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Abstract: Lack of sleep has been found to be associated with cognitive impairment in children, yet
the neural mechanism underlying this relationship remains poorly understood. To address this
issue, this study utilized the data from the Adolescent Brain Cognitive Development (ABCD) study
(n = 4930, aged 9–10), involving their sleep assessments, cognitive measures, and functional magnetic
resonance imaging (fMRI) during an emotional n-back task. Using partial correlations analysis, we
found that the out-of-scanner cognitive performance was positively correlated with sleep duration.
Additionally, the activation of regions of interest (ROIs) in frontal and parietal cortices for the 2-back
versus 0-back contrast was positively correlated with both sleep duration and cognitive performance.
Mediation analysis revealed that this activation significantly mediated the relationship between sleep
duration and cognitive function at both individual ROI level and network level. After performing
analyses separately for different sexes, it was revealed that the mediation effect of the task-related
activation was present in girls (n = 2546). These findings suggest that short sleep duration may lead to
deficit in cognitive function of children, particularly in girls, through the modulation of frontoparietal
activation during working memory load.

Keywords: sleep duration; frontoparietal activation; working memory; cognitive function; mediation
analysis; children; sex difference

1. Introduction

Sleep is a critical component of the developmental framework, essential for fostering
cognitive advancement and neural maturation [1–3]. Adherence to sufficient sleep duration
has been shown to be positively associated with enhanced academic achievement in chil-
dren [4]. Conversely, insufficient sleep in children has been linked to deficits in higher-order
and complex cognitive functions [5], as well as a reduction in overall intelligence quotient
score [6,7]. Given that insufficient sleep is prevalent among children and adolescents
worldwide, a comprehensive understanding of the neural mechanisms underlying the
effects of sleep duration on cognition is meaningful. In fact, several neuroimaging studies
have shed light on the brain structures and functional connections that underpin the sleep
duration–cognition relationship, such as the volume of the prefrontal cortex, temporal
cortex, and medial orbitofrontal cortex [8], as well as the resting-state cortico-basal ganglia
functional connections [9]. However, these studies primarily focused on the brain’s intrinsic
functional organization. Task-based functional magnetic resonance imaging (fMRI), on the
other hand, allows us to observe the brain’s dynamic responses that is specific to certain
cognitive challenges [10,11], providing a more comprehensive understanding of how sleep
affects cognitive function.
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The activity of the frontal and parietal cortices has been found to be crucially involved
in various cognitive tasks [12–14]. Specifically, frontoparietal activation supports working
memory, which is the capacity to hold and manipulate information over a short period [15].
Working memory serves as a fundamental component of cognitive function, contributing
to a wide range of mental activities necessary for complex thought and behavior [16,17]. In
children, working memory is particularly important, as it is a domain of developmentally
sensitive plasticity [18,19] and underpins many aspects of intellectual activities [20,21].
Furthermore, in a large sample study of children, frontoparietal activation during a working
memory task was related to performance in a series of cognitive tasks, such as the NIH
Toolbox Picture Vocabulary and Oral Reading Recognition tasks and the WISCV matrix
reasoning test [22]. Recently, the frontoparietal response to a working memory task was
also found to be a good predictor of cognitive ability in children [23]. Thus, frontoparietal
activation during working memory challenge seems to play a critical role in the general
cognitive performance of children.

Given the established importance of frontoparietal activation, it is noteworthy that
this neural response can be influenced by external factors such as sleep loss [24–26]. After
24 and 35 h of sleep deprivation in healthy young adults, there was less recruitment of the
superior parietal regions during a set of working memory tasks, paralleled by a decline
in in-scanner performance [27]. A similar decrease in parietal activation during an n-
back working memory task was also observed in adolescents under a week of chronic
sleep restriction [28]. The observed decline in neural activity upon sleep loss underscores
the pivotal role of sleep in maintaining optimal conditions for frontoparietal activation.
Collectively, these data imply a triadic link between sleep, cognitive function, and the
recruitment of frontal and parietal cortices during working memory challenge. However,
to our knowledge, this model has not yet been tested.

