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Summary

Background—Although the American Academy of Sleep Medicine suggests at least 9 hours
of sleep per day for 6- to 12-year-olds, children in recent generations often report sleeping

less than this amount. As early adolescence is a critical period for neurocognitive development,
we investigated how insufficient sleep has impacted children’s mental health, cognition, brain
function and structure over two years.

Methods—We obtained large-scale data from the ongoing Adolescent Brain Cognitive
Development study, and included 8,323 eligible participants aged 9-10 years from 21 U.S.

study sites. Participants were separated into two groups, namely sufficient sleep (SS) versus
insufficient sleep (IS) groups based on a cutoff of 9 hours of sleep. Using propensity score
matching (PSM), we matched these two groups of participants on 11 key covariates, including sex,
socioeconomic status, puberty status, etc. The outcome measures are behavioral problems, mental
health, cognition, structural and resting-state functional brain measures, assessed at baseline and at
two-year follow-up (FL2). We examined group differences on these outcomes over those 2 years.

Findings—We identified 3,021 matched SS-IS pairs at baseline and 749 matched pairs at FL2,
and observed similar SS-1S differences in behavior and neural measures at both points in time.
For example, the effect sizes of SS-1S differences in behavioral measures at these two timepoints
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were significantly correlated with each other (r=0.85, 95% CI1 0.73-0.92, p< 0.0001). A similar
pattern was observed in resting-state functional connectivity (r=0.54, 95% CI 0.45-0.61, p<
0.0001) and in structural measures (r=0.52, 95% CI 0.40-0.61, p < 0.0001). These results suggest
the temporal stability of compromised neurocognitive development is associated with insufficient
sleep. We then performed mediation analyses to reveal the neural correlates of behavioral changes
induced by insufficient sleep. We found that cortico-basal ganglia functional connections mediate
the effects of insufficient sleep on depression, thought problems, and crystallized intelligence, and
that structural properties of the anterior temporal lobe mediate the impact of insufficient sleep on
crystallized intelligence.

Interpretation—These results provide population-level evidence for the long-lasting impact of
insufficient sleep on neurocognitive development in early adolescence. These findings highlight
the value of early sleep intervention to improve early adolescents’ long-term developmental
outcomes.

Funding—This study is supported by NIH grants: RO1IAG060054, RO1AG070227,
RO1EB031080-01A1, P41EB029460-01A1, 1UL1TRO003098.

Introduction

Early adolescents frequently report insufficient and poor sleep.! As the brain maturation
process is vulnerable to sleep loss,? young adolescents with insufficient sleep often show
compromised neurocognitive functions, manifested as poorer academic performance and
reduced social-emotional skills.3 However, the neural mechanisms underlying the adverse
effects of insufficient sleep on adolescent development remain poorly understood.* This
could be due to many reasons. First, several covariates, such as socioeconomic status,>
sex,® and pubertal status,’ can substantially influence adolescents’ sleep patterns and their
neurocognitive functions. For example, a child’s sleep duration and household income

are often highly correlated (see Table S1), which would make it difficult to isolate the
direct impact of insufficient sleep on neurocognitive development. Second, as prior work
has primarily employed cross-sectional designs,8 it remains unknown whether insufficient
sleep has a temporary or long-lasting impact on early adolescent development. For instance,
although the American Academy of Sleep Medicine has suggested 9-12 hours of sleep

per day for 6-12 years old,? it is unclear how less than 9 hours of sleep would affect
children’s behavior, brain structure and function over time. Clarification of these issues is
critical for understanding neurocognitive vulnerability and resilience to insufficient sleep in
the developing brain.10 It will also inform early sleep interventions to improve long-term
developmental outcomes in adolescents.

