Clinical Neurophysiology Practice 10 (2025) 141-149

Contents lists available at ScienceDirect

Clinical Neurophysiology Practice

journal homepage: www.elsevier.com/locate/cnp

ELSEVIER

Check for

Changing characteristics of somatosensory evoked potentials in adolescents |

Aoi Mase ™, Manabu Shibasaki ”, Hiroki Nakata "

# Graduate School of Humanities and Sciences, Nara Women'’s University, Nara 630-8506, Japan
b Faculty of Engineering, Nara Women'’s University, Nara City, Japan

ARTICLE INFO ABSTRACT

Keywords:
Somatosensory processing

Objective: We investigated changing characteristics of somatosensory processing in adolescents, particularly sex
differences, by comparing children, young adults, and males and females.

SEP Methods: Participants included 26 elementary school children (ESC), 36 adolescents (ADO), and 36 college
Ef;;r_?;nmpha]omm students (CS). We recorded somatosensory evoked potentials (SEPs) using electrical stimulation of the right
Primary somatosensory cortex median nerve. Peak latencies and amplitudes were measured for P12, N15, P18, and N30 at Fz, and for P12 (P1),
Sex differences N18 (N1), P22 (P2), N27 (N2), P3, N3, P45 (P4), and N60 (N4) at C3.

Results: The P22 (P2) amplitude at C3' decreased with age. The N15 amplitude at Fz was larger in females across
all groups. P3 and N3 occurrence at C3' decreased with age but remained high in ADO compared to CS. Cor-
relation analysis showed a significant negative correlation between P22 (P2) amplitude at C3' and age in ADO
boys, but not in ADO girls, ESC boys, or ESC girls.

Conclusions: Somatosensory processing in ADO is not as mature as in CS, with sex differences between ADO boys
and girls.
Significance: Our findings may aid understanding of neural activity in children with developmental disorders,

supporting sensory-based therapies.

1. Introduction

Somatosensory evoked potentials (SEPs) are recorded using elec-
trical stimuli to assess somatosensory processing and reflect neural ac-
tivity after the stimulation of nerves, such as the median nerve. There
are two pathways of somatosensory processing in the human brain: a
posterior pathway from Brodmann’s area 3b of the primary somato-
sensory cortex (SI) to areas 1 and 2; and an anterior pathway from area
3b to areas 4, 6, and 8 (Cebolla et al., 2011; Inui et al., 2004). Median
nerve stimulation elicits SEP components at centroparietal (P12, N18,
P22, N27, P45, N60) and frontal (P12, N15, P18, N30) electrodes
(Nakata et al., 2015; Takezawa et al., 2019).

Several previous studies investigated the characteristics of somato-
sensory cognitive processing in children, focusing on centroparietal
electrodes (Boor et al., 1998; Geneva et al., 2002; Taylor and Fagan,
1988; Zanini et al., 2016). Geneva et al. (2002) recorded SEPs in 67
children (0-16 years) and found that P15, N20, and P25 latencies
increased with height. The N20/P25 amplitude ratio increased with age,
although individual amplitudes showed no age-related changes.
Notably, Takezawa et al. (2019) identified a difference in waveforms of

children compared with young adults at the centroparietal (C3") elec-
trode. In SEP waveforms of prepubescent children, components such as
P3 and N3, which are not observed in adult waveforms, were noted
between the N27 (N2) and P45 (P4) components. N27 mainly reflects
neural activity of Brodmann’s area 2, while P45 and N60 reflect that of
SI and the supplementary motor area (SMA) (Barba et al., 2001, 2008;
Inui et al., 2004). The generator mechanisms underlying P3 and N3 in
prepubescent children remain unclear; however, neural activities in SI
and SMA may be involved. Additionally, the amplitude of the P22 (P2)
component was significantly larger in elementary school children
compared with adults.

Gray matter volume peaks around age 15 and declines through
adolescence, while that of white matter increases into adulthood (Mills
etal., 2016; Winkler et al., 2012; Herting et al., 2017). These changes in
development of gray and white matter, primarily observed during pu-
berty, are closely related to the physical and hormonal changes during
this period. According to a review by Kaczkurkin et al. (2019), while no
sex differences in the density of cortical and subcortical gray matter are
observed at the age of 8, after adolescence, females tend to have a higher
density compared with males.
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Many studies using SEPs in adolescents examined only the charac-
teristics of subcortical components including the brainstem and thal-
amus or early cortical components (Boor et al., 1998; Geneva et al.,
2002; Taylor and Fagan, 1988; Zanini et al., 2016), and no studies
recording SEPs considered two pathways demonstrating somatosensory
processing. Our previous study demonstrated immature somatosensory
neural activity in elementary school children (Takezawa et al., 2019),
but it is unclear whether this neural activity reaches adult levels in ad-
olescents. Furthermore, it is not known whether sex differences exist in
the nervous system regarding somatosensory processing between
adolescent male and female children. Research on the adolescent brain
might help to explore the causes of adolescent-specific behavioral and
emotional changes and devise mental health interventions and support
methods.

This study examined adolescent somatosensory processing changes
and sex differences by comparing elementary school children and adults.

