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Abstract: Background/Objectives: There is a high prevalence of sleep behaviour disor-
ders, as well as sleep disordered breathing (SDB), in individuals living with sickle cell
disease (SCD). SDB has been systematically reviewed; therefore, this systematic review and
meta-analysis focused on sleep behaviour. Methods: The comprehensive literature search,
following PRISMA reporting guidelines, included all languages, conference proceedings
and published theses from inception through February 2022. We identified 31 studies,
with most of the research being conducted in North America, using polysomnography,
actigraphy and questionnaires/diaries in paediatric SCD cohorts. Results: Total sleep time
(TST) decreased, while sleep onset latency (SOL) increased with age. TST was higher on
self-reported sleep diary measures and lower on polysomnography (PSG) and actigraphy
assessments. SOL was lowest during PSG and highest in actigraphy. The discrepancy
between sleep measures might be due to the overestimation of sleep behaviour by par-
ents. In six studies, TST and SOL were compared between people living with SCD and
healthy controls; in four, TST was longer in those living with SCD while it was shorter
in two. Meta-analyses on the effect of TST and SOL were limited due to publication bias,
with heterogeneity between the studies, in part related to measurement differences. No
significant differences were found. Conclusions: The scarcity of case-control studies and
significant heterogeneity in findings likely attributable to variations in sleep assessment
methodologies. Gaps in the literature should be addressed.

Keywords: sickle cell disease; sleep behaviour disorders; polysomnography; actigraphy;
sleep diary; total sleep time; sleep onset latency; systematic review; meta-analysis

1. Introduction
The healthy human red blood cell is shaped like a biconcave disc, making it easy to

move smoothly around the human vascular system, important for the continuous transport
of oxygen, essential for cellular respiration. The most common recessively inherited red
blood cell disorder is sickle cell disease (SCD). Patients are anaemic because the life span of
the sickled cells is shorter. SCD is identified as a neurodevelopmental disorder because of
the multifaceted impact of genes, vascular health, and social and environmental factors on
early brain development [1]. Deficient sleep quality and chronic hypoxia, hallmarks of sleep-
disordered breathing such as obstructive sleep apnoea, are hypothesised to compromise
oxygen delivery, elevating the risk for structural and functional abnormalities within the
brain, potentially leading to impaired cognitive function in individuals living with SCD [2].

Impaired sleep quality can negatively affect cognitive function in the general popu-
lation [3]. Given the high prevalence of cognitive difficulties among children and young
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adolescents living with SCD [2,4,5], it is crucial to investigate whether sleep disturbances
may contribute to these challenges in this vulnerable population. However, knowledge
gaps regarding the precise impact and relationship of sleep behaviour in individuals living
with SCD on overall health and cerebral function persist. Sleep behaviour and sleep disor-
ders might play an important role in the development of these neurocognitive impairments,
but the available data have not previously been systematically reviewed.

1.1. Prevalence of Sleep Disorders in Sickle Cell Disease

Half of children living with SCD were reported to show sleep onset insomnia (i.e.,
inability to fall asleep at bedtime and to stay asleep at night) and 21% of them experienced
long-term insomnia [6], compared to 15–19% in the general paediatric population [7,8]. A
recent review has shown that pain crisis and disease severity can have a significant impact
on the quality of life in adults living with SCD [9], especially since their experienced pain
can promote insomnia [10]. Nearly three quarters (71%) of adults living with SCD reported
sleep disturbances and 21% showed signs of depression [11], which were correlated and
more common in those with frequent pain. Children and adolescents living with SCD
(8–18 years) who experienced more pain also showed lower sleep efficiency (measured
with actigraphy) [12]. However, questions on the relationship between sleep-disordered
breathing, pain severity and exacerbation of SCD remain [13,14].

