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ARTICLE INFO ABSTRACT

Keywords: Background: Previous research has suggested an association between insomnia disorder (ID) and alterations in
Insomnia disorder emotion processing. Therefore, it is crucial to investigate neurobiological changes in emotion processing in
Amygdala

patients with ID before and after Cognitive Behavioral Therapy for Insomnia (CBT-I) and to compare them with
healthy controls (HC) with task-based functional magnetic resonance imaging (fMRI).

Methods: 20 patients with ID and 20 HC were included in this study to view five different blocks of pictures with
varying emotional arousal, valence, and content (sleep-relatedness) in the fMRI scanner.

Results: A significant Group x Session interaction was identified in the amygdala for both the sleep-related
negative contrast (F(1,38) = 4.19, p = .048) and the neutral moderate contrast (F(1,38) = 5.39, p = .026).
Post-hoc tests revealed that patients with ID had a significantly higher average amygdala reactivity to sleep-
related stimuli at TO, whereas no significant difference was observed between the groups at T1. However, the
analysis of Intraclass Correlation Coefficients (ICC) in the control group suggests a very low retest reliability
across all fMRI measures.

Conclusions: CBT-I may normalise amygdala responses to sleep-related negative stimuli, which may reflect a shift
toward improved emotional processing. However, the very low retest reliability of fMRI measures warrants
cautious interpretation of these results.

Cognitive behavioral therapy for insomnia
Emotion processing

among individuals with ID. Findings from this line of research indicate
that patients with ID exhibit heightened behavioural and physiological

1. Introduction

Insomnia disorder (ID) is a prevalent and costly condition associated
with substantial personal, societal, and public health consequences [1].
It frequently co-occurs with depression [2] and anxiety disorders [3,4],
suggesting that disrupted sleep in ID may contribute to emotion-related
alterations. Evidence supporting this idea comes from self-report and
physiological research showing that poor sleep quality is linked to
heightened negative and reduced positive emotions [5-7]. Recent work
has also examined the role of stimulus content in emotional processing
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reactivity to sleep-related stimuli [5,8-11]. This increased sensitivity to
sleep-related information may reflect an elevated perception of threat
associated with poor sleep [12-15].

Given its critical role in emotional processing, the amygdala has been
a primary focus of neurobiologically oriented research in ID. For
example, a number of resting-state functional magnetic resonance im-
aging (fMRI) studies have demonstrated altered functional connectivity
between the amygdala and various brain regions in individuals with ID
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[16-18], a result that parallels findings in depression and anxiety dis-
orders [19-21]. A more direct approach to investigate the link between
amygdala function and emotion processing is to use emotional stimuli
during fMRI [22]. Recurrent cortical hyperarousal and sleep fragmen-
tation, as well as abnormal amygdala reactivity during REM sleep, may
be driven by hyperactivation or insufficient suppression of the norad-
renergic system involved in emotional memory consolidation [22] and a
recent study showed increased amygdala activation in patients with ID
when viewing negative facial expressions [23]. In addition, several
studies used sleep-related emotional images during fMRI recordings [10,
24]. For example, patients with ID exhibited greater amygdala activa-
tion in response to insomnia-related stimuli than healthy controls [9].

However, previous neuroimaging investigations may have been un-
derpowered to detect realistic effect sizes in comparisons between pa-
tients with ID and healthy good sleepers. To overcome this limitation,
the present study implemented a within-subject design, assessing pa-
tients with ID both before and after cognitive behavioural therapy for
insomnia (CBT-I), the first-line intervention for ID. This design confers
greater statistical power and permits a more precise delineation of the
neural correlates of emotion processing associated with ID. In this study,
five categories of emotional pictures were employed as experimental
stimuli to elucidate the amygdala reactivity underlying emotion pro-
cessing in ID. Patients with ID underwent fMRI assessments at baseline
and following four bi-weekly CBT-I sessions. This within-subject longi-
tudinal design enabled the examination of neurobiological changes in
emotional reactivity associated with therapeutic improvement. In
addition, healthy good sleepers were assessed at both time points as a
control cohort to facilitate between-group comparisons and to delineate
the disorder-specific neural alterations linked to ID.

