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Purpose: Sounds play important roles in promoting and disrupting sleep. How our brain processes sleep-related sounds and individual 
differences in processing sleep-related sounds must be determined to understand the role of sound in sleep. We investigated neural 
responses to sleep-related sounds and their associations with cognitive appraisals of sleep.
Participants and Methods: Forty-four healthy adults heard sleep-related and neutral sounds during functional magnetic resonance 
imaging using a 3T scanner. They also completed the Dysfunctional Beliefs and Attitudes about Sleep (DBAS) questionnaire, which 
was used to assess cognitive appraisals of sleep. We conducted a voxel-wise whole-brain analysis to compare brain activation in 
response to sleep-related and neutral sounds. We also examined the association between the DBAS score and brain activity in response 
to sleep-related sounds (vs neutral sounds) using region of interest (ROI) and whole-brain correlation analyses. The ROIs included the 
anterior cingulate cortex (ACC), anterior insula (AI), and amygdala.
Results: The whole-brain analysis revealed increased activation in the temporal regions and decreased activation in the ACC in 
response to sleep-related sounds compared to neutral sounds. The ROI and whole-brain correlation analyses showed that higher DBAS 
scores, indicating a negative appraisal of sleep, were significantly correlated with increased activation of the ACC, right medial 
prefrontal cortex, and brainstem in response to sleep-related sounds.
Conclusion: These results indicate that the temporal cortex and ACC, which are implicated in affective sound processing, may play 
important roles in the processing of sleep-related sounds. The positive association between the neural responses to sleep-related sounds 
and DBAS scores suggest that negative and dysfunctional appraisals of sleep may be an important factor in individual differences in 
the processing of sleep-related sounds.
Keywords: anterior cingulate cortex, appraisal, functional magnetic resonance imaging, sleep-related sounds

Introduction
Sounds can promote or disrupt sleep.1 Calming and soothing music helps people fall asleep, while short-duration, 
repetitive sounds (eg, clock-ticking) may prevent people from falling asleep. Sounds that disrupt sleep obviously affect 
sleep quality.2,3 Examining how the brain processes sleep-related sounds could help us understand how sounds promote 
or disrupt sleep. In addition, exploring the neural substrates of individual differences in the processing of sleep-related 
sounds may improve understanding of neurobiological vulnerability to sleep problems.

Neural activity differs among sound stimuli.4–6 Sleep-related sounds may be associated with sleep hygiene. Sleep- 
related sounds are likely to elicit a neural response in brain regions involved in the affective processing of sound. The 
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auditory cortex plays a key role in affective processing of sound.7–9 The superior temporal cortex responds to sounds that 
elicit an automatic emotional response.10,11 The neural network engaged in affective processing of sound extends to other 
brain areas as well as the auditory cortex.7 Affective sounds enhance activity in the medial prefrontal cortex, which plays 
a role in emotional appraisal and evaluation.12–14 The insula shows activity in response to all types of affective sounds, 
including human verbalizations,15–17 and the amygdala is responsive to the sounds with negative valence.9,18

Interindividual differences exist in affective and neurobiological sensitivity to sleep-related sounds. Some people 
appraise the sound of a ticking clock to be sufficiently bothersome to prevent sleep. These differences can be explained 
by cognitive appraisals of sleep, ie, subjective assessments of sleep-related cognitions.19 Subjects with “dysfunctional” 
appraisals of sleep exhibit excessive worry and helplessness in relation to it.19,20 They are also more likely to perceive 
sleep-related sounds as unpleasant and stressful.21 Although dysfunctional sleep-related cognition is associated with 
neural activity in response to sleep-related sound in insomnia patients,22 no studies have investigated the relationship 
between sleep-related cognition and brain activity in response to sleep-related sound in those without a sleep disorder.

Affective and neurobiological responses to sleep-related sounds can be changed by subjective reevaluation of sleep- 
related cognitions. Cognitive appraisal of sleep may be associated with neural activation in several brain areas involved 
in affective stimuli processing, including the anterior cingulate cortex (ACC; involved in the cognitive regulation of 
emotions and integration of cognitive-affective processes),23,24 anterior insula (AI; plays a role in detecting emotional 
salience),25,26 and amygdala (preferentially processes the stimuli with a negative valence).27

This study compared neural responses to sleep-related and neutral sounds. We examined whether individual 
differences in the neural processing of sleep-related sounds are associated with cognitive appraisals of sleep. Our first 
hypothesis was that brain activity in response to sleep-related sounds is different from that in response to neutral sounds. 
Specifically, we hypothesized that sleep-related sounds would induce greater activity in the auditory cortex and affective 
sound processing areas (eg, insula and amygdala) compared to neutral sounds. Our second hypothesis was that cognitive 
appraisals of sleep correlate with neural activity in response to sleep-related sounds in brain areas involved in the 
cognitive regulation of emotions and affective processing, such as the ACC, AI, and amygdala.

