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Abstract

Background Two phenotypes of insomnia disorder (ID) have been identified based on objective total sleep duration
(TST): one with short sleep duration (ISSD) and another with normal sleep duration (INSD). Recent proposals sug-
gested that insomnia with objective short-sleep duration (TST <7 h) is associated with impaired inhibitory function,
leading to a dysregulation of cortical inhibition, which may underlie its prevalence. This study investigated the status
of impaired response inhibition in these two phenotypes and examined the potential different effect of response
inhibition training on these two phenotypes.

Methods Twenty-two healthy controls (HC) and eighty-one patients with ID were recruited, with IDs further cat-
egorized into ISSD and INSD (with TST > 7 h). Clinical behavior measures, including the Pittsburgh Sleep Quality

Index (PSQI), Insomnia Severity Index (ISI), Pre-sleep Arousal Scale (PSAS), objective sleep characteristics assessed

by all-night sleep electroencephalography, and the accuracy of NoGo trials in the Go/NoGo task were compared
among the three groups. Subsequently, within each ID phenotype, participants were divided into training and blank
control sub-groups. The two training sub-groups completed Adaptive Go/NoGo training task (Through adaptive diffi-
culty adjustment, the task trains participants'inhibitory control) 15 times over 3 weeks, and all IDs were assessed using
sleep-related subjective and objective measures and Go/NoGo task before and after the intervention.

Results 1SSD patients exhibited significantly longer sleep latency (p=0.003) compared to HC, while wakefulness
duration (p=0.004) and light sleep duration (p <0.001) were shorter than INSD. No significant differences in objective
sleep characteristics were observed between INSD and HC. Following adaptive training, the I1SSD training sub-group
showed decreased scores in PSQI (p=0.039) and ISI (p=0.053) compared to their blank control sub-group. In the INSD
groups, both training and blank control sub-groups demonstrated reductions in PSQI (p <0.001), ISI (p <0.001),

and the cognitive arousal sub-dimension of the PSAS scores (p=0.003) in the post-session test.

Conclusions Impaired response inhibition is a characteristic of ISSD, potentially indicating dysfunctional cortical inhibi-
tion, whereas INSD pathogenesis may be related to cognitive-emotional arousal. Response inhibition training effectively
alleviates sleep problems in ISSD. These findings provide new insights for developing precise intervention strategies in ID.

Trial registration The study was prospectively registered on May 30, 2024, in Chinese Clinical Trials registry
(ChiCTR2400085063).
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Background

Insomnia disorder (ID) is a highly prevalent sleep dis-
order, affecting approximately 30% ~48% of the global
population [1-3]. ID significantly impairs patients’ sleep
quality, emotional well-being, daytime functioning, and
cognitive abilities [4—7]. Response inhibition is a crucial
component of cognitive function, allowing individuals to
rapidly cancel inappropriate actions or suppress prepo-
tent responses [8, 9]. Additionally, previous research has
indicated that impaired inhibitory control may be criti-
cal to developing and maintaining ID [10, 11]. However,
there is still no consensus on whether response inhibition
is impaired in ID patients. Some studies indicate that ID
patients exhibit poorer response inhibition compared to
healthy controls [10-13], while others do not support
this [14-16]. These discrepancies may result from small
sample sizes (most studies had sample sizes of 8-30) and
the different phenotypes of ID.

ID is a highly heterogeneous disorder, and the influence
of its different phenotypes on outcome variables should
be emphasized [17-19]. According to the International
Classification of Sleep Disorders-2 (ICSD-2), ID can be
categorized as psychophysiological insomnia (charac-
terized by complaints of sleep difficulties and objective
short sleep duration, ISSD) and paradoxical insomnia
(characterized by complaints of sleep difficulties but nor-
mal objective sleep duration, INSD). However, the Inter-
national Classification of Sleep Disorders-3 (ICSD-3) no
longer distinguishes between these phenotypes, referring
to them collectively as chronic insomnia [20, 21], which
is debatable. Some research, including several meta-
analyses [5, 6, 22] and empirical studies [23, 24] suggest
that objective sleep duration is essential in determining
whether cognitive functioning is impaired in ID. Gener-
ally, ISSD showed extensive cognitive impairment com-
pared to INSD, whereas there was no difference between
INSD and healthy individuals [22]. Unfortunately, previ-
ous studies examining the effect of objective sleep dura-
tion on cognitive performance in ID have not directly
addressed response inhibition. Therefore, whether ISSD
and INSD exhibit different response inhibition profiles
requires further empirical evidence.

A complex yet valuable question is whether impaired
inhibitory control is a consequence of ID or a contribut-
ing factor. Hyperarousal perspective, a key concept in ID,
suggests that excessive pre-sleep arousal perpetuates the
disorder, primarily involving cognitive, somatic, and cor-
tical arousal. Cognitive arousal refers to persistent cogni-
tive activation caused by thoughts, perceptions, attention,
beliefs, attributions, and expectations, while pre-sleep
cognitive arousal specifically refers to activation before
sleep onset, often manifesting as worry and rumination
about sleep [25]. Existing research hints at a relationship
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between inhibitory function and cognitive arousal. A
meta-analysis found a significant positive correlation
between rumination and inhibitory control [26], and
another study showed that poorer inhibitory control in ID
patients was associated with higher rumination levels and
more severe insomnia symptoms [27]. Physiological and
cortical arousal are closely related, with cortical arousal
reflecting brain-level activation. One study suggested that
ID patients may require more energy in the prefrontal
cortex during wakefulness to maintain normal cognitive
functions, including inhibitory control, and that dysfunc-
tion in this region may lead to compensatory mechanisms
in other cortical areas, resulting in reduced pre-sleep cor-
tical inhibition and subsequent over-arousal [28]. Thus,
improving inhibitory control may help alleviate excessive
arousal in insomnia patients. Recent studies have focused
on using inhibitory control-based cognitive training to
enhance prefrontal cortex function and alleviate clinical
symptoms in populations with anxiety [29] and eating dis-
orders [30]. Therefore, computerized cognitive training
(CCT) targeting inhibitory control may offer a potential
method for mitigating insomnia symptoms.

