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1 | INTRODUCTION
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Summary

Insomnia has been shown to negatively affect one's cognitive functioning. While
there has been some evidence suggesting sleep disruption in relation to impaired in-
hibitory control, a major component of executive function, little is known about the
underlying neural processing in insomnia. The current study aimed to examine the dif-
ferences in the behavioral responses and electroencephalography (EEG) correlates of
inhibitory control between youths with insomnia and healthy sleepers. Twenty-eight
participants with insomnia disorder and 31 healthy sleeper controls aged between
15 and 25 completed the study. Electroencephalographic activity was recorded dur-
ing the Cued Go/NoGo (CGNG) task, a task assessing inhibitory control. Although
insomnia group exhibited comparable behavioral performance to the healthy sleeper
group, they showed impaired attention preparation, as displayed by a smaller con-
tingent negative variation (CNV) component (F = 4.10, p = 0.048) after cue onset;
and demonstrated impaired inhibitory control, as evidenced by smaller N2 and theta
power on 200-350 ms (MANCOVA multivariate Group effect, F = 5.85, p < 0.001).
The results suggested that youths with insomnia demonstrated altered brain activ-
ity during inhibitory control, despite their comparable behavioral performance. Given
that impaired inhibitory control is often implicated in psychopathology, future studies
with a longitudinal design are needed to further explore the long-term impacts and

trajectory of altered inhibitory control in youths with insomnia.
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poor perceived physical health, somatic health problems, as well as de-

Insomnia, presented as problems with initiating or maintaining sleep,
or early morning awakening, affects about 33.7% to up to 69% of the
youth population, depending on the defining criteria and age of the
study samples (Blank et al., 2015; Chung, Kan, & Yeung, 2014; Sing &
Wong, 2011). Insomnia in youth entails an increased risk of developing

a wide range of negative outcomes, including interpersonal problems,

Jiefan Ling and Xuanyi Lin contributed equally to this work.

pressive and anxiety symptoms (Blank et al., 2015). Meanwhile, youth is
a developmental period that is especially vulnerable to impulsivity and
poor impulse control due to the immature development of the fore-
brain circuits during adolescence (Geier & Luna, 2009). In particular, in-
somnia in youth has been linked to the behavioral problems associated
with impaired inhibitory control, such as substance abuse, self-harm

and suicidal risk (Hysing, Sivertsen, Stormark, & O’'Connor, 2015).
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Inhibitory control is a key feature of executive functions that
helps individuals to resist impulses, habitual responses, and ulti-
mately impulsivity (Diamond, 2012). Previous studies that assessed
the performance on inhibition task in individuals with insomnia
were mostly conducted using adult samples and have yielded mixed
findings, with some reporting a significant behavioral impairment
(e.g., Zhao et al., 2018), while others showing no difference (e.g.,
Muscarella, Mairesse, Hughes, & Neu, 2019). On the other hand,
functional neuroimaging studies found that prefrontal cortex, one of
the key brain regions involved in inhibitory control (Swick, Ashley, &
Turken, 2011), showed reduced activities during the wake time pos-
itron emission tomography scan (Nofzinger et al., 2004) and lower
activation during category and letter fluency task (Altena et al.,
2008) in patients with insomnia as compared with healthy sleepers.

Recent research has turned to examine the EEG correlates of in-
hibitory control to better understand its neurocognitive basis. Event-
related potentials (ERPs) studies have identified the N2 component
and the P3 component during the performance on the inhibition task,
such as Go/NoGo task, to reflect the neuronal processes in relation
to inhibitory control (Bokura, Yamaguchi, & Kobayashi, 2001). One
study found that although adults with insomnia disorder (N = 18, aged
20-53, Mean = 32) showed comparable performance as the healthy
sleepers (N = 15, aged 21-53, Mean = 32) on the AX-continuous per-
formance task assessing cognitive control, they showed altered neural
activities of inhibitory functioning as indicated by reduced amplitudes
of the P3 component and the contingent negative variation (CNV)
component (Muscarella et al., 2019). Another study that assessed ERP
during an auditory stop-signal task found that adults with insomnia dis-
order (N = 12, aged 18-65, Mean = 49) showed slower reaction time
and reduced P3 amplitude as compared with healthy sleepers (N = 13,
aged 18-65, Mean = 41) (Zhao et al., 2018). Collectively, these studies
have provided preliminary evidence showing electrophysiological cor-
relates of inhibitory deficits in insomnia. However, both studies were
constrained by relatively small sample sizes and a wide age range of the
study participants.