Materials and Methods
Participants
We recruited 47 healthy adults (23 females; age, 37.69 ± 12.03 years [range: 24–63 years]) via an advertisement placed 
on the notice board at Seoul National University Hospital. The exclusion criteria were a history of serious medical or 
neurological illness, current medical or neurological illness, any Axis I psychiatric disorder according to the Fourth 
Edition of the Diagnostic and Statistical Manual of Mental Disorders, sleep disorders, shift work, borderline or antisocial 
personality disorder, pregnancy, and any contraindication for magnetic resonance imaging (MRI).

The Structural and Clinical Interview for DSM disorders was administered to all participants by trained psychologists. 
Nocturnal polysomnography was conducted to screen out common sleep disorders, such as obstructive sleep apnea or 
periodic limb movement disorder (sleep apnea was defined as an Apnea-Hypopnea Index > 15, and limb movement 
during sleep as a Periodic Limb Movement Index > 15). All participants were provided with a description of the study 
and instructed to voluntarily provide written informed consent before the experiment. All participants received monetary 
compensation for participating in the experiment. This study was approved by the Institutional Review Board of Seoul 
National University Hospital and conducted in accordance with the declaration of Helsinki.

Self-Reported Questionnaires of Sleep-Related Variables
All participants completed the self-reported Dysfunctional Beliefs and Attitudes about Sleep (DBAS) questionnaire.19 

The DBAS was used to evaluate dysfunctional appraisals of sleep (eg, unrealistic sleep expectations, perception of a lack 
of control regarding sleep, faulty beliefs, etc.). The DBAS is divided into five sub-scales: consequences of insomnia (1), 
control and predictability of sleep (2), sleep expectations (3), causal attributions of insomnia (4), and sleep-promoting 
practices (5).19 We used the Korean version of the Pittsburgh Sleep Quality Index (PSQI) to measure overall sleep quality 
and assess the severity of sleep problems.28,29
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Functional MRI (fMRI) Procedure
The design of experimental procedure is presented in Figure 1. The experiment was based on a block design, and 
consisted of four sleep-related sound (SS) blocks and four neutral sound (NS) blocks. The blocks were randomized, but 
were presented in the same order across participants as follows: SS-NS-NS-SS-SS-NS-NS-SS. Each block lasted for 20s, 
followed by rest periods of 13–19s. The entire task lasted for approximately 5 min.

The SS consisted of two alarm sounds, one ticking clock sound, and one heartbeat sound were from online sources. 
Sounds commonly heard during bedtime were defined as SS based on discussions with two sleep medicine specialists. 
Alarm sounds are usually heard in bed before awakening, while heartbeat and ticking clock sounds are commonly 
perceived to be loud before falling asleep. The SS was validated in a previous study,22 in which > 80% of the participants 
reported that the SS was associated with sleep. The NS consisted of white noise. The original SS and NS were 
electronically manipulated using Audacity software (ver. 3.0, https://www.audacityteam.org). The pitch of the NS was 
between 0 and 22,000 Hz, which was the same as for the SS. All stimuli have the same root mean square power, ie, 
normalized perceived amplitude intensity (−20 dBfs). Thus, SS and NS also had the same mean pitch (Hz) and 
amplitude.