In the current study, we hypothesized that changes in the frontoparietal response
during working memory load would contribute to the effect of sleep duration on cognitive
function. Specifically, it was predicted that the decreased sleep duration may reduce fron-
toparietal activation, leading to poorer cognitive performance. Using the baseline data from
the Adolescent Brain and Cognitive Development (ABCD) Study [29], we first examined
the pairwise associations between sleep assessments, frontoparietal activation during an
n-back working memory task, and the cognitive performance. Then, we utilized media-
tion analysis to explore the underlying mediators between sleep duration and cognitive
performance.

2. Materials and Methods
2.1. Participants

The baseline data of ABCD Study Data Release 4.0 (https://abcdstudy.org/index.
html, accessed on 15 January 2024) was used for data analysis. The ABCD Study is
a large-scale longitudinal study of adolescent neurocognitive development, recruiting
11,875 children aged 9–10 years from 21 sites across the United States [30]. The study
involves annual multimodal assessments, including physical health and neurocognitive
measures, complemented by structural and functional MRI scans conducted every two
years. We used the baseline data, as it provides a substantial number of valid cases for
the composite measure that reflects overall cognitive functioning. We excluded children
who (a) showed signs of clinical referral in their MR findings, had a history of epilepsy,
multiple sclerosis, and sickle cell anemia, or were diagnosed with cerebral palsy, tumor,
stroke, brain aneurysm, brain hemorrhage, subdural hematoma, schizophrenia, autism
spectrum disorder, intellectual disability, or other psychological or psychiatric disorders, to
avoid confounding effects of underlying neurological conditions [31]; (b) scored below 60%
accuracy in the task, to ensure reliable task performance data; (c) had fewer than two scan
runs that passed image quality control and had mean framewise displacement < 0.9 mm,
to ensure the quality and reliability of MRI data; (d) had extreme values (>3 SDs from the
group mean) for task accuracy or beta weights of brain area, to eliminate outliers that could
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skew the analysis; (e) missed information about age, sex, race, puberty, parent education,
scanner type, study site, sleep assessments, or cognition score, to ensure completeness of
the data. For families with multiple children included, we randomly selected one child
from each family, to ensure independent participants in the analyses. The final sample size
was 4930 participants (see Table 1 for demographic characteristics). When conducting the
study separately for boys and girls, if several participants of the same sex from a single
household qualified for the study, only one was randomly chosen for inclusion (see Table S1
for sample sizes and demographic characteristics).

Table 1. Demographic characteristics of the sample.

Variable Mean (or N) SD (or %)

Age (month) 119.53 7.47

Sex
Male 2464 50.0
Female 2466 50.0

Race/Ethnicity
White 2877 58.4
Black 475 9.6
Hispanic 945 19.2
Asian 117 2.4
Other 516 10.5

Pubertal development scale 1.73 0.86

Highest parent education 17.52 2.41

Scanner type
GE 1275 25.9
Philips 533 10.8
Siemens 3122 63.3

Average motion (mm) 0.20 0.14

Two-back accuracy 0.80 0.09

Sleep duration
1: Less than 5 h 5 0.1
2: 5–7 h 109 2.2
3: 7–8 h 484 9.8
4: 8–9 h 1759 35.7
5: 9–11 h * 2573 52.2

Cognition score 50.00 10.98
* The National Sleep Foundation’s sleep duration recommendation for children aged 9–10 years [32].

2.2. Sleep Assessments

The Parent-reported Sleep Disturbance Scale for Children was used to assess the sleep
disorders in children [33]. The scale covers six different sleep disorders: disorders of
initiating and maintaining sleep, sleep breathing disorders, disorder of arousal, sleep–wake
transition disorders, disorders of excessive somnolence, and sleep hyperhidrosis. Sleep
duration was measured by the individual item from the above scale, “How many hours
of sleep does your child get on most nights in the past six months?”, with five possible
response options. We recoded the responses so that a high score indicated long sleep
duration (1 = less than 5 h, 2 = 5–7 h, 3 = 7–8 h, 4 = 8–9 h, 5 = 9–11 h).