Individuals living with SCD are at increased risk of sleep-disordered breathing since
they often have hyperplasia of lymphoid tissue such as adenoids and tonsils, which is
one of the main reasons for upper airway obstruction [15,16]. Sleep-disordered breathing
occurs in 36–69% of people [17–19], while around half of the children living with sickle
cell disease snore regularly [6]. Habitual snoring in these children was shown to be a
risk factor for obstructive sleep apnoea [20]. Rosen et al. identified a high prevalence of
sleep-disordered breathing in their study of children living with SCD in the UK and USA,
with 34% of habitual snorers exhibiting an obstructive apnea–hypopnea index greater than
≥1. A recent review investigating obstructive sleep apnoea prevalence identified a high
occurrence in both children and adults living with SCD [21]. The findings indicated that
51% of children and 43% of adults with SCD experienced obstructive sleep apnoea, as
defined by an apnea–hypopnea index (AHI) ≥ 5.

Sleep quality is disturbed by multiple obstructive sleep apnoea events at night [22–24].
Research in the general population has linked obstructive sleep apnoea to various patholo-
gies such as obesity [25], cognitive difficulties [26–28], daytime sleepiness [29], inflamma-
tion [30,31], oxidative stress and endothelial signal alterations [32,33].

The impact of sleep-disordered breathing on the pathogenesis of SCD is still not well
understood. It is known that the increased risk of sleep-disordered breathing in these pa-
tients may result in a greater risk of nocturnal hypoxaemia [17,34,35] and hypercapnia [36].
Samuels et al. identified that 16% of children and adolescents living with SCD experienced
intermittent hypoxaemia, which is likely to increase not only the polymerisation of the
sickle red cells, but also hypertension and hence, the risk of vascular occlusion. Lower
oxygen saturation at night associated with sleep-disordered breathing [20] was associated
with a higher rate of central nervous system events [34] and painful crises [37] in the East
London cohort. Functional outcomes may also be at risk because of a higher prevalence
of silent infarction and microvascular brain changes, as observed in the general adult
population [21,38–40].

1.2. Sleep Assessments

Multiple outcome measures contribute to the definition of sleep quality, including
sleep quantity (total duration of sleep), sleep onset latency (time required to fall asleep),
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and wakefulness after sleep onset. A variety of sleep assessment techniques have been
established to quantify sleep quality and sleep patterns, employing either subjective self-
or parent-reported questionnaires [41], objective in-lab polysomnography [42] or at-home
actigraphy [43] evaluations.

1.2.1. Questionnaires

Sleep diaries are a cost-effective method for collecting self-reported aspects of sleep
behaviour, sleep disruption and habits (e.g., total sleep time, wake time, nighttime awaken-
ings). A few questionnaires have been developed to document sleep behaviour and sleep
pathology (e.g., restless legs and sleep-disordered breathing). A systematic review in the
general paediatric population found that the Paediatric Sleep Questionnaire (PSQ) [44]
was widely used and sensitive to polysomnography measures, such as detecting sleep-
disordered breathing symptoms [45]. This 22-item questionnaire asks about sleep behaviour
(e.g., snoring frequency, difficulty breathing and daytime sleepiness). The Epworth Sleepi-
ness Scale (ESS) [46] is an 8-item questionnaire that assesses the chances of dozing off or
falling asleep while engaged in eight different activities (e.g., sitting and reading). Varia-
tions of the Children’s Sleep Habits Questionnaire (CSHQ) questionnaire developed by
Judith Owens are also widely used [47,48]. The original CSHQ is a 45-item caregiver-rated
questionnaire, which assesses paediatric sleep difficulties during the past week on a 3-point
Likert scale. The sum of all CSHQ scored questions calculates a sleep disturbances score,
with a range of 33 to 99 (>41 is suggestive of a paediatric sleep disorder). However, the
validity of these sleep diaries and questionnaires relies on participant compliance, as it
necessitates the accurate and consistent recording of sleep behaviour [49].