2. Methods
2.1. Participants

Twenty-three patients with ID and 21 healthy controls (HC) were
recruited in the study, with groups matched for age and sex. All par-
ticipants were between 18 and 65 years of age. Patients with ID met
research diagnostic criteria for ID according to the Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition (DSM-5). All partici-
pants underwent a structured clinical interview to assess eligibility.
Participants meeting any of the following exclusion criteria were
excluded: (1) use of sleep medication within two weeks prior to and
during study participation; (2) suicidality; (3) psychiatric conditions
requiring immediate treatment; (4) alcohol, medication, or illicit sub-
stance abuse or dependence within the past year; (5) psychotherapy
within the past three years; (6) unstable or progressive medical condi-
tions; (7) acute pain or poorly managed chronic pain temporally linked
to insomnia symptoms; (8) intellectual disability; (9) history of brain
injury; (10) pregnancy or lactation; (11) contraindications for MRI; (12)
insufficient fluency in German to complete the study protocol. Addi-
tionally, patients with ID were excluded if they had the presence of sleep
disorders other than ID. This study was conducted in accordance with
the Declaration of Helsinki. The study protocol was approved by the
Ethics Committee of the Medical Center — University of Freiburg, and the
study was registered in the German Clinical Trials Register (https://drks
.de/search/en/trial/DRKS00018839). Based on the preregistered anal-
ysis plan, the current analyses focused on amygdala reactivity. Specif-
ically, we tested the preregistered hypothesis that patients would show
decreased amygdala reactivity to sleep-related stimuli after CBT-I. All
participants provided written informed consent and received financial
compensation for their participation.

2.2. Intervention

CBT-I was delivered in person at the Medical Center — University of
Freiburg by psychotherapy trainees under the supervision of a specialist
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in behavioural sleep medicine. The intervention comprised four indi-
vidual sessions, each lasting 50 min. The manualised CBT-I protocol
included psychoeducation, relaxation training, sleep restriction therapy,
stimulus control therapy, and cognitive therapy. For sleep restriction
therapy, the initial sleep window was determined based on the patient's
average sleep duration during the previous week, as recorded in sleep
diaries. The placement of the sleep window was adapted to patient
preference, with a minimum allowable time in bed of 4.5 h. Adjustments
were made weekly: time in bed was increased by 30 min when sleep
efficiency exceeded 90%, reduced by 30 min when it fell below 80%,
and kept unchanged when it ranged between 80% and 90%. Stimulus
control therapy followed Bootzin's standard protocol [25]. Progressive
muscle relaxation was employed as the relaxation technique [26].
Cognitive therapy consisted of cognitive restructuring and the
“constructive worry” method [27].

2.3. Questionnaires

To characterise the two groups at baseline (T0) and post-treatment
(T1), participants completed the following self-report questionnaires:
(1) the Insomnia Severity Index (ISI) [28], assessing insomnia severity
over the preceding two weeks; (2) the Pittsburgh Sleep Quality Index
(PSQI) [29], measuring sleep quality and disturbances over the past
month; (3) the Ford Insomnia Response to Stress Test (FIRST) [30],
evaluating sleep vulnerability under stressful conditions; (4) the
Pre-Sleep Arousal Scale (PSAS) [31], assessing physiological and
cognitive arousal before sleep; (5) the Glasgow Sleep Effort Scale (GSES)
[32], a measure of sleep effort; (6) the Dysfunctional Beliefs and Atti-
tudes about Sleep Scale (DBAS) [33], an instrument assessing beliefs,
attitudes, and expectations about sleep and insomnia; (7) the Epworth
Sleepiness Scale (ESS) [34], an instrument measuring daytime sleepi-
ness; (8) the Beck Depression Inventory (BDI) [35], a widely used
measure of depressive symptoms; and (9) the Beck Anxiety Inventory
(BAI) [36], assessing anxiety levels.

