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Abstract A burgeoning literature implicates sleep problems
in risk for adolescent substance misuse as well as a negative
prognostic indicator of substance abuse treatment response.
Mechanisms underlying the relationship between sleep prob-
lems and propensity to abuse substances during this phase of
development have yet to be elucidated. Many questions also
remain about this relationship given the paucity of integrative
models and data from prospective studies with a pre-drug
exposure baseline. Our integrative, temporal model theorizes
that sleep problems may increase propensity to substance mis-
use through interactions with emotion dysregulation and cog-
nitive deficits. Stress exposure may exacerbate this confluence
of factors, and ongoing hormonal and brain changes during
puberty may also contribute to the relationship between stress
and risk for substance misuse. Finally, substance use itself
worsens sleep problems and further dysregulates emotion
and cognition, promoting an escalating pattern of use. If sleep
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problems increase risk for substance misuse and treatment
intractability, greater attention to causes of sleep problems in
young people would have significant preventive and/or ame-
liorative implications given the malleability of these functions.

Keywords Sleep problems - Adolescence - Substance
misuse - Emotional dysregulation - Executive cognitive
function - Stress

Introduction

Numerous recent reports suggest that sleep problems from
adolescence into adulthood are predictive of substance use
(illicit drugs and alcohol) initiation and escalation [1-3], and
yet the mechanisms underlying this relationship have not been
fully elucidated. Studies show that adolescent and adult sub-
stance users report more frequent sleep problems than
nonusers, both prior to and after initial drug use [2, 3, 4ee,
5]. For example, abstinence in chronic marijuana users is typ-
ified by dysregulation of sleep patterns that increases risk for
relapse and interferes with treatment [6, 7]. There is also some
evidence that children and adolescents with particular sleep
problems (over and above those that onset with puberty and
characterize adolescence) are more prone to eventually initiate
substance use [1-3]. Many questions remain about this puta-
tive relationship given that prospective studies with a pre-drug
exposure baseline are few and integrative models are lacking.

A systems approach [8] is needed that examines the com-
plex linkages between sleep disturbances and substance mis-
use, taking into account the array of biological and experien-
tial factors (e.g., emotional regulatory and executive function-
ing, stress exposure, and physiologic stress response) [9—12]
that may either explain or exacerbate the relationship. Recip-
rocal associations have been reported between these
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individual-level factors and sleep problems [2, 3, 13, 14]. Sex
and pubertal changes also need to be taken into account based
on findings that boys and girls differ in sleep patterns and the
extent to which sleep is associated with substance use [14],
and that pubertal development is typified by dramatic changes
in sleep, stress reactivity, and emotion regulation [15]. Thus, a
more comprehensive conceptual model that accounts for these
multiple potentially influential factors could shed light on
each of their roles in alcohol and illicit drug abuse to more
effectively target preventive and treatment interventions. Evi-
dence to support the idea that sleep problems in childhood
may increase the probability of substance use onset, escala-
tion, and treatment intractability would highlight the impor-
tance of preventing or ameliorating sleep problems among
youth, given the long-term implications of sleep problems
and substance use on health. This article reviews the pertinent
literature on the relationship between sleep problems and sub-
stance involvement, as well as other factors at play during
adolescence reported to influence both sleep patterns and sub-
stance use. An integrative systems model is then introduced,
which proposes ways in which these influential factors may
underlie or exacerbate the link between sleep and substance
involvement in adolescence.