All participants were instructed to listen to sound stimuli via MR-compatible headphones. The participants were 
asked to focus on the sounds while staring at the fixation cross on the screen with their eyes opened. All participants 
reported their level of sleepiness before the MRI scan, as assessed by the Stanford Sleepiness Scale.30 MRI examination 
was performed in participants who reported feeling wide awake. After the MRI scan, we asked the participants whether 
they fell asleep.

fMRI Data Acquisition and Analyses
A 3T whole-body Tim Trio scanner (Siemens, Erlangen, Germany) with a 12-channel birdcage head coil was used to 
acquire the functional images, with an interleaved T2*-weighted echo-planar imaging gradient echo sequence (repetition 
time = 2000 ms, echo time = 30 ms, flip angle = 90°, slice thickness = 4.0 mm, in-plane resolution = 3.4×3.4 mm, 33 
slices, field of view = 220 mm, matrix size = 64×64). We acquired 159 functional image volumes for each participant. 
The structural image was also acquired using a T1-weighted, three-dimensional gradient echo pulse sequence with 
magnetization-prepared rapid gradient echo (repetition time = 1670 ms, echo time = 1.89 ms, TI = 900 ms, flip angle = 
9°, slice thickness = 1.0 mm, in-plane resolution = 1 mm × 1 mm, field of view = 250 mm, matrix size = 256×256).

The fMRI data were preprocessed using SPM12 software (Wellcome Department of Cognitive Neurology, London, 
UK). The following preprocessing steps were applied to functional and structural images before statistical analyses. First, 

Figure 1 The design of experimental procedure.
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functional and structural images were visually inspected and reoriented to the anterior commissure. All functional 
volumes were corrected for slice timing and then realigned to the first image for motion correction. The realigned 
volumes were co-registered to an anatomical (T1) image. The volumes were spatially normalized to the Montreal 
Neurological Institute (MNI) template using a transformation matrix derived from T1 structural image segmentation 
(eg, gray and white matters and cerebrospinal fluid). The voxel sizes were resampled to 2 × 2 × 2 mm3. Finally, the 
normalized images were smoothed using a Gaussian kernel with a full width at half maximum of 6 mm. We used the 
Artifact Detection Tool (ART, http://www.nitrc.org/projects/artifact_detect/) to identify outlier volumes. Outliers with 
significant head motion in each participant were detected at > 2 mm composite motion or a larger global mean intensity 
(ie, the difference in global mean intensity across functional volumes > 3 SD). Participants were excluded if the outlier 
volumes exceeded 20% of the total volume; therefore, one participant was excluded from the final analyses.

A general linear model was used to estimate neural activation of conditions of interest (SS and NS blocks). Two 
regressors pertaining to the presentation of sounds (one for SS and the other for NS) were entered into the model. Head 
motion parameters and outliers identified from the ART were also entered in the model to control for effects of motion 
and outliers. The design matrix was convolved temporally with a canonical hemodynamic response function to ensure 
a better fit. Two contrast images (SS vs implicit baseline [0] and NS vs implicit baseline [0]) for each participant were 
created to compare neural activation in response to SS or NS compared to implicit baseline.

The contrast images were compared using a whole brain paired t-test to explore neural activation differences between 
SS and NS. In addition, whole-brain correlation analysis was conducted to investigate the relationships between neural 
activity in response to SS (vs NS) and sleep-related variables, such as cognitive appraisal of sleep assessed by the 
DBAS. Sex and age were entered into the regression model to control for sex and age. A cluster-wise correction was 
performed using the 3dClustSim program, and smoothing was estimated using the 3dFWHMx function of the Analysis 
of Functional Neuroimages (v20.03.01, https://afni.nimh.nih.gov) program, with the “acf” option selected. Cluster size 
was determined using Monte Carlo simulations, second nearest-neighbor clustering, and a two-sided threshold. Cluster- 
wise significance was evaluated based on a p-value of 0.001 and cluster sizes (k) to achieve a corrected significance 
threshold of p < 0.05. Brain areas were labeled based on peak z values using the automated anatomical labeling atlas 
(AAL) 3. The MRIcroGL online tool (NITRC: MRIcroGL: Tool/Resource Info) was used to visualize the MRI results. 
To conduct ROI-based correlation analyses, ROI masks of the ACC, AI and amygdala were created using the human 
atlas in pickatlas (https://www.nitrc.org/projects/wfu_pickatlas/) from the SPM toolbox based on the AAL. The para-
meter estimates were extracted from each ROI mask using the marsbar toolbox (https://imaging.mrc-cbu.cam.ac.uk/ 
imaging/CbuImaging) and exported to SPSS software (version 24.0; SPSS Inc., Chicago, IL, USA) for statistical 
analysis

Pearson’s correlation analysis was performed to investigate the association between the parameter estimates extracted 
from the ROIs (bilateral ACC, AI, and amygdala) and sleep-related variables (DBAS and PSQI scores). All analyses 
were two-tailed. A P-value < 0.05 was considered significant.

