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Abstract

Study Objectives: To investigate associations between social jet lag and the
developing adolescent brain.

Methods: N = 3507 youth (median (IQR) age = 12.0 (1.1) years; 50.9% females) from
the Adolescent Brain Cognitive Development (ABCD) cohort were studied. Social jet lag
(adjusted for sleep debt (SJLsc) versus non-adjusted (SJL)), topological properties and
intrinsic dynamics of resting-state networks, and morphometric brain characteristics
were analyzed.

Results: Over 35% of participants had SJLsc 22.0 h. Boys, Hispanic and Black non-
Hispanic youth, and/or those at later pubertal stages had longer SJLsc (=0.06 to 0.68,
CI=[0.02, 0.83], p<0.02), which was also associated with higher BMI (3=0.13, CI=[0.08,
0.18], p<0.01). SJLsc and SJL were associated with lower strength of thalamic
connections (B=-0.22, CI=[-0.39, -0.05], p=0.03). Longer SJLsc was also associated
with lower topological resilience and lower connectivity of the salience network (3=-0.04,
ClI=[-0.08, -0.01], p=0.04), and lower thickness and/or volume of structures overlapping
with this and other networks supporting emotional and reward processing and social
function (=-0.08 to -0.05, CI=[-0.12, -0.01], p<0.05). Longer SJL was associated with
lower connectivity and efficiency of the dorsal attention network ( =-0.05, CI=[-0.10, -
0.01], p<0.05). Finally, SJLsc and SJL were associated with alterations in
spontaneously coordinated brain activity, and. lower information transfer between
regions supporting sensorimotor integration, social function and emotion regulation (3=-

0.07 to -0.05, CI=[-0.12, -0.01], p<0.04).
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Conclusions: Misaligned sleep is associated with widespread alterations in adolescent
brain structures, circuit organization and dynamics of regions that play critical roles in

cognitive (including social) function, and emotion and reward regulation.

Keywords: Social Jet lag; Adolescence; Brain Development: Network organization,

Structural characteristics; Resting-state fMRI; Intrinsic dynamics
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Statement of Significance

Social jet lag is common in adolescence and may have widespread but incompletely
understood adverse effects on fundamental aspects of developing brain circuit
organization and structural characteristics of constituent regions, with detrimental
implications for cognitive function. In over 3,500 adolescents, this is the first study to
investigate associations between social jet lag and hallmark structural, topological and
dynamic properties of brain networks that play ubiquitous roles in cognitive function.
The study provides mechanistic knowledge on adverse impacts of social jet lag on brain
regions that play fundamental regulatory roles, such as the thalamus, and networks that
together support emotional and reward processing and regulation, social function and
cognitive control. Findings suggest that social jet lag may also disrupt normative neural

maturation and plasticity.

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



1. INTRODUCTION

Adolescence is characterized by profound changes in sleep duration, quality, and
timing, as a result of maturating regulatory processes and social environmental factors.
[1] Adolescents often sleep less than recommended for optimal development, and have
substantial differences in their wake times between weekdays and weekends [1-4]
Their mismatch in sleep timing between school and free days results in misalignment

between their biological clock and social schedule, termed social jet lag. [5]

Social jet lag in school-aged children is typically defined as a greater than 2-hour
disparity in sleep timing between school days and free days. Almost half of all
adolescents experience social jet lag, which has been linked to adverse physical,
cognitive, and mental health outcomes in youth. Prior studies have reported
associations, especially in girls, with elevated BMI and weight gain over time, [6-8] likely
resulting from decreases in physical activity, higher screen time, and metabolic and
endocrine dysregulation, [9-11] but also changes in food-related behaviors, including
irregular meal timing, reduced intake of nutrient-dense foods, and elevated sugar intake,
[12-14] and poor fitness. [15] Social jet lag has also been associated with sleep
disturbances in youth, including poor sleep quality, insomnia, fatigue, and daytime

sleepiness. [12, 16-20]

Social jet lag may also adversely impact cognitive function in youth, including worse
academic performance, lower crystallized intelligence, poor reading performance, and

memory and attention deficits, especially in girls. [19-28]
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Common mental health disorders commonly emerge during adolescence, likely as a
result of profound environmental, physiological and brain changes. Although their
underlying causes are incompletely understood, [29, 30] inadequate (including
misaligned) sleep may increase risk for these disorders. Social jet lag has been
associated with higher risk of anxiety, depression, social dysfunction and antisocial
behaviors, mood changes, conduct issues, and risky behaviors especially in girls. [19,
20, 31-37] Social jet lag has also been linked to higher screen time (both throughout the
day and before sleep), which affects mental health and emotion regulation in youth. [9,

38-42]

Relatively few studies have examined the impact of social jet lag on the developing
brain, especially during adolescence and young adulthood, as high-level cognitive
function and its neural substrates continue to maturate. A recent study in young adults
reported links between social jet lag and widespread alterations in functional
connectivity of brain networks involved in attention, reward processing, and executive
control. [43] Longer social jet lag was associated with weaker connections between the
ventral striatum and inferior orbitofrontal cortex, and changes in connectivity between
the dorsolateral prefrontal cortex (DLPFC) and frontal, parietal, and occipital lobes.
Another recent study based on the large Adolescent Brain Cognitive Development
(ABCD) study cohort, [44] reported inverse associations between social jet lag and
resting-state connectivity between the right hippocampus and cingulo-opercular
network. [27] Social jet lag has also been associated with lower gray matter volume of
the medial prefrontal cortex, amygdala, and hippocampus. [45] Additional studies,

focusing on the effects of circadian disruption and irregular sleep patterns have reported
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widespread brain alterations, especially in regions supporting emotional and sensory
processing. [46, 47] These studies have also shown that the prefrontal cortex, which
undergoes heightened maturation in adolescence, is particularly sensitive to changes in
sleep patterns, with potentially long-term implications for emotional regulation and

mental health. [48]

Despite their insights, prior studies on detrimental effects of social jet lag on cognitive
development have provided limited knowledge on its neuromodulatory mechanisms. To
date, there are no investigations that have examined its effects on fundamental brain
characteristics that play central roles in cognitive function, including the organization of
developing networks (i.e., beyond just the strength of their connections) and their
spontaneous (intrinsic) dynamics, morphometric characteristics of their constituent
structures, and communication between their regions, and their dynamics. Extensive
prior work has linked these characteristics to developmental processes, cognitive
function, and mental health in youth. [49-60] However, none of these studies have
examined the impact of social jet lag, which increases with age in adolescence, [61] in
parallel with neural maturation and profound reorganization of brain circuits, and may

amplify the risk of miswiring, resulting in cognitive deficits and mental health issues.

To address this critical gap in knowledge, this study investigated associations between
social jet lag and brain characteristics (topological, morphometric, and dynamic). For
this purpose, data from a sample of over 3,500 adolescents from the ABCD cohort at
the two-year follow-up (ages ~11-12 years) were analyzed. The study leveraged

available multimodal sleep and brain data, and used cutting-edge computational
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approaches to comprehensively characterize the topological organization of resting-
state brain networks and information flow between their constituent regions, as well as
regional and network intrinsic dynamics. The study tested the following hypotheses: 1)
Social jet lag adversely impacts hallmark topological and structural characteristics of
underdeveloped (and thus vulnerable) brain networks, including their efficiency,
resilience, and strength of their connections; 2) It disrupts normative communication
between brain regions and information transfer, including in hubs, i.e., highly connected,
domain-general regions that receive extensive domain-specific information, synthesize
and distribute the output to specially distributed areas, in response to cognitive
demands; 3) It impairs the spontaneous coordination of brain networks, including the
underdeveloped Default-Mode Network (DMN), which is active at rest and maturates
significantly adolescence, [62] plays a ubiquitous role in cognitive function, [63, 64] and
is adversely affected by irregular sleep patterns and poor quality sleep [65-67]; 4) Social
jet lag also disrupts pubertal changes in temporal fluctuations of the DMN’s and other
networks’ intrinsic coordination patterns and regional activity, i.e., it impairs the

increased consistency of these patterns, which reflects normative development. [53]

2. METHODS

The study analyzed fully anonymized, publicly available data, and was approved by the
Boston Children’s Hospital Institutional Review Board.

2.1 Participants

Effects of social jet lag on the brain were investigated in a sample of n = 3507 typically
developing adolescents (median age = 12.0 years, interquartile range (IQR) = 1.1 years;

50.9% girls). All participants had at least one high-quality 5-minute resting-state fMRI
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scan that was minimally affected by motion in the scanner. Neurodevelopmental and
neuropsychiatric disorders can have significant adverse effects on sleep, and brain
structure and circuitry. To minimize associated confounding effects, youth with a
diagnosis of Attention Deficit Hyperactivity Disorder (ADHD), Autism Spectrum Disorder
(ASD), any neuropsychiatric disorder (including schizophrenia, bipolar disorder and any
psychotic disorder) or mood disorders were excluded. In addition, those with identified

anomalies in their structural MRI were also excluded.

2.2 Social Jet lag Measures

Two measures of social jet lag were derived from the youth-reported Munich
Chronotype Questionnaire (MCTQ). [68] Similar to prior work, [27] the primary measure
used in this study corrected for sleep debt (e.g., shorter sleep on school days versus
oversleeping on free days), using the correction [69]:

Social Jet lag (SJL)sc = (SOW + 0.5*SDweex) — (SOF + 0.5*SDweex) = |SOW - SOF]|

This measure corresponds to the absolute difference between sleep onset on school
(SOW) and free (SOF) days. Results were also analyzed based on the classic social jet
lag measure, which includes sleep debt (SJL), [5] i.e., the absolute difference between
sleep midpoints (the time halfway between sleep onset and wake time) on school and
free days, which includes weekend oversleep due to sleep debt. Both measures are

expressed in hours.

