous cases of ERP analysis (e.g. Alain,
McDonald, Kovacevic & McIntosh, 2009; Lobaugh,
West & McIntosh, 2001).

PLS was performed on a data matrix where rows
represented participants within age groups in each
condition and columns corresponded to frequencies
within channels. These data matrices were averaged
within group, and grand-mean centered across all three
age groups. PLS for neuroimaging data was originally
developed as a data-driven approach to identify maximal
effects in the dataset. However, the output from PLS can
be difficult to interpret when the dimensions identified
are hard to associate with the a priori expectations of the
researcher. In light of this limitation, we employed non-
rotated PLS that allows for a priori defined contrasts to
be specified, restricting the patterns derived from PLS.
This analysis performs a direct assessment of hypothe-
sized experimental effects, although the results can also
be difficult to interpret if orthogonal contrasts are not
used. In this experiment, orthogonal contrasts were
specified for main effects of Age and Sex and an Age ·
Sex interaction.

The output from the analysis consisted of a set of
latent variables (LVs). Each LV represented a specified
contrast and the corresponding pattern across channels
and frequencies (electrode saliences) that optimally
expressed the contrast. The significance of each LV was
estimated using 500 permutation tests, which randomly
reassigned conditions within participants. The corre-
sponding electrode saliences were tested for stability
across participants by 500 bootstrap samples of partic-
ipants with replacement within conditions. The ratio of
the salience to the bootstrap standard error is approxi-
mately equivalent to a z-score. The bootstrap ratios were
thresholded to a value of €3, which is equivalent to a
99% confidence interval. Where this ratio indicated
stable effects across much of the space-frequency
domain, a more conservative bootstrap ratio of €5
was used to identify where the experimental effects
were most robust. For ease of interpretation, when sig-
nificant changes in frequency were consistent with
standard frequency bands they were described in these
terms (delta (1–4 Hz), theta (4–7 Hz), alpha1 (7.5–
9 Hz), alpha2 (10–12 Hz), beta (12–25 Hz) and gamma
(25+ Hz)).
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Results

Sleepiness scale

The average rating for the resting-state task across all
participants and visits was 2.85 (SD = 1.50), between ‘I
was feeling awake but not wide awake’ (2) and ‘I was
starting to feel a little bit tired’ (3). There was no dif-
ference in reported sleepiness between males and females,
F(1, 39) = 1.11, p = ns; however, there was a small but
significant increase in sleepiness across visits, F(2,
78) = 5.81, p < .01 (visit 1: M = 2.32, SD = .212; visit 2:
M = 2.57, SD = .213; visit 3: M = 3.22, SD = .204).

Spectral power

Significant differences in both absolute (p < .001) and
relative power (p < .001) were present between the eyes-
open and eyes-closed conditions. For absolute power
there was a reduction in power in the eyes-open condi-
tion vs. eyes-closed condition across the whole scalp and
frequency spectrum, with the greatest reduction at
12 Hz. For relative power there was a decrease in power
around 10 Hz, and a small increase in gamma frequen-
cies (25–40 Hz) in the eyes-open vs. eyes-closed condi-
tion. Both changes were largest at posterior recording
sites with the increase in gamma most evident at lateral
sites. The decrease around 10 Hz reflects the well-estab-
lished alpha blocking effect, while the increase in higher

frequencies may be due to increased muscle activity when
the eyes are open.

There were significant changes in absolute and relative
power with age in both the eyes-open (p < .001 for both
absolute and relative power) and eyes-closed conditions
(p < .001 for both absolute and relative power). In the
eyes-open condition there was a decrease in absolute
power for all frequencies except the alpha2 range across
the scalp. The decrease was largest in the delta and theta
frequency ranges (Figure 1). For relative power, we
observed age-related increases in alpha and beta fre-
quencies across the scalp. The increase in relative alpha
power was largest at posterior sites, whereas the largest
increase in beta occurred in right fronto-central regions.

In the eyes-closed condition the age-related changes
for absolute power were very similar to those for the
eyes-open condition, with a decrease in power for all
frequencies except alpha2, largest in the delta and theta
frequency ranges. For relative power, there was also an
age-related decrease in delta and theta power at posterior
sites. In addition, an increase in relative power in alpha2
and beta frequency ranges was also present across the
scalp (Figure 2). For alpha2 this increase was largest at
posterior sites, whereas the increase in beta extended
more centrally.

To rule out the possibility that these results are
explained by an increase in drowsiness across visits,
behavioral PLS analyses were carried out for the eyes-
open and eyes-closed conditions separately. Missing
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Figure 1 Age effect for absolute spectral power in the eyes-open condition. Panel A shows grand average scalp topographies of
relative spectral power at 4 Hz, across three different developmental stages. Panel B illustrates age effects on spectral power
distribution for electrode POz. Black circles indicate frequencies where effect is robustly expressed according to the bootstrap result
of PLS analysis. Panel C shows frequency-by-electrode salience plot of the age contrast. Overlaid black circles indicate electrodes
and frequencies where the effect was robustly expressed. In both panels B and C, we used a highly conservative bootstrap ratio
threshold of 5, in order to see most robust patterns. More traditional threshold of 3 shows that effect is robust across most of the
space-frequency domain. SP = spectral power.
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values were replaced with the mean value for that visit.
For both absolute and relative power there was no sig-
nificant relationship between reported sleepiness and
brain scores for either condition.