It is essential to explore the effects of CCT on ID.
Cognitive—behavioral therapy for insomnia (CBT-I) is
a widely used intervention for ID. However, research
indicates that CBT-I is less effective for ISSD when
comparing with INSD [31, 32]. The reason CBT-I may
be ineffective for ISSD could be that CBT-I focus on
addressing unhealthy sleep-related behaviors and beliefs,
often characteristic of INSD [33] rather than improv-
ing cognitive function. ISSD is regarded as a biologi-
cally severe subtype of ID [34], emphasizing the need for
specific interventions. Considering the growing body of
research evidence indicating that impaired inhibitory
control may be a significant feature of the ISSD pheno-
type compared to INSD [6, 22, 23], it is reasonable to
believe that the targeted training focusing on inhibitory
control could improve the sleep issues in ISSD. In con-
trast, such training may not have the same effective for
INSD, as the inhibitory control deficits characteristic of
the INSD phenotype do not appear to be as pronounced.

Several studies have introduced CCT in ID patients [35,
36]; however, these studies did not evaluate the patients’
objective sleep duration. Consequently, the validity of
these findings might be influenced by sample charac-
teristics, potentially comprising mainly ISSD patients.
When comparing with INSD, we propose that CCT
might be more effective in ISSD patients who exhibit sig-
nificantly impaired inhibitory control. Previous research
utilized the CogniFit® cognitive training program, which
encompasses various cognitive tasks. We posit that con-
centrating exclusively on inhibitory control training
could be sufficient and less burdensome for patients.
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This is supported by a recent study employing Transcra-
nial Magnetic Stimulation (TMS) to enhance inhibitory
control and improve sleep in ID patients [37]. Addition-
ally, previous interventions with multiple task types had
excessively long durations (8 weeks), leading to high
dropout rates (42%), which is a criticism of CBT-I [38]. In
contrast, CCTs focusing on inhibitory control generally
have shorter intervention periods (3—4 weeks) [39-41].

Based on the above background, the present study
explored two questions: Q1. Does the inhibitory con-
trol function differ among the two insomnia pheno-
types (ISSD and INSD) and healthy controls (HC)? We
hypothesized that ISSD would have worse inhibitory con-
trol than HC, but INSD would not. Q2. Does the CCT
intervention based on response inhibition function bring
beneficial effects (improvements in response inhibition
function and sleep-related measures) only to ISSD but
not INSD? We hypothesized that the CCT interventions
could significantly improve response inhibition function
and sleep-related measures in ISSD but not INSD.

Methods

Study design

The study is a randomized double-blind trial. Patients
with insomnia disorder (ID) and sex- age-matched
healthy controls (HCs) were recruited through electronic
advertisements and posters in Chongqing, China. From a
total of 136 participants who were initially contacted, 103
met the inclusion criteria and agreed to participate in the
study (20 not meet the inclusion criteria and 13 declined
to participate). The inclusion criteria for ID were as fol-
lows: (1) Criteria for ID meeting the DSM-V (Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition)
were determined to be met after a semi-structured inter-
view conducted by a professional psychological practi-
tioner; (2) Pittsburgh Sleep Quality Index (PSQI) >7 and
Insomnia Severity Index (ISI) >11; (3) experiencing sleep
disturbances for at least one month; (4) no other psychi-
atric or physiological diseases or other sleep disorders.
The inclusion criteria for HCs were: (1) PSQI<7 and
ISI<11; (2) no history of shift work or sleep complaints;
(3) no other psychiatric history or brain injury.

All participants signed informed consent forms con-
firming their participation and full knowledge of the study
protocol, and they were compensated in cash. The study
was approved by the ethical review committee of the Fac-
ulty of Psychology, Southwest University (Ethics approval
number: H24061) and registered in the Chinese Clinical
Trial Registry (registration number: ChiCTR2400085063).
Data collection took place between May 2024 and July
2024. This study adheres to CONSORT guidelines on
reporting [42]. The procedures (Fig. 1) were performed
following the Declaration of Helsinki.
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Outcome measures

The outcome measures in this study align with the pre-
registration, and no outcomes have been omitted. All
outcome measures were collected both before and imme-
diately after the end of the intervention phase. The pri-
mary outcomes include the PSQI and ISI, while the
secondary outcomes include the Pre-sleep Arousal Scale,
objective sleep parameters measured by all-night sleep
EEG, and response inhibition assessed by the Go/No-Go
task. Further details are provided below.

Primary outcomes

Pittsburgh sleep quality index

The PSQI was used to assess subjective sleep quality,
including 19 items covering 7 clinical components (sleep
quality, sleep latency, sleep duration, habitual sleep effi-
ciency, sleep disturbance, use of sleep medicines, and
daytime functioning) [43]. The total PSQI score (range 0
to 21) is the sum of the 7 clinical components (range 0 to
3), with higher scores reflecting poorer sleep. Although
Buysse and colleagues suggested using 5 as the cut-off for
poor sleep [43], Chinese researchers found that using 7
produced better results in the Chinese adult population
[44]. Therefore, we used 7 as the cut-off in this study.

Insomnia severity index

The ISI assessed the presence and severity of insomnia
symptoms, including 7 items along a five-point scale
(0—4) [45]. The total ISI score ranges from 0 (no insom-
nia) to 28 (severe insomnia), with 10 generally used as the
cut-off to identify individuals with clinical insomnia in
the community [46]. Therefore, we used 10 as the cut-off
in this study.

Secondary outcomes

Pre-sleep arousal scale

The Pre-sleep arousal scale (PSAS) assessed arousal right
before sleep (somatic and cognitive arousal, PSAS-SA
and PSAS-CA), including 16 items along a five-point
scale (1-5). Somatic arousal (1-8) and cognitive arousal
(9-16) each consisted of 8 questions, with higher total
scores indicating higher levels of arousal [47].

All-night sleep electroencephalography

UMindSleep is a wearable forehead sleep recorder
designed for sleep monitoring (UMindSleep, EEGSmart
Co., Ltd.). Although it uses a single-channel electro-
encephalogram (EEG), it has been shown to be highly
consistent (kappa agreements range=0.69-0.79) with
polysomnography (PSG) in recording sleep-related
parameters [48]. We used the device’s built-in algorithm
to extract the total sleep time (TST) as the primary meas-
ure, with other measures including sleep latency (SL)
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Fig. 1 Flow chart of the study. The sample was first divided into healthy control (HC) and patients with insomnia disorder (IDs) by the Pittsburgh
Sleep Quality Index (PSQI) and Insomnia Severity Index (ISI). Then, IDs were further categorized into objective short sleep duration (ISSD)

and objective normal sleep duration (INSD) by objective total sleep time measured by All-night sleep electroencephalography. This was followed
sequentially by the intervention period (completing 15 computerized training tasks during 3 weeks) and post-testing. PSAS, Pre-sleep arousal scale.

