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Adolescence is a critical period for psychological difficulties. Auditory mismatch negativity (MMN) and gamma-band auditory steady-
state response (ASSR) are representative electrophysiological indices that mature during adolescence. However, the longitudinal
association between MMN/ASSR and psychological difficulties among adolescents remains unclear. We measured MMN amplitude
for duration and frequency changes and ASSR twice in a subsample (n = 67, mean age 13.4 and 16.1 years, respectively) from a
large-scale population-based cohort. No significant longitudinal changes were observed in any of the electroencephalography indices.
Changes in SDQ-TD were significantly associated with changes in duration MMN, but not frequency MMN and ASSR. Furthermore,
the subgroup with higher SDQ-TD at follow-up showed a significant duration MMN decrease over time, whereas the subgroup with
lower SDQ-TD did not. The results of our population neuroscience study suggest that insufficient changes in electroencephalography
indices may have been because of the short follow-up period or non-monotonic change during adolescence, and indicated that the
longitudinal association with psychological difficulties was specific to the duration MMN. These findings provide new insights that
electrophysiological change may underlie the development of psychosocial difficulties emerging in adolescence.
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Introduction
Adolescence, the period between childhood and adulthood, is
a crucial stage for the emergence of psychological difficulties.
In this period, adolescents tend to have heightened emotional
reactivity, impulsive behavior, sensitivity to peer influence, and
exploratory activation because they are limited in their ability to
engage in self-regulation to override these emotions and actions
(Spear 2013). This is also the peak period for the onset of most
mental disorders (Kessler et al. 2005). The vulnerability to mental
disorders is paralleled by neurobiological changes (Casey et al.
2010; Lee et al. 2014). Therefore, understanding the neurodevel-
opmental trajectory associated with psychological difficulties is a
priority for biological psychiatry.

Human neuroimaging studies have shown the dynamic
development of adolescent brains, such as cortical thinning

(Giedd et al. 1999; Tamnes et al. 2017), white matter volume
increase (Paus 2010), and changes in functional connectivity
(Fair et al. 2009). Brain developmental changes are likely to
be attributed to putative changes in neurotransmitter levels,
such as the major excitatory and inhibitory neurotransmitters—
glutamate and gamma-aminobutyric acid (GABA, Ghisleni
et al. 2015). Studies on adolescent rodents and primates have
shown functional expression of the subunit in glutamatergic
N-methyl-D-aspartate (NMDA) receptor (Flores-Barrera et al.
2014), increased parvalbumin expression on GABAergic neurons
(Caballero et al. 2014), and structural changes in GABA receptor
subunits (Hashimoto et al. 2008) in the frontal lobe. Maturation of
these neurotransmitter systems is thought to promote the exci-
tatory/inhibitory (Excitatory/Inhibitory, E/I) balance on neurons
and within networks, contributing to functional maturation and
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synaptic pruning (Selemon 2013; Caballero et al. 2016), which
is crucial for brain maturation. Human studies using magnetic
resonance spectroscopy to investigate regional levels of glutamate
and GABA in healthy adolescents have reported a decreasing
tendency of glutamate and an increase of GABA with age in
adolescents (Silveri et al. 2013; Ghisleni et al. 2015). However,
few studies have addressed this issue using electrophysiological
measurements such as electroencephalography (EEG), which
directly reflects neuronal activity.