2.4. fMRI emotional task

All participants underwent two MRI recording sessions (TO and T1).
For the ID group, brain MRI was acquired before and after the CBT-I
intervention, whereas for the HC group, neuroimaging was obtained
before and after a comparable time interval. During these sessions, all
participants were instructed to view 80 pictorial stimuli presented in the
MRI scanner using the Presentation software (https://www.neurobs.
com/). The pictorial stimuli comprised the following categories: 10
insomnia-related negative stimuli with moderate arousal levels
(sleep_neg_moderate; e.g., an individual in bed with an impatient
expression suggestive of insomnia); 10 negative stimuli with high
arousal levels (neg_high); 10 negative stimuli with moderate arousal
levels (neg_moderate); 10 neutral stimuli with moderate arousal levels
(ntrl_moderate); and 40 neutral stimuli with low arousal levels
(ntr]l_low) serving as the control condition. Here, the non-sleep pictorial
stimuli were collected from the International Affective Picture System
(IAPS) [37] and all the pictorial stimuli had been previously validated
for valence and arousal [9]. The fMRI task followed a block design, with
each block consisting of five stimuli from the same category (sleep_-
neg moderate, neg_high, neg moderate, ntrl moderate, or ntrl_low).
Each stimulus was presented for 5 s, yielding blocks with a total duration
of 25 s. Blocks were presented in a randomised order, with the restric-
tion that each ntrl_low block preceded a block from a different category.
The experimental procedure is illustrated in Fig. 1.

2.5. MRI data acquisition
Functional and anatomical images were collected using a 3 T MRI

scanner (Magnetom TIM-Trio, Siemens, Erlangen, Germany) at the
Medical Center — University of Freiburg. Parameters for the T2*-
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Fig. 1. The task employed a block design. Each block comprised five pictures from the same stimulus category, with each picture presented for 5 s. Blocks from the
ntrl_low condition were always shown first, prior to any other block types. Apart from this constraint, the order of pictures within each block and the overall block

sequence were randomised.

weighted echo-planar imaging (EPI) gradient-echo sequences were as
follows: repetition time (TR) = 2.62 s; echo time (TE) = 30 ms; flip angle
= 90°; field of view = 192 x 192 mm?; number of slices = 42; voxel size
=3 x 3 x 3 mm°>. The total duration of the task was approximately 5
min. Following task-related image acquisition, T1-weighted structural
images were obtained with the following parameters: TR = 2 s; TE = 0.4
ms; flip angle = 12°; field of view = 256 x 256 mm?; voxel size =1 x 1
x 1 mm°>.

2.6. Data analysis

Self-report data were analysed using R (version 4.5.1; https://www.
r-project.org/). Missing questionnaire data at T1 (<2%) were imputed
using the last-observation-carried-forward method. In addition, one HC
participant did not complete the BAI at TO; therefore, this participant's
BAI score at T1 was also excluded from the dataset.

MRI data was preprocessed and modelled by using Statistical Para-
metric Mapping 12 (SPM12, Wellcome Department of Cognitive
Neurology, London, UK). Two patients with ID were excluded from the
final analysis due to missing MRI data at T1. Preprocessing steps
included slice-timing, realignment, co-registration, segmentation, nor-
malisation and smoothing. After realignment, one patient with ID and
one HC were excluded due to sustained movement (>3 mm translation
or > 3° rotation together with framewise displacement (FD) > 0.3 mm in
more than 20% of the volumes) during task periods. To control for head
movement effects, FD was calculated for each time point. Time points
with FD > 0.3 mm were flagged, and the corresponding regressors were
included in the first-level general linear model (GLM) as nuisance
covariates [38]. A full width at half maximum of 6 mm was chosen for
smoothing.