Meanwhile, some other studies have examined event-related
dynamics of inhibitory control based on the time-frequency do-
main using event-related spectral perturbation. Theta (e.g. 4-7 Hz)
oscillations have been increasingly recognized as important cor-
relates of cognitive flexibility, including goal updating (Cooper,
Wong, McKewen, Michie, & Karayanidis, 2017) and selective at-
tention (Phillips, Vinck, Everling, & Womelsdorf, 2014). A previous
study showed that adults with primary insomnia, as compared with
their aged-matched controls, had decreased theta band power
in the prefrontal region during a wake period 2-min resting EEG
(Wolynczyk-Gmaj & Szelenberger, 2011). Another study found that,
as compared to the healthy sleepers (N = 10, Mean age = 18.8), poor
sleepers (defined by self-reported sleep complaints and a score of
five or above on the Pittsburgh Sleep Quality Index; N = 10, Mean
age = 18.8) showed lower theta suppression during the rest condi-
tion with eyes closed, as compared to the sensory attentive con-
dition, which indicated a down-regulation of attention in the poor
sleeper group (Buckelew, DeGood, Roberts, Butkovic, & MacKewn,

2009). Researchers have also found increased theta power in multi-
ple interference situations including during NoGo of Go/NoGo task
(Nigbur et al., 2011). Although previous findings suggested a link be-
tween sleep disruption and altered theta oscillations, there has been
no study conducted to examine the event-related theta dynamics
during inhibition tasks in individuals with insomnia.

Given that insomnia is often linked to the behavioral problems
with inhibitory control in youths, there is a need to further delin-
eate the underlying electrophysiological mechanisms. The current
study aimed to examine the EEG correlates during a Cued Go/NoGo
task assessing inhibitory control in youths with insomnia. We hy-
pothesized that as compared with the healthy sleepers, youths with
insomnia would show impaired inhibitory processing on both behav-
ioral as well as electrophysiological levels, such as along time domain
(e.g. reduced ERP components: cue related CNV, and target related
N2 and P3) and time-frequency domain (e.g. reduced event-related
theta band power) EEG correlates of inhibitory control.

2 | METHODS

2.1 | Participants

Two groups of participants were separately recruited via mass emails,
online advertising, posters and flyers in the local community (Figure
S1.). Chinese youths aged between 15 and 25 with insomnia disorder
and their age- and gender-matched healthy sleeper controls were re-
cruited into the present study. The age range of 15-25 was selected
to cover a wider developmental range, derived from the definition
of youth by World Health Organization (World Health Organization,
1986). For the recruitment of insomnia cases, interested participants
responded to an advertisement that invited individuals who had in-
somnia complaints (i.e. difficulty in initiating sleep, difficulty maintain-
ing sleep, or early morning awakening) to sign up and join this study.
For the recruitment of healthy sleeper group, interested participants
responded to another advertisement that aimed to recruit healthy
sleepers without any mental health problem. All the interested par-
ticipants were asked to register for the study online, followed by com-
pleting a clinical interview for those potential eligible participants to
ascertain their eligibility. For the insomnia group, the inclusion criteria
included: (1) having a score on Insomnia Severity Index (ISI) = 9, the
suggested cut-off score for clinical insomnia symptoms in adolescents
(Chung, Kan, & Yeung, 2011), and (2) meeting the 5th edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-V) diag-
nostic criteria of insomnia disorder (American Psychiatric Association,
2013). For the healthy sleeper group, the inclusion criteria included
having no sleep or neuropsychiatric disorder as confirmed by the
screening interview. Exclusion criteria for both groups included: (1)
night-shift workers, (2) a current diagnosis of any neuropsychiatric or
sleep disorder (other than insomnia for the insomnia group) as con-
firmed by the clinical interview, (3) current use of medications or hav-
ing any prominent medical condition affecting sleep or cognition, (4)
impaired vision and hearing deficit.
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2.2 | Study procedures

To ascertain one's eligibility for this study, potential participants
underwent a screening session using two validated semi-structured
clinical interviews in Chinese version: Diagnostic Interview for
Sleep Patterns and Disorder (DISP) to screen for major sleep dis-
orders such as narcolepsy, restless leg syndrome, obstructive sleep
apnea, and parasomnias (Yu, Zhang, & Wing, 2015), and Mini-
International Neuropsychiatric Interview (MINI)/Mini International
Neuropsychiatric Interview for Children and Adolescents (MINI-
KID) for those aged below 18 (Si et al., 2009) to screen for psychi-
atric disorders, such as major depression, anxiety disorders, and
psychotic disorders (Amorim, 2000). Eligible participants completed
a battery of self-report questionnaires, and were instructed to com-
plete a daily sleep diary while wearing a wrist actigraphy (Actiwatch
Spectrum PRO, Philips—Respironics) to measure their sleep at home
for seven consecutive days before the EEG experiment. To elimi-
nate time-of-the-day effect, all the EEG experiments were sched-
uled from around 10:30 a.m. to 12:30 p.m. Four participants were
rescheduled from 2:30 p.m. or 3:30 p.m. due to either the equip-
ment or the participant being unavailable in the morning (n = 3 in
the insomnia group) and they were excluded from the EEG analyses.
Written informed consent forms were signed by all the participants,
while parent/guardian consent forms were additionally collected
from those aged below 18. The study protocol was approved by the
Institutional Ethics Committee (Ref. EA1804003). Participants who
completed the study were given HKD$400 cash as remuneration.
Data collection was conducted during Dec 2018 to May 2019.