Prevalence of Sleep Problems in Adolescence

Sleep is a restorative function that is essential for healthy
development and brain maturation. It is central to processing
of information, learning, and memory consolidation [16]. Im-
portant changes in sleep occur during adolescence, particular-
ly with the onset of puberty but also due to changing social
demands. National survey data indicate normative age varia-
tion in sleep duration from adolescence through early adult-
hood, such that sleep duration decreased from 8.5 h nightly at
age 13 years to 7.3 h at age 18 years [17]. Along with a
decrease in sleep duration in adolescence, there is a delay in
bedtime, a shift to an evening chronotype (i.e., preference for
evening activities), and a decrease in the total sleep duration
[18, 19]. These changes are accompanied by a decrease in the
arousal threshold and a decrease in slow-wave sleep due to
maturational changes in neuronal connectivity in adolescence
[18, 19]. Normative developmental changes in adolescent
sleep patterns are well documented and exist across numerous
countries and cultures; worldwide, adolescents have delayed
bedtimes in general and later wake times on weekends [20].
Although the National Sleep Foundation recommends 8.5—
9 h of sleep for adolescents [21], parents reported 58 % of 15—
17-year olds sleep 7 h or less per night and only 10 % sleep 9 h
or more [22]. These data are consistent with the Center for
Disease Control and Prevention’s 2013 Youth Risk Behavior-
al Surveillance (YRBS) data which showed 68.6 % of stu-
dents in 9—12th grade averaged less than 7 h of sleep on school

nights [23]. Recognizing the importance of sleep, the US De-
partment of Health and Human Services made it a Healthy
People 2020 goal to have 33.1 % of students in 9—12th grade
obtain sufficient sleep [24]. Despite this increased awareness,
no significant increases/trends in sleep duration were identi-
fied in the 2007-2013 YRBS data, and the Healthy People
goal has yet to be reached [23]. A systematic review on ado-
lescent sleep duration described a decrease in sleep duration of
0.75 min per year in children and adolescents over the past
100 years [25], suggesting shorter sleep duration for each
successive generation of youth in the past century.

Sleep Problems and Propensity for Substance Misuse
in Adolescence

Insufficient sleep and/or misaligned sleep patterns are known
to have adverse physical and mental health outcomes. Sleep
deprivation has been linked to obesity [26, 27], mood prob-
lems, and suicidal ideation [28-31]; academic and school con-
cerns [13, 18, 32¢]; and conduct problems [33]. Inadequate
sleep and other sleep problems are further associated with
earlier onset and increased use of alcohol, alcohol-related
problems, tobacco, and other substance use [4¢e, 34-37]. A
cross-sectional study examined data from the 2007 YRBS (n=
12,000 9—12th graders across the USA) and found that ado-
lescents who reported sleeping less than 8 h on school nights
reported more health risk behaviors, such as substance use
(the prevalence of cigarette, marijuana, and alcohol use was
24,23.3, and 50.3 %, respectively, among youth with insuffi-
cient sleep) [38]. Differences in sleep architecture found in
youth at high risk for substance use disorders (alcohol and
illicit drugs) based on family history compared to those at
low risk [18, 39-41] also suggest that sleep problems may
predate and possibly contribute to substance misuse.

The extent of sleep deprivation may be associated with
likelihood of engaging in risk behaviors. One study found that
the relationship between certain high-risk behaviors among
those with inadequate sleep was non-linear and varied with
the degree of sleep deprivation in the 2011 YRBS [42]. Spe-
cifically, 9th—12th grade students getting 5 h of sleep were
52 % more likely to report smoking relative to students getting
8 h of sleep; students getting less than 5 h of sleep were 159 %
more likely to report smoking [42]. Another investigation of
gradations of sleep deprivation examined the difference an
hour or two more sleep makes for adolescent risk behaviors
[43]. This study evaluated 8th, 10th, and 12th graders in a
suburban community with early high school start times (e.g.,
7:20 am). Students reported only 6.5 h of weekday sleep,
which is significantly less sleep than high school students
nationally. Substance use increased steadily with decreasing
sleep duration in a linear manner. After controlling for back-
ground variables, the odds of a student recently using tobacco,
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alcohol, and/or marijuana increased by 23 %, and the odds of
using illicit/prescription drugs increased by 37 % for each
hour less of sleep.

Pasch et al. examined longitudinal bi-directional relation-
ships between sleep duration and patterns of substance use in a
2-year follow-up study of 704 US adolescents. Results
showed that reduced weekday sleep duration was associated
with increased alcohol use at baseline and shorter weekend
oversleep at the 2-year follow-up. Cigarette smoking and
weekend sleep were bi-directionally related as were marijuana
use and total sleep, providing further evidence for causal rela-
tionships between sleep and substance use among adolescents
[44].