GLM was used by the fMRI model specification function in SPM12. In
the first-level GLM, the stimulus onset times were convolved with the
canonical hemodynamic response function to predict the preprocessed
brain signal. Six head movement parameters and the binary FD regressor
for each participant were included as nuisance covariates to control for
movement-related artefacts. In this step, four contrasts were calculated:

Contrast 1 = sleep_neg moderate — ntrl low = C1_sleep_neg mo-
derate; Contrast 2 = neg_high — ntrl low = C2_neg_high; Contrast 3 =
neg moderate — ntrl low = C3_neg moderate; Contrast 4 = ntrl mo-
derate — ntrl_low = C4_ntrl_moderate.

Following the pre-registered protocol, the amygdala was selected as

a region of interest (ROI) for the present analysis. For each participant,
the left and right amygdala were segmented from individual T1-
weighted structural images using FSL's FIRST (FMRIB's Integrated
Registration and Segmentation Tool; labels 18 and 54). The left and right
amygdala were combined for further analysis. For each participant, the
mean f values within the resulting ROI were extracted for each contrast.
These values were then used for second-level ROI analysis.

For the second-level analysis, one-sample t-tests for the four con-
trasts at TO were conducted, ensuring the appropriateness of the data
analysis pipeline. Then, mixed design factorial Group x Session
ANOVAs were created for the four contrasts. Besides, following previous
work [2,9] (Groups) x 2 (Contrasts) ANOVAs were conducted for
arousal (C2_neg_ high vs C3_neg_moderate), valence (C3_neg moderate
vs C4_ntrl_moderate) and content (C1_sleep_neg_moderate vs C3_neg_-
moderate) at TO. Finally, in order to test the reliability of the measure-
ments, Intraclass Correlation Coefficients (ICCs) of mean § values in the
amygdala across sessions were computed in the HC group for each
contrast. ICC(1,1), derived from a one-way random-effects ANOVA
model, was calculated as:

1cCc(1,1) :M
(MSp + (k — 1)MSw)

where MSg and MSy correspond to the between- and within-subject
mean squares, respectively, and k represents the number of sessions.
In addition, exploratory whole-brain analyses were also performed for
each contrast to identify treatment-related changes in neural activation.
In the whole brain Group x Session mixed ANOVA, the statistical
threshold was set at an uncorrected p < .001 at the voxel level and at p
< .05 at the cluster level, FWE corrected. For brain regions exhibiting
significant main or interaction effects, the average signal across all
voxels within each region was extracted for each participant. Post-hoc
comparisons between groups and sessions were then performed by
using these mean values.

3. Results
3.1. Participants
The analysis included 20 patients with ID (10 women and 10 men)

and 20 HC participants (10 women and 10 men). Age at TO was 40.4 +
13.3 years in the ID group and 39.0 + 13.5 years in the HC group (t(38)
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= 0.33, p = .74). The T1 assessment was conducted 89.6 + 10.8 days
after TO in the ID group and 91.0 + 12.7 days after TO in the HC group (t
(38) = -0.37, p = .71).

3.2. Clinical outcomes

All participants in the ID group completed all four CBT-I sessions.
Within this group, ISI scores significantly decreased from TO to T1 (t(19)
= —6.44, p < .001). Similar reductions were observed for PSQI (t(19) =
—6.84, p <.001), FIRST (t(19) = —4.06, p < .001), PSAS (t(19) = —5.61,
p < .001), GSES (t(19) = —6.33, p < .001), DBAS (t(19) = -3.21,p =
.005), ESS (t(19) = —2.26, p = .036), and BDI (t(19) = —3.26, p = .004).
In contrast, BAI scores did not differ significantly between TO and T1 (t
(19) = —1.75, p = .097). Means and standard deviations for these var-
iables at both time points are provided in Table 1.

3.3. FMRI data

3.3.1. Validation of the data analysis pipeline

To examine whether the experimental stimuli effectively elicited
neural responses, one-sample t-tests were performed for each contrast at
TO across all participants, both within the amygdala and at the whole-
brain level. The results revealed that there was a significant amygdala
response for C2_neg_high (t(39) = 3.30, p = .002), while none of the
other contrasts (Cl_sleep_neg moderate, C3_neg moderate and
C4_ntrl_moderate) was significant. The significant activation clusters of
the whole brain analyses are summarised in Table S1.