Auditory mismatch negativity (MMN) and auditory steady-
state response (ASSR), which are EEG measures, are considered
markers of glutamatergic and GABAergic neurotransmission
function (Tada et al. 2019, 2020). MMN is an event-related
potential (ERP), usually measured in a passive oddball task.
Several types of MMN depending on the paradigm of the oddball
task are present, and the typical types include duration MMN
(dMMN) and frequency MMN (fMMN), which use stimuli that
deviate in sound duration and frequency. Because the antagonist
of the NMDA receptor attenuates the MMN amplitude (Javitt et al.
1996; Umbricht et al. 2000; Rosburg and Kreitschmann-Ander-
mahr 2016), MMN is thought to be a marker of glutamatergic
neurotransmission function. ASSR is an electrophysiological
response entrained to the frequency and phase of auditory
stimuli. ASSR is maximal in the gamma-band frequency range
in humans (Galambos et al. 1981), and ASSR around 40 Hz (40 Hz-
ASSR) is a highly reproducible index in clinical studies (Tada
et al. 2020). Because synaptic interactions between parvalbumin-
positive GABAergic interneurons and pyramidal neurons generate
gamma oscillations (Cardin et al. 2009; Sohal et al. 2009), ASSR is
thought to be an index of GABAergic neurotransmission function.
Therefore, MMN and 40 Hz-ASSR are expected to be biomarkers
that reflect important neurotransmitter functions related to
adolescent neurodevelopment.

Several previous studies have reported that MMN and ASSR
dynamically change during adolescence. Cross-sectional studies
have reported that the MMN amplitude increases with age (7–
12 vs. 13–16 vs. 35–56 years, Bishop et al. 2011), whereas another
study reported no significant changes (Mahajan and McArthur
2015). For gamma-band ASSR, age-related increases have been
shown in cross-sectional studies in age groups of 5–52 years (Rojas
et al. 2006) and 19–45 years (Poulsen et al. 2007) and in a longitudi-
nal study from 10 to 11.5 years of age (Poulsen et al. 2009). Another
adolescent cross-sectional study observed an inverted U-shaped
development trajectory (Cho et al. 2015). However, longitudinal
studies have been scarce, and no study has examined changes in
MMN and ASSR simultaneously in a longitudinal cohort study of
adolescent population-based samples.

The current study aimed to investigate the longitudinal
associations of MMN and ASSR with psychological difficulties in
healthy mid-adolescents recruited from the Tokyo TEEN Cohort
(TTC, Ando et al. 2019), a large longitudinal general population-
based birth cohort (n = 3171) in the Tokyo metropolitan area. We
hypothesized that developmental changes in MMN and ASSR
are associated with changes in psychological difficulties during
adolescence.

Materials and methods
Experimental design
This was a longitudinal study examining the association between
MMN, ASSR, and psychological difficulties. Study participants
were those who took part in the population-neuroscience in Tokyo
Teen Cohort (pn-TTC, Okada et al. 2019) study described below
during the entry period of 2016–2018. We obtained measures at

2 time points—baseline (time 1) and at ∼2–3 years of follow-up
(time 2)—and examined the association between changes in EEG
measures and change in psychological difficulties from times
1 to 2.

Participants
The current study was performed as part of the pn-TTC (n = 301),
a longitudinal study exploring the neurobiological substrates of
development during adolescence (Okada et al. 2019). Participants
in the pn-TTC were subsampled from a larger cohort study
entitled TTC (Ando et al. 2019). As part of the first wave of the
pn-TTC, we obtained subsamples of 10-year-old adolescents and
their primary parents ∼1 year after their participation in the
TTC and conducted longitudinal biennial follow-up surveys. EEG
measurements were started from the second wave of the pn-
TTC. The Strengths and Difficulties Questionnaire (SDQ) was
rated close to EEG measurements. We also collected a history
of mental disorders for the parents in the TTC study and the
10-year-old adolescents who participated, as well as present
illnesses for adolescents by checking all present illnesses on
the day close to the EEG measurements. In the current study,
we defined the second wave of pn-TTC as the baseline (time 1)
completed in 2018 and the third wave of pn-TTC as the follow-
up (time 2) completed in 2020. Written informed assent was
obtained from each participant, and written informed consent
was obtained from their primary parent before participation.
All protocols were approved by the research ethics committees
of the Faculty of Medicine at the University of Tokyo (approval
nos. 629, 10057, and 10069), the Tokyo Metropolitan Institute
of Medical Science (approval nos. 12–35), and the Graduate
University for Advanced Studies (SOKENDAI; approval no.
2012002).