2. Methods
2.1. Participants

Twenty-six elementary school children (ESC; 14 girls and 12 boys),
thirty-six adolescents (ADO; 20 girls and 16 boys), and thirty-six college
students (CS; 20 females and 16 males) with right-handedness partici-
pated in this study. Some of the data in elementary school children have
already been published (Takezawa et al., 2019). Mean ages were 10.0 +
0.2, 14.1 £ 0.3, and 21.0 + 1.0 years in ESC, ADO, and CS respectively.
The mean height of males was 139.8 + 4.7 cm in ESC, 165.4 & 8.4 cm in
ADO, and 173.0 £ 6.3 cm in CS, while that of females was 139.8 + 4.6,
157.5 + 7.0, and 157.9 + 3.7 cm, respectively. Any ESC with signs of
puberty (self- or parent-reported) were excluded. None of the subjects
had a history of neurological or psychiatric disorders.

Informed consent was obtained from all participants and children’s
guardians. The procedures used complied with the Declaration of Hel-
sinki regarding human experimentation. This study was approved by the
Ethical Committee of Nara Women’s University, Nara City, Japan
(approval number: 22-65).

2.2. Procedure

In order to record SEPs, the electric stimulus used was a constant
current square-wave pulse delivered to the right median nerve using a
pair of felt-up electrodes. The stimulus duration was 0.2 ms, and the
stimulus intensity was sufficient to produce a slight but definite twitch of
the thumb. Participants were asked to stay relaxed and not to pay
attention to the stimuli. Approximately two hundred stimuli were
applied in total.

2.3. EEG recordings and data analysis

EEG was recorded with Ag/AgCl disk electrodes placed on the scalp
at Fz, Cz, Pz, and C3' (C3' was 2 cm posterior to C3), according to the
International 10-20 System. Each scalp electrode was referenced to
linked earlobes which were mathematically calculated as an averaged
reference. In order to preclude interference noise due to eye movements
or blinks exceeding 100 pV, an electrooculogram (EOG) was recorded
bipolarly with a pair of electrodes placed 2 cm lateral to the lateral
canthus of the right eye and 2 cm above the upper edge of the right orbit
and analyzed on-line. We also checked all raw data off-line, and if clear
artifacts not exceeding 100 pV (unexplained noise) were recorded, the
trials were eliminated from averaging. Impedance was maintained at
less than 5 kohm. All EEG signals were collected on a signal processor
(Neuropack X1 system, Nihon-Kohden, Tokyo, Japan). For the recording
of SEPs, the bandpass filter was 1-1,500 Hz. The analysis time was 100
ms, and the sampling rate was 5,000 Hz. The peak amplitudes and la-
tencies for individual SEP components were obtained using a measuring
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scale of the Neuropack system with visual inspection. The peaks of all
recognizable SEP components were measured. The peak amplitude of
each component was identified immediately prior (peak-to-peak). Thus,
the amplitude for the first P12 (P1) component was not shown. We
focused on Fz and C3' electrodes, and Cz and Pz electrodes were sup-
plementarily set up based on previous studies. Peak amplitudes at Fz
were measured for N15, P18, and N30. Peak amplitudes at C3' were
measured for N18 (N1), P22 (P2), N27 (N2), P3, N3, P45 (P4), and N60
(N4). N18 (N1) at C3' in children is equivalent to the N20 component in
adults, primarily due to the influence of height. Previous studies sug-
gested that differences in somatosensory evoked potential latencies be-
tween children and adults are partially attributed to variations in nerve
conduction distance, which is affected by body height (Boor et al., 1998;
Geneva et al., 2002; Takezawa et al., 2019; Taylor and Fagan, 1988;
Zanini et al., 2016). Thus, N18 in children reflects the same neural
processing as N20 in adults, adjusted for developmental differences in
physiological structure.

2.4. Statistical analysis

SEP data on the latency and amplitude for each component were
separately subjected to two-way analyses of variance (ANOVA) with
Group (ESC, ADO, and CS) and Sex (female and male) as factors. Am-
plitudes of SEPs at C3' for N1, P2, N2, P4, and N4, and at Fz for N15, P18,
and N30 components were analyzed. Latencies were analyzed similarly
for P1, N1, P2, N2, P4, and N4 at C3/, and for P12, N15, P18, and N30 at
Fz. Additionally, data on height were submitted to two-way ANOVA
with Group and Sex as factors. If the results of Mauchly’s test were
significant and the assumption of sphericity was violated, Greenhouse-
Geisser adjustment was used to correct sphericity by altering the de-
grees of freedom using a correction coefficient epsilon. When a signifi-
cant main effect for Group was identified, Bonferroni post-hoc multiple-
comparison was employed to identify specific differences. Furthermore,
if a significant main effect for Sex was obtained, an unpaired t-test was
conducted as a post-hoc test.

We also analyzed the bivariate correlation between SEP components
and age in months among ESC and ADO, and between SEP components
and height among all subjects. This analysis was performed after
checking data had a normal distribution using the Kolmogorov-Smirnov
test. If a normal distribution was confirmed, Pearson’s correlation was
calculated. If non-parametric data were found, Spearman’s correlation
was used. Significance was set at p < 0.05.

3. Results
3.1. Anthropometric data

ANOVAs for height showed a significant main effect of Group (F (2,
92) = 146.836, p < 0.001, n2 = 0.761). The post-hoc test showed that CS
were significantly taller than ADO (p < 0.05), and ADO and CS were
taller than ESC (p < 0.01, respectively). A significant main effect of Sex
was also observed (F (1, 92) = 38.029, p < 0.001, nz = 0.292), indicating
that males were taller females.