2.3 Neuroimaging data
Structural and functional (resting-state) MRI data were collected in 3.0T scanners (GE,

Siemens, Philips; repetition time (TR) = 0.8 s; isotropic voxel size = 2.4 mm) at 21
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ABCD study sites across the United States. Scanner parameters are summarized in
[105]. Resting-state fMRI was acquired while participants kept their eyes open and
fixated on a crosshair. The fMRI protocol included up to four, 5-min runs, separated by
short videos to ensure that participants did not fall asleep in the scanner. Prior to
sharing with the community, data undergo at least minimal preprocessing at the ABCD
study’s Data Analysis, Informatics & Resource Center (DAIRC) to correct for head
movement, BO distortions, and gradient nonlinearities. [70] Minimally processed fMRI,
(which were then further processed using the custom Next Generation Neural Data
Analysis (NGNDA) platform), and fully processed structural MRI were analyzed in this
study. Details on processing fMRI data using NGNDA are provided in Supplemental
Materials and Brooks et al., 2021. [65] As part of this processing, data were harmonized
in order to account for signal differences associated with the acquisition systems (three
different manufacturers and 32- vs 64-channel head coils) [104]. Primary analyses
focused on the highest-quality fMRI run, selected based on the lowest median
connectivity (given that the brain at rest is weakly coordinated) and typically coinciding
with the run with the lowest percent of frames censored for motion, using a 0.3 mm
threshold (median (IQR) = 1.1 (4.0)%). For participants with more than one high-quality
run, a second run was also analyzed for replication purposes (n = 2687; ~77% of the

cohort; median (IQR) percent of frames censored for motion = 1.3 (3.7)%).

2.3.1. Time-independent and dynamic topological properties
Time-independent (non-directional and directional (effective)) and time-dependent
(dynamic) connectivity matrices were estimated. Non-directional time-compressed

matrices were estimated at a resolution of 1088 parcels, while effective and dynamic
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matrices were estimated at a lower resolution of 100 regions (for computational
tractably analyses). Time-independent connectivity was measured via the peak cross-
correlation of fMRI signal pairs, and resulting matrices were thresholded to obtain
corresponding adjacency matrices (see Supplemental materials for details). Time-
dependent connectivity was estimated using a covariance-based approach, witha 16-s
sliding window (20 frames), similarly to our prior work [53, 65]. A covariance matrix was
estimated in each window, and was transformed to a correlation matrix. Brain-specific
thresholds were then estimated from time-dependent correlation matrices, using an
entropy-based approach, to obtain weighted adjacency matrices. Additional details on
their estimation are provided in Supplemental Materials. Topological properties from
time-compressed and dynamic connectivity matrices were estimated at three spatial
scales: a) the entire brain (connectome), b) large-scale resting-state networks, [71] and
additional ones, including the reward, [72] prefrontal cortical (and its projections, as
separate circuits), social, [73] and central executive networks, [74] and c) individual
brain regions (network nodes). These properties included measures of connection
strength (median connectivity within and between networks), community structure
(modularity and clustering), topological resilience (robustness of the network to
perturbations that could lead to loss of connections), efficiency (an overall measure
assessing how efficiently information is transferred through the brain), fragility
(vulnerability to network perturbations), and eigenvector centrality (topological
importance of a region in the network). Further details on their estimation are provided

in Supplemental Materials.

2.3.2 Temporal variability of spontaneous brain activity and coordination
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The coefficient of dispersion was selected as the estimator of topological property

variability over time.

Temporal fluctuations of regional activity were also estimated. Following the approach in
Sydnor et al., 2023, [75] the frequency power spectrum of each parcel signal was
estimated, and the median square root of low-frequency spectral power (0.01 - 0.10 Hz)
was used to quantify signal amplitude fluctuations. Then, parcel-level estimates were
downsampled to 100 regional fluctuation amplitudes by taking the median over all

parcels within a region. [53]

2.3.3 Information transfer between brain regions

Information flow in and out of a region, was measured using Phase transfer entropy
(PTE) [76-78]. PTE is calculated from the instantaneous phase of pairs of signals (i,j),
based on which transfer entropy is estimated, to assess the impact of of signal i phase
at time t on signal j phase at time t+1. A time delay of three time points (~2.5 s) was
assumed in the estimation [111-112]. For each region, three measures were estimated:
a) median flow of information out of a region (median taken over all values across each
row of the PTE matrix); b) median flow of information into a region (median taken over
all values across each column of the PTE matrix); c) net flow as the difference between
outflow and inflow. In addition, directed PTE (dPTE), was calculated by normalizing the
PTE values to the range 0-1, to reflect the preferential direction of information flow
(Hillebrand et al., 2016). Values >0.5 indicated higher outflow, and those <0.5 higher

inflow.
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2.3.4 Morphological brain properties

Cortical thickness, white matter intensity (potentially reflecting developmental white
matter differences), and cortical and subcortical gray matter volume were estimated
from fully processed T1-weighted MRI scans, and provided by the ABCD. These
morphometric measures were estimated in 68 cortical and 30 subcortical and cerebellar
regions. Two atlases were used for parcellation, the Desikan-Killiany atlas [79] for the
cortex, and one based on probabilistic classification, [80] for subcortical regions and the

cerebellum.

2.4 Statistical analysis

Linear mixed-effect models that included random effects (intercept and slope) for ABCD
site, to account for potential site effects, were developed for all analyses. In addition,
these sites are geographically diverse and vary substantially as a function of population
density. Thus, all analyses also accounted for sampling bias using propensity scores
provided by the ABCD study. Age, sex, pubertal stage, race-ethnicity, family income,
and BMI (z-scores stratified by sex) [81] were included in all models. Due to insufficient
statistical power for comparisons of racial groups, race-ethnicity was combined into a
binary variable: white non-Hispanic (0) versus racioethnic minority (1). Pubertal stage
ranged from pre-puberty (1) to late/post-puberty (4). The ABCD uses the Pubertal
Development Scale (from pre-puberty = 1, early puberty = 2, mid puberty = 3, late
puberty = 4, post-puberty = 5) [107], to determine pubertal stage based on physical
changes. Stage is calculated based on parent responses to questions on their child’s

body and facial hair, skin changes, height spurt, breast development and menarche

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



(females), deepening voice (males). A very small number of youth were in post-puberty,
and thus for modeling purposes they were combined with those in late puberty in a
single category (= 4). In addition, secondary analyses were conducted using pubertal
stage as a 3-category variable, i.e., collapsing pre- and early puberty into one category
(= 1), mid puberty = 2, and late and post puberty as a single category as well (= 3).
Recent work has shown that agreement between Tanner staging (the clinical standard)
and the Pubertal Development Scale is low, but increases substantially when categories
are combined as outlined above [113]. Models that included brain parameters were also
adjusted for time of day of the scan [82] and percent of frames censored for motion. In
these models, SJLsc or SJL were the independent variable of interest, and brain
characteristics the dependent variables. Additional models assessed relationships
between social jet lag and demographic and other individual characteristics, as well as
total weekly screen time (in hours). In these models, SJLsc or SJL were the dependent
variable. The statistical significance level was set at a = 0.05. Given multiple
comparisons (for example, multiple topological or morphometric properties, all p-values
were corrected for the False Discovery Rate (FDR){83]. At the connectome, network
levels and structural region levels, corrections were done over all topological (or
morphometric) properties of the entire brain, a network or a region. At the node/region

level, p-values were corrected over all nodes in a particular network.

Model validation used predictive power as the relevant metric. The sample was
randomly split into training and testing sets (75:25), and model parameters were
estimated from the training set. The process was repeated 100 times, and at each

iteration the Coefficient of Variation of the Root Mean Square Error (CV[RMSE]) was
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estimated (using the testing set) as a measure of the model’s predictive power. Models

with CV[RMSE] <0.2 were considered to have good predictive power.

3. RESULTS

Almost 40% of participants were in pre or early puberty (n = 1383 (39.4%)), and ~30%
in mid-puberty (n = 1133 (32.3%)). The distribution of race and ethnicity, and family
income of the sample reflected that of the ABCD study. Over 50% of participants were
white and non-Hispanic (n = 1820 (51.9%)), ~15 were black and non-Hispanic (n = 507
(14.5%), and ~20% were Hispanic (n = 771 (22.0%)). About 47% of families (n = 1646
(46.6%)) had a yearly household income of <$100,000. Median BMI was 19.3 kg/m?

(IQR = 5.6). Participant characteristics are summarized in Table 1.

