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Sleep is a fairly diverse and complex construct to operationalize in a scientific and naturalistic context.
We report a systematic review and meta-analysis of reviews published in the last 5 years on poor sleep
and developmental outcomes. Following the Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines, 42 articles (or 1117 studies) qualified. They reported outcomes related to
poor sleep investigated as sleep disorders (38.1%), sleep ‘in general’ (26.2%), sleep duration (23.8%), in
terms of circadian rhythm (4.8%), intra-individual variability (2.4%), and napping (2.4%). Sleep was pri-
marily subjectively reported (30.2%), yet the methodology of sleep assessment was often neither tabu-
lated nor discussed. Overall, most papers had a health-scope, being primarily weight problems expressed
as body mass index. Its relationship with performance was measured with the Wechsler intelligence
tests, the child behavior checklist and the continuous performance test, whereas meta-analytic papers
specifically focused on cognition with sleep disorder (i.e. sleep-disordered breathing; 38.6%), on health
(i.e. weight) with sleep duration (25%) and behavior with sleep ‘in general’ (15.9%), having a high true
variance. Nevertheless, an aggregated effect size d of 0.35 (95% confidence interval: 0.27—0.42) suggests
that poor sleep is moderately affecting a child's performance and health.

In conclusion, poor sleep can no longer be disregarded, yet methodologies that are more rigorous and a
scope beyond health may foster a better understanding of the role of (poor) sleep across childhood

neurodevelopment.

© 2018 Elsevier B.V. All rights reserved.

1. Poor sleep

Relative to sleep duration and the effects of sleep disorders,
there has been insufficient emphasis on other aspects of sleep ad-
equacy such as circadian alignment and environmental impacts on
childhood sleep. The majority of scientific studies appear to focus
on sleep duration, while especially in childhood this may be chal-
lenging. For example, a cut-off of 10 h sleep for school-aged chil-
dren creates ‘arbitrary’ categories, which may not always turn out
to be suitable for every child included (Supplementary Fig. S1).
Superimposed on the schemes of the guidelines by the National
Sleep Foundation [1] and the American Academy of Sleep Medicine
[2] (Supplementary Fig. S1) are the meta-analyzed sleep patterns
generated by Galland et al. [3]. This shows that the averaged sleep
duration of, for instance, school-aged children falls at the lower
boundaries of the recommended number of nightly hours across
the age ranges, and in particular below such a 10-h cut-off.
Notwithstanding, the averaged lower limits of sleep duration — or
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the ‘reality’ in the absence of large-scale objective sleep studies
given that subjective reports tend to be overestimations [4] —
nearly always fall in the questionable zones across childhood. As a
result, should we question the guidelines, the averages (hence re-
ality) or the methodology? Indeed, the cut-offs, and especially sleep
recommendations, have been and are heavily discussed [1,2,5,6].
For instance, Mattricciani et al. [7—11] have extensively reported on
sleep duration now and in the past. Similarly, consensus statements
regarding indicators of good sleep quality (e.g., sleep latency,
number of awakenings >5 min, wake after sleep onset, and sleep
efficiency) at different ages across the lifespan have been published,
and may aid our observation of poor sleep [5].

Given that the sleep-state is a highly dynamic process, which is
rapidly developing in the first few years of life, two recent trends
towards a better understanding of the role of poor sleep in pedi-
atrics can be noticed. One trend is the focus on daytime sleep
behavior in young children. Napping [12] indeed facilitates simple
experimental manipulations which appear less intrusive to family
life. Yet, it remains challenging to generalize such findings to
nighttime sleep due to possible differences in sleep architecture,
circadian timing, developmental aspects and ecological validity.
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Another trend is the interest in the microstructure of sleep, and
especially its association with cognitive performance (e.g.
Refs. [13—17]). Likely, a growing interest in brain mapping, such as
by the US BRAIN and the Human Brain Project of the European
Union, may further intensify this research topic. As a side-effect,
there could be an upsurge of objective sleep studies in typically
developing children. This may, in turn, improve our understanding
of the role of (poor) sleep across development and underpin the
current consensus guidelines.

Consequently, when reflecting upon the concept of poor sleep,
we might consider it in terms of sleep quantity, sleep quality and
sleep timing (or circadian alignment) with their variability in
relation to wake behavior (Supplementary Fig. S2). Alternatively,
the wake-state cannot be fully understood without the sleep-state
(and vice versa). Better understanding of their reciprocal influence,
and especially the impact on subsequent daytime performance,
warrants a comprehensive operationalization of sleep. That is,
when determining the timing, quantity and quality of sleep, both
homeostatic and circadian processes modulated by hypothalamic
areas, and biopsychosocial factors, are believed to interact [18—21].
Their dysfunction, perhaps experienced as ‘hyper’-somnolence or
challenge-seeking wakefulness [22,23] is universally perceived to
affect daytime performance. Despite consensus guidelines, and a
growing body of scattered findings, many questions regarding the
role of (poor) sleep in childhood development are left unanswered.

In pediatric research, we are moreover cognizant of intra- and
inter-individual vulnerabilities in development. The interrelation of
sleep with such developmental salience has not yet received the
scientific attention it deserves; accordingly, our individual sleep
needs are potentially overlooked in the conceptualization of poor
sleep (Supplementary Fig. S2). Hence, the operationalization of the
multidimensional concept of sleep should involve sleep behaviors
(e.g., lights out, bedtime, timing of sleep, napping, week versus
weekend changes), sleepiness and sleeplessness (i.e. its degree,
timing, and duration), dim light melatonin onset, sleep macrostruc-
ture and microstructure parameters. Comprehensive assessment may
elucidate its role throughout development, while detailed oper-
ationalization, and prolonged objective measurement, may support
the advancement of novel non-pharmacological treatment models in
health sciences, based on manipulating sleep in its entirety.

