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Summary

Chronic pain is a common and disabling condition in adolescents. Disturbed sleep is associated
with many detrimental effects in adolescents with acute and chronic pain. While sleep and pain
are known to share a reciprocal relationship, the sleep-pain relationship in adolescence warrants
further contextualization within normally occurring maturation of several biopsychological
processes. Since sleep and pain disorders begin to emerge in early adolescence and are often
comorbid, there is a need for a comprehensive picture of their interrelation especially related to
temporal relationships and mechanistic drivers. While existing reviews provide a solid foundation
for the interaction between disturbed sleep and pain in youth, we will extend this review by
highlighting current methodological challenges for both sleep and pain assessments, exploring the
recent evidence for directionality in the sleep-pain relationship, reviewing potential mechanisms
and factors underlying the relationship, and providing direction for future investigations. We will
also highlight the potential role of digital technologies in advancing the understanding of the sleep
and pain relationship. Ultimately, we anticipate this information will facilitate further research and
inform the management of pain and poor sleep, which will ultimately improve the quality of life in
adolescents and reduce the risk of pain persisting into adulthood.
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1. Introduction

1.1. Structure of the review

Chronic pain in children and adolescents is a leading cause of morbidity and should be
recognized as a major health concern [1]; it is common and frequently originates during

the vulnerable period of biobehavioral maturation during adolescence. The experience of
pain can evolve over time, progressing from acute episodes to a chronic, frequent condition.
Addressing pain can improve daily functioning and reduce the risk of chronic pain persisting
into adulthood. One key modifiable risk factor implicated in the early onset and maintenance
of chronic pain is sleep. To this end, several reviews have focused on pediatric sleep and
pain, including key reviews by Valrie et al. [2] (2013) and Allen et a/. [3] (2016) that
described the presence and clinical impact of sleep disturbances across several chronic

pain conditions. Overall, adolescents with chronic pain self-report poorer sleep, which is
associated with greater functional disability, decreased emotional and social functioning,
reduced well-being, increased depressive symptomatology, reduced quality of life, and
impaired cognitive function [4-8].

In this current review, we wanted to advance these reviews [2, 3] by considering

the biobehavioral maturation processes during adolescence (see Section 2), which may
increase vulnerability to sleep disruptions and pain. Here, we discussed adolescent brain
development, neurological changes in systems associated with pain, and maturation of
adolescent sleep-wake biology by drawing from the current literature on adolescents and
children. We also provided a context for the prevalence and impact of chronic pain across
adolescence (see Section 3). We then extended the reviews [2, 3] by examining the current
evidence regarding sleep disruptions in adolescents with chronic pain (see Section 4). We
also discussed the directionality of the sleep-pain relationship (see Section 5) since sleep and
pain can be mutually reinforcing, whereby uncontrolled pain can cause sleep disruptions,
and in turn, disturbed sleep can enhance pain sensitivity [9]. Leveraging a recent review

by Afolalu et al. (2018) [10], we also included epidemiological studies evaluating sleep
and pain across community-based samples. Our review extended previous reviews [2, 3] by
examining the emergence of co-occurrence of sleep and pain in the general community. As
most of our understanding is based on cross-sectional association, these studies offer key
insights, including the trajectory of sleep and pain over time and potential drivers of these
trajectories. In addition, longer timeframes (vs. one week) in the general population would
increase generalizability of these findings.

While previous reviews [2, 3] highlighted potential factors underpinning the sleep-pain
relationship, these reviews have mainly focused on psychological mechanisms (e.g.,
cognition, anxiety, depression, and mood). Here, we have provided potential mechanisms
and moderators of the relationship (see Section 6) while providing some additional context
for a sleep and pain framework (see Section 7). We also built on the review by Christensen
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et al. (2019) [11] by expanding on potential neurobiological underpinnings of the sleep and
pain relationship (see Section 8).

While sleep has emerged as a major complaint in chronic pain sufferers across the lifespan,
the literature search revealed significant gaps in knowledge about the sleep-pain relationship
in adolescents. Therefore, the current review highlighted these gaps and suggested potential
new directions to advance the study of the sleep-pain relationship in adolescents (see
Section 9). These new directions include the need to evaluate the multidimensionality of
sleep and pain processes and consider the role of digital technologies in advancing the
understanding of the sleep-pain relationship. At the end of the review, we provided some
clinical implications (see Section 10).

1.2. Review Criteria

A comprehensive literature search was conducted of epidemiological, clinical, and
experimental studies about pain and sleep in adolescents published in English using

the electronic databases: PubMed, Google Scholar, Web of Science, and PsycINFO.

Studies involving mixed samples of children and adolescents were also included in

the review. A combination of one of more of the following keywords were used as

search terms: “acute pain,” “sickle cell disease,” “juvenile idiopathic arthritis, “chronic
pain,” “migraine,” “headache,” “musculoskeletal pain,” “fibromyalgia,” “low back pain,”
“musculoskeletal pain,” “abdominal pain,” “functional abdominal pain disorders,” “pain
intensity,” “disability,” “pain interference,” “nociception,” “pain pathways,” “adolescence,”
“children,” “pediatric,” “sleep,” “sleep pathways,” “sleep disruption,” “sleep deprivation,”
“sleep restriction,” “sleep disorders,” “poor sleep, “sleep quality,” “insufficient sleep,”
“actigraphy,” “polysomnography,” “insomnia”, “chronotype,” “circadian” and “circadian
rhythm.” Article searches yielded 392 articles, from which 194 were eventually selected as
being relevant. A single author initially read and flagged relevant articles. Then, at least two
authors reviewed the flagged articles of interest. We looked for papers that included various
sleep domains (subjective vs. objective) and pain conditions, and pain within the general
community. Articles were excluded for ineligible population (e.g., adult participants; studies
without acute or chronic pain) or outcomes (e.g., lack of pain and sleep assessment in the
same participants).

2. Adolescence: A vulnerable life-stage of profound biopsychosocial

changes

The sleep-pain relationship in adolescence needs to be contextualized within the multitude
of biopsychosocial changes occurring during this developmental period. Adolescence is the
transitional period between childhood and adulthood, characterized by dramatic changes

in physical, social, and intellectual/emotional functioning, coinciding with neurobiological
changes in the brain as well as reactivation of the hypothalamic-pituitary-adrenal axis
(HPA) that controls pubertal maturation [12]. The significant changes to brain structure
and function during adolescence make the adolescent brain vulnerable to a variety

of perturbations from the environment and behaviors [13]. Sex-specific trajectories of
biobehavioral maturation also need to be considered in light of the emergence of strong
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female-specific vulnerability for sleep [14] and pain conditions [1, 15]. For example, a
recent study by Tong ef a/. (2022) [15] suggested that adolescence can be characterized by
a “hyper-representation of acute pain,”which was demonstrated by greater perceptual (e.g.,
sensitivity to painful pressure) and brain activity in healthy adolescent females compared

to older females. Several brain areas (e.g., medial prefrontal cortex, amygdala), including
areas associated with the default mode network, exhibit greater activation in adolescents and
are involved in several key processes (e.g., affect, pain, cognition). Additional research is
needed to confirm this finding and explore if these developmental changes in brain function
during adolescence increase vulnerability in the development of chronic pain.

In concert with the reorganization of the central nervous system, there are changes in the
autonomic nervous system (ANS) across adolescence, following a sex-specific trajectory
[16]. Upregulation of the ANS system is more readily observed in older adolescent girls
(e.g., elevated heart rate and rapid age-related drop in vagal functioning in girls compared

to boys). With these major system-wide changes across development, regulation of sleep
behavior and homeostatic and circadian sleep processes also change [17]. For example, there
is a dramatic decline in the duration and activity of Slow-wave sleep (SWS; reduction in N3
sleep and drop in Electroencephalography (EEG) power within the 0.3 - 4 Hz frequency),
with an earlier decline in girls that continues into early adulthood [12, 17]. The biological
changes in sleep and circadian processes, along with the environmental and psychosocial
pressures, also lead to delayed bedtimes and shorter sleep duration [12]. As such, chronic
“sleep deprivation” and “social jetlag” (e.g., a pattern of sleep deprivation during the week,
followed by weekend rebounds or “catching-up sleep”) are among the consequences of the
“normal” changes in sleep across adolescence, with older adolescents sleeping less than their
younger counterparts despite similar or increased sleep needs [12]. Overall, more research is
needed to evaluate the implication of biological maturation within the context of emerging
chronic pain conditions, which emerge or accelerate following puberty, especially in girls
[18], and to evaluate the relationship between normal and abnormal physiological sleep and
sleep-related processes implicated in pain processing.

3. Characterization and presence of chronic pain in adolescents

Figure 1 provides a graphical representation of the definitions and differentiation of chronic
and acute pain. Figure 2 provides a graphical representation of the prevalence and impact of
chronic pain, a common and disabling health condition affecting up to one-third of children
and adolescents [1]. The prevalence of pain in late childhood and adolescence can vary
depending on the criteria used to define the condition (headache: 8-83%; abdominal pain:
4-53%; back pain: 14-24%; Musculoskeletal (MSK) pain: 4-40%; multiple pains: 4-49%
[1]). The negative impact of chronic pain on a child’s or adolescent’s health can be observed
across several domains, including reductions in physical (e.g., greater functional disability
[19]), psychological (e.g., greater internalizing and externalizing symptoms [20]), academic
[21], and social (e.g., greater peer-and family stress [22]) functioning. If inadequately
treated, a majority of youth with chronic pain will develop into adults with chronic pain
[23]. Naturally, chronic pain persisting into adulthood results in reduced quality of life,
socioeconomic burden [24], and risk for opioid misuse [25]. Some types of pain may greater
persistence in adulthood. For example, in a cohort of pediatric patients with abdominal pain,
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35% of patients reported recurrent symptoms when reassessed in adulthood during a 15-year
follow up [26]. Similarly, in a study on adolescents with frequent headaches and widespread
MSK pain, 19%, and 58.1% reported that they continued to experience weekly headaches
(e.g., 14 years later [27]) and widespread MSK pain (e.g., 10 years later [28]) during

a follow-up visit, respectively. The persistence of pain in adulthood also has important
economic implications. It has been estimated that an average cost of ~$11.8 billion per year
in total health care expenditures (e.g., office visits, medications, emergency room visits) in
the United States for recurrent and chronic pediatric pain conditions [24], leading to burden
on families (e.g., missed work for child’s healthcare; out of pocket costs for healthcare) and
healthcare systems (e.g., not enough providers leading to delayed treatment).

Current prevalence and incidence rates for chronic primary pain vary depending on age

and biological sex. In general, late childhood and early adolescence coincide with the

peak onset of several types of chronic primary pain [1], including headache (e.g., chronic
migraine), abdominal pain (e.g., Functional abdominal pain disorders, FAPD), localized
MSK pain (e.g., low back pain), and widespread MSK pain (e.g., Juvenile Fibromyalgia).
An important factor related to the emergence and increase in chronic pain conditions is the
onset of puberty [18], which is a critical period shown to alter pain sensitivity and influence
psychosocial functioning via sex hormones (e.g., increases in estrogen and testosterone).

In addition, evidence for a “sex by age” interaction in the development of chronic pain is
emerging: Pain conditions are more prevalent in girls than in boys [1], particularly after the
onset of puberty. For example, in third, sixth, and ninth graders (ages ~9, 12, and 15 years),
it has been shown that almost twice as many girls (17%) than boys (8%) report headache at
least once per week [29]. However, the nature of this sex difference in pain prevalence is not
entirely clear.

4. Sleep studies in adolescents with chronic pain

Sleep disruption is a common complaint in adolescents with chronic pain conditions

(see graphical representation in Figure 3). Most studies have used subjective measures to
characterize these disturbances, including indices of perceived sleep quality (or satisfaction),
sleep continuity (e.g., duration, night-time awakenings), and other reported behaviors such
as insomnia symptoms, sleep breathing issues, morning sleepiness, and parasomnias. Few
studies have used more objective indications of sleep, including Polysomnography (PSG;
characterizes sleep macro- and micro-structure) and actigraphy (evaluates habitual wake/
sleep patterns in free-living conditions) measures. While sleep disturbance is a major
complaint in chronic pain patients, less is known about the role and implication of
physiological sleep-specific (e.g., sleep stages, SWS activity), sleep-related (e.g., ANS
function during sleep), and circadian features in altered pain processing [30-32]. This
section reviews sleep in pediatric populations with chronic pain, considering studies that
relied on self-reported assessments, actigraphy, and polysomnography.

4.1. Perceived sleep

Approximately half (54.2%) of pediatric pain patients report sleep disruption, compared to a
19.6% self-reported sleep disruption in pain-free adolescents [7]. Reported sleep difficulties
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were collected by a variety of questionnaires (e.g., School Sleep Habits Questionnaire; Child
Sleep Habits Questionnaire). Sleep difficulties ranged from several domains including poor
sleep quality, insufficient sleep, daytime sleepiness, difficulty falling and staying asleep, and
night awakenings. These sleep difficulties were consistently reported by youth with primary
pain conditions such as headache [33-41], abdominal pain [42, 43], and MSK pain [44-46]
relative to healthy peers.

Self-reported sleep difficulties (e.g., poor sleep quality, night awakenings, sleep anxiety) are
also common in youth with secondary pain conditions, such as Juvenile idiopathic arthritis
(JIA)[47-51] or Sickle cell disease (SCD)[52, 53]. Chronic pain patients and their parents
also often self-report symptoms of sleep breathing disorders [52, 54]. Most of these findings
are derived from cross-sectional studies, which were not designed to explore the question
about directionality - Can poor sleep contribute to next day pain?

4.2. Actigraphy sleep

Actigraphy offers objective insight into sleep behaviors and sleep-wake habits in pediatric
patients. Actigraphy enables the noninvasive measure of activity-based sleep/wake patterns
over time [55] and can capture a more comprehensive understanding of sleep habits

(such as bed- and wake-times) in free-living conditions, which are largely overlooked
when using one-night measurements or cross-sectional questionnaires. Several studies on
children and adolescents used actigraphy to investigate pain-sleep relationships; however,
findings are inconclusive. Some authors report actigraphy-based sleep disruptions (later bed
times, shorter sleep durations, lower sleep efficiency, and greater number of night-time
awakenings) in groups of patients with mixed chronic pain conditions [4, 56, 57], patients
with headaches [34, 58], cystic fibrosis (CF)[59] and pediatric oncology patients [60]. In
contrast, others do not report significant differences in sleep measured using actigraphy in
adolescent patients with abdominal pain compared with healthy controls [61], as well as
between youth with headaches and matched controls [56, 62], despite the same children
subjectively reporting sleep difficulties [56]. Based on the purely behavioral (movement vs.
not movement) nature of actigraphy, a sole focus on actigraphy would seem to not fully
reflect sleep processes in relation to pain (see Section 9).