These studies highlight the association between substance
use and sleep problems in adolescence. A comprehensive,
systems-based, and developmental approach is needed to un-
derstand the various factors that mediate and moderate this
relationship. This work can serve to identify novel targets
and strategies for primary prevention, treatment, and relapse
prevention.

Factors Implicated in the Relationship
Between Sleep and Substance Misuse in Adolescents

The following sections review literature on several factors
which have been independently identified as possible media-
tors and moderators of the association between sleep problems
and substance involvement in adolescence: neurocognition,
emotion dysregulation, stress exposure, pubertal develop-
ment, and sex. Based on associations reported between these
factors and both sleep problems and substance misuse during
adolescence as well as their inherent interrelatedness, an inte-
grated systems science model is presented that postulates a
specific role for each factor.

Neurocognitive Mechanisms Underlying the Influence
of Sleep Problems on Substance Misuse

Neurocognition refers to cognitive functions that have been
associated with activity in particular regions of the brain. Of
relevance here are dimensions of executive cognitive func-
tioning (ECF), higher-order cognitive functions, modulated
by the prefrontal cortex, that involve complex planning, prob-
lem solving, decision-making, working memory, and self-
regulation of goal-directed behaviors [45]. There is accumu-
lating evidence that the relationship between inadequate or
problematic sleep and substance use is related to the negative
effect of sleep loss and/or irregular sleep patterns on ECF [1].
Research in adults suggests that poor sleep—acute and chron-
ic—has neurocognitive consequences such as impaired atten-
tion and vigilance [46] as well as altered decision value signals
[47] and reduced functional connectivity between affect and
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regulatory regions in the limbic system [48]. Both chronic and
brief periods of sleep deprivation have been associated with
changes in metabolism to the prefrontal region in both adoles-
cents and adults [49¢], which may underlie impairments in
neurocognition. Sleep loss and poor sleep quality also have
been implicated in other behaviors associated with ECF defi-
cits such as risk-taking behaviors [49+, 50¢¢], low self-control
[51¢], and delinquent behaviors [S1e, 52, 53¢] Since the devel-
oping adolescent brain is characterized by the imbalance of
increased reward-seeking behaviors and immature impulse
control (Dual Systems Model) [54, 55], the detrimental effects
of poor sleep on an individual’s propensity to engage in risky
behaviors may be amplified during adolescence.

Results from a recent neuroimaging study support the no-
tion that poor sleep quality is associated with greater likeli-
hood to engage in risky behavior through increased sensitivity
to reward and lower inhibitory control. Specifically, Telzer
and colleagues used functional magnetic resonance imaging
(fMRI) to examine brain activity associated with cognitive
control and reward processing during risk-taking tasks in
healthy adolescents. Adolescents who reported poorer sleep
quality exhibited greater risk taking which corresponded with
less dorsolateral prefrontal cortex (DLPFC) activation during
cognitive control (impaired regulatory control). Lower sleep
quality also showed increased insula activation during reward
processing and reduced functional coupling between the
DLPFC and the affective regions during reward processing
(increased reward sensitivity) [50e¢]. These results suggest
impairment in cognitive and behavioral regulation is associat-
ed with sleep quality in adolescents, and such impairments
have been repeatedly related to risk for substance misuse [9,
56, 57].

In addition to the effects of sleep loss on ECF, circadian
misalignment is associated with impaired affective and moti-
vational regulation [58—60, 61¢¢]. Circadian misalignment is
the discrepancy between one’s internal circadian timing and
imposed early school/work schedules which causes sleep loss
during the week and increased sleep during the weekends; this
significant difference in weekday and weekend sleep timing
produces a “social jetlag” [62, 63]. Extant research shows that
the reward system is modulated by circadian rhythms and
sleep loss [48, 64—66]. Hasler and colleagues reported that
differences in weekday—weekend sleep timing in healthy ad-
olescents were associated with decreased activation in the me-
dial prefrontal cortex and ventral striatum during the anticipa-
tion and receipt of reward [60]. Based on the described re-
search findings, Hasler and Clark proposed a conceptual mod-
el whereby circadian misalignment and reward function serve
as a pathway to adolescent substance use [63, 67]. The com-
bination of normative developmental changes (preferred
eveningness) and early school start times cause many adoles-
cents to have a chronic circadian misalignment (weekday
sleep loss and social jet lag) which can lead to reward
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dysfunction (reduced regulatory control and increased sensa-
tion seeking) and risk for alcohol use.