TST; Total Sleep Time measured by all night sleep electroencephalography

and the time of each sleep stage (wakefulness, WT; light
sleep, LST; deep sleep, DST).

Go/NoGo task

The Go/NoGgo task (GNT) was used to evaluate partic-
ipants’ inhibitory control before and after the interven-
tion. GNT was compiled using the jsPsych framework
(version 6.0.4) in JavaScript, an open-source library for
creating psychology experiments that offers a wealth of
features and flexibility [49]. The task contained 210 tri-
als, with the first 10 as practice trials, and the remain-
ing 200 as testing trials. Participants were required to
press the space key when a blue box was displayed (Go
trial) and not press the key when an orange box was

displayed (NoGo trial), with a ratio of 9 Go trials to 1
NoGo trial. In each trial, the stimuli (blue or orange
boxes) were presented for 750 ms, and participants had
to choose whether to respond based on the color. The
subsequent trial began once the participant pressed
the space key or the presentation duration exceeded
750 ms. Feedback was given on practice trials but not
on test trials. The dependent measure was the accuracy
of NoGo trials (NoGo-ACC).

Training task

The training task, called the Adaptive GNT, is adapted
from the GNT. The Adaptive GNT uses images of two
animals (cat and dog), two fruits (banana and apple), and
two celestial bodies (sun and moon). The task comprises
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six blocks, each containing 100 trials. Each pair of pic-
tures is used in two blocks of 100 trials each. The order
of blocks concerning the image pairs is random, but each
picture pair is used in two consecutive blocks. In each set
of 100 trials, participants respond to a specific stimulus
(e.g., the sun) but withhold response to another stimulus
(e.g., the moon). In the following 100 trials, participants
respond to the previous NoGo stimulus but not to the
previous Go stimulus. The ratio of Go to NoGo stimuli
is 7:3. Adaptive refers to the dynamic adjustment of task
difficulty based on the participant’s performance. This
dynamic adjustment ensures that the task difficulty is
tailored to everyone, allowing participants to face an
appropriate level of challenge to enhance their abilities,
while avoiding excessive difficulty that could lead to a
loss of motivation. Task difficulty is adjusted by vary-
ing the inter-stimulus interval time (ISIT), starting at
1600 ms during the initial training phase, depending on
the participants’ average percentage of correct answers in
the preceding stage. If the accuracy rate for NoGo trials
falls below 60%, the response time (RT) is increased by
200 ms to maintain motivation. If the accuracy rate for
NoGo trials exceeds 90%, the RT is decreased by 200 ms.
If the accuracy rate for NoGo trials ranges between 60
and 90%, the RT remains unchanged. Participants are
instructed to respond as quickly and accurately as pos-
sible. After each block, participants receive feedback
regarding their accuracy. Training spans 15 sessions dur-
ing 3 weeks, each involving 20 min of task completion.

Sample size

The sensitivity power analysis was conducted to deter-
mine study power (G*Power 3.1.9.4). For the cross-sec-
tional group comparison, power calculations (a=0.05,
power =0.80) found that the current sample size had the
capacity to detect a moderate amount of effect (f=0.31).
For the analysis of the subsequent intervention phase,
power calculations (a=0.05, power=0.80) also found
that the current sample size had the capacity to detect a
moderate amount of effect (figgp=0.23, fiysp =0.23).

Procedure

The study consisted of three phases: the baseline test,
the training/control period, and the post-test phase. HCs
were only involved in the baseline test. The baseline test
was completed over two days, and tasks included the
PSQ], ISI, PSAS, all-night sleep EEG recordings (Wear
the device at home to complete all-night sleep EEG
recordings), and GNT. IDs were then categorized into
ISSD (TST <7 h) and INSD (TST >7 h) based on objec-
tive sleep duration and further randomly divided into
training and control groups within ISSD and INSD. The
choice of 7 h rather than other values like 6 h or 6.5 h
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as cut-off is based on our laboratory’s most recent work
(unpublished data), which suggests that 7 h may be more
appropriate as the cut-off value. The training process was
conducted in a standard computerized behavioral experi-
ment, supervised by an experimental assistant. Partici-
pants in the training group completed adaptive GNT
training 15 times, one (lasting approximately 20 min)
per day, on every weekday (between 9 a.m. and 8 p.m.,
at least 1 h before go to bed) over a three-week period,
while the blank control group did not perform any tasks.
After the training period, all IDs (both ISSD and INSD)
completed the post-test, which included the same tasks
as the baseline test and following the same setting.

Randomisation and blinding

The participants in the ISSD and INSD were randomly
assigned to training or control group, based on simple
randomization (computer-generated random numbers
for the randomization process). Research staftf who were
not aware of the training allocation conveyed computer-
generated random numbers to the non-blinded staff, who
then communicated the randomization assignment and
training plans to the participants. Participants were not
informed of the study hypothesis. All outcome assess-
ments and data analyses were conducted by blinded
research staff who were unaware of the treatment alloca-
tions. No interim analyses were conducted.

Statistical analysis

Statistical analyses were conducted after all data collec-
tion was completed. The Shapiro—Wilk test was used to
assess the normality of the data distribution. First, we
tested the differences in task measurements among the
three groups (HC, ISSD, INSD) at baseline. If the data
met the normal distribution assumption, we used one-
way analysis of variance (ANOVA); otherwise, we used
the Kruskal-Wallis H test for non-parametric analysis.
When a significant main effect is found, pairwise com-
parisons are further conducted, with p-values adjusted
using the Bonferroni correction. Second, the associations
between measures were analyzed using partial correla-
tion analysis, in which age and gender were set as covari-
ates. We then compared the baseline characteristics
between the training and control groups within both the
ISSD and INSD cohorts to identify any pre-intervention
differences. Independent samples t-test was performed
for normally distributed variables, while Mann—Whit-
ney U test was applied to non-normally distributed data.
Finally, for the intervention effect, we performed a 2
(condition: training, control) X2 (session: pre-test, post-
test) repeated measures ANOVA within each of the two
groups (ISSD, INSD) for the data that follows the normal
distribution. When the data violated the assumptions of
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normality or homogeneity of variance, we used the rank-
based Scheirer-Ray-Hare test.