4.3. Polysomnography sleep

PSG is considered the gold standard for sleep assessment, yet very few studies have used
PSG to measure sleep in youth with chronic pain. This is largely driven by the high cost and
demand of PSG assessments. From the few studies that have employed PSGs in adolescents,
disrupted sleep (e.g., lower sleep efficiency, longer sleep onset latency, more wakefulness
after sleep onset, higher EEG alpha/delta ratio), and the presence of more physiological
sleep disorders (e.g., periodic limb movement disorder, sleep disordered breathing) are
reported in youth with pain compared with healthy peers (see [2]).

For adolescent chronic pain patients, alterations in sleep architecture have also been
reported. For example, children and adolescents with headache showed altered sleep
continuity (e.g., a higher number of awakenings [35]). Others have reported differences

in sleep architecture (e.g., reduction in time in bed, shorter sleep time, longer sleep latency,
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shorter Rapid eye movement-REM, shorter SWS, and longer Non-rapid eye movement
(NREM) 2) in children with headaches compared to healthy peers. Importantly, changes in
sleep architecture were associated with increased severity of headaches [63, 64]. General
PSG-based sleep alterations (e.g., more arousals and awakenings, less SWS, more alpha
activity) have also been found in adolescents with JIA [65-67] and SCD (e.g., lower total
sleep time and REM sleep percentage, higher REM sleep latency, a higher number of
awakenings, movements and changes in sleep stage [68]). In addition, breathing disorders
including snoring, episodic hypoxemia, and obstructive sleep apnea (OSA) are also common
in adolescents with migraines [63], SCD [69-71], and JIA [72, 73]. These findings would
seem in line with results in adults, showing that alterations of sleep continuity and
architecture (i.e., increases in light sleep or decreases in SWS) are commonly reported

in adult patients with chronic pain studies using PSG [74]. However, further research
exploring PSG measures is needed to better understand the sleep and pain relationship

in various pediatric pain populations. Despite many consistent results confirming the
relationship between sleep PSG measure and pain, most research on sleep disturbances

in adolescents with pain has been cross-sectional, leaving the question concerning the
cause-effect relationship. That said, sleep problems are reported to be a strong predictor of
chronic pain in adolescence [11].

5. Directionality of the sleep and pain relationship in adolescents

Pain and sleep disturbance can be mutually reinforcing, with pain disrupting sleep and
disruptions in sleep increasing pain sensitivity. However, there is growing evidence that
disturbed sleep may better predict changes in pain perception than pain predicts sleep
disturbance in adult patients with chronic pain [9, 10]. For example, a recent systematic
review and meta-analyses of sixteen epidemiological studies concluded that poor sleep
quality and insufficient (or short) sleep duration were risk factors for developing chronic
pain in the general adult population [10]. Importantly, this same pattern (i.e., poor sleep
predicting future pain) has been demonstrated in adolescents as well [2, 3]. Given the high
prevalence of co-occurrence between chronic pain and sleep disturbances in adolescents,
exploring this relationship is imperative (see Figure 3).

In studies using micro-longitudinal study designs (e.g., one to two week observational
periods), disturbed sleep is temporally associated with greater next-day pain related to acute
surgery [75], acute MSK pain [76], mixed chronic pain conditions [56, 77], JIA [78], and
SCD [79] in pediatric patients. These results are primarily from subjective diary assessments
to capture daily pain and sleep across several days. The extent of subjective sleep disruption
was associated with the intensity of symptoms; those reporting greater sleep disruption

also report a greater decrease in physical, emotional, and social functioning compared with
those reporting less sleep disruption [57]. However, the findings of studies using objective
actigraphy, while sometimes mixed, mostly support that a relationship exists between several
actigraphic sleep variables (e.g., sleep duration and efficiency; Wake after sleep onset,
WASO) and next day pain [56, 76, 79].

Epidemiological studies have demonstrated that disturbed sleep in adolescents and young
adults [80] is associated with the development of a pain condition (within 3 years).
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Similarly, several prospective longitudinal studies provide evidence that disturbed sleep
increases the risk for the development of chronic pain following acute injury and for pain
spreading from a localized disorder to a more widespread condition in adolescents [81].

A recent study by Arnison and colleagues [82] found a bidirectional relationship between
insomnia symptoms and MSK pain in a community sample of adolescents (N = 2767).
However, the effect of insomnia symptoms on pain was stronger than that of pain on
insomnia symptoms. A recent study in China (N = 7072) reported bidirectional associations
between sleep and pain (headache, stomachache, other nonspecific pain) in which insomnia
symptoms and somatic complaints were associated with greater frequency of pain and
insomnia symptoms, respectively. These associations were observed across all three pain
complaints [83].

6. Factors contributing to the relationship between sleep and pain

Studies have reported several factors that are independently associated with poorer

sleep quality and pain-related outcomes while also contributing to the sleep and pain
relationship (i.e., via mediation). These factors include physiological (e.g., ANS, endocrine,
hyperarousal), psychological (e.g., anxiety [77], depressive symptoms [77], negative affect/
mood [84], internalizing symptoms [85]), and social factors (e.g., isolation) in addition to
sociodemographic characteristics (e.g., biological sex or gender, age, medications[86]). In
the following sections, we will highlight some of these factors. Most of our understanding
in these factors is based on cross-sectional associations between pain and sleep. Hence, it is
unclear whether the same associations continue to exist over time as pain symptoms change.

6.1. Sleep Hyperarousal

One of the potential physiological mechanisms linking poor sleep and pain is hyperarousal,
which can be conceptualized as an abnormal state of upregulation across several
psychophysiological domains. Sleep hyperarousal can negatively affect the ability to fall
and stay asleep and lead to poorer sleep quality [87]. It is also elevated in adolescents

with chronic pain [6, 7, 57, 88, 89]. For example, a recent study by Arnison and

colleagues [90] leveraged data from a large epidemiological study in Sweden to examine
the developmental trajectories (up to five years) of pain and insomnia symptoms in a
community sample of adolescents (N = 2767). They identified four groups based on changes
in pain grade (i.e., composite of pain intensity and interference across MSK pain, abdominal
pain, and headache) and insomnia symptoms over the observational period. In addition

to adolescents with consistently low (68.7%) and high (4.9%) levels of pain/insomnia
symptoms across a 5-year period, two groups of adolescents exhibited either an increase
(13.9%) or decrease (12.5%) in these symptom trajectories. More importantly, greater
pre-sleep cognitive-emotional arousal (and a shift to later sleep timing) was associated

with increasing pain/insomnia trajectory. In contrast, the opposite was observed for the
decreasing symptom trajectory. Overall, heightened sleep hyperarousal at bedtime may play
a critical role in the sleep-pain relationship since sleep hyperarousal can negatively affect

an individual’s ability to fall (e.g., altering the de-arousing processes occurring across the
wake-to-sleep transition [87]) and stay (decreased sleep quality and continuity [7, 91, 92])
asleep.
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6.2. Disturbances in circadian rhythms

Another plausible factor contributing to the sleep and pain relationship is disturbances

in circadian rhythms. Support for circadian rhythms in pain is based on evidence that
neurobiological systems involved in nociception and pain (as well as sleep-wake cycles) is
under the control of a circadian clock [93]. For details on the role of the circadian clock in
sleep, as well as the role of circadian clock rhythmicity and various painful conditions, we
refer the reader to two previously published reviews (see[30, 93]). For example, Palada et
al. (2020) [93] describe how the neurons in the suprachiasmatic nucleus of the hypothalamus
respond to light stimuli from the retina and coordinate the clocks in peripheral tissues
through the ANS and secretion of hormones and neurotransmitters (including melatonin,
noradrenaline, dopamine, cortisol, and cytokines). These pathways are critically involved in
the regulation of both the sleep-wake cycle and nociception. Bumgarner et al. (2021) [30]
detail the evidence that individual structures in the pain system exhibit circadian rhythms

in function. To name a few, the primary nociceptors of the dorsal root ganglia show daily
rhythmic activity, the PAG exhibits circadian rhythms (although little is known about these
rhythms in relation to circadian variations in pain modulation), and there is evidence that the
locus coeruleus has clock gene loops. Diurnal rhythmicity in these neurobiological systems
likely contributes to clinical pain, which often shows a circadian rhythm with pain peaking
at certain time of the day (i.e., morning vs. afternoon vs. evening). It is important to note that
this body of work is from adult populations.

Chronic pain is often associated with altered sleep-wake cycles, which could disrupt
circadian rhythms and the underlying clock genes across a number of neurobiological and
other physiological (i.e., immune, endocrine, endogenous opioid) systems underlying the
perceptual experience of pain [30]. This effect is observed in patients with fibromyalgia,
whose sleep-wake cycles and other rhythmic processes are related to frequent and intense
pain. Disruption of circadian rhythms likely reduces pain thresholds [30] via changes in
neurobiological, immune, and endocrine function [30]. Once initiated, this feedback loop
likely results in states of chronically lowered pain thresholds and could contribute to
prolonged periods of chronic pain (and sleep-wake cycles).

As far as we know, a specific role of circadian factors in the relationship between sleep
and pain has not been explored explicitly in adolescents. However, as previously reviewed,
compared with younger adolescents, older mature adolescents have delayed circadian
rhythms in association with their later bedtimes (e.g., shift to later sleep-wake cycles [12]),
and this delayed phase has been shown to predict increasing trajectories of greater pain and
insomnia symptoms in adolescents over time [82]. Several factors could contribute to this
phase delay (i.e., late chronotype) in adolescents, including changes in (a) the period of
the biological clock, (b) sensitivity of the clock to light, (c) homeostatic sleep regulatory
processes (i.e., building of sleep pressure), or even (d) interaction between these factors.
Other external factors (e.g., early school start times; daytime physical activity; nighttime
pain; daytime napping) may also influence the expression of the circadian system and
contribute to a poorer sleep-wake cycle in adolescents.

Obijective markers of circadian disruption in adolescents with chronic pain are lacking.
However, adults with fibromyalgia showed altered 24-hour rest-activity patterns (i.e., altered
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rest-activity rhythms or RAR), in whom pain, sleep, and other clinical features were
associated with poorer RAR profiles [96]. These results are similar to those found in young
adults with mood disorders, with greater symptoms being associated with later timing, lower
rhythmicity and reduced overall activity [95]. Additional studies are needed to determine
the clinical significance of disrupted 24 h rest—activity patterns as a marker of circadian
disruption in adolescents with pain.

6.3. Biological Sex and Age

Although studies show significant sex (e.g., female predominance) and age (e.g., older

age, puberty) differences in pain prevalence [1, 94], demographic factors have been largely
overlooked in studying the relationship between sleep and pain. Interestingly, Zhang et al.
[95] investigated the sex differences underlying the associations of sleep disturbances with
pain and somatic symptoms in adolescents and middle-aged adults and found an interaction
effect between insomnia and female sex on pain and somatic symptoms, suggesting that
insomnia seems to modulate the sex differences in pain and somatic symptoms. These
findings seem to support the possible role of sex as a moderator in the relationship between
sleep and pain. Furthermore, the vast majority of non-human studies have only explored
the neurobiological systems underlying sleep (e.g., circadian rhythms) and nociception
(see Section 8) in males [30]. Thus, this limits our understanding about potential role of
sex difference in sleep and pain. Considering the female predominance in chronic pain
conditions, other designs (e.g., epidemiological; experimental manipulations like naturalistic
sleep restriction [96]) or conditions (e.g., acute pain) might be needed to examine these
associations to recruit a large sample of male participants.

6.4. Negative Mood

Negative mood (e.g., depressive/anxious symptoms) are commonly associated with poor
sleep quality and short sleep duration. Several studies have provided evidence that negative
mood is a key mediator of the temporal relationship between sleep and pain [77, 78, 84].
The increase in pain sensitivity resulting from sleep disturbance is likely based on shared
regulatory pathways (see Section 8), many of which, incidentally, also overlap with the
regulation of other behaviors. For example, the mesolimbic dopaminergic system underlies
key cognitive functioning like attention, mood, and reward [97], in addition to sleep and
pain. Therefore, multiple interactions are possible (e.g., sleep-mood-pain triad), and mood
may mediate the sleep and pain relationship [2, 84]. Indeed, a recent longitudinal study in
adolescents with MSK pain reported that depressed mood and anxious mood mediated the
effect of insomnia symptoms on pain. Interestingly, the reverse effect of pain on insomnia
symptoms was not found [82].

Considering that mood is a central mediator in the relationship between sleep and pain,

the role of sleep should be placed in a larger context of emotion regulation (ER). ER
reflects a set of cognitive/attentional, behavioral, and physiological processes underlying

an individual’s ability to regulate their emotions during situations like pain (e.g., response-
focused). Maladaptive ER can be impacted by sleep [98, 99] and pain [100] usually through
negative affect and mood. Maladaptive ER is associated with greater pain and disability,
particularly in adolescents with greater daily instability (or variability) in their negative
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emotions (i.e., greater daily changes in the intensity of emotions from moment to moment)
[101]. Overall, these studies suggest that poor sleep in adolescents impairs their ability to
manage and cope with chronic pain [4], which may, in turn, set up a cycle of poor sleep and
pain.

7. Pain and sleep interaction within the current conceptual frameworks

In adults and adolescents, there is a plethora of evidence supporting a reciprocal relationship
between poor sleep and chronic pain (interrelated with other factors, e.g., mood). Both pain
and poor sleep play a role in reinforcing one another and their respective comorbidities.
Several conceptual models have been proposed to address the complexity of the relationship
between pediatric pain and sleep. An earlier model by Lewin and Dahl [102] highlighted

the complex, bidirectional relationship between pain and sleep, in which daytime pain can
disrupt sleep quality and quantity (e.g., reduced sleep duration). In turn, insufficient sleep
exacerbates pain the following day. An important aspect of their model was the impact on
daytime physical and emotional functioning. For example, insufficient sleep could increase
fatigue and decrease attentional control, which would independently amplify the perception
of pain. Then, Valrie and colleagues [2] placed the model by Lewin and Dahl [102] within

a larger biopsychosocial context, defined as the “Pain and Sleep Associations in Pediatric
Persistent Pain Populations.” In this model, pain, and sleep interact with several biological
and psychosocial mediators in addition to developmental and sociodemographic moderators,
including sex, race, and ethnicity. The factors have seldom been explored in the context of
pain and sleep interactions. This model also incorporated the impact of the pain and sleep
relationship on functional outcomes like disability and quality of life.