In this study, therefore, we applied propensity score matching (PSM) to investigate how
insufficient sleep impacts the brain and behavior in early adolescents across two years after
controlling for various key covariates, such as age, sex, race, socioeconomic status, and
pubertal status.1! We leveraged data from a population-based sample of US 9-10-year-olds
in the Adolescent Brain Cognitive Development (ABCD) study.2 We hypothesized that
insufficient sleep would have long-lasting adverse impacts on participants’ neurocognitive
developmental outcomes captured by behavioral, brain functional and structural measures.
In addition, motivated by previous research,3 we predicted that brain function and structure

Lancet Child Adolesc Health. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Methods

Data source.

Page 3

should mediate the long-term effects of sleep duration on early adolescents’ cognitive and
affective functions.

Data used in the current study were from the ABCD data release 3.0 (2021) (https://
abcdstudy.org), which includes behavioral and neural data from 11,878 9-10-year-olds
collected at baseline, 1-year (FL1), and 2-year follow-ups (FL2). Detailed protocols and
designs have been described previously.12 Informed consent from the primary caregiver and
assent from the children were obtained before the study. This project was approved by the
Institutional Review Boards of local study sites (21 in total). Participants were recruited
using stratified sampling to reflect the diversity of the U.S. population. Participants were
excluded from data analysis if they did not pass the baseline resting-state fMRI quality
check (n = 2,491) or had missing data for the covariates involved in PSM (n = 1064). After
exclusion, 8,323 (4153 female, 49.9%) out of the entire 11,878 participants were included in
this study (see Figure S1 for details).

Measurements.

We estimated a child’s sleep duration as an independent variable based on the parent-
reported Sleep Disturbance Scale for Children administered at baseline, FL1, and FL2.

We used the data from the question, “How many hours of sleep does your child get on

most nights in the past six months?”, which provide estimates of a child’s sleep duration

in 5 categories (see Table S1). Based on the recommendation by American Academy of
Sleep Medicine, we identified children with < 9-hours of sleep per day at baseline as the
insufficient sleep group (IS, n = 4,181) and children with >= 9-hours of sleep per day as the
sufficient sleep group (SS, n = 4,142).9

We then included dependent variables of interest from the following four categories: (1)
Behavioral problems. We used the parent-reported Child Behavior Checklist (cbc/) at
baseline, FL1, and FL2 to capture a child’s behaviors in emotional, social, and behavioral
domains. (2) Cognition. We used scores from the NIH Cognition Battery Toolbox (rihtbx)
at baseline and FL2 to assess a child’s general cognitive function. (3) Mental Health. We
estimated a child’s overall mental health at baseline and FL2 based on scores from the
Prodromal Psychosis Scale (pps), UPPS-P impulsive behavior scale, Behavioral inhibition
scale (BIS). Table S3 summarizes these variable names used in the ABCD dataset. (4)
Brain Measures. All children underwent standardized resting-state fMRI, structural MR,
and diffusion tensor imaging scans at baseline and FL2. Acquired images were processed
and quality controlled at the Data Analysis, Informatics and Resource Center of the ABCD
study.1* Resting-state functional connectivity (rs-FC) of cortical networks was calculated as
the average Fisher-transformed correlation between the time courses of each pair of regions
within or between 12 cortical networks defined by the Gordon atlas. In addition, rs-FC
between the 12 cortical networks and 19 subcortical regions were also calculated (Figure
3). Structural measures, including cortical area, gray matter volume (GMV), and cortical
thickness from 148 regions were extracted based on the Destrieux Parcellation. Subcortical
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volumes of 36 regions and fractional anisotropy (FA) of 35 tracts from diffusion tensor
imaging were also calculated based on protocols in the ABCD study.

We considered the following covariates included in PSM: (1) basic demographic
characteristics of a participant (age in months, sex, the interaction between age and sex,
race, and study sites; See Supplement); (2) theoretically relevant factors in adolescent sleep
patterns, including parent education level and household income;® pubertal status’ (assessed
by ABCD Youth Pubertal Development Scale and Menstrual Cycle Survey History), and
body mass index (BM1);15 (3) fMRI data quality indices, including average motion during
resting scans (mean framewise-displacement, FD) and the number of fMRI time points

that remained after preprocessing, as both head motion and image quality are critical for
interpreting pediatric structural and functional neuroimaging.16

Data Analysis.