Results

Sample characteristics

For the cross-sectional group comparison, no partici-
pants were excluded from the data analysis. The demo-
graphic characteristics and sleep parameters of the
participants are shown in Table 1. There were 22 par-
ticipants in the HC group, 41 in the ISSD, and 40 in
the INSD, with mean age of 35.55 years (SD=1.47),
20.44 years (SD=1.67), and 20.80 years (SD=1.84),
respectively.

For the analysis of the subsequent intervention phase,
one participant from the ISSD control group and one
participant from the INSD training group were excluded
from data analysis due to dropping out for personal
reasons unrelated to the study. The final sample sizes
were: ISSD-Training: 21 (Male: 5, M,,,=20.57 years,
SDage=1.54), ISSD-Control: 19 (Male: 4, Mage=20.32
years, SD,,,=1.89), INSD-Training: 19 (Male: 3,
Mo =20.42 years, SD,,, = 1.50), INSD-Control: 20 (Male:
4, M, =21.05 years, SD,,,=2.09). Baseline characteris-
tics of the training and control groups within ISSD and
INSD are provided in Table 2, showing no significant dif-
ferences between groups before the intervention.

Table 1 Demographic and clinical characteristics of participants

HC(N=22) ISSD (N=41) INSD (N=40) p
Male, no. (%) 6 (27%) 10 (24%) 7 (18%) 48°
Age, mean (SD) 3555 (12.47) 2044 (1.67) 20.80 (1.84) <.001°
PSQI, mean (SD)  3.09 (0.75) 10.34 (1.94) 9.93(238) <.001°
PSQITST, mean 50264 (63.01) 390.00 (60.37) 396.00 (59.69) <.001°
(SD)
ISI, mean (SD) 5.32(1.17) 14.59 (3.00) 15.58 (3.66) <.001°
PSAS, mean (SD) 29.59 (8.09) 4737 (1041)  4798(1050)  <.001°
PSAS-SA, mean  12.14 (2.70) 19.88 (5.68) 18.98 (6.44) <.001°
(SD)
PSAS-CA, mean 1745 (6.04) 2749 (6.27) 29.00 (5.59) <.001°
(SD)
TST,mean (SD) 456,61 (78.72) 360.54 (4557) 50734 (60.29) <.001°
SL, mean (SD) 1932 (1441)  5740(50.31) 4934 (46.01)  .003°
WT,mean (SD)  59.16 (56.51) 4476 (46.90) 94.29(79.36)  .006°
LST, mean (SD)  246.11 (87.60) 208.07 (49.35) 252.98 (64.67) .009°
DST, mean (SD) 4357 (3293)  53.65(30.31) 6543 (32.09) .008°

HC healthy control, ISSD insomnia with objective short sleep duration, INSD
insomnia with objective normal sleep duration, PSQ/ Pittsburg Sleep Quality
Index, PSQI-TST Subjective Total Sleep Duration reported by PSQI's item 4, IS/
Insomnia Severity Index, PSAS Pre-sleep arousal scale, SA Somatic arousal, CA
Cognitive arousal, TST Total Sleep Time, SL Sleep Latency, WT Wakefulness Time,
LST Light Sleep Time, DST Deep Sleep Time

2 the p-value of x° t-test
b the p-value of Kruskal-Wallis H test

€ the p-value of one-way analysis of variance
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Comparison of demographic and clinical characteristics
between three groups

The Age, PSQI, PSQI-TST (Subjective Total Sleep Dura-
tion reported by PSQI’s item 4), ISI, PSAS, SA, CA, TST,
SL, and WT were analyzed by non-parametric analysis,
as those measures did not follow a normal distribution
The results showed that there are no significant gender
differences among the groups, but significant age differ-
ences were observed. The HC group was significantly
older than both the ISSD and INSD groups (p<0.001).
The comparison results between groups show that
(Table 1) significant between-group differences in PSQI
(H=53.180, p<0.001), ISI (H=52.645, p<0.001), PSAS
(H=34.926, p<0.001), TST (H=69.659, p<0.001), SL
(H=11.793, p=0.003), WT (H=10.238, p=0.006), LST
(F=4.925, qp2=0.90, p=0.009), and DST (F=5.022,
qp2=0,92, »=0.008). Further paired comparisons (Fig. 2)
showed that PSQI (p<0.001, Cliff’s Delta=1.00, 95%
CI: 0.99, 1.00), ISI (p<0.001, Cliff’s Delta=1.00, 95%
CI: 0.99, 1.00), PSAS (p<0.001, Clift’s Delta=0.80, 95%
CIL: 0.58, 0.92), Somatic arousal (PSAS-SA) (p<0.001,
Cliff’s Delta=0.79, 95% CI: 0.58, 0.90), and Cognitive
arousal (PSAS-CA) scores (p<0.001, Cliff’s Delta=0.74,
95% CI: 0.48, 0.88) were significantly lower in the HC
group compared to the ISSD. The PSQI (p<0.001, Cliff’s
Delta=1.00, 95% CI: 0.99, 1.00), ISI (»<0.001, Cliff’s
Delta=1.00, 95% CI: 0.99, 1.00), PSAS (p<0.001, Cliff’s
Delta=0.84, 95% CI: 0.63, 0.94), Somatic arousal (PSAS-
SA) (p<0.001, Cliff’s Delta=0.66, 95% CI: 0.40, 0.81),
and Cognitive arousal (PSAS-CA) scores (p<0.001,
Cliff’s Delta=0.82, 95% CI: 0.59, 0.93) were also signifi-
cantly lower in the HC group compared to the INSD.
However, there were no significant differences between
ISSD and INSD. Additionally, the ISSD group exhib-
ited significantly shorter TST than HC (p<0.001, Clift’s
Delta=-0.87, 95% CI: —0.99, —0.09) and INSD (p <0.001,
Cliff’s Delta=1.00, 95% CI: —1.00, —0.99), with no sig-
nificant difference observed between HC and INSD
(p=0.229, Cliff’s Delta=0.16, 95% CI: —0.08, 0.29).
SL was shorter in the HC group than ISSD (p=0.003,
Clift’s Delta=0.51, 95% CI: 0.24, 0.70), but not differ-
ent from INSD (p=0.105, Cliff’s Delta=0.08, 95% CI:
—-0.17, 0.32). WT (p=0.004, Clift’s Delta=—-0.41, 95%
CIL —0.60, —0.17) and LST (p<0.001, Cohen’s 4=0.78,
95% CI: —80.04, —9.76) were shorter in ISSD com-
pared to INSD. Finally, INSD had longer DST than HC
(p=0.031, Cohen’s d=0.67, 95% CI: —42.26, —1.45), with
no significant difference observed between ISSD and HC
(p=0.690, Cohen’s d=0.32, 95% CI: —30.39, 10.24).