One of the main factors contributing to the relationship between sleep and pain in the model
proposed by Valrie and colleagues [2] was negative affect. Empirical evidence supporting
this model has been observed across several pediatric chronic pain populations [5, 57,

84]. Since then, additional psychological factors like low positive affect [103] and anxiety
[77] have been considered in this model. As pointed out by Pavlova et al. [77], different
psychological factors (e.g., mood vs. anxiety symptoms) may independently drive the pain
and sleep interaction through various mechanisms like pre-sleep arousal [104] via anxiety
and irritability via negative mood. These cognitive and affective mechanisms, in turn, can
lead to further disruption of the quality and quantity of sleep [102].

Given the complexity of the sleep and pain relationship, there have been calls to

develop a unified conceptual model [105] that integrates pain and sleep within a larger
biopsychosocial and behavioral framework. While we are not formally proposing a new
model, this review provides additional considerations for a future model. For example,
existing conceptual models have not included factors underlying the amplification of pain
perception by insufficient sleep, as suggested by Smith et al. [106] and Andreucci et al.
[107]. Various biological mechanisms can influence how the nervous system processes

and modulates pain, including low-grade inflammation, HPA, ANS, circadian rhythms, and
neurotransmitter systems (e.g., serotonin). Furthermore, future models should focus on the
temporal associations of sleep and pain to strengthen the evidence that sleep disturbances
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are more significant predictors of pain (vs. opposite direction), capturing the biobehavioral
maturation of adolescents.

Given the irregular patterns of clinical pain, future studies could evaluate these concepts
in conditions where pain regularly occurs over short periods. For example, primary
dysmenorrhea is a type of chronic pelvic pain, which is characterized by painful menstrual
cramps. Emerging after menarche, the prevalence of dysmenorrhea is high in adolescence,
with estimates of 2% - 29% of girls reporting severe menstrual pain [108] and adults
(affecting 45-95% of women; 10-25% with severe pain; see review [109]). Dysmenorrhea,
is a recurrent pain condition, which when severe, may adversely affect daily functioning
and quality of life of adolescents, and may also be a risk factor for other chronic painful
conditions later in life in women [108]. Dysmenorrhea presents features of both acute and
chronic pain syndromes and is a recurring pain with a regular onset but short duration.
Primary dysmenorrhea may lead to the development of central sensitivity to pain (e.g.,
abnormal augmentation of pain through mechanisms within the nervous system [109]).
Women with primary dysmenorrhea report sleep disturbances associated with their pain
but not at other times of the menstrual cycle [109]. Given dysmenorrhea's repetitive

and predictable occurrence, it could be considered a biological model to study common
mechanisms underlying sleep disturbance and chronic (recurrent) pain in young female
populations and the directionality of their inter-relationship.

8. Anatomical substrate and neurobiological pathways underlying the

sleep and pain relationship

8.1. Brief review of the shared neurocircuitry between sleep and pain

The shared neurocircuitry (including neuroanatomical structures, neurotransmitters, and
homeostatic molecules) believed to be involved in both sleep and pain regulation include the
brainstem monoamine nuclei, endogenous opioids, the periaqueductal gray matter (PAG),
the orexinergic system, the immune system (including prostaglandins, PGs), the HPA, and
homeostatic molecules including adenosine, melatonin, and nitric oxide. See Supplementary
Table for a summary of the known effects of these shared systems on sleep pathways,

pain pathways, the impact of sleep deprivation on these systems, and the implications of
these findings, together with suggestions for future research. Sleep and pain are complex
states, and their regulation remains incompletely understood. We refer the reader to detailed
reviews of current knowledge of the complex individual neurocircuitry of sleep [110-112]
and pain [113-115]. A recent review also details the proposed shared neurocircuitry between
sleep and pain [86], bearing in mind that most of what is understood to-date is based on
adult populations and animal studies.

8.2. Sleep deprivation as a model to understand the shared pain-sleep
neurophysiological mechanisms in adolescents

As summarized in Section 2, typical sleep in adolescence is characterized by significant
changes in sleep architecture, shorter sleep duration, and delayed bedtime [12]. Given

that the somewhat vague term “sleep deprivation’ incorporates sleep quantity, quality and
timing, adolescence (with all its embedded psychosocial and biological changes) can result
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in a state of chronic sleep deprivation. Reduced sleep quality and/or quantity in children

and adolescents is associated with an array of cognitive and behavioral deficits, including
attentional deficits, poor executive functioning, reduced behavioral regulation, increased
risk-taking behaviors, and inadequate impulse control [116]. This can also be observed

with somatic symptoms in healthy adolescents. For example, partial experimental sleep
restriction (6.5h in bed per night) for just five nights increased the occurrence and severity of
pain-like symptoms compared with sufficient sleep (defined as 9.5h in bed)[96]. In addition,
‘social jetlag’ in adolescence is significantly correlated with significant neuroanatomical
changes, including reduced grey matter volumes in the frontal cortex, Prefrontal cortex
(PFC), precuneus cortex, and the Anterior cingulate cortex (ACC) [117].

As far as we are aware, studies investigating the effects of poor sleep in adolescents on brain
structure and function, or neural processing, focus mainly on deficits in cognition, attention,
reward, emotion regulation, executive function, and memory. There is a dearth of studies
investigating the neurobiological mechanisms underlying both sleep and pain. Here, we will
discuss only research on the effects of sleep deprivation in adolescents on anatomical sites/
systems involved in both pain and sleep physiology. Considering what we know, we would
argue that the state of chronic sleep deprivation occurring on the backdrop of the major
neurodevelopmental changes in adolescents may also put them at risk of pain sensitization
and susceptibility to chronic pain.

The natural structural changes that occur in the brains of this population further perpetuate
the impact of sleep loss in this population. For example, social jetlag in adolescence is
significantly correlated with reduced grey matter volumes in the frontal cortex, precuneus
cortex, and the ACC [118]. Also, the PFC, involved in regulating cognitive function,
appears to be particularly vulnerable to adolescents’ sleep patterns. Maturation of the

PFC begins during adolescence and continues into the 30°s. However, early experiences
(e.g., stress, hormone levels, disrupted sleep) can modify the basic neural circuitry which
ultimately affect PFC trajectories and behavioral regulation [119]. In adolescents, social
jetlag is inversely correlated with grey matter volumes in the medial PFC, whose functions
include selective attention, cognitive, and ER. As such, these brain changes associated with
social jetlag translate to impaired higher-order executive functions, including poor sleep
performance [118]. Of note, the PFC in adults does not show the same vulnerability to sleep
deprivation, as it does in adolescents. Studies using functional magnetic resonance imaging
show that in adults, the PFC is able to modify activation patterns in response to cognitive
demands following one night of sleep deprivation [120]. For example, a study investigating
cerebral activation during verbal learning in healthy young adults (age range: 21 — 35
years) showed that the PFC was more responsive to cognitive demands after one night of
sleep deprivation than after normal sleep, contrary to the authors’ hypotheses. These results
indicate that specific areas in the adult brain display dynamic, and possibly compensatory,
changes in cerebral activation during learning after sleep deprivation [120]. This may not be
the case in adolescents.

In terms of the pain experience, the cortical and subcortical brain areas commonly activated
during acute pain stimuli include the primary and secondary somatosensory cortex, the
insula, frontal cortex, amygdala, thalamus, and ACC [121]. Notably, given the effect of

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 14

inadequate sleep on the adolescent brain highlighted above, the ACC plays a role in the
affective aspect of pain, including the perception of “pain unpleasantness,” and the PFC
plays a role in memory and attentional networks that are activated during painful stimulation
[122].

Together with the posterior parietal cortices, the ACC and PFC represent a significant
portion of the “attentional matrix™ involved in pain processing, and both the medial

PFC and the ACC alter their activation patterns immediately preceding the onset of a
noxious stimulation; suggesting that these regions play a role in anticipation of pain

[122]. Interestingly, people living with various forms of chronic pain (including pain from
rheumatoid arthritis, cluster headache, atypical facial pain, and dental pain) demonstrate
abnormal (increased or decreased) activity in the ACC [122]. Diminished ACC response to
acute pain is hypothesized to be an adaptive cortical mechanism [122].

The frontal cortex is involved in modulating the perception of pain by mediating the
interactions between the key nociceptive processing regions (e.g., increased PFC activation
decreases pain affect) seemingly through inhibiting the functional connection between the
midbrain and the medial thalamus [123]. The PFC is likely critical for pain control as it

is essential for the integration of information from all the sensory modalities as well as its
connections to other higher-order brain regions. More specifically, and significantly in the
context of chronic pain, the dorsolateral PFC is believed to be involved in blocking pain
from entering the conscious thought [124]. The dorsolateral PFC is also involved in pain
detection and modulation [125]. Indeed, the dorsolateral PFC is believed to serve as a relay
station between higher-order cognitive processing and pain regulation [125]. Furthermore,
individual differences in pain tolerance may be associated with distinct brain activation
patterns. Individuals who report being highly sensitive to pain express stronger and more
frequent activation of the ACC, primary somatosensory cortex, and PFC compared with
individuals who report being less sensitive to pain [126]. Thus, the specific brain activation
patterns and the integration of information between these structures produce the subjective
perception of pain [123].

Given the intricate role that these brain areas (a/so emphasized in Supplementary Table)
play in pain and how they are affected by sleep deprivation, it is possible that inadequate
sleep in adolescence makes this population susceptible to chronic pain. Indeed, pediatric
patients with complex regional pain syndrome display reduced grey matter in areas of the
brain including the dorsolateral PFC [127, 128]. Such changes have been shown to correlate
with both pain duration and intensity [129], and the reduction in dorsolateral PFC grey
matter is believed to contribute to the development of a defective pain modulation system
[128]. Further, the brain structure most affected varies according to pain condition, but they
all commonly involve particular areas, including dorsolateral PFC, cingulate cortex, dorsal
pons, and insula [127]. Importantly, abnormalities are partially reversed with pain resolution,
and noninvasive stimulation of the dorsolateral PFC has been used as an effective treatment
for specific chronic pain conditions in adults [125]. Therefore, it is suggested that the
cortical transformations may be a consequence, not a cause, of the chronic pain condition.
Here, also in light of the vulnerability of the neural circuitry of the PFC to early experiences
[130], we argue that inadequate sleep could be a stressor or noxious stimulus that not only
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contributes to these cortical changes, but over time, chronic exposure to inadequate sleep can
result in poorer long-term outcomes, including clinical pain.

As far as we are aware, other shared underlying physiological mechanisms that link

sleep and pain (Supplementary Table) have not yet been studied specifically in the

context of adolescent sleep and pain. Also, the studies on sleep deprivation and pain
commonly use some form of sleep restriction/partial sleep deprivation as an experimental
model. However, more studies of delayed bedtimes/circadian timing shifts and “social
jetlag” would be particularly insightful in understanding the pain-sleep interaction in
adolescence. Since it is now shown that the suprachiasmatic nucleus indirectly projects

to noradrenergic neurons in the locus coeruleus, as well as to the ventral tegmental area
containing dopaminergic neurons [30, 93], studies using experimentally-imposed circadian
misalignment in adolescents and experimental pain, as well as experimental modulation of
pain, would be very valuable.

Furthermore, although there is evidence that the pain system exhibits circadian rhythms in
function at all levels of hierarchical organization [30], the origins of these rhythms remain
unclear. The current evidence does not allow us to unequivocally state that the circadian
rhythmicity of pain thresholds arises exclusively from rhythms within the pain system alone.
It is more likely that variations in pain thresholds are influenced by the integral relationships
between the pain system and the circadian, endogenous opioid system, the immune and
endocrine systems, and the ascending reticular activating system. These neurobiological
interactions require further study in both adult and adolescent populations.

9. Methodological considerations for studying sleep and pain

As one considers aspects impacting the relationship between sleep and pain, several factors
related to the presence and impact of pain should be considered when reviewing the
literature and designing future studies. Whether the study looks at certain pain conditions

or uses different pain assessment tools, these decisions could have considerable implications
in interpreting the sleep-pain relationship. When considering the nature of the sleep-pain
relationship, the complexity and multidimensionality of pain and sleep needs to be
considered. The following section briefly reviews these factors.

9.1. Chronic pain conditions

One consideration for understanding the relationship between sleep and pain is the type

of pain condition(s) studied. Studies have traditionally focused on patients with a single
chronic pain condition, including headache [36, 63, 131], MSK-related pain [76, 132],
abdominal pain [43, 133, 134], SCD [79, 103, 135], and JIA [51, 72, 136]. A smaller
number of studies enrolled heterogeneous patient cohorts reflecting different pain conditions
[6, 7,57, 137], usually from tertiary care or specialty clinics. Collectively, these studies
suggest that sleep is universally disrupted across different pediatric pain conditions, but

no studies have empirically evaluated this. This raises a fundamental question: are certain
aspects of disrupted sleep distinct (e.g., sleep-wake behaviors - increased daytime napping
to manage headaches [33]) or shared (e.g., reduced sleep quality, insomnia symptoms)
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across different pediatric pain conditions? Defining these aspects will likely have treatment
implications as patients may benefit from specific sleep interventions.

9.2. Multisite pain

While these pain conditions are often localized at a single site, a significant proportion of
youth (15-30% [138]) with chronic pain experience Multisite pain (MSP) [139]. Chronic
MSP is commonly defined as pain in two or more anatomical sites, occurring concurrently
or alternating with a certain time period. The occurrence of MSP also increases with age
and can persist into adulthood [140]. The presence of chronic MSP has a pronounced
negative impact, leading to poorer physical and psychosocial health, greater pain outcomes,
and poorer quality of life (vs. youth with a single pain site) in patients with abdominal

pain [141], SCD [142], and mixed presentation [139, 143, 144] in addition to large
epidemiological studies in community samples [145-147]. The higher number of pain sites
across the body, especially presenting as different pain conditions (e.g., headache + low back
pain), is thought to reflect an alteration in how the CNS processes and modulates nociceptive
information, which is often referred to as centralized pain [148]. A few studies have shown
an association between a greater number of pain sites and poor sleep in adolescents. For
example, MSP predicted poor sleep quality in a diverse community and clinical sample of
adolescents [149], while pediatric patients with more than one pain site reported poorer
sleep quality (7.54 + 3.60) compared to patients with only one pain site. Finally, insufficient
levels of sleep (e.g., sleeping 6 hours or less per day or experiencing other sleep-related
symptoms) were more common in a community sample of adolescents with MSP [145].
Given the evidence that the risk of developing MSP is higher in adults with insomnia
[150-152], sometimes showing a dose-response manner (e.g., a greater risk with more pain
sites), future studies should consider the impact of MSP as a key patient-related factor in the
relationship between sleep and pain.