The purpose of the review is to summarize current knowledge
regarding the influence of poor sleep, in its various forms, on
childhood development and to identify deficiencies and areas for
future exploration. We will focus on reviews and meta-analyses
published in the last 5 years.

2. Methods
2.1. Procedure

The searches were performed in PubMed, Web of Science, and
Cochrane Library Reviews focusing on literature of the last 5 years
and ‘reviews/meta-analyses’ only. All database searches were
updated on 01 June 2018 using the following search terms: “sleep*“,
“health OR cognition/learning/school performance/intelligence OR
behavior OR social/emotional/socio-emotional OR sensorimotor/
sensory/motor”, and “child” (i.e. neonate — adolescent)* with filters
for English language.

The inclusion of the literature was based on systematic reviews
and meta-analyses focusing on sleep duration, sleep problems,
sleep regularity, circadian rhythm and sleep habits (i.e. potential
determinants of poor sleep). These reviews should summarize the
association between poor sleep and childhood development. Child
development entails the biological and psychological de-
velopments in human beings between birth and the end of

adolescence. Studies were excluded if they focused on participants
with mental or physical illness, or described interventions/treat-
ments. Letters, original papers and personal opinions were not
included. Applying the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) guidelines [24], the following
steps were undertaken: (1) the title/keywords were assessed, if the
article contained information regarding the rationale of our review;
(2) the remaining titles/abstracts were screened; and (3) the arti-
cles themselves were read for appropriateness; and (4) relevant
data was abstracted (see Fig. 1).

2.2. Statistical analysis

Systematic reviews were quantified when possible. Meta-
analyses were performed using Comprehensive Meta-Analysis
software (version 3.3.070; Biostat, Englewood, NJ, USA).

Meta-analytic results (hereafter abstracted effect sizes (aES))
were re-calculated into one metric (Cohen's d), such that a positive
ES indicates adversity. Results reflect relative weight under the
random effects model. The value of 1%, the proportion of the
observed variation that is true, ranges from 0% to 100% with 0%
indicating no heterogeneity, 25% low heterogeneity, 50% moderate
heterogeneity, and 75% high heterogeneity. The prediction interval
of I expresses the range of the common (shared) effect (%) by the
included studies.

3. Results
3.1. Paper characteristics

Of the 792 references for cognition, behavior, socio-emotional,
healthy and sensorimotor development (see Fig. 1), 362 remained
for more detailed processing. After reading, 42 were retained for
data abstraction (Table 1, Supplementary Tables S1—-S3).

These review/meta-analytic papers involved 1117 studies inves-
tigating poor sleep and neurodevelopmental outcomes. That is, they
reviewed: sleep disorders (38.1%), sleep ‘in general’ (e.g., sleep
quality; 26.2%), sleep duration (23.8%), circadian rhythm (4.8%), intra-
individual variability (2.4%) and napping (2.4%). When categorizing
the papers on their reported sleep assessment, 30.2% involved sub-
jective measurements of sleep, 22.5% involved objective measure-
ments of sleep (e.g., polysomnography and actigraphy) and in 48.7%
of the review/meta-analytic papers, it was not clearly tabulated
whether they reported on subjective/objective measures of sleep.
Overall, most papers had a health-scope, being primarily weight
problems expressed as body mass index (Supplementary Table S2).
The relationship between ‘poor’ sleep and performance was chiefly
measured with the Wechsler series, the child behavior checklist and
the continuous performance test (Supplementary Table S3).

Overall, a moderate effect (number of aESs = 39, d = 0.35, 95%
confidence interval (CI): 0.27—0.42; z-value = 9.5, p < 0.00001;
P = 975, 95% prediction interval (PI): 0—92%) was found, sug-
gesting that, given the current methodology, poor sleep adversely
affected health and performance across childhood. The explained
variance by this broad collection of studies was 21.4%. It is note-
worthy that, when grouping the aESs, the focus of the papers was
shown to be 38.6% on cognition with sleep disorder (i.e. sleep-
disordered breathing (SDB)), 25% on health with sleep duration,
and for 15.9% on behavior with sleep ‘in general’.

3.2. Healthy development
3.2.1. Meta-analysis

The aggregated effect size (d) for ‘health’ based on nine aESs was
0.28 (95% CI: 0.23—0.34; z-value = 9.8, p < 0.00001; I? = 85.4, 95%
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Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flowchart.

PI: 9.9—45.9%). Two hot-topics could be distinguished: the rela-
tionship between sleep duration and obesity [25—31], and the
relationship between SDB and performance [32—35]. Moreover,
two meta-analyses investigated the association between SDB and
obesity/cardiovascular risk [36,37], and another two papers,
despite being intervention studies for SDB, reported baseline aES
for neuropsychological performance [32,38].

Possibly due to the era, one meta-analysis studied the current
evidence towards the association between media-usage with sleep
[39].

Meta-analysis of longitudinal studies as well as cross-sectional
studies, showed that short sleep duration in children is signifi-
cantly associated with overweight/obesity [25—27,30]. In fact, with
every 1 h/day increment in sleep duration [29], the risk of over-
weight/obesity was found to reduce by 21%. This was echoed by a
recent meta-analysis [31] suggesting a heightened risk ratio espe-
cially in middle childhood for short sleep. Others [26] showed that
both short sleep duration and poor sleep quality should be
considered, and the latter is especially adversative in the youngest.
However, when looking at the studies tabulated, the arbitrary cut-
offs overlap in their lower and upper boundaries of both the sleep
and weight measures, which may blur conclusions. Insufficient
data could be abstracted from Quist et al. [28] to be included in our
meta-analysis. Yet, their findings support the association between
inadequate sleep and health problems, e.g. in terms of abdominal
adiposity, insulin sensitivity, blood lipids and blood pressure.