There was a significant difference in absolute
power between males and females in both the eyes-
open (p = .006) and eyes-closed conditions (p = .014).
Females had overall lower power, an effect that was most
robustly expressed at central and lateral posterior sites in
both conditions. The difference between sexes was largest
in the alpha range, robustly expressed across participants
in the alpha1 range (Figure 3). Lower power in the upper
beta ⁄gamma range in females was more robust in the
eyes-open than the eyes-closed condition. For relative
power the males vs. females contrast was significant for
the eyes-closed condition only (p = .018). Similar to the
findings for absolute power, alpha1 at lateral posterior
sites was lower in females as compared with males.
Alpha2 was also lower in females, although the differ-
ence was not robust across participants in this range. The
pattern differed for upper beta ⁄gamma, which was
higher for females compared with males at central elec-
trodes.

There was some indication of a differential develop-
ment between the sexes as evidenced by a significant Age
· Sex interaction in absolute power in both the eyes-open
(p = .046) and eyes-closed conditions (p = .030). This
reflected a greater age-related decrease in theta power in
females as compared with males at right lateral posterior
electrodes. The Age · Sex interaction did not reach

significance for relative power in either the eyes-open or
the eyes-closed condition.

Peak alpha frequency

The peak frequency was identified by visual inspection as
the highest peak in relative frequency between 7 and
14 Hz in the eyes-closed condition across 20 occipital
leads. This was done separately for each participant at
each visit. The relative power at the peak frequency was
calculated as the average power across the selected elec-
trodes. Two participants had to be excluded from the
following analyses because a peak could not be identi-
fied. There were no significant correlations between peak
frequency or the amplitude of the peak frequency and
reported sleepiness for any of the visits. Two separate
two-way mixed-measures ANOVAs were performed for
peak frequency and amplitude with Age (10 years,
11.5 years, 13 years) as a within-subject factor and Sex
(males, females) as a between-subjects factor. There was
a significant increase in peak alpha frequency with age,
F(2,104) = 27.8, p < .001, h2

p = .348. Post-hoc tests
demonstrated a significant increase from 10 years
(M = 9.71, SE = .109) to 11.5 years (M = 9.93, SE =
.101), and again to 13 years (M = 10.1, SE = .098). Peak
frequency did not differ between the sexes, F(1, 52) < 1,
ns, and males and females showed a similar pattern of
development, F(2, 104) < 1, ns.

A developmental increase in amplitude at the peak
frequency was indicated by a main effect of Age,
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F(2,104) = 5.77, p < .01, h2
p = .100. Follow-up com-

parisons revealed a significant increase from 10 years
(M = 58.5, SE = 4.20) to 11.5 years (M = 67.6, SE =
4.70), but no further change (13 years: M = 70.1, SE
= 4.99). A significant main effect of Sex, F(1, 52) = 4.03,
p = .05, h2

p = .072, demonstrated that males (M = 73.7,
SE = 5.66) had a significantly higher peak amplitude
than females (M = 57.0, SE = 6.10).

To explore the extent of these changes across the scalp,
and to examine changes surrounding the peak frequency,
the peak alpha frequency was realigned to 10 Hz for each
participant and PLS analysis was run on the new aligned
dataset. A window of €4 Hz around the peak frequency
was realigned accordingly. Resulting 8 Hz relative power
spectrum intervals centered at 10 Hz were analyzed with
PLS (Figure 4). Following the results from the ANOVA,
contrasts for 10 years vs. 11.5 years and males vs.
females were specified. A significant increase in ampli-
tude between 10 and 11.5 years was shown at the peak
frequency (p = .014). This effect was strongest at pos-
terior leads. The PLS analysis did not reveal a significant
difference in peak amplitude between males and females
(p = .108).

Discussion

This experiment explored age and sex differences in peak
frequency and the composition of the EEG spectra in
early adolescence. The first aim of the study was to
explore fine-grained developments in the EEG power
spectra in early adolescence. The second was to deter-
mine whether previously reported sex differences in EEG
power are due to differential rates of maturation. A clear

and accurate picture of developmental changes was
achieved by studying the same participants over time,
recording their EEG at ages 10, 11.5 and 13 years. The
sample size of 56 may be considered moderate, yet this
easily exceeds the number of children in a single age
group in similar studies, which typically include a wider
age range (e.g. Peters�n & Eeg-Olofsson, 1971). The
narrow age range and longitudinal design employed in
this study also provide extra power, thus increasing the
reliability of these results.