9.3. Clinical pain outcomes

The presence and impact of clinical pain can be captured across several domains

reflecting the experience (e.g., intensity, pain extent, occurrence) and impact (e.g., disability,
interference) of pain. Given the multidimensional nature of pain, studies exploring the
relationship between sleep and pain should consider how pain is assessed since other aspects
may also be differentially sensitive to disruptions in sleep. In the following section, we
review the most common pain assessments.

Pain Intensity.—One of the most common methods to characterize clinical pain is pain
intensity. Using the NRS-11 [153, 154], previous cross-sectional and micro-longitudinal
(daily) studies have reported associations between disrupted sleep and a patient’s average (or
usual) level of pain (e.g., week, month). Because these studies only used a single measure

of pain, the extent to which these findings looking at sleep and pain relationships generalize
to other pain-related domains, like pain unpleasantness (see Table 1), is unclear. However,
pain intensity (somatosensory cortex, Sl [155]) and unpleasantness (ACC and limbic areas
[156]) can also exhibit differential responses to treatment. For example, in a recent study

by Santucci et al. [134], ratings of pain unpleasantness decreased (vs. minimal changes

in pain intensity) following percutaneous electrical nerve field stimulation in adolescents
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with FAPD. Additional work is needed to evaluate if intensity and unpleasantness are
differentially associated with sleep.

Functional Impairment.—Another important dimension, which has not been adequately
assessed within the sleep and pain relationship, is the impairment of physical and
psychosocial aspects of daily life [157]. Clinically, functional impairment is frequently
used as a target for behavioral treatment (e.g., using coping strategies to improve daily
functioning) and shows treatment-related changes before reductions in pain intensity [158].
Functional impairment is often assessed with two self-reported measures (see Table 1):
Functional disability inventory (FDI [159]) and Patient-reported outcomes measurement
information systems (PROMIS) Pediatric pain interference (PPI [160]). Few studies have
examined the relationships between functional impairment and sleep. Murphy et al. [43]
reported that sleep (based on the PROMIS Sleep Disturbance [161]) was associated with
greater scores on the FDI in adolescents with abdominal pain. Similarly, Evans et al. [84]
reported that both low positive and high negative affect mediated the relationship between
poor sleep quality and greater disability, while the relationship between poor sleep quality
and increased pain intensity was only mediated by negative affect. Pavlova et al. [77] also
reported that psychological factors (e.g., greater depressive and anxiety symptoms) were
mediators in the sleep-pain relationship. In a study by Larche et al. [162], poorer sleep
quality was associated with greater physical impairment in a mixed sample of pediatric pain
patients. Using a community-based sample, Solé et al. [163] provided evidence that poorer
sleep (PROMIS Pediatric Sleep Disturbance) was associated with greater pain intensity
(NRS-11) and pain-related interference (PPI); however, only pain interference, not pain
intensity, was associated with poorer psychological functioning (e.g., depressive, anxiety,
and anger symptoms), and a series of mediation modeling revealed poorer psychological
functioning mediated with the relationship between poorer sleep and greater interference.
Overall, these studies suggest that poor sleep may be a stronger driver of general (e.g.,
FDI) and pain-related (e.g., PPI) functional impairment in adolescents with chronic pain
compared to pain intensity. However, additional research is needed to develop a daily or
momentary measure of functional impairment.

9.4. Experimental pain sensitivity and pain modulation

Self-report measures of pain and other symptoms are used to diagnose patients and

track clinical improvements following pain treatment. Still, this information often does

not address pathophysiological mechanisms driving the pain experience. One common
observation in pediatric and adult pain patients is alterations in how the nervous systems
process and modulate nociceptive information. Specifically, patients exhibit widespread pain
amplification due to increased facilitation (central sensitization) and/or reduced inhibition of
nociceptive signaling [164].

The widespread pain amplification in pediatric patients can be probed safely and
mechanistically with Quantitative sensory testing (QST, see Table 1 [165]), which
encompasses an array of calibrated and psychophysically-based stimuli (thermal,
mechanical) to characterize and quantify somatosensory functioning and how the CNS
modulates nociceptive information [165]. Overall, pediatric patients with abdominal
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[166, 167], MSK pain [168, 169], SCD [170], and migraine [171] exhibit widespread
hypersensitivity to somatosensory stimuli as well as impaired pain modulating capacity, as
reflected by poor pain modulatory profiles (increased facilitation and decreased inhibition;
[172]). Significantly, these pain modulatory profiles can predict clinical trajectories in
adolescents with headache [173] and FAPD [174], in which baseline CPM was associated
with reductions in headache frequency (poorer CPM) and pain-related interference (better
CPM) following psychological treatment, respectively. Differences between these two
studies were likely due to methodological differences in patients (e.g., migraine patients less
clinically severe vs. FAPD), CPM assessment, and clinical outcomes. Still, these preliminary
studies support using CPM and other modulatory assessment methods to identify at-risk
patients (e.g., identifying patients who will experience less pain reductions to a given
treatment).

In terms of sleep, several studies in adults have shown that sleep disruption, either due

to naturalistic causes (e.g., insomnia, night-shift work [175]) or experimentally (e.g., total/
partial sleep deprivation, targeted sleep fragmentation), alters the perception of pain and

its modulation. Adult patients with chronic pain and insomnia demonstrated an increased
sensitivity to pain [106] and altered pain modulatory profiles, which are typically more
facilitatory [176]. Experimental sleep disruption can also lead to increases in pain perception
[177], reductions in pain inhibition (e.g., impaired descending pain mechanisms [178-181]),
and increases in facilitation (e.g., facilitated peripheral and spinal excitability [181, 182]) in
healthy adults, with evidence of a sex-related difference in these effects. However, several
studies did not observe changes in pain perception or modulation following partial sleep
restriction [183] or under naturalistic sleep [184], demonstrating that additional research is
needed to understand how disrupted sleep impacts pain perception.

While QST can be used to probe the presence of augmented somatosensory processing
and altered modulation in adolescents with pain, no studies that we are aware of have
directly examined the association between experimental pain and sleep. Based on indirect
evidence in healthy adolescents [96] that insufficient sleep can increase the frequency and
magnitude of pain complaints, it is plausible that poor sleep would be associated with pain
sensitivity and modulation in adolescents. It would be helpful to demonstrate which QST
methods are differentially associated with sleep as pain sensitivity and modulatory profiles
are conceptually distinct measures reflecting different pathophysiological mechanisms.

9.5. Multidimensionality of sleep

When considering the relationship between sleep and pain, there is a need to consider the
multidimensionality of sleep at mechanistic (e.g., evaluating the specific sleep processes
implicated in pain processing, development, and chronicity) and clinical (e.g., determining
precise sleep targets for behavioral interventions) levels. Sleep questionnaires, widely
used in pediatric pain research, address several sleep behaviors and dimensions (e.g.,
perceived sleep quality, sleep hygiene). Still, they only provide a “snapshot” of sleep,

and the subjective sleep process measured by questionnaires is complex. For example,
“sleep quality” may reflect several different sleep processes (e.g., duration, fragmentation,
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restoration) that can vary between individuals and may or may not have a clear objective
(e.g., actigraphy, PSG) correlates and specific links to distinct pain processes.

Considering that sleep is typically assessed either in isolation or across a few metrics

(e.g., duration, quality), these approaches may not account for other aspects of sleep
disrupted in adolescents with chronic pain. Given the lack of case-control differences in
traditional actigraphy-based measures like duration and WASO, these other metrics may

be differentially associated with pain-related outcomes. For example, recent interest in

sleep health may provide insight into different aspects of sleep that contribute to pain.

Sleep health, which can be defined as “a multidimensional pattern of sleep-wakefulness,
aaapted to individual, social, and environmental demands, that promotes physical and
mental well-being” (see [185]), encompasses the dynamic and multidimensional aspects of
sleep across several objectively (i.e., duration, efficiency, timing, regularity) and subjectively
(i.e., daytime alertness, sleep satisfaction) assessed domains. Thus, good sleep health

is characterized by “subjective satisfaction, appropriate timing, adequate duration, high
efficiency, and sustained alertness during waking hours” [185] and regularity. It is likely that
sleep health framework may identify certain dimensions like timing (e.g., later sleep-wake
patterns [90]) or a cluster of dimensions that are differentially associated with pain, which
can be targeted for intervention. However, research is needed to determine the precise
definitions and quantification of “good vs. bad” across these domains.

9.6. Utilizing technologies to assess sleep

While still little used in the pediatric pain population due to its limited availability and

high costs, PSG is necessary to expand our capability of differentiating and discriminating
specific aspects of sleep and their association with pain processing and conditions. PSG
has the advantage of providing both sleep macro-structure and micro-structure measures,
allowing an in-depth characterization of the physiology of sleep. With PSG and associated
measures, it is, therefore, possible to attain an integrated perspective of sleep [186] which
can be applied to understand links between sleep disturbances beyond simple metrics,
including impaired central and ANS coupling during sleep, elevated inflammatory markers,
cortical and ANS hyperarousal, all of which may be implicated in altered pain processing.

Given the complexity of the sleep-pain relationship within the context of biobehavioral
maturation and social changes (see Section 2), additional experimental and analytic methods
might be needed to parse these associations. For example, available validated remote

tools (i.e., sleep diaries and standard actigraphy) can capture an individual’s “habitual
sleep” and motion-based sleep/wake patterns in unsupervised free-living conditions over
long periods of time (i.e., months). A big data approach may ultimately be required to
analyze this time-series data to assess the directionality of the sleep-pain relationship. In
addition, these approaches would also evaluate the mediating or moderating roles of various
biopsychosacial and contextual factors affecting sleep and pain.

Learning from other fields, the use of Consumer sleep technology (CST) in chronic pain
research, combined with ecological momentary assessments (e.g., mobile-based digital
surveys), could also open new possibilities and directions to advance the understanding
of the interaction between sleep and pain. While several limitations have been repeatedly
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highlighted [187, 188], the advantage of CST is its cost-effectiveness and capability of
passively tracking sleep, activity, and other physiological measures over time and on a

large scale. Intuitive User experience (UX and interface (UI) designs, third-party integration,
cloud-based research services (e.g., Fitabase, OURA cloud), and form-factor makes them
suitable to wear 24/7. Among the possibilities, long-term tracking of sleep (i.e., months)
during acute-to-chronic pain transitions may become feasible and ultimately allow the
identification of sleep protective and risk factors for pain progression.

10. Clinical Implications

Adolescence is a critical time for the development of sleep and pain; consequently,
addressing both conditions should be prioritized to reduce their long-term impact. Evidence
suggests that sleep and pain should be screened for in clinical settings. This is especially
important considering that poor sleep (a) is prevalent and co-occurs over time in adolescents
with chronic pain, and more importantly, (b) it can negatively impact the efficacy of
psychological treatments for pain. For example, shorter sleep duration [189], quality [190,
191], and insomnia symptoms [191] at baseline were associated with less improvement

in disability following non-pharmacological treatments like cognitive-behavioral therapy
(CBT). These studies suggest that adolescents with (or even at risk for) chronic pain would
benefit from sleep screening and targeted interventions before beginning psychological
treatment. These interventions could include CBT for insomnia (CBT-I), which is
recommended as the first-line treatment for insomnia. Research into the effectiveness of
CBT-I for adolescent pain is emerging with some promising work demonstrating its efficacy
and feasibility [89, 192].

Evidence also suggests interventions targeting sleep timing (i.e., earlier chronotype) and
reducing pre-sleep cognitive arousal might be particularly important to improving outcomes
[90]. For example, patients undergoing interdisciplinary pain treatment show reductions in
insomnia symptoms and daytime sleepiness, which were associated with improvements in
disability but not pain [193]. Patients also had a dramatic change in their sleep timing (e.g.,
advancement of sleep onset by ~2 hours) [137]. These positive effects were likely due to
the structured interventional activities and strict control over the sleep environment, which in
turn, would stabilize the sleep/wake cycle. These two studies highlight the potential clinical
benefits of targeting sleep phase. Furthermore, addressing pre-sleep arousal at bedtime
should be considered, as heightened bedtime arousal can negatively affect an individual’s
ability to fall and stay asleep [87]. Interventions like deep slow breathing with biofeedback
[194] could improve sleep in adolescents with pain by downregulating psychophysiological
arousal. Overall, as future research to optimize clinical interventions in the context of

sleep and pain emerges, studies should consider the specific mechanisms underlying their
treatment efficacy (i.e., moderators/mediators like negative affect, neurobiological changes,
and the multidimensionality of sleep and pain) and potential subgroups that might respond
differentially to treatment [90].
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11. Summary

While the literature on sleep and pain relationships is more established in adults, there

is a growing appreciation of this relationship in adolescence. We have highlighted several
clinical- and community-based studies showing a high co-occurrence of sleep complaints
and pain in adolescence. From these studies, there seems to be a stronger role of poor sleep
(e.g., insomnia symptomatology, altered sleep structure) in the development and intensity of
chronic pain. Overall, these studies highlight the clinical need to comprehensively assess and
treat sleep-related complaints before or during pain treatment.