3.2. The peak amplitude and latency of SEP at Fz

Figs. 1 and 2 show grand-averaged SEP waveforms across all par-
ticipants for each group at Fz and C3' electrodes.

ANOVAs for the peak amplitude showed a significant main effect of
Sex on N15 (F (1, 90) = 7.988, p < 0.01, q2 = 0.82), indicating that the
peak amplitude was larger in females than males. No significant dif-
ference in peak amplitudes were observed in P18 and N30 (Fig. 3).

ANOVAs for the peak latency showed a significant main effect of
Group on P12 (F (2, 90) = 13.642, p < 0.001, 1]2 = 0.233). The post-hoc
test showed that the latency was significantly shorter in ESC than in ADO
and CS (p < 0.01, respectively). A significant main effect of Sex was also
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Fig. 1. Grand-averaged SEP waveforms at Fz across all participants in each group ESC = elementary school children; ADO = adolescents; CS = college students.
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Fig. 2. Grand-averaged SEP waveforms at C3' across all participants in each group ESC = elementary school children; ADO = adolescents; CS = college students.

observed (F (1, 90) = 14.188, p < 0.001, nz = 0.136), indicating that the
peak latency on P12 was shorter in females than males.

ANOVAs for N15 showed a significant main effect of Group (F (2, 90)
= 27.268, p < 0.001, 42 = 0.377). The post-hoc test showed that the
latency was significantly shorter in ESC than in ADO and CE (p < 0.001,
respectively). A significant main effect of Sex was also observed, indi-
cating that the peak latency on N15 was shorter in females than males (F
(1, 90) = 15.018, p < 0.001, n% = 0.143).

ANOVAs for P18 showed a significant main effect of Group (F (2, 90)
=16.935, p < 0.001, 12 = 0.273). The post-hoc test showed that the
latency was significantly shorter in ESC than in ADO and CS (p < 0.001,
respectively). A significant main effect of Sex was also observed, indi-
cating that the peak latency on P18 was shorter in females than males (F
(1,90) =15.125, p < 0.001, n2 = 0.144). No significant difference in the
peak latency was observed in N30 at Fz (Table 1).
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3.3. The peak amplitude and latency of SEP at C3'

ANOVAs for the peak amplitude showed a significant main effect of
Group on P22 (P2) (F (2, 92) = 4.514, p < 0.05, n2 = 0.089). The post-
hoc test showed that the amplitude was significantly larger in ESC than
CS (p < 0.05). ANOVAs for the peak amplitude on P45 (P4) showed a
significant main effect of Group (F (2, 92) = 5.633, p < 0.01, n% =
0.109). The post-hoc test showed that the amplitude was larger in ADO
than ESC (p < 0.01). No significant differences in the peak amplitudes
were observed in N18 (N1), N27 (N2), or N60 (N4) at C3' (Fig. 3).

ANOVAs for the peak latency on P12 (P1) showed a significant main
effect of Group (F (2, 92) = 16.549, p < 0.001, r]2 = 0.265), and Sex (F
(1,92)=16.529, p < 0.01, nz = 0.105), and Group-Sex interaction (F (2,
92) = 3.170, p < 0.05, n2 = 0.064). The post-hoc test for male subjects
showed that the latency was significantly shorter in ESC than in ADO
and CS (p < 0.05, p < 0.001, respectively), and female subjects also
showed a shorter latency in ESC (p < 0.05, respectively). The post-hoc t-
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Fig. 3. Mean values of each component in SEP amplitudes (A) at Fz and (B) at C3'.

Vertical lines indicate SDs.

test for ESC and ADO showed no significant difference between boys and
girls. The t-test for CS showed a significant difference between males and
females (p < 0.001), indicating that the peak latency on P12 (P1) was
shorter in females than males.

ANOVAs for the peak latency on N18 (N1) showed a significant main
effect of Group (F (2, 92) = 28.189, p < 0.001, n2 = 0.380), and Sex (F
(1, 92) = 25.790, p < 0.001, n2 = 0.219), and Group-Sex interaction (F
(2, 92) =5.068, p < 0.01, nz = 0.099). The post-hoc test for male sub-
jects showed that the latency was significantly shorter in ESC than in
ADO and CS (p < 0.001, respectively), and female subjects also showed a
shorter latency in ESC (p < 0.001, p < 0.05, respectively). The post-hoc
t-test for ESC showed no significant difference between boys and girls.
The t-test for ESC and CS showed a significant difference in sex (p <
0.001, respectively), indicating that the peak latency on P12 (P1) was
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ESC = elementary school children; ADO = adolescents; CS = college students.

shorter in females than males.

ANOVAs for the peak latency on P22 (P2) showed a significant main
effect of Sex (F (1, 92) = 18.288, p < 0.001, n2 = 0.166), indicating that
the peak latency on P22 (P2) was shorter in females than males.
ANOVAs for the peak latency on N27 (N2) showed a significant main
effect of Sex (F (1, 92) = 7.486, p < 0.01, n2 = 0.075), indicating that the
peak latency on N27 (N2) was shorter in females than males. No sig-
nificant difference in the peak latency was observed in P45 (P4) or N60
(N4) (Table 1).

