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A B S T R A C T   

There is a close relationship between sleep and depression, and certain maladaptive outcomes of sleep problems 
may only be apparent in individuals with heightened levels of depression. In a sample enriched for preschool 
depression, we examined how sleep and depression in early childhood interact to predict later trajectories of gray 
matter volume. Participants (N = 161) were recruited and assessed during preschool (ages 3–6 years) and were 
later assessed with five waves of structural brain imaging, spanning from late childhood to adolescence. Sleep 
and depression were assessed using a semi-structured parent interview when the children were preschool-aged, 
and total gray matter volume was calculated at each scan wave. Although sleep disturbances alone did not predict 
gray matter volume/trajectories, preschool sleep and depression symptoms interacted to predict later total gray 
matter volume and the trajectory of decline in total gray matter volume. Sleep disturbances in the form of longer 
sleep onset latencies, increased irregularity in the child’s sleep schedule, and higher levels of daytime sleepiness 
in early childhood were all found to interact with early childhood depression severity to predict later trajectories 
of cortical gray matter volume. Findings provide evidence of the interactive effects of preschool sleep and 
depression symptoms on later neurodevelopment.   

1. Introduction 

Healthy sleep, defined as adequate, good quality sleep that has 
appropriate timing and regularity, is crucial for health and well-being in 
childhood (Gruber et al., 2014). However, with an estimated 25% of 
children experiencing some sort of sleep disturbance (Owens, 2007), it is 
important to understand the developmental consequences of 
early-occurring sleep disturbances. Sleep disturbances in childhood are 
associated with a range of maladaptive outcomes, including higher body 
mass indexes (Butte et al., 2016), elevated blood pressure (Quist et al., 
2016), increased later internalizing and externalizing problems (Greg-
ory et al., 2005; Gregory and O’Connor, 2002), poorer cognitive abilities 
(Bernier et al., 2014), and poorer academic achievement/school per-
formance (Dewald et al., 2010). Although less research has focused on 
the effects of sleep disturbances in early childhood than in school-age 
children, growing evidence suggests that similar associations are pre-
sent for sleep disturbances that emerge in the toddler and preschool 

period (Hoyniak et al., 2020; Hoyniak et al., 2021; Reynaud et al., 
2018). 

Despite evidence suggesting far-reaching cognitive, behavioral and 
health consequences of sleep disturbances in childhood, relatively little 
research has focused on the relationship of childhood sleep to devel-
oping brain structure and function (Spruyt, 2019, 2020). A growing 
literature suggests that sleep plays a crucial role in neurodevelopment 
across childhood and adolescence (Dutil et al., 2018; Jan et al., 2010; 
Maski and Kothare, 2013), and it is likely that sleep plays a similarly 
crucial role in neurodevelopment in early childhood. Given that early 
childhood is a time of rapid brain development (Brown and Jernigan, 
2012), with the vast majority of recent-large scale studies showing a 
normative decline in gray matter volume starting by age 5 (Mills et al., 
2016; Walhovd et al., 2017), it is plausible that sleep disturbances that 
occur during this developmental period may have lasting neuro-
developmental consequences. However, to our knowledge, no research 
has explored how sleep in early childhood relates to trajectories of later 
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brain development. To address this gap in the literature, using a sample 
enriched for preschool depression, the current study examined how 
sleep in early childhood is associated with trajectories of neural devel-
opment, specifically total gray matter volume, across late-childhood into 
adolescence. 

2. Sleep and neurodevelopment in childhood 

Experimental research in both humans and animal models suggests 
that sleep deprivation has a number of neurocognitive effects, including 
diminished executive functioning, memory performance, and sustained 
attention (Lowe et al., 2017). Across both experimental and observa-
tional studies with children, sleep disturbances have been found to be 
associated with decrements in various cognitive processes, including 
poorer concentration, academic difficulties, and intellectual functioning 
(Astill et al., 2012; Beebe, 2011; Gorgoni et al., 2020; O’Brien, 2011). 
Research suggests that sleep facilitates the reorganization of brain cir-
cuitry (Tononi and Cirelli, 2014) and impacts synaptic density (Kurth 
et al., 2015), two crucial neurodevelopmental processes. Problematic 
sleep in childhood, such as inadequate, non-restorative, or irregular 
sleep, may disrupt these processes, leading to widespread effects on 
neurodevelopment that may underlie some of the cognitive and 
behavioral deficits that have been shown to be associated with poor 
sleep. A recent systematic review examined the association between 
sleep habits and brain structure/function in childhood (Dutil et al., 
2018). Findings suggested an effect of sleep on various brain structures 
and functions in childhood, although firm conclusions were difficult 
given the relative dearth of studies and the use of different imaging 
methodologies (Dutil et al., 2018). It is likely that sleep disturbances 
have far-reaching neurodevelopmental consequences, impacting the 
structure and/or function of several brain regions. The current study 
focuses explicitly on total gray matter volume as a plausible index of 
these widespread effects. Additionally, as gray matter volume undergoes 
an extended trajectory of experience-based pruning across childhood 
into adolescence (Ducharme et al., 2016; Frangou et al., 2021; Gennatas 
et al., 2017), this index may be particularly susceptible to the effects of 
sleep disturbances. 