The pn-TTC participants were demographically and socioeco-
nomically representative of the TTC study population
(Okada et al. 2019). Although the inclusion criteria of the TTC
study were not explicitly stated, subjects born between September
2002 and August 2004 along with their parents living in the
3 Tokyo municipalities were randomly selected and those who
agreed to participate in our study were enrolled. The exclusion
criteria of the pn-TTC study (i–v) and for measuring EEG (vi) were
as follows: (i) current problems in mental health, interpersonal
relationships, or behaviors, (ii) visual or hearing disabilities, (iii)
past history of head injury accompanied by more than 5 min of
loss of consciousness, (iv) current chronic endocrine disease or
metabolic disease, (v) current use of medications that affect the
central nervous system, and (vi) auditory impairment revealed
by audiometer testing in both ears at a 30-dB sound pressure
level and a tone frequency of 1,000 Hz and 40 dB at 4,000 Hz. The
detailed methods for participant recruitment and the rationales
have been described in our previous studies (Ando et al. 2019;
Okada et al. 2019).

Evaluation of psychological status
We used the Japanese version of the SDQ (Goodman 1997;
Moriwaki and Kamio 2014) to assess the psychological status,
which was rated by the primary parent. The SDQ includes 5
subscales. The total difficulties (TD) score was calculated as the
sum of 4 subscales (emotional symptoms, conduct problems,
hyperactivity/inattention, and peer problems; higher scores
indicate higher difficulties). For the prosocial behavior subscale, a
higher score indicated higher strength. We used the TD score
as a measure of psychological difficulty in the subsequent
analyses.
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MMN
We used 2 standard auditory oddball paradigms with duration-
and frequency-deviant stimuli. For dMMN, standard tones
(1,000 Hz, 50 ms) were 1,800 (90%) of the stimuli, and deviant
tones (1,000 Hz, 100 ms) were 200 (10%) of the stimuli. For fMMN,
standard tones (1,000 Hz, 50 ms) were 1800 (90%) of the stimuli,
and deviant tones (1200 Hz, 50 ms) were 200 (10%) of the stimuli.
The stimuli settings were the same as those in our previous
studies (Koshiyama et al. 2018a; Fujioka et al. 2020). The order
of the 2 paradigms was counterbalanced across participants. All
stimuli were presented binaurally through earphones, whereas
the participants watched a silent movie. The auditory parameters
were delivered at an 80 dB sound pressure level, 1 ms rise/fall
time, and 500 ms stimulus-onset asynchrony.

Gamma-band ASSR
Auditory steady-state stimuli were click sounds (1 ms) presented
in 500-ms trains at 20 and 40 Hz. Click sound trains were pre-
sented at each frequency in a single block of 200 trains. The
stimuli settings were the same as those used in our previous
studies (Tada et al. 2016; Koshiyama et al. 2018b).

EEG recording and analyses
EEG data were recorded using an EEG acquisition system with
active electrodes (Polymate II, AP2516; Miyuki Giken, Tokyo,
Japan), which is compact with a maximum of 16 channels. EEG
data were acquired at Fz and Cz and referenced to the left
mastoid. The ground electrode was located on the right mastoid.
Vertical electrooculograms were recorded from the electrodes
above and below the right eye. The sampling rate was set at
1,000 Hz, with the analog filter bandpass set at 0.05–333 Hz.
To confirm the arousal level during the task, we measured the
subjective sleepiness between each task using the Japanese
version of the Stanford Sleepiness Scale (Hoddes et al. 1972, 1973).
Supplementary Table 1 shows the sleepiness index immediately
after each EEG task.

The data were analyzed using Vision Analyzer (version 2.1,
Brain Products, Munich, Germany). To analyze the MMN response,
the signals were digitally filtered at 0.1–30 Hz. Epochs were
extracted from −100 to 500 ms for MMN analysis and from
−250 to 750 ms for ASSR analysis. The mean of the pre-stimulus
baseline was subtracted from the baseline correction for the MMN
analysis. Eyeblink artifacts were corrected using the Gratton &
Coles method (Gratton et al. 1983). We excluded epochs exceeding
±50 μV for the MMN and ± 75 μV for the ASSR. After artifact
rejection, we excluded data that included less than half of the
epochs in the standard and deviant condition of the MMN and
ASSR tasks. The amplitudes at Fz were used for analysis in
accordance with previous studies because the MMN and ASSR
responses were robust around the Fz (Corcoran et al. 2018;
Koshiyama et al. 2021).