2.3. Cognitive Function

Cognitive performance was assessed by the summary score of the NIH Cognition
Battery Toolbox [34,35]. The NIH Cognition Battery Toolbox contains seven different
tasks that cover language abilities, processing speed, working memory, episodic memory,
attention, cognitive flexibility, and executive function.
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2.4. Emotional n-Back Task

The emotional n-back (EN-back) task is a variant of a traditional n-back task performed
in an fMRI scanner [36]. The task was designed to investigate working memory and
emotional processes using four types of images (happy face, fearful face, neutral face,
and place) with two memory load conditions (0 and 2 back) [29,37]. During the task,
participants completed two approximately 5 min runs. In each run, there were four “0-
back” blocks (low memory load) and four “2-back” blocks (high memory load). Each
block consisted of 10 trials. Of the 10 trials, two were target stimulus, two or three were
nontarget lures, and the rest of the trials were nonlures that presented only once. Across
the entire experiment, participants encountered a total of 160 trials, utilizing 96 distinct
images categorized into four distinct types (24 images per type). A total of 75% of the
images were human faces displaying happy, fearful, or neutral expressions, with the type
of facial expression remaining consistent within each block. For each trial, children were
asked to indicate whether the current stimulus was identical to a target stimulus. In the
0-back condition, the target image was shown at the beginning of the block. In the 2-back
condition, the target image was presented two trials back. Performance was assessed by
the overall rate of correct responses during the 2-back condition.

2.5. Neuroimaging Data

The full details of the ABCD scanning protocol and image processing pipelines have
been previously described in detail [29,38]. In brief, task-based functional images were col-
lected on 3T scanners (Siemens Prisma, General Electric 750 and Philips) with a multiband
gradient echo-planar imaging sequence. Task-fMRI-specific preprocessing included the
removal of initial volumes (8 TRs for Siemens and Philips, 5 TRs for GE DV25, and 16 TRs
for GE DV26), and normalization and demeaning of voxel data. Task-related activation
strength was estimated using a general linear model (GLM) in AFNI’s 3dDeconvolve with
nuisance regressors for baseline, quadratic trend, and motion. The hemodynamic response
function was modeled using gamma functions with temporal derivatives through AFNI’s
SPMG model. GLM coefficients and t-statistics were subsequently sampled onto the cortical
surface, projecting 1 mm into the cortical gray matter along surface normal vector. For
the EN-back task, predictors were established for each type of stimulus across different
n-back conditions and fixation. Linear contrasts were computed for various comparisons,
such as 2-back versus 0-back across stimulus types (to measure the responses to working
memory load), and emotional faces versus neutral faces across memory loads (to measure
the responses to emotional stimuli). Regions of interest (ROIs) involving cortical areas
were delineated according to the Destrieux atlas. Based on previous research, we selected
the ROIs most likely recruited by working memory challenge in n-back task [29,39,40]:
inferior part of the precentral sulcus (S precentral-inf-part), superior part of the precentral
sulcus (S precentral-sup-part), middle-anterior part of the cingulate gyrus and sulcus (G
and S cingul-Mid-Ant), intraparietal sulcus and transverse parietal sulci (S intrapariet and
P trans), and superior parietal lobule (G parietal sup) (Figure 1). The averaged beta weights
across two runs for each of these ROIs were used in follow-up analyses.
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Figure 1. The locations of regions of interest (ROIs) for the 2-back versus 0-back contrast. Abbrevia-
tions: Inferior part of the precentral sulcus (S precentral-inf-part); superior part of the precentral 
sulcus (S precentral-sup-part); middle-anterior part of the cingulate gyrus and sulcus (G and S cin-
gul-Mid-Ant); intraparietal sulcus and transverse parietal sulci (S intrapariet and P trans); superior 
parietal lobule (G parietal sup). 