Comparison of inhibitory control between three groups
The results of the Kruskal-Wallis H test showed a sig-
nificant difference in NoGo-ACC among the groups,
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Table 2 Baseline characteristics of participants in training and control group within two insomnia phenotypes
ISSD p INSD p
Training (N=21) Control (N=19) Training (N=19) Control (N=20)

Male, no. (%) 5(23.8%) 4(21.1%) 0.855° 3(15.8%) 4(20.0%) 0.732°
Age, years 20.57(1.54) 20.32(1.89) 0.491° 20.42(1.50) 21.05(2.09) 0.677°
NoGo-ACC 0.88(0.07) 0.86(0.07) 0.476° 0.92(0.07) 0.90(0.06) 0.338°
PSQl 10.33(2.18) 10.32(1.77) 0.848° 9.95(1.96) 9.90(2.83) 0.541°
PSQI-TST, min 384.29(64.08) 397.89(58.17) 0.488¢ 394.75(58.53) 399.00(63.15) 0.729°
ISI 14.14(3.35) 15.00(2.62) 0.137° 15.47(2.67) 15.45(4.43) 0.552°
PSAS 45.86(10.22) 49.26(10.83) 0.162° 45.32(9.83) 49.70(10.53) 0.188°
PSAS-SA 19.38(5.30) 20.74(6.12) 0.457°¢ 16.89(6.57) 20.45(5.69) 0.079¢
PSAS-CA 26.48(6.27) 28.53(6.42) 0.232° 28.42(5.17) 29.25(6.05) 0.649¢
TST, min 371.55(43.98) 345.79(58.44) 0.083° 508.03(60.56) 513.70(94.43) 0.833°
SL, min 68.02(56.30) 45.82(42.77) 0.180° 47.42(38.2) 50.05(54.16) 0.933°
WT, min 49.07(45.75) 42.05(49.47) 0.542° 89.5(68.79) 103.73(99.12) 0.922°
LST, min 210.40(45.84) 200.34(65.08) 0.572¢ 273.53(49.03) 239.38(87.69) 0.060°
DST, min 52.86(33.76) 53.32(23.8) 0.961°¢ 5845(30.12) 70.93(33.87) 0.233¢
PSQISQ 1.95(0.38) 1.95(0.4) 0.965° 2.00(0.47) 2.10(0.55) 0.532°
PSQILATEN 2.19(0.75) 247(0.61) 0.229° 2.26(0.65) 2.15(0.88) 0.774°
PSQIDURAT 1.05(1.02) 0.63(0.68) 0.219° 0.63(0.76) 0.55(1.00) 0.409°
PSQISE 0.95(1.02) 0.63(0.9) 0.258° 0.95(0.78) 0.70(0.98) 0.205°
PSQIDISTB 1.33(0.48) 1.79(0.71) 0.057° 1.63(0.68) 1.75(0.72) 0601°
PSQIUOSN 0.24(0.77) 0.05(0.23) 0.573° 0(0) 0.05(0.22) 0.330°
PSQIDF 262(0.5) 2.79(0.42) 0361° 247(0.77) 2.60(0.60) 0.728°

I1SSD Insomnia with objective short sleep duration, INSD Insomnia with objective normal sleep duration, NoGo-ACC accuracy of correct NoGo trials in the Go/NoGo

task, PSQSI Pittsburg Sleep Quality Index, PSQI-TST Subjective Total Sleep Duration reported by PSQI’s item 4, IS/ Insomnia Severity Index, PSAS Pre-sleep arousal scale,
SA Somatic arousal, CA Cognitive arousal, TST Total Sleep Time, SL Sleep Latency, WT Wakefulness Time, LST Light Sleep Time, DST Deep Sleep Time, PSQISQ PSQI Sleep
Quality, PSQILATEN PSQI Sleep Latency, PSQIDURAT PSQI Sleep Duration, PSQISE PSQI Sleep Efficiency, PSQIDISTB PSQI Sleep Disturbance, PSQ/IUOSM PSQI Use of Sleep

Medicines, PSQIDF PSQI Daytime Functioning
2 the p-value of x? t-test

® the p-value of Mann-Whitney U test

€ the p-value of two sample t test

H=13.967, p<0.001. The ACC of ISSD (M=0.87,
SD=0.07) was lower than these of INSD (M=0.91,
SD=0.07, p=0.006, Cliff’s Delta=-0.37, 95% CI: —0.58,
—0.12) and HC (M=0.92, SD=0.04, p=0.004, Cliff’s
Delta=-0.51, 95% CI: —0.70, —0.25). No significant dif-
ference was found between the NoGo-ACC of INSD and
that of HC (p=1.00), as shown in Fig. 3.

Potential association between measures

Partial correlation analyses with gender and age as
covariates within each group revealed a significant posi-
tive correlation between TST and NoGo-ACC (r=0.44,
p=0.004) and between TST and LST (r=0.57, p<0.001)
in the ISSD group (Additional file 1: Table S1). In the
INSD group, no significant correlation was found
between TST and NoGo-ACC, but there were significant
positive correlations between TST and cognitive arousal
(r=0.34, p=0.034) and between cognitive arousal and
PSQI (r=0.34, p=0.033) (Additional file 1: Table S2).

Training effects of ISSD and INSD

The performance of the two training groups with differ-
ent ID phenotypes in each training session was shown
in Fig. 4. In the ISSD-training group, the mean ISIT
decreased from 1457.14 ms to 1019.05 ms with training
sessions, F (1,20)=22.27, p<0.001, #°=0.58, indicating
that the participants in training condition completed
the training as required and made progress. For INSD-
training group, it was also found that with the increase
of training sessions, the mean ISIT decreased from
1421.05 ms to 1010.53 ms, F (1,18)=30.62, p<0.001,
7’ =0.63.