Emotional Regulatory Deficits Implicated
in the Relationship Between Sleep Problems
and Substance Misuse During Adolescence

ECF and the ability to regulate emotion are integrally linked,;
prefrontal cognitive functions modulate emotional responses
of'the limbic system, contributing to decision-making within a
social context [68, 69]. Deficits in ECF may affect emotional
responses via a reduction in inhibitory controls and/or inaccu-
rate appraisals of environmental or interpersonal inputs. Dys-
function of these emotional centers within this neural network
may play a direct, instrumental role in behavioral problems by
compromising the ability to regulate reactions to such inputs.
Studies using cognitive tasks and biological measures that
activate this circuitry show that a combination of propensity
to negative affect and inability to shift behavioral strategies in
response to anticipated consequences is associated with sub-
stance misuse [70, 71]. Of further relevance to an understand-
ing of the sleep—drug use relationship, sleep impairments have
been typified by several indices reflective of dysregulated af-
fective responses. Sleep problems have been shown to disrupt
emotional processes involving the amygdala and prefrontal
cortex [72-75]. To date, research findings have addressed di-
rect relationships between sleep, and ECF and emotion regu-
lation. Given the high degree of interrelatedness between ECF
and emotion regulation, and their mutual association with both
sleep problems and substance misuse, it is likely that these
factors operate as a system.

In studies of the acute effects of sleep deprivation, con-
trolled adolescent sleep restriction influences on emotion reg-
ulation and ECF has been studied in experimental human and
animal studies. A paper reviewing 13 pediatric experimental
sleep restriction studies reported that the majority of studies
found sleep restriction significantly and negatively influenced
neurobehavioral functioning, with a particular effect on atten-
tion and emotional lability outcomes [76]. Mixed findings
across studies for other specific neurobehavioral outcomes
were largely attributed to small sample sizes and design dif-
ferences (e.g., single night versus chronic sleep restriction,
task performance versus self-report outcomes). The authors
of the review further recommended that sleep restriction stud-
ies should be structured relative to the youth’s baseline sleep
(e.g., 25 % decrease in sleep time rather than a set sleep du-
ration) to ensure that the restriction is a change from typical
sleep.

Two other recent experimental studies of sleep restriction
in adolescents provide further support for effects of sleep re-
striction on emotion dysregulation [77] and reduced pedestri-
an safety behaviors [78]. Regarding sleep effects on emotion
regulation, a sleep manipulation study assigned healthy

adolescents (n=50) to 5 days of sleep restricted (6.5 h) and
healthy sleep duration (10 h) in a randomized order, crossover
design [77]. The sleep restriction condition was associated
with more irritability and worse emotional regulation com-
pared to the healthy sleep condition. Results were consistent
across both adolescent and parent report, and occurred over
just a few days of restricted sleep. In another study, which
used a similar crossover design, the impact of sleep restriction
on pedestrian safety behaviors in a sample of healthy 14-15-
year olds (n=55) was assessed in a virtual reality lab [78¢].
Youth experienced more virtual motor vehicle “hits” or close
calls as well as decreased time between street crossing and
before virtual contact with vehicles after restricted sleep
(4 h) compared to performance after adequate sleep (8.5 h).
These high-risk behaviors related to pedestrian safety reflected
difficulties with impulse control and rapid/precise decision-
making associated with sleep restriction. Significant differ-
ences were noted after only one night of sleep restriction and
results were maintained after controlling for average total
sleep duration before each condition. Even brief sleep depri-
vation of healthy adolescents can adversely impact both emo-
tion regulation and ECF.