2.3 | Measures

2.3.1 | Subjective sleep and mood measures

Insomnia Severity Index (ISI) (Morin, Belleville, Bélanger, & lvers,
2011) is a 7-item scale to measure different symptom dimensions
of insomnia (e.g. difficulty with sleep onset, sleep maintenance,
and early morning awakening). The Chinese version of ISI has been
shown to be a reliable and valid instrument for measuring insomnia
in Chinese adolescents (Chung et al., 2011). An ISI score > 9 was
found to be a cut-off score suggestive of the presence of clini-
cal insomnia in adolescents (Chung et al., 2011). Pittsburgh Sleep
Quality Index (PSQI) (Buysse, Reynolds, Monk, Berman, & Kupfer,
1989) is a 19-item scale to assess self-reported sleep quality, which
has been validated in the Chinese population (Shochat et al., 2014).
Chronotype preference was measured by the Chinese version of the
Reduced Morningness/Eveningness Questionnaire (rMEQ; Carciofo,
Du, Song, Qi, & Zhang, 2012). The Chinese version of the Hospital
Anxiety and Depression Scale (HADS) (Leung, Wing, Kwong, Lo, &
Shum, 1999) consists of a 7-item anxiety subscale (HADS-A) and a
7-item depression subscale (HADS-D). HADS has been validated for
assessing anxiety and depression in the general population, showing
good internal consistency and external validity (e.g. Cronbach's alpha
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for HADS-A = 0.83, ranging from 0.68 to 0.93; Cronbach's alpha for
HADS-D = 0.82, ranging from 0.67 to 0.90; sensitivity and specific-
ity of both subscales were in the range of 0.70-0.90; Bjelland, Dahl,
Haug, & Neckelmann, 2002).

Sleep ESRS
Research =

2.3.2 | Obijective sleep measures

Actigraphy (Philips Respironics) was used to objectively measure
sleep. Actigraph was configured to record in 1-min epochs. The
analysis in Actiware software was based on sleep diary and/or event
markers. Sleep parameters generated for the analysis in this study
included total sleep time (TST), sleep onset latency (SOL), wake after
sleep onset (WASQ), and sleep efficiency (SE).

2.3.3 | Measure of impulsivity

The Chinese version of Barratt Impulsiveness Scale (BIS-11), which
has been validated in the Chinese adolescent sample (Shugiao et al.,
2007), is a 30-item scale designed to assess trait impulsivity. It con-
sists of three factors related to impulsivity: attention (inattention and
cognitive instability), motor (impulsive behaviors and inconsistent
lifestyle), and non-planning (self-control and cognitive complexity).

2.4 | Experimental paradigm: Cued Go/NoGo task

During the experiment, participants were comfortably seated in a
sound attenuated room, while wearing the 64-channel waveguard
original cap (ANT Neuro) for electroencephalography (EEG) re-
cording. The Cued Go/NoGo (Hong, Wang, Sun, Li, & Tong, 2017)
experimental paradigm (Figure 1) is a spatial-cueing Go/NoGo task
designed to probe top-down selective attention and response
inhibition. The task was implemented in E-Prime (Version: 2.0).
Participants were asked to keep a central fixation throughout the
task. Each trial began with a 200-ms cue, i.e., a left or right point-
ing arrow instructing the participants to attend to the cued loca-
tion and ignore the uncued location. To avoid habitual expectation
that may potentially influence target processing, following a cue-
target interval (CTI, between cue offset to target onset) randomly
selected as 1000/1100/1200 ms, a target (either the plus sign ‘+'
as Go or the letter ‘x’ as NoGo), was presented for 200 ms at either
the cued or uncued location. Participants were required to respond
to the Go target at the cued location (Attend-Go) as quickly and ac-
curately as possible by pressing the spacebar with the right index
finger, and to inhibit from responding to the NoGo target at the at-
tended location (Attend-NoGo). Participants were also instructed
to refrain from responding to both the Go target (Ignore-Go) and
the NoGo target (Ignore-NoGo) at the ignored location. The type
of the cues, and the location and type of the targets were all var-
ied randomly with 50% probability, which has been suggested to
eliminate bias towards Go stimuli and minimize the confounding
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FIGURE 1 Experimental paradigm for the Cued Go/No-go task. The Cued Go/NoGo task is a spatial-cueing task with equal probability
of Go and NoGo stimuli. In the beginning of each trial, a left or right pointing arrow is presented for 200 ms as a cue, instructing the
participants to attend to the cued location and ignore the other. Following interval varying from 1000 to 1200 ms from cue offset, a target
is presented for 200 ms. Participants should respond to the plus sign ‘+' (Go target) at the cued location (Attend-Go), whilst inhibit from
responding to the letter ‘x’ (NoGo target) at the cued location (Attend-NoGo). For any target appearing at the ignored location, participants
should not respond to either the Go target (Ignore-Go) or the NoGo target (Ignore-NoGo). At the end of each trial, there is a fixed delay of

2300 ms

‘oddball effect’ associated with a low frequency of the NoGo
stimuli (Masharipov, Kireev, Korotkov, & Medvedev, 2019). The
inter-trial interval was set to be 2300 ms. For Attend-Go targets,
participants were instructed to respond as soon as possible, and
only responses made within 1000 ms after the target offset were

included as valid trials. Each testing block contained 72 trials (2
cue types x 3 CTls x 2 target locations x 2 targets x 3 repeats)
and lasted for about 5 min, with self-determined breaks between
blocks. Each participant went through a practice block of 16 tri-
als before completing 7 formal blocks. Behavioral outcomes of the
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task included: the percentage of errors in all trials (total error %),
the percentage of errors in Attend-NoGo trials (commission errors,
indicating inhibition error %), and the reaction time in Attend-Go

trials with accurate responses (reaction time).