Median (IQR) SJLsc was 1 (1) h (and 1.5 (1.5) h based on SJL ). About 74% of the
sample had SJLsc =1 hour, and ~36% had =2 hours. The distribution of these measures
is shown in Figure 1. Girls, white non-Hispanic youth, and those from families with
higher family income had shorter SJLsc (8 =-0.11, Cl = [-0.23, -0.0003], p = 0.05; B = -
0.45, Cl =[-0.55, -0.35], p < 0.01; B =-0.11, Cl =[-0.13, -0.08], p < 0.01, respectively).
In contrast, Hispanic and Black non-Hispanic youth had longer SJLsc (B = 0.14, Cl =
[0.02, 0.25], p = 0.02; B = 0.68, Cl =[0.53, 0.83], p < 0.01), and so did those at later
pubertal stages (B = 0.06, Cl =[0.01, 0.12], p = 0.03, respectively). BMI was positively
associated with SJdLsc (f = 0.13, Cl =[0.08, 0.18], p < 0.01), and similarly for total
weekly screen time (8 = 0.008, Cl =[0.006, 0.011], p < 0.01). Model statistics are
provided in Table 2. Corresponding statistics for the model that used pubertal stage as

a 3-category variable are provided in Supplemental Table S2.
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3.1 Associations between social jet lag and time-independent topological
characteristics

3.1.1 Network topological properties

Longer SJLsc was associated with lower median connectivity between the right
thalamus and the rest of the brain ( = -0.22, Cl =[-0.39, -0.05], p = 0.03). It was also
associated with lower median within-network connectivity (B = -0.04, CI = [-0.08, -0.01],
p = 0.04), and higher fragility (B = 0.05, Cl =[0.01, 0.09], p = 0.04) of the right salience
network. In addition, longer SJL was associated with lower median connectivity (within-
and across-network) of the right thalamus (B = -0.29, Cl = [-0.48, -0.10], p < 0.01), l.e,
weaker connections between the thalamus and the rest of the brain, and lower
efficiency of information processing, and both within- and cross-network connectivity of
the right dorsal attention network (B = -0.052 to -0.047, Cl =[-0.10, -0.01], p < 0.05) In
summary, longer SJL and SJLsc were associated with altered topological characteristics
of multiple brain networks. Model statistics are provided in Table 3. All models had

good predictive power (CV[RMSE] < 0.20)).

3.1.2 Local (regional) topological properties

At the parcel (node) level, and based on the best run, SJL was associated with lower
local clustering within the bilateral central and peripheral visual networks (B = -0.09 to -
0.05, CI =[-0.13, -0.01], p < 0.05), higher centrality of the left somatomotor network (8 =
0.05 10 0.08, Cl =[0.01, 0.12], p < 0.05) and lower centrality of the bilateral dorsal
attention and central and peripheral visual networks (8 = -0.09 to -0.05, CI = [-0.13, -

0.01], p < 0.05). These associations are shown in Figure 2. There were no
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corresponding statistical associations with SJLsc. At both the regional and network
scales, reported associations were overall consistent irrespective of whether pubertal
stage was represented by a 3-category or 4-category variable. Figure S1 shows

associations between SJL and regional topology based on these models.

3.2 Associations between social jet lag and morphometric regional properties
SJLsc was associated with lower thickness of multiple structures of the temporal lobe
(including the banks of the left superior temporal sulcus, bilateral superior temporal
gyrus and right medial temporal gyrus) and the bilateral lingual gyrus (B = -0.07 to -0.05,
Cl =1-0.12, -0.01], p < 0.04). It was also associated with lower volume of the banks of
the left superior temporal sulcus, bilateral middle and left inferior temporal gyri, left
entorhinal cortex, bilateral inferior parietal gyrus, left insula, left hippocampus, and
bilateral caudate nucleus, putamen, amygdala, and nucleus accumbens (p = -0.08 to -
0.05, Cl =[-0.12, -0.01], p < 0.05). These associations were overall consistent for SJL
as well. Additional negative associations were estimated between SJL and volume of
multiple regions, including lateral and medial orbitofrontal cortices and several brain
hubs, such as the bilateral precuneus and the right cingulate cortex. In summary, longer
SJL and SJLsc were associated with altered structural characteristics of distributed
brain regions, including ones that continue to develop in adolescence. All models had

good predictive power (CV[RMSE] < 0.20). Model statistics are provided in Table 4.

3.3 Associations between social jet lag and signal and topological dynamics
SJLsc was associated with higher local clustering fluctuations in bilateral somatomotor

areas (B = 0.05, Cl1 =[0.01, 0.10], p < 0.04). SJL was also associated with higher
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clustering fluctuations in a left somatomotor region (f = 0.06, Cl =[0.02, 0.10], p = 0.02)
and lower clustering fluctuations in the salience, dorsal attention, and basal ganglia
regions (B =-0.07 to -0.05, Cl =[-0.12, -0.01], p < 0.03). The spatial distributions of
these associations are shown in Figure 3. In addition, SJLsc was associated with higher
fluctuation amplitude in left somatomotor areas ( = 0.04 to 0.05, Cl =[0.004, 0.09], p <
0.04) and lower fluctuation amplitude in bilateral dorsal attention, left frontoparietal
control, and left default mode areas ( = -0.06 to -0.04, Cl = [-0.11, -0.01], p < 0.05).
SJL was also associated with higher fluctuation amplitude of bilateral somatomotor
areas (B = 0.05 to 0.08, Cl =[0.01, 0.12], p < 0.05) and lower fluctuation amplitude of
bilateral dorsal attention, bilateral frontoparietal control, bilateral default mode, and right
salience areas (8 = -0.08 to -0.05, CI = [-0.13, -0.01], p < 0.05). In summary, longer
summary, SJL and SJLsc were associated with higher variability of spontaneous brain
activation and/or coordination patterns in some regions (especially those of the
somatomotor network) and lower variability in others. All related statistical models had
good predictive power (CV[RMSE] < 0.13). The spatial distribution of these associations

is shown in Figure 4.

3.4 Associations between social jet lag and regional information flow

SJL was associated with lower median outflow from the left amygdala, bilateral
temporoparietal, right peripheral visual, and right somatomotor regions (f = -0.07 to -
0.04, Cl =[-0.11, -0.003], p < 0.05). It was also associated with lower median net flow in
the right temporoparietal, peripheral visual, and somatomotor areas (8 = -0.07 to -0.05,

Cl =[-0.12, -0.01], p < 0.04). All related models had good predictive power (CV[RMSE]
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< 0.09). The spatial distributions of these associations are shown in Figure 5. No

corresponding associations were estimated for SJLsc.

3.5 Mappings between structural and functional correlates of social jet lag
Associations between structural and functional findings were also examined.
Connectivity between the right dorsal attention and the rest of the brain, and
morphometric properties of the right lingual gyrus () were positively associated (8 =
0.15, Cl =[0.09, 0.21], p < 0.01), and both were negatively associated with SJLsc. Also,
higher fluctuation amplitude in the right somatomotor network was negatively associated
with out and net flow in its constituent regions, (B = -0.22 to -0.12, Cl = [-0.26, -0.07], p
< 0.01), with both properties being negatively impacted by SJLsc (higher fluctuation

amplitude and lower information flow). Model statistics are provided in Table S1.

4. DISCUSSION

Insufficient, poor quality and/or misaligned sleep during development has profound and
often long-lasting detrimental effects on brain health [24, 107-109]. During sensitive
periods, such as adolescence, these effects may be amplified, leading to cognitive
deficits (including impaired learning) and mental health issues [4, 18, 27, 35-37].
Although the effects of insufficient and disrupted/disordered sleep on cognitive and
mental health have been extensively studied, those of misaligned sleep (and social jet
lag) remain incompletely understood. In this study we have addressed this gap in
knowledge and, in a sample of over 3,500 adolescents, have investigated associations
between social jet lag and comprehensive brain properties across multiple domains,

including topology, morphology, and dynamics. It examined and compared both SJLsc
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and SJL, i.e., social jet lag excluding sleep debt (to minimize effects of insufficient sleep
on school days and oversleeping on free days), and social jet lag that included sleep
debt. To the best of our knowledge this is the first study to examine impacts of social jet
lag on the evolving organization and dynamics of adolescent resting-state networks -
the backbone of the functional connectome, properties of their constituent structures,
and information flow through the brain, which is critical to information processing and

cognitive function.

Over a third of participants had social jet lag of 2 or more hours, an alarming statistic
given its links to increased risk for mental health problems, [84] cardiovascular,
metabolic, and hormonal issues, and obesity [6, 85-87]. Longer social jet lag was also
associated with longer weekly screen time, as well as BMI, in agreement with prior
studies that have reported associations between screen time and social jet lag, [40] a
sedentary lifestyle, lower physical activity and higher BMI [9, 88]. In addition, Black and
Hispanic youth had longer social jet lag, again a finding that is aligned with a number of
prior studies that have reported significant sleep disparities, including misaligned and

poor quality sleep in racial and ethnic minorities [89-92].

Equally alarming are the identified associations between social jet lag and fundamental
aspects of brain structure, organization of its circuitry, and intrinsic dynamics, all of
which play critical roles in cognitive function. Longer social jet lag (both excluding and
including sleep debt) was associated with weaker connections between the thalamus
and the rest of the brain. The thalamus plays a critical role in the regulation of the

sleep-wake cycle and circadian rhythm, which may be disrupted by social jet lag. [93,
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94] Our results suggest a potential mechanistic relationship between social jet lag and
the regulation of the sleep-wake cycle, through the former’s impact on the thalamus. In
addition, prior studies have associated social jet lag with alterations in brain networks
that include the thalamus, and support motor function and posture control, but are also
involved in reward processing, emotion regulation and eating behaviors, as well as
mental health [32, 95, 96]. Our findings suggest another potential mechanistic
relationship between social jet lag and these processes, through its adverse effects on

networks that regulate them and/or support mental health.