To analyze dMMN and fMMN, we obtained ERP waveforms for
both standard and deviant stimuli through across-trial averaging.
The MMN waveform was obtained as the average waveform by
subtracting the responses to standard stimuli from the responses
to deviant stimuli. The MMN latency in adolescents is less known
than that in adults, and it is not consistent across studies (Cheour
et al. 2001; Bishop et al. 2011; Murphy et al. 2013). Therefore, we
decided to use the data-driven mean amplitude around the grand
average waveform as the MMN value. Following inspection of the
grand average waveforms of MMN, peak detection was used to
identify MMN latency from 100 to 250 ms at the Fz channel, where

the MMN amplitude was maximal. The peak latency of the grand
average MMN waveform was calculated for each MMN type and
period (time 1 or 2). Furthermore, the amplitude was defined as
the mean amplitude between 25 ms before and after the peak in
the grand average.

To analyze ASSR, we performed time-frequency analyses
with a short-term Fourier transformation and then calculated
event-related spectral perturbation (ERSP) and intertrial phase
coherence (ITC) as indices of ASSR using EEGLAB (version 2.1,
Swartz Center for Computational Neuroscience, California, USA;
Delorme and Makeig 2004). ERSP indicates event-related changes
in power relative to the pre-stimulus baseline. ITC indicates phase
consistency across trials and ranges between 0 (random phase
across trials) and 1 (identical phase across trials). Decreases
in ERSP and ITC reflect reduced neural response to auditory
steady-state stimulation. We calculated the mean ERSP and ITC
by averaging the data over the stimulation time (0–500 ms) and
frequency (36–45 Hz). We used the ERSP and ITC data of 40-Hz
ASSR for subsequent analyses.

Procedure
Of the 301 participants in the pn-TTC study, 131 underwent EEG
measurement at time 1. Of these, 12 were excluded because of
low measurement quality and equipment problems. A total of
119 participants remained at time 1. Of these, 37 did not par-
ticipate in the follow-up measurement (time 2), 8 were excluded
because of low measurement quality and equipment problems,
and the remaining 11 were excluded because of missing SDQ
scores. Finally, 67 participants (33 girls) were included in the
analysis.

Statistical analysis
All analyses were performed using SPSS version 27 (IBM Corp.,
NY, USA). For the comparison of EEG indices and SDQ-TD scores
between times 1 and 2, we performed paired t-tests. Bonferroni
corrections for multiple comparisons were applied (statistically
significant level was set at P < 0.01). Although SDQ-TD was the
main outcome measure of interest in the current study, we com-
pared scores on the SDQ subscales at times 1 and 2 using paired t-
tests as an exploratory analysis. In addition, to test whether there
was any selection bias for follow-up data, we compared the demo-
graphics, EEG indices, and SDQ-TD between participants with and
without follow-up using independent t-tests. Independent t-tests
were also performed to examine sex differences in EEG indices
(values of times 1 and 2, and changes) as part of the exploratory
analysis.

A multiple regression analysis using a stepwise method was
performed to examine the relationships between changes in EEG
indices and SDQ-TD scores. Each value of change was calcu-
lated by subtracting the value at time 1 from the value at time
2. Changes in the SDQ-TD score were used as the dependent
variable, and changes in dMMN amplitude, fMMN amplitude,
ASSR ERSP, ASSR ITC, age in months at SDQ assessment, follow-
up period at SDQ assessment (months), and sex (as a dummy
variable; girls, 0; boys, 1) were used as independent variables. The
significance threshold for analysis was set at P < 0.05. Although
SDQ-TD was the main outcome measure of interest in the current
study, multiple regression analyses with a stepwise method were
conducted for the association between the change in dMMN
amplitude, sex, and follow-up period and change in SDQ sub-
scales.
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Table 1. Alterations in MMN, ASSR, and SDQ-TD scores between times 1 and 2.