Pooled aESs generated from studies investigating SDB and per-
formance suggest that attention deficit hyperactivity disorder
symptoms [34], executive dysfunction measured objectively and
subjectively [35], and academic underperformance [33] are related
to SDB. Ehsan et al. [36] reported an increased daytime heart rate in
children suffering from SDB (not included in the meta-analysis).
Although aES statistics were in the small to medium range, treat-
ment [32,38] showed improved functioning in general. However, a
meta-regression [37] showed that residual SDB, especially in those
with obesity, remains a double-edged sword (not included in the
meta-analysis).

Lastly, in terms of unhealthy ‘sedentary’ behavior, inadequate
sleep quantity, poor sleep quality and excessive daytime sleepiness
was associated, even when not using the media devices at night [39].

3.2.2. Systematic reviews

Shochat et al. [40] systematically reviewed 30 adolescent
studies on general health outcomes (e.g. health promoting, so-
matic), overweight and obesity, and health conditions (e.g. pain,
cardiovascular, headache, abdominal, metabolic syndrome) per
primarily self-reports (25 self-reports, five actigraphy, one mother-
report, three objective measure unspecified), and concluded that
adequate sleep is associated with a positive health outcome.

Overall, five clusters of systematic reviews investigating poor
sleep and health can be outlined: (1) sleep duration and obesity, (2)
SDB and performance, (3) sleep and physical activity, (4) sleep
disorders and performance, and (5) sleep in young children and
performance.

Several reviews concluded a lack of consistent evidence
regarding the association between poor sleep and lipid profiles in
adolescents [41], cognition, harms/injuries, and cardiometabolic
biomarkers [42], or other health indicators (e.g., sedentarism and
unhealthy dietary patterns) [43,44]. Each of them further high-
lighted that the underlying explanatory mechanisms between
sleep duration and particularly weight issues are still uncertain.

Regarding the underperformance of children with SDB, recep-
tive and expressive language difficulties [45] and intellectual dif-
ficulties [46] were reported. In addition, uncertainties exist here;
i.e. which function is most affected and is it ‘impairment’ when
performance falls within the normal range.

A more desirable health is reported in youth when studies
interrelating exercise and sleep are systematically reviewed [47,48].
Yet, these associations may be influenced by participants’ age,
health status, and the mode and intensity of physical activity.

When poor sleep is considered in terms of sleep disorders
(excluding SDB), several systematic reviews were found on: bruxism
[49], narcolepsy [50,51] and restless legs syndrome [52]. It was stated
that snoring, mouth breathing, restless sleep, drooling, stomach
position during sleep, and lack of sleep are risk factors related to
bruxism in children [49]. Whilst frequently identified as being
associated with hypersomnolence, have been academic dysfunction
and emotionally-based problems, such as anxiety, depression and
low self-esteem [50,51]. Findings are further inconsistent regarding
intellectual performance of children with narcolepsy, where some
studies suggest giftedness yet in dissimilar domains [50,51]. Also,



Table 1
Descriptives of the 42 papers included.

Author Year Country Guideline Search engines Years searched No. of Studies  No. of studies selected Systematic review/
retrieved?® meta-analysis
Tonetti et al. [56] 2015 Italy PRISMA Scopus Web of Science Without any restriction 1647 31 Meta-analysis
Lowe et al. [55] 2017 Canada Cochrane Collaboration PubMed, Scopus, Web of Science, Psychlnfo 1145 61 (17 pediatric) Meta-analysis
Short et al. [57] 2018 Australia (EBSCOhost (CINAH), Ovid (Medline, Embase, = To December 2016 21747 19 Meta-analysis

PsycArticles, PsycInfo), Cochrane, Web of
Science, Scopus, Informit Health Database,