As highlighted in our “Research Agenda,” future investigations are needed to better
understand the (a) directionality of the sleep and pain relationship and (b) physiological
and psychosocial processes by which sleep impacts pain, as this may also include options
for intervention. For example, what circadian factors (e.g., delayed sleep phase) or aspects
of emotional regulation contribute to poor sleep and pain? How do individual differences
in pre-sleep arousal, a common feature of insomnia, contribute to this relationship? How
does biological sex affect this relationship? These studies should also consider research
designs that consider the multidimensionality of sleep (e.g., perception, behaviors, duration,
structure, quality, regularity) and pain (e.g., pain-related interference; multiple pain sites),
and dynamics (e.g., time-course) of the relationship. Additionally, longitudinal assessments
should be prioritized to evaluate the trajectories of sleep and pain, which can co-develop
over time in a subgroup of adolescence. Overall, exploring how the sleep and pain
relationship develops and persists is imperative given the high prevalence of co-occurrence
between chronic pain and sleep disturbances in adolescents.
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TS Temporal summation
TNF Tumor necrosis factor
UX User experience
ul User interface
VLPO Ventrolateral preoptic nucleus
WASO Wake after sleep onset

References

(Top 10 Most Relevant indicated by *)

[1]. King S, Chambers CT, Huguet A, MacNevin RC, McGrath PJ, Parker L, et al. The epidemiology
of chronic pain in children and adolescents revisited: a systematic review. Pain 2011;152:2729-
38. [PubMed: 22078064]

*[2]. Valrie CR, Bromberg MH, Palermo T, Schanberg LE. A systematic review of sleep in pediatric
pain populations. J Dev Behav Pediatr 2013;34:120-8. [PubMed: 23369958]

*[3]. Allen JM, Graef DM, Ehrentraut JH, Tynes BL, Crabtree VM. Sleep and Pain in Pediatric IlIness:
A Conceptual Review. CNS Neurosci Ther 2016;22:880-93. [PubMed: 27421251]

[4]. Palermo TM, Fonareva I, Janosy NR. Sleep quality and efficiency in adolescents with chronic
pain: relationship with activity limitations and health-related quality of life. Behav Sleep Med
2008;6:234-50. [PubMed: 18853307]

[5]. Palermo TM, Kiska R. Subjective sleep disturbances in adolescents with chronic pain: relationship
to daily functioning and quality of life. J Pain 2005;6:201-7. [PubMed: 15772914]

[6]. Palermo TM, Law E, Churchill SS, Walker A. Longitudinal course and impact of insomnia
symptoms in adolescents with and without chronic pain. J Pain 2012;13:1099-106. [PubMed:
23031311]

*[7]. Palermo TM, Wilson AC, Lewandowski AS, Toliver-Sokol M, Murray CB. Behavioral
and psychosocial factors associated with insomnia in adolescents with chronic pain. Pain
2011;152:89-94. [PubMed: 21030151]

[8]. LaPlant MM, Adams BS, Haftel HM, Chervin RD. Insomnia and quality of life in children
referred for limb pain. J Rheumatol 2007;34:2486-90. [PubMed: 17937458]

*[9]. Finan PH, Goodin BR, Smith MT. The association of sleep and pain: an update and a path
forward. J Pain 2013;14:1539-52. [PubMed: 24290442]

[10]. Afolalu EF, Ramlee F, Tang NKY. Effects of sleep changes on pain-related health outcomes in the
general population: A systematic review of longitudinal studies with exploratory meta-analysis.
Sleep Med Rev 2018;39:82-97. [PubMed: 29056414]

[11]. Christensen J, Noel M, Mychasiuk R. Neurobiological mechanisms underlying the sleep-pain
relationship in adolescence: A review. Neurosci Biobehav Rev 2019;96:401-13. [PubMed:
30621863]

[12]. Colrain IM, Baker FC. Changes in sleep as a function of adolescent development. Neuropsychol
Rev 2011;21:5-21. [PubMed: 21225346]

[13]. Spear LP. Adolescent neurodevelopment. J Adolesc Health 2013;52:S7-13. [PubMed: 23332574]

[14]. de Zambotti M, Goldstone A, Colrain IM, Baker FC. Insomnia disorder in adolescence:
Diagnosis, impact, and treatment. Sleep Med Rev 2018;39:12-24. [PubMed: 28974427]

[15]. Tong H, Maloney TC, Payne MF, King CD, Ting TV, Kashikar-Zuck S, et al. Processing of
pain by the developing brain: evidence of differences between adolescent and adult females. Pain
2022.

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 24

[16]. de Zambotti M, Javitz H, Franzen PL, Brumback T, Clark DB, Colrain IM, et al. Sex- and Age-

Dependent Differences in Autonomic Nervous System Functioning in Adolescents. J Adolesc
Health 2018;62:184-90. [PubMed: 29198773]

[17]. Feinberg I, Campbell IG. Sleep EEG changes during adolescence: an index of a fundamental

brain reorganization. Brain Cogn 2010;72:56-65. [PubMed: 19883968]

[18]. Melchior M, Poisbeau P, Gaumond I, Marchand S. Insights into the mechanisms and the

emergence of sex-differences in pain. Neuroscience 2016;338:63-80. [PubMed: 27180284]

[19]. Kashikar-Zuck S, Parkins IS, Ting TV, Verkamp E, Lynch-Jordan A, Passo M, et al. Controlled

follow-up study of physical and psychosocial functioning of adolescents with juvenile primary
fibromyalgia syndrome. Rheumatology (Oxford) 2010;49:2204-9. [PubMed: 20688804]

[20]. Kashikar-Zuck S, Lynch AM, Slater S, Graham TB, Swain NF, Noll RB. Family factors,

emotional functioning, and functional impairment in juvenile fibromyalgia syndrome. Arthritis
Rheum 2008;59:1392-8. [PubMed: 18821640]

[21]. Groenewald CB, Tham SW, Palermo TM. Impaired School Functioning in Children With

Chronic Pain: A National Perspective. Clin J Pain 2020;36:693-9. [PubMed: 32487871]

[22]. Donovan E, Martin SR, Lung K, Evans S, Seidman LC, Cousineau TM, et al. Pediatric

Irritable Bowel Syndrome: Perspectives on Pain and Adolescent Social Functioning. Pain Med
2019;20:213-22. [PubMed: 29660042]

[23]. Walker LS, Sherman AL, Bruehl S, Garber J, Smith CA. Functional abdominal pain patient

subtypes in childhood predict functional gastrointestinal disorders with chronic pain and
psychiatric comorbidities in adolescence and adulthood. Pain 2012;153:1798-806. [PubMed:
22721910]

[24]. Groenewald CB, Wright DR, Palermo TM. Health care expenditures associated with pediatric

pain-related conditions in the United States. Pain 2015;156:951-7. [PubMed: 25734992]

[25]. Groenewald CB, Law EF, Fisher E, Beals-Erickson SE, Palermo TM. Associations Between

Adolescent Chronic Pain and Prescription Opioid Misuse in Adulthood. J Pain 2019;20:28-37.
[PubMed: 30098405]

[26]. Walker LS, Dengler-Crish CM, Rippel S, Bruehl S. Functional abdominal pain in childhood

and adolescence increases risk for chronic pain in adulthood. Pain 2010;150:568-72. [PubMed:
20615615]

[27]. Larsson B, Sigurdson JF, Sund AM. Long-term follow-up of a community sample of adolescents

with frequent headaches. The Journal of Headache and Pain 2018;19:79. [PubMed: 30182167]

[28]. Kashikar-Zuck S, Cunningham N, Peugh J, Black WR, Nelson S, Lynch-Jordan AM, et al.

Long-term outcomes of adolescents with juvenile-onset fibromyalgia into adulthood and impact
of depressive symptoms on functioning over time. Pain 2019;160:433-41. [PubMed: 30335681]

[29]. Brun Sundblad GM, Saartok T, Engstrém LM. Prevalence and co-occurrence of self-rated pain

and perceived health in school-children: Age and gender differences. Eur J Pain 2007;11:171-80.
[PubMed: 16542860]

[30]. Bumgarner JR, Walker WH 2nd, Nelson RJ. Circadian rhythms and pain. Neurosci Biobehav Rev

2021;129:296-306. [PubMed: 34375675]

[31]. Caravan B, Hu L, Veyg D, Kulkarni P, Zhang Q, Chen ZS, et al. Sleep spindles as a diagnostic

and therapeutic target for chronic pain. Mol Pain 2020;16:1744806920902350. [PubMed:
31912761]

[32]. Lerma C, Martinez A, Ruiz N, Vargas A, Infante O, Martinez-Lavin M. Nocturnal heart rate

variability parameters as potential fiboromyalgia biomarker: correlation with symptoms severity.
Arthritis Res Ther 2011;13:R185. [PubMed: 22087605]

[33]. Bruni O, Fabrizi P, Ottaviano S, Cortesi F, Giannotti F, Guidetti V. Prevalence of sleep disorders

in childhood and adolescence with headache: a case-control study. Cephalalgia 1997;17:492-8.
[PubMed: 9209768]

[34]. Bursztein C, Steinberg T, Sadeh A. Sleep, sleepiness, and behavior problems in children with

headache. J Child Neurol 2006;21:1012-9. [PubMed: 17156690]

[35]. Esposito M, Parisi P, Miano S, Carotenuto M. Migraine and periodic limb movement disorders

in sleep in children: a preliminary case-control study. J Headache Pain 2013;14:57. [PubMed:
23815623]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 25

[36]. Gilman DK, Palermo TM, Kabbouche MA, Hershey AD, Powers SW. Primary headache and

sleep disturbances in adolescents. Headache 2007;47:1189-94. [PubMed: 17883524]

[37]. Heng K, Wirrell E. Sleep Disturbance in Children With Migraine. Journal of child neurology

2006;21:761-6. [PubMed: 16970882]

[38]. Isik U, Ersu RH, Ay P, Save D, Arman AR, Karakoc F, et al. Prevalence of headache and

its association with sleep disorders in children. Pediatr Neurol 2007;36:146-51. [PubMed:
17352946]

[39]. Luc ME, Gupta A, Birnberg JM, Reddick D, Kohrman MH. Characterization of symptoms of

sleep disorders in children with headache. Pediatr Neurol 2006;34:7-12. [PubMed: 16376271]

[40]. Miller VA, Palermo TM, Powers SW, Scher MS, Hershey AD. Migraine headaches and sleep

disturbances in children. Headache 2003;43:362-8. [PubMed: 12656707]

[41]. Zarowski M, Miodzikowska-Albrecht J, Steinborn B. The sleep habits and sleep disorders in

children with headache. Adv Med Sci 2007;52 Suppl 1:194-6. [PubMed: 18229663]

[42]. Schurman JV, Friesen CA, Dai H, Danda CE, Hyman PE, Cocjin JT. Sleep problems and

functional disability in children with functional gastrointestinal disorders: an examination
of the potential mediating effects of physical and emotional symptoms. BMC Gastroenterol
2012;12:142. [PubMed: 23067390]

[43]. Murphy LK, Palermo TM, Tham SW, Stone AL, Han GT, Bruehl S, et al. Comorbid Sleep

Disturbance in Adolescents with Functional Abdominal Pain. Behav Sleep Med 2021;19:471-80.
[PubMed: 32573267]

[44]. Andias R, Silva AG. Impact of Sex, Sleep, Symptoms of Central Sensitization, and Psychosocial

Factors in Adolescents with Chronic Musculoskeletal Pain: An Exploratory Study. Pain Med
2022;23:1777-92. [PubMed: 35389479]

[45]. Meltzer LJ, Logan DE, Mindell JA. Sleep patterns in female adolescents with chronic

musculoskeletal pain. Behav Sleep Med 2005;3:193-208. [PubMed: 16190810]

[46]. Serensen L, Jensen MSA, Rathleff MS, Holden S. Comorbid insomnia, psychological symptoms

and widespread pain among patients suffering from musculoskeletal pain in general practice: a
cross-sectional study. BMJ Open 2019;9:e031971.

[47]. Bloom BJ, Owens JA, McGuinn M, Nobile C, Schaeffer L, Alario AJ. Sleep and its relationship

to pain, dysfunction, and disease activity in juvenile rheumatoid arthritis. J Rheumatol
2002;29:169-73. [PubMed: 11824956]

[48]. Butbul Aviel Y, Stremler R, Benseler SM, Cameron B, Laxer RM, Ota S, et al. Sleep and fatigue

and the relationship to pain, disease activity and quality of life in juvenile idiopathic arthritis and
juvenile dermatomyositis. Rheumatology (Oxford) 2011;50:2051-60. [PubMed: 21873265]

[49]. Shyen S, Amine B, Rostom S, D ELB, Ezzahri M, Mawani N, et al. Sleep and its relationship

to pain, dysfunction, and disease activity in juvenile idiopathic arthritis. Clin Rheumatol
2014;33:1425-31. [PubMed: 24135889]

[50]. Ward TM, Sonney J, Ringold S, Stockfish S, Wallace CA, Landis CA. Sleep disturbances

and behavior problems in children with and without arthritis. J Pediatr Nurs 2014;29:321-8.
[PubMed: 24704178]

[51]. Ward TM, Yuwen W, Voss J, Foell D, Gohar F, Ringold S. Sleep Fragmentation and Biomarkers

in Juvenile Idiopathic Arthritis. Biol Res Nurs 2016;18:299-306. [PubMed: 26512051]

[52]. Daniel LC, Grant M, Kothare SV, Dampier C, Barakat LP. Sleep patterns in pediatric sickle cell

disease. Pediatr Blood Cancer 2010;55:501-7. [PubMed: 20658622]

[53]. Valrie CR, Gil KM, Redding-Lallinger R, Daeschner C. The Influence of Pain and Stress on

Sleep in Children With Sickle Cell Disease. Children's Health Care 2007;36:335-53.

