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Abstract

Despite the known importance of sleep for brain development, and the sharp increase in poor sleep
during adolescence, we know relatively little about how sleep impacts the developing brain. We
present the first longitudinal study to examine how sleep during adolescence is associated with
white matter integrity. We find that greater variability in sleep duration one year prior to a DTI
scan is associated with lower white matter integrity above and beyond the effects of sleep
duration, and variability in bedtime, whereas sleep variability a few months prior to the scan is not
associated with white matter integrity. Thus, variability in sleep duration during adolescence may
have long-term impairments on the developing brain. White matter integrity should be increasing
during adolescence, and so sleep variability is directly at odds with normative developmental
trends.
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Inadequate sleep is endemic in adolescence (Colrin & Baker, 2011). In addition to receiving
less than optimal average sleep per night, variability in sleep duration and sleep-wake
rhythms peak during adolescence (Dahl & Lewin, 2002; Thorleifsdottir et al., 2002).
Children and adolescents often need more sleep than adults, which is attributed to the
putative function sleep serves in brain maturation (Iglowstein et al., 2003; Huber & Born,
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2013). Indeed, researchers have proposed that the primary purpose of sleep is the promotion
of brain development (Roffwarg et al., 1966; Jan et al., 2010; Dahl & Lewin, 2002).
Unfortunately, adolescents may not receive the quality environmental context needed for
restorative sleep and optimal neuronal development (Dahl & Lewin, 2002).

Experimental research utilizing animal models and human adults has shown that impaired
sleep, including sleep deprivation and variability in sleep-wake cycles, alters synaptic
plasticity resulting in transcriptional alterations in protein synthesis, reduced cerebral
metabolism, grey matter loss in cortical and subcortical structures, as well as neurogenesis
as a result of increased circulating levels of the adrenal stress hormone, corticosterone
(Mirescu et al. 2006; Kopp et al., 2006; Halbower et al., 2006). Moreover, there is
compelling evidence from high density EEG studies in youth measuring electrical activity of
the brain showing that poor sleep can influence neural function, relating to impairments in
memory formation and learning, executive functions, and emotional well-being (see Jan et
al., 2010). Because sleep, and REM sleep in particular, facilitates memory consolidation,
learning, and emotional development (Sejnowski et al., 2000; Tononi & Cirelli, 2006; Pugin
et al., 2014; Huber & Born, 2013; Jan et al., 2010), poor sleep in adolescence may be
associated with a host of negative outcomes via alterations in brain development and
function (Dahl & Lewin, 2002). Yet, despite the important role of sleep in promoting brain
development, we know little about how variations in sleep during adolescence are associated
with alterations in the developing brain.

The adolescent years represent a key developmental period when the brain undergoes
significant remodeling, which is accompanied by changes in the neurophysiological features
of sleep, memory systems, socioemotional processing, and emotion regulation (Nelson et al.,
2005; Spear, 2000). Myelination of frontocortical and frontostriatal white matter tracts
continues through adolescence and into adulthood (Asato et al., 2010; Giorgio et al., 2008,
2010). Cellular maturation of white matter facilitates faster and more efficient neural
transmission and cognitive processing (Geidd et al., 2008). Thus, relative delayed
maturation and subtle alterations in the microstructure of white matter fibers during
development can affect neurocognition and behavior, including behavioral problems (Li et
al., 2005), substance use (Acheson et al., 2014; Bava et al., 2013), and poor cognitive
performance (Chaddock-Heyman et al., 2013; Nagy et al., 2004). During periods of brain
development, synaptic activity exhibits high levels of plasticity and connectivity and is
therefore particularly influenced by environmental inputs (Jan et al., 2010). Moreover,
stressors can significantly modify brain development (Kaufman et al., 2000). Sleep may
therefore have an especially large impact on the developing adolescent brain. While sleep
problems may not induce neural changes in white matter that are immediately evident,
chronic or frequent sleep problems may have accumulating effects, impairing neuronal
integrity, decreasing neurogenesis, and altering structural plasticity over time.