2.6. Statistical Analyses 
Association analysis: Partial correlation analyses were conducted in Statistical Pack-

age for the Social Sciences 26 (SPSS 26, https://www.ibm.com/spss, accessed on 20 January 
2024) to investigate the pairwise relationships between sleep assessments, cognitive per-
formance, and the beta weights of ROIs. Age, sex, race, puberty, highest level of parental 
education, scanner type, study site, and average head motion were included as covariates 
[8,29]. False discovery rate (FDR) was performed to correct for multiple comparisons [41]. 
The correlation with p-value below the 0.05 threshold was considered significant. To vis-
ualize the brain activation patterns, we used BrainNet Viewer 1.41, a widely utilized tool 
for generating topographical maps of neuroimaging data [42]. 

Factor analysis: To assess frontoparietal activity at the network level, we conducted 
a principal components analysis (PCA) on the activation of the above 10 ROIs for the 2-
back versus 0-back contrast utilizing SPSS. The Kaiser–Meyer–Olkin (KMO) measure of 
sampling adequacy was higher than the suggested minimum of 0.6, and the p-value from 
Bartlett’s test of sphericity was less than 0.001, indicating that the data were suitable for 
PCA. Then, components with an eigenvalue greater than 1 were retained for further anal-
ysis, and a loading value of 0.4 or higher was used as the criterion for variables to deter-
mine their loading onto the corresponding components. Finally, a varimax rotation was 
applied to simplify the interpretation of the factors. 

Mediation analysis: We performed mediation analyses using a standard three-varia-
ble path model from the mediation toolbox developed by Tor Wager’s group 
(https://github.com/canlab/MediationToolbox, accessed on 20 January 2024). In the model, 
the independent variable was sleep duration, and the dependent variable was 2-back ac-
curacy or cognition score. The proposed mediator was the beta weights of each ROI for 
the 2-back versus 0-back contrast or the network-level response derived from PCA. The 
eight covariates used in the association analysis were also controlled in the mediation 
model. The significance of the mediation was assessed via the bias-corrected bootstrap 
method with 10,000 random samplings. 

3. Results 
3.1. Association between Sleep Assessments and Cognitive Function 

We first validated the association between sleep duration and cognitive function. The 
sleep duration was positively correlated with 2-back accuracy (p < 0.001, r = 0.068 (Figure 
2)), as well as the cognition score (p = 0.001, r = 0.046 (Figure 2)). We next examined the 
specificity of our findings by correlating behavioral measures and the scores of six sleep 
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ations: Inferior part of the precentral sulcus (S precentral-inf-part); superior part of the precentral
sulcus (S precentral-sup-part); middle-anterior part of the cingulate gyrus and sulcus (G and S
cingul-Mid-Ant); intraparietal sulcus and transverse parietal sulci (S intrapariet and P trans); superior
parietal lobule (G parietal sup).

2.6. Statistical Analyses

Association analysis: Partial correlation analyses were conducted in Statistical Package
for the Social Sciences 26 (SPSS 26, https://www.ibm.com/spss, accessed on 20 January
2024) to investigate the pairwise relationships between sleep assessments, cognitive perfor-
mance, and the beta weights of ROIs. Age, sex, race, puberty, highest level of parental edu-
cation, scanner type, study site, and average head motion were included as covariates [8,29].
False discovery rate (FDR) was performed to correct for multiple comparisons [41]. The
correlation with p-value below the 0.05 threshold was considered significant. To visualize
the brain activation patterns, we used BrainNet Viewer 1.41, a widely utilized tool for
generating topographical maps of neuroimaging data [42].