3.4. The characteristics of P3 and N3 components at C3'

Fig. 4A shows grand-averaged SEP waveforms in male and female
ADO groups including P3 and N3 components, and Fig. 4B shows grand-
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Table 1
Mean values for peak latencies of each SEP component.

Main effect of

ANOVA
(ms) Sex ESC ADO CS Group Sex
Fz
P12 M 11.7 (1.2) 12.9 (0.9) 13.0 (1.0) < <
# *# *# 0.001 0.001
F 11.3 (0.6) 12.0(0.8) * 12.2(0.5) *
N15 M 14.2 (0.9) 15.9 (1.3) 16.0 (1.0) < <
# *# *# 0.001 0.001
F 13.9 (0.5) 15.1(0.4) * 15.1(0.8) *
P18 M 17.1(1.1) 18.4 (1.2) 18.8 (1.1) < <
# *# *# 0.001 0.001
F 16.6 (0.5) 17.7 (1.0) * 17.7 (0.8) *
N30 M 29.9 (2.0) 30.9 (3.0) 30.9 (1.8) 0.158 0.178
F 29.2 (1.6) 30.3(2.2) 30.2 (2.6)
c3
P12 M 11.8(1.1) 13.1(1.1)* 13.8(1.2) * < < 0.01
(P1) 0.001
F 11.6 (1.1) 12.7 (0.9) * 12.4(0.6) *
N18 M 16.3 (0.8) 18.5(1.0) * 18.1 (1.0) * < <
(N1) 0.001 0.001
F 16.2 (0.6) 17.0(0.8) * 17.2(0.7) *
P22 M 21.3 (2.0) 22.0 (1.7) 21.7 (1.5) 0.371 <
(P2) # # # 0.001
F 20.3 (1.5) 20.6 (1.4) 20.0 (0.8)
N27 M 26.8 (3.7) 26.3 (2.0) 27.0 (2.7) 0.443 < 0.01
(N2) # # #
F 24.0 (2.1) 26.0 (2.7) 25.5 (2.0)
P45 M 45.6 (6.7) 44.8 (6.0) 44.9 (3.7) 0.363 0.445
P4)
F 45.7 (5.7) 44.6 (3.8) 42.7 (4.1)
N60 M 59.5 (4.6) 58.8 (2.6) 60.6 (2.6) 0.453 0.065
(N4)
F 58.3 (4.5) 58.3(3.1) 58.5 (2.7)

Data are expressed as the mean (SD). ANOVAs showed Group-Sex interactions
for P12 and N18 components at C3'. Significant differences are shown as factors
of Group (vs. prepubescent children): * p < 0.05; Sex (male vs. female): # p <
0.05. M = male; F = female. ESC = elementary school children; ADO = ado-
lescents; CS = college students.

averaged SEP waveforms in male and female ADO groups without these
components.

Table 2 shows the occurrence rates of P3 and N3 components
observed between N27 (N2) and P45 (P4) components at C3' in each age
group. The occurrence rate was 75.0 % in ESC boys, 85.7 % in ESC girls,
43.8 % in ADO boys, 30.0 % in ADO girls, 18.8 % in CS males, and 0.0 %
in CS females.

3.5. The relationship between SEP components and age in months

Mean ages were 124.9 + 3.8, and 175.4 + 3.3 months in ESC and
ADO respectively. Fig. 5 shows correlation analysis between the
amplitude in P22 (P2) at C3' and age in months for ESC and ADO in-
dividuals. A significant negative correlation was observed in ADO boys
(r -0.639, p = 0.008), indicating that the amplitude P22 (P2)
decreased with increasing age in months. In contrast, no significant
correlations were observed between them among ESC and ADO girls.

3.6. The relationship between SEP components and height

Table 3 shows correlation analysis between SEP components and
height. Significant positive correlations were observed in SEP latency of
P12 (r = 0.596, p < 0.001), N15 (r = 0.664, p < 0.001), P18 (r = 0.636,
p < 0.001), and N30 (r = 0.271, p < 0.01) at Fz, and P12 (P1) (r = 0.647,
p < 0.001), N18 (N1) (r = 0.690, p < 0.001), P22 (P2) (r = 0.359, p <
0.001), and N27 (N2) (r = 0.215, p < 0.05) at C3'. These results indicate
that taller subjects had a longer SEP latency. Significant negative cor-
relations were observed in SEP amplitude of N18 (N1) (r =-0.212, p <
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0.05) and P22 (P2) (r = -0.215, p < 0.05) at C3', indicating that these
amplitudes decreased with increasing height. On the other hand, sig-
nificant positive correlations were observed in N27 (N2) (r = 0.224,p <
0.05) and P45 (P4) (r = 0.255, p < 0.05) at C3/, indicating that taller
subjects had a larger amplitude.

3.7. Covariate analysis of P22 (P2) amplitude

To further investigate age-related changes in the P22 (P2) amplitude,
we conducted an analysis of covariance (ANCOVA) with height as a
covariate. The analysis showed no significant main effect of height nor
interactions on the P22 (P2) amplitude.

4. Discussion

We investigated the changing characteristics of somatosensory pro-
cessing across puberty using SEPs, by comparing those among prepu-
bescent children and adults, and examined sex differences in SEP
waveforms across three age groups.