Time 1
Mean ± SD

Time 2
Mean ± SD

Statistics
(Paired t-tests)

N (sex ratio boys/girls) 67 (34/33) N.A.
Age (years) at EEG
measurement

13.4 ± 0.5
(range: 12.3–14.3)

16.1 ± 0.8
(range: 14.4–18.2)

—a

Age (years) at SDQ
assessment

13.3 ± 0.8
(range: 12.3–14.8)

15.5 ± 0.7
(range: 14.2–17.4)

—a

N (%) of subjects with mental disorders 0 (0%)b 1 (1.5%) N.A.
N (%) of parents with mental disorders 1 (1.5%) N.A.
dMMN amplitude (μV) −5.05 ± 2.67 −4.81 ± 2.09 t66 = −0.94, P = 0.35c

fMMN amplitude (μV) −2.68 ± 1.87 −2.96 ± 1.90 t66 = 1.06, P = 0.29c

ASSR ERSP (dB) 1.15 ± 1.22 1.14 ± 1.36 t66 = 0.03, P = 0.98c

ASSR ITC 0.29 ± 0.12 0.28 ± 0.13 t66 = 0.37, P = 0.71c

SDQ-TD 6.2 ± 4.1 6.6 ± 4.8 t66 = −0.85, P = 0.40 c

Abbreviations: N.A., not applicable; SDQ, Strengths and Difficulties Questionnaire; dMMN, duration mismatch negativity; fMMN, frequency mismatch
negativity; ASSR, auditory steady-state response; ERSP, event-related spectral perturbation; ITC, intertrial phase coherence; SDQ-TD, SDQ-total difficulties
score. aPaired t-tests were not performed because the age difference between the 2 times in the same participant was self-evident. bTotal n = 62. cThe
statistical significance level was set at P < 0.01 (Bonferroni correction).

Post hoc analysis
As the main results indicated that changes in dMMN amplitudes
over time were associated with changes in SDQ-TD scores, we
conducted a post hoc analysis to confirm and further investigate
this association. We divided the participants into high and low
SDQ-TD groups based on the median SDQ-TD scores at time
2. The 2-way analysis of variance (ANOVA) was then conducted
with group (high and low SDQ-TD at time 2) as the between-
subject factor and time (times 1 and 2) as the within-subject
factor. When a group-by-time interaction was significant, the
subsequent within-group tests at the specified timepoints (times
1 and 2) were performed using paired t-tests, and between-group
tests at these timepoints were performed using independent t-
tests. The significance threshold for ANOVA was set at P < 0.05,
and Bonferroni corrections for multiple comparisons were applied
for subsequent tests (statistically significant level was set at
P < 0.0125).

Results
The demographics, EEG indices, and SDQ-TD scores at times 1
and 2 are presented in Table 1. Regarding the longitudinal EEG
data, the grand average waveforms of the dMMN and fMMN and
the time-course and grand average time-frequency maps for the
ITC/ERSP of ASSR are shown in Fig. 1, and detailed EEG measure-
ment data are shown in Supplementary Table 1. In addition, the
grand average waveforms, including MMN, as well as standard
and deviant conditions, are shown in Supplementary Fig. 1. As
part of an exploratory analysis, we compared the demographics,
EEG indices, and SDQ-TD between participants with and with-
out follow-up to confirm whether there was any selection bias
for follow-up data (Table 2), and no significant differences were
found. We also compared sex differences of EEG indices at times
1 and 2, and the changes between these time points, but no
significant differences were observed between sexes (Supplemen-
tary Table 2).