SJL was also associated with weaker and less efficient connections of the dorsal

attention network, while SJLsc was associated with weaker connections within the
ventral attention/salience network. The two networks share brain structures, have
overlapping functions and interact significantly to control attention, with the ventral

network filtering out important information (and signals a need for attentional switching),

which the dorsal network requires for goal-directed attention [114,115]. It is possible that

the associations between SJL and the dorsal network are partly due to mismatch in
sleep schedules and partly due to sleep debt (which significantly impacts goal-directed
attention [116]), whereas the association with the ventral network is solely due to
mismatch in sleep timing. Studies on both adults and adolescents have reported
negative effects of social jet lag on attention [117,118], thus our findings provide new

knowledge on its negative associations with underlying circuits.

Social jet lag was also associated with lower fluctuations of spontaneous brain activity

and coordination patterns in some regions, and higher fluctuations in others. Prior work,
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including our own, has shown that intrinsic topological and BOLD signal fluctuations
represent markers of brain development, and broadly decrease with age and
neuroanatomical maturation, i.e., spontaneous coordination patterns become
increasingly consistent. [53, 75] Prior studies have also shown that higher spontaneous
BOLD fluctuations in sensorimotor areas may be associated with impaired plasticity
[97]. Both social jet lag measures were associated with higher signal and topological
fluctuations in these areas. It would, therefore, be important to follow youth
longitudinally, in order to identify potential detrimental effects of social jet lag on
fundamental developmental processes that facilitate adaptation and learning. During
development, changes in intrinsic brain dynamics are spatially heterogeneous, and may
be disrupted by social jet lag, likely through its adverse effects on underlying structures,
resulting in less consistent coordination patterns and higher signal variability in some
areas, and abnormally lower fluctuations in others. This potential mechanism of action is
partially supported by identified negative associations between social jet lag and cortical
and subcortical volume of spatially distributed brain areas, overlapping with regions and
networks in which topological and dynamic properties were adversely impacted by
social jet lag. These included structures of the salience network (in which negative
topological associations with social jet lag were also estimated) that are involved in
multisensory processing and integration, such as the insula, as well as the amygdala
and the nucleus accumbens. These structures play central roles in reward and emotion
processing. Social jet lag was also associated with morphometric alterations in regions
of the DMN, dorsal attention and frontoparietal networks. Together, these networks
support cognitive processes that develop significantly in adolescence, including

executive control and decision-making, but also reward and emotion regulation [98-101].
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Thus, social jet lag may have detrimental effects on these processes through its

neuromodulatory effects on brain structures, circuits and their intrinsic dynamics.

We have also identified distributed negative associations between social jet lag that
included sleep debt and information flow through the brain, including hubs, which
receive, synthesize and output information in support of cognitive demands.
Communication between brain regions is critical to cognitive processing. Some domain-
specific regions may receive more information (for example external (sensory) inputs)
than they output, and others may output more information than they receive, with
cognitive and/or topological hubs often receiving and outputting equal amounts of
information [102-103]. Social jet lag was associated with lower flow of information from
the amygdala to the rest of the brain, and similarly from temporoparietal, peripheral
visual, and right somatomotor regions. This implies that it may adversely affect
distributed interactions between brain regions that support sensory processing, motor
function, sensorimotor interactions, but also high-level social function and emotional
processing. These associations were specific to social jet lag that included sleep debt,
and could thus be associated with it as well. However, they were specific to regions
where other negative associations were identified for both measures of social jet lag.
Together with its topological, structural, and dynamic correlates, these findings suggest
that social jet lag may have extensive detrimental effects on the adolescent brain,
affecting the strength, resilience and the consistency of spontaneous coordination
patterns of its circuits, information transmission through them, and their underlying
structures. Given the vulnerability of the brain during this sensitive period, these findings

have important implications for both mental health and cognitive function across
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domains, and academic performance, as highlighted in prior work on another sample

from the ABCD study cohort [24].

Despite its many strengths, including the large sample, and comparisons of measures
of social jet lag with and without sleep debt with comprehensive measures of brain
structure, topology, and dynamics, the study also had some limitations. First, this was a
cross-sectional study of youth in a narrow age range. Thus, associations between social
jet lag and age-related changes in brain characteristics over a longer period could not
be established. By design, the ABCD study restricts age to a narrow range at each
assessment, to limit overlap in age between assessments. A future investigation could
extend this analysis to multiple assessments and thus a wider age range. Second,
social jet lag was estimated from the MCTQ, which is a subjective instrument, and thus
less accurate than actigraphy-based estimates. Although the ABCD study is collecting
actigraphy data, they are only available for a substantially smaller sample at the two-
year follow-up, which may limit the statistical power of some analyses. Nevertheless, a
future investigation could compare subjective and objective measures of social jet lag
and its brain correlates in this smaller sample, similarly to Yang et al., 2023 [27].
Although the study investigated two measures of jet lag, including and excluding sleep
debt, respectively, other aspects of sleep, for example quality, could also affect brain
characteristics. In prior work on the baseline ABCD cohort, we have reported
associations between topological network properties and In addition, this study was
retrospective, and was thus inherently limited by the decisions made by the ABCD
investigators. However, the ABCD is the only adolescent study to collect both sleep

(and related measures) and multimodal neuroimaging data from such a large cohort.
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Thus, leveraging these data provides unique opportunities to study impacts of sleep
misalignment on brain development and generate findings that may be generalizable to
the larger adolescent population. Finally, this study has focused exclusively on
associations between social jet lag and brain circuits, structural characteristics and
information transfer between regions. Each of these aspects of brain function plays
important roles in cognitive function. The ABCD study collects extensive neurocognitive
data. A future investigation could examine direct and indirect (brain-mediated)

associations between social jet lag and cognitive function.

This study makes a significant contribution to the field’s incomplete understanding of the
neural correlates of social jet lag in the adolescent brain. It provides novel mechanistic
insights into how misaligned sleep, which is common in adolescence (almost 40% of
youth in this study experienced social jet lag of at least 2 h), may impact fundamental
biological processes, such as the sleep-wake cycle, through its impact on the thalamus
and its connections with the rest of the brain, and evolving cognitive functions, such as
reward processing and emotional regulation, through its impact on the organization and
strength of brain networks that support them. Social jet lag may also modulate the
brain’s task-independent (intrinsic) dynamics, and spontaneous coordination of its
regions, a process that plays a ubiquitous role in cognitive function and is impaired in
mental health disorders, and may disrupt developmental changes in these dynamics.
Finally, social jet lag may also impair information transfer between brain regions that
together support sensory processing, sensorimotor integration, emotional regulation and

social function.

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



Acknowledgments

This study was funded by the National Science Foundation, grants #2207733, 2116707 .

Data Availability Statement
The data underlying this article are publicly available through the National Institute of

Mental Health, National Data Archive (NDA): https://nda.nih.gov/

Computer codes associated with the analyses are available at:

https://qgithub.com/cstamoulis1/Social-Jetlag-Brain

Disclosure Statement

Financial Disclosure: none.

Non-financial Disclosure: none

9z0z Aenuer g uo Jasn Aseiqi Aysianiun plenteH Aq 1L98€/£8/z6cresz/dasls/e60L 0 L/10p/aloIe-aoueape/das)s/woo dno-ojwapeoe//:sdpy wolj papeojumoq


https://nda.nih.gov/
https://github.com/cstamoulis1/Social-Jetlag-Brain

References

1. Carskadon MA, Acebo C, Jenni OG. Regulation of adolescent sleep: implications for
behavior. Ann N Y Acad Sci. 2004;1021:276-291. doi:10.1196/annals.1308.032

2. American Medical Association. Resolution 503: Insufficient sleep in adolescents. Published
online 2010.

3. Colrain IM, Baker FC. Changes in sleep as a function of adolescent development.
Neuropsychol Rev. 2011;21(1):5-21. doi:10.1007/s11065-010-9155-5

4. Owens J, Adolescent Sleep Working Group, Committee on Adolescence. Insufficient sleep in
adolescents and young adults: an update on causes and consequences. Pediatrics.
2014;134(3):€921-932. doi:10.1542/peds.2014-1696

5. Wittmann M, Dinich J, Merrow M, Roenneberg T. Social jetlag: misalignment of biological and
social time. Chronobiol Int. 2006;23(1-2):497-509. doi:10.1080/07420520500545979

6. Cespedes Feliciano EM, Rifas-Shiman SL, Quante M, Redline S, Oken E, Taveras EM.
Chronotype, Social Jet Lag, and Cardiometabolic Risk Factors in Early Adolescence. JAMA
Pediatr. 2019;173(11):1049-1057. doi:10.1001/jamapediatrics.2019.3089

7. Jiang Y, Yu T, Fan J, et al. Longitudinal associations of social jetlag with obesity indicators
among adolescents - Shanghai adolescent cohort. Sleep Med. 2024;121:171-178.
doi:10.1016/j.sleep.2024.07.001

8. Malone SK, Zemel B, Compher C, et al. Social jet lag, chronotype and body mass index in
14-17-year-old adolescents. Chronobiol Int. 2016;33(9):1255-1266.
doi:10.1080/07420528.2016.1196697

9. Huang WY, Feng J, Zheng C, Jiao J, Wong SHS. Associations of social jetlag with physical
activity and sedentary behaviour in children and adolescents: A systematic review and meta-
analysis. J Sleep Res. 2024;33(1):e13997. doi:10.1111/jsr.13997

10. Martinez-Lozano N, Barraco GM, Rios R, et al. Author Correction: Evening types have
social jet lag and metabolic alterations in school-age children. Sci Rep. 2021;11(1):5413.
doi:10.1038/s41598-021-84775-9