Adolescents demonstrate considerable variability in their sleep patterns, with intra-
individual differences in sleep duration often exceeding between-person differences. Such
variability in sleep is detrimental for health outcomes, perhaps more so than is chronically
low sleep duration (Acebo & Carskadon, 2002). For example, adolescents with high day-to-
day variability of sleep duration assessed by daily sleep logs over two weeks report greater
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depression, anxiety, fatigue, and lower subjective well-being controlling for average sleep
duration (Fuligni & Hardway, 2006; Lemola et al., 2013). Daily diary measurements offer
an ideal method for assessing sleep. Single-time surveys do not provide estimates of the
daily variability in adolescents' sleep that go beyond differences between weekdays and
weekends (Fuligni & Hardway, 2006). Moreover, daily reporting minimizes the amount of
error that occurs in retrospective reporting of events and allows for a direct estimation of the
daily variability in adolescents' sleep time.

In the current study, adolescents completed daily diary checklists two times, one year apart.
In order to examine how sleep was associated with the developing brain, adolescents
underwent a DTI scan a few months following the second wave of daily diaries. DTI offers
the ability to indirectly study the microstructural components of white matter. Fractional
anisotropy (FA), a measure of fiber bundle organization and microstructural integrity of
white matter (WM), is a widely used general index of axonal integrity (Bora et al., 2010).
By measuring sleep at two time points, once a few months prior to the DTI scan and once
1.5 years prior to the scan, we were able to test whether sleep problems have more
immediate or long-term effects on brain development. Sleep problems may take time to
impact the development of the brain, as alterations in myelination may not occur
immediately. Indeed, early life stressors are associated with later reductions in FA (Paul et
al., 2008; Teicher et al., 2010). Moreover, animal models have shown that stressors can
differentially impact short-term and long-term neural processing. For instance, in rats,
caffeine treatment is associated with short-term decreases in slow-wave activity (SWA), an
electrophysiological signature of slow, synchronized, oscillatory neocortical activity that
occurs during deep sleep, but the longer-term effects are reversed (i.e., increases in SWA)
and persist over time (Olini et al., 2013). Thus, we expected to find more long-term
associations between poor sleep and white matter integrity.

Methods

Participants

At the first and second waves of data collection, 48 adolescents (27 female) completed daily
diary checklists (wave 1: Mage=14.8 years; wave 2: M,ge=15.9 years). A few months after
completing the second wave of daily diaries, adolescents completed a DTI scan (Mage=16.3
years). All participants were right-handed, free of metal, reported no current medication
except birth control, and did not report being diagnosed with any mood or sleep disorder.
Parents provided written consent and adolescent participants completed written assent in
accordance with UCLA's Institutional Review Board.

Procedures

At waves 1 and 2, interviewers visited the home of participants. Adolescents were provided
with 14 days of diary checklists to complete every night before going to bed for two
subsequent weeks. The three-page diary checklists took approximately five to ten minutes to
complete each night. Participants were instructed to fold and seal each completed diary
checklist and to stamp the seal with an electronic time stamper each night. The time stamper
imprinted the current date and time and was programmed with a security code such that
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adolescents could not alter the correct time and date. Participants were told that if inspection
of the data indicated that they had completed the checklists correctly and on time, each
family would also receive two movie passes. At the end of the two week period,
interviewers returned to the home to collect the diary checklists. Adolescents received $30
for participating. The time-stamper monitoring and incentives resulted in a high rate of
compliance, with 96% of the potential diaries being completed. On average, adolescents
completed 13.7 diaries at wave 1 and 13.0 diaries at wave 2. One adolescent provided fewer
than 3 diaries at wave 2 and so is excluded from analyses examining wave 2 associations. At
both waves, the diaries were collected during the fall semester of school across two weeks
when school was in session. Waves 1 and 2 occurred during the same time of year, as close
to 1 year apart as possible, in order to control for time of year effects. Within 1-3 months
following the second wave of diaries, adolescents completed a DTI scan.