3.3.2. Analysis focusing on the amygdala

In the Group x Session ANOVA, there was a significant Group x
Session interaction for C1_sleep_neg (F(1,38) = 4.19, p = .048). Post-hoc
tests revealed that patients with ID had a significantly higher average f
value than HC at TO (estimate = 0.204, SE = 0.095, t(57) = 2.16, p =
.035), whereas no significant difference was observed between the
groups at T1 (estimate = —0.058, SE = 0.095, t(57) = —0.61, p = .546).
However, no significant association was found within the group of pa-
tients with ID between treatment-related changes in amygdala reactivity
for the contrast C1_sleep_neg moderate and treatment-related changes
in ISI scores (r = —0.189, p = .424). This relationship is illustrated in
Fig. S1.

Besides, a significant Group x Session interaction was observed for
C4_ntrl_moderate (F(1,38) = 5.39, p = .026). Post-hoc tests showed that
patients with ID had a significantly lower average {3 value than HC at TO
(estimate = —0.165, SE = 0.080, t(57) = —2.06, p = .045), whereas no
significant difference was observed between the groups at T1 (estimate
= 0.138, SE = 0.080, t(57) = 1.71, p = .092). The average f values for
each contrast are presented in Fig. 2.

Table 1
Means and standard deviations of clinical outcome variables at TO and T1.

ID group Control group

TO T1 TO T1
ISI 15.8 + 4.7 8.9+ 4.9 21+1.7 25+24
PSQI 11.0 + 2.4 6.1 + 2.7 34+1.6 31+15
FIRST 27.8 £ 4.9 249 +5.0 20.2 +4.8 19.6 + 4.0
PSAS 37.8 £9.0 29.3 + 8.9 21.0 £ 3.6 20.5 £ 5.4
GSES 7.2+26 51+26 1.7+15 14+1.2
DBAS 82.4 +£19.7 70.7 + 23.8 43.4 £21.9 41.3 +£25.4
ESS 89+ 5.8 6.8 + 2.8 6.5 + 3.5 6.3 + 3.8
BDI 12.9 + 8.8 8.5+ 84 4.6 +3.7 4.6 + 3.8
BAI 10.0 + 9.0 6.9+ 5.8 3.4 +3.0 42+6.1

Note. BAL: Beck Anxiety Inventory; BDI: Beck Depression Inventory; DBAS:
Dysfunctional Beliefs and Attitudes about Sleep Scale; ESS: Epworth Sleepiness
Scale; FIRST: Ford Insomnia Response to Stress Test; GSES: Glasgow Sleep Effort
Scale; ID: insomnia disorder; ISI: Insomnia Severity Index; PSAS: Pre-Sleep
Arousal Scale; PSQI: Pittsburgh Sleep Quality Index.
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3.3.3. Effect of the arousal, valence, and content dimensions within the
amygdala

Consistent with the analysis of Baglioni and colleagues [9], group
differences in the neurobiological responses to arousal, valence, and
content at TO were examined. First, a Group (patients with ID vs HC) x
Contrast (C2_neg_high vs C3_neg_moderate) ANOVA was conducted to
investigate the neurobiological response to arousal. A significant
Contrast main effect was found (F(1,38) = 4.40, p = .043), indicating a
higher amygdala activation for C2 neg high compared with C3_neg -
moderate across participants. No significant Group main effect (F(1,38)
= 0.50, p = .484) or Group x Contrast interaction (F(1,38) = 0.18,p =
.674) were found.

Similarly, a Group (patients with ID vs HC) x Contrast (C3_neg_-
moderate vs C4_ntrl moderate) ANOVA was performed to test the
neurobiological response to valence. However, no significant main
(Contrast main effect: F(1,38) = 0.43, p = .514; Group main effect: F
(1,38) = 0.91, p = .346) or interaction effects (F(1,38) = 2.79, p =.103)
were observed.