At the outset we performed PSM to control for covariates in these observational data so that
the causal impacts of insufficient sleep on the outcome measures could be estimated. We
proceeded with this analysis using the MatchltR package.1! In this procedure, participants
were matched based on the probability of being in a comparison group conditioned on
observed covariates using logistic regression. As previously mentioned, these covariates
included demographic variables, theoretically relevant factors, and data quality indices.

We then matched participants with sufficient versus insufficient sleep based on one-to-one
matching without replacement within a predefined propensity score radius (i.e., caliper
=0.1). To check for matching quality, we compared the standardized mean difference

of covariates between the SS and IS groups and found that all the covariates were well
balanced between groups after matching (Figure S2). Hence, additional group differences
could not be attributed to these covariates. Ultimately, we identified 3,021 matching pairs
at baseline with both behavioral and neuroimaging data, of which 2,762 pairs had FL1
(behavioral) data and 749 pairs had FL2 (neuroimaging) data. An independent-sample t-test
was used to assess these group differences, because it tends to yield a more conservative
effect size estimate as compared with paired-sample t-test.1” For neuroimaging data, we
focused on available participant pairs that had passed quality control for each corresponding
brain measure.14 Multiple comparisons were corrected for baseline measures based on false
discovery rate (FDR). To test the extent to which sleep duration has similar effects on
behavioral and neural outcome measures over time, we directly compared the effect sizes of
sleep duration on outcome measures at baseline and FL2.18

Second, motivated by the conceptual framework that brain measures would mediate

the relationship between sleep patterns and development outcomes,3 we tested whether
baseline brain measures can mediate the effect of baseline sleep duration on behavioral
measures at baseline and FL2 after controlling for the 11 covariates that were used in

PSM (see Supplement for details). For the analyses of FL2 data, the corresponding baseline
behavioral measure was added as an additional covariate. Of primary interest, we focused on
brain rs-FC and behavior assessments that showed a Cohen’s d greater than 0.15 between SS
and IS groups, which is 50% higher than a typical effect size identified based on the ABCD
dataset (Cohen’s d = 0.03-0.09).19 This application of effect size as a threshold measure
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may improve replicability in neuroimaging findings.2 We implemented these analyses
via an established neuroimaging mediation toolbox.2! The significance of these mediation
analyses was bootstrapped with 100,000 random-generated samples.

Role of the funding source.

Results

Funders played no role in study design, data collection, analysis, interpretation, writing of
the manuscript, and the decision to submit for publication.

Sleep patterns over 2 years

We first examined how participants’ sleep patterns changed over time. Based on baseline
measures, we matched participants in the sufficient sleep (SS) group with those in

the insufficient sleep (I1S) group on 11 key covariates using PSM (Figure S2). In
follow-up assessments, we found that participants’ sleep patterns in the IS group have
remained relatively stable (<20% change), whereas participants in the SS group tended
to sleep less and less over time (Figure 1). Because the impact of insufficient sleep on
neurocognitive functions may be cumulative and even irreversible as suggested by animal
studies, 22 we expected that participants with initial insufficient sleep would show adverse
effects on behavioral and brain measures at follow-up assessments as compared with

the SS group. Hence, we retained the group assignment for these well-matched pairs in
subsequent analyses to investigate the long-term effects of insufficient sleep on adolescent
neurocognitive development.