2.5 | Electrophysiological (EEG) data processing

2.5.1 | EEG recording

Continuous EEG signals were recorded using the eego mylab sys-
tem™ (ANT Neuro) and a 64-channel waveguard original cap™
(ANT Neuro). The signals were amplified and digitized at 500 Hz
sampling rate. Impedance of each electrode was maintained below

10 kQ during the recording.

2.5.2 | Preprocessing

EEG preprocessing was performed in Matlab-based (Version:
R2016b) EEGlab (Version: 14.1.1b) and ERPlab (Version: 7.0)
toolboxes. Raw EEG data were first filtered using a band-pass
filter between 0.1 and 40 Hz and a notch filter at 50 Hz, and
were re-referenced to common average. Ocular artifacts were
corrected by independent component analysis based on the
Infomax (runica) algorithm. Continuous EEG data were then seg-
mented into -200 to 800 ms epochs relative to target onset for
N2 and P3 analyses, and into =200 to 1200 ms epochs relative
to cue onset for contingent negative variation (CNV) analysis.
Longer epochs (-1000-2000 ms) relative to target onset were
used for time-frequency analyses. Artifact detection using
ERPlab were performed for all the EEG epochs to examine (1)
maximally allowed amplitude difference (threshold: 150 uV) for
all channels within a moving window (width: 200 ms; step: 50 ms)
using the peak-to-peak function; (2) maximally allowed absolute
amplitude (threshold: +100 wV) for all the channels through-
out the whole epoch. All the EEG epochs were then visually in-
spected to ensure the quality before subsequent analysis. Across
participants, the averaged acceptance rate of EEG epochs among
all trials was 83.33% (SD = 14.85%) for cre-related ERP, 85.35%
(SD = 12.13%) for target-related ERP, and 73.89% (SD = 20.14%)
for target-related time-frequency analysis.

2.5.3 | Time domain analysis

To analyze the contingent negative variation (CNV), cue-related ep-
ochs were grouped and averaged with the 200 ms pre-cue interval
as baseline. We focused cue-related CNV at the FPz electrode, given
the topographical distributions and CNV’s typical frontal distribu-
tions (Figure 2) Amplitudes of CNV were then identified as the mean
within 800-1200 ms following cue onset, consistent with a previous
study using the same experimental paradigm (Hong et al., 2017). The
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averaged cue-related ERP waveforms from other midline frontal-
central electrodes (Fz, Cz, FCz) were presented in the supplemental
figure (Figure S2). To analyze the N2 and P3 components, target-
related epochs were grouped and averaged according to the type of
targets of interest (Attend-NoGo and Attend-Go) with the 200 ms
pre-target interval as baseline, yielding the target-related ERP for
each electrode and participant. Given N2 and P3’s different topo-
graphical distribution, target-related ERPs were averaged across
frontal-central electrodes (Fz, Cz, FCz) for N2 and central-parietal
electrodes (CP1, CP2, Pz, P1, P2) for P3, respectively. The individual
peak latencies of the N2/P3 were identified as the time points of the
most negative/positive voltages during pre-defined time windows,
namely 200-350 ms for the N2 and 300-600 ms for the P3. We
identified the grand averaged ERP peak latencies as follows: 288 ms
for N2-Attend-Go; 278 ms for N2-Attend-NoGo; and 422 ms for P3-
Attend-Go and 312 ms for P3-Attend-NoGo. Amplitudes of the N2
and P3 were then calculated as the mean amplitude of the 50 ms
time window, centering around the peak latency for each type of

targets, respectively.

2.5.4 | Time-frequency domain analysis

To analyze the event-related theta band activities, the epochs
from -1000 ms to 2000 ms were first transformed using the
Morlet wavelet-based analysis with 3 cycles per wavelet generat-
ing 80 log-spaced frequencies from 4 Hz to 40 Hz with a scaling
factor of 0.5 (using minimal cycle of 3 at frequency 4, and maximal
cycle of 10 at max frequency 40). Baseline normalization using
decibel transform was performed using a baseline period from
-500 to -200 ms relative to target onset. Target-related 4-7 Hz
theta band power (hereafter Theta) were extracted from the N2
time window (200-350 ms) over the same frontal-central elec-
trodes (Fz, FCz, Cz).

2.6 | Statistical analysis

A priori power analysis (‘pwr’ package in R, Champely et al., 2018, R
Core Team, 2014) suggested that to detect an estimated effect size
of 0.75 (Muscarella et al., 2019), 28 participants per group would
be required to achieve a power of 0.80 while controlling type |
error as 0.05 in the two-group comparison. A one-way ANCOVA
was conducted for CNV, with group (Insomnia vs. Healthy Sleeper)
as dependent variable, controlling for age and mood (HADS-A and
HADS-D). N2, P3 and Theta were submitted to one MANCOVA with
group (Insomnia vs. Healthy Sleeper) and condition (Attend-NoGo
vs. Attend-Go, within-subject) as independent factors, with age
and mood (HADS-A and HADS-D) as covariates. Post-hoc analyses
following significant multivariate and univariate effects were per-
formed in t-tests (independent samples t-tests for Healthy Sleeper
vs. Insomnia group effects and paired samples t-tests for Go vs.
NoGo condition effects). Pearson correlation analyses were used
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FIGURE 2 Cue-related ERPs. (a) Topographic plots of CNV (800-1200 ms) component. (b) Cue-related ERP waveforms between groups

at the Fpz electrode

to examine the relationship between ERP components (CNV, NoGo
N2, and NoGo P3) and the measures of sleep, mood, and impulsivity
among all the participants. Statistical significance was set at p < .05
and all the statistical analyses were conducted using jamovi (The
jamovi project, 2021).