PubMed
de Bruin et al. [54] 2017 Netherlands PubMed, Psychlinfo 1981-2015 5581 16 Systematic review
Becker et al. [59] 2017 USA PRISMA CINAHL, Embase, PsycINFO, PubMed, Scopus Between 2000 and 2015 1397 52 Systematic review
Tham et al. [53] 2017 Singapore MEDLINE, Embase, Cochrane Library databases January 2005 to December 2015 262 10 on cognitive Narrative review
development +20 on
growth
Reynaud et al. [60] 2017 France Cochrane Handbook, Medline, Web of Science, PsycINFO and ERIC Up to 30 April 2016 3291 26 Systematic review
PRISMA
Shochat et al. [40] 2014 Israel PubMed and PsycNET (PsycARTICLES PsycINFO) Up to December 2012 898 76 Systematic review
Minges et al. [58] 2016 USA PRISMA Ovid Embase, Ovid MEDLINE, Ovid PsycINFO, 1029 Six studies: pre-post, Systematic review
Web of Science, Global Health, CINAHL no control (n = 3),
randomized controlled
trial (n = 2), and quasi-
experimental (n = 1)
designs
Bowers et al. [64] 2017 USA PsycINFO, PubMed, Scopus, ProQuest In September 2016 and updated 163 20 Meta-analysis
in March 2017
Guo et al. [49] 2017 China PRISMA, Cochrane PubMed, Excerpta Medica Database (Embase), Last search updated on 15 5637 14 Systematic review
Handbook for Cochrane Library database, Web of Science, September 2016; no restriction
Systematic Reviews of  Chinese National Knowledge Infrastructure on language or publication
Interventions (CNKI), Chinese Biomedical Literature Database years
(CBM), Wanfang Data (WF)
Beris et al. [50] 2018 Australia MEDLINE and Embase databases From 1960 through June 2017 212 20 Systematic reviews
Augustinavicius 2014 Canada Meta-analysis of MEDLINE, PSYCINFO, Embase, PubMed Up to 1 March 2013 953 24 Meta-analysis
etal. [17] Observational Studies
in Epidemiology
guidelines
Van Geel et al. [61] 2016 Netherlands PsycINFO, MEDLINE, ERIC, Embase, LILACS 212 21 Meta-analysis
Schlarb et al. [62] 2014 Germany PRISMA MEDLINE, Web of Science, EBSCO, Ovid, 1497 13 (9 children) Systematic review
PubMed, Google Scholar, PsycINDEX
de Luca Canto et al. 2014 Brazil PRISMA Cochrane, Embase, MEDLINE, PubMed, Virtual In the past 5 years; End search 1012 7 Systematic review
[63] Health Library (BVS —Database that include date was 6 June 2014 across all
articles in Spanish and Portuguese from databases
MEDLINE, LILACS, Wholis, BBO and AdoLec)
Fatima et al. [25] 2015 Australia MEDLINE, Embase, PubMed, CINAHL Until May 2014 2070 11 for meta-analysis Meta-analysis
and 22 for systematic
review
Ruan et al. [29] 2015 China MOOSE PubMed, Embase, Google Scholar Through May 2015 168 25 (32 independent Meta-analysis
cohorts)
Fatima et al. [26] 2016 Australia MOOSE Meta-analysis ~ PubMed, Embase, and MEDLINE Published until November 2015 1761 18 (of which 9 in meta- Meta-analysis
statement for reporting analysis)
systematic reviews and
meta-analysis
Lietal [27] 2017 USA PubMed, Embase and the Cochrane Library Up to April 2015 1733 12 Meta-analysis
Quist et al. [28] 2016 Denmark PubMed Until 10 August 2015 75 Meta-analysis
Wau et al. [30] 2017 China Medline, Cochrane Library, Embase and Science From January 1980 through 5110 13 Meta-analysis
Citation Index databases January 2015
Miller et al. [31] 2018 UK PubMed, Embase, Web of Science, Cochrane Up to 25 September 2017 2569 42 (20 for overweight/ Meta-analysis

obesity, 14 for BMI z-
score, and 16 for BMI).
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Sedky et al. [34] 2014 USA

Galland et al. [33] 2015 New Zealand PRISMA

Mietchen et al. [35] 2016 USA PRISMA

Song et al. [32] 2016 USA PRISMA

Yu et al. [38] 2017 China

Lee et al. [37] 2016 Taiwan PRISMA Meta-analysis
of Observational
Studies in
Epidemiology group.

Ehsan et al. [36] 2017 USA PRISMA

Carter et al. [39] 2017 USA PRISMA

de Azevedo Abreu 2015 Brazil PRISMA

etal. [41]

Chaput et al. [42] 2016 Canada PRISMA

Chaput et al. [43] 2017 USA PRISMA

Felso et al. [44] 2017 Hungary

de Castro Corréa 2017 Brazil
[45]

da Silva Gusmao 2018 Brazil
Cardoso et al.
[46]

Saunders et al. [47] 2016 Canada

Dolezal et al. [48] 2017 USA PRISMA

Blackwell et al. [51] 2017 UK PRISMA

Angriman et al. 2017 Italy PRISMA
[52]

Thorpe et al. [12] 2015 Australia PRISMA

PubMed/Medline, PsychInfo and Cochrane
databases, Google Scholar

PubMed, Web of Science, CINAHL, PsycINFO
PsychInfo, PubMed, hand search, Web of
Science.

PubMed/MEDLINE, Scopus, Web of Science,
Cochrane Library

PubMed, Embase and Cochrane library
PubMed, MEDLINE, Embase, Cochrane Review

PubMed, CINAHL, Embase, Scopus

British Education Index, NAHL, Cochrane
Library, ERIC, International Biography of Social
Sciences, Medline via Ovid (Embase, Medline,
Psych INFO); PubMed, Science Direct, Scopus,
Web of Science

Medline via PubMed, LILACS, Web of Science,
Scopus, Adolec

Ovid interface: MEDLINE (1946 to January 19,
2015), Embase (1980—2015 week 3), PsychINFO
(1906—2015 week 3), and CINAHL (1961—2015
week 3)

MEDLINE, Embase, PsycINFO and the Cochrane
Central Register of Controlled Trials (CENTRAL)
Ovid MEDLINE, Scopus and Cochrane Central
Register of Controlled Trials (CENTRAL)
databases

LILACS, PubMed, Scopus, and Web of Science

MEDLINE/PubMed, LILACS, SciELO, ISI Web of
Science, PsycINFO

MEDLINE, Embase, SPORTdiscus, CINAHL,
PsycINFO
PubMed and Google Scholar

The Cochrane Library, Embase Ovid, MEDLINE
PsycINFO

PubMed, Ovid (including PsycINFO, Ovid
MEDLINE®, and Embase), Web of Knowledge
(Web of Science, Biological abstracts, BIOSIS,
FSTA)

MEDLINE (via Ebscohost), PsycINFO (via
Ebscohost), CINAHL (via Ebscohost), Web of
Science, Scopus, ERIC (via Ebscohost).