1.2.2. Polysomnography

Although sleep diaries represent the most prevalent subjective method for sleep
assessment, polysomnography stands as the gold standard in this domain. It enables
the comprehensive objective measurement of distinct sleep stages (NREM and REM)
and the clinical assessment for sleep disorders (e.g., sleep-disordered breathing and limb
movement) [50]. It usually involves an in-hospital or at home sleep study for at least one
full night [51]. Different physiological measurements, such as heartrate, breathing pattern
and electrophysiological activity of the brain, are taken. For example, a nasal cannula can
help to identify the complete or partial cessation of airflow through the upper airways.
In children, this is typically secondary to mechanical obstruction by enlarged tonsils and
adenoids or abnormal airway anatomy [16]. Different medical conditions can be observed
during a polysomnography recording, such as apnoea, a temporary cessation of breathing,
and hypopnea, a reduction in airflow. These obstructions cut off the oxygen supply to
vital organs and restrict the removal of toxic carbon dioxide. This generally only occurs for
a few seconds before the individual wakes up (arouses) slightly and often unknowingly.
Different indices are used to categorise different breathing obstructions. In paediatrics, it is
common to use the obstructive apnoea and hypopnoea index (e.g., OAHI ≥ 1) or apnoea
and hypopnoea index (e.g., AHI ≥ 1) [52]. Oxygen saturation is measured using pulse
oximetry during PSG, which may also detect central apnoea and hypopnoea where there is
no evidence of obstruction.

However, there are limitations for polysomnography in terms of cost-effectiveness,
time investment, and accessibility, hindering its application in obtaining broad and im-
mediate, as well as long-term, insights into individual sleep behaviours. Research has
emphasised the importance of considering night-to-night variability in patients, which
can influence obtained sleep measures (e.g., apnoea–hypopnoea index, used to measure
severity of obstructive sleep apnea) [53]. In comparison to assessments conducted within
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a hospital setting, at-home polysomnography offers a potentially more ecologically valid
approach. Research suggests a successful implementation of this method in paediatric
populations, with studies reporting a high rate of successful administration (87%) [54].

1.2.3. Actigraphy

Actigraphy offers a low-burden, cost-effective and ecologically valid method for
assessing sleep, circadian rhythms, and movement. This technique utilises a wearable
accelerometer, typically in a watch-like format, worn on the non-dominant hand, to ob-
jectively record sleep behaviours over an extended period of time [55]. It can provide
detailed information on day- and night-time movement. A potential limitation to actigra-
phy research is the lack of standardised algorithms [56]. Patterson et al. identified, through
a systematic evaluation, that various actigraphy devices utilise different algorithms to
quantify sleep and activity. This heterogeneity in algorithms can hinder the comparability
of sleep data across studies employing different actigraphy devices. However, polysomnog-
raphy and actigraphy are established methods for acquiring information on sleep, which
can even be applied in cases of children with neurodevelopmental disorders [57,58].

1.3. Aims

To initiate the investigation of this multifaceted issue, it is crucial to comprehend an
understanding of sleep patterns, sleep behaviour and potential disorders in this vulnerable
population of children living with SCD, given the high prevalence of co-existing sleep-
disorders. To investigate the convergence of various sleep measures, the previous use of
these measures was assessed in studies of people living with SCD. This is important to gain
insights into the true sleep patterns of children and young adolescents living with SCD,
thereby facilitating the formulation of robust conclusions and the development of targeted
interventions. To achieve this, a systematic review of the literature was conducted, and a
meta-analysis of case-control studies was attempted. This approach allowed for critical
evaluations of the current literature on sleep characteristics in individuals living with SCD.

1.4. Hypotheses

(1) Sleep behaviour (i.e., total sleep time) and sleep disorders (i.e., sleep-disordered
breathing) are at least as common in individuals living with SCD as in the gen-
eral population.

(2) Different sleep assessments show similar prevalences of sleep behaviour and sleep disorder.
(3) Individuals living with SCD experience significantly different sleep behaviours to

healthy controls.