Stable effects of insufficient sleep on behavioral measures over two years

We next tested how insufficient sleep influenced the 42 behavioral measurements that
capture adolescent behavioral problems (e.g., aggression and rule-breaking, 20 items),
cognitive functions (e.g., fluid and crystallized intelligence, 10 items), and mental health
(e.g., psychosis and impulsivity, 12 items) at baseline and at FL2. Consistent with previous
findings,® we found that insufficient sleep had widespread impacts on baseline behavioral
measures. Specifically, 32 of these 42 assessments showed a significant difference at
baseline between SS and IS groups after propensity score matching on covariates (Figure
2A; p< .05, FDR corrected). Among these effects, four behavioral measures had an
absolute Cohen’s d value higher than 0.15, including depression, thought problems, picture-
vocabulary test performance, and crystallized intelligence. We observed similar patterns

at FL2, with comparable effect sizes as those at baseline (Figure 2B). To quantify the
extent to which insufficient sleep had similar impacts on these behavioral measures at both
time points,® we correlated the Cohen’s ds of the difference between SS and IS groups

at FL2 and that at baseline for all 42 behavioral measures. We found that these effects
were significantly correlated with one another (Figure 2C; r=0.85, 95% CI 0.73-0.92, p
< 0.0001), suggesting that insufficient sleep has stable impacts on adolescents’ behavioral
problems, neurocognition, and mental health over two years. Although FL1 only included
measures of behavioral problems, we observed similar findings between baseline and FL1
assessments (Figure S3).
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Stable effects of insufficient sleep on resting-state functional connectivity over two years

We next examined how sleep duration affects the intrinsic functional organization of brain
networks in the developing brain at baseline and at FL2. At baseline, we found that 93

out of the 306 unique functional connections showed a significant difference between the
SS and IS groups (Figure 3A; p< 0.05, FDR corrected). Noticeably, four out of the five
connectivities that had a Cohen’s d value higher than 0.15 involved regions of the basal
ganglia, which plays a core role in regulating the sleep-wake cycle.23 Additionally, the
effect sizes of sleep duration on all 306 available functional connectivities were significantly
correlated with that in FL2 (r=0.54, 95% CI 0.45-0.61, p < 0.0001, Figure 3C). These
results suggest that certain functional connectivity measures are consistently vulnerable to
insufficient sleep over time.

Stable effects of insufficient sleep on brain structures over 2 years

We further investigated how sleep duration affects the development of brain structures at
baseline and at FL2. At baseline, we found that GMV in 12 out of 184 regions showed

a statistically significant difference between the SS and IS groups (Figure 4A; p < 0.05,
FDR corrected). A similar pattern was found in FL2 (Figure 4B). The pattern of Cohen’s

d on GMV in the 184 regions at baseline was significantly correlated with that at FL2
(Figure 4C; r=0.52, 95% CI 0.40-0.61, p< 0.0001), suggesting that certain structural
measures are consistently susceptible to insufficient sleep over time. While we obtained
similar results based on cortical areas (Figure 4D-4F), we did not observe statistically
significant differences between SS and IS groups in measures of cortical thickness or FA (all
p>0.05, FDR corrected, see Supplement).

Brain measures mediate the effects of sleep duration on behavior

Finally, to reveal how brain measures mediate the relationship between sleep patterns and
behavioral outcomes, we tested whether the brain measures identified with larger effect
sizes in respective categories at baseline (i.e. five rs-FC measurements, three cortical areas,
and three GMV, see Figure 5C & 5D Y-axis) mediated the effects of sleep duration on

the four behavioral measures identified with a Cohen’s d greater 0.15 (i.e., depression,
thought problems, picture-vocabulary test performance, and crystallized intelligence). In
this analysis, we regressed out covariances used in the PSM. At baseline, we found that
the identified functional and structural brain measures robustly mediated the effects of
sleep duration on picture vocabulary test performance and crystallized intelligence (Figure
5C; bootstrapped p <.05). Three out of five rs-FC measures also mediated the effect of
insufficient sleep on depression and thought problems (Figure 5C; bootstrapped p < .05).
In addition, we identified distributed mediation patterns across all behavioral measures (See
Figure S5 for details).