In addition to experimental sleep deprivation studies,
literature on chronic insomnia may provide a more com-
prehensive, real-life, reflection of the effects of prolonged
sleep reduction and sleep debt on cognitive and emotional
regulatory functions that are often implicated in risk for
substance misuse. In a prospective study following a large
community sample of adolescents over 1 year, youth with
chronic insomnia (defined by DSM-IV criteria) reported
more negative emotional effects, such as problems with
interpersonal relationships [79]. Ward et al. compared
young and older adults to isolate the effects of chronic
sleep restriction from aging using magnetic resonance im-
aging (MRI). Results indicated that connectivity within
the default mode network (DMN) is reduced during sleep
and associated with poor memory performance and is im-
paired in younger individuals who are sleep deprived
[80]. Another MRI study found reduced gray matter in
the ventromedial prefrontal and orbitofrontal cortices, cor-
responding with poorer neurobehavioral performance, in
adults with sleep disturbances [81]. Oginska et al. also
found detrimental effects of reduced sleep length on mood
in adolescents [82]. In partial contrast, Friedman et al.
reported that sleep problems in early childhood did not
predict later executive functioning; however, a decrease
in sleep problems over time was associated with better
general executive control in late adolescence [83]. In sum-
mary, although many questions remain unaddressed, the
aforementioned studies suggest both short and chronic
sleep deprivation affect reactivity and regulation of emo-
tion and ECF [76, 77, 78, 79—84], and are predictive of—
and associated with—substance misuse.
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Other Potential Exacerbators of the Sleep—Substance
Misuse Relationship

Stress Exposures and Physiological Responses to Stress

In addition to the biological changes that occur in adolescence,
chronic physical and psychosocial stress (e.g., family dysfunc-
tion, poverty, child maltreatment, trauma) can also impact
sleep and place youth at risk for sleep disturbances. The focus
here is on chronic, not necessarily acute or severe, stress based
on previous research that the effects of trauma on drug use risk
appear to be established earlier in childhood (ages 10-14 or
younger) and persist in a relatively stable manner into middle
adolescence when the risk for drug use may be heightened
[85]. Stress activates the hypothalamic—pituitary—adrenal axis
(HPA) which plays an essential role in sleep—wake cycles and
functioning of the circadian system [86], as well as emotion
regulation [87]. Both human and animal studies show a bi-
directional relationship between the regulation of the HPA
axis and sleep variations [88]. Typical sleep architecture
changes caused by stress include decreases in sleep efficiency
and increases in awakenings [86, 89]. For example, stress can
cause glucocorticoid receptors in the amygdala to become
preferentially activated which increases cortisol-releasing hor-
mone, which in turn decreases slow-wave sleep and results
increased wakefulness [90] (for a complete review of the in-
teractions of the HPA axis and sleep, see Buckley and
Schatzberg [88]). Prolonged activation of this system due to
chronic stress can stimulate an overproduction of glucocorti-
coids, which may reflect a dysregulated response to stress,
increasing risk for sleep disruptions [91, 92], attentional and
inhibitory dyscontrol [93], poor social competence [94], cog-
nitive deficits [95], and drug abuse [96]. Dysfunction of the
neuroendocrine regulation of sleep due to stress, and the emo-
tion dysregulation that often results, may be contributing fac-
tors to a significant subgroup of adolescents that experiences
inadequate sleep.

Pubertal Development, Sex Differences, and Circadian
Misalignment

Adolescent delayed sleep onset may be influenced by biolog-
ical alterations in homeostatic and circadian regulatory sys-
tems that occur normally during puberty [15, 97-99]. Pubertal
changes contributing to phase delay include a later timing of
melatonin secretion (a biological marker of the internal circa-
dian clock) as well as a less robust homeostatic response to
sleep deprivation [15, 97-99]. Hagenauer and colleagues de-
scribed similar pubertal changes in other mammalian species
lending support that a juvenile phase delay is biologically
based and not solely the result of psychosocial factors [97].
A lengthening of the intrinsic period of the circadian clock as
well as a possible heightened sensitivity to evening light are
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circadian system changes which may impact the phase delay
[15, 98]. The union between changing biological sleep pat-
terns and external factors such as early school start times and
academic/social pressures may cause a circadian misalign-
ment leading to inadequate sleep in adolescence [61e, 98,
99], further exacerbating the link between sleep problems
and substance misuse in adolescence. Relatedly, there is addi-
tional evidence that youth with earlier pubertal maturation
may experience greater problems with sleep compared to
youth who are not as developed [100] and that earlier pubertal
maturation has also been related to risk behavior [101-103].