The latencies of P12, N15, and P18 at Fz, as well as P12 (P1) and N18
(N1) at C3' were short in females and the ESC group, while P22 (P2) and
N27 (N2) at C3' were shorter in females than males (Table 1). These
results would be related to anthropometric data. That is, males were
significantly taller than females, and height increased with age. Previous
studies on SEPs showed positive correlations between height or arm
length and latencies (Boor et al., 1998; Geneva et al., 2002; Takezawa
et al,, 2019; Taylor and Fagan, 1988; Zanini et al., 2016), being
consistent with the results of the present study. As mentioned in Intro-
duction, anterior and posterior pathways from Brodmann’s area 3b exist
in somatosensory processing. Neural activities in an anterior pathway,
generated from the prefrontal, premotor, and primary motor cortices,
can be recorded at Fz electrode (Cebolla et al., 2011; Urushihara et al.,
2006). A posterior pathway included neural activities from Brodmann’s
area 3b of SI to areas 1 and 2 (Inui et al., 2004; Takezawa et al., 2019).
P12 and N15 are generated from higher segments of the cervical cord,
and at or near the foramen magnum (Cruccu et al., 2008; Restuccia
et al., 1995). In the present study, since significant differences in SEP
latencies were observed at P12, N15, and P18 at Fz, and P12 (P1), N18
(N1), P22 (P2), and N27 (N2) at C3/, the height may influence the
subcortical and early cortical components. These results are consistent
with part of the findings reported by Geneva et al. (2002), who recorded
SEPs in children and reported that the latencies of P15, N20, and P25
delayed with increasing height. Thus, middle and late SEP components
including P45 (P4) and N60 (N4) at C3' were not affected by the height.
This might be associated with the latency jitter among subjects. Indeed,
in Table 1, the standard deviations (SDs) were clearly larger in N30 at Fz
and P45 (P4) and N60 (N4) at C3' than in other components, suggesting
that individual differences were marked in middle and late SEP com-
ponents. These data were also supported by correlation analysis between
SEP components and height (Table 3).

ANOVA for the amplitude of P22 (P2) at C3' showed a significant
main effect of Group, indicating that the amplitude decreased with
increasing age (Fig. 3). N18 is generated from area 3b of the SI (Allison
et al., 1991), whereas P22 (P2) is generated from areas 1 and 4 (Inui
et al., 2004). Anatomical studies demonstrated that area 1 received
direct thalamocortical connections from the ventral lateral nucleus and
area 3b (Jones, 1986; Jones et al., 1978). Alternatively, area 3b mainly
received connections from the ventral lateral nucleus. Takezawa et al.
(2019) compared the characteristics of SEPs between elementary school
children and young female adults, and reported that the amplitude of
P22 (P2) at C3' was significantly larger in children than adults. They
mentioned hyper-excitability/responsiveness of neural activity on so-
matosensory processing in children. Our data suggest that this change
reflects maturation of the cerebral cortex, especially at areas 1 and 4,
and a reduction in the hyper-excitability/responsiveness. Further anal-
ysis using ANCOVA with height as a covariate revealed no significant
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representative subjects are shown. (B) Grand-averaged SEP waveforms in male and female ADO groups without these components.
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Table 2
Occurrence rates of P3 and N3 components in each age group.
Male Female
ESC 75.0 % 85.7 %
ADO 43.8 % 30.0 %
Cs 18.8 % 0%

ESC = elementary school children; ADO = adolescents; CS = college
students.

main effect of height nor its interactions on the P22 (P2) amplitude.
Thus, the observed age-related differences in the P22 (P2) amplitude are
more likely associated with neurophysiological development rather than
physical growth. Moreover, at the same C3' electrode, not all SEP
components show differences in amplitude among groups. It is possible
that neurotransmitters involved in generating the potentials are related
to these results, in addition to the generator sources of each component.
Specifically, it is believed that gamma-aminobutyric acid (GABA) is
associated with generation of the P22 (P2) component. GABA is a major
inhibitory neurotransmitter in the brain and spinal cord, and is associ-
ated with ionic mechanisms of the inhibitory postsynaptic potential
(IPSP) in cortical pyramidal neurons (Kandel et al., 2000). A previous
study using the GABA, agonist lorazepam showed that the amplitude of
P22 was significantly increased during paired-pulse paradigms (Stude
etal., 2016). Therefore, the P22 (P2) component primarily reflects IPSP.
On the other hand, the effect of lorazepam was not observed on the N18
(N1), suggesting that N18 (N1) is primarily driven by excitatory neu-
rotransmitters generating excitatory postsynaptic potentials (EPSPs).
Additionally, inhibitory mechanisms in cortices are considered to
mature later than excitatory ones (Brooks-Kayal, 2005; Zanini et al.,
2016), which is consistent with the results of this study. Based on these
findings, although speculative, developmental neural mechanisms in
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GABA actions may be related to a decreasing the amplitude of P22 (P2)
at C3' with increasing age. Thus, the maturation of ionic mechanisms of
IPSP in areas 1 and 4 was noted. However, further studies are needed to
clarify the detailed neurochemical mechanisms, using paired-pulse
paradigms in SEP recordings, which are often applied to investigate
the automatic inhibitory function based on cortical GABA levels (Stude
et al., 2016; Zanini et al., 2016;). Moreover, the amplitude of P22 (P2)
among all participants weakly correlated with height (Table 3). This
indicates that the amplitude of P22 (P2) decreases with both neural
development in the brain and an increase in height as growth.
Takezawa et al. (2019) showed that elementary school children had
P3 and N3 components between N27 (N2) and P45 (P4) at C3'. In the
present study, although the occurrence rates of these two components
were decreased in ADO, they still remained relatively high compared
with CS (Table 2). Previous studies comparing the amplitudes of so-
matosensory high-frequency oscillations or SEPs between children and