To investigate the robustness of these observations over time, we performed a longitudinal
mediation analysis,24 in which we tested whether baseline brain functional and structural
measures would mediate the effects of sleep duration on behavioral measures at FL2,

after partialling covariates and baseline behavioral measures. This time-lag analysis further
reveals whether the identified brain measures can serve as biomarkers of behavioral changes
over time.24 We found that some of the identified functional and structural measures
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mediated the effects of sleep duration on thought problems (i.e., retrosplenial-temporal
network, rst — right ventral diencephalon connectivity), picture-vocabulary test performance,
and crystallized intelligence (i.e., rst — right ventral diencephalon connectivity, left and right
temporal pole structural measures; See Figure 5D and Figure S5).

Discussion

By controlling for various key covariates of sleep duration, this study estimated the long-
term impact of insufficient sleep on neurocognitive development in early adolescence. In
contrast to recent adolescent sleep research,38 this study identified two important neural
mechanisms of insufficient sleep on neurocognitive development that have not previously
been examined systematically in the literature. First, changes in rs-FC between the basal
ganglia and cortical regions may underlie the widespread adverse behavioral effects induced
by insufficient sleep. Second, structural properties of the temporal pole mediate the effects
of sleep duration on crystallized intelligence. These effects lasted for at least two years,
suggesting long-lasting consequences of insufficient sleep on adolescents’ neurocognitive
development. If further confirmed, our findings may provide empirical and theoretical
groundings for early sleep intervention programs to improve long-term developmental
outcomes in adolescence.

Long-lasting impacts of insufficient sleep on brain development and behaviors

The effects of insufficient sleep on rs-FC converged on the connections between the basal
ganglia and cortical regions (see Supplement for the effects on structural connectivities in
the corticostriate tracts). The basal ganglia, along with the prefrontal cortex, undergoes the
greatest structural changes across the whole brain during adolescence.23 The basal ganglia
plays a key role in regulating sleep-wake behavior through cortical activation.23 Insufficient
sleep may reciprocally disrupt normal functioning of the basal ganglia, such as through

the dopamine or adenosine signaling pathway, and subsequently impair the cortex-basal
ganglia-thalamus-cortex circuit.2® This disruption may result in weakened attention and
limited information processing, leading to impairment in cognitive and affective functions.?
However, the durability of these detrimental impacts has been unknown until now.* Here,
using well-matched samples, we show that disrupted basal ganglia-cortex connections could
last for at least two years. These connections also mediate the impact of insufficient sleep on
depressed mood, thought problems, and crystallized intelligence.

Furthermore, given the increased statistical power and well-balanced covariates using PSM,
our results resolve the previously mixed findings in the literature on the relationship between
insufficient sleep and intelligence in the literature.3 We find that insufficient sleep has

a long-lasting impact on crystallized intelligence; the magnitude of this effect is about

twice that of fluid intelligence (Cohen’s d = 0.17 vs. 0.08, respectively). Our mediation
analyses show that this behavioral effect is associated with changes in core neural substrates
underlying the representation (temporal pole in the anterior temporal lobe, ATL)26:27 and
retrieval (rst, retrosplenial-temporal network)28 of structuralized knowledge. In particular,
we find that structural properties of the ATL and the retrosplenial-temporal network

mediate the long-term detrimental effects of insufficient sleep on picture-vocabulary
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test performance and crystallized intelligence. These findings raise the possibility that
insufficient sleep may disrupt memory consolidation by delaying temporal lobe maturation
in the adolescent brain.22%30 Fyture research may examine how insufficient sleep influences
the formation of crystallized knowledge at even younger ages.3!