11. Rutters F, Lemmens SG, Adam TC, et al. Is social jetlag associated with an adverse
endocrine, behavioral, and cardiovascular risk profile? J Biol Rhythms. 2014;29(5):377-383.
doi:10.1177/0748730414550199

12. Sasawaki Y, Inokawa H, Obata Y, Nagao S, Yagita K. Association of social jetlag and
eating patterns with sleep quality and daytime sleepiness in Japanese high school students.
J Sleep Res. 2023;32(2):e13661. doi:10.1111/jsr.13661

13. Silva CM, Mota MC, Miranda MT, Paim SL, Waterhouse J, Crispim CA. Chronotype,
social jetlag and sleep debt are associated with dietary intake among Brazilian
undergraduate students. Chronobiol Int. 2016;33(6):740-748.
doi:10.3109/07420528.2016.1167712

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



14. Zhang K, Guhn M, Conklin Al. Association between social jetlag and sugar-sweetened
beverages (SSBs) in adolescents in Western Canada. Eur J Public Health. 2023;33(2):287-
292. doi:10.1093/eurpub/ckac177

15. Mifio C, Garcia-Hermoso A, Gutiérrez-Espinoza H, et al. Is Social Jetlag Associated
With Physical Fitness Among Spanish Adolescents? Insights From the EHDLA Study. Am J
Hum Biol Off J Hum Biol Counc. 2025;37(1):e70000. doi:10.1002/ajhb.70000

16. Kolomeichuk SN, Randler C, Morozov AV, Gubin DG, Drake CL. Social Jetlag and
Excessive Daytime Sleepiness from a Sample of Russian Children and Adolescents. Nat Sci
Sleep. 2021;13:729-737. doi:10.2147/NSS.S5290895

17. Komada Y, Breugelmans R, Drake CL, et al. Social jetlag affects subjective daytime
sleepiness in school-aged children and adolescents: A study using the Japanese version of
the Pediatric Daytime Sleepiness Scale (PDSS-J). Chronobiol Int. 2016;33(10):1311-1319.
doi:10.1080/07420528.2016.1213739

18. Taillard J, Sagaspe P, Philip P, Bioulac S. Sleep timing, chronotype and social jetlag:
Impact on cognitive abilities and psychiatric disorders. Biochem Pharmacol.
2021;191:114438. doi:10.1016/j.bcp.2021.114438

19. Tamura N, Komada ,Yoko, Inoue ,Yuichi, and Tanaka H. Social jetlag among Japanese
adolescents: Association with irritable mood, daytime sleepiness, fatigue, and poor academic
performance. Chronobiol Int. 2022;39(3):311-322. doi:10.1080/07420528.2021.1996388

20. Touitou Y. Adolescent sleep misalignment: a chronic jet lag and a matter of public
health. J Physiol-Paris. 2013;107(4):323-326. doi:10.1016/j.jphysparis.2013.03.008

21. Burns J, Li AR, Rohr KE, Thomas ML, McCarthy MJ, Meruelo AD. The influence of
chronotype, socioeconomic status, latitude, longitude, and seasonality on cognitive
performance and academic outcomes in adolescents. Sleep Med. 2025;128:95-102.
doi:10.1016/j.sleep.2025.01.030

22. Diaz-Morales JF, and Escribano C. Social jetlag, academic achievement and cognitive
performance: Understanding gender/sex differences. Chronobiol Int. 2015;32(6):822-831.
doi:10.3109/07420528.2015.1041599

23. Haraszti RA, Ella K, Gydngydsi N, Roenneberg T, Kaldi K. Social jetlag negatively
correlates with academic performance in undergraduates. Chronobiol Int. 2014;31(5):603-
612. doi:10.3109/07420528.2013.879164

24, Li AR, Thomas ML, Gonzalez MR, et al. Greater social jetlag predicts poorer NIH
Toolbox crystallized cognitive and academic performance in the Adolescent Brain Cognitive
Development (ABCD) study. Chronobiol Int. 2024;41(6):829-839.
doi:10.1080/07420528.2024.2353848

25. Phillips AJK, Clerx WM, O’Brien CS, et al. Irregular sleep/wake patterns are associated
with poorer academic performance and delayed circadian and sleep/wake timing. Sci Rep.
2017;7(1):3216. doi:10.1038/s41598-017-03171-4

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



26. Smarr BL, Schirmer AE. 3.4 million real-world learning management system logins
reveal the majority of students experience social jet lag correlated with decreased
performance. Sci Rep. 2018;8(1):4793. doi:10.1038/s41598-018-23044-8

27. Yang FN, Picchioni D, Duyn JH. Effects of sleep-corrected social jetlag on measures of
mental health, cognitive ability, and brain functional connectivity in early adolescence. Sleep.
2023;46(12):zsad259. doi:10.1093/sleep/zsad259

28. Zhu MQ, Oliveros ,Henry, Marin ,Constanza, Mora-Plazas ,Mercedes, and Villamor E. Is
the association of chronotype with adolescent behavior problems mediated through social
jetlag? Chronobiol Int. 2023;40(7):864-873. doi:10.1080/07420528.2023.2216790

29. Jones PB. Adult mental health disorders and their age at onset. Br J Psychiatry Suppl.
2013;54:55-10. doi:10.1192/bjp.bp.112.119164

30. Paus T, Keshavan M, Giedd JN. Why do many psychiatric disorders emerge during
adolescence? Nat Rev Neurosci. 2008;9(12):947-957. doi:10.1038/nrn2513

31. Chen CX, Li TMH, Zhang J, et al. The impact of sleep-corrected social jetlag on mental
health, behavioral problems, and daytime sleepiness in adolescents. Sleep Med.
2022;100:494-500. doi:10.1016/j.sleep.2022.09.027

32. Henderson SEM, Brady ,Emer M., and Robertson N. Associations between social jetlag
and mental health in young people: A systematic review. Chronobiol Int. 2019;36(10):1316-
1333. doi:10.1080/07420528.2019.1636813

33. Logan RW, Hasler BP, Forbes EE, et al. Impact of Sleep and Circadian Rhythms on
Addiction Vulnerability in Adolescents. Biol Psychiatry. 2018;83(12):987-996.
doi:10.1016/j.biopsych.2017.11.035

34. Long Z, Zhao A, Chen Y, et al. The associations of chronotype and social jetlag with
prosocial behavior problems among Chinese adolescents. Chronobiol Int. 2022;39(11):1498-
1507. doi:10.1080/07420528.2022.2127362

35. Mathew GM, Buxton O, Hale L, Chang A. 0051 Social Jetlag is Associated with Greater
Depressive Symptoms among Female Adolescents. Sleep. 2018;41(suppl_1):A21.
doi:10.1093/sleep/zsy061.050

36. Mathew GM, Hale L, Chang AM. Sex Moderates Relationships Among School Night
Sleep Duration, Social Jetlag, and Depressive Symptoms in Adolescents. J Biol Rhythms.
2019;34(2):205-217. doi:10.1177/0748730419828102

37. Mathew GM, Li X, Hale L, Chang AM. Sleep duration and social jetlag are independently
associated with anxious symptoms in adolescents. Chronobiol Int. 2019;36(4):461-469.
doi:10.1080/07420528.2018.1509079

38. Babic MJ, Smith JJ, Morgan PJ, Eather N, Plotnikoff RC, Lubans DR. Longitudinal
associations between changes in screen-time and mental health outcomes in adolescents.
Ment Health Phys Act. 2017;12:124-131. doi:10.1016/j.mhpa.2017.04.001

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



39. Chandrakar P. Social jetlag in school students: evidence to suggest that sleep
deprivation during work days is common. Biol Rhythm Res. 2017;48(1):99-112.
doi:10.1080/09291016.2016.1234026

40. Hena M, Garmy P. Social Jetlag and Its Association With Screen Time and Nighttime
Texting Among Adolescents in Sweden: A Cross-Sectional Study. Front Neurosci.
2020;14:122. doi:10.3389/fnins.2020.00122

41. Santos RMS, Mendes CG, Sen Bressani GY, et al. The associations between screen
time and mental health in adolescents: a systematic review. BMC Psychol. 2023;11(1):127.
doi:10.1186/s40359-023-01166-7

42. Yue L, Cui N, Jiang L, Cui N. Screen use before sleep and emotional problems among
adolescents: Preliminary evidence of mediating effect of chronotype and social jetlag. J Affect
Disord. 2023;328:175-182. doi:10.1016/j.jad.2023.02.049

43. Jia'Y, Tian ,Yun, Wang ,Haien, and Lei X. Functional connectivity from dorsolateral
prefrontal cortex mediates the impact of social jetlag on depressive tendency in young adults.
Chronobiol Int. 2023;40(6):824-833. doi:10.1080/07420528.2023.2212755

44, Casey BJ, Cannonier T, Conley MI, et al. The Adolescent Brain Cognitive Development
(ABCD) study: Imaging acquisition across 21 sites. Dev Cogn Neurosci. 2018;32:43-54.
doi:10.1016/j.dcn.2018.03.001

45, Lapidaire W, Urrila AS, Artiges E, et al. Irregular sleep habits, regional grey matter
volumes, and psychological functioning in adolescents. PLOS ONE. 2021;16(2):e0243720.
doi:10.1371/journal.pone.0243720

46. Hehr A, Marusak HA, Huntley ED, Rabinak CA. Effects of Duration and Midpoint of
Sleep on Corticolimbic Circuitry in Youth. Chronic Stress Thousand Oaks Calif.
2019;3:2470547019856332. d0i:10.1177/2470547019856332