3 | RESULTS

3.1 | Sample characteristics

A hundred and nine participants registered for this study (Figure S1).
Sixty-seven potentially eligible participants aged 15-25 were invited to
attend a screening session; five were excluded following the screening
session (N = 1 not meeting insomnia diagnosis, N = 1 with delayed sleep
phase, N = 2 with major depression, N = 1 with obsessive compulsory

disorder). Three participants dropped out before the completion of the
study. All the participants were students from local secondary schools
and universities. Finally 28 participants (15 females, mean age 20.5 years)
in the insomnia group and 31 participants (18 females, mean age
21.2 years) in the healthy sleeper group were recruited and completed
the Go/NoGo task. In the final analysis, we further excluded the four
participants who started late in the afternoon (3 in the insomnia group
and 1 in healthy sleeper group) to control for time-of-day effects on EEG
activities (Aeschbach et al., 1999). Note that all statistical results patterns
and conclusions remained the same when using late-start as a covari-
ate. There were no significant differences in age, gender, and chronotype
preference between the two groups (insomnia group N = 25 vs. healthy
sleeper group N = 30; See Table 1). As compared with healthy sleepers,
participants in the insomnia group had significantly more sleep distur-
bances (as assessed by PSQI, p < 0.001), more severe insomnia symp-
toms (as assessed by ISI, p < 0.001), lower sleep efficiency (as assessed
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TABLE 1 Between-group comparisons on demographic characteristics, sleep, mood disturbances, and impulsivity measures

Insomnia group

Healthy sleeper group t

N=25

Demographics

Female, N (%) 14 (56.00)

Age, M (SD) 20.88 (2.09)
Self-report sleep measures, M (SD)

PSQl 8.04 (2.37)

ISI 14.08 (3.51)

rMEQ 12.90 (3.86)
Actigraphy sleep measures, M (SD), min

TIB 490.40 (47.98)

TST 470.79 (43.77)

SOL 12.62(16.24)

SE 77.44(10.72)

WASO 92.89 (49.08)

Mood disturbances, M (SD)

HADS-depression 7.04 (6.99)

HADS-anxiety 8.52(3.96)
Impulsivity measure, M (SD)

BIS 65.28 (6.74)

BlS-attention 18.76 (3.32)

BIS-MOTOR 21.08 (3.93)

BIS-non-planning 25.44(2.80)

N=30 (x2 for gender) p

17 (56.67) 0.002 0.960
21.17 (2.44) -0.46 0.645
3.67 (1.24) 8.77 <0.001""
3.70 (2.40) 12.98 <0.001""
13.37 (3.44) -0.47 0.638
472.90 (44.79) 1.40 0.168
459.40 (46.14) 0.93 0.355
7.16 (5.30) 1.74 0.088"
82.58(7.31) -2.11 0.040
70.85 (38.45) 1.87 0.067"
2.67 (2.47) 3.20 0.002"
4.83(3.02) 3.92 <0.001""
60.60 (8.35) 2.26 0.028"
15.53(2.83) 3.89 <0.001"
20.83(3.33) 0.25 0.802
24.23 (4.99) 1.08 0.287

Abbreviations: BIS: Barratt Impulsiveness Scale; HADS: Hospital Anxiety and Depression Scale; ISI: Insomnia Severity Index; PSQI: Pittsburgh Sleep
Quality Index; rMEQ: Reduced Morningness -Eveningness Questionnaire; SE: Sleep efficiency; SOL: Sleep onset latency; TIB: Time in bed; TST: Total

sleep time; WASO: Wake after sleep onset.
Ap<0.1.

*p < 0.05.

**p < 0.01.

***p < 0.001.

TABLE 2 Between-group comparisons on the behavioral
outcomes in the Cued Go/No-go task

Healthy sleeper
Insomnia group  group

Mean (SD) Mean (SD) t p
Inhibition 1.87(2.71) 2.57 (4.49) -0.68 0.500
error %
Total error % 9.43 (20.06) 4.93(6.10) 1.15 0.255

Reaction time 483.32(110.37)
(ms)

447.15 (84.55) 1.36 0.179

by actigraphy, p < 0.05), and marginally longer wake after sleep onset (as
assessed by actigraphy, p = 0.067). Insomnia group also scored higher on
the measures of mood disturbances (as assessed by HADS-D, p < 0.01;
and HADS-A, p < 0.001) than healthy sleeper group. Participants with
insomnia disorder also had higher trait impulsivity (as assessed by BIS
p < 0.05), especially on the attention subscale (p < 0.001).