Table 3
The r value of correlations between SEP components and height.
Latency Amplitude
Fz P12 0.596%** Fz N15 0.030
N15 0.664*** P18 —0.021
P18 0.636*** N30 —0.024
N30 0.271%*
c3 P12 (P1) 0.647*** c3 N18 (N1) —0.212*
N18 (N1) 0.690*** P22 (P2) —0.215*
P22 (P2) 0.359%** N27 (N4) 0.224*
N27 (N4) 0.215* P45 (P4) 0.255*
P45 (P4) —-0.126 N60 (N4) 0.069
N60 (N4) 0.110
*p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 5. Correlation between P22 (P2) amplitude at C3' and age in months for ESC and ADO. ESC = elementary school children; ADO = adolescents.
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adults reported that amplitudes in some components were larger in
children than in adults (Nakano and Hashimoto, 2000; Takezawa et al.,
2019; Zanini et al., 2016). These studies proposed the existence of
immature inhibitory mechanisms in somatosensory processing in chil-
dren. Furthermore, norepinephrine and serotonin are associated with
the functioning of the sensory systems, including somatosensory, vision,
and auditory (Hurley et al., 2004), and these neurotransmitters play
important roles in regulating central nervous system development
(Murrin et al., 2007). Additionally, previous studies using magnetic
resonance imaging (MRI) have reported significant developmental
changes in white matter from late childhood to adolescence (Lebel and
Deoni, 2018). Taking these findings into consideration, differences in
the characteristics of the somatosensory system by age in the present
study suggest the involvement of age-dependent neurobiological
changes associated with brain development. The present study could not
clarify the generator mechanisms for P3 and N3 components at C3', since
we did not perform source analysis. As mentioned in Introduction,
neural activity at C3' is mainly generated from a posterior pathway in
Brodmann’s area 3b, areas 1 and 2 of SI (Cebolla et al., 2011; Inui et al.,
2004). In addition, Barba and colleagues, utilizing depth electrodes in
epilepsy patients, reported that the fronto-central N60 response origi-
nated from not only SI, but also SMA (Barba et al., 2008). Based on these
findings, the maturation of neural activities including those at SI and
SMA might be related to decreases in the occurrence of P3 and N3
components with increasing age.

The gray matter volume decreases throughout adolescence (Mills
et al., 2016; Winkler et al., 2012). Additionally, Corrigan et al. (2021)
reported that myelination in the parietal gray matter is significantly
correlated with age. However, the white matter volume increases with
age and this continues into adulthood (Herting et al., 2017; Mills et al.,
2016). In the present study, the observed decrease in the P22 (P2)
amplitude and the disappearance of P3 and N3 components with age
may be influenced by the progression of myelin development, particu-
larly in the parietal cortex, as well as by changes in the white matter
volume that contribute to neural efficiency.

Females showed larger amplitudes of N15 at Fz than males in all
groups (Fig. 3). Since no significant correlation was found between the
amplitude of N15 and height, factors other than the height should be
considered (Table 3). As noted above, N15 at Fz is generated from higher
segments of the cervical cord, and at or near the foramen magnum
(Cruccu et al., 2008; Restuccia et al., 1995). A previous study examining
the brain structure in individuals aged 8 to 30 years showed that whole-
brain and white matter volumes are larger in males than females (Mills
et al., 2016), indicating that sex differences may be present not only in
the cerebral cortex but also subcortical regions. Therefore, the smaller
whole-brain and white matter volumes in females may have led to more
efficient neural activity, resulting in a smaller amplitude. Since no
previous studies examined sex differences in neural activity related to
somatosensory processing (Boor et al., 1998; Takezawa et al., 2019;
Taylor and Fagan, 1988; Zanini et al., 2016), further research is needed
to clarify the detailed mechanisms underlying differences in somato-
sensory processing.

Correlation analyses between the amplitude of P22 (P2) at C3' and
age in months showed a significant negative correlation only in ADO
boys, where the amplitude decreased with increasing age (Fig. 5). One of
the indicators reflecting the peak of puberty is the age of peak height
velocity (APHV). Yokoya and Higuchi. (2014) reported that APHV for
Japanese children between 2006 and 2013 was 11.79 years for boys and
9.55 years for girls, with girls reaching the peak height velocity 2.04
years earlier than boys. Therefore, our data may reflect differences in
development speed between boys and girls during puberty. Addition-
ally, the lack of a significant correlation in both boys and girls in ESC
suggests that they have not yet reached puberty at this stage, and thus,
the neural basis involved in somatosensory processing is considered
immature.