[54]. Hankins JS, Verevkina NI, Smeltzer MP, Wu S, Aygun B, Clarke DF. Assessment of sleep-related

disorders in children with sickle cell disease. Hemoglobin 2014;38:244-51. [PubMed: 24941261]

[55]. Ancoli-Israel S, Cole R, Alessi C, Chambers M, Moorcroft W, Pollak CP. The role of actigraphy

in the study of sleep and circadian rhythms. Sleep 2003;26:342-92. [PubMed: 12749557]

*[56]. Lewandowski AS, Palermo TM, De la Motte S, Fu R. Temporal daily associations between

pain and sleep in adolescents with chronic pain versus healthy adolescents. Pain 2010;151:220-5.
[PubMed: 20719433]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 26

[57]. Palermo TM, Toliver-Sokol M, Fonareva I, Koh JL. Objective and subjective assessment of sleep

in adolescents with chronic pain compared to healthy adolescents. Clin J Pain 2007;23:812-20.
[PubMed: 18075410]

[58]. Bruni O, Russo PM, Violani C, Guidetti V. Sleep and migraine: an actigraphic study. Cephalalgia

2004;24:134-9. [PubMed: 14728709]

[59]. Amin R, Bean J, Burklow K, Jeffries J. The relationship between sleep disturbance and

pulmonary function in stable pediatric cystic fibrosis patients. Chest 2005;128:1357-63.
[PubMed: 16162729]

[60]. Gedaly-Duff V, Lee KA, Nail L, Nicholson HS, Johnson KP. Pain, sleep disturbance, and fatigue

in children with leukemia and their parents: a pilot study. Oncol Nurs Forum 2006;33:641-6.
[PubMed: 16676020]

[61]. Haim A, Pillar G, Pecht A, Lerner A, Tov N, Jaffe M, et al. Sleep patterns in children and

adolescents with functional recurrent abdominal pain: objective versus subjective assessment.
Acta Paediatr 2004;93:677-80. [PubMed: 15174794]

[62]. Law EF, Dufton L, Palermo TM. Daytime and nighttime sleep patterns in adolescents with and

without chronic pain. Health Psychol 2012;31:830-3. [PubMed: 22149126]

[63]. Armoni Domany K, Nahman-Averbuch H, King CD, Dye T, Xu Y, Hossain M, et al. Clinical

presentation, diagnosis and polysomnographic findings in children with migraine referred to
sleep clinics. Sleep Med 2019;63:57-63. [PubMed: 31606650]

[64]. Vendrame M, Kaleyias J, Valencia I, Legido A, Kothare SV. Polysomnographic findings in

children with headaches. Pediatr Neurol 2008;39:6-11. [PubMed: 18555166]

[65]. Lopes MC, Guilleminault C, Rosa A, Passarelli C, Roizenblatt S, Tufik S. Delta sleep instability

in children with chronic arthritis. Braz J Med Biol Res 2008;41:938-43. [PubMed: 19030715]

[66]. Passarelli CM, Roizenblatt S, Len CA, Moreira GA, Lopes MC, Guilleminault C, etal. A

case-control sleep study in children with polyarticular juvenile rheumatoid arthritis. J Rheumatol
2006;33:796-802. [PubMed: 16511937]

[67]. Zamir G, Press J, Tal A, Tarasiuk A. Sleep fragmentation in children with juvenile rheumatoid

arthritis. J Rheumatol 1998;25:1191-7. [PubMed: 9632085]

[68]. Souza LC, Viegas CA. Quality of sleep and pulmonary function in clinically stable adolescents

with sickle cell anemia. J Bras Pneumol 2007;33:275-81. [PubMed: 17906788]

[69]. Mascarenhas MI, Loureiro HC, Ferreira T, Dias A. Sleep pathology characterization in sickle cell

disease: case-control study. Pediatr Pulmonol 2015;50:396-401. [PubMed: 25045078]

[70]. Salles C, Ramos RT, Daltro C, Barral A, Marinho JM, Matos MA. Prevalence of obstructive sleep

apnea in children and adolescents with sickle cell anemia. J Bras Pneumol 2009;35:1075-83.
[PubMed: 20011842]

[71]. Rogers VE, Marcus CL, Jawad AF, Smith-Whitley K, Ohene-Frempong K, Bowdre C, et

al. Periodic limb movements and disrupted sleep in children with sickle cell disease. Sleep
2011;34:899-908. [PubMed: 21731140]

[72]. Ward TM, Chen ML, Landis CA, Ringold S, Beebe DW, Pike KC, et al. Congruence between

polysomnography obstructive sleep apnea and the pediatric sleep questionnaire: fatigue and
health-related quality of life in juvenile idiopathic arthritis. Qual Life Res 2017;26:779-88.
[PubMed: 27987106]

[73]. Yuwen W, Chen ML, Cain KC, Ringold S, Wallace CA, Ward TM. Daily Sleep Patterns,

Sleep Quality, and Sleep Hygiene Among Parent-Child Dyads of Young Children Newly
Diagnosed With Juvenile Idiopathic Arthritis and Typically Developing Children. J Pediatr
Psychol 2016;41:651-60. [PubMed: 26994855]

[74]. Bjurstrom MF, Irwin MR. Polysomnographic characteristics in nonmalignant chronic pain

populations: A review of controlled studies. Sleep Med Rev 2016;26:74-86. [PubMed:
26140866]

[75]. Rabbitts JA, Zhou C, Narayanan A, Palermo TM. Longitudinal and Temporal Associations

Between Daily Pain and Sleep Patterns After Major Pediatric Surgery. J Pain 2017;18:656—63.
[PubMed: 28131699]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 27

*[76]. Lewandowski Holley A, Rabbitts J, Zhou C, Durkin L, Palermo TM. Temporal daily
associations among sleep and pain in treatment-seeking youth with acute musculoskeletal pain. J
Behav Med 2017;40:675-81. [PubMed: 28378107]

*[77]. Pavlova M, Ference J, Hancock M, Noel M. Disentangling the Sleep-Pain Relationship in
Pediatric Chronic Pain: The Mediating Role of Internalizing Mental Health Symptoms. Pain Res
Manag 2017;2017:1586921. [PubMed: 29348713]

*[78]. Bromberg MH, Gil KM, Schanberg LE. Daily sleep quality and mood as predictors of
pain in children with juvenile polyarticular arthritis. Health Psychol 2012;31:202-9. [PubMed:
21842997]

[79]. Fisher K, Laikin AM, Sharp KMH, Criddle CA, Palermo TM, Karlson CW. Temporal
relationship between daily pain and actigraphy sleep patterns in pediatric sickle cell disease.
J Behav Med 2018;41:416-22. [PubMed: 29532199]

[80]. Bonvanie 1J, Oldehinkel AJ, Rosmalen JGM, Janssens KAM. Sleep problems and pain: a
longitudinal cohort study in emerging adults. Pain 2016;157:957-63. [PubMed: 26683236]

[81]. Mikkelsson M, Sourander A, Salminen JJ, Kautiainen H, Piha J. Widespread pain and neck
pain in schoolchildren. A prospective one-year follow-up study. Acta Paediatr 1999;88:1119-24.
[PubMed: 10565460]

[82]. Arnison T, Schrooten MGS, Hesser H, Jansson-Frojmark M, Persson J. Longitudinal,
bidirectional relationships of insomnia symptoms and musculoskeletal pain across adolescence:
the mediating role of mood. Pain 2022;163:287-98. [PubMed: 34001767]

[83]. Liu X, Yang Y, Liu ZZ, Jia CX. A longitudinal study of bidirectional associations between
frequent pain and insomnia symptoms in adolescents. Sleep Health 2022.

[84]. Evans S, Djilas V, Seidman LC, Zeltzer LK, Tsao JCI. Sleep Quality, Affect, Pain, and Disability
in Children With Chronic Pain: Is Affect a Mediator or Moderator? J Pain 2017;18:1087-95.
[PubMed: 28479208]

[85]. Koffel E, Krebs EE, Arbisi PA, Erbes CR, Polusny MA. The Unhappy Triad: Pain, Sleep
Complaints, and Internalizing Symptoms. Clin Psychol Sci 2016;4:96-106. [PubMed: 27390627]

[86]. lacovides S, Kamerman P, Baker FC, Mitchell D. Why It Is Important to Consider the
Effects of Analgesics on Sleep: A Critical Review. Compr Physiol 2021;11:2589-619. [PubMed:
34558668]

[87]. de Zambotti M, Goldstone A, Forouzanfar M, Javitz H, Claudatos S, Colrain IM, et al. The
falling asleep process in adolescents. Sleep 2020;43.

[88]. Murray CB, Murphy LK, Palermo TM, Clarke GM. Pain and sleep-wake disturbances in
adolescents with depressive disorders. J Clin Child Adolesc Psychol 2012;41:482-90. [PubMed:
22420746]

[89]. Palermo TM, Beals-Erickson S, Bromberg M, Law E, Chen M. A Single Arm Pilot Trial of
Brief Cognitive Behavioral Therapy for Insomnia in Adolescents with Physical and Psychiatric
Comorbidities. J Clin Sleep Med 2017;13:401-10. [PubMed: 27923435]

*[90]. Arnison T, Schrooten MGS, Bauducco S, Jansson-Frojmark M, Persson J. Sleep phase and pre-
sleep arousal predicted co-developmental trajectories of pain and insomnia within adolescence.
Sci Rep 2022;12:4480. [PubMed: 35296699]

[91]. Gregory AM, Willis TA, Wiggs L, Harvey AG, Team S. Presleep arousal and sleep disturbances
in children. Sleep 2008;31:1745-7. [PubMed: 19090331]

[92]. Schneider MN, Denis D, Buysse DJ, Kovas Y, Gregory AM. Associations between presleep
arousal and insomnia symptoms in early adulthood: a twin and sibling study. Sleep 2019;42.

[93]. Palada V, Gilron I, Canlon B, Svensson Cl, Kalso E. The circadian clock at the intercept of sleep
and pain. Pain 2020;161:894-900. [PubMed: 31895268]

[94]. Gobina I, Villberg J, Vélimaa R, Tynjald J, Whitehead R, Cosma A, et al. Prevalence of
self-reported chronic pain among adolescents: Evidence from 42 countries and regions. Eur J
Pain 2019;23:316-26. [PubMed: 30098106]

[95]. Zhang J, Lam SP, Li SX, Tang NL, Yu MWM, Li AM, et al. Insomnia, sleep quality, pain,
and somatic symptoms: sex differences and shared genetic components. Pain 2012;153:666—73.
[PubMed: 22277557]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 28

[96]. Krietsch KN, King CD, Beebe DW. Experimental sleep restriction increases somatic complaints
in healthy adolescents. Sleep Med 2020;73:213-6. [PubMed: 32858333]

[97]. Eacret D, Veasey SC, Blendy JA. Bidirectional Relationship between Opioids and Disrupted
Sleep: Putative Mechanisms. Mol Pharmacol 2020;98:445-53. [PubMed: 32198209]

[98]. Palmer CA, Oosterhoff B, Bower JL, Kaplow JB, Alfano CA. Associations among adolescent
sleep problems, emotion regulation, and affective disorders: Findings from a nationally
representative sample. J Psychiatr Res 2018;96:1-8. [PubMed: 28941378]

[99]. Palmer CA, Alfano CA. Sleep and emotion regulation: An organizing, integrative review. Sleep
Med Rev 2017;31:6-16. [PubMed: 26899742]

[100]. Koechlin H, Coakley R, Schechter N, Werner C, Kossowsky J. The role of emotion regulation
in chronic pain: A systematic literature review. J Psychosom Res 2018;107:38-45. [PubMed:
29502762]

[101]. Connelly M, Bromberg MH, Anthony KK, Gil KM, Franks L, Schanberg LE. Emotion
regulation predicts pain and functioning in children with juvenile idiopathic arthritis: an
electronic diary study. J Pediatr Psychol 2012;37:43-52. [PubMed: 22037006]

[102]. Lewin DS, Dahl RE. Importance of sleep in the management of pediatric pain. J Dev Behav
Pediatr 1999;20:244-52. [PubMed: 10475599]

*[103]. Valrie CR, Alston K, Morgan K, Kilpatrick R, Sisler I, Fuh B. Pediatric sickle cell pain-
sleep relationships: The roles of positive and negative affect. Health Psychol 2021;40:793-802.
[PubMed: 34914484]

[104]. Alfano CA, Pina AA, Zerr AA, Villalta IK. Pre-sleep arousal and sleep problems of anxiety-
disordered youth. Child Psychiatry Hum Dev 2010;41:156-67. [PubMed: 19680805]

[105]. Whibley D, AlKandari N, Kristensen K, Barnish M, Rzewuska M, Druce KL, et al. Sleep and
Pain: A Systematic Review of Studies of Mediation. Clin J Pain 2019;35:544-58. [PubMed:
30829737]

[106]. Smith MT, Quartana PJ, Okonkwo RM, Nasir A. Mechanisms by which sleep disturbance
contributes to osteoarthritis pain: a conceptual model. Curr Pain Headache Rep 2009;13:447-54.
[PubMed: 19889286]

[107]. Andreucci A, Groenewald CB, Rathleff MS, Palermo TM. The Role of Sleep in the
Transition from Acute to Chronic Musculoskeletal Pain in Youth—A Narrative Review. Children
2021;8:241. [PubMed: 33804741]

[108]. De Sanctis V, Soliman A, Bernasconi S, Bianchin L, Bona G, Bozzola M, et al. Primary
Dysmenorrhea in Adolescents: Prevalence, Impact and Recent Knowledge. Pediatr Endocrinol
Rev 2015;13:512-20. [PubMed: 26841639]

[109]. lacovides S, Avidon I, Baker FC. What we know about primary dysmenorrhea today: a critical
review. Hum Reprod Update 2015;21:762—78. [PubMed: 26346058]

[110]. Luppi PH, Fort P. Sleep-wake physiology. Handb Clin Neurol 2019;160:359-70. [PubMed:
31277860]

[111]. Oh J, Petersen C, Walsh CM, Bittencourt JC, Neylan TC, Grinberg LT. The role of co-
neurotransmitters in sleep and wake regulation. Mol Psychiatry 2019;24:1284-95. [PubMed:
30377299]

[112]. Scammell TE, Arrigoni E, Lipton JO. Neural Circuitry of Wakefulness and Sleep. Neuron
2017;93:747-65. [PubMed: 28231463]

[113]. Peirs C, Seal RP. Neural circuits for pain: Recent advances and current views. Science
2016;354:578-84. [PubMed: 27811268]

[114]. Braz J, Solorzano C, Wang X, Basbaum Al. Transmitting pain and itch messages: a
contemporary view of the spinal cord circuits that generate gate control. Neuron 2014;82:522-36.
[PubMed: 24811377]

[115]. Haack M, Simpson N, Sethna N, Kaur S, Mullington J. Sleep deficiency and chronic
pain: potential underlying mechanisms and clinical implications. Neuropsychopharmacology
2020;45:205-16. [PubMed: 31207606]

[116]. Beebe DW. Cognitive, behavioral, and functional consequences of inadequate sleep in children
and adolescents. Pediatr Clin North Am 2011;58:649-65. [PubMed: 21600347]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 29

[117]. Urrila AS, Artiges E, Massicotte J, Miranda R, Vulser H, Bézivin-Frere P, et al. Sleep habits,
academic performance, and the adolescent brain structure. Scientific Reports 2017;7:41678.
[PubMed: 28181512]

[118]. Urrila AS, Artiges E, Massicotte J, Miranda R, Vulser H, Bezivin-Frere P, et al. Sleep habits,
academic performance, and the adolescent brain structure. Sci Rep 2017;7:41678. [PubMed:
28181512]

[119]. Kolb B, Mychasiuk R, Muhammad A, Li Y, Frost DO, Gibb R. Experience and the developing
prefrontal cortex. Proc Natl Acad Sci U S A 2012;109 Suppl 2:17186-93. [PubMed: 23045653]

[120]. Drummond SP, Brown GG, Gillin JC, Stricker JL, Wong EC, Buxton RB. Altered brain
response to verbal learning following sleep deprivation. Nature 2000;403:655-7. [PubMed:
10688201]