Longitudinal change of MMN, ASSR, and SDQ-TD
between times 1 and 2
A comparison of the EEG indices and the SDQ-TD between times
1 and 2 is presented in Table 1. There were no significant differ-
ences in MMN amplitudes, ASSR ERSP/ITC, and SDQ-TD (P > 0.01).
For supplemental information, the results of the comparisons

between the SDQ subscales at times 1 and 2 are presented in
Supplementary Table 3.

Association between longitudinal changes in EEG
indices and psychological difficulties
We performed multiple regression analyses to investigate the
association between longitudinal changes in EEG indices and
the SDQ-TD (Table 3). Changes in dMMN amplitude (β = 0.36,
P = 0.003), sex (β = −0.29, P = 0.011; the TD score was worse for
girls than for boys), and follow-up period (β = 0.24, P = 0.04)
were significant regressors of change in the SDQ-TD score
(adjusted R2 = 0.17, P = 0.002). Figure 2 shows the correlation
between changes in dMMN amplitude and the adjusted changes
in SDQ-TD. The adjusted changes in SDQ-TD were calculated
by subtracting Beta(sex)

∗sex, Beta(follow-up period)
∗follow-up period,

and Beta(intercept) from the change in the SDQ-TD score. For
supplemental information, the results of the association between
the change in dMMN amplitude, sex, and follow-up period and
change in SDQ subscales, using multiple regression analyses with
a stepwise method, are presented in Supplementary Table 4.

Post hoc analysis of the comparison of dMMN
amplitude between the high and low SDQ-TD
groups
Since the median SDQ-TD score at time 2 (n = 67) was 5, we
divided the participants into 2 groups: a high TD group (SDQ-
TD > 5, n = 33) and a low TD group (SDQ-TD ≤ 5, n = 34). The ANOVA
showed a significant group-by-time interaction (F (1, 65) = 10.07,
P = 0.002). There was no main effect of group (F (1, 65) = 1.40,
P = 0.24) or time (F (1, 65) = 1.11, P = 0.30). The subsequent paired
t-tests indicated that the group with a high SDQ-TD at time 2
showed a significant decline in the dMMN amplitude at time 2
relative to time 1 (t32 = −2.77, P = 0.009), whereas the group with
a low SDQ-TD at time 2 did not (t33 = 1.63, P = 0.11; Fig. 3). Addi-
tionally, the subsequent independent t-tests indicated that the
dMMN amplitude was not significantly different between the high
and low TD group at time 1 (t65 = −2.14, P = 0.04; the threshold for
statistical significance was set at P < 0.0125) or time 2 (t65 = 0.21,
P = 0.84).

Discussion
This is the first study to investigate the longitudinal relationship
between MMN plus 40 Hz-ASSR and psychological difficulties
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Fig. 1. Average waveforms of MMN, time-course of ASSR, and time-frequency maps of ASSR at times 1 and 2. A) The average waveforms (n = 67) for
amplitude (μV) of dMMN (left) and fMMN (right) at Fz at time 1 (colored in black) and time 2 (red). B) The time-course of the ERSP (left) and the ITC
(right) and indices of the ASSR at Fz at time 1 (black) and time 2 (red). C) The grand average time-frequency maps for ERSP and ITC at the Fz are described
in times 1 and 2. The color bar indicates the ERSP (dB)/ITC at each time-frequency point.
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Table 2. Comparison of demographic data between participants who were followed up and those without follow-up.

Participants followed up
Mean ± SD (range)

Participants without follow-up
Mean ± SD (range)

Statistics

N (sex ratio M/F)a 67 (34/33) 52 (30/22) χ2 = 0.57, df = 1, P = 0.45
Age (years) at EEG
assessmentb

13.4 ± 0.5
(12.3–14.3)

13.6 ± 0.5
(12.6–14.6)

t117 = 1.95, P = 0.054

Age (years) at SDQ
assessmentb

13.3 ± 0.8
(12.3–14.8)