2. Materials and Methods
The current systematic review and meta-analysis was conducted following the Pre-

ferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [59].
The review was not registered with Prospero.

2.1. Eligible Studies

Studies were included if they reported information on all of the following: (1) patient
demographics, (2) sleep behaviour (i.e., total sleep time, sleep onset latency, wake after
sleep onset), (3) sleep disorder (i.e., sleep-disordered breathing: apnoea–hypopnoea index
and/or obstructive apnoea–hypopnoea index), (4) clinical measure of oxygen saturation
at night, and (5) assessment method: polysomnography and/or actigraphy and/or sleep
diary/ sleep questionnaire. Articles were excluded if they did not provide the required
information for individuals living with SCD and/or healthy controls.
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2.2. Search Strategy

A comprehensive literature search was performed to find appropriate articles.
Searched databases included Cochrane Library, Ebsco, Embase, Google Scholar, Medline,
Psychextra, PsycINFO, PubMed, ProQuest ResearchGate, Scopus, Web of Science, Open-
grey and Zetoc. Manual searches looked at conference proceedings, published theses and
references of included articles to identify eligible publications. The search included studies
that assessed sleep behaviour in individuals living with SCD from inception through Febru-
ary 2022, with no date or language restriction. Prospero was searched to identify similar
or identical systematic reviews currently in preparation, but no current review looking at
sleep in individuals living with SCD was found. The search strategy used keywords includ-
ing: “sickle cell”, “sleep”, “total sleep time”, “sleep apnoea/apnea”, “polysomnography”,
“actigraphy”, “diary”, “sleep duration” and “sleep quality”.

2.3. Study Selection and Data Extraction

Study selection was based on title, abstract and final screening of full-text articles.
Study selection was not limited by design, so randomised controlled trials, cohort studies
and case-control studies were eligible. However, reviews and case studies were excluded
from consideration. All potential studies were downloaded and catalogued using Mendeley
reference manager and Excel. Duplicates were excluded, and after screening the abstracts of
the remaining studies, a full-text screening of studies reporting sleep quality was performed
and data were extracted in Excel and SPSS. Figure 1 displays the main inclusion criteria
for the systematic review using the PICO-criteria. Data were analysed by 2 reviewers. The
key information included the following: (1) study characteristics (year, country, assessment
method), (2) patient characteristics (number, gender, age, genotype), (3) clinical characteris-
tics (haemoglobin, oxygen saturation), (4) sleep characteristics (total sleep time, sleep onset
latency, wake after sleep onset, sleep-disordered breathing). Articles were excluded if they
did not provide the information required by the inclusion criteria.
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2.4. Data Evaluation

The quality of all included studies was assessed using the Critical Appraisal Checklists
(CASP-2024) (https://casp-uk.net/casp-tools-checklists/ accessed 24 October 2024). Two
reviewers evaluated the methodological quality of the included studies using 12 criteria:
(1) clarity of the research question, (2) adequacy of participant recruitment, (3) validity of
exposure measurement, (4) validity of outcome measurement, (5) consideration and control of

https://casp-uk.net/casp-tools-checklists/
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confounding factors, (6) appropriateness of follow-up, (7) clarity of results, (8) precision of
results, (9) credibility of results, (10) applicability of results, (11) generalizability of results and
(12) implications of the study. Each paper was assigned a quality rating of low (≤8), moderate
(≤10), or high (≤12) based on a 12-point quality assessment checklist. Disagreements were
resolved by consensus. The results are presented in Supplementary Materials Table S1.
Overall, most of the studies showed a low (n = 13) methodological quality. Most studies
lacked precision in their results (n = 14), failed to account for confounding factors (n = 11), and
provided limited implications of their findings (n = 10). Only 2/6 case-control studies were
identified to be of high quality. Despite the limitations of some studies, 9 of the cross-sectional
and cohort studies were of high quality, and 7 were of moderate quality.