Few studies have examined relations between sleep and gray matter 
volume in children. Kocevska et al. (2016) identified that sleep problems 
in toddlerhood were associated with smaller gray matter volumes at age 
7. In adolescents, weekend shifts in sleep schedules, reduced sleep ef-
ficiency, and shorter weekday sleep durations have all been shown to be 
associated with smaller gray matter volumes (Lapidaire et al., 2021; 
Teicher et al., 2018; Urrila et al., 2017). Research examining specific 
regions suggests that sleep disturbances, including shorter weekday 
sleep durations and obstructive sleep apnea, are associated with reduced 
regional gray matter volume in the bi-lateral hippocampus (Taki et al., 
2012) and across various frontal regions (Musso et al., 2020; Philby 
et al., 2017) in children and adolescence. These studies indicate a role of 
sleep and sleep disturbances in gray matter development across child-
hood and adolescence, but additional research is clearly needed to 
further clarify this association. 

3. Sleep and depression 

Research has also identified a close relationship between sleep and 
depression symptoms, with nearly 90% of adults and 73% of youth 
diagnosed with Major Depressive Disorder (MDD) reporting some form 
of sleep disturbance (Liu et al., 2007; Tsuno et al., 2005). There is likely 
a bi-directional association between depression and sleep disturbances, 
with sleep disturbances exacerbating depressive symptoms and depres-
sive symptoms, in turn, exacerbating sleep disturbances (Chorney et al., 
2007). Additionally, the negative effects of sleep disturbances and 
depression may be interactive, with certain maladaptive outcomes of 
sleep loss only apparent in individuals with heightened levels of 
depression. For example, using ecological momentary assessment in a 

sample of children and adolescents, more negative moods during the day 
were associated with less time spent awake the following night and more 
positive mood during the day was associated with more time spent in 
bed the following night, but only among youth with depression. Further, 
reduced sleep latency was associated with more positive and less 
negative mood the following day in youth with depression (Cousins 
et al., 2011). These findings highlight how depression might alter the 
relationship of sleep to various outcomes. Although a similar interaction 
with depression may be at work in the relationship of sleep disturbances 
to neurodevelopment, to our knowledge, no research has yet examined 
how preschool sleep and depression interact to predict later 
neurodevelopment. 

4. The current study 

Using a sample enriched for preschool depression, we examined how 
sleep in early childhood predicts trajectories of development of total 
gray matter volume across late childhood to adolescence. In the current 
study, sleep was assessed across several, parent-reported domains, 
including bedtime, sleep onset latency, night awakenings, sleep 
schedule regularity, daytime sleepiness, and total sleep duration. Sleep 
disturbances were defined as later bedtimes, longer latencies to fall 
asleep, increased night awakenings, more irregular sleep schedules, 
increased daytime sleepiness, and shorter total sleep durations, consis-
tent with theoretical conceptualizations of what constitutes healthy 
sleep (DeSantis et al., 2019). Building on prior findings (Kocevska et al., 
2016; Lapidaire et al., 2021; Urrila et al., 2017), we hypothesized that 
sleep disturbances in early childhood would predict smaller total gray 
matter volumes later in development, as well as a more rapid rate of 
decrease in gray matter volume across time. In the current study, we use 
the term “predict” in its regression context, to describe the association 
between the predictors of interest and the outcomes of interest. We are 
not implying causality or a directionality of association between vari-
ables with this term. Given a relative lack of literature specifying which 
domains of sleep disturbances (e.g., later sleep timing, shorter sleep 
durations, decreased sleep regularity, etc.) show associations with gray 
matter, we took a broad approach to examining the relationship be-
tween sleep and gray matter across sleep domains. As the effect of sleep 
disturbances and depression symptoms may be interactive in predicting 
maladaptive outcomes, we also examined how sleep and depression 
interact to predict gray matter volume development. We hypothesized 
that children with co-occurring depression symptoms and sleep distur-
bances in early childhood would show the smallest total gray matter 
volumes and a more rapid rate of decrease in total gray matter volume 
across time. Similarly, we took a broad approach to examining which 
domains of sleep disturbance might interact with depression to predict 
gray matter development. We focus specifically on preschool depression 
symptoms as a continuous measure rather than a dichotomous, diag-
nostic index in order to capture the broad distribution of preschool 
depression symptoms in this sample. Given that no prior research has 
explored how sleep in early childhood predicts later gray matter volume 
trajectories, and that there was little evidence for specific regional ef-
fects, the current study focuses specifically on total gray matter volumes 
as a measure of the plausible widespread effects of sleep on 
neurodevelopment. 