Results
Demographics and Questionnaire Scores
Three participants were excluded because they failed to adhere to the experimental procedure due to a lack of under-
standing of the study protocol (n = 1), severe image distortion (n = 1), and excessive head motion (n = 1). Finally, 44 
healthy adults (22 females; age, 37.5 ± 12.04 years) were included in the final analysis. No significant differences in age 
or sex were detected between the three excluded and 44 included participants.

No significant sex differences were found in the DBAS or PSQI scores. Age was positively correlated with the PSQI 
score (r = 0.42, p < 0.01) but not with the DBAS score. Older participants were more likely to report poor sleep quality. 
The DBAS score was correlated with the PSQI score (r = 0.41, p < 0.01). Participants with poor sleep quality were more 
likely to show maladaptive appraisals of sleep.
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Comparison of Neural Responses to SS and NS
Bilateral temporal regions exhibited greater activation in response to SS than NS (left MNI 64, −24, 6; k = 1554; 
z = 7.16, right MNI: −52, −38, 14; k = 2163; z = 7.06) (cluster-wise-corrected p < 0.05; Table 1, Figure 2). The left ACC 
showed less activation following exposure to SS than to NS (MNI: 0, 40, −4; k = 101; z = 3.82) (cluster-wise-corrected 
p < 0.05; Table 1, Figure 2).

Associations Between Brain Activity and the DBAS Scores
The ROI-based correlation analysis found that the higher DBAS score was correlated with increased ACC activation in 
response to SS compared with NS (r = 0.37, p = 0.017, Pearson’s correlation, Figure 3). However, no significant 
associations were detected between the DBAS score and the activity changes in response to SS (vs NS) among the other 

Table 1 Brain Areas Showing Different Activation Between Sleep-Related Sound 
and Neutral Sound

Region Cluster Size Z-value MNI Coordinates

X Y Z

SS > NS Rt. STG 1554 7.16 64 −24 6
Lt. STG 2163 7.05 −52 −38 14

SS < NS Lt. pACC 101 3.82 0 40 −4

Notes: The statistical threshold was cluster-wise corrected p < 0.05 (97 voxels). Cluster size was calculated 
by 3dClusSim. 
Abbreviations: SS, sleep-related sound; NS, neutral sound; MNI, Montreal Neurological Institute stereo-
tactic standard brain template; Rt, right; Lt, left; STG, superior temporal gyrus; pACC, pregenual anterior 
cingulate cortex.

Figure 2 Brain areas showing different activation between sleep-related sound and neutral sound. There was significant greater activation in bilateral temporal regions (red 
and yellow color) and deactivation in pregenual anterior cingulate cortex (blue color) in response to SS compared to NS. The statistical threshold was cluster-wise corrected 
p < 0.05 (97 voxels). Cluster size was calculated by 3dClusSim. 
Abbreviations: SS, sleep-related sound; NS, neutral sound.
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ROIs, such as the insula or amygdala. The correlation between PSQI and brain activity in response to SS (vs NS) was not 
associated with any brain area.

The whole-brain regression analysis indicated that higher DBAS score was significantly associated with an increased 
neural response in the right medial superior frontal gyrus (MNI 14, 50, 26; k = 154; z = 4.86), the medial raphe nucleus 
(MNI −4, −26, −28; k = 145; z = 4.58), the left precentral gyrus (MNI −48, 2, 38; k = 105; z = 4.56), the left superior 
frontal gyrus (MNI −22, 52, 28; k = 205; z = 4.33), and the left middle frontal gyrus (MNI −32, 28, 28; k = 314; z = 4.28) 
in response to SS compared with NS (cluster-wise-corrected p < 0.05; Table 2, Figure 4).
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Figure 3 Brain areas where activation to sleep-related sound was associated with the Cognitive Appraisal of Sleep. Brain areas showing significant association between 
increased DBAS scores when exposed to SS compared to NS. The statistical threshold was cluster-wise corrected p < 0.05 (101 voxels). Cluster size was calculated by 
3dClusSim. 
Abbreviations: DBAS, Dysfunctional Beliefs and Attitudes about sleep; SS, sleep-related sound.