Through September 2012

Up to 1 March 2015
Up through December 2015

Inception through 2 September
2015

January 1997 to July 2014

All indexed years
From 1 January 2011 to 15 June
2015

August 2014

No limits

From inception until March
2016

2004 to 2014

From 2002 to 2016

Published in 2008 or later

Between January 2013 and
March 2017

Between 2005 and 2015; on 28
August 2015
November 2015

48

488
1717

206

621
1103

1701
467

859

5825

1385

3540

122

649

489

2122

710

1185

781

20

16
14

19

11

25

11

141

69

33

34

34

8

42 (33 tabulated)

26

Meta-analysis

Meta-analysis
Meta-analysis

Meta-analysis

Meta-analysis
Meta-analysis

Meta-analysis
Meta-analysis

Systematic review

Systematic review

Systematic review

Systematic review

Systematic review

Systematic review

Systematic review

Systematic review
(including meta-
analyses and individual
studies)

Systematic review

Systematic review

Systematic review

BM], body mass index; MOOSE, Meta-analysis Of Observational Studies in Epidemiology; PRISMA, Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines.

2 Some counts might still include duplicates.
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restless legs syndrome in children is associated with a number of
somatic and neuropsychiatric conditions [52].

Notably due to being primarily ‘caregiver report’ studies and
potential multilayered relationships (e.g. attention and concentra-
tion problems, or executive dysfunction leading to school diffi-
culties), the question remains whether their dysfunctioning is a
(co)morbidity or (co)occurrence.

Inconsistent evidence similarly exists regarding (habitual)
napping in infants possibly benefiting cognition, behavior and
health. The latter is hypothetically due to the focus being largely on
weight gain and obesity rather than healthy growth [12,53].
Alternatively, it is suggested that beyond the age of 2 years, napping
influences subsequent sleep macrostructure.

3.3. Cognitive development

Around the same period, two reviews [54,55] focused on sleep
manipulation, and in particular sleep restriction (Table 1), while only
three meta-analyses relating poor sleep to cognitive performance
have been published. Tonetti et al. [56] focused on circadian prefer-
ence (eveningness), Lowe et al. [55] reported human and animal
sleep restriction findings, and Short et al. [57] investigated objec-
tively measured sleep duration. Whereas others systematically
reviewed, e.g., school start times [58], intra-individual variability in
sleep—wake patterns [59], or sleep parameters in preschoolers [60]
and infants [53] (Table 1, Supplementary Tables S2, S3).

3.3.1. Meta-analyses

The d for ‘cognition’ based on 19 aES was 0.35 (95% CI: 0.21-0.49;
z-value = 5.0, p < 0.00001; I* = 98.6, 95% PI: 0—99.8%). Tonetti et al.
[56] concluded that evening orientation is associated with worse
academic performance, more so in younger students than in uni-
versity students. Note, these findings were generated primarily from
subjective measures (Supplementary Table S2). Lowe et al. [55]
included 17 pediatric studies in addition to adult and animal
studies, and reported that overall sleep restriction was associated
with cognitive underperformance. Interestingly, they indicated that
cumulative days of sleep restriction may increase this negative
impact of poor sleep, with the predicted effect sizes inflating from
moderate to high. Recalculating across the pediatric studies, the
frequency of domains and tests applied, showed a preponderance of
attention/executive  function investigations (Supplementary
Tables S2, S3) with the majority being in 15-year-olds. That is to
say, all subdomains were adversely affected by sleep restriction (i.e.,
especially inhibition, reaction time and accuracy). More recently,
Short et al. [57], including 19 studies within the age range of 6- to 13-
year-olds, concluded a medium meta-correlation only for the rela-
tionship between objective sleep duration and full intelligence
quotient (IQ)/verbal 1Q. No significant meta-association could be
reported for fluid IQ, memory, executive function, processing speed
and attention when reviewing 10 cross-sectional studies and nine
experimental studies, which primarily used actigraphy. The authors
additionally showed that the baseline sleep duration of only four
observational studies fell into the recommended 9—11 h sleep
duration guideline by the National Sleep Foundation [1] and the
American Academy of Sleep Medicine [2]. All of the lower boundaries
from the observational studies fell well below this 9-h cut-off. While
only five of the experimental studies had a baseline at or slightly
above this 9-h cut-off. Furthermore, none of the long sleep durations
or sleep extensions surpassed even a 10-h cut-off.

3.3.2. Systematic reviews

de Bruin et al. [54], reporting only pediatric studies (substantial
overlap with Lowe et al. [55]), reviewed sleep restriction and
extension outcomes in adolescents. When quantifying their review,

the number of nights with sleep manipulation ranged from 1 to 10
(including studies investigating napping) and involved manipula-
tions ranging from ‘no sleep’ to ‘+ 1-h shifts’ (including also +5-min
shifts and napping shifts). Fifty percent of the studies were per-
formed in a lab setting (39% at home and 11% a combination thereof).
In terms of sleep manipulation, 59% applied sleep restriction whilst
17% applied sleep deprivation, 6% sleep extension, 6% a combination
and 12% other (e.g., napping). Actigraphy was the most commonly
used tool (50% of the studies), followed by polysomnography (28%),
sleep log (11%), and a combination thereof (11%). Supplementary
Fig. S3 representing a quantification of this systematic review
shows that all domains of cognitive functioning are affected by sleep
manipulations. That is to say, sleep restriction primarily affected: for
the attention domain, the psychomotor vigilances; for working
memory, the phonological working memory processes; for learning
memory, the learning processes; for memory consolidation, the
memory delayed recall functions; for creative/abstract thinking
domain, the higher abstract thinking functions. Similarly for sleep
extension designs, affected: for attention domain are psychomotor
vigilances and sustained attention processes; for working memory
are phonological working memory processes; for learning memory
domain are learning, memory delayed recall, memory immediate
recall and phonological working memory; for executive function
domain are cognitive flexibility. Briefly, many functions benefit from
sleep extension. In the 17 cognitive studies reviewed by Shochat et al.
[40] based on primarily self-reports by adolescents, similar findings
have been suggested. On the contrary, methodological flaws in the
experimental designs prevent more firm conclusions. In
Supplementary Table S4, we summarize potential study weaknesses
specific to experimental designs investigating sleep manipulations.