Another factor that should be taken into account when
studying sleep, stress, pubertal development, and substance
use is sex; a myriad of studies report differences between girls
and boys in each of these domains. Boys tend to exhibit an
earlier onset of drug use than girls and maintain higher levels
of use until about age 21 [104]. In a prospective study, sleep
problems were predictive of drug use onset in males but not
females, controlling for internalizing and externalizing symp-
toms [14]. One plausible explanation for both observations is
sex differences in HPA functions and their timing [105, 106].
Basal levels of cortisol, for example, differ between sexes;
Klimes-Dougan et al. reported higher salivary cortisol levels
in females than males at mid- and late afternoon [107]. Go-
nadal steroids are known to interact with the HPA axis, and
estrogens have been shown to stimulate HPA axis activity
[108-110]. Furthermore, recent studies indicate that exposure
to stressors during pubertal maturation may result in enduring
changes in HPA responsiveness in adulthood that differ be-
tween the sexes [111]. These hormonal processes have been
related to sleep, emotion regulation, and early-onset drug use
[112].

On the other hand, pubertal development and its timing
have been associated with insomnia in girls [113—115]. John-
son et al. found that following the start of menses, girls had
more than twice the risk of insomnia than boys. Menstruation
was specifically related to problems with nonrestorative sleep
and maintaining sleep. Interestingly, the higher rates of insom-
nia in girls were not explained by higher rates of depression
[114]. This finding was recently supported by a population-
based study looking at the prevalence of insomnia symptoms
in young and preadolescent children using subjective and ob-
jective sleep measures. The study found that insomnia, mea-
sured by polysomnograph sleep disturbances, peaked in girls
ages 11-12 years and was related to changes associated with
the onset of puberty rather than depression or anxiety [116].
Although there are contrasting literatures with respect to the
role of sex in the sleep—substance use relationship, the take-
away messages may be that (a) normative changes during
puberty have potential to disrupt sleep patterns, (b) girls who
experience insomnia with onset of menses may be at greater
risk for substance misuse, and (c) boys may be at greater risk
for substance misuse in part as a function of lower HPA
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diurnal activity. Important to note, though, is that other factors,
such as parental supervision, minimizing contact with deviant
peers, help to constrain risk for most youth, who may exper-
iment, but not progress to regular, heavy substance use.

Integrative Model of Mechanisms Underlying Sleep
Problems and Substance Involvement in Adolescents

The extant literature leads us to conclude that many dynamic
factors likely play a role in the relationship between insuffi-
cient or misaligned sleep (e.g., due to phase delay) and sub-
stance use initiation and escalation of use in adolescence. Ac-
cordingly, we developed an integrative, temporal model (see
Fig. 1) hypothesizing that certain of these factors mediate (i.e.,
help to explain) this relationship while other factors act as
moderators and, thus, explain subgroup differences (e.g.,
sex, extent of exposure and reaction to stress, stage or status
of pubertal maturation) in outcome. The model theorizes that
the relationship is partially but significantly mediated by dys-
regulation of interrelated cognitive and affective systems, as
reflected in neuroimaging paradigms that involve perfor-
mance on tasks that recruit specific prefrontal and limbic
structures. These intrinsically connected neural networks are
both affected by sleep problems and associated with risk for
substance use and maintenance/escalation of subsequent use
[3]. Exposure to prolonged stress (e.g., maltreatment, divorce,
poverty) is expected to amplify this mechanistic relationship
based on evidence that it disrupts sleep, induces cognitive and