The results replicated standard findings of a decrease
in alpha power in the eyes-open compared with eyes-
closed condition, largest at posterior leads. The typical
pattern of age-related decreases in low frequencies and
increases in high frequencies was found. The decrease in
low frequencies was most evident in the absolute power
measure, although it was also seen in relative power
when the eyes were closed. The increase in higher fre-
quencies was only present in relative power. The
underlying neural processes driving these developments
are not yet fully understood. It has been speculated that
they may reflect the elimination of active synapses
(Whitford et al., 2007) and changes in white matter, such
as an increase in myelination or axon size (Segalowitz
et al., 2010).

Developmental reductions in absolute delta and theta
power were seen across the scalp. A similar topographic
pattern was found by Somsen et al. (1997) in 9- and
10-year-olds. Developmental changes in relative alpha
and beta power were more localized. The larger age-re-
lated increase in relative alpha in posterior regions, with
a more central increase in beta frequencies, is consistent
with the findings of Gasser et al. (1988) who found a
similar pattern in 6- to 17-year-olds.
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Previous studies have found that different patterns of
development occur for alpha1 (7.5–9.5 Hz) and alpha2
(9.5–12.5 Hz) (Benninger et al., 1984; Colon et al., 1979;
Gasser et al., 1983; Gasser et al., 1988; Martinovic et al.,
1998; Matousek & Peters�n, 1973; Matthis et al., 1980).
Our results showed a developmental increase in relative
power across the alpha range in the eyes-open condition.
In the more commonly used eyes-closed condition,
however, there was only a developmental increase in
frequencies above 10 Hz. This supports the idea that
changes across the alpha range are not homogenous. As
such, important developmental changes may be masked
when wide frequency bands are used.

It has been suggested that changes in alpha power may
be mediated by a change in the peak frequency (Somsen
et al., 1997). We found a small but significant develop-
ment in peak frequency, which increased from 9.71 to
10.1 between the ages of 10 and 13 years. The amplitude
at the peak frequency also increased significantly
between the ages of 10 and 11.5 years. To ascertain
whether development of peak frequency is contributing
to the changes seen in alpha power, PLS analysis was
performed comparing the developmental increase in
power when individual alpha frequencies were aligned.
This demonstrated that the increases in relative power in
the eyes-closed condition, which appeared to be due to
increases above the peak frequency, were in fact driven
by an increase in power at the peak frequency itself. This
supports the idea of Somsen et al. (1997) that changes in
peak frequency are reflected in developmental increases
in alpha power.

Given that increases in peak frequency contribute to
developmental changes in spectral power, we hypothe-
sized that if the previously observed sex differences in
EEG power in children and adolescents were due to
maturational differences, then differential development
of peak frequency between males and females would be
evident. Previous research has suggested that EEG power
matures earlier in males compared with females during
childhood, but that females catch up during adolescence
(Clarke et al., 2001; Harmony et al.,1990; Matthis et al.,
1980). We found some evidence for greater maturation in
males earlier in development, demonstrated by higher
absolute and relative power in the alpha1 range in males
compared with females across the three time-points. The
group averages indicate higher absolute and relative
power in the alpah2 range in males (Figure 3), which is
where the strongest developmental changes occurred;
this was not robust across participants, however. Our
results also showed differences in gamma frequencies
between males and females. This has to be interpreted
cautiously given that myogenic artefacts might contribute
to these high frequency ranges, raising the possibility
that this reflects differences in muscle activity between
the sexes.

There was some evidence for the greater rate of
development in females, compared with males, as
reported in previous studies (Benninger et al., 1984;
Clarke et al., 2001; Harmony et al., 1990). This was
present in terms of a greater age-related decrease in
absolute theta power but it was only robustly expressed
at a small number of occipital electrodes in the right
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Figure 4 Age effect for eyes-closed condition with aligned peak frequencies. Panel A shows grand average scalp topographies of
relative spectral power at the aligned peak frequencies across three different developmental stages. Panel B illustrates age effect on
spectral power distribution for electrode POz. Black circles indicate frequencies where effect is robustly expressed according to the
bootstrap result of PLS analysis. Panel C shows frequency-by-electrode salience plot of the age contrast. Overlaid black circles
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hemisphere. Critically, despite overall sex differences in
alpha power, we did not find any differences in peak
frequency development between males and females. This
suggests that sex differences in alpha power do not reflect
differential development of the peak frequency, and
therefore may not be due to differential rates of devel-
opment.

In conclusion, these results show that maturation of
EEG power spectra in early adolescence is reflected in a
decrease in low frequencies as well as an increase in the
peak frequency of relative power, reflected in the alpha2
range of the power spectrum. This is indicative of
continuing development of the thalamo-cortical and
cortico-cortical networks that generate EEG activity. Sex
differences in relative spectral power, which have been
interpreted by other researchers in terms of differential
rates of development, are seen in the amplitude of alpha
power but not in the peak frequency. This suggests that
there may be more to sex differences in EEG power than
simply different rates of maturation between the two
sexes.
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