For the evaluation of sleep behaviour (e.g., total sleep time) mean(s) (M) ± standard
deviation(s) (SD) of outcome measures were selected. In the case of missing or incomplete
data, authors were contacted or the mean ± standard deviation were calculated from
available data. Meta-analysis was conducted in SPSS version 28 for the subgroup compari-
son of the methodology used between individuals living with SCD and healthy controls
(n = 6 studies) or for total sleep time and sleep onset latency (n = 5 studies). Random-
effects models were used to account for the heterogeneity between the studies. Effect
sizes for mean differences and 95% confidence intervals (CI) were reported. Forest plots
were enerated.

A pictorial representation was created to estimate a reference for typical sleep be-
haviour in individuals living with SCD based on 3 different sleep assessment methods
(polysomnography, actigraphy and sleep diary), according to the mean and standard de-
viation of collected sleep data. In the pictorial representation, the sleep recommendation,
based on different age groups, by previously published research by the National Sleep
Foundation [60,61], was used as a reference point, and are the same and close to the rec-
ommendations by the American Academy of Sleep Medicine. They recommend that the
following hours of sleep are necessary for optimal health: (1) children of 3 to 5 years—10 to
13 h; (2) children of 6 to 12 years—9 to 12 h; (3) teenagers of 13 to 18 years—8 to 10 h [62]
and (4) adults—7 or more hours [63].

3. Results
The search identified 2044 records from the selected databases. Thirty-one articles were

included in this review. Some articles provided sufficient data to allow for meta-analysis.
A detailed selection is presented in Figure 2.

3.1. Study Population

The overall population characteristics are listed in Table 1. Sleep characteristics based
on polysomnography (n = 20), actigraphy (n = 5) and sleep diaries and self-report (n = 6)
are summarised in Table 2. Table 3 presents data on children and adults living with
SCD (categorised by their sleep-disordered breathing group), differentiating these groups
using various measures, including the apnoea–hypopnoea index (AHI) and the obstructive
apnoea–hypopnoea index (OAHI).

The majority of studies looked at individuals living with SCD in North America
(nUSA only = 17; nCanada = 1) (Table 1). Smaller groups looked at individuals living with
SCD in Europe (nPortugal = 4; nUK only = 2), South America (nBrazil =2), Asia (nSaudi
Arabia = 2), and Africa (nCameroon = 1). Two studies examined populations from the UK
and USA (see Table 1). From the data that were available, the mean age ranged from 4.8 to
38.5 years, with 43% of the participants being male. Children living with SCD below the
age of 18 years were included in 26 studies, while 4 studies looked at young adults living
with SCD (Table 1). One paediatric study did not mention the age of the population [64]. A
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variety of genotypes were reported (nHbSS = 1179; nHbSC = 209; nHbSß = 88, nOther = 8),
with a haemoglobin range of 7.86–10.6 g/dL (n = 11 studies) (Table 1).
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An analysis of all of the included studies revealed a spectrum of sleep variables mea-
sured in individuals living with SCD. The following mean sleep variable ranges were
identified for (1) total sleep time: 417–622.8 min, (2) sleep onset latency: 7.27–75 min,
(3) mean overnight oxygen saturation (SpO2): 93–98%, (4) apnoea–hypopnoea index:
0–17 events/hour, (5) obstructive apnoea–hypopnoea index: 0–18.5 events/hour and
(6) wake after sleep onset: 31.4–59.1 min (Table 2).