Stress Exposures w4

ECF & Emotional
Regulatory
Dysfunction

Substance
Misuse

Sleep
Problems

Sex and
Pubertal
Development

Fig. 1 Hypotheses are as follows: H/ Severity of problems with sleep
(e.g., hours of sleep, quality of sleep, delayed sleep phase, next day
functioning) will predict initiation and maintenance of substance use in
adolescence; H2 the relationship between sleep problems and substance
misuse will be partially mediated by level of ECF (e.g., sustained attention,
memory, mental flexibility, planning, impulse control, and processing
speed) and emotion regulation, as reflected in performance on tasks that
recruit prefrontal and limbic structures and brain activation patterns, survey
measures, and physiological measures of stress reactivity; H3 sex and
pubertal development will moderate the relationship between sleep
problems and substance misuse; H4 lifetime stress exposures will be
associated with sleep problems and cognitive and emotion dysregulation
to, in turn, amplify their effects on substance use onset and escalation; and
HS5 subsequent substance use will be associated with further decrements in
sleep, cognitive functioning, emotion regulation, and poor stress reactivity,
leading to an escalating pattern of use

emotional dysregulation, perturbs HPA functioning (e.g., cor-
tisol, alpha amylase), and directly influences risk for substance
involvement [91-96]. Sex and pubertal development are also
key players in this model given findings that sleep problems
are more predictive of substance use initiation in boys than in
girls [14], and that pubertal development is related to poorer
sleep quality and duration which is in turn is associated with
increases in reward/sensation seeking, alterations in HPA
function, and onset of psychological disorders at onset of pu-
berty [15, 96, 105, 106, 111, 116, 117]. Although the proposed
model applies to many drugs of abuse, it has particular import
for tobacco, marijuana, and alcohol use given their promi-
nence as the drugs most commonly initiated and used during
adolescence (Fig. 1).

Our model also predicts that eventual substance use (i.c.,
cycles of use and cessation) will exacerbate sleep problems
and lead to further decrements in emotion regulation and
neurocognition, promoting an escalating pattern of use. For
example, marijuana and alcohol both produce somnolence
which may reinforce their use [34, 118]. Evidence for the
effects of substance use on ECF and emotion regulation,
which may exacerbate and maintain the association between
sleep and substance use, is reviewed in the following section.

Subsequent Effects of Substance Misuse on Underlying
Mechanisms of ECF and Emotion Regulation

When substance use progresses from experimentation to chron-
ic use, a worsening in executive and emotional functioning has
been reported; while some studies show at least partial remis-
sion with sustained abstinence [119], others do not [120]. For
example, in a study of older adolescents, those with a history of
persistent binge drinking over a 2-year period performed worse
on tasks assessing working memory, episodic memory, and
executive functioning compared to individuals with no prior
or discontinued binge drinking behavior [121]. Tasks that dif-
ferentiated the binge and no-binge groups were described as
sensitive to functioning in temporomesial and prefrontal brain
regions. These findings suggest positive effects of sustained
abstinence among former drinkers. Other works indicate that
total years of alcohol use and acute intoxication (BAC ranging
0-0.287) in adolescents were both associated with impaired
performance on a mental flexibility task. However, only greater
chronicity of alcohol use was associated with impairment in
visuomotor performance [122]. These results suggest that the
association between duration of alcohol use and impaired mo-
tor performance can be detected before adulthood. Chronic
marijuana use also has been shown to be associated with re-
duced anterior cingulate and cerebellar activation in response to
a motor task (i.e., finger tapping) in adolescents compared to
healthy controls [123]. In addition, among adolescent chronic
marijuana users, spectroscopy findings implicate glutamatergic
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and GABAergic abnormalities underlying cingulate dysfunc-
tion [124].