Factor analysis: To assess frontoparietal activity at the network level, we conducted
a principal components analysis (PCA) on the activation of the above 10 ROIs for the
2-back versus 0-back contrast utilizing SPSS. The Kaiser–Meyer–Olkin (KMO) measure
of sampling adequacy was higher than the suggested minimum of 0.6, and the p-value
from Bartlett’s test of sphericity was less than 0.001, indicating that the data were suitable
for PCA. Then, components with an eigenvalue greater than 1 were retained for further
analysis, and a loading value of 0.4 or higher was used as the criterion for variables to
determine their loading onto the corresponding components. Finally, a varimax rotation
was applied to simplify the interpretation of the factors.

Mediation analysis: We performed mediation analyses using a standard three-variable
path model from the mediation toolbox developed by Tor Wager’s group (https://github.
com/canlab/MediationToolbox, accessed on 20 January 2024). In the model, the inde-
pendent variable was sleep duration, and the dependent variable was 2-back accuracy or
cognition score. The proposed mediator was the beta weights of each ROI for the 2-back
versus 0-back contrast or the network-level response derived from PCA. The eight covari-
ates used in the association analysis were also controlled in the mediation model. The
significance of the mediation was assessed via the bias-corrected bootstrap method with
10,000 random samplings.

3. Results
3.1. Association between Sleep Assessments and Cognitive Function

We first validated the association between sleep duration and cognitive function.
The sleep duration was positively correlated with 2-back accuracy (p < 0.001, r = 0.068
(Figure 2)), as well as the cognition score (p = 0.001, r = 0.046 (Figure 2)). We next examined
the specificity of our findings by correlating behavioral measures and the scores of six sleep
disorders (disorders of initiating and maintaining sleep, sleep breathing disorders, disorder
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of arousal, sleep–wake transition disorders, disorders of excessive somnolence, and sleep
hyperhidrosis). None of these sleep disorders showed a relationship with 2-back accuracy
or cognition score (all p > 0.05, FDR corrected, Table S2).
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Figure 2. The pairwise associations between sleep duration, 2-back accuracy, cognition score, and
the activation of ROIs for the 2-back versus 0-back contrast. The gray grid indicates a nonsignificant
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3.2. Association between Sleep Duration and EN-Back Neural Activity

We then tested the association of sleep duration with brain activation during working
memory load. Among the 10 ROIs examined, 6 ROIs exhibited higher mean beta weights
for the 2-back versus 0-back contrast in children with longer sleep duration: bilateral S
precentral-sup-part (left, p = 0.015, r = 0.037; right, p = 0.005, r = 0.047, FDR corrected
(Figures 2 and S1)), bilateral S intrapariet and P trans (left, p = 0.012, r = 0.039; right,
p = 0.011, r = 0.040), and bilateral G parietal sup (left, p = 0.005, r = 0.049; right, p = 0.011,
r = 0.041). In order to explore whether the impact of sleep duration on the ROIs activation
was specific to working memory stimuli, we also assessed the association of sleep duration
with the ROIs activation for the contrasts of face versus place and emotional versus neutral
face. There was no significant correlation between sleep duration and the ROIs activation
for either of the two contrasts (all p > 0.05, FDR corrected, Table S3).

3.3. Association between EN-Back Neural Activity and Cognitive Function

The activation of the 10 ROIs for the 2-back versus 0-back contrast was all positively
correlated with 2-back accuracy (S precentral-inf-part, left, p < 0.001, r = 0.150; right,
p < 0.001, r = 0.117; S precentral-sup-part, left, p < 0.001, r = 0.100; right, p < 0.001, r = 0.094;
G and S cingul-Mid-Ant, left, p < 0.001, r = 0.057; right, p < 0.001, r = 0.075; S intrapariet
and P trans, left, p < 0.001, r = 0.189; right, p < 0.001, r = 0.202; G parietal sup, left, p < 0.001,
r = 0.077; right, p < 0.001, r = 0.101, FDR corrected (Figures 2 and Figure S2)). Similarly, a
significant positive association was also found between the 10 ROIs activation for the 2-back
versus 0-back contrast and the cognition score (S precentral-inf-part, left, p < 0.001, r = 0.116;
right, p < 0.001, r = 0.078; S precentral-sup-part, left, p < 0.001, r = 0.089; right, p < 0.001,
r = 0.069; G and S cingul-Mid-Ant, left, p < 0.001, r = 0.063; right, p < 0.001, r = 0.071; S
intrapariet and P trans, left, p < 0.001, r = 0.157; right, p < 0.001, r = 0.140; G parietal sup,
left, p < 0.001, r = 0.079; right, p < 0.001, r = 0.078, FDR corrected (Figures 2 and S3)). In
contrast, neither of the ROIs activation for the contrast of face versus place or emotional
versus neutral face was significantly associated with 2-back accuracy or cognition score (all
p > 0.05, FDR corrected (Table S4)).