Daily sleep—Each day, adolescents reported the time they went to bed the prior night
(“what time did you go to bed last night?””) and the time they woke up that morning (“what
time did you get up from bed this morning?”). They then indicated the total time they slept
(“how much time did you sleep last night?”). From these questions, we created four
variables of interest, sleep duration, sleep duration variability, weekend-weekday sleep
duration, and bedtime variability. Using the daily item on total sleep time, sleep duration
was calculated by taking the average minutes of sleep attained each night across the 14 days
and sleep duration variability was calculated by taking the standard deviation in minutes of
sleep time attained each night across the 14 days. Weekend-weekday sleep duration was
calculated by taking the difference in total sleep time between weekend and weekdays.
Positive scores indicate greater sleep time on weekends whereas negative scores indicate
greater sleep time on weekdays. Finally, bedtime variability was calculated by the standard
deviation in bedtimes across the 14 days. Scores were calculated at wave 1 and wave 2.

DTI Image Acquisition and Processing

Imaging data were collected using a 3 Tesla Siemens TrioMRI scanner. Diffusion weighted

images were acquired using an echo-planar imaging (EPI) sequence (64 directions, TR/TE =
7200/93 ms, 50 slices; slice thickness = 2 mm, FOV = 190 mm, voxel size =2 x 2 x 2 mm).
This sequence also provides a T2 weighted volume (BO).

DTI processing and voxelwise statistical analysis were performed with FSL v4.1.6
(www.fmrib.ox.ac.uk/fsl). Datasets were corrected for head motion, eddy current distortion,
and signal loss using the FMRIB Diffusion Toolbox. Four participants displayed > 2 mm of
translational motion. Excluding these individuals did not alter results, and therefore they
were retained in analyses. Degree of diffusion was assessed with fractional anisotropy (FA).

Voxelwise statistical analysis of the FA data was carried out using TBSS [Tract-Based
Spatial Statistics, (Smith, 2006)], within the FSL toolbox (Smith, 2004). First, FA images
were created by fitting a tensor model to the raw diffusion data using FDT, and then brain-
extracted using BET (Smith, 2002). All subjects' FA data were then aligned into a common
space using the nonlinear registration tool FNIRT (Andersson, 2007a, 2007b), which uses a
b-spline representation of the registration warp field (Rueckert 1999). Next, the mean FA
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image was created and thinned to create a mean FA skeleton, which represents the centers of
all tracts common to the group. Each subject's aligned FA data was then projected onto this
skeleton and the resulting data were used in voxelwise cross-subject analyses. To minimize
partial-volume effects and areas of high inter-subject variability, values were thresholded at
FA > 0.2. Data from each point on the skeleton formed the basis of voxelwise statistical
comparisons.

DTI-based voxelwise statistics were carried out using FSL Randomize with 500
permutations and a standard GLM design. Randomize (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl/) uses a permutation based statistical inference that does not rely on
a Gaussian distribution (Nichols and Holmes, 2002). A single-group average with covariate
design was applied to assess voxelwise differences among individuals based on behavioral
variables of interest (e.g., sleep variability), which were demeaned and individually entered
as regressors in the GLM model. A statistical threshold of p < 0.05, corrected for multiple
comparisons with familywise error correction (FWE) and Threshold-Free Cluster
Enhancement (TFCE), was used for analyses. TFCE helps identify cluster-like structures in
images without definition of an initial cluster-forming threshold or carrying out a large
amount of data smoothing (Smith and Nichols, 2009). Identification of the significant white-
matter tracts revealed by TBSS was based on the Johns Hopkins University (JHU) — ICBM-
DTI-81 white-matter labels atlas and the white-matter tractography atlas (Wakana et al.,
2004; Hua et al., 2008). For visualization purposes for the figures, the skeletonized results
were thickened using the tbss_fill command. The images are displayed in radiological
convention. When sex was included as a covariate, all the results below remain the same.

Results

Descriptives

At wave 1, adolescents went to bed at 11:00pm on average (range 8:20pm-1:45am; bedtime
variability=1.44 hours). Adolescents attained an average of 499 minutes (8.3 hours) of sleep
per night, ranging from 274 to 647 minutes. Adolescents' sleep duration variability (i.e.,
one's own standard deviation in sleep time across 14 days) was 93 minutes on average,
ranging from 36 to 152 minutes. Weekend-weekday sleep duration was 60 minutes (ranging
from —133 to +198), indicating that adolescents attained one hour more sleep on average on
weekends than weekdays.