Another important contribution of this study is the estimated impact of insufficient sleep
on neurocognitive development based on PSM that resembles randomized experiments.32
Because key covariates that may influence sleep duration and neurocognitive measures are
well balanced between the SS and IS groups, the group comparison cannot be accounted
for by covariates, such as socioeconomic status®, sex,® pubertal status’, and urbanity
approximated by study sites. This approach, therefore, resolves the uncertainty on whether
sleep-related effects on neurocognitive development can be attributed to these individual
differences. In addition, although >= 9 hours was selected by pediatricians and sleep
experts as a reasonable amount of sleep for early adolescents, evidence supporting this
recommendation has been mixed.33 Our data provided clear evidence that 9 hours or

more of sleep is beneficial for neurocognitive development in early adolescents, and hence
substantiate this recommended sleep duration for this age group.

A few limitations should be noted. First, one caveat of PSM is that it can only control

for observed covariates, leaving unobserved variances that may influence the selection of
matched pairs. As shown in Table S2, a subset of participants could not be matched based
on the current method, suggesting that additional factors may introduce further variability.
For example, different school programs have been employed to improve students’ sleep
habits,34 but the ABCD dataset has limited information related to these variables. Second,
although PSM offers an approach to draw causal inferences based on observational data,
the causal relationship needs to be confirmed with experimental approaches. For example,
future research could examine whether school programs designed to prolong adolescents’
sleep duration could improve adolescents’ long-term development outcomes.32 Third, with
data from only two time points for most measures, the current dataset is not adequate to
distinguish within- and between-person effects in the impact of sleep duration on behavioral
and neural measures. As the ABCD study is ongoing, future research incorporating more
waves of data could better address this issue. Fourth, other sleep measures, such as
architectural and microstructural features of sleep, as well as circadian rhythms, might also
contribute to the relationship between sleep, brain, and behavior. Future studies need to
investigate how these features of sleep (based on wearable devices, such as the Fitbit watch)
are related to neurocognitive development in a comprehensive model.

Although our findings showed that more than 9 hours of sleep is beneficial for
neurocognitive development, these results by no means indicate the longer sleep duration
the better. Both short and long sleep duration could be associated with compromised mental
health in adults.3> As the current ABCD dataset only provides coarse estimates of sleep
duration (see Table S1), it remains to be tested how a prolonged sleep duration (e.g., >12
hours)® would impact neurocognitive development in adolescents. Given that insufficient
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sleep has become a pronounced global issue for early adolescents,! our current findings
highlight the critical need for early sleep intervention in the young generation.

This study estimates the long-term effects of insufficient sleep on neurocognitive
development in early adolescence while controlling for key covariates, including sex,
socioeconomic status, puberty status, physical health indicators, etc. Our findings suggest
that (1) cortico-basal ganglia connections play an important role in mediating the effect of
insufficient sleep on cognitive and affective functions, and (2) structural properties of the
anterior temporal lobe might contribute to the effect of insufficient sleep on crystallized
intelligence. These effects can last at least two years, highlighting the importance of

early sleep intervention at young ages to improve long-term neurocognitive development
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

This study was designed in September, 2021. Few studies have estimated the long-lasting
impact of insufficient sleep on the developing brain. Of those few publications, most
reported data have not simultaneously controlled for several key covariates, such as sex,
socioeconomic status, and pubertal status. A search of PubMed and Google Scholar
was performed on March 28, 2022 using the terms “sleep,” “sleep duration,” “brain,”
“matched/matching,” “control,” “child/children,” “adolescent,” “youth,” “young,” and
“longitudinal” from inception and with no language restrictions. We did not identify any
matched cohort studies with a longitudinal design that estimated the long-lasting impact
of insufficient sleep on early adolescents’ neurocognitive development. We also did not
find any studies that have considered both structural and functional brain measures in a
longitudinal design.

Added value of this study

This is a large cohort study of early adolescents with well-matched covariates based

on propensity score matching. This approach controls for several key covariables that
may influence the relationship between sleep duration and neurocognitive development,
thus better clarifies the direct impact of insufficient sleep on adolescent development.
Furthermore, by examining these matched group differences at baseline and at 2-year
follow-up, our data provide much-needed insights into the long-lasting impact of
insufficient sleep on early adolescents’ neurocognitive development.