The transfer effect of training on inhibitory control ability

The results showed that in the ISSD group, the train-
ing group had a significant improvement in inhibitory
control ability after training, while the control group
did not. The non-parametric test revealed a signifi-
cant main effect of the condition, H=10.927, p<0.001,
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Fig. 2 The difference between three groups. a ~i were analyzed by non-parametric analysis and j~ k by parametric test. HC, healthy control;
ISSD, insomnia with objective short sleep duration; INSD, insomnia with objective normal sleep duration; PSQI, Pittsburg Sleep Quality Index;
PSQI-TST, Subjective Total Sleep Duration reported by PSQI's item 4; ISI, Insomnia Severity Index; PSAS, Pre-sleep arousal scale; SA, Somatic arousal;
CA, Cognitive arousal; TST, Total Sleep Duration; SL, Sleep Latency; WT, Wakefulness Time, LST, Light Sleep Time; DST, Deep Sleep Time. "p<0.05;
"p<001;""p<0.001. All p-values are Kruskal-Wallis H test with Dunn post-test
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Fig. 3 The difference of response inhibition between three groups.
HC, healthy control; ISSD, insomnia with objective short sleep
duration; INSD, insomnia with objective normal sleep duration;
NoGo-ACC, accuracy of correct NoGo trials in the Go/NoGo task.
“p<0.01 (Kruskal-Wallis test with Dunn post-test)

no significant main effect of the session, H=0.488,
p=0.485, and a significant interaction effect, H=6.023,
p=0.014. Post hoc simple effects analysis indicated that

the NoGo-ACC was significantly higher in the train-
ing group (M=0.92, SD=0.12) compared to the con-
trol group (M =0.80, SD=0.13) in the post-session test
(p=0.002, Cliff’s Delta=-0.44, 95% CI: —0.70, —0.07).
However, there was no significant difference between
the training (M =0.88, SD=0.07) and control (M =0.86,
SD=0.07) groups in the pre-session test (p=0.476,
Cliff’s Delta=0.30, 95% CI: —0.09, 0.61).

In the INSD group, no significant differences were
found in inhibitory control ability between the training
and control groups in the post-session test. The non-
parametric test showed there were no significant effects
(effect of the condition: H=3.211, p=0.073; effect
of the session: H=2.651, p=0.104; interact effect:
H=0.374, p=0.541).

The Table 3 shows the descriptive statistics of the train-
ing and control conditions measures pre- and post-ses-
sion tests within two groups (ISSD and INSD).

The transfer effect of training on sleep
In this section, we focused on significant interac-
tion effects, and the full results have been presented in
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Fig. 4 Mean (+SD) inter-stimulus interval time (ISIT) of participants in training conditions on the 15 training sessions for two groups. ISSD, insomnia
with objective short sleep duration; INSD, insomnia with objective normal sleep duration

Additional file 1 (Table S3 for ISSD, and Table S4 for
INSD).

ISSD group

Due to issues with normal distribution, the non-para-
metric test was used to analyze PSQI, PSQI-TST, ISI,
TST, SL, and WT, while mixed ANOVA was conducted
for the remaining measures. The results indicated signifi-
cant interaction effects on PSQI, PSQI-TST (Subjective
Total Sleep Duration reported by PSQI’s item 4), and ISI
(Additional file 2: Fig. S1.A). The PSQI was significantly
lower in the post-session test (M =8.48, SD=2.69) com-
pared to the pre-session test (M=10.33, SD=2.18) in
the training condition, p=0.039, Cliff's Delta=0.42,
95% CI: 0.09, 0.66. However, the difference between the

post-session test (M=10.26, SD=1.52) and the pre-
session test (M=10.32, SD=1.77) was insignificant for
the control condition, p=0.848, Cliff’s Delta=-0.04,
95% CI: —0.39, 0.32. The PSQI-TST of the training
group (M=427.14, SD=68.35) was significantly longer
than the control group (M=367.89, SD=47.79) in the
post-session test, p=0.015, Cliff’s Delta=0.51, 95% CI:
0.15, 0.75. However, the difference between the training
group (M=384.29, SD=64.08) and the control group
(M=397.89, SD=58.17) was not significant in the pre-
session test, p=0.464, Cliff’s Delta=0.13, 95% CIL: —0.45,
0.22. For ISI, the ISI in the training condition was margin-
ally lower in the post-session test (M =11.81, SD=3.52)
than in the pre-session test (M=14.14, SD=3.35),
p=0.053, Cliff’s Delta=0.40, 95% CI: 0.03, 0.67. However,

Table 3 Descriptive statistics of dependent measures in four conditions

ISSD-Training (N=21)

ISSD-Control (N=19)

INSD-Training (N=19)

INSD-Control (N=20)

Pre Post Pre Post Pre Post Pre Post
NoGo-ACC 0.88(0.07) 092(0.12) 0.86 (0.07) 0.80(0.13) 0.92(0.07) 0.89 (0.09) 0.90 (0.06) 0.85(0.10)
PSQl 10.33(2.18) 848 (2.69) 10.32(1.77) 10.26 (1.52) 9.95 (1.96) 7.79(1.58) 9.90 (2.83) 7.95 (2.70)
PSQI-TST, min  384.29 (64.08) 427.14 (68.35) 397.89(58.17) 367.89 (47.79) 39475 (58.53) 45789 (50.84)  399.00 (63.15)  426.00 (64.27)
N 14.14 (3.35) 11.81(3.52) 15.00 (2.62) 14.47 (2.46) 1547 (2.67) 11.58 (3.66) 1545 (4.43) 11.70 (4.55)
PSAS 45.86 (10.22) 41.52(8.52) 49.26 (10.83) 4574 (12.51) 4532 (9.83) 4142 (6.91) 49.70 (10.53) 44.60 (9.87)
PSAS-SA 19.38 (5.30) 16.19 (4.19) 20.74 (6.12) 19.37 (6.75) 16.89 (6.57) 15.26 (4.91) 2045 (5.69) 18.70 (5.00)
PSAS-CA 2648 (6.27) 25.33(6.18) 28,53 (6.42) 26.37 (7.20) 2842 (5.17) 26.16 (4.83) 29.25 (6.05) 25.90 (6.20)
TST, min 371.55(43.98) 416.90(90.15) 34579 (5844) 456.74(10091) 50803 (60.56)  430.50 (95.12)  513.70(94.43)  389.15 (94.60)
SL, min 68.02 (56.30) 54.36 (57.58) 45.82 (42.77) 5263 (51.72) 4742 (38.20) 59.32(53.40) 50.05 (54.16) 68.65 (61.90)
WT, min 49.07 (45.75) 40.38 (49.87) 42.05 (49.47) 75.26 (89.63) 89.50 (68.79) 66.89 (62.91) 103.73(99.12)  55.93 (59.69)
LST, min 21040 (45.84) 23538(61.69) 200.34 (65.08) 23547 (92.28) 273.53(49.03) 22589 (66.87) 239.38(87.69) 210.83 (66.41)
DST, min 52.86 (33.76) 69.90 (21.77) 53.32(23.80) 58.76 (22.99) 5845(30.12) 70.79 (25.39) 70.93 (33.87) 57.95 (28.64)