47. Jalbrzikowski M, Hayes RA, Scully KE, et al. Associations between brain structure and
sleep patterns across adolescent development. Sleep. 2021;44(10):zsab120.
doi:10.1093/sleep/zsab120

48. Anastasiades PG, de Vivo L, Bellesi M, Jones MW. Adolescent sleep and the
foundations of prefrontal cortical development and dysfunction. Prog Neurobiol.
2022;218:102338. doi:10.1016/j.pneurobio.2022.102338

49, Di X, Xu T, Uddin LQ, Biswal BB. Individual differences in time-varying and stationary
brain connectivity during movie watching from childhood to early adulthood: Age, sex, and
behavioral associations. Dev Cogn Neurosci. 2023;63:101280.
doi:10.1016/j.dcn.2023.101280

50. Fu Z, Sui J, Turner JA, et al. Dynamic functional network reconfiguration underlying the
pathophysiology of schizophrenia and autism spectrum disorder. Hum Brain Mapp.
2021;42(1):80-94. doi:10.1002/hbm.25205

51. Ghorbani F, Zhou X, Talebi N, et al. Neural connectivity patterns explain why
adolescents perceive the world as moving slow. Commun Biol. 2024;7(1):759.
doi:10.1038/s42003-024-06439-4

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



52. Jamieson AJ, Harrison BJ, Razi A, Davey CG. Rostral anterior cingulate network
effective connectivity in depressed adolescents and associations with treatment response in
a randomized controlled trial. Neuropsychopharmacol Off Publ Am Coll
Neuropsychopharmacol. 2022;47(6):1240-1248. doi:10.1038/s41386-021-01214-z

53. Lim J, Cooper K, Stamoulis C. Dynamic fluctuations of intrinsic brain activity are
associated with consistent topological patterns in puberty and are biomarkers of neural
maturation. Netw Neurosci. Published online 2025. doi:https://doi.org/10.1162/netn_a_00452

54. Marek S, Hwang K, Foran W, Hallquist MN, Luna B. The Contribution of Network
Organization and Integration to the Development of Cognitive Control. PLoS Biol.
2015;13(12):e1002328. doi:10.1371/journal.pbio.1002328

55. Marusak HA, Calhoun VD, Brown S, et al. Dynamic functional connectivity of
neurocognitive networks in children. Hum Brain Mapp. 2017;38(1):97-108.
doi:10.1002/hbm.23346

56. Marusak HA, Elrahal F, Peters CA, et al. Mindfulness and dynamic functional neural
connectivity in children and adolescents. Behav Brain Res. 2018;336:211-218.
doi:10.1016/j.bbr.2017.09.010

57. Tamnes CK, Herting MM, Goddings AL, et al. Development of the Cerebral Cortex
across Adolescence: A Multisample Study of Inter-Related Longitudinal Changes in Cortical
Volume, Surface Area, and Thickness. J Neurosci Off J Soc Neurosci. 2017;37(12):3402-
3412. doi:10.1523/JNEUROSCI.3302-16.2017

58. Thomas SA, Ryan SK, Gilman J. Resting state network connectivity is associated with
cognitive flexibility performance in youth in the Adolescent Brain Cognitive Development
Study. Neuropsychologia. 2023;191:108708. doi:10.1016/j.neuropsychologia.2023.108708

59. Winters DE, Sakai JT, Carter RM. Resting-state network topology characterizing callous-
unemotional traits in adolescence. Neurolmage Clin. 2021;32:102878.
doi:10.1016/j.nicl.2021.102878

60. Ye J, Tejavibulya L, Dai W, et al. Variation in moment-to-moment brain state
engagement changes across development and contributes to individual differences in
executive function. Published online September 11, 2024:2024.09.06.611627.
doi:10.1101/2024.09.06.611627

61. Tamura N, Okamura K. Longitudinal course and outcome of social jetlag in adolescents:
A 1-year follow-up study of the adolescent sleep health epidemiological cohorts. J Sleep Res.
2024;33(3):e14042. doi:10.1111/jsr.14042

62. Fair DA, Cohen AL, Dosenbach NUF, et al. The maturing architecture of the brain’s
default network. Proc Natl Acad Sci U S A. 2008;105(10):4028-4032.
doi:10.1073/pnas.0800376105

63. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network: anatomy,
function, and relevance to disease. Ann N Y Acad Sci. 2008;1124:1-38.
doi:10.1196/annals.1440.011

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



64. Menon V. 20 years of the default mode network: A review and synthesis. Neuron.
2023;111(16):2469-2487. doi:10.1016/j.neuron.2023.04.023

65. Brooks SJ, Katz ES, Stamoulis C. Shorter Duration and Lower Quality Sleep Have
Widespread Detrimental Effects on Developing Functional Brain Networks in Early
Adolescence. Cereb Cortex Commun. 2021;3(1):tgab062. doi:10.1093/texcom/tgab062

66. Lunsford-Avery JR, Damme KSF, Engelhard MM, Kollins SH, Mittal VA. Sleep/Wake
Regularity Associated with Default Mode Network Structure among Healthy Adolescents and
Young Adults. Sci Rep. 2020;10(1):509. doi:10.1038/s41598-019-57024-3

67. Tashjian SM, Goldenberg D, Monti MM, Galvan A. Sleep quality and adolescent default
mode network connectivity. Soc Cogn Affect Neurosci. 2018;13(3):290-299.
doi:10.1093/scan/nsy009

68. Roenneberg T, Pilz LK, Zerbini G, Winnebeck EC. Chronotype and Social Jetlag: A
(Self-) Critical Review. Biology. 2019;8(3):54. doi:10.3390/biology8030054

69. Jankowski KS. Social jet lag: Sleep-corrected formula. Chronobiol Int. 2017;34(4):531-
535. doi:10.1080/07420528.2017.1299162

70. Hagler DJ, Hatton S, Cornejo MD, et al. Image processing and analysis methods for the
Adolescent Brain Cognitive Development Study. Neurolmage. 2019;202:116091.
doi:10.1016/j.neuroimage.2019.116091

71. Yeo BTT, Krienen FM, Sepulcre J, et al. The organization of the human cerebral cortex
estimated by intrinsic functional connectivity. J Neurophysiol. 2011;106(3):1125-1165.
doi:10.1152/jn.00338.2011

72. Haber SN, Knutson B. The reward circuit: linking primate anatomy and human imaging.
Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol. 2010;35(1):4-26.
doi:10.1038/npp.2009.129

73. Blakemore SJ. The social brain in adolescence. Nat Rev Neurosci. 2008;9(4):267-277.
doi:10.1038/nrn2353

74. Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the
brain. Nat Rev Neurosci. 2002;3(3):201-215. doi:10.1038/nrn755

75. Sydnor VJ, Larsen B, Seidlitz J, et al. Intrinsic activity development unfolds along a
sensorimotor-association cortical axis in youth. Nat Neurosci. 2023;26(4):638-649.
doi:10.1038/s41593-023-01282-y

76. Friston KJ. Functional and Effective Connectivity: A Review. Brain Connect.
2011;1(1):13-36. doi:10.1089/brain.2011.0008

77. Friston KJ. Functional and effective connectivity in neuroimaging: A synthesis. Hum
Brain Mapp. 1994;2(1-2):56-78. doi:10.1002/hbm.460020107

78. Lobier M, Siebenhiihner F, Palva S, Palva JM. Phase Transfer Entropy: A novel phase-
based measure for directed connectivity in networks coupled by oscillatory interactions.
Neurolmage. 2013;85. doi:10.1016/j.neuroimage.2013.08.056

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



79. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system for subdividing
the human cerebral cortex on MRI scans into gyral based regions of interest. Neurolmage.
2006;31(3):968-980. doi:10.1016/j.neuroimage.2006.01.021

80. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron. 2002;33(3):341-355.
doi:10.1016/s0896-6273(02)00569-x

81. Brooks SJ, Smith C, Stamoulis C. Excess BMI in early adolescence adversely impacts
maturating functional circuits supporting high-level cognition and their structural correlates.
Int J Obes 2005. 2023;47(7):590-605. doi:10.1038/s41366-023-01303-7

82. Hu L, Katz ES, Stamoulis C. Modulatory effects of fMRI acquisition time of day, week
and year on adolescent functional connectomes across spatial scales: Implications for
inference. Neurolmage. 2023;284:120459. doi:10.1016/j.neuroimage.2023.120459

83. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J R Stat Soc Ser B Methodol. 1995;57(1):289-300.
doi:10.1111/j.2517-6161.1995.tb02031.x

84. Tamura N, Okamura K. Social jetlag as a predictor of depressive symptoms among
Japanese adolescents: Evidence from the Adolescent Sleep Health Epidemiological Cohort.
Sleep Health. 2023;9. doi:10.1016/j.sleh.2023.06.005

85. Johnson DA, Reid M, Vu THT, et al. Associations of sleep duration and social jetlag with
cardiometabolic risk factors in the study of Latino youth. Sleep Health. 2020;6(5):563-569.
doi:10.1016/j.sleh.2020.02.017

86. Roenneberg T, Allebrandt KV, Merrow M, Vetter C. Social jetlag and obesity. Curr Biol
CB. 2012;22(10):939-943. doi:10.1016/j.cub.2012.03.038

87. Shafer BM, McAuliffe KE, McHill AW. A longitudinal look at social jetlag, sex differences,
and obesity risk. Sleep. 2024;47(1):zsad298. doi:10.1093/sleep/zsad298

88. Mathew GM, Hale L, Chang AM. Social jetlag, eating behaviours and BMI among
adolescents in the USA. Br J Nutr. 2020;124(9):979-987. doi:10.1017/S0007114520001804

89. Guglielmo D, Gazmararian JA, Chung J, Rogers AE, Hale L. Racial/ethnic sleep
disparities in US school-aged children and adolescents: a review of the literature. Sleep
Health. 2018;4(1):68-80. doi:10.1016/j.sleh.2017.09.005

90. Jehan S, Myers AK, Zizi F, et al. Sleep health disparity: the putative role of race,
ethnicity and socioeconomic status. Sleep Med Disord Int J. 2018;2(5):127-133.