At wave 2, adolescents went to bed at 11:10pm on average (range 8:50pm-2:10; bedtime
variability=1.33 hours). Adolescents attained an average of 493 minutes (8.2 hours) of sleep
per night, ranging from 397 to 596 minutes. Adolescents' sleep duration variability at wave 2
was 95 minutes on average, ranging from 21 to 199 minutes. Weekend-weekday sleep
duration was 48 minutes on average (ranging from -135 to +228).

Within samples t-tests revealed no significant differences in any of the sleep variables
between wave 1 and wave 2. In addition, we examined gender differences in sleep patterns.
Males and females only differed in average sleep time at wave 2, such that females (M=480
minutes, SD=49) attained less sleep than males (M=510 minutes, SD=39) on average,
t(46)=2.3, p<.05. Next, we ran bivariate correlations between the sleep estimates at waves 1
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and 2. As shown in Table 1, greater sleep duration at wave 1 was associated with greater
sleep duration at wave 2. Greater variability in sleep time at wave 1 was associated with
greater weekend-weekday sleep duration at wave 1 and less total sleep time at wave 2.
Weekend-weekday sleep duration at waves 1 and 2 were correlated. Bedtime at wave 1 and
wave 2 were highly correlated. Bedtime variability at wave 1 was associated with less sleep
duration at wave 2. Bedtime variability at wave 2 was highly correlated with sleep duration
variability at wave 2.

between Sleep and FA

White matter microstructure was assessed using fractional anisotropy (FA), a measure of the
directional coherence of brain tissue that provides an estimate of white matter integrity. Our
first analysis tested how sleep duration variability and sleep duration at wave 1 correlated
with FA. We simultaneously entered sleep duration variability and sleep duration as
regressors to test how each was associated with white matter microstructure above and
beyond the effect of the other. As shown in Table 2 and Figure 1, greater variability in sleep
duration across two weeks was associated with less FA in several white matter tracts. These
clusters were located in association tracts (e.g., superior longitudinal fasciculus), projection
tracts (e.g., anterior thalamatic radiata, anterior corona radiata, corticospinal tract, internal
capsule), and the interhemispheric tract (corpus callosum). For descriptive purposes, we
plotted several of these associations (Figure 2).

Next, to examine whether the associations with sleep duration variability and FA were
accounted for by weekend-weekday differences in sleep time, we entered weekend-weekday
sleep duration as a regressor into the same model with sleep duration variability and sleep
duration. Sleep duration variability continued to predict lower FA and weekend-weekday
sleep duration was not associated with FA. Lastly, we tested whether the associations with
sleep duration variability and FA were accounted for by variability in bedtime. We
simultaneously entered bedtime variability, sleep duration variability, and sleep duration as
regressors. Bedtime variability was not associated with FA, whereas sleep duration
variability continued to predict lower FA.

Finally, we examined how sleep at wave 2 was associated with FA. We simultaneously
entered sleep duration variability and sleep duration as regressors to test how each was
associated with white matter microstructure above and beyond the effect of the other. Sleep
duration variability and sleep duration at wave 2 were not associated with FA. In addition,
we examined weekend-weekday sleep duration and bedtime variability in parallel models to
those run at wave 1. None of these sleep indexes were associated with FA.

Discussion

Adolescence is a developmental period marked by increases in poor sleep coupled with
significant reorganization of the brain, and extensive emotional, behavioral, and cognitive
changes. The links between poor sleep and behavioral and psychological outcomes (e.g.,
academic difficulties, poor impulse control, problems with emotion regulation, negative
affect) have been well established (Fuligni & Hardway, 2006; Anderson et al., 2008,
O'Brien & Mindell, 2005; McKnight-Eily et al., 2011). Yet, despite the known importance
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of sleep for brain development (Roffwarg et al., 1966; Jan et al., 2010; Dahl & Lewin,
2002), we still know relatively little about how insufficient sleep during adolescence may
alter the developing brain. This is the first study to our knowledge to examine how sleep
during adolescence is longitudinally associated with white matter integrity. We find that
greater variability in sleep duration 1.5 years prior to the DTI scan is associated with lower
FA above and beyond the effects of sleep duration and variability in bedtime, whereas sleep
variability a few months prior to the scan is not associated with FA. These effects suggest
that variability in sleep duration, regardless of the duration in the total amount of sleep or
large fluctuations in the time teenagers are going to bed, may have long-term effects on the
developing brain.