3.2 | Behavioral performance

There were no significant differences between insomnia group and
healthy sleeper group in inhibition error percentage, total error
percentage, and reaction time in the Cued Go/NoGo task (See
Table 2).

3.3 | Time domain results
Grand averaged cue related ERPs are shown in Figure 2. One-
way ANCOVA showed a significant main effect of group on
CNV, F = 4.099, p = 0.048, T]2 = 0.07. As shown in Figure 2.,
healthy sleeper group had significantly greater CNV amplitude
(Mean =-4.35,SD =4.02) than the insomnia group (Mean = -1.52,
SD = 2.53).

Grand averaged target related ERPs for Attend-Go and Attend-
NoGo conditions are plotted in Figure 3. We conducted one
MANCOVA on N2, P3 and Theta, with Condition (Go vs. NoGo,
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Target-related ERP waveforms between conditions and groups in the frontal-central region. (c) Target-related ERP waveforms between

conditions and groups in the central-parietal region

within-subject variable) and Group (Insomnia vs. Healthy Sleeper,
between-subject variable) as independent variables, controlling for
age and mood disturbances as assessed by HADS-Depression and
HADS-Anxiety scores. The multivariate tests revealed significant
effects of Group (F = 5.854, p < 0.001) and Condition (F = 22.075,
p < 0.001), but not their interaction (F = 0.038, p = 0.990). The uni-
variate tests found that, Condition effect was significant for N2
(F = 7.681, p = 0.007) and marginally significant for P3 (F = 3.403,
p = 0.068), while Group effect was only significant for N2 (F = 6.753,
p = 0.011) but not P3 (F = 1.763, p = 0.187). Post hoc analyses of
Group effect using independent samples t-test showed that Healthy
Sleepers have a larger N2 compared to Insomnia Group (t = 2.47,
p = 0.015, d = 0.472). Post hoc analyses of Condition effect using
paired samples t-test found larger N2 (t = 6.55, p < 0.001, d = 0.883)
and smaller P3 (t = 4.44, p < 0.001, d = 0.599) in NoGo compared to
Go condition.

3.4 | Time-frequency domain results

Increased midfrontal theta power has been found to be related
to the recruitment of inhibitory control (Nigbur et al., 2011).
Here we examined theta power on the same time window as
N2 over the same frontal-central electrodes (Fz, FCz, Cz). The
time-frequency data and event-related theta power are shown in
Figure 4. As shown in Figure 4, higher theta band (4-7 Hz) power
was observed in the NoGo condition (healthy sleeper group,
Mean = 5.48, SD = 1.89; insomnia group, Mean = 4.56, SD = 2.05)
than the Go condition (healthy sleeper group, Mean = 3.27,
2.44, SD = 1.44). The uni-
variate tests of the same abovementioned MANCOVA revealed
a significant Condition effect (F = 49.574, p < 0.001) and a Group
effect (F = 8.006, p = 0.006) for theta. Post hoc t-tests showed
that insomnia group had a significantly decreased theta power

SD = 1.29; insomnia group, Mean =
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TABLE 3 Correlation coefficients between ERP components and sleep, mood and impulsivity measures
NoGo N2 NoGo P3 NoGo Theta Go Theta CNV
Measures r p r p r p r p r p
Sleep PsQl 0.18 0.194 0.09 0.539 -0.08 0.543 -0.21 0.119 0.35" 0.009
1SI 0.26" 0.061 0.09 0.536 -0.19 0.167 -0.31  0.023 0.39" 0.003
rMEQ 0.13 0.331 -0.24"  0.073 -0.08 0.575 -0.06 0.675 -0.15 0.270
Actigraphy TIB 0.12 0.367 -0.07 0.619 -0.17 0.226 -0.09 0.531 0.09 0.494
TST 0.18 0.197 -0.07 0.634 -0.17 0.218 -0.07 0.632 0.01 0.919
SOL -0.11 0.408 0 0.991 -0.02 0.879 -0.09 0.508 0.24" 0.077
SE -0.04 0.802 0.12 0.391 0.24"  0.072 0.15 0.291 -0.33 0.015
WASO 0.08 0.565 -0.15 0.286 -0.28"  0.042 -0.14 0.317 0.28 0.037
Mood HADS-D 0.14 0.328 0.01 0.940 -0.32° 0018 -0.31° 0.024 0.17 0.213
HADS-A 0.21 0.127 -0.05 0.723 -0.23"  0.086 -0.32° 0.018 0.35' 0.009
Impulsivity BIS 0.11  0.445 0.02 0.873 -0.02 0.859 -0.08 0.549 0.01 0.951
Attention 0.26"  0.059 0.16 0.254 -0.08 0.564 -0.04 0.749 0.07 0.631
Motor 0.01 0.951 -0.01 0.932 0.09 0.530 0.01 0.973 -0.02 0.873
Non- -0.02 0.894 -0.08 0.575 -0.06 0.687 -0.13 0.360 -0.02 0.888
Planning

Abbreviations: BIS: Barratt Impulsiveness Scale; HADS: Hospital Anxiety and Depression Scale, HADS-D: Depression subscale, HADS-A: Anxiety
subscale; ISI: Insomnia Severity Index; PSQI: Pittsburgh Sleep Quality Index; rMEQ: Reduced Morningness -Eveningness Questionnaire; SE: Sleep

efficiency; SOL: Sleep onset latency; TIB: Time in bed; TST: Total sleep time; WASO: Wake after sleep onset.