A systematic review of non-experimental sleep manipulation
studies, such as by delayed school start times [58], indicated
reduced daytime sleepiness, depression, caffeine use, tardiness to
class, and trouble staying awake.

Becker et al. [59] reported inconsistent results when investigating
primarily the impact of intra-individual sleep variability. That is,
differences exist in the domain affected (e.g., verbal, visuo-
constructive/spatial abilities, intellectual functioning, sustained
attention, P3 latencies) and in relation to the time of day with respect
to the performance. Whereas the only study investigating school
grades showed no association. Interestingly, the authors consider the
intra-individual variability in sleep/wake patterns as characteristic of
child and adolescent sleep. Such a perspective may partially explain
the contradicting conclusions [12,53] regarding the truly beneficial
role of sleep in the development of young children. That is, higher
nighttime sleep proportions, and to a lesser extent also better sleep
efficiency in infancy [53], was associated with improved executive
functioning, reasoning, problem-solving skills; whereas performance
after napping was reported to be improved (e.g., abstraction of
grammatical relations, memory consolidation). Few objective sleep
studies in preschoolers [60] were found, though especially nighttime
sleep duration associated positively with chiefly receptive vocabu-
lary. Yet, others [12] are more critical towards the applied method-
ologies in these studies.

Hence, a clear need for more systematic studies using stronger
designs can be inferred.

3.4. Sensorimotor development
No reviews or meta-analyses were found.
3.5. Socio-emotional development

Because socio-emotional and behavioral development show
significant overlap in applied tools, for instance as in the child
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behavior checklist, we consequently meta-analyzed their aESs
together. Their d based on 11 aESs was 0.38 (95% CI: 0.28—0.49; z-
value = 7.3, p < 0.00001; I* = 86.9%, 95% PI: 0.8—75.1%).

3.5.1. Meta-analysis

Only Augustinavicius et al. [17] meta-analyzed polysomno-
graphic features. For early-onset depression, they reported that the
most robust finding was the longer sleep onset latency in child-
hood. Their results are furthermore in equivalence with sleep
ontogeny, showing that age was a significant predictor of sleep
micro-architecture. That is, reporting weak associations in early
childhood but specifically for early depression-onset, a tendency
for poorer coherence between beta/delta/theta across the hemi-
spheres in this population. A more on-trend topic, and potentially
not unrelated, is meta-analyzed by van Geel et al. [61], showing a
medium association between victimization and sleeping problems.

3.5.2. Systematic reviews

More aggression and antisocial behaviors in evening types
across childhood were systematically put forward by Schlarb et al.
[62]. Whereas poor sleep perceived as a sleep disorder such as
bruxism was significantly associated with psychosocial factors (e.g.,
emotional stress, higher arousal index, and chiefly externalizing
behavioral problems) in children older than 6 years [63]. Shochat
et al. [40], focusing on adolescents, demonstrated the association
between (primarily self-reported) poor sleep (six sleep duration,
seven sleep problems, one tiredness, six insomnia, two sleep pat-
terns, one sleep quality, one bedtime, one sleepiness, one sleep
need) and a plethora of psychosocial health outcomes. Again, weak
associations were concluded, but they remain suggestive of poorer
psychosocial functioning such as in terms of anxiety, low self-
esteem, depression, conduct problems or an adversely affected
mental health status.

Becker et al. [59] reported mixed findings when describing the
association between intra-individual sleep variability and
emotional functioning, such as anxiety, depression, social prob-
lems, and behavioral reactivity. Of potential importance in these
relationships are familial, cultural and environmental factors that
may ‘cause’, ‘moderate’, ‘modulate’ or overall ‘confound’ our un-
derstanding of the true impact of poor sleep on socio-emotional
functioning. Yet, glancing at the tabulated correlations, beta's,
means or proportions, only small to moderate relationships have
been revealed. Although Reynaud et al. [60] did not tabulate the
size of the associations, when quantifying their review: (1) for
externalizing behavior (aggressiveness, anger, attention problems,
conduct problems, hyperactivity, impulsivity, opposition, and non-
specific externalizing behaviors), 11 inverse associations were
found with nighttime sleep duration, and positive associations for
(2x) insomnia, (10x) nightwakenings, (4x) sleep onset latency,
(8x) sleep period, (3 x) bedtime, (1x) wake-up time but none with
total sleep time and sleep efficiency; (2) for internalizing problems:
one inverse association was found with total and nighttime sleep
duration, and positive associations for (6x) nightwakenings, (2x)
sleep onset latency, (3x) sleep period, (2x) bedtime. Sociability
gave another associative profile, with mixed results for night
wakenings, sleep onset latency, sleep period and wake-up time,
and one negative association with bedtime.