Research on neural activity related to somatosensory perception in
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children is expected to have various clinical applications in the future.
Sensory-based therapies are being increasingly used by occupational
therapists and sometimes by other types of therapists in the treatment of
children with developmental and behavioral disorders, such as autism
spectrum disorders, attention-deficit/hyperactivity disorder, and
developmental coordination disorders (Zimmer and Desch, 2012). The
present study mainly focused on somatosensory processing for healthy
adolescents, but our findings might also help to understand the neural
activity associated with somatosensory perception in children with these
disorders.

The present study had several limitations. First, we could not directly
check secondary physical sexual development or conduct hormonal
examination in either male or female participants. Second, electrical
stimulation applied only to the right median nerve in this study. To
estimate interhemispheric differences in somatosensory processing, it
would be better to stimulate both left and right median nerves and
compare the resulting SEPs. Further investigation is necessary in the
future.

In conclusion, we showed the characteristics of somatosensory pro-
cessing in ESC, by comparing those among ADO and CS. Especially, the
amplitude of P22 (P2) at C3' decreased with increasing age, related to
inhibitory neural activity. Furthermore, the occurrence of P3 and N3
components at C3' decreases with age due to neurobiological changes
associated with brain development. There was a significant correlation
in ADO boys between the amplitude of P22 (P2) at C3' and age in
months, but not in ADO girls. These data suggest that the somatosensory
processing in ADO is not as mature as in adults, and sex differences exist
in somatosensory systems between ADO boys and girls.

Author contributions

AM., H.N., and M.S. conceived and designed research; A.M. and H.
N. performed experiments; A.M. analyzed data; A.M., H.N., and M.S.
interpreted results of experiments; A.M. and H.N. prepared figures; A.
M., H.N., and M.S. drafted the manuscript; All authors approved the final
version of the manuscript.

Financial disclosure

This study was supported by the Sumitomo Electric Group CSR
Foundation.

CRediT authorship contribution statement

Aoi Mase: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software, Valida-
tion, Visualization, Writing — original draft. Hiroki Nakata: Conceptu-
alization, Data curation, Formal analysis, Investigation, Methodology,
Project administration, Resources, Software, Validation, Visualization,
Writing — review & editing. Manabu Shibasaki: Funding acquisition,
Methodology, Resources, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We would like to express our gratitude to the children and their
families for participation in this study.

Data availability

Data will be made available on request.



A. Mase et al.
References

Allison, T., McCarthy, G., Wood, C.C., Jones, S.J., 1991. Potentials evoked in human and
monkey cerebral cortex by stimulation of the median nerve: A review of scalp and
intracranial recordings. Brain 114, 2465-2503.

Barba, C., Frot, M., Guénot, M., Mauguiere, F., 2001. Stereotactic recordings of median
nerve somatosensory-evoked potentials in the human pre-supplementary motor area.
Eur. J. Neurosci. 13, 347-356.

Barba, C., Valeriani, M., Colicchio, G., Mauguiere, F., 2008. New depth short-latency
somatosensory evoked potential (SEP) component recorded in human SI area.
Neurosci. Lett. 432, 179-183.

Boor, R., Goebel, B., Taylor, M.J., 1998. Subcortical somatosensory evoked potentials
after median nerve stimulation in children. Eur. J. Paediatr. Neurol. 2, 137-143.

Brooks-Kayal, A.R., 2005. Rearranging receptors. Epilepsia 46, 29-38.

Cebolla, A.M., Palmero-Soler, E., Dan, B., Cheron, G., 2011. Frontal phasic and
oscillatory generators of the N30 somatosensory evoked potential. Neuroimage 54,
1297-1306.

Corrigan, N.M., Yarnykh, V.L., Hippe, D.S., Owen, J.P., Huber, E., Zhao, T.C., et al.,
2021. Myelin development in cerebral gray and white matter during adolescence and
late childhood. Neuroimage 227, 117678.

Cruccu, G., Aminoff, M.J., Curio, G., Guerit, J.M., Kakigi, R., Mauguiere, F., et al., 2008.
Recommendations for the clinical use of somatosensory-evoked potentials. Clin.
Neurophysiol. 119, 1705-1719.

Geneva, LE., Krasteva, M.B., Kostianev, S.S., 2002. Age-related changes of the
somatosensory evoked potentials in healthy children. Folia Med (plovdiv) 44, 13-18.

Herting, M.M., Kim, R., Uban, K.A., Kan, E., Binley, A., Sowell, E.R., 2017. Longitudinal
changes in pubertal maturation and white matter microstructure.
Psychoneuroendocrinology 81, 70-79.

Hurley, L.M., Devilbiss, D.M., Waterhouse, B.D., 2004. A matter of focus: monoaminergic
modulation of stimulus coding in mammalian sensory networks. Curr. Opin.
Neurobiol. 14, 488-495.

Inui, K., Wang, X., Tamura, Y., Kaneoke, Y., Kakigi, R., 2004. Serial processing in the
human somatosensory system. Cereb. Cortex 14, 851-857.

Jones EG, Coulter JD, Hendry SH. Intracortical connectivity of architectonic fields in the
somatic sensory, motor and parietal cortex of monkeys. J Comp Neurol 1978; 181:
291-347.

Jones, E.G., 1986. Connectivity of the primate sensory-motor cortex. In: Jones, E.G.,
Peters, A. (Eds.), Cerebral Cortex, vol. 5. Plenum Press, New York, pp. 113-183.