[121]. Brooks J, Tracey I. From nociception to pain perception: imaging the spinal and supraspinal
pathways. J Anat 2005;207:19-33. [PubMed: 16011543]

[122]. Peyron R, Laurent B, Garcia-Larrea L. Functional imaging of brain responses to pain. A review
and meta-analysis (2000). Neurophysiol Clin 2000;30:263-88. [PubMed: 11126640]

[123]. Tracey I, Mantyh PW. The cerebral signature for pain perception and its modulation. Neuron
2007;55:377-91. [PubMed: 17678852]

[124]. Wiech K, Farias M, Kahane G, Shackel N, Tiede W, Tracey I. An fMRI study measuring
analgesia enhanced by religion as a belief system. Pain 2008;139:467-76. [PubMed: 18774224]

[125]. Seminowicz DA, Moayedi M. The Dorsolateral Prefrontal Cortex in Acute and Chronic Pain. J
Pain 2017;18:1027-35. [PubMed: 28400293]

[126]. Coghill RC, McHaffie JG, Yen YF. Neural correlates of interindividual differences in the
subjective experience of pain. Proc Natl Acad Sci U S A 2003;100:8538-42. [PubMed:
12824463]

[127]. May A. Chronic pain may change the structure of the brain. Pain 2008;137:7-15. [PubMed:
18410991]

[128]. Erpelding N, Simons L, Lebel A, Serrano P, Pielech M, Prabhu S, et al. Rapid treatment-induced
brain changes in pediatric CRPS. Brain Struct Funct 2016;221:1095-111. [PubMed: 25515312]

[129]. Apkarian VA, Hashmi JA, Baliki MN. Pain and the brain: specificity and plasticity of the brain
in clinical chronic pain. Pain 2011;152:549-s64. [PubMed: 21146929]

[130]. Kolb B, Mychasiuk R, Muhammad A, Li Y, Frost DO, Gibb R. Experience and the developing
prefrontal cortex. Proc Natl Acad Sci U S A 2012;109 Suppl 2:17186-93. [PubMed: 23045653]

[131]. Voci A, Bruni O, Ferilli MAN, Papetti L, Tarantino S, Ursitti F, et al. Sleep Disorders in
Pediatric Migraine: A Questionnaire-Based Study. Journal of Clinical Medicine 2021;10:3575.
[PubMed: 34441871]

[132]. Olsen MN, Sherry DD, Boyne K, McCue R, Gallagher PR, Brooks LJ. Relationship
between Sleep and Pain in Adolescents with Juvenile Primary Fibromyalgia Syndrome. Sleep
2013;36:509-16. [PubMed: 23564998]

[133]. Jansen J, Shulman R, Ward TM, Levy R, Self MM. Sleep disturbances in children with
functional gastrointestinal disorders: demographic and clinical characteristics. J Clin Sleep Med
2021;17:1193-200. [PubMed: 33590819]

[134]. Santucci NR, King C, EI-Chammas KI, Wongteerasut A, Damrongmanee A, Graham K,
et al. Effect of percutaneous electrical nerve field stimulation on mechanosensitivity, sleep,
and psychological comorbidities in adolescents with functional abdominal pain disorders.
Neurogastroenterol Motil 2022:e14358. [PubMed: 35293081]

[135]. Valrie CR, Kilpatrick RL, Alston K, Trout K, Redding-Lallinger R, Sisler I, et al. Investigating
the Sleep-Pain Relationship in Youth with Sickle Cell Utilizing mHealth Technology. J Pediatr
Psychol 2019;44:323-32. [PubMed: 30649539]

[136]. Bromberg MH, Connelly M, Anthony KK, Gil KM, Schanberg LE. Prospective Mediation
Models of Sleep, Pain, and Daily Function in Children With Arthritis Using Ecological
Momentary Assessment. Clin J Pain 2016;32:471-7. [PubMed: 26340651]

[137]. Krietsch KN, Beebe DW, King C, Homan KJ, Williams SE. Sleep among Youth with Severely
Disabling Chronic Pain: Before, during, and after Inpatient Intensive Interdisciplinary Pain
Treatment. Children (Basel) 2021;8.

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 30

[138]. Auvinen JP, Paananen MV, Tammelin TH, Taimela SP, Mutanen PO, Zitting PJ, et al.
Musculoskeletal pain combinations in adolescents. Spine (Phila Pa 1976) 2009;34:1192-7.
[PubMed: 19444067]

[139]. Basch MC, Chow ET, Logan DE, Borsook D, Schechter NL, Simons LE. Cumulative effects
of multiple pain sites in youth with chronic pain. Eur J Pain 2018;22:1134-41. [PubMed:
29436161]

[140]. Paananen MV, Taimela SP, Auvinen JP, Tammelin TH, Kantomaa MT, Ebeling HE, et al.

Risk factors for persistence of multiple musculoskeletal pains in adolescence: a 2-year follow-up
study. Eur J Pain 2010;14:1026-32. [PubMed: 20403716]

[141]. Chumpitazi BP, Palermo TM, Hollier JM, Self MM, Czyzewski D, Weidler EM, et al.

Multisite Pain Is Highly Prevalent in Children with Functional Abdominal Pain Disorders and Is
Associated with Increased Morbidity. J Pediatr 2021;236:131-6. [PubMed: 33940018]

[142]. Zempsky WT, Wakefield EO, Santanelli JP, New T, Smith-Whitley K, Casella JF, et al.
Widespread Pain Among Youth With Sickle Cell Disease Hospitalized With Vasoocclusive Pain:
A Different Clinical Phenotype? Clin J Pain 2017;33:335-9. [PubMed: 27322398]

[143]. de la Vega R, Mird J. The assessment of sleep in pediatric chronic pain sufferers. Sleep
Medicine Reviews 2013;17:185-92. [PubMed: 22750223]

[144]. Rabbitts JA, Holley AL, Groenewald CB, Palermo TM. Association Between Widespread Pain
Scores and Functional Impairment and Health-Related Quality of Life in Clinical Samples of
Children. J Pain 2016;17:678-84. [PubMed: 26924379]

[145]. Bazett-Jones DM, Rathleff MS, Holden S. Associations between number of pain sites and
sleep, sports participation, and quality of life: a cross-sectional survey of 1021 youth from the
Midwestern United States. BMC Pediatr 2019;19:201. [PubMed: 31208385]

[146]. Skrove M, Romundstad P, Indredavik MS. Chronic multisite pain in adolescent girls and boys
with emotional and behavioral problems: the Young-HUNT study. Eur Child Adolesc Psychiatry
2015;24:503-15. [PubMed: 25138145]

[147]. Hoftun GB, Romundstad PR, Zwart JA, Rygg M. Chronic idiopathic pain in adolescence--high
prevalence and disability: the young HUNT Study 2008. Pain 2011;152:2259-66. [PubMed:
21683528]

[148]. Harte S, Harris R, Clauw D. The neurobiology of central sensitization. Journal of Applied
Biobehavioral Research 2018;23.

[149]. de la Vega R, Racine M, Sanchez-Rodriguez E, Tomé-Pires C, Castarlenas E, Jensen MP, et
al. Pain Extent, Pain Intensity, and Sleep Quality in Adolescents and Young Adults. Pain Med
2016;17:1971-7. [PubMed: 27296056]

[150]. Skarpsno ES, Mork PJ, Nilsen TIL, Nordstoga AL. Influence of sleep problems and co-
occurring musculoskeletal pain on long-term prognosis of chronic low back pain: the HUNT
Study. J Epidemiol Community Health 2020;74:283-9. [PubMed: 31801790]

[151]. Wiklund T, Gerdle B, Linton SJ, Dragioti E, Larsson B. Insomnia is a risk factor for spreading
of chronic pain: A Swedish longitudinal population study (SwePain). Eur J Pain 2020;24:1348—
56. [PubMed: 32386443]

[152]. Pan F, Tian J, Cicuttini F, Jones G. Sleep Disturbance and Its Association with Pain Severity and
Multisite Pain: A Prospective 10.7-Year Study. Pain Ther 2020;9:751-63. [PubMed: 33085011]

[153]. Stinson JN, Kavanagh T, Yamada J, Gill N, Stevens B. Systematic review of the psychometric
properties, interpretability and feasibility of self-report pain intensity measures for use in clinical
trials in children and adolescents. Pain 2006;125:143-57. [PubMed: 16777328]

[154]. von Baeyer CL, Spagrud LJ, McCormick JC, Choo E, Neville K, Connelly MA. Three new
datasets supporting use of the Numerical Rating Scale (NRS-11) for children’s self-reports of
pain intensity. Pain 2009;143:223-7. [PubMed: 19359097]

[155]. Hofbauer RK, Rainville P, Duncan GH, Bushnell MC. Cortical representation of the sensory
dimension of pain. J Neurophysiol 2001;86:402—11. [PubMed: 11431520]

[156]. Rainville P, Duncan GH, Price DD, Carrier B, Bushnell MC. Pain affect encoded in human
anterior cingulate but not somatosensory cortex. Science 1997;277:968-71. [PubMed: 9252330]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 31

[157]. Fussner LM, Black WR, Lynch-Jordan A, Morgan EM, Ting TV, Kashikar-Zuck S. Utility
of the PROMIS Pediatric Pain Interference Scale in Juvenile Fibromyalgia. J Pediatr Psychol
2019;44:436-41. [PubMed: 30649388]

[158]. Lynch-Jordan AM, Sil S, Peugh J, Cunningham N, Kashikar-Zuck S, Goldschneider KR.
Differential changes in functional disability and pain intensity over the course of psychological
treatment for children with chronic pain. Pain 2014;155:1955-61. [PubMed: 24954165]

[159]. Walker LS, Greene JW. The functional disability inventory: measuring a neglected dimension of
child health status. J Pediatr Psychol 1991;16:39-58. [PubMed: 1826329]

[160]. Varni JW, Stucky BD, Thissen D, Dewitt EM, Irwin DE, Lai JS, et al. PROMIS Pediatric
Pain Interference Scale: an item response theory analysis of the pediatric pain item bank. J Pain
2010;11:1109-19. [PubMed: 20627819]

[161]. Yu L, Buysse DJ, Germain A, Moul DE, Stover A, Dodds NE, et al. Development of short forms
from the PROMIS™ sleep disturbance and Sleep-Related Impairment item banks. Behav Sleep
Med 2011;10:6-24. [PubMed: 22250775]

[162]. Larche CL, Plante I, Roy M, Ingelmo PM, Ferland CE. The Pittsburgh Sleep Quality Index:
Reliability, Factor Structure, and Related Clinical Factors among Children, Adolescents, and
Young Adults with Chronic Pain. Sleep Disord 2021;2021:5546484. [PubMed: 33996158]

[163]. Solé E, Sharma S, Ferreira-Valente A, Pathak A, Sanchez-Rodriguez E, Jensen MP, et al.

The associations between sleep disturbance, psychological dysfunction, pain intensity, and pain
interference in children with chronic pain. Pain Med 2021.

[164]. Sluka KA, Clauw DJ. Neurobiology of fibromyalgia and chronic widespread pain. Neuroscience
2016;338:114-29. [PubMed: 27291641]

[165]. Cruz-Almeida Y, Fillingim RB. Can quantitative sensory testing move us closer to mechanism-
based pain management? Pain Med 2014;15:61-72. [PubMed: 24010588]

[166]. Williams AE, Heitkemper M, Self MM, Czyzewski DI, Shulman RJ. Endogenous inhibition of
somatic pain is impaired in girls with irritable bowel syndrome compared with healthy girls. J
Pain 2013;14:921-30. [PubMed: 23685184]

[167]. Morris MC, Walker LS, Bruehl S, Stone AL, Mielock AS, Rao U. Impaired conditioned
pain modulation in youth with functional abdominal pain. Pain 2016;157:2375-81. [PubMed:
27389918]

[168]. Teles AR, Ocay DD, Bin Shebreen A, Tice A, Saran N, Ouellet JA, et al. Evidence of impaired
pain modulation in adolescents with idiopathic scoliosis and chronic back pain. The Spine
Journal 2019;19:677-86. [PubMed: 30343045]

[169]. Ocay DD, Larche CL, Betinjane N, Jolicoeur A, Beaulieu MJ, Saran N, et al. Phenotyping
Chronic Musculoskeletal Pain in Male and Female Adolescents: Psychosocial Profiles,
Somatosensory Profiles and Pain Modulatory Profiles. J Pain Res 2022;15:591-612. [PubMed:
35250304]

[170]. Bakshi N, Lukombo I, Shnol H, Belfer I, Krishnamurti L. Psychological Characteristics and
Pain Frequency Are Associated With Experimental Pain Sensitivity in Pediatric Patients With
Sickle Cell Disease. J Pain 2017;18:1216-28. [PubMed: 28602692]

[171]. Nahman-Averbuch H, Shefi T, Schneider VVJ 2nd, Li D, Ding L, King CD, et al. Quantitative
sensory testing in patients with migraine: a systematic review and meta-analysis. Pain
2018;159:1202-23. [PubMed: 29781957]

[172]. Yarnitsky D, Granot M, Granovsky Y. Pain modulation profile and pain therapy: between pro-
and antinociception. Pain 2014;155:663-5. [PubMed: 24269491]

[173]. Nahman-Averbuch H, Hershey AD, Peugh JL, King CD, Kroon Van Diest AM, Chamberlin
LA, et al. The promise of mechanistic approaches to understanding how youth with migraine
get better-An Editorial to the 2020 Members' Choice Award Paper. Headache 2021;61:803-4.
[PubMed: 34214180]

[174]. Morris MC, Bruehl S, Stone AL, Garber J, Smith C, Palermo TM, et al. Does Quantitative
Sensory Testing Improve Prediction of Chronic Pain Trajectories? A Longitudinal Study of Youth
With Functional Abdominal Pain Participating in a Randomized Controlled Trial of Cognitive
Behavioral Treatment. Clin J Pain 2021;37:648-56. [PubMed: 34192714]

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 32

[175]. Pieh C, Jank R, Waif} C, Pfeifer C, Probst T, Lahmann C, et al. Night-shift work increases cold
pain perception. Sleep Med 2018;45:74-9. [PubMed: 29680433]

[176]. Lerman SF, Mun CJ, Hunt CA, Kunatharaju S, Buenaver LF, Finan PH, et al. Insomnia with
objective short sleep duration in women with temporomandibular joint disorder: quantitative
sensory testing, inflammation and clinical pain profiles. Sleep Med 2022;90:26-35. [PubMed:
35091170]

[177]. lacovides S, George K, Kamerman P, Baker FC. Sleep Fragmentation Hypersensitizes Healthy
Young Women to Deep and Superficial Experimental Pain. J Pain 2017;18:844-54. [PubMed:
28300651]

[178]. Onen SH, Alloui A, Gross A, Eschallier A, Dubray C. The effects of total sleep deprivation,
selective sleep interruption and sleep recovery on pain tolerance thresholds in healthy subjects. J
Sleep Res 2001;10:35-42. [PubMed: 11285053]

[179]. Smith MT, Edwards RR, McCann UD, Haythornthwaite JA. The effects of sleep deprivation on
pain inhibition and spontaneous pain in women. Sleep 2007;30:494-505. [PubMed: 17520794]

[180]. Eichhorn N, Treede RD, Schuh-Hofer S. The Role of Sex in Sleep Deprivation Related Changes
of Nociception and Conditioned Pain Modulation. Neuroscience 2018;387:191-200. [PubMed:
28974374]

[181]. Staffe AT, Bech MW, Clemmensen SLK, Nielsen HT, Larsen DB, Petersen KK. Total
sleep deprivation increases pain sensitivity, impairs conditioned pain modulation and facilitates
temporal summation of pain in healthy participants. PLoS One 2019;14:e0225849. [PubMed:
31800612]

[182]. Simpson NS, Scott-Sutherland J, Gautam S, Sethna N, Haack M. Chronic exposure to
insufficient sleep alters processes of pain habituation and sensitization. Pain 2018;159:33-40.
[PubMed: 28891869]

[183]. Matre D, Andersen MR, Knardahl S, Nilsen KB. Conditioned pain modulation is not decreased
after partial sleep restriction. Eur J Pain 2016;20:408-16. [PubMed: 26104968]

[184]. Karmann A, Lauer C, Ziegler E, Killian L, Horn-Hofmann C, Lautenbacher S. Associations of
nocturnal sleep with experimental pain and pain catastrophizing in healthy volunteers. Biological
Psychology 2018;135.