3.6. Behavioral development

3.6.1. Systematic reviews and one meta-analysis

In the literature, systematic reviews have been primarily carried
out for behavioral performance. Our following list of potential (and
maybe overlooked) risk behaviors is food for thought. Shochat et al.
[40] systematically reviewed 23 studies reporting risk behaviors

(23 self-reports and two interviews) in 10- to 19-year-olds in as-
sociation with sleep (10 sleep duration, four insomnia, eight sleep
problems, seven sleep patterns, one sleep quality, one sleepiness,
one tiredness). Under risk behaviors fall: smoking, drinking and
driving, safety violations, delinquency, violence, suicide, illicit drug
use, sexual activities, truancy, unintentional injuries, aggressive
behavior. The authors ascribed the weaker relationships found in
literature to the (co)occurrence/morbidity of emotional status,
psychosocial functioning and adolescent-like life events.

Potentially due to such adolescent developmental salience, two
studies addressed the school starting time debate in this age-range.
A systematic review of delayed school start times, such as by
25—60 min, corresponded to a total sleep time increase of
approximately 1 h [58] with concomitant reports of improved
behavior (see Section 3.3) [58,64].

In preschoolers, non-specific behavior problems showed, albeit
small but positive associations with nightwaking, sleep onset la-
tency, sleep period, and to lesser extent, bedtime and wake-up
time, and an inverse association with total sleep duration [60].
Moreover, intra-variability of sleep across childhood was related to
poorer adjustment and greater risky behaviors [59].

3.7. A posteriori meta-analysis by sleep categorizations

When the aESs were categorized in terms of sleep, we found an
overall moderate impact. The aggregated d based on 18 aES for
sleep disorder were 0.39 (95% CI: 0.24—0.54; z-value = 5.0,
p < 0.00001; I = 98.2%, 95% CI: 0—100%), for sleep duration were
0.29 (11 aESs, 95% CI: 0.24—0.35; z-value = 10.7, p < 0.00001;
I? = 85.4%, 95% PI: 10.6—47.8%), for sleep ‘in general’ were 0.31 (10
aESs, 95% Cl: 0.21-0.41; z-value = 5.8, p < 0.00001; I> = 93.1%, 95%
Pl: 0—67%).

4. Discussion

Based on 42 literature reviews (or 1117 studies) published dur-
ing the past 5 years, we may conclude that poor sleep is moderately
affecting performance and health during childhood. Although more
designs that are rigorous are needed, several main conclusions can
be drawn based on the current available data. First, the impact of
poor sleep can no longer be disregarded, neither by science nor
society as quantified by our meta-analyses. Second, a vast amount
of knowledge is generated by subjective measures, in particular of
sleep. Third, the scientific literature is dominated by a health-scope.
Consequently, insufficient understanding of the role of sleep
particularly in childhood neurodevelopment (beyond health) can
be inferred. To date, findings with respect to child neuro-
development remain scattered, mixed and heterogeneous. This
meta-analytic review therefore demonstrates a clear need for
robust methodologies and replication studies, as well as natural-
istic data collection.

4.1. Healthy development

A big boom in studies investigating sleep in relation to weight
have been noticed in the past years [65—68]. Without going into
much detail, mostly negative linear associations have been pro-
posed with short sleep [69,70]; that is, with a lesser amount of
sleep more likely being associated with be(com)ing overweight to
obese. However, a large proportion of ‘short’ sleepers are not obese,
and as a large proportion of ‘long’ sleepers are obese [71]. Studies
have also controlled for a multitude of diverse confounders and
covariates (e.g., parental weight, gender, sedentary lifestyle), and
not in the least studies varied in the operationalization of weight
and sleep, i.e. the cut-offs and measures [65]. Therefore, this meta-
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analytic review demonstrates that sleep is associated with weight,
in spite of the ongoing discussion regarding the type of relationship
and the ‘best’ methodology.

When we broaden our health scope, we may touch upon the
literature with regard to SDB in particular. Whilst relationships
between SDB, weight problems and cognitive abilities in pairs have
been well-documented in the literature [40,72,73], the obesity
epidemic gave rise to a more intricate discussion. Spruyt et al.
[65,74,75] showed that each might play a (mediator) role, and
therefore the need for a more holistic perspective when investi-
gating a health problem in childhood arises. Also, this meta-
analytic review showed the role of poor sleep towards unhealthy
development with a probable upcoming epidemic in childhood:
sedentarism. Nevertheless, studies need to keep in mind the
directionality of relationships. Co-morbidities and/or co-
occurrences were similarly not clear in reviewed sleep disorders
such as bruxism, narcolepsy and restless legs syndrome.

4.2. Cognitive development

A keen interest in cognition was seen given that seven reviews,
of which three were meta-analyses, have been published in the last
5 years. Findings concur with several older reviews on the associ-
ation between primarily sleep duration and cognitive performance
across childhood. For instance, Astill et al. [76] reported weak but
significant meta-correlations for cognition, executive function,
multiple-domain cognition and school performance with sleep
duration. The authors failed to find a meta-association between
sleep duration and sustained attention, explicit and implicit
memory as well as intelligence upon investigating 86 studies
within the age range of 5—12 years. The authors could neither
conclude a meta-association with sleep efficiency, nor was the
performance linked to an optimal sleep duration. Dewald et al. [77]
is the only one who reported a small effect size with sleepiness.
Despite the small effect sizes, and largely inconsistent findings, our
findings equally suggest that during childhood the role of sleep in
cognitive development cannot be ignored. In particular, executive
functioning, reasoning and problem-solving abilities appear to be
sensitive to poor sleep.