Implications of all the available evidence

We provide evidence for the long-lasting impact of insufficient sleep on adolescents’
neurocognitive development across two years in a population-based early adolescent
cohort. Our findings have implications for parents, social services, researchers, educators,
and clinicians in understanding the critical need for early intervention in sleep duration to
improve long-term developmental outcomes in adolescents.
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Figure 1. Sleep duration changes in SS and IS groups over two years.
SS (left) and IS (right) groups were identified based on the baseline assessment of sleep

duration (9 hours as a cutoff) with well-matched covariates. Over two years, participants’
sleep pattern in the 1S group remained relatively stable, whereas participants in the SS group
slept less and less. In addition, we performed a visual illustration of how sleep duration
changes with crystallized intelligence, see Figure S6. Note: SS = sufficient sleep; IS =
insufficient sleep; FL1 = 1-year follow-up; FL2 = 2-year follow-up.
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Figure 2. The effects of insufficient sleep on behavioral measures.
Cohen’s d for behavior problems (b/ug), cognition (green), and mental health (yellow)

in the comparions between SS and IS groups at baseline (A) and at FL2 (B). (C) The
impact of insufficient sleep on behavioral measures at baseline are significantly correlated

with that on FL2. Note: SS = sufficient sleep; IS = insufficient sleep; FL2 = 2-year

Cohens' d for behavioral assessements at baseline

follow-up; see Table S3 for variable names used in the figure. At FL2, four measures
of cognition were not available: nihtbx_list_uncorrected, nihtbx_cardsort_uncorrected,
nihtbx_fluidcomp_uncorrected, and nihtbx_totalcomp_uncorrected.
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Figure 3. The effects of insufficient sleep on resting-state functional connectivity.
Cohen’s d for resting-state functional connectivity measures in the comparisons between SS

and IS group at baseline (A) and at FL2 (B). Red denotes SS group have higher connectivity
than IS group, while blue means SS group have lower connectivity compared to IS group.
(C) The impact of insufficient sleep on resting-state functional connectivity at baseline are

significantly correlated with that on FL2. Note: SS = sufficient sleep; IS =

FL2 = 2-year follow-up.
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Figure 4. The effects of insufficient sleep on brain structural measurements.
Cohen’s d for GMV (A, B) and cortical areas (D, E) in the comparions between SS and

IS groups at baseline and at FL2. (C, F) The impact of insufficient sleep on brain structure
measure at baseline are significantly correlated with that on FL2. Note: SS = sufficient sleep;
IS = insufficient sleep; FL2 = 2-year follow-up.
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Figure 5. Baseline brain measures mediated the effect of insufficient sleep on behavioral
problems and cognition at baseline (A & C) and FL2 (B & D).

Based on matched group comparisons, we have examined how brain measures identified
with larger effect sizes in respective categories (i.e.,rs 5 rs-FC, 3 cortical areas, and 3 GMV,;
Y-axis) would mediate the effects of sleep duration on the 4 behavioral measures identified
with a Cohen’s d greater 0.15 (i.e., depression, thought problems, picture-vocabulary test
performance, and crystallized intelligence; Y-axis). Also see Figure S5 for analyses based on
all behavioral variables. Color bars are coded based on log-transferred bootstrapped p-values
of the mediation effects. Only the effects reached statistical significance (p < .05) using
bootstrap sampling with 100,000 random-generated samples shown in the figure. Note:
rs-FC: resting-state functional connectivity; au: auditory network; cerc: cingulo-opercular
network; copa: cingulo-parietal network; rst: retrosplenial-temporal network; ventralDC:
ventral diencephalon; ACC: anterior cingulate cortex; FL2: 2-year follow-up.
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