I1SSD insomnia with objective short sleep duration, INSD insomnia with objective normal sleep duration, PSQI Pittsburg Sleep Quality Index, PSQI-TST Subjective Total
Sleep Duration reported by PSQI’s item 4, IS/ Insomnia Severity Index, PSAS Pre-sleep arousal scale, SA Somatic arousal, CA Cognitive arousal, TST Total Sleep Time, SL
Sleep Latency, WT Wakefulness Time, LST Light Sleep Time, DST Deep Sleep Time
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the difference between the post-session test (M=14.47,
SD=2.46) and the pre-session test (M =15.00, SD=2.62)
was insignificant for the control condition, p=0.392,
Cliff’s Delta=0.16, 95% CI: —0.23, 0.50. Additionally, of
the seven subdimensions of the PSQI, training also had
beneficial effects on the sleep duration and daytime func-
tioning sub-dimensions, with the training group scoring
significantly lower on the post-session test than on the
pre-session. In contrast, there was no difference between
the pre and post-tests in the control group. See the Addi-
tional file 2 (content in Sect. 1.1 ISSD group and Fig. S2)
for a detailed report.

INSD group

Due to issues with normal distribution, the non-paramet-
ric test was used to analyze PSQI, PSQI-TST, ISI, TST,
SL, and WT, while mixed ANOVA was conducted for the
remaining measures. In the INSD group, the results did
not reveal any significant interaction effect. In contrast,
the results showed significant main effects of the session
on PSQI, PSQI-TST, ISL, and CA, as shown in Additional
file 2 (Fig. S1.B). The PSQI and ISI were significantly
lower in the post-session test (PSQI: M =7.87, SD=2.20;
ISI: M=11.64, SD=4.09) than in the pre-session test
(PSQL: M=9.92, SD=2.41; ISI: M=15.46, SD=3.63),
Ppsqu <0.001, Cliff’s Delta=0.47, 95% CI: 0.22, 0.65 and
P151<0.001, Cliff’s Delta=0.55, 95% CI: 0.31, 0.72. The
PSQI-TST was significantly longer in the post-session
test (M =441.54, SD=59.58) than in the pre-session test
(M=396.92, SD=60.18), p=0.003, Cliff’s Delta=-0.39,
95% CIL: —0.58, —0.15. While CA in the post-session test
(M=26.03, SD=5.50) was significantly lower than in the
pre-session test (M=28.85, SD=5.58), p=0.038, Clift’s
Delta=0.27, 95% CI: 0.01, 0.50. Additionally, no sig-
nificant interaction effects were found across the seven
sub-dimensions of the PSQI. However, significant main
effects of the session on sleep quality, sleep efficiency,
sleep disturbance, and daytime function were observed.
See the Additional file 2 (content in Sect. 1.2 INSD group
and Fig. S3) for a detailed report.

Discussion

The present study focuses on the impaired response inhi-
bition in two insomnia phenotypes (ISSD and INSD)
classified by objective sleep duration, and explores the
potential effects of inhibitory control training on differ-
ent phenotypes. The study’s results first showed that both
phenotypes differed significantly from health control in
terms of several subjective sleep perceptions and objec-
tive sleep parameters. Simultaneously, the light sleep time
was significantly shorter in ISSD than in INSD. Secondly,
the response inhibition was found to be significantly
worse in ISSD compared to HC, but not in INSD, while
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NoGo-ACC was significantly and positively correlated
with the total sleep time in ISSD. Within the INSD group,
PSAS-CA was significantly and positively correlated
with both TST and PSQI Finally, by applying inhibition
control-based cognitive training, it was found that in the
ISSD group, there was a significant improvement in sleep
in the training group but not in the ISSD control group.
In summary, these findings illustrate the critical influence
of objective sleep duration on inhibitory function in ID
and suggest that inhibition-related training may serve as
a potential effective intervention for specific phenotypes.

Clinical and sleep-related differences between the two
insomnia phenotypes

Both ID phenotypes showed significant complaints of
poor sleep compared to the HC, as evidenced by higher
PSQIL ISI, and PSQIDURAT scores and significantly
higher scores on PSAS. Hyperarousal has been recog-
nized as a main feature of ID [50]. Additionally, ISSD
exhibited distinct differences in objective sleep param-
eters derived from EEG. Specifically, ISSD showed sig-
nificantly longer objective sleep latency and deep sleep
duration compared to healthy individuals. Conversely,
ISSD exhibited shorter duration of wakefulness and light
sleep compared to INSD. Importantly, no significant dif-
ferences were observed between INSD and HC across all
objective sleep parameters. This suggests that the sleep
structure of INSD is no different from that of HC, which
is consistent with the findings of another study that clas-
sified ID subtypes based on structural brain heterogene-
ity [17]. Zhang et al. (2023) proposed that one subtype is
similar to paradoxical ID, retaining an intact sleep struc-
ture due to overcompensation of the temporal cortex
but subjectively experiencing extremely poor sleep [17].
This explains why INSD is indistinguishable from healthy
individuals in terms of objective sleep parameters but
still subjectively reports sleep complaints.

Differences of response inhibition between two insomnia
phenotypes

Previous studies on response inhibition in ID have
yielded conflicting results, which may stem from the
influence of different phenotypes. This study observed
that the NoGo-ACC of ISSD was significantly lower than
that of HC and INSD, whereas no significant difference
was found between INSD and HC. Numerous stud-
ies have explicitly indicated cognitive impairment spe-
cifically in ISSD but not in INSD [5, 6, 22-24]. Although
these studies did not directly investigate response inhi-
bition, given its pivotal role in executive functioning
[8], it is reasonable to speculate that the executive func-
tion deficits observed in ISSD may primarily result from
impaired response inhibition.
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Association between behavioural and sleep-related
measures

Many studies have linked response inhibition to cortical
hyperarousal in ID [11, 51, 52], suggesting that the patho-
genesis of INSD and ISSD may differ. Specifically, we spec-
ulated that ISSD is associated with cortical hyperarousal,
whereas INSD may stem from cognitive-level concerns.
To investigate this further, correlation analyses were con-
ducted between behavioral and sleep-related measures.