The amount of daily variability in adolescents' sleep time was striking, averaging over 1.5
hours. Sleep variability measured 1.5 years prior to the scan was associated with
significantly reduced FA in frontocortical and frontostriatal tracts, association tracts,
projection tracts, and the interhemispheric tract. FA in these tracts should be increasing
during adolescence (Asato et al., 2010; Giorgio et al., 2008, 2010). Thus, sleep variability is
directly at odds with normative developmental trends. Notably, sleep variability predicted
reduced FA above and beyond average sleep time, suggesting that variability in sleep
duration may be more important for white matter development than does receiving
chronically low levels of average sleep time. This finding is consistent with prior research
showing that variability in sleep predicts adolescents' psychological functioning more so
than does average sleep time (Fuligni & Hardway, 2006; Lemola et al., 2013).

Our findings suggest that high levels of sleep variability may impair the development of
white matter development. Developmental increases in myelination during adolescence
facilitate faster and more efficient neural transmission and cognitive processing which, in
turn, is related to better behavioral performance and learning (e.g., Jacobus et al., 2013).
Here we find potentially long-term consequences of poor sleep, relating to lower FA in the
parietocortical, frontocortical and frontostriatal tracts. Specifically, we found that greater
sleep variability was associated with reduced FA in projection and association tracts
including the internal capsule (IC), anterior thalamatic radiation (ATR), posterior thalamatic
radiation (PTR), cingulum, superior corona radiata, posterior corona radiata, and superior
longitudinal fasciculus (SLF). The IC is traversed by axonal fibers that connect the thalamus
to the prefrontal cortex and forms part of a circuit linking the frontal lobe and basal ganglia.
The ATR connects the dorsomedial and anterior thalamic nuclei with the prefrontal cortex
(Schmahmann & Pandya 2006). The cingulum connects the anterior cingulate cortex to
other frontal sites as well as to the amygdala, nucleus accumbens, and thalamus (Goldman-
Rakic et al., 1984). Deficits in the cingulate and ATR tracts result in the disintegration of the
fronto-striato-thalamic circuitry and the disruption of functional connectivity between
regions linked by these tracts. The PTR is a projection fiber from the posterior part of the
thalamus to the occipital cortex, which includes axons connecting the cerebral cortex, basal
ganglia, and thalamus. The PTR is part of the cortico-thalamo-cortical pathway, which is
considered to play a key role in central information processing and overall cognitive control
(Sherman & Guillery, 2002; Chaddock-Heyman et al., 2013). The posterior and superior
corona radiata contain reciprocal prefrontal-striatal connections and projection fibers. These
tracts are central to detection of salient rewarding cues, positive affect, and higher order
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processing necessary to effectively monitor conflict and resist impulsive actions (Jacobus et
al., 2013). Finally, the superior longitudinal fasciculus is a long association fiber connecting
the prefrontal to parietal cortex. The SLF plays an important role in higher-level cognitive
processes, including attention and executive functions. Together, these tracts carry important
connections between the prefrontal cortex to subcortical regions, and are therefore essential
for cognitive and executive functioning and emotion regulation (Asato et al., 2010).
Importantly, these tracts are still undergoing significant development during adolescence
(Asato et al., 2010; Giorgio et al., 2008, 2010). Thus, variability in sleep duration may
impair cognitive and socioemotional well-being by altering the development of white matter
integrity in these tracts. However, we did not measure cognitive or emotional outcomes or
the consolidation of memories and learning. Thus, future research should use longitudinal
techniques to examine functional outcomes at both neural and behavioral levels in order to
effectively examine how sleep and alterations in white matter are associated with
developmental aspects of affect, cognition, and behavior.

Adolescents in this study averaged over 8 hours of sleep per night, which is similar to what
has been obtained in other studies with this age group (Wolfson & Carskadon, 1998; Fuligni
& Hardway, 2006) and is close to the number of hours recommended for adolescents
(Wolfson & Carskadon, 1998). Yet, some participants attained as few as 4.5 hours of sleep
on average. Interestingly, average sleep duration was not associated with white matter
integrity. In addition, the effects of sleep variability on brain development were not due to
large differences in sleep duration on weekends versus weekdays or to variability in
bedtime. This suggests that day-to-day variability in the duration of sleep within the week
may be particularly detrimental for youth.