Among individuals living with SCD considered to have sleep-disordered breathing
by various definitions, the mean age ranged from 7.6 to 41 years (Table 2). This subgroup
comprised 48% males and included a variety of genotypes (nHbSS = 88; nHbSC = 16;
nHbSß = 7, nOther = 4) with a mean haemoglobin range of 7.6–9 g/dL. Individuals living
with SCD considered to have sleep-disordered breathing demonstrated a wider range of
total sleep time (332.75–463 min) compared to those without sleep-disordered breathing
(323–444.5 min). Conversely, sleep onset latency was slightly shorter in the sleep-disordered
breathing group (12–39.2 min) compared to the non-sleep-disordered breathing group
(11.15–42.3 min). Finally, oxygen saturation levels were lower in the sleep-disordered
breathing group (93–96%) compared to the non-sleep-disordered breathing group (94–98%).
Most of the studies did not find a significant difference between the sleep-disordered
breathing and non-sleep-disordered breathing groups. However, Alotaibi et al. (2018) found
a significant difference between the groups for sleep onset latency and oxygen saturation.
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Table 1. Summary of participant and study information of included studies that look at sleep behaviour in sickle cell disease.

Author Year Country Design Method n Genotype Male % hb g/dL Age Years

Valrie et al. 2006 USA Cross-sectional Sleep Diary 20

HbSS = 14

54 n.a. 10.1 ± 1.07HbSC = 5

HbSß = 1

Souza and Viegas 2007 Brazil Cross-sectional PSG 50 HbSS 50 8.3 ± 1.3 13.9 ± 2.5

Valrie et al. 2007 USA Cohort Sleep Diary 21

HbSS = 17

45 n.a. 10.13 ± 1.15HbSC = 6

HbSß = 1

Kaleyias et al. 2008 USA Case-control PSG 19 n.a. 68 n.a.
10.7

(6.4–13.3) *

Ferreira et al. 2009 Portugal Cross-sectional PSG 17 HbSS = 16 47
7.8 6.83

(7.05–8.8) * (3.16–9.25) *

Rogers 2009 USA Cohort PSG 45

HbSS = 32

47

8.3 ± 1.3

9.50HbSC = 9
HbSß0 = 2

10.5 ± 0.23

n.a.

Salles et al. 2009 Brazil Cross-sectional PSG 85 n.a. See Table 3 (AHI grouped)

Daniel et al. 2010 USA Case-control CSHQ 54

HbSS = 28

56 n.a. 6.56 ± 1.92
HbSC = 22

HbSß+ = 1
HbSß0 = 2

HbSJBaltimore = 1

Martins et al. 2010 Portugal Cross-sectional PSG 6 HbSS n.a n.a. 28 ± 12

Rogers et al. 2010 USA Cross-sectional PSG
41 HbSS = 41 48 8.4 ± 1.3 9.4 ± 4.6

14 HbSC = 14 29 10.6 ± 0.8 9.9 ± 4.7

Rogers et al. 2011 USA Cross-sectional PSG 64 HbSS = 64 50 8.2 ± 1.2 8.4 ± 4.8
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Table 1. Cont.

Author Year Country Design Method n Genotype Male % hb g/dL Age Years

Mullin et al. 2012 USA/UK Cohort PSG 45 HbSS or HbSß0 49 n.a. 12.3 ± 4

Strauss et al. 2012 USA Case-control PSG 36 n.a. 56 n.a. 6.9 ± 4.3

Finch et al. 2013 USA Cohort PSG 13

HbSS = 8

53 8.8 ± 1.7
7

(2.1–16.3) *
HbSC = 4

HbSß0 = 1

Njamnshi et al. 2013 Cameroon Cross-sectional Actigraphy 13 n.a. n.a n.a. Children

Katz et al. 2014 USA Case-control PSG 136

HbSS = 77.5%

51 14.2 ± 5.2 n.aHbSC = 15.5%

HbSß0 = 7%

Rosen et al. 2014 USA / UK Cross-sectional PSG 243 HbSS = 95% 50 n.a. 10.6 ± 4.2

Loureiro et al. 2015 Portugal Cross-sectional PSG 54
Group A = 21 57 n.a. 5.2 ± 1.7

Group B = 33 55 n.a. 12.2 ± 2.4

Mascarenhas et al. 2015 Portugal Case-control PSG 65 n.a. 53 n.a. 9.4 ± 4.6

Moscou-Jackson
et al. 2015 USA Cross-sectional Sleep Diary 75 HbSS, HbSC 28 n.a. 38.5 ± 11.8