Table 2 Brain Areas Where Activation to Sleep-Related Sound Was Associated with 
the Cognitive Appraisal of Sleep

Region Cluster Size Z-value MNI Coordinates

X Y Z

Rt. SFGmedial 154 4.86 14 50 26

RapheM 145 4.58 −4 −26 −28

Lt. precentral 105 4.56 −48 2 38
Lt. SFG 205 4.33 −22 52 28

Lt. MFG 314 4.28 −32 28 28

Notes: The statistical threshold cluster-wise corrected p < 0.05 (101 voxels). Cluster size was calculated by 
3dClusSim. 
Abbreviations: DBAS, Dysfunctional Beliefs and Attitudes about sleep; Rt, right; Lt, left; SFGmedial, medial 
superior frontal gyrus; RapheM, median raphe nucleus; SFG, superior frontal gyrus; MFG, middle frontal 
gyrus.
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Additional Analyses
Pearson’s correlation analysis was conducted to investigate the relationships between each sub-scales of the DBAS and ACC 
activity. DBAS scales are divided into 5 sub-scales: Consequences of insomnia (1), Control and predictability of sleep (2), 
Sleep requirement expectations (3), Causal attributions of insomnia (4), and Sleep-promoting practices (5). Among 5 sub- 
scales, ACC activity was positively correlated with “Consequences of insomnia (1)” and “Causal attributions of insomnia 
(4)” sub-scales (r = 0.38, p < 0.05, r = 0.32, p < 0.05, respectively), but not with the other sub-scales.

Discussion
In this study, stronger activation of the temporal cortex and deactivation of the ACC were observed in response to SS 
than NS. In addition, cognitive appraisals of sleep were associated with activation of the ACC, prefrontal cortex, and 
brainstem in response to SS compared to NS. To our knowledge, this is the first study to investigate neural responses to 
sleep-related sounds and their association with the cognitive appraisals of sleep.

Consistent with our hypothesis, the temporal cortex activity was greater in response to SS compared to NS. The 
temporal cortex plays a role in interpretations of auditory information.31 Previous studies reported that the temporal 
cortex is involved in affective sound processing.7 In particular, the superior temporal cortex is more strongly activated in 
response to sounds with negative than neutral valence.10,18,32 In addition, temporal cortex highly responds to arousing 
sounds that can induce automatic response from listener.33,34 Thus, sleep-related sounds may also elicit temporal cortical 
activation; SS are often appraised as negative and arousing sounds before or during sleep. These properties of SS might 
be prominent compared to NS, which was white noise.

The finding that the ACC was deactivated in response to SS was unexpected. Deactivation, indicated by a negative 
value in BOLD response, represents decreased neural activity or increased neural inhibition.35 Deactivation of the default 
mode network (DMN) has been suggested to imply efficient cognitive control, suppressing endogenous activity to 
facilitate exogenous task-relevant processes.36,37 The ACC and medial prefrontal cortex are key DMN nodes38,39 that 

Figure 4 The association between activation to sleep-related sound in right anterior cingulate cortex and Cognitive Appraisal of Sleep. Relative BOLD response was 
calculated by subtracting BOLD response to NS from the one to SS. 
Abbreviations: SS, sleep-related sound; DBAS, Dysfunctional Beliefs and Attitudes about sleep; BOLD, Blood Oxygenation Level Dependent.
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play a critical role in the management of self-referential cognition. Therefore, deactivation of the ACC suggests 
inhibitory control of self-referential processing in response to sleep-related sounds.

Furthermore, individual variations in neurological sensitivity to sleep-related sounds may be detected depending on 
the cognitive appraisal of sleep, even in healthy people without a sleep disorder. Dysfunctional appraisals of sleep are 
associated with higher neural activity in the ACC and medial frontal cortex. These findings are consistent with those of 
a previous study reporting hyperactivity in the prefrontal cortex and DMN in response to sleep-related stimuli,40 and with 
the finding that the ACC in insomnia patients has a lower gamma-aminobutyric acid level,41 which is usually related to 
dysfunctional sleep appraisals. Psychiatric disorders, such as bipolar disorder, major depressive disorder, and schizo-
phrenia, commonly accompany insomnia, and are related to functional and structural abnormalities in the ACC.42–44

In contrast to ACC hyperactivity in insomnia patients, ACC deactivation in response to SS suggests that those without 
insomnia successfully inhibit self-referential processing in response to SS. However, dysfunctional cognitive sleep 
appraisals were associated with sleep-elicited “reversed activity” in the ACC and medial frontal cortex, along with 
stronger cortical activity in insomnia patients. With consideration of previous results from insomnia studies, the current 
results suggest that ACC activity could be a biomarker for the risk of insomnia. Maladaptive appraisals of sleep may 
modulate activity in the ACC and medial prefrontal cortex in response to SS. Increased DMN activation in response to 
SS may reflect impaired inhibition of self-referential cognition by SS.