Kaczkurkin, A.N., Raznahan, A., Satterhwaite, T.D., 2019. Sex differences in the
developing brain: insights from multimodal neuroimaging.
Neuropsychopharmacology 44, 71-85.

Kandel, E., Schwartz, J.H., Jessell, T.M., 2000. Principles of Neural Science, 4th ed.
McGraw-Hill Companies Inc, p. 214.

149

Clinical Neurophysiology Practice 10 (2025) 141-149

Lebel, C., Deoni, S., 2018. The development of brain white matter microstructure.
Neuroimage 182, 207-225.

Mills, K.L., Goddings, A.L., Herting, M.M., Meuwese, R., Blakemore, S.J., Crone, E.A.,
et al., 2016. Structural brain development between childhood and adulthood:
Convergence across four longitudinal samples. Neuroimage 141, 273-281.

Murrin, L.C., Sanders, J.D., Bylund, D.B., 2007. Comparison of the maturation of the
adrenergic and serotonergic neurotransmitter systems in the brain: Implications for
differential drug effects on juveniles and adults. Biochem. Pharmacol. 73,
1225-1236.

Nakano, S., Hashimoto, I., 2000. High-frequency oscillations in human somatosensory
evoked potentials are enhanced in school children. Neurosci. Lett. 291, 113-116.

Nakata H, Oshiro M, Namba M, Shibasaki M. Effects of passive heat stress on human
somatosensory processing. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015; 309:
R1387-1396.

Restuccia, D., Di Lazzaro, V., Valeriani, M., Conti, G., Tonali, P., Mauguiere, F., 1995.
Origin and distribution of P13 and P14 far-field potentials after median nerve
stimulation. Scalp: nasopharyngeal and neck recording in healthy subjects and in
patients with cervical and cervico-medullary lesions. Electroencephalogr. Clin.
Neurophysiol. 96, 371-384.

Stude, P., Lenz, M., Hoffken, O., Tegenthoff, M., Dinse, H., 2016. A single dose of
lorazepam reduces paired-pulse suppression of median nerve evoked somatosensory
evoked potentials. Eur. J. Neurosci. 43, 1156-1160.

Takezawa, M., Kamijo, K., Shibasaki, M., Nakata, H., 2019. Differences in characteristics
of somatosensory evoked potentials between children and adults. Neuroreport 30,
1284-1288.

Taylor, M.J., Fagan, E.R., 1988. SEPs to median nerve stimulation: normative data for
paediatrics. Electroencephalogr. Clin. Neurophysiol. 71, 323-330.

Urushihara, R., Murase, N., Rothwell, J.C., Harada, M., Hosono, Y., Asanuma, K., et al.,
2006. Effect of repetitive transcranial magnetic stimulation applied over the
premotor cortex on somatosensory-evoked potentials and regional cerebral blood
flow. Neuroimage 31, 699-709.

Winkler, A.M., Sabuncu, M.R., Thomas Yeo, B.T., Fischl, B., Greve, D.N., Kochunov, P.,
et al., 2012. Measuring and comparing brain cortical surface area and other areal
quantities. Neuroimage 61, 1428-1443.

Yokoya, M., Higuchi, Y., 2014:. Geographical Differences in the Population-Based Cross-
Sectional Growth Curve and Age at Peak Height Velocity with respect to the
Prevalence Rate of Overweight in Japanese Children. Int. J. Pediatr., 867890

Zanini, S., Martucci, L., Del Piero, I., Restuccia, D., 2016. Cortical hyper-excitability in
healthy children: evidence from habituation and recovery cycle phenomena of
somatosensory evoked potentials. Dev. Med. Child Neurol. 58, 855-860.

Zimmer, M., Desch, L., 2012. Sensory integration therapies for children with
developmental and behavioral disorders. Pediatrics 129, 1186-1189.


http://refhub.elsevier.com/S2467-981X(25)00017-4/h0005
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0005
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0005
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0010
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0010
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0010
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0015
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0015
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0015
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0020
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0020
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0025
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0035
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0035
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0035
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0040
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0040
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0040
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0045
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0045
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0045
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0050
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0050
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0055
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0055
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0055
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0060
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0060
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0060
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0065
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0065
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0075
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0075
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0080
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0080
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0080
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0085
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0085
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0090
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0090
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0095
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0095
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0095
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0100
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0100
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0100
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0100
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0105
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0105
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0115
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0115
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0115
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0115
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0115
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0120
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0120
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0120
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0125
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0125
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0125
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0130
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0130
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0135
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0135
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0135
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0135
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0140
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0140
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0140
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0145
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0145
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0145
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0150
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0150
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0150
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0155
http://refhub.elsevier.com/S2467-981X(25)00017-4/h0155

	Changing characteristics of somatosensory evoked potentials in adolescents
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Procedure
	2.3 EEG recordings and data analysis
	2.4 Statistical analysis

	3 Results
	3.1 Anthropometric data
	3.2 The peak amplitude and latency of SEP at Fz
	3.3 The peak amplitude and latency of SEP at C3′
	3.4 The characteristics of P3 and N3 components at C3′
	3.5 The relationship between SEP components and age in months
	3.6 The relationship between SEP components and height
	3.7 Covariate analysis of P22 (P2) amplitude

	4 Discussion
	Author contributions
	Financial disclosure
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