5. Methods 

5.1. Participants 

Participants included a subsample of children enrolled in the Pre-
school Depression Study (PDS; Luby, Belden et al., 2009; Luby, Si et al., 
2009). The PDS is a prospective, longitudinal study conducted by the 
Washington University in St. Louis School of Medicine (WUSM) Early 
Emotional Development Program, designed to investigate the longitu-
dinal course of preschool depression (see Fig. 1 for overview). At 
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baseline (time 1), children (N = 306) between the ages of 3 and 6 years 
(M = 4.45, SD = 0.80) and their primary caregivers were recruited from 
daycares, preschools, and primary care sites. Children were recruited 
based on scores on the Preschool Feelings Checklist (Luby et al., 2004) in 
order to oversample for children with/at risk for preschool depression. 
The Preschool Feelings Checklist assesses depression-related symptoms 
in young children but does not include an assessment of sleep distur-
bances directly (although, one item does assess whether the child seems 
“tired/low energy”). Healthy preschoolers and those with other psy-
chiatric disorders (e.g., externalizing problems) were also recruited for 
the sample and additional healthy subjects were added during the school 
age period using similar recruitment methods. Participants underwent 
annual diagnostic and developmental assessments. Once they reached 
school age (age range 6.11–12.92 years), healthy children and those 
with a history of depression from the sample were invited to participate 
in yearly MRI scans (n = 210 completed the first wave of scanning). 
Exclusion criteria for the MRI portion of the study included (a) head 
injury with loss of consciousness for at least 5 min, (b) neurological 
illness, (c) parent-report of a prior diagnosis of Autism and/or Intellec-
tual Disability or parent endorsement of a number of the core symptoms 
of Autism and/or Intellectual Disability, (d) treatment for lead 
poisoning, or (e) other contraindications for MRI scanning. 

Children in the PDS study had between one and ten developmental 
assessment waves and between one and five scan waves. Parental con-
sent and child verbal assent were obtained prior to study participation. 
The Institutional Review Board at WUSM approved all procedures in 
accordance with institutional ethical guidelines. The current study fo-
cuses only on children whose sleep was assessed at the baseline assess-
ment and who had at least one wave of MRI scan data, yielding a final 
sample of 158 children. Information about the number of scans gathered 
from the children in the PDS sample is included in Supplemental Ap-
pendix A in Supplemental Fig. S1. The characteristics of this final sample 

Fig. 1. Preschool Depression Study (PDS) flowchart.  

Table 1 
Final sample characteristics (n = 158).   

Total N Mean SD 

Age 
Baseline age (years)  158 4.52 0.77 
Scan 1 age (years)  144 10.31 1.26 
Scan 2 age (years)  129 11.92 1.14 
Scan 3 age (years)  114 13.13 1.05 
Scan 4 age (years)  115 16.52 0.99 
Scan 5 age(years)  104 18.67 1.02 

Mean income-to-needs ratio  158 1.77 0.85 
Baseline depression severity  158 2.39 1.70    

Percentage n 
Sex (Male)   51.9% 82 
Race 

White   55.1% 87 
Black   33.5% 53 
Other   11.4% 18 

Number of scan waves 
1 scan   2.5% 4 
2 scans   9.5% 15 
3 scans   24.7% 39 
4 scans   28.5% 45 
5 scans   34.8% 55 

Baseline diagnoses based on the PAPA 
MDD   28.5% 45 
ADHD   15.2% 24 
ODD   22.8% 36 
Conduct Disorder   12.7% 20 
GAD   7.6% 12 
Separation Anxiety   19.0% 30 
PTSD   2.6% 4 

Baseline psychotropic medication use   6.3% 10 

Note: PAPA = Preschool Age Psychiatric Assessment; MDD = Major Depressive 
Disorder; ADHD = Attention Deficit Hyperactivity Disorder; GAD = General-
ized Anxiety Disorder; PTSD = Post-Traumatic Stress Disorder. 
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are described in Table 1. For the children in the final sample, an average 
of 5 years 9 months (SD = 1 year 0 months) elapsed between baseline 
assessment and the first MRI scan. Additionally, there were no differ-
ences in demographics (e.g., race, sex, income-to-needs) or baseline 
characteristics (e.g., sleep, psychopathology, psychotropic medication 
usage) between children who were and were not included in the final 
sample (i.e., had usable imaging data; see Supplemental Table S1 in 
Supplemental Appendix A). 