Bold values denote statistical significance at the p<0.05 level.
Ap<0.1.

*p <0.05.

**p<0.01.

***p < 0.001.

compared to healthy sleeper group (t = 2.29,p = 0.024, d = 0.438),
and NoGo target elicited greater theta power than Go target
(t=13.37,p <0.001,d = 1.803).

3.5 | Correlations between EEG measures and
measures of sleep, mood, and impulsivity

Table 3 shows the correlations between the ERP measures (amplitudes
of NoGo-N2, NoGo-P3, NoGo Theta, Go Theta and CNV) and the
measures on sleep, mood, and impulsivity (BIS). Reduced amplitude of
NoGo-N2 was associated with greater insomnia severity (ISI: r = 0.26,
p = 0.061), and higher attention impulsivity (BIS-attention, r = .26,
p = 0.059) at a trend significance level, but not motor or non-planning
subscales. NoGo condition theta band activities were associated
with wake after sleep onset (r = -0.28, p < 0.5) and depressive mood
(HADS-D: r = -0.32, p < 0.05), and showed a trend of correlation with
anxiety symptoms (HADS-A: r = -0.23, p = 0.086). Go condition theta
band activities were associated with insomnia severity (ISI: r = -0.31,
p < 0.05), depressive mood (HADS-D: r = -0.31, p < 0.05) and anxi-
ety symptoms (HADS-A: r = -0.32, p < 0.05). Reduced amplitude of
CNV was correlated with a higher level of subjective sleep disturbance
(PSQl: r = 0.35, p < 0.01; ISI: r = 0.39, p < 0.01), poorer objectively
measured sleep based on actigraphy (sleep efficiency: r = -0.33,
p < 0.05; wake after sleep onset: r = 0.28, p < 0.05; sleep onset latency:

r=0.24, p = 0.077), and greater levels of anxiety (HADS-A: r = 0.35,
p <0.01).

4 | DISCUSSIONS
The current study examined the behavioral performance and EEG ac-
tivities related to response inhibition in both time and time-frequency
domains in youths with insomnia disorder as compared to healthy
sleepers. We did not observe any between-group behavioral differ-
ence in the CGNG task. Compared to healthy sleeper group, however,
insomnia group showed reduced cue-related CNV, indicating impaired
attention allocation during the preparation phase. The insomnia group
also showed blunted N2 amplitudes and attenuated theta activities to
Go/NoGo signals, potentially suggesting disrupted inhibitory control.
In this study, we found reduced CNV and N2 amplitudes with
medium effect size in the insomnia group as compared to the
healthy sleeper group in a task assessing inhibitory control. Our
time-domain finding was generally in line with those of previous
ERP studies conducted in the adults with insomnia. It was found
that adult insomnia patients had reduced CNV, N2, and P3 com-
ponents during the AX-continuous performance task (Muscarella
et al.,, 2019) and reduced P3 during the Stop Signal Task (Zhao
et al.,, 2018) than healthy sleepers (median to large effect size,
T12 = 0.13-0.21). These ERPs findings collectively suggested
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insomnia is associated with altered neural processing related to
inhibitory control. However, we only observed the group differ-
ences in the CNV and N2 (median effect size), but not the P3
component. The lack of P3 differences might be due to the dif-
ferent tasks being used and the varying levels of cognitive de-
mands. The smaller effect size in our data might be related to
the relatively shorter duration of insomnia in our sample, which
consisted of younger participants with insomnia, as compared
with the middle-aged sample in the earlier studies (Muscarella
et al., 2019; Zhao et al., 2018). Our pattern of results was similar
to that of a previous study based on a non-clinical sample, which
reported that self-identified poor sleepers (as defined by a sleep
disturbance index) had reduced N2 but not P3 in a Go/NoGo
task (Breimhorst, Falkenstein, Marks, & Griefahn, 2008). Based
on previous research on NoGo N2 (Falkenstein, Hoormann, &
Hohnsbein, 1999; Pornpattananangkul, Hu, & Nusslock, 2015),
our data suggested that insomnia was associated with altered
top-down inhibition mechanisms prior to motor response.

We also found that insomnia group showed reduced event-related
theta activity than healthy sleeper group. To our knowledge, this was
the first study supporting the hypothesis that insomnia was associ-
ated with inhibition deficits, based on EEG time-frequency responses.
A recent study has suggested that the increase in frontal midline theta
band oscillations during the Cued Go/NoGo task might be reflecting
not only response inhibition but also top-down attention processes
such as conflict monitoring (Hong, Sun, Wang, Li, & Tong, 2020). Our
finding extended the previous observation that insomnia patients had
decreased theta band power during awake resting EEG assessment
(Wolynczyk-Gmaj & Szelenberger, 2011), and showed that insomnia
patients also had lower theta power during the performance on a Go/
NoGo task involving inhibitory control. However, it is worth noting
that despite the lower theta activity in the insomnia group, there was
a lack of behavioral abnormalities on task performance. Research has
shown that attenuated theta power may reflect higher hyperarousal
(Wolynczyk-Gmaj & Szelenberger, 2011), supporting the notion that
insomnia was associated with hyperactive physiological, neurocogni-
tive, and emotional systems around the clock (Kay & Buysse, 2017).
In other words, attenuated theta band activity in the insomnia group
might reflect compensatory mechanisms related with hyperarousal in
insomnia, and thus might explain the maintained level of behavioral
performance.