Disentangling the precursors from the consequences of
substance use represents one of the most fundamental chal-
lenges in the field of substance misuse, with the greatest im-
plications for its prevention and treatment. Few attempts have
been made so far to apply an integrated model to understand
the inherent linkages and temporal dynamics between factors
consistently and strongly implicated in substance use initiation
and escalation. Of relevance, hundreds of studies implicate
stress exposures, physiological stress hyporeactivity, and def-
icits in ECF and emotion regulation in propensity to substance
misuse. And more recently, sleep disturbances, independently
associated with each of these risk factors, have also been
strongly related to substance use onset, maintenance, and es-
calation [2, 5, 125-127]. Adolescents experiencing sleep
problems may self-medicate with substances either to increase
alertness or to induce sleep [5, 128]. Studies have traditionally
addressed each of these phenomena separately despite their
interconnectedness. A systems science approach to this ques-
tion emphasizes the highly interrelated nature of these factors;
understanding substance misuse can be substantially im-
proved by considering these factors simultaneously.

Future Directions

To increase understanding of the role of sleep in adolescent
substance use initiation and advance the field, studies are
needed to further define this relationship that (a) are prospec-
tive to flesh out temporal ordering of relationships, (b) more
comprehensively test system-based hypotheses, (c) focus on
individual-level factors, and (d) aim to identify mechanisms
(e.g., cognitive skills, emotion regulation, coping) that under-
lie the relationship that can be altered through palatable means
to redirect substance use pathways. Identifying contextual and
experiential conditions that modify this relationship will lead
to the design of interventions that account for conditions that
promote and, alternatively, interfere with successful
outcomes.

The implications of this line of research are substantial,
particularly in light of reports that at least 25 % of children
and adolescents experience sleep problems at some point [14,
129], and according to the National Sleep Foundation (www.
sleepfoundation.org), a significant proportion of teenagers are
at least somewhat sleep deprived and impaired as a result.
Ultimately, sleep problems (e.g., long latency to sleep,
deprivation, disruptions) may exacerbate the tendency
toward reward-driven behavior in adolescence [130] by
impacting neural networks subserving emotion regulation.
“Because decreased sleep has been associated with risky be-
havior, negative mood and cognitive deficits, these findings
raise concerns about a negative spiral whereby the effects of

@ Springer

puberty and sleep deprivation may have synergistic effects on
reward processing, contributing to adolescent behavioral and
emotional health problems” [116] such as substance misuse.
In the absence of intervention, however, the co-occurrence of
these commonly associated factors may contribute to addic-
tive vulnerability across the life span. Fleshing out these rela-
tionships will help advance the field in terms of its prominence
and placement in the relationship between stress exposure;
behavioral, physiological, and cognitive processes; sex; and
maturational differences in these developmental trajectories.

Moreover, understanding s#ow sleep problems may promote
drug use and escalation could provide insights not only into the
process of addiction but also into the functioning of neurotrans-
mitter systems and HPA systems since they play a modulatory
role in sleep. Importantly, sleep problems are more often than
not remediable, and the factors proposed to mediate and mod-
erate this relationship are to a great extent malleable especially if
identified early [131]. Elucidating the role of and underlying
mechanisms in sleep disturbance in children at risk and active
substance users has potential implications for understanding on-
set and relapse, and guiding treatment protocols. For example,
sleep disturbance is a potential target for the management of
drug use disorders since poor sleep could contribute to relapse
and treatment failure in drug users [132]. A multitude of treat-
ment options exist for sleep problems, contingent on the type
(e.g., insomnia, periodic leg movements, apnea, period limb
movement, REM disorders) and source (e.g., stress, sleep hy-
giene, environment, hormone disruption, caffeine) that can be
clinically determined. Britton et al. reported that a multicompo-
nent behavioral sleep intervention for drug-abusing adolescents
improved sleep which was, in turn, associated with reductions in
drug use-related problems. Intervening before puberty—be-
tween the ages of about 9 and 13—is a critical time to address
the problem, prior to the dramatic changes that typically occur in
adolescence, including the spike in rates of psychological, emo-
tional, and behavioral disorders and when the brain is highly
plastic [133]. These trajectories differ between the sexes in ways
that are clinically pertinent. This research has further implica-
tions for educating parents and youth about more adaptive sleep
hygiene habits, and consideration of policies to delay start times
for high schools may also help teens to better regulate their sleep
cycles. Thus, this information has great preventive value and
could further reduce later dependency on prescription and illicit
drugs to temporarily ameliorate the sleep disturbance.
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