91. Johnson DA, Jackson CL, Williams NJ, Alcantara C. Are sleep patterns influenced by
race/ethnicity - a marker of relative advantage or disadvantage? Evidence to date. Nat Sci
Sleep. 2019;11:79-95. doi:10.2147/NSS.S5169312

92. Olds T, Blunden S, Petkov J, Forchino F. The relationships between sex, age,
geography and time in bed in adolescents: a meta-analysis of data from 23 countries. Sleep
Med Rev. 2010;14(6):371-378. doi:10.1016/j.smrv.2009.12.002

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



93. Gent TC, Bassetti CL, Adamantidis AR. Sleep-wake control and the thalamus. Curr Opin
Neurobiol. 2018;52:188-197. doi:10.1016/j.conb.2018.08.002

94. Jan JE, Reiter RJ, Wasdell MB, Bax M. The role of the thalamus in sleep, pineal
melatonin production, and circadian rhythm sleep disorders. J Pineal Res. 2009;46(1):1-7.
doi:10.1111/j.1600-079X.2008.00628.x

95. Nechifor RE, Ciobanu D, Vonica CL, et al. Social jetlag and sleep deprivation are
associated with altered activity in the reward-related brain areas: an exploratory resting-state
fMRI study. Sleep Med. 2020;72:12-19. doi:10.1016/j.sleep.2020.03.018

96. Umemura GS, Pinho JP, da Silva Brandao Gongalves B, Furtado F, Forner-Cordero A.
Social jetlag impairs balance control. Sci Rep. 2018;8(1):9406. doi:10.1038/s41598-018-
27730-5

97. Newbold DJ, Laumann TO, Hoyt CR, et al. Plasticity and Spontaneous Activity Pulses in
Disused Human Brain Circuits. Neuron. 2020;107(3):580-589.e6.
doi:10.1016/j.neuron.2020.05.007

98. Ferguson HJ, Brunsdon VEA, Bradford EEF. The developmental trajectories of
executive function from adolescence to old age. Sci Rep. 2021;11(1):1382.
doi:10.1038/s41598-020-80866-1

99. Galvan A. Adolescent development of the reward system. Front Hum Neurosci.
2010;4:6. doi:10.3389/neuro.09.006.2010

100. Silvers JA. Adolescence as a pivotal period for emotion regulation development. Curr
Opin Psychol. 2022;44:258-263. doi:10.1016/j.copsyc.2021.09.023

101.  Van Leijenhorst L, Gunther Moor B, Op de Macks ZA, Rombouts SARB, Westenberg
PM, Crone EA. Adolescent risky decision-making: neurocognitive development of reward and
control regions. Neurolmage. 2010;51(1):345-355. doi:10.1016/j.neuroimage.2010.02.038

102. Oldham S, Fornito A. The development of brain network hubs. Dev Cogn Neurosci.
2019;36:100607. doi:10.1016/j.dcn.2018.12.005

103. van den Heuvel MP, Sporns O. Network hubs in the human brain. Trends Cogn Sci.
2013;17(12):683-696. doi:10.1016/j.tics.2013.09.012

104. Marek S, Tervo-Clemmens B, Nielsen AN, et al, Identifying reproducible individual
differences in childhood functional brain networks: An ABCD study. Dev Cogn Neurosci.
2019 Dec;40:100706. doi: 10.1016/j.dcn.2019.100706.

106. Petersen AC, Crockett L, Richards M, Boxer A. A self-report measure of pubertal
status: Reliability, validity, and initial norms. J Youth Adolesc. 1988 Apr;17(2):117-33.
doi: 10.1007/BF01537962

107; Gottesman RF, Lutsey PL, Benveniste H, Brown DL, Full KM, Lee JM, Osorio RS,
Pase MP, Redeker NS, Redline S, Spira AP; American Heart Association Stroke

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



Council; Council on Cardiovascular and Stroke Nursing; and Council on Hypertension.
Impact of Sleep Disorders and Disturbed Sleep on Brain Health: A Scientific Statement
From the American Heart Association. Stroke. 2024 Mar;55(3):e61-e76. doi:
10.1161/STR.0000000000000453.

108. Khan MA, Al-Jahdali H. The consequences of sleep deprivation on cognitive
performance. Neurosciences (Riyadh). 2023 Apr;28(2):91-99. doi:
10.17712/nsj.2023.2.20220108.

109. Alhola P, Polo-Kantola P. Sleep deprivation: Impact on cognitive performance.
Neuropsychiatr Dis Treat. 2007;3(5):553-67.

110. Wallace MT, Roberson GE, Hairston WD, Stein BE, Vaughan JW, Schirillo JA.
Unifying multisensory signals across time and space. Exp Brain Res. 2004
Sep;158(2):252-8. doi: 10.1007/s00221-004-1899-9. Epub 2004 Apr 27. PMID:
15112119.

[111] Fraschini, M., & Hillebrand, A. (2017). Phase Transfer Entropy in Matlab [Dataset].
figshare. https://doi.org/10.6084/m9.figshare.3847086.v12

[112] Hillebrand, A., Tewarie, P., van Dellen, E., Yu, M., Carbo, E. W. S., Douw, L.,
Gouw, A. A,, van Straaten, E. C. W., & Stam, C. J. (2016). Direction of information flow
in large-scale resting-state networks is frequency-dependent. Proceedings of the
National Academy of Sciences of the United States of America, 113(14), 3867-3872.
https://doi.org/10.1073/pnas.1515657113

[113] Koopman-Verhoeff ME, Gredvig-Ardito C, Barker DH, Saletin JM, Carskadon MA.
Classifying Pubertal Development Using Child and Parent Report: Comparing the
Pubertal Development Scales to Tanner Staging. J Adolesc Health. 2020
May;66(5):597-602. doi: 10.1016/j.jadohealth.2019.11.308.

[114] Zhou, Y, Friston, KJ, Zeidman, P, Chen, J, Li, S, Razi, A, The Hierarchical
Organization of the Default, Dorsal Attention and Salience Networks in Adolescents and
Young Adults, Cerebral Cortex, Volume 28, Issue 2, February 2018, Pages 726—737

[115] Onofrj V, Chiarelli AM, Wise R, Colosimo C, Caulo M. Interaction of the salience
network, ventral attention network, dorsal attention network and default mode network in
neonates and early development of the bottom-up attention system. Brain Struct Funct.
2022 Jun;227(5):1843-1856.

9z0z Aenuer g uo Jasn Aseiqi Aysianiun plenteH Aq 1L98€/£8/z6cresz/dasls/e60L 0 L/10p/aloIe-aoueape/das)s/woo dno-ojwapeoe//:sdpy wolj papeojumoq


https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://doi.org/10.6084/m9.figshare.3847086.v12
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://www.zotero.org/google-docs/?FyMKvo
https://doi.org/10.1073/pnas.1515657113

[116] Krause AJ, Simon EB, Mander BA, Greer SM, Saletin JM, Goldstein-Piekarski AN,
Walker MP. The sleep-deprived human brain. Nat Rev Neurosci. 2017 Jul;18(7):404-
418.

[117] McGowan NM, Uzoni A, Faltraco F, Thome J, Coogan AN. The impact of social
jetlag and chronotype on attention, inhibition and decision making in healthy adults.
Journal of sleep research. 2020 Dec;29(6):e12974.

[118] Zhu, M.Q., Oliveros, H., Marin, C., Mora-Plazas, M. and Villamor, E., 2023. Is the
association of chronotype with adolescent behavior problems mediated through social
jetlag?. Chronobiology International, 40(7), pp.864-873.