In this study, insomnia group was found to show elevated lev-
els of depressive and anxiety symptoms compared with the healthy
sleeper group, which were in line with previous reports showing
an association between insomnia and the risk of psychopathology
(Blake, Trinder, & Allen, 2018; Soldatos, 1994). We also found that
lower theta activity in both Go and NoGo conditions, which indi-
cated a deficit in response activation and inhibition, were associ-
ated with higher levels of depression and anxiety in our samples.
Previous research has shown altered N2-P3 activities and inhibitory
deficits in individuals with depression (Kaiser et al., 2003; Ruchsow,
Groen, Kiefer, Beschoner, et al., 2008) and anxiety (Righi, Mecacci, &
Viggiano, 2009; Xia, Mo, Wang, Zhang, & Zhang, 2020). The findings
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neural processing underlying inhibitory control. In a previous study
that measured ERP during an Emotional Go/NoGo Task, it was found
that increased rumination, which is a robust cognitive risk factor for
depression, was associated with specific alterations in both N2 and
P3 amplitudes in response to non-emotional faces in girls of moth-
ers with histories of depression (Connell, Danzo, Magee, & Dawson,
2020). It is possible that inhibitory control deficits might play a role
in the cognitive processes linking to the risk of depression and anx-
iety in individuals with insomnia. Due to the cross-sectional design
of the present study and the multidimensional relationship between
sleep and psychopathology, future longitudinal studies would be
needed to further investigate the neurocognitive processes under-
lying the link between insomnia and psychopathology.

In this study, we found higher impulsivity score in the insomnia
group as compared to the healthy sleeper group, which was in line
with the observed association between poor sleep and higher im-
pulsivity in the previous research (Bauducco, Salihovic, & Boersma,
2019). Meanwhile, previous research, as well as the present study,
found an association between higher impulsivity and EEG correlates
of inhibitory control (Ruchsow, Groen, Kiefer, Hermle, et al., 2008;
Zhao et al., 2018). It has been argued that reduced inhibition and
increased impulsivity might serve as part of the mechanisms under-
lying the link between insomnia and suicidal risk (McCall & Black,
2013). In a previous study that measured ERP during the Go/NoGo
task, it was found that individuals with a history of suicide attempts
also showed lower NoGo N2 amplitude, but no difference in P3
component and behavioral outcomes, as compared with the controls
without a history of suicide attempts (Albanese et al., 2019). Taken
together, the findings from the current study and previous research
suggested a unique possibility that inhibitory control and impulsivity
might play a role in contributing to the elevated risk of suicide in the
individuals with insomnia (Liu et al., 2019). While it is plausible that
the neurocognitive mechanism underlying the link between suicidal
risk and insomnia might be partly explained by inhibition deficits in
individuals with insomnia, the present study was limited by a lack
of measure of suicidality, which precluded us from directly testing
this hypothesis. Future study with a longitudinal design would be
needed to further investigate whether certain neural pathways and
brain activity alterations in insomnia might have the prognostic im-
plications in predicting suicidal risk, and if so, whether these altered
brain responses could be utilized as a potential marker to screen for
individuals with insomnia at high risk of suicide.

Our findings contributed to the current literature by adding novel
information on response inhibition in the context of insomnia using
time-frequency domain analysis of the theta band activities. To ad-
dress the problem of limited statistical power in the previous studies
owing to the small sample size, we conducted a priori power analysis to
ensure adequate sample size. Also, the present study included a sam-
ple of medication-free young people. Nonetheless, there were some
limitations to consider. One might argue that the timing of the experi-
ment, which was fixed to start at 10:30 a.m. across almost all the par-
ticipants, failed to take into consideration the individual differences in
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chronotype preferences. However, this study did not include the par-
ticipants with extreme chronotype preference (e.g., advanced or de-
layed sleep phase syndrome) based on prescreening. In addition, this
study only used clinical interview to rule out comorbid sleep disorders.
Future research could use polysomnographic (PSG) sleep assessment
to confirm the comorbidity of sleep problems and to provide objective
sleep parameters for analysis. Finally, there were some other potential
confounders that were not assessed and controlled in the analyses, in-
cluding the handedness of the participants, fatigue symptom severity,
consumption of activating substances (e.g., caffeine).

In conclusion, the present study found that insomnia was associ-
ated with impaired attention preparation as indicated by attenuated
CNVs, and inhibition deficits as indicated by N2 amplitude and theta
power, despite of comparable behavioral performance from the Cued
Go/NoGo task. The temporal dynamics of inhibition alterations in in-
somnia might be associated with inadequate top-down cognitive con-
trol processes. Future studies with longitudinal designs are needed to
further explore the long-term impacts of altered inhibition processing
in relation to the development of comorbid psychopathology, espe-

cially the risk of suicidality, in individuals with insomnia.
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