3.4. Mediation Analysis

To explore whether the activation of ROIs acted as a mediator between sleep dura-
tion and behavioral measures, the six ROIs for which the activation showed significant
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correlations with both sleep duration and behavioral measures were examined in the
mediation model. All of them were found to significantly mediate the effect of sleep du-
ration on 2-back accuracy (S precentral-sup-part, left, p = 0.007, β = 3.65 × 10−3; right,
p = 0.001, β = 4.27 × 10−3; S intrapariet and P trans, left, p = 0.006, β = 7.39 × 10−3; right,
p = 0.006, β = 8.12 × 10−3; G parietal sup, left, p = 0.001, β = 3.69 × 10−3; right, p = 0.006,
β = 4.02 × 10−3, FDR corrected (Figure 3A,B, Table S5)), as well as the effect of sleep
duration on cognition score (S precentral-sup-part, left, p = 0.007, β = 3.42 × 10−3; right,
p = 0.001, β = 3.30 × 10−3; S intrapariet and P trans, left, p = 0.006, β = 6.44 × 10−3; right,
p = 0.004, β = 5.89 × 10−3; G parietal sup, left, p = 0.001, β = 3.98 × 10−3; right, p = 0.004,
β = 3.28 × 10−3, FDR corrected (Figure 3C,D, Table S6)).
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Figure 3. (A) The mediation model testing whether the activation of the ROIs in the 2-back versus
0-back contrast mediated the effect of sleep duration on 2-back accuracy. (B) Mediation effects of
the ROIs activation in the model presented in panel (A). (C) The mediation model testing whether
the activation of ROIs in the 2-back versus 0-back contrast mediated the effect of sleep duration on
cognition score. (D) Mediation effects of the ROIs activation in the model presented in panel (C).
Only the ROIs for which the activation during the 2-back versus 0-back contrast showed significant
correlations with both sleep duration and cognition score are presented. ** pFDR < 0.01.

3.5. Network-Level Response

To examine the mediation effect of task-related frontoparietal activation at the net-
work level, factor analysis was conducted on the activation of the 10 ROIs for the 2-back
versus 0-back contrast. From the PCA, we extracted one component (see Figure 4a for
component loadings), which accounted for 71.64% of the total variance. This component
significantly mediated the association between sleep duration and cognition score (p = 0.003,
β = 4.53 × 10−3 (Figure 4b)).
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3.6. Sex Effects

We performed a stratified analysis to test whether the mediation effect of task-related
frontoparietal activation existed in both boys and girls. A significant relationship between
sleep duration and cognition score was found in girls (n = 2546, p = 0.002, r = 0.061), but
not in boys (n = 2527, p = 0.117). Using PCA on the activation of the 10 ROIs for the 2-back
versus 0-back contrast in girls, one component was extracted (see Figure 5a for component
loadings), which accounted for 72.07% of the total variance. This component was positively
correlated with both sleep duration (p = 0.020, r = 0.046) and cognition score (p < 0.001,
r = 0.106) of girls, and significantly mediated the effect of sleep duration on cognition score
(p = 0.015, β = 5.06 × 10−3 (Figure 5b)).
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4. Discussion