13.4 ± 0.5
(12.5–14.6)

t117 = 1.67, P = 0.098

N (%) of subjects with mental disorders 0 (0%)c 1 (2.2%)d N.A.
N (%) of parents with mental disorders 1 (1.5%) 1 (1.9%) N.A.
dMMN amplitude (μV)b −5.05 ± 2.67 −5.7 ± 2.34 t117 = −1.40, P = 0.16
fMMN amplitude (μV)b −2.68 ± 1.87 −2.9 ± 2.04 t117 = −0.61, P = 0.54
ASSR ERSP (dB)e 1.15 ± 1.22 1.81 ± 1.94 t81.16 = 2.13, P = 0.04f

ASSR ITCe 0.29 ± 0.12 0.33 ± 0.15 t93.27 = 1.54, P = 0.13
SDQ-TDb 6.2 ± 4.1 6.3 ± 3.8 t117 = 0.18, P = 0.86

Abbreviations: EEG, electroencephalography; SDQ, Strengths and Difficulties Questionnaire; dMMN, duration mismatch negativity; fMMN, frequency mismatch
negativity; ASSR, auditory steady-state response; ERSP, event-related spectral perturbation; ITC, intertrial phase coherence; TD, total difficulties; SD, standard
deviation. aA chi-square test was performed. bIndependent t-tests were performed. cTotal n = 62. dTotal n = 46. eWelch’s test with adjusted degrees of freedom
was performed because equal variance was not assumed. Bonferroni corrections were not applied because of the exploratory nature of the analysis. fP < 0.05.

Table 3. Association between change in SDQ-TD and change in dMMN amplitude.

Step β SE F Adjusted R2 P

Change in SDQ-TD 5.61 0.17 0.002b

Change in dMMN amplitude 0.36 0.20 0.003b

Sex (Girls, 0; Boys, 1) −0.29 0.80 0.011a

Follow-up period 0.24 0.06 0.04a

aP < 0.05. bP < 0.01. Abbreviations: SDQ-TD, Strengths and Difficulties Questionnaire-total difficulties score; dMMN, duration mismatch negativity.

Fig. 2. Correlation between change in dMMN amplitude and adjusted
change in SDQ-TD. Scatter plots and regression line. The horizon-
tal axis represents the change in amplitude (μV) of dMMN, and the
vertical axis represents the adjusted change in the total difficulties
score of the strengths and difficulties questionnaire (SDQ-TD). The
adjusted changes in SDQ-TD were calculated by subtracting Beta(sex)

∗sex,
Beta(follow-up period)

∗follow-up period, and Beta(intercept) from the change in
the SDQ-TD based on the results of multiple regression analysis.

during adolescence in a population-based cohort. No significant
longitudinal changes in dMMN and fMMN amplitudes, ASSR
indices (ERSP/ITC), or SDQ-TD scores were observed. Individuals
with decreased dMMN amplitude over time, female sex, and
longer follow-up duration showed increased SDQ-TD scores in
the linear regression model.

In the entire group, MMN amplitudes and ASSR values did
not show significant developmental changes over 2–3 years dur-
ing mid-adolescence. Several studies reported that MMN ampli-
tude increased with age during adolescence (Oades et al. 1997;

Bishop et al. 2011). These insufficient changes in MMN in our
study may have been because of the short follow-up period. In
addition, previous studies reported that the ASSR trajectory was
an inverted-U shape, with increases from childhood to adoles-
cence and subsequent decreases toward adulthood (Cho et al.
2015). The lack of significant changes in the ASSR in our study
may be because of non-monotonic increases or decreases during
adolescence.