Finally, a Group (patients with ID vs HC) x Contrast (C1_sleep_-
neg_moderate vs C3_neg_moderate) ANOVA was conducted to investi-
gate the neurobiological response to the content of the stimuli. No
significant main (Contrast main effect: F(1,38) = 0.09, p = .76; Group
main effect: F(1,38) = 2.44, p = .127) or interaction effects (F(1,38) =
1.42, p = .241) were observed.

3.3.4. ICCs across sessions in the HC group

To assess the reliability of estimates of amygdala reactivity, the ICCs
were calculated for all the four contrasts within the HC group. The ICCs
were 0.139 (95% CI: —0.305 < ICC <0.537), —0.014 (95% CI: —0.437 <
ICC <0.418), —0.205 (95% CI: —0.580 < ICC <0.246), and —0.293
(95% CI: —0.639 < ICC <0.156) for contrasts C1-C4 respectively. To
visualise the lack of reliability across sessions, the mean f values from
each participant's amygdala in the HC group at TO and T1 is plotted in
Fig. 3.

3.3.5. Explorative analysis for the whole brain

For the whole brain analysis, the same Group x Session mixed
ANOVAs were computed for the four contrasts using the flexible facto-
rial function in SPM12. The results indicated that no significant in-
teractions were observed in any of the four contrasts. Significant Session
main effects were found for C1_sleep_neg_moderate in three clusters in
the right lingual gyrus (MNI coordinate: 6 -84 -6, cluster size = 146,
Peak-level T-score = 33.92), left middle occipital gyrus (MNI coordi-
nate: -42 -78 24, cluster size = 55, Peak-level T-score = 19.40), and in
the right superior frontal gyrus (MNI coordinate: 18 9 48, cluster size =
91, Peak-level T-score = 27.97). In all three clusters, both the ID and the
HC group had a higher activation at TO compared to T1. These results
are illustrated in Fig. 4.

4. Discussion

In the present study, we replicated earlier evidence showing that
patients with ID exhibit heightened amygdala reactivity in response to
sleep-related stimuli compared to HC. Following CBT-I, which produced
a robust improvement in insomnia symptoms, this between-group dif-
ference was no longer detectable, thereby supporting the hypothesis
outlined in the preregistration. Across all participants, amygdala acti-
vation increased in response to stimuli rated as more arousing, indi-
cating that the experimental procedure and analytical pipeline
functioned as intended. However, stimulus valence was not associated
with amygdala reactivity. Moreover, our repeated-measures design
revealed very low retest reliability across all measures, warranting
considerable caution when interpreting comparisons between the
baseline and post-treatment assessments.

Clinical outcomes indicate that patients with ID experienced mean-
ingful improvements in both sleep and mental health following CBT-I.
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patients with ID and HC at TO and T1.
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Web version of this article.)

Notable benefits included reductions in insomnia severity, pre-sleep insomnia symptoms but also in enhancing broader related domains
arousal, sleep effort, dysfunctional sleep-related beliefs and attitudes, [39-41].

and daytime sleepiness, along with improvements in depressive symp- Regarding the brain imaging results, patients with ID showed sta-
toms. Overall, these findings suggest that CBT-I demonstrated efficacy tistically greater amygdala activation than HC in response to sleep-

comparable to that reported in clinical trials, not only in reducing related stimuli at TO, consistent with previous findings [9]. After
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Fig. 4. Mean p values and standard errors of the significant clusters for the Session main effect for C1_sleep_neg_moderate. Post-hoc comparisons showed consistently
higher values at TO than at T1 in all three clusters in both groups: ID group (right lingual gyrus: estimate = 0.701, p < .001; left middle occipital gyrus: estimate =
0.464, p < .001; right superior frontal gyrus: estimate = 0.318, p < .001) and HC group (right lingual gyrus: estimate = 0.491, p = .005; left middle occipital gyrus:
estimate = 0.393, p = .004; right superior frontal gyrus: estimate = 0.261, p = .003). In the bar plot, p < .001: ***, p < .01: **,