[185]. Buysse DJ. Sleep health: can we define it? Does it matter? Sleep 2014;37:9-17. [PubMed:
24470692]

[186]. de Zambotti M, Trinder J, Silvani A, Colrain IM, Baker FC. Dynamic coupling between
the central and autonomic nervous systems during sleep: A review. Neurosci Biobehav Rev
2018;90:84-103. [PubMed: 29608990]

[187]. de Zambotti M, Cellini N, Goldstone A, Colrain IM, Baker FC. Wearable Sleep Technology in
Clinical and Research Settings. Med Sci Sports Exerc 2019;51:1538-57. [PubMed: 30789439]

[188]. de Zambotti M, Cellini N, Menghini L, Sarlo M, Baker FC. Sensors Capabilities, Performance,
and Use of Consumer Sleep Technology. Sleep Med Clin 2020;15:1-30. [PubMed: 32005346]

[189]. Fales J, Palermo TM, Law EF, Wilson AC. Sleep outcomes in youth with chronic pain
participating in a randomized controlled trial of online cognitive-behavioral therapy for pain
management. Behav Sleep Med 2015;13:107-23. [PubMed: 24484373]

[190]. Murray CB, de la Vega R, Loren DM, Palermo TM. Moderators of Internet-Delivered
Cognitive-Behavioral Therapy for Adolescents With Chronic Pain: Who Benefits From
Treatment at Long-Term Follow-Up? J Pain 2020;21:603-15. [PubMed: 31606398]

[191]. Palermo TM, Law EF, Kim A, de la Vega R, Zhou C. Baseline Sleep Disturbances
Modify Outcome Trajectories in Adolescents With Chronic Pain Receiving Internet-Delivered
Psychological Treatment. J Pain 2022;23:1245-55. [PubMed: 35283268]

[192]. Shaffer KM, Camacho F, Lord HR, Chow PI, Palermo T, Law E, et al. Do treatment effects
of a web-based cognitive behavioral therapy for insomnia intervention differ for users with and
without pain interference? A secondary data analysis. J Behav Med 2020;43:503-10. [PubMed:
31152334]

[193]. Boggero IA, Krietsch KN, Pickerill HM, Byars KC, Homan KJ, Williams SE, et al.
Improvements in Sleep Correlate With Improvements in Clinical Outcomes Among Adolescents

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Albinni et al. Page 33

Undergoing Intensive Interdisciplinary Pain Treatment. Clin J Pain 2021;37:443-53. [PubMed:
33782245]

[194]. de Zambotti M, Sizintsev M, Claudatos S, Barresi G, Colrain IM, Baker FC. Reducing bedtime
physiological arousal levels using immersive audio-visual respiratory bio-feedback: a pilot study
in women with insomnia symptoms. J Behav Med 2019;42:973-83. [PubMed: 30790211]

[195]. Palermo TM, Walco GA, Paladhi UR, Birnie KA, Crombez G, de la Vega R, et al. Core outcome
set for pediatric chronic pain clinical trials: results from a Delphi poll and consensus meeting.
Pain 2021;162:2539-47. [PubMed: 33625074]

[196]. Asparouhov T, Hamaker EL, Muthén B. Dynamic Structural Equation Models. Structural
Equation Modeling: A Multidisciplinary Journal 2018;25:359-88.

Sleep Med Rev. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albinni et al.

Page 34

Practical Points

Sleep is a key factor implicated in chronic pain, with >50% of adolescents
with chronic pain reporting sleep difficulties. While poor sleep perception has
been widely reported across different pain conditions, evidence supporting
objective sleep alterations is scarce and inconclusive.

Chronic pain is a common and debilitating condition in adolescence, a
critical developmental period associated with changes in biological systems
underlying sleep and pain.

Several methods are available to measure sleep in adolescents with chronic
pain. While PSG is considered the gold standard for laboratory sleep
assessment, it has rarely been used in pediatric pain research, limiting the
understanding of the physiological processes implicated in chronic pain.

Emerging evidence suggests that disrupted (or poorer) sleep is a stronger
and more reliable predictor of next-day pain (vs. daily pain as a predictor of
next-night sleep) in youth with chronic pain.

The ability of the central nervous system to facilitate and inhibit pain
processing, which is often altered in chronic pain, could be a critical
neurobiological mechanism by which poor sleep increases pain perception.

Most studies focus on pain intensity ratings with limited attention to
outcomes like disability and pain-related interference.
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Research Agenda

. There is a need for standardized, systematic, and precise definitions and
quantification of the distinct sleep and pain processes (accounting for
the multi dimensionality of both constructs) implicated in the sleep-pain
relationship. For example, future studies should consider sleep in chronic pain
patients within a ‘sleep health’ framework, which describes sleep in terms of
their subjective perceptions of sleep (i.e., satisfaction/quality, alertness) and
sleep-wake patterns (i.e., quantity, efficiency, timing, and regularity), which
can be assessed with actigraphy or self-report. In agreement with a recent
consensus statement for clinical trials for pediatric pain[195], future studies
should consider pain-related domains (e.g., frequency/intensity of pain,
interference in engagement in social, physical, and recreational activities).
Other domains like overall well-being, general physical functioning, and
emotional functioning (e.g., response-focused ER[99, 100]) should also
be considered, given their role in sleep, pain, and overall health[10].
Appropriate psychometric development of these assessments will also need
to be established.

. Compared to boys, adolescent girls report more sleep problems, more pain,
stronger immune responses after the onset of puberty, stronger stress reactions
due to sleep deficiency, more negative mood, more maladaptive emotion
regulation strategies, and heightened pain sensitivity. However, few - if any -
studies have explicitly examined sex differences in the sleep-pain relationship
in adolescents. Future studies should address this gap in the literature.
Furthermore, given potential differences between biological sex and gender
identity, future studies should also consider if these concepts differentially
impact the relationship between sleep and pain.

. The involvement of multiple factors in the sleep-pain relationship in
adolescents needs to be further explored. While a few studies have examined
potential mediators within the sleep-pain relationship, studies should consider
multiple mediators (e.g., negative vs. positive affect) and assess them within
a serial or parallel mediation model since these mechanisms are likely also
related. In addition, moderators should also be considered. These factors
have traditionally been used to control for contextual effects as covariates)
in the sleep-pain relationship. For example, given the previously mentioned
differences in biological sex, the pain-sleep relationship may be different in
adolescent girls vs. boys.

. In light of the phase delayed and circadian rhythm changes observed in
adolescents, together with lifestyle changes that likely routinely disrupt
circadian rhythms (increased exposure to blue light at night; napping during
the day), the integral relationships between the pain system and the circadian
systems need to be further explored.
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. In agreement with Andreucci et al. [107], there is a need for additional
longitudinal studies to study the temporal relationship between sleep and pain
in both clinical and non-clinical populations. These studies could provide
information about the trajectories of poor sleep (e.g., insomnia symptoms)
and pain in adolescent, as highlighted by a recent study [90], which showed
sleep and pain can co-develop over time. This has clinical implications as
interventions could be geared at targeting patients with established sleep (e.g.,
CBT) and pain issues or geared to prevent these issues in “at-risk” adolescents
before sleep and pain issues develop.

. Beyond self-assessment of sleep quality measures, focusing on physiological
sleep processes is deemed necessary to further expand our understanding of
the physiology of the sleep-pain relationship. With the advent of ambulatory
PSG devices, it is plausible to assess several physiological processes (e.g.,
EEG, ECG) in naturalistic environments.

. Consumer technology (e.g., passive tracking of sleep) combined with
digital surveys (e.g., pain assessment within the EMA framework) may
ultimately expand our understanding of the time-course of the sleep-pain
relationship by allowing large-scale, remote patient monitoring of sleep and
pain in unsupervised free-living conditions. The potential for large datasets
would also consider demographic and other factors implicated in the pain-
sleep relationship. Additional metrics like HR and GPS tracking may also
provide insight into altered physiology and physical impairment observed in
patients with pain. Additionally, novel statistical models, including Dynamic
Structural Equation Modeling[196], should be considered to analyze complex
time-series datasets.

. Additional research is needed to understand the shared neurobiological
mechanisms between sleep and pain using QST methods and neuroimaging.

. While actigraphy and daily diaries have provided evidence regarding the
relationship between poor sleep and pain, the timing of these assessments
(particularly pain) at different times of day (e.g., morning, afternoon,
and evening) is critical to understanding this bidirectional relationship.
Furthermore, the ability of nocturnal pain, either spontaneous or evoked
during the night, to interrupt sleep (e.g., waking up due to pain) should also
be explored.

. The focus on “at-risk” samples (acute pain) may allow the investigation of
the role of sleep disturbances in the development of chronic-pain conditions
(acute > chronic).

. Mechanistic processes of sleep regulation (e.g., homeostatic, circadian) across
physiological domains (e.g., cortical, ANS, endocrine) also need to be
considered, especially in the context of the major changes that occur across
adolescence.
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“An unpleasant sensory and emotional experience associated with, or resembling that associated with,

actual or potential tissue dt ge,” a multidi ional subjective and personal experience influenced
by biological, psychological, and social factors and, therefore, cannot be inferred from the activity of
sensory neurons only. Instead, individuals learn the concept of pain through life experiences, and
anyone’s report of a pain experience should be respected.

ACUTE PAIN is usually provoked by a CHRONIC PAIN is arbitrarily defined as
specific disease or condition (e.g., following pain lasting more than three months.
surgery, trauma) and occurs within a \
timeline associated with a normal healing
process (e.g., several weeks). Typically,

acute pain serves an adaptive role. /\
,.}

Pathophysiology. While chronic pain can also
occur without a precipitating event, it can
arise from long-term exposure to
inflammation (e.g., rheumatoid arthritis),
disease or lesions of the somatosensory
nervous system (e.g., painful diabetic
polyneuropathy), or altered central

Physiology. Acute nociceptive pain arises
from the activation of peripheral receptors
that detect internally and externally

generated noxious stimuli. The information ‘\ processing of sensory information (e.g.,

is then distributed through successive b | centralized pain).

neural circuits in the dorsal horn of the f - . . .
spinal cord, brainstem, and forebrain, Characteristics. Chronic pain can be localized
producing an array of reactions, actions, eig,, headache, low back pain; abdominal

— pain) or widespread (e.g., pain in multiple

) sites across the body). Additional
characteristics of chronic pain include
spontaneous pain as well as increased pain
perception from an ordinarily painful
stimulus (hyperalgesia) and perceiving
stimuli as painful that are not generally
painful (allodynia).

sensations, and emotions. &

While acute pain can transition into
chronic pain, the mechanisms remain
largely unclear, but involve a
multifaceted interaction of biological,
psychological, and social factors

Figure 1.
Key Definitions for Pain, Acute Pain, and Chronic Pain.
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Chronic Pain in Adolescence

Prevalence

Up to 1/3 of

adolescents can be |
affected by chronic

\\ Manifestation

Can be a primary or
secondary
condition

pain / .\-AXan be localized or

Impact .-
Limitation in
psychological,
physical, academic
and social
functioning

Cost

About $11.8 billion
per year per

adolescent in total /

health care
expenditures (USA)

Figure 2.

Chronic pain in adolescence: Prevalence, manifestation, impact, time-course, cost, and

demographics.

widespread

“Time-course

If left untreated,

about 2/3 of youth
with chronic pain
will develop into
adults with chronic
pain

Demographics

Girls are more
affected than boys,
particularly after
puberty
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Figure 3.

Sleep in Chronic Pain

Actigraphy

Alterations in the
sleep/wake pattern in
adolescents with
chronic pain. However,
the results are

Self-report

of n inconclusive
adolescents with
chronic pain ‘ PSG
cgmpla.in of sleep Increased sleep
difficulties fragmentation and

altered sleep
architecture (e.g.,
Islow wave sleep) in
adolescents with
chronic pain

Sleep disorders
Comorbidity between

chronic pain and
insomnia symptoms in
adolescents

Characteristics of Sleep in Adolescents with Chronic Pain.
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Sex-specific
trajectories of

biobehavioural
maturation

Changes to brain
structure and
function
including neural
circuitry involve in
process sleep
and pain

COMMON SOURCE

(e.g., hyperarousal, mood)

A

Biologically-
driven delay in

the circadian Uni- and bi-

phase pushing directionality in the
for later sleep pain relationship
bedtimes, with

shifting in
chronotype

Chronic “sleep

deprivation” and
“social jetlag”

Figure 4.
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Changes
homeostatic
sleep
processes
(e.g., |slow
wave activity)

Adolescents-
specific factors

Social and other
constraints
(e.g., earl

school start time,
increased

workload

Sleep and pain relationship in the context of adolescents biobehavioral maturation.
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