5.2. Measures 

5.2.1. Preschool sleep 
Preschool sleep was assessed using the sleep behaviors module of the 

Preschool-Age Psychiatric Assessment (PAPA; Egger et al., 2003) 
administered at the baseline assessment. The PAPA is a valid and reli-
able parent informant measure that consists of a series of developmen-
tally appropriate questions assessing the DSM-IV criteria for childhood 
disorders (Egger et al., 2006). The PAPA was administered in-person by 
trained staff during the developmental assessments. PAPA interviews 
were audiotaped, reviewed for reliability, and calibrated for accuracy 
using methods previously described (Luby, Si et al., 2009). Raters were 
trained to reliability and blind to the child’s previous diagnostic status. 
All interviews were audiotaped, and methods to maintain reliability and 
prevent drift, including ongoing calibration of interviews by master 
raters for 20% of each interviewer’s cases, were implemented in 
consultation with an experienced clinician (JL) at each study wave. 

The Sleep Behaviors module of the PAPA contains a number of items 
assessing common aspects of child sleep, shows correspondence with 
other measures of child sleep disturbances (Alfano et al., 2013), and has 
been used in a number of previous studies (e.g., Alfano et al., 2013; 
Whalen et al., 2016; Willoughby et al., 2008). In the current study, the 
sleep measures derived from the PAPA included: 1) current, average 
bedtime, 2) current, average sleep onset latency – the average amount of 
time it takes the child to fall asleep after being put to bed, 3) current, 
average number of nighttime awakenings – the number of signaled 
awakenings that occur throughout the night, 4) sleep regularity – a 
composite of three items assessing parent perceptions of regularity of the 
child’s sleep schedule across the past three months (i.e., “is there a 
recognizable pattern to child’s sleep and waking schedule?”, and 
interviewer perception of whether the family has bedtime rituals that 
they do most nights and whether the child has a regular weekday 
bedtime, 5) daytime sleepiness – a composite of four items assessing 
parent perceptions of child sleepiness during the day across the past 
three months (i.e., “does s/he seem sleepy during the day?”, “does s/he 
fall asleep almost every time s/he rides in a car when it is not nap time?”, 
“has s/he been feeling especially tired or weary?” and “has s/he become 
tired or worn out more easily than usual?”), and 6) current, average total 
daily sleep duration, including both daytime and nighttime sleep. 
Descriptive statistics and correlations between these sleep items are 
included in Table 2. Scores on each sleep measure from the baseline 
assessment were used in analysis. Each of these sleep measures were 

examined in separate models, given the conceptual distinctions between 
these various aspects of sleep. 

5.2.2. Preschool depression severity 
Depression symptoms in early childhood were measured using 

parent-reports on the depression module of the PAPA. To take a 
continuous, not categorical, approach to quantifying psychopathology, 
preschool depression was quantified as the number of core depression 
symptoms endorsed in the depression module. However, as sleep 
problems are included in the core symptoms of depression, we created a 
preschool depression severity index from the PAPA that included all of 
the core depression symptoms except for insomnia/hypersomnia and 
fatigue. This index included 7 items assessing child depressed and/or 
irritated mood, anhedonia, cognitive disturbances (e.g., difficulty 
concentrating), appetite disturbances, psychomotor disturbances (e.g., 
increased agitation or retardation), feelings of worthlessness and/or 
excess and inappropriate guilt, and recurrent thoughts of death and/or 
suicidal ideation and/or suicide attempts. Preschool depression severity, 
as measured at the baseline assessment, was used in analysis. 

5.2.3. Income-to-needs ratio 
Mothers reported on the family’s income at each developmental 

assessment/MRI scan wave. Income-to-needs ratios were computed as 
the total family income at baseline divided by the federal poverty level, 
based on family size (McLoyd, 1998). An income-to-needs ratio below 1 
is indicative of poverty. 

5.3. Imaging acquisition 

MRI scans 1–3 were processed using the FreeSurfer Longitudinal 
pipeline. Scans 4 and 5 switched to using a 3.0 Siemen’s Tesla Prisma 
whole-body scanner with a 32-channel head coil using Human Con-
nectome Project style acquisitions (Glasser et al., 2016; see Supple-
mental Appendix A for details). Quality assurance measures included 
having subjects practice in an MRI simulator, evaluating head motion 
during structural scans, and recollection of data if necessary. Structural 
data were obtained using two 3D T1-weighted scans (TR 2300 ms, TE 
3.16 ms, TI 1200 ms, flip angle 8◦, 160 slices, 256 matrix, field of view 
256 mm, 1.0 mm3 voxels, 6:18 min per scan) in the sagittal plane using 
a magnetization-prepared rapid gradient echo (MPRAGE) sequence. Full 
details of the imaging acquisition are provided in Supplemental Ap-
pendix A. 