In the ISSD group, we identified a significant positive cor-
relation between TST and NoGo-ACC. Surprisingly, NoGo-
ACC did not correlate with other subjective and objective
sleep-related measures, such as PSQI and ISI. One possible
explanation is that the behavioral measures may not ade-
quately capture cortical hyperarousal. This is supported by
a study conducted by Fang et al. (2022) [13], which assessed
response inhibition in ID using GNT and EEG. While no
significant behavioral differences were observed, higher
amplitudes of N2 and P3 were recorded during NoGo trials
in ID, potentially reflecting cortical hyperarousal [13].

In the INSD group, NoGo ACC did not show any sig-
nificant correlation with the measured variables, whereas
cognitive arousal was significantly positively correlated
with both TST and PSQI. This may indicate that exces-
sive cognitive arousal before sleep could be a potential
cause of sleep issues in INSD. Pre-sleep cognitive arousal
refers to the activation of cognitive processes before
falling asleep and can manifest as worries about sleep,
hypervigilance, or rumination [25]. According to the
cognitive model of insomnia [50], both rumination and
worry are linked to sleep problems, and while they rep-
resent different cognitive processes, they share the core
issue of overthinking [53]. Therefore, INSD patients are
likely to excessively focus on their daytime functioning
or/and worry about their sleep, leading to the perception
of poor sleep quality. However, this study did not assess
rumination or worry, so it is unclear which plays a more
critical role. Nevertheless, the finding suggests that the
poor subjective sleep quality in INSD patients may be
associated with maladaptive cognition.

Potential effects of inhibitory control training

We observed that training improved NoGo-ACC signifi-
cantly in the ISSD-trained group compared to the ISSD
control group, and also led to significant improvements
in WT, ISI, PSQI, and two sub-dimensions of PSQI (Sleep
Duration and Daytime Functioning). These findings sug-
gest that inhibitory control-based training improves sleep
quality in the ISSD phenotype, potentially contributing to
increased sleep duration and reduced WT during sleep.
The observed training effects are likely attributable to
improved cortical inhibition in ISSD, which may lower
cortical arousal and support sleep homeostasis.
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An interesting finding emerged in INSD: both the
training and control groups showed significant improve-
ment in PSQI, PSQI-TST, IS, and CA in the post-session
test compared to the pre-session test. This suggests that
sleep disturbances in INSD improved irrespective of par-
ticipation in the training. This finding does not necessar-
ily imply the effectiveness of inhibitory control training
for the INSD training group. Instead, it may support the
notion that sleep issues in INSD may be more closely
linked to cognitive-emotional arousal [32].

Limitation

Several limitations need emphasis. First, although we con-
ducted sensitivity power analysis and found that the cur-
rent sample size had the capacity to detect a moderate
amount of effect, both in a one-way ANOVA (a¢=0.05,
power=0.80, f=0.31) and in subsequent repeated-meas-
ures ANOVA done for each of the insomnia phenotypes
(=0.05, power=0.80, fissp=0.23, finsp=0.23). However,
the current sample sizes are still small and future validation
studies should further expand the sample size to 159 and 40,
corresponding to the testing of differences among the three
groups (HC, ISSD, INSD) and the observation of train-
ing effects, respectively, as estimated by G*Power (¢ =0.05,
power=0.08). Meanwhile, the sample size lacks representa-
tiveness. Our patient sample was too age-concentrated and
predominantly young, making it debatable whether the
findings of this study can be generalized to other age groups.
Additionally, there were gender differences between groups,
and although gender was controlled as a covariate in the
statistical analysis, the associated results should be carefully
considered. Therefore, this study should be viewed as a pilot
study. Secondly, the lack of direct measurements of cortical
arousal is another limitation. The present study interprets
the relevant intervention results, but it must be recognized
that we lacked relevant neurophysiological indicators to
support these interpretations. Meanwhile, the UMindSleep
uses only one electrode, and its accuracy in sleep staging
still requires further validation. Although existing study
[48] suggested a high correlation with PSG, the potential
issue remains whether a single night of data is sufficient for
accurately measuring the duration of whole-night sleep,
and the availability of a single night of data also limits our
ability to observe night-to-night variability in sleep, which
may indeed have a greater clinical significance than a sin-
gle night. Thus, multiple nights of standard EEG recordings
and even functional magnetic resonance imaging (MRI)
techniques are necessary for future research. Finally, we
only designed a blank control group as a contrast, so we
can't clarify that the effect of training whether may be part
of the placebo effect. Additionally, we did not follow up on
the long-term effects of the training, so it remains unclear
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whether the improved effects of inhibitory control training
on sleep in ISSD are temporary. This is a critical considera-
tion for clinical practice.

Conclusions

In conclusion, this study provides evidence that impaired
response inhibition is associated with ISSD but not
INSD. Sleep problems in ISSD may be improved through
response inhibition-based cognitive training, while
INSD does not appear to benefit from this approach.
These results suggest that sleep problems in ISSD might
be linked to dysfunctional cortical inhibition, potentially
contributing to cortical arousal. In contrast, sleep prob-
lems in INSD could be more closely related to excessive
cognitive-emotional arousal. Response inhibition train-
ing may be beneficial for restoring cortical inhibition
in ISSD, which could help alleviate sleep issues. Our
findings contribute to the understanding of potential
intervention strategies in ID, though further research is
required to confirm these observations.

Abbreviations:

D Insomnia disorder

ISSD  Insomnia with short sleep duration
INSD  Insomnia with normal sleep duration
HC Healthy controls

GNT  Go/NoGo task

MRI Magnetic resonance imaging

TMS  Transcranial magnetic stimulation
TST Total sleep time

PSQI  Pittsburgh sleep quality index

ISI Insomnia severity index

PSAS  Pre-sleep arousal scale

CCT  Computerized cognitive training
SL Sleep latency

WT Wakefulness time

LST Light sleep time

DST Deep sleep time
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