CBT-I, this effect was no longer detectable, suggesting that the inter-
vention may have normalised amygdala reactivity to sleep-related in-
formation, partially consistent with our preregistered hypothesis. This
pattern aligns with the cognitive model and the atten-
tion—-intention—effort (A-I-E) pathway of insomnia [12,14]. According to
the cognitive model, selective attention to and heightened monitoring of
sleep-related cues foster worry and rumination, which contribute to the
maintenance of insomnia [14]. The A-I-E model further proposes that
selective attention to negative sleep-related information increases
explicit sleep intention and sleep effort, thereby perpetuating poor sleep
[12]. The current study adds to these models by identifying increased
amygdala reactivity as a potential neurobiological correlate of disturbed
processing of sleep-related information.

An important caveat for interpreting the current study concerns the
low ICCs for amygdala reactivity across TO and T1 in the HC group,
indicating very poor test-retest reliability of the employed paradigm.
We also examined the correlation between pre- and post-treatment
differences in amygdala activation to C1_sleep_neg moderate stimuli
and ISI score changes among patients with ID and did not find any sig-
nificant association. Consequently, conclusions about the role of
amygdala reactivity in ID should be drawn with caution. While the TO
results were largely consistent with our hypotheses, the T1 findings
(particularly those for the contrasts C3_neg moderate and C4_ntrl_mo-
derate) are difficult to interpret. This pattern resembles that of a pre-
vious study [9], which also reported discrepancies between neural
responses to the first and second presentation of stimuli. One possible
explanation lies in the passive viewing paradigm, which does not allow
verification that participants consistently attended to the stimuli.
Moreover, the whole-brain analyses revealed weaker effects than ex-
pected. Taken together, these results suggest that participants may have
habituated quickly to the stimulus presentations, thereby reducing the
validity of the T1 findings.

Despite the insights provided by this study, several methodological
limitations should be noted. First, the relatively small sample size re-
duces statistical power and may limit the generalisability of the findings.
Some results, which just met the threshold for statistical significance,
should be interpreted with caution due to the limited sample size and the
associated risk of Type I error. Second, the sleep-related stimulus set
comprised only moderately emotional images, which may have pro-
duced comparatively small differences in neural responses across stim-
ulus categories and it raises concerns regarding the validity of the

stimuli and the sensitivity of the experimental task in engaging the
target neural circuitry. Third, because the study did not employ a
randomised controlled design, any TO-T1 changes observed in the ID
group should be interpreted with caution, and causal inferences cannot
be drawn. Fourth, emotional processing was not examined during
follow-up periods after the completion of CBT-I, and therefore it remains
unclear whether the observed neural and behavioral changes are sus-
tained, attenuated, or further evolve after treatment. Fifth, variables like
potential variations in emotional state between the two scanning ses-
sions, as well as differences in alertness and attention to pictorial stimuli
across sessions in the HC group, were not directly assessed, which may
limit the validity of the findings.

In summary, the present study assessed alterations in brain function
during emotion processing in patients with ID before and after CBT-I,
providing insight into the neural mechanisms of insomnia. It investi-
gated the neural processing of emotional stimuli in patients with ID and
HC participants across two sessions. At baseline, patients with ID
exhibited heightened amygdala reactivity in response to sleep-related
stimuli compared to HC, which was not evident any more after CBT-I.
However, due to low ICCs, these findings should be interpreted with
caution. Future studies could build on these findings by expanding the
sample size and adopting multi-timepoint longitudinal designs to clarify
the dynamic changes in emotion-processing brain function during CBT-I.
In addition, the incorporation of a broader range of stimuli, together
with improved differentiation between moderate and low levels of
stimulus arousal, may be crucial for ensuring the validity of the stimuli
and the sensitivity of the experimental task in effectively engaging the
target neural circuitry. Furthermore, the application of complementary
neuroimaging analysis approaches and the integration of neuroimaging
markers with clinical symptoms, emotional measures, and treatment
response may help identify neural biomarkers that predict CBT-I effi-
cacy. Such efforts would provide important insights for the development
of precision, stratified interventions and mechanism-based treatment
strategies for ID.
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