5.4. Structural imaging processing 

Processing of structural data was accomplished using the FreeSurfer 
Longitudinal pipeline v5.3 (http://surfer.nmr.mgh.harvard.edu; Reuter 
et al., 2010) with visual inspection of the white and pial surfaces for 
errors and regeneration with manual intervention to correct for errors 
when necessary by an experienced rater blinded to diagnostic category. 
Processing steps included skull stripping, atlas registration, spherical 

Table 2 
Descriptive statistics for and Pearson correlations between early childhood sleep measures and control variables.   

Mean (SD) or n (%) 1 2 3 4 5 6 7 8 9 

1. Bedtime (HH:MM in 24-h time) 20:50 (57 min)  1.00                 
2. Sleep onset latency (min) 24.72 (27.52)  .14  1.00               
3. Nighttime awakenings 0.79 (0.86)  -0.09  .04  1.00             
4. Sleep regularity 5.53 (1.09)  -0.36**  -0.36**  -0.01  1.00           
5. Daytime sleepiness 0.73 (1.51)  .08  .14  .15  -0.12  1.00         
6. Total sleep duration (hours) 11.65 (2.01)  -0.30**  -0.21*  -0.02  .29**  -0.13  1.00       
7. Baseline/preschool depression severity 2.39 (1.70)  .04  .20*  .11  -0.08  .39**  -0.19*  1.00     
8. Mean income-to-needs ratio 1.77 (0.85)  -0.11  -0.10  -0.01  .01  -0.22*  .07  -0.26*  1.00   
9. Male sex 82 (51.9)  -0.06  .08  .08  -0.09  .13  -0.08  .10  .06  1.00 

Note: *p < .05, **p < .001; min = minutes; baseline depression severity scores do not include the two sleep items (i.e., insomnia/hypersomnia and fatigue) that are 
included in the core preschool MDD depression symptoms. 
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surface registration, and parcellation. Importantly, the longitudinal 
stream includes initialization from an unbiased within subject template 
(created across the longitudinal scans), which reduces the bias that 
would otherwise be present in selecting a single scan as baseline. Using 
an unbiased longitudinal template significantly increases reliability and 
statistical power (Reuter et al., 2012). Total gray and white matter 
volume in the subject’s native space were obtained using FreeSurfer’s 
“aseg.stats” report. Full details of imaging processing are provided in 
Supplemental Appendix A. 

5.5. Statistical analysis 

Longitudinal multi-level modeling (MLM) in SAS version 9.4 was 
used to investigate whether each of the sleep variables in early child-
hood were significantly associated with later gray matter volume tra-
jectories. Gray matter volume, in cubic centimeters at scans 1–5, was 
examined as the dependent variable, and separate models were fitted 
with each of the 6 sleep measures as the independent variable. Time was 
defined as age at scan and centered at the median age of 13 years, and 
age squared was included in the models to allow for quadratic trajec-
tories. Modeling a quadratic trajectory allows for the possibility that 
change in the outcome variable across time is non-linear (Grimm et al., 
2011). As prior research indicates that gray matter volume shows a 
non-linear, decreasing trajectory across childhood into adolescence, we 
opted to examine both linear and quadratic trajectories in all models. 
Child sex and preschool depression severity were included as time 
invariant covariates in all models, and income-to-needs ratio was 
included as a time-varying covariate. In order to examine the specificity 
of the effect of preschool sleep on total gray matter volume, white matter 
volume was included as a time-varying covariate in all models. White 
matter volumes at each age were not associated with any of the pre-
school sleep variables after correcting for multiple comparisons, and the 
inclusion of this covariate allowed us to explicitly test the specificity of 
the relationship to gray matter. All models included the three-way 
interaction between age, the sleep measure, and preschool depression 
severity and all embedded two-way interactions. The longitudinal 
MLM’s included both random intercept and slope components and 
assumed an unstructured covariance structure. In all MLMs, missing 
data were handled using maximum likelihood estimation (Allison, 
2012). False discovery rate (FDR) correction was used to account for 
multiple comparisons. Significance of the three-way interaction between 
the sleep variable, preschool depression severity, and age was deter-
mined by applying FDR correction to those p-values from the 6 MLM’s. 
Analogously, FDR correction was applied across the 6 MLMs for each of 
the lower order effects. 