The present study investigates the potential neural mechanism linking sleep duration
to cognitive function in children. Our findings indicate that the parent-reported sleep
duration positively correlated with in-scanner 2-back accuracy, out-of-scanner cognitive
performance, and frontoparietal activation in the working memory task. Furthermore,
cognitive performance correlated positively with task-related frontoparietal activation.
Mediation analysis revealed that the task-related frontoparietal activation mediated the
influence of sleep duration on cognitive performance at both individual ROIs level and
network level. Notably, a stratified analysis showed that the mediation effect of task-
related frontoparietal activation existed in girls. These results together suggest that the
frontoparietal response to working memory load may act as a mediator between sleep
duration and cognitive function, especially for girls.
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The link between sleep duration and frontoparietal activation in the 2-back versus
0-back contrast is consistent with previous studies, which demonstrated a decrease in the
recruitment of parietal regions during working memory tasks after acute sleep deprivation
or chronic sleep restriction [27,28]. However, unlike previous research, which involved
experimental manipulation of sleep, we investigated the effects of sleep duration under
naturalistic conditions. Thus, our findings underscore the importance of adequate sleep for
optimizing neural activation in daily life. One possible explanation for the effect of sleep
duration on task-related frontoparietal activation is that sleep state is an active process that
restores synaptic and cellular homeostasis [43,44]. Therefore, longer sleep duration may
benefit the restoration of the capacity of the frontoparietal region to encode new information.
On the other hand, we found no significant correlation between sleep duration and the
frontoparietal activation for the contrasts of face versus place or emotional versus neutral
face. However, it is widely known that sleep is associated with emotional outcomes in both
experimental and observational studies [45]. The short sleep duration has been linked to
decreased amygdala reactivity to negative facial expressions [46]. The negative results in
our study may be due to the fact that our ROIs are not included in the core face-processing
network [47], implying that these ROIs are not sensitive to emotional stimuli as amygdala.

In this study, we also observed a positive association between the frontoparietal response
to working memory load and general cognitive performance. This finding was expected,
given the supporting role of working memory in higher cognitive function [16,17], and is
supported by recent research indicating that frontoparietal activation during n-back task can
serve as a predictor of cognitive abilities in both children and young adults [23,48]. Moreover,
our results suggest that there is no notable correlation between cognitive performance
and the response of the ROIs to social stimuli (the contrast of face versus place) or to
emotional stimuli (the contrast of emotional versus neutral face). These results imply that
the frontoparietal activation in response to working memory challenge, rather than other
task demands, contributes to general cognitive function.

Plenty of studies have identified the impact of sleep duration on cognitive function
in children [5–7]. Previous studies mainly focused on brain structure and resting-state
functional connection as explanatory mechanisms for this association. To be specific, short
sleep duration may lead to lower cortical volume and less corticobasal ganglia connection
in the resting state, resulting in poor cognitive performance [8,9]. Our study confirmed
the association between sleep duration and cognitive performance. In addition, we found
that the frontoparietal response to working memory load was a significant mediator for
this association. These data provide a novel insight from the perspective of task-related
brain recruitment, highlighting the dynamic shifts in neural engagement that occur during
cognitive challenges, and, thus, may advance our understanding of how sleep impacts
cognitive function. Moreover, as nearly half of the subjects in the study did not achieve
the recommended amount of sleep [32], these results suggest that insufficient sleep may
disrupt the normal functioning of brain regions critical for cognitive processing. Given
these considerations, our study reinforces the message that ensuring adequate sleep is
essential for supporting cognitive health in children. It also advocates for interventions
that prioritize healthy sleep habits to promote optimal brain function in children. From a
practical perspective, educational programs targeting both parents and children could raise
awareness of the impact of sleep loss and encourage better sleep practices [49]. Leveraging
mobile apps to monitor sleep patterns and provide personalized sleep improvement plans
may offer helpful solutions to pediatric sleep issues [50].