It remains a critical note that reported associations in the sci-
entific literature have been vastly generated from ‘baseline sleep’
[57] that repeatedly falls under the recommended sleep durations
[1,2], or depends on sleep ranges that do not overlap with guide-
lines [1,2]. This should be a critical reflection when designing sleep
manipulation studies. Furthermore, given the reported weaknesses
in current experimental designs, which primarily focus on atten-
tion and/or executive function, the interrelation of the sleep—wake
state and the multidimensionality of the concept ‘sleep’ should not
be ignored. Of course, a publication bias can be expected. Hence, an
attitude towards a more comprehensive investigation of sleep in its
entirety is advocated.

4.3. Sensorimotor development

Copes et al. [78] reported as early as 1972 that sleep deprivation
has an impact upon motor performance in children. For the
sensorimotor domain, the publication by Walker et al. [79] in young
adults has likely been pivotal, popularly concluding that practice
with sleep makes perfect when subjects were tested on a sequen-
tial finger-tapping task. In addition, his study indicated the
importance of the amount of stage N2. Yet, we need to remain
critical that this is a motor skill ‘learning’ task. More recently,
studies focusing on the sensorimotor development across child-
hood have been noticed. For instance, one [80] showed that when
children had the opportunity to nap, they exhibited more efficient

problem solving in a motor task; i.e. returning to walking after
crawling through a tunnel for newly walking infants. Or briefly, a
study [81] while unable to demonstrate any circadian association
with motor skill acquisition, emphasized that especially the youn-
gest group benefited the most from any sleeping opportunity (i.e.
nap, nighttime sleep).

In developmental psychology, it is further well-acknowledged
that sensorimotor development is critical in fostering the abilities
to explore and to interact with the environment. Optimal integra-
tion of sensory information with coordinated motor movements
gives rise to fundamental milestones, important for other devel-
opmental domains (e.g., socio-emotional).

4.4. Socio-emotional development

High odds ratios for socio-emotional problems given poor sleep
in infancy have been reported [82], despite the small number of
subjects falling in the clinical range (4.6%). Key players were
sleeping less than 11 h, were experiencing more than 3 awakenings,
a sleep onset latency of more than 30 min and a parental report of
problematic sleeping. The systematic reviews reported in this pa-
per testify this challenge in operationalizing poor sleep, and hence
an inconsistency in this developmental association is concluded.
Alternatively, few objective measurements of socio-emotional
functioning have been applied.

Regarding socio-emotional development, we furthermore
showed the importance of reflecting on results from a sleep—wake
perspective. Previously we found that, in agreement with the eye-
tracking literature, preferences for pleasant stimuli or happy faces
and in particular preference for the eye area by infants [83]. Upon
including sleep parameters, findings showed that infants that had
more sleep and less intra-daily variability as a (circadian) param-
eter had significantly better processing of the unpleasant stimuli
and, to the same extent, of the neutral stimuli. But studies do not
always need to be ‘high tech’, as shown by Sano et al. [84]. When
repeatedly asking via visual analog scales the mood of college
students, they showed that sleep regularity is a more important
discriminator in predicting mood. Similar results have been
confirmed based on facial muscle movement [85] or another study
showing that a strong association between performance (decision-
making) and self-regulation is moderated by sleep (baseline versus
no napping conditions) [86]. In addition, we showed that the
chronicity of poor sleep is another important determinant for
socio-emotional signs to become of clinical significance [87].
Henceforward, a more comprehensive operationalization of the
concept of (poor) sleep may expose the inconsistencies reported in
literature.

The only meta-analysis of polysomnographic features in early-
childhood-onset depression similarly denoted the challenge in
operationalizing poor sleep and the importance of investigating the
interrelation of sleep with developmentally salient characteristics.
For instance, topographic differences in the two processes of sleep
regulation (i.e. homeostatic and circadian) may elucidate neuro-
developmental vulnerabilities [21].

4.5. Behavioral development

Previously, we showed clearly the hand-in-hand association
between the socio-emotional and behavioral performance with
sleep, and the importance of investigating associations in terms of
changes within the individual; i.e. individual sleep needs [87]. More
specifically, sleeping more in the short term, but showing
decreasing sleep duration in the longer term, was associated with
clinically significant negative changes in adaptive skills. However, a
continued decrease in sleep was associated with more behaviors
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warranting professional help. Per Shochat et al. [40], adolescents
show risky behaviors and psychosocial problems, in particular with
inadequate sleep durations. Shifts in school start times concur with
improved ‘behavior’ per the systematic reviews included in this
paper. Another supportive conclusion of this adverse association is
based on the systematic review of intra-variability of sleep across
childhood.

Thus, for socio-emotional and behavioral development, we can
infer that poor sleep can negatively influence emotion/behavior at
various stages of the regulatory process, being identification, se-
lection and implementation of strategies, potentially leading to
poor social interaction.

Lastly, whichever way we group the aESs, a moderate associa-
tion between poor sleep and performance and health remains. This
is suggestive of a robust association despite the current method-
ologies reported in scientific literature.

5. Conclusion

This meta-review highlights moderate and diverse associations
between poor sleep and neurodevelopment of a child. First, it
shows that current associations are based on few sleep manipula-
tion studies, which fall on the extreme lower end of recommended
hours of sleep during childhood. In addition, while the habitual
sleep duration studies may suggest a slightly larger association, the
reported sleep durations remain at the floor levels or lower levels of
the guidelines. Second, very few studies conceptualized sleep in its
entirety. Not only the circadian (mis)alignment, but especially the
‘forbidden zone’/time on task effect on performance has been
consistently ignored when linking sleep to daytime performance
across childhood. Lastly, sleep fluctuations in childhood might be a
biological need and/or ecological opportunity, which necessitates a
more comprehensive investigation of sleep to further improve our
scientific and clinical work.
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