6. Results 

Descriptive statistics and correlations between all of the predictors 
included in the longitudinal MLMs are presented in Table 2. Results from 
the correlation analysis suggest that preschool sleep disturbances were 
associated with preschool depression severity (as quantified without the 
sleep items). Specifically, longer sleep onset latencies, increased day-
time sleepiness, and lower total sleep durations were associated with 
more severe preschool depression symptoms. Next, we compared across 
children who did (n = 44) and did not (n = 114) meet diagnostic criteria 
for preschool MDD at the baseline assessment. Of note, the diagnostic 
criteria for preschool MDD requires that the child displays at least 4 of 
the 9 core depression symptoms. Given that two sleep items are included 
in the core depression symptoms, we adjusted the diagnostic criteria for 
the purpose of this analysis so that children needed to display at least 4 
“non-sleep core” depression symptoms (i.e., not insomnia/hypersomnia 
or fatigue). Using these altered criteria, children with preschool MDD 
were reported by their parents as being significantly more tired during 
the day and were reported to get less sleep overall (11.88 h/day in non- 
depressed children vs 11.05 h/day in depressed children; see Table 3). 

Results of the longitudinal MLM’s examining the relationship of 
preschool sleep and gray matter volume trajectories are detailed in  
Table 4. In all models, there was a significant effect of the quadratic age 
term, indicating a non-linear, decreasing trajectory across late child-
hood to adolescence. This is consistent with other research examining 
gray matter volume development across this age range (Giedd and 
Rapoport, 2010). After correction for multiple comparisons, significant 
associations between three of the six sleep measures, preschool 
depression, and gray matter volume trajectories were identified. 

In the model examining sleep onset latency as a predictor of gray 
matter volume trajectories, a significant three-way interaction between 
sleep onset latency, preschool depression, and linear age emerged. 
Consistent with prior literature, gray matter declined across age for all 
children (Mills et al., 2016; Walhovd et al., 2017), but children with 
longer sleep latencies and higher levels of preschool depression and 
children with shorter sleep latencies and lower levels of preschool 
depression both showed the fastest decline in cortical gray matter vol-
ume across late childhood to adolescence (Fig. 2A). Although the tra-
jectories were similar, children with shorter sleep latencies and lower 
levels of preschool depression had greater cortical gray matter volume 
across the age range than children with longer sleep latencies and higher 
levels of preschool depression. This significant interaction held when 
controlling for child sex, income-to-needs ratio, and cortical white 
matter volume. 

In the model examining sleep regularity as a predictor of gray matter 
volume trajectories, a significant three-way interaction between sleep 
regularity, preschool depression, and linear age emerged; children with 
lower levels of sleep regularity and higher levels of preschool depression 
showed the fastest decline in cortical gray matter volume across late 
childhood to adolescence (Fig. 2B). This significant interaction held 
when controlling for child sex, income-to-needs ratio, and cortical white 
matter volume. 

In the model examining daytime sleepiness, there was again a sig-
nificant three-way interaction of daytimes sleepiness, preschool 
depression severity, and age (Fig. 2C). Children with lower levels of 
daytime sleepiness and lower levels of depression showed a slower 
decline in gray matter volume across late childhood to adolescence. This 
significant interaction held when controlling for child sex, income-to- 
needs ratio, and cortical white matter volume. 

Although it did not survive FDR correction, we also identified a 
significant interaction between bedtime and preschool depression 
severity, indicating that children with the earliest bedtimes and the 
lowest levels of depression showed the largest gray matter volumes 
(Fig. 2D). Although this finding corresponds with our other findings, 
given that the significance of this effect did not survive multiple 

Table 3 
Differences in baseline sleep variables between children who did and did not 
meet diagnostic criteria for baseline MDD.   

No Baseline 
MDD (n = 114) 

Baseline MDD 
(n = 44) 

No Baseline MDD vs. 
Baseline MDD  

Mean SD Mean SD t df p 

Bedtime (HH:MM 
in 24-h time) 

20:50 59 min 20:52 49 min  -0.28 149  .78 

Sleep onset 
latency 
(minutes) 

22.59 23.31 30.33 36.09  -1.31 56  .20 

Nighttime 
awakenings 

0.72 0.72 0.95 1.14  -1.27 57  .21 

Sleep regularity 5.58 1.05 5.41 1.19  .88 156  .38 
Daytime 

sleepiness 
0.40 0.93 1.57 2.25  -3.33 49  .002 

Total sleep 
duration 
(hours) 

11.88 1.76 11.05 2.47  2.05 61  .04 

Note: MDD = Major Depressive Disorder; Baseline MDD defined as ≥ 4 non- 
sleep core MDD symptoms at the baseline assessment. 
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Table 4 
Multi-level models of preschool sleep and total cortical gray matter volume at scans 1–5 including the interaction between the sleep variable, depression severity, and 
age.  