9z0z Aenuer g uo Jasn Aseiqi Aysianiun plenteH Aq 1L98€/£8/z6cresz/dasls/e60L 0 L/10p/aloIe-aoueape/das)s/woo dno-ojwapeoe//:sdpy wolj papeojumoq



FIGURE CAPTIONS

Social Jetlag Distributions §

200 Social Jetlag (Midpoint - Raw) 200 Social Jetlag (Midpoint - Absolute) §T
600 + 1 600 - g ]
500 | 500 | 5

3 3 2
c 400 | c 400 | 8 |
() (0] <
=] & 3
g 300 g 300 | 5 4
e L £
200 | 200 | g |

3
100 | 100 | 8

0 . . 0 . 2

-10 -5 0 5 10 -10 -5 0 5 D
Hours Hours o

§.

o}

1400 Solmal Jetlag (Onset - Baw) 1400 SOCI%:II Jetlag ((?nset - Ablsolute) S
1200 | - 1200 | 2

@

1000 | ] 1000 | 8
9 ) 5
S 800} c 800} 5
<] 4] ©
3 > N
g 600 + E,' 600 - §
L (T &
400 | ] 400 | 2 |
200 | ] 200 | §

0 : . 0 : E

-10 5 0 5 10 -10 -5 0 5 19

Hours Hours §

Figure 1. Distributions of raw and absolute social jet lag (SJL) uncorrected for sleep 2

debt (midpoint-based, top row) and sleep debt-corrected SJLsc (bottom row). %
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Figure 2. Associations between SJL (including sleep debt) and local clustering (left
panels) and node centrality (right panels). The color map represents the values of
model regression coefficients. Yellow to red corresponds to positive values and blue to

green to negative values.
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Figure 3. Associations between social jetlag and local clustering fluctuation. The color
map represents the values of model regression coefficients. Yellow to red correspond to

positive values and blue to green to negative values.
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Figure 4. Associations between SJLsc (excluding sleep debt) — left panels, and SJL
(including sleep debt) — right panels, and fluctuation amplitude. The color map
represents the value of model regression coefficients. Yellow to red corresponds to

positive values and blue to green to negative values.
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Graphical Abstract

Social jet lag (SJL) in adolescence is associated with
widespread alterations in developing brain structure,
circuit organization and communication

A: Less temporally consistent spontaneous
segregation (clustering) of brain regions

B: Higher variability of spontaneous brain activity in
the same regions

C: Lower information transfer between regions
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TABLES

Table 1. Participant characteristics (n = 3507). The racioethnic category “Other Non-
Hispanic” combines small racial categories: Filipino, Vietnamese, Alaska Native,
American Indian, Asian Indian, Chinese, Guamanian, Hawaiian, Japanese, Korean,

Native Samoan, other Pacific Islander, other Asian, multiracial, other race.

Characteristic
Age (years)

Sex

Race/Ethnicity

Family Income ($)

Pubertal Stage

Statistic/Category
Median (IQR)

Male

Female

Missing

White Non-Hispanic
Black Non-Hispanic
Asian Non-Hispanic
Other Non-Hispanic
Hispanic

Missing

<25,000

25,000 - 49,999
50,000 - 74,999
75,000 - 99,999
100,000 - 199,999
2200,000

Missing

Median (IQR)
Missing
Pre-Puberty

Early Puberty
Mid-Puberty
Late/Post-Puberty

Missing

Value

12.00 (1.08)
1720 (49.04%)
1785 (50.90)

2 (0.06%)
1820 (51.90%)
507 (14.46%)
68 (1.94%)
330 (9.41%)
771 (21.98%)
11 (0.31%)
344 (9.81%)
416 (11.86%)

426 (12.15%)
450 (12.83%)

1094 (31.19%)

508 (14.49%)
269 (7.67%)
19.33 (5.58)
27 (0.77%)
634 (18.08%)
749 (21.36%)

1133 (32.30%)

801 (22.84%)

190 (5.42%)

920z Asenuer g0 uo Jasn Aseiqi Alsieaiun pieaieH Aq 198/ £8/zZ6s1esz/dasis/e601 0L /Iop/aoiie-aoueApe/das|s/woo dno olwapeoe//:sdijy Woly papeojumo(]



Table 2. Statistics of models testing associations between social jetlag excluding sleep
debt (SJLsc) and demographic and other characteristics. All p-values have been
adjusted for the False Discovery Rate. Cl: Confidence interval. Exact p-values are
reported to the third decimal place. Smaller values are indicated as p<0.001.

Covariate Beta 95th % ClI P-value
Pubertal stage 0.063 [0.006, 0.121] 0.032
Sex -0.113 [-0.227, -0.001]] 0.049
White non-Hispanic -0.446 [-0.546, -0.345] <0.001
Black non-Hispanic 0.680 [0.528, 0.833] <0.001
Hispanic 0.135 [0.023, 0.248] 0.018
Family income -0.107 [-0.133, -0.082] <0.001
BMI 0.127 [0.078, 0.176] <0.001
Screen time 0.008 [0.006, 0.011] <0.001
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Table 3. Statistics of models testing associations between SJLsc (excluding sleep debt)
and topological properties of individual networks, and similarly for SJL (including sleep
debt) Results are based on the best-quality run. All p-values have been adjusted for the
False Discovery Rate. Cl: Confidence interval. Exact p-values are reported to the third
decimal place. Smaller values are indicated as p<0.001. When p-values for multiple
properties are reported together, the range is reported as < to the largest one (meeting

significance).

Network Property Beta 95th % ClI P-value
SOCIAL JETLAG EXCLUDING SLEEP DEBT (SJLsc)

Salience (R) Median connectivity -0.044 [-0.083, -0.005] 0.043
(within-network)
Fragility 0.052 [0.012,0.0927] 0.043

Thalamus (R) Median connectivity -0.219 [-0.393, -0.045] 0.028
(across-network)
SOCIAL JETLAG INCLUDING SLEEP DEBT (SJL)

Thalamus (R) Median connectivity -0.292 [-0.480, -0.104] 0.004
(within-network)
Median connectivity -0.289 [-0.474,-0.104] 0.004
(across-network)

Dorsal Attention Median connectivity

(R) (across-network) -0.052 [-0.096, -0.009] 0.036
Median connectivity
within network -0.05 [-0.090, -0.010] 0.048
Global efficiency

-0.047 [-0.087, -0.008] 0.036
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Table 4. Statistics of models testing associations between SJLsc (excluding sleep
debt)and morphometric brain properties, and similarly for SJL (including sleep debt). All
p-values have been adjusted for the False Discovery Rate. Cl: Confidence interval.
Exact p-values are reported to the third decimal place. Smaller values are indicated as
p<0.001. When p-values for multiple properties are reported together, the range is
reported as < to the largest one (meeting significance).

Property Region Beta 95th % ClI P-value Region Beta 95th % CI P-
value
SOCIAL JETLAG EXCLUDING SLEEP DEBT (SJLsc) SOCIAL JETLAG INCLUDING SLEEP DEBT (SJL)
Thickness Banks of the -0.062 [-0.105, -0.019] 0.013 Banks of the  -0.060 [-0.106, - 0.014] 0.015
superior superior
temporal temporal
sulcus (L) sulcus (L)
Lingual gyrus -0.073t0-0.053 [-0.117, -0.014] <0.017 Lingual gyrus -0.059 [-0.098, -0.020] 0.008
(bilateral) (L)
Superior -0.063 to -0.051 [-0.101, -0.011] <0.036
temporal
gyrus
(bilateral)
Middle -0.059 [-0.099, -0.019] 0.005
temporal
gyrus (R)
Medial -0.047 [-0.087, -0.008] 0.020
orbitofrontal
cortex (L)
Volume Banks of the -0.052 [-0.090, -0.013] 0.013 Banks of the  -0.081 [-0.120, -0.042] <0.001
superior superior
temporal temporal
sulcus (L) sulcus (L)
Middle -0.077 to -0.056  [-0.115, -0.019] <0.010 Middle -0.069 to [-0.108, -0.015] <0.022
temporal temporal -0.056
gyrus gyrus
(bilateral) (bilateral)
Inferior -0.049 [-0.084, -0.014] 0.020 Inferior -0.072 [-0.108, -0.035] <0.001
temporal temporal
gyrus (L) gyrus (L)
Entorhinal -0.059 [-0.102, -0.016] 0.022 Entorhinal -0.051 [-0.093, -0.010] 0.043
cortex (L) cortex (L)
Inferior -0.073 to -0.057 [-0.110, -0.018] <0.014 Inferior -0.080 [-0.121, -0.040] <0.001
parietal gyrus parietal gyrus
(bilateral) (L)
Insula (L) -0.057 [-0.096, -0.017] 0.014 Insula (L) -0.053 [-0.094, -0.013] 0.030
Caudate Caudate
nucleus Nucleus
(bilateral) -0.054 t0 -0.046 [-0.102, -0.0002]  <0.049 (bilateral) -0.049 [-0.092, -0.007] <0.024
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White
matter
intensity

Putamen
(bilateral)

Hippocampus

L

Amygdala
(bilateral)

Nucleus
accumbens
(bilateral)

-0.052 to -0.047

-0.045

-0.052 to -0.050

-0.056 to -0.046

[-0.092, -0.006]

[-0.082, -0.009]

[-0.089, -0.014]

[-0.096, -0.006]

<0.024

0.015

<0.007

<0.026

Hippocampus
(bilateral)

Amygdala
(bilateral)

Nucleus
accumbens
(bilateral)

Lateral
orbitofrontal
cortex
(bilateral)

Medial
orbitofrontal
cortex
(bilateral)

Precentral
gyrus (L)

Precuneus
(bilateral)

Superior
parietal gyrus
(bilateral)

Superior
temporal gyrus

L

Postcentral
gyrus (R)

Rostral
anterior
cingulate
cortex (R)

Entorhinal
cortex (L)

Insula (L)

-0.051 to -0.042

-0.063 to -0.055

-0.068 to -0.056

-0.052 to -0.050

-0.063 to -0.043

-0.062

-0.050 to -0.048

-0.066 to -0.053

-0.050

-0.049

-0.054

-0.027

0.022

[-0.088, -0.004]

[-0.100, -0.018]

[-0.106, -0.010]

[-0.093, -0.011]

[-0.111, -0.007]

[-0.099, -0.025]

[-0.086, -0.012]

[-0.104, -0.016]

[-0.089, -0.011]

[-0.086, -0.011]

[-0.093, -0.016]

[-0.050, -0.003]

[0.002, 0.041]

<0.032

<0.004

<0.018

<0.041

<0.031

0.003

<0.029

<0.016

0.034

0.034

0.018

0.043

0.046
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