More negative appraisals of sleep were associated with increased activity in the prefrontal cortex and raphe. Given 
that these are important brain structures in the ascending arousal system,45 dysfunctional appraisals of sleep may be 
related to hyperarousal of the ascending arousal system from the brainstem to the prefrontal cortex in response to SS. 
Thus, subjects with maladaptive appraisals of sleep are likely to show greater prefrontal activity in response to SS, as 
they may be more sensitive to sleep-related stimuli. The raphe nucleus, a key region in the serotonergic pathway, plays an 
important role in initiating and terminating sleep.46,47 Thus, hyperarousal related to serotonergic activity in response to 
SS may be associated with a negative appraisal of sleep.

The current study provides novel data showing that dysfunctional cognitive sleep appraisals can alter neural signals in 
the ACC-mPFC and limbic system in response to SS. These findings suggest that even normal sleepers can exhibit 
cortical arousal or impaired inhibition in response to sleep-related sounds if they have maladaptive appraisals of sleep. 
Thus, cognitive appraisals of sleep could be a target for interventions aiming to address sleep problems. Moreover, failure 
to regulate ACC-mPFC activation to sleep-related stimuli could be a neurobiological risk factor for cortical hyperactiva-
tion and insomnia. In particular, the ACC response to sleep-related stimuli could be associated with scores on two DBAS 
sub-scales, indicating consequences of insomnia and casual attributions of insomnia. However, we could not compare the 
neurobiological pathway of negative sleep cognition in normal sleepers to that in clinical patients with a sleep 
disturbance. Thus, follow-up studies are needed to investigate whether healthy subjects with hyperactivity to SS develop 
sleep disorders. These findings will contribute to the identification of risk factors and neurobiological markers for sleep 
disorders.

In the current study, there was no correlation between neural response to SS and subjective sleep quality. This seems 
counterintuitive as neural response to SS would be implicated with sleep quality. The lack of correlation between neural 
response to SS and subjective sleep quality may be due to the fact that all participants of the current study did not have 
any clinically significant sleep disorders. Study participants reported lower PSQI scores (7.78±4.29) representing good 
sleep quality. Based on the best cut-off point of Korea version of the PSQI29 distinguishing poor and good sleepers (8.5), 
66% of study participants can be classified into those with good sleep quality. In addition, neural response was measured 
while listening to sleep-related sounds rather than during sleep. Therefore, neural response to SS would be more likely to 
be associated with cognitive appraisal of good sleeping people rather than sleep quality of sleep disorder patients.

This study had several limitations. First, we had a relatively small sample size. Second, we did not include patients 
with sleep disorders, such as chronic insomnia. Therefore, we cannot compare results between normal sleepers and 
insomnia sufferers. Future studies using larger sample sizes and clinical populations are needed to obtain a more detailed 
evaluation and clear neurobiological substrates for cognitive appraisals of sleep. Third, our study was cross-sectional; 
therefore, we could not determine whether brain activation in response to SS was associated with the subsequent 
development of clinically significant sleep disturbances. Fourth, SS was carefully selected by two sleep medicine 
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specialists and validated as sleep-related sounds in participants with insomnia. Future research for validation of SS was 
needed in healthy population to confirm whether SS is an appropriate stimulation in healthy population. Fifth, although 
the white noise used as NS in the current study was matched for acoustic properties, using salient sounds unrelated to 
sleep or sleep-promoting sounds as NS would help us to specify the brain activation in response to SS, which interrupt 
sleep. However, given that sleep-unrelated salient sounds or sleep-promoting sounds may be meaningful, these sounds 
may cause other problems with interpreting results.

In conclusion, the current study revealed increased activation of the temporal cortex and decreased activation of the 
ACC in response to sleep-related sounds compared to neutral sounds. A dysfunctional appraisal of sleep was correlated 
with increased activation of the ACC, medial frontal cortex, prefrontal cortex, and brainstem in response to sleep-related 
sounds. These results suggest that negative and dysfunctional appraisals of sleep are associated with cortical hyperarousal 
and impaired inhibition in response to sleep-related sounds.
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