(continued on next page) 
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comparisons correction, we will not discuss this further. 
The MLMs for the two other sleep measures (i.e., nighttime awak-

enings and total sleep duration) were not found to predict either values 
at the median age of 13 (i.e., intercept) or change in gray matter volume 
over development, either alone or when interacting with preschool 
depression severity. Additionally, given the possibility that child usage 
of psychotropic may have affected our results, all longitudinal MLMs 
were re-run controlling for psychotropic medication usage as a time- 
varying covariate. The pattern of results did not change when 
including this as a covariate. 

7. Discussion 

The current study examined how preschool sleep and depression 
interact to predict gray matter volume trajectories across late childhood 
to adolescence in a sample enriched for preschool depression. In this 
sample, there was an association between preschool sleep disturbances 
and preschool depression, such that preschoolers who were reported to 

have longer sleep onset latencies, increased daytime sleepiness, and 
lower total sleep durations also had more severe preschool depression 
symptoms. Our hypotheses were only partially supported. Although 
sleep disturbances alone did not predict gray matter volume/trajec-
tories, preschool sleep and depression symptoms interacted to predict 
later total gray matter volume and the trajectory of decline in total gray 
matter volume. These findings extend previous research demonstrating 
the effect of experiences in early childhood on later neurodevelopmental 
trajectories and provide critical evidence of the interactive effects of 
both early childhood sleep and early childhood depression on 
neurodevelopment. 

Relatively few studies have examined predictors of within- 
individual, longitudinal trajectories of gray matter development across 
childhood into adolescence. The current study adds to this literature, 
examining how sleep and depression interact to predict changes in total 
gray matter across this developmental window in a sample enriched for 
preschool depression. In this analysis, three, three-way interactions 
emerged indicating that sleep and depression interact to predict the 

Table 4 (continued ) 

Note: Gray boxes indicate significant interactions that are plotted in Fig. 2; x = interaction term. 
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trajectory of gray matter decline across childhood. First, children with 
longer sleep latencies and higher levels of preschool depression and 
children with shorter sleep latencies and lower levels of preschool 
depression both showed the fastest decline in cortical gray matter vol-
ume across late childhood to adolescence. Although these trajectories 
were similar, children with shorter sleep latencies and lower levels of 
preschool depression had greater cortical gray matter volume across the 
age range of examination. Research indicates that reduced global gray 
matter volume in childhood is a characteristic of children with and at 
risk for various forms of psychopathology, including the children with a 
parent with schizophrenia (Sugranyes et al., 2015), infants whose 
mothers experienced perinatal depression (Zou et al., 2019), and 
children/adolescents who experienced preschool depression (Luby 
et al., 2016). Recent work with a large sample of 9–10-year-olds suggests 
that reduced gray matter volume, globally, is associated with increased 
general risk for psychopathology (Durham et al., 2021). Our findings 
suggest that the combination of longer sleep latencies and higher 
depression symptoms in early childhood put children at risk for reduced 
cortical gray matter volumes in later childhood. 

Next, children with more irregular sleep patterns and more depres-
sion symptoms during preschool showed the fastest rate of decline in 
gray matter volume. Similarly, children with lower levels of daytime 
sleepiness and lower levels of depression showed a slower decline in 
gray matter volume across late childhood to adolescence. Although gray 
matter volume has been shown to normatively decline across childhood 
into adolescence, individual differences in the rates at which this decline 
occurs may be an informative phenotype underlying psychopathology 
(Giedd et al., 2008). Decreases in gray matter volume across 

development are thought to be attributable to normative neuro-
developmental processes, including synaptic pruning of excess connec-
tions and increased white matter myelination/expansion that causes 
gray matter to contract (Stiles and Jernigan, 2010). However, overly 
rapid decreases in gray matter volume, resulting in lower total gray 
matter volumes at any given age, may be maladaptive, and associated 
with increased risk for psychopathology (Durham et al., 2021). 
Although our index of sleep regularity relied on parent reports of the 
consistency of the child’s sleep schedule, it is possible that this index 
served as a proxy measure of chronodisruption. Chronodisruption oc-
curs when an individual’s circadian system becomes misaligned either 
to the local light cycle (e.g., shift work disorder) or within an individual 
(e.g., daily rhythms in sleep offset do not coincide with the daily surge in 
cortisol; Erren and Reiter, 2009; Vetter, 2020). One way this might 
manifest is through variability in an individual’s sleep schedule (Dijk 
and Lockley, 2002). Chronodisruption has been linked to both psycho-
pathology and adverse health outcomes (Vetter, 2020; Baron and Reid, 
2014), and future research incorporating psychophysiological data, such 
as accelerometry, should examine whether more precise measures of 
chronodisruption are associated with neurodevelopment across 
childhood. 