Our study is correlational and does not provide evidence about the direction or causality of
the effects. Thus, it is possible that alterations in white matter integrity result in greater
variability in sleep. However, because variability in sleep measured a few months prior to
the scan was not associated with FA, whereas variability in sleep measured 1.5 years prior to
the scan was associated with lower FA, our findings suggest that sleep problems may not
induce neural changes in white matter that are immediately evident. Rather, sleep problems
may have accumulating effects that impair neural development over time. Therefore, it may
take time for sleep patterns to have an effect on structural changes in the brain. We have
previously found that poor quality sleep has immediate consequences for functional brain
activation in adolescence, such that insufficient sleep is related to lower activation in the
PFC and heightened activation in the striatum, which, in turn, are associated with greater
risk taking behavior (Telzer et al., 2013). Here we show that the consequences of poor sleep
for structural brain development may have more accumulating and long-term effects. It is
also possible that adolescents' brains were more malleable and sensitive to environmental
stressors at wave 1, and so poor sleep may have had immediate changes on neural circuitry
at age 14.8 years that persisted, neural changes we did not find at wave 2 when the
adolescents were older and potentially less sensitive to environmental stressors.
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We utilized adolescents' self-reported sleep. Although daily diaries generally avoid
retrospective errors in recall and provide a means for estimating daily variability in
adolescents' sleep that cannot be captured with retrospective reports, daily self-reports are
still subjective measures that can be prone to reporting biases. Thus, using a device such as
an actigraph to monitor participants' motor movements throughout the night could provide
more objective measures of sleep as well as a wider variety of sleep measures. For instance,
actigraphy provides measures of sleep quality, including sleep efficiency, sleep latency
onset, and wake after sleep onset, measures which could provide a deeper understanding of
the role of sleep on brain development. Thus, our study is limited in that we only assessed
the time adolescents went to bed and the time spent sleeping across study days. While this
allowed us to capture several important indexes of sleep (i.e., sleep duration, sleep
variability, weekend-weekday sleep, and variability in bedtime), we were not able to assess
other measures of the quality of adolescents' sleep. Future studies should continue to
carefully unpack the role of multiple sleep indexes on adolescents' brain development and
behavioral functioning in order to fully understand when and why chronically low sleep
duration versus high variability in sleep duration impact youths' development.

Finally, DTI is an effective measure for assessing white matter integrity. Fractional
anisotropy (FA), the most widely used parameter of DTI (Assaf & Pasternak, 2008), is
sensitive to a variety of parameters including fiber density, axonal diameter, and regional
myelination (Beaulieu, 2002). However, changes in FA values during normal development
largely reflect changes in axonal myelination and can therefore be used as an indirect
measurement of myelin level (Madler et al., 2008). Nonetheless, these other indexes
included in FA also contribute to observed anisotropy (Assaf & Pasternak, 2008). Thus,
future research should take advantage of methodological advances in estimating white
matter integrity to fully understand the specific mechanisms that are altered as a function of
poor sleep. In addition, future research should unpack how sleep may contribute to
alterations in other structural brain measures, including gray matter development and MR
elastography (Mariappan et al., 2010).

In conclusion, we utilized longitudinal reports of daily sleep during adolescence and find
that variability in adolescents' sleep patterns can have implications for their brain
development. Attaining low-variability sleep therefore is essential not only for short-term
functioning and well-being, but also for longer-term neurobiological development. Parents,
practitioners, and policymakers should pay close attention to the daily changes in
adolescents' sleep patterns and identify ways to decrease variable amounts of sleep time,
which can potentially have lasting implications for the developing teenage brain.
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Figure 1.
Regions of FA that correlated negatively with sleep variability at wave 1. Significant results

are displayed on the study-specific mean FA map and the study-specific mean FA skeleton.
Note. Right=Left
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Figure 2.
Significant correlations between FA and sleep variability at wave 1. Scatterplots showing a

visual depiction of the relation between sleep variability at wave 1 and FA in the (a)
splenium of the corpus callosum, (b) posterior limb of the internal capsule, (c) superior
longitudinal fasciculus, and (d) corticospinal tract. **p<.005 Note. Right=Left
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