Our findings revealed a sex difference in the relationship between sleep duration and
cognitive function, with a significant correlation observed in girls but not in boys. This
sex disparity aligns with previous research reporting that females are more vulnerable to
cognitive deficits caused by sleep loss [51–53]. One possible explanation for this difference
is the hormonal influence. Studies have shown that hormonal levels begin to fluctuate from
preadolescence, and lead to the sex difference in the development of brain structure and brain
function [54]. These hormones may also affect the sleep-related cognitive outcomes. Another
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possible explanation is the developmental disparities between boys and girls, including varia-
tions in brain maturation rates and cognitive development trajectories [55,56]. The differential
maturation may contribute to the varying sensitivity to sleep loss observed in our study.
Furthermore, in girls, we also found a mediation effect of the task-related frontoparietal
activation on the relationship between sleep duration and cognitive performance. This
highlights the potential role of neural activation in the impact of sleep on cognitive function
again, and emphasizes the need for considering sex differences in future research on sleep
and cognition in children.

The current study has several limitations. First, there may be a discrepancy between
the parent-reported sleep duration and the actual sleep duration of children [57]. Parental
reports, though convenient, may overestimate sleep duration and do not fully capture the
child’s sleep experience. This limitation underscores the need for more objective sleep
measurement techniques, such as actigraphy, which can provide a detailed and continuous
record of sleep–wake patterns in the child’s natural environment. The incorporation of
actigraphy in future study will not only enhance the precision of sleep measurement but
also allow for a more nuanced understanding of sleep characteristics, including sleep
architecture and the impact of social jetlag, which may have their own distinct effects
on cognitive function [58]. Second, several neuroimaging studies have shown compen-
satory cerebral responses following sleep deprivation, which help to sustain cognitive
performance [59,60]. Our study did not address compensatory activations that might occur
when sleep duration is shorter. Further studies should consider examining these com-
pensatory mechanisms to expand our knowledge of the cognitive impairment associated
with insufficient sleep. Third, our exclusion criteria may introduce certain biases into
the study. For instance, excluding children with neurological or psychiatric conditions
means that our findings may not be generalizable to populations with these conditions.
These factors should be considered when interpreting the results and generalizing find-
ings to broader populations. Moreover, the neural substrates associated with cognitive
function may vary across different developmental stages [61]. As our findings are based
on a specific age group, caution should be exercised when extrapolating these results to
other populations. Future research should include diverse age groups and populations
to strengthen the external validity of the conclusions. Additionally, future studies should
incorporate longitudinal designs to track changes in sleep patterns and cognitive function
over time, offering an elaborate understanding of the long-term impacts of sleep duration
on children’s cognitive development.

5. Conclusions

This study proposes that the frontoparietal activation during working memory chal-
lenge could be a potential neural mechanism mediating the impact of reduced sleep du-
ration on cognitive performance, especially in girls. These findings contribute to a more
comprehensive understanding of the role of sleep in cognitive function, and emphasize the
importance of sufficient sleep for children to develop their frontoparietal function.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci14070706/s1, Figure S1: Association between sleep duration
and the regions of interest (ROIs) activity for the 2-back versus 0-back contrast; Figure S2: Association
between 2-back accuracy and the ROIs activity for the 2-back versus 0-back contrast; Figure S3:
Association between cognition score and the ROIs activity for the 2-back versus 0-back contrast;
Table S1: Demographic characteristics of the male and female samples; Table S2: Association between
sleep assessments and behavioral measures; Table S3: Association between sleep duration and the
ROIs activity for the contrasts of face versus place and emotional versus neutral face; Table S4:
Association of 2-back accuracy and cognition score with the ROIs activity for the contrasts of face
versus place and emotional versus neutral face; Table S5: The coefficients in the mediation model
testing whether the ROIs activity for the 2-back versus 0-back contrast mediated the effect of sleep
duration on 2-back accuracy; Table S6: The coefficients in the mediation model testing whether
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the ROIs activity for the 2-back versus 0-back contrast mediated the effect of sleep duration on
cognition score.
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