Our findings suggest that the processes by which sleep and depres-
sion relate to neurodevelopment are broad, possibly contributing to total 
gray matter volumetric alterations across development. This observed 
whole-brain effect likely arises from the aggregation of differences 
across several cortical regions. Of course, the reverse association is also 
plausible, in which total gray matter volumetric alterations lead to sleep 
disturbances and depression in early childhood, an association that is 

Fig. 2. Significant interactions between baseline sleep, baseline depression severity, and age in predicting gray matter volumes.  
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propagated across development. Without preschool-age measures of 
gray matter volume, we are unable to confirm the directionality of the 
association between sleep, depression, and gray matter volume, so 
future longitudinal research should explore this possibility. Addition-
ally, these findings provide evidence that the effect of early sleep dis-
turbances on neurodevelopment are not solely “secondary” to early 
depression. Early sleep disturbances showed relationships with neuro-
development trajectories when considered in the context of early 
depression symptoms. This provides additional evidence that early sleep 
disturbances are an important, co-occurring condition that should be 
considered in conjunction with early depression when understanding 
early, modifiable factors that contribute to later neurodevelopment. Our 
prior work has demonstrated the central role of preschool depression in 
relating to total gray matter volume trajectories (Luby et al., 2016) and 
volume in specific brain regions (i.e., the hippocampus; Barch et al., 
2019). The current findings expand upon these finding, highlighting the 
critical role of additionally exploring sleep as a predictor of neuro-
development (Dutil et al., 2018). Given the overlap of depression and 
sleep disturbances (Tsuno et al., 2005), the repercussions of sleep dis-
turbances in early childhood may be best understood when considered 
in the context of depression. Future research should examine whether 
the effects found in the current study replicate when examining specific 
brain regions. 

The current study has a number of important strengths, including the 
use of a semi-structured interview assessment of both sleep and 
depression symptoms in childhood, along with up to five waves of lon-
gitudinal neuroimaging. The longitudinal design of this study spanned 
from preschool through adolescence, assessing key developmental pe-
riods important to sleep and brain maturation. There are several limi-
tations worth noting. First, our assessment of preschool sleep was based 
solely on parent report. More objective measures of preschool sleep such 
as actigraphy and polysomnography would enhance the validity of the 
findings described here and offer exciting opportunities for future 
research endeavors in this area. Similarly, the current study did not 
include a thorough assessment of other sleep disorders (e.g., obstructive 
sleep apnea, parasomnias, etc.) or aspects related to sleep hygiene (e.g., 
bedtime routines), and as such, we cannot control for or consider these 
other relevant variables in analysis. Future research exploring the as-
sociation between sleep and neurodevelopment should include 
comprehensive assessment of a range of sleep-related disorders and 
behaviors. This sample was enriched for preschool depression and 
therefore, findings may not generalize to community-based populations. 
However, given our interest in the interaction between sleep and 
depression, it was crucial to have adequate variation in depression 
symptomology in the sample, necessitating our decision to oversample 
for preschool depression. Additionally, not every child in the study 
participated in the MRI scans, so the sample of the current study may not 
be representative of the entire original sample. Next, given that many of 
the children in this sample had a baseline diagnosis of depression, we are 
unable to tease apart causal relationships between sleep and the onset of 
depression predicting gray matter volume. It will be important for future 
research using non-clinically-enriched samples to replicate and confirm 
these findings. Additionally, given the design of the current study, we 
were unable to examine the directionality of the association between the 
three main variables of interest, sleep, depression, and gray matter 
volume or control for prior levels of the outcome variables, and future 
research should consider implementing study designs that enable an 
examination of the directionality of the association between these con-
structs. Similarly, the current study does not address the developmental 
changes in sleep that are known to occur across early childhood (Acebo 
et al., 2005; Byars et al., 2012; Galland et al., 2012), focusing on one 
time point during the preschool period. Future research should consider 
whether trajectories of change in sleep across the preschool period are 
associated with later changes in gray matter volumes. 

Sleep disturbances are relatively common in early childhood, and in 
conjunction with early depression symptoms, these disturbances may 

have widespread effects on neurodevelopmental trajectories. Sleep 
problems in early childhood have been found to be responsive to brief, 
cost-effective interventions (Mindell et al., 2006; Meltzer and Mindell, 
2014), and, given disruptive effects on the whole family’s sleep, are 
often readily identified and reported by parents. The findings of the 
current study underscore the importance of identifying and addressing 
these sleep disturbances in early childhood in order to prevent possible 
neurodevelopmental effects. Given research in adults suggesting that 
treating sleep problems may also reduce depression (Jindal and Thase, 
2004; Manber et al., 2008), but that the reverse is not always true (e.g., 
McGlinchey et al., 2016), future research examining treatment for pre-
school depression should consider including treatment modules that 
focus on improving sleep outcomes. The inclusion of sleep as a treatment 
focus may be a way of both curbing depression and improving neuro-
developmental outcomes. 
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