We found a significant association between the decrease in
dMMN amplitude over time and an increase in the SDQ-TD score.
Furthermore, we found that longitudinal dMMN changes in the
group with higher psychological difficulties differed significantly
from those in the lower group. The dMMN changes were spread
over a wide range, about ±6 μV. However, the variance of these
changes did not deviate from previous findings of variances in
dMMN amplitudes observed in multiple measurements within
2–3 weeks for the research of test–retest reliability (Wang et al.
2021). The MMN reduction over time in the high SDQ-TD group
is compatible with the findings of the study by Laurens et al.
(2020), where they observed the developmental trajectory of MMN
during adolescence in a group with antecedents of schizophrenia.
Compared with the increased MMN amplitude trajectory in
typically developing children aged 9–16 years, in the group
with antecedents of schizophrenia, an initial small increase
became a pronounced reduction later during adolescence.
Our study showed individual differences in the developmental
change of MMN, even in the general population of adolescents
without psychopathology, and that the change differences were
associated with general psychological difficulties. Since the onset
of mental disorders such as schizophrenia typically occurs during
adolescence and young adulthood (Paus et al. 2008), further
decreased MMN during adolescence may be associated with
the onset of mental disorders later. It is necessary to clarify the
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Fig. 3. Change of dMMN between times 1 and 2 in the groups with high and low TD scores at time 2. A) The average waveforms for dMMN in the group
with high TD scores (>5) at time 2 (n = 33; left) and in the group with low TD scores (≤5) at time 2 (n = 34; right) at the Fz in time 1 (colored in black)
and time 2 (red). B) The results of subsequent tests in dMMN amplitude, showing the interaction of group (high or low TD group) and time (times 1 and
2). The y-axis indicates dMMN amplitude (μV). The black or gray bar indicates data of the group with high TD scores or the group with low TD scores,
respectively. Error bars represent standard errors.

∗
Paired t-tests between groups at time 1: t32 = −2.77, P = 0.009.

association between the MMN development trajectory and the
onset of psychiatric disorders over a longer term in order to test
these hypotheses.

Furthermore, changes in MMN associated with psychological
difficulties may reflect adolescent brain development. During
adolescence, increased connectivity in the frontal and temporal
areas occurs in association with changes in MMN (Cooray et al.
2016). In addition, at the level of neurotransmission, MMN is
decreased with the glutamatergic NMDA receptor antagonists,
suggesting that MMN may reflect the impaired function of
glutamatergic neurotransmission (Javitt et al. 1996; Tada et al.
2019). Therefore, the atypical development of mainly frontal and
temporal circuits or glutamatergic neurotransmission function
may be involved in the background of increased psychological
difficulties. It is expected that basic nonhuman studies will
clarify the neural basis involved in MMN development during
adolescence.

Of the EEG indices, only changes in dMMN amplitudes
were significantly associated with changes in the SDQ-TD
scores. Previous studies have suggested that dMMN and fMMN
amplitudes are different electrophysiological indices in terms of
sensitivity or function. Some studies reported a higher sensitivity
of dMMN than fMMN during a comparison between healthy

individuals and those with an ultra-high risk state for psychosis
(UHR, Fujioka et al. 2020) or future conversion of UHR (Bodatsch
et al. 2011). Furthermore, while fMMN amplitude was related
to neurocognitive function, dMMN amplitude was related to
the impairment of global or social function in youth with
UHR (Kim et al. 2014; Carrion et al. 2015; Koshiyama et al.
2018a). Since the SDQ-TD score is a global scale for social
adaptation and mental health in adolescence (Goodman 1997),
the scores might be correlated with the dMMN amplitude in
our study. In addition, the lack of a significant relationship
between ASSR and psychological difficulties may have been
influenced by the nonlinear developmental change in ASSR
(Cho et al. 2015).

Our study has certain strength and limitations. Our “population-
neuroscience” (Okada et al. 2019; Kasai et al. 2022) study
design that measured neuroscientific indices in individuals
recruited from a large-scale population-based cohort may have an
advantage in reducing the effect of selection bias. The limitation
is that changes in EEG indices may be influenced by other
factors besides adolescent developmental changes. Furthermore,
our measurement period was restricted to 2 sessions during
middle adolescence. As we could not determine the trajectory
of the EEG indices during the entire period of adolescence,
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further longitudinal follow-up of the sample is required, which is
currently ongoing.

In conclusion, the results of our population neuroscience study
found that atypical developmental changes in dMMN are asso-
ciated with psychological difficulties emerging in adolescence. It
may help to clarify the biological basis behind the psychological
difficulties that occur in the general adolescent population.
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