Narang et al. 2015 Canada Cross-sectional PSG

104 HU−

HbSS = 101

42
8.2

(6.6–12.3) *
10.35

(2.70–17.70) *
HbSC = 2

HbSß = 1

37 HU+

HbSS = 35

43
9.3

(7.3–11.6) *
10.90

(2.40–17.60) *
HbSC = 1

HbSß = 1

Sharma et al. 2015 USA Cross-sectional PSG 32 n.a. See Table 3 (AHI grouped)

Al-Otaibi et al. 2017 Saudi Arabia Cross-sectional PSG 65 HbSS = 90.8% 49 8.60 8.1 ± 5.02

Downes et al. 2017 UK Case-control CSHQ 22 HbSS = 22% n.a n.a. 4.8 ± 0.94
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Table 1. Cont.

Author Year Country Design Method n Genotype Male % hb g/dL Age Years

Alotaibi et al. 2018 Saudi Arabia Cross-sectional PSG 70

HbSS = 56

56
8.2

(7.8–9) *
9

(6.5–11) *
HbSC = 7

HbSß = 7

Fisher et al. 2018 USA Cohort Actigraphy 30 HbSS = 77% 33 n.a. 13 ± 2.8

Katz et al. 2018 USA Cohort PSG 136

HbSS = 95

51 9.3 ± 1.6 9.2 ± 4.7
HbSC = 20

HbSß+ = 8

HbSß0 = 11

Valrie et al. 2018 USA Case-control Self-report 53

HbSS = 27

42 n.a. 14.72 ± 1.50
HbSC = 20

HbSß+ = 3
HbSß0 = 3

Valrie et al. 2019 USA Cohort Actigraphy 88

HbSS = 44

41 n.a. 11.66 ± 2.99
HbSC = 27

HbSß+ = 12

HbSß0 = 3

Valrie et al. 2020 USA Cohort Actigraphy 96

HbSS = 44
HbSC = 35

44 n.a. 11.47 ± 3.03
HbSß+ = 10
HbSß0 = 4

Kölbel et al. 2022 UK Case-control Actigraphy 27 HbSS 41 n.a. 19.33 ± 5.16
Note. AHI = apnea–hypopnea index; Hb = haemoglobin in grams per decilitre; HU = hydroxyurea; n.a. = not available; PSG = polysomnography. Values as mean ± SD except where
values are indicated with * = median (range).
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Table 2. Summary of sleep behaviour in sickle cell disease of included studies.

Author Year Method
TST SOL SDB WASO O2

Minutes Minutes %

Souza and Viegas 2007 PSG 410 ± 64 18 ± 20 AHI 2 ± 3 n.a.

Kaleyias et al. 2008 PSG 384
(359–429) *

44
(17–53) *

AHI 1
(0–10) *

27
(9–75) * n.a.

Ferreira et al. 2009 PSG 474
(435–489) *

40
(26.75–49.75) *

AHI 0
(0–0.45) * n.a.

Rogers 2009 PSG 431.80 ± 79.2 44.97 ± 64.6 OAHI
6.95 ± 12.9 44.35 ± 47.2 95.16 ± 3.9

Martins et al. 2010 PSG 371 ± 85 n.a. 93.0 ± 3.8

Rogers et al. 2010 PSG
430.6 ± 81.2 53.9 ± 70.5 OAHI

6.2 ± 11.7 46.6 ± 50.6 95.2 ± 3.8

445.6 ± 53.1 26.1 ± 18.5 OAHI
3.1 ± 2.1 43.8 ± 28.7 98.0 ± 0.8

Rogers et al. 2011 PSG 432.6 ± 64.7 29.6 ± 31.6 OAHI
1.7 ± 3.7 n.a.

Mullin et al. 2012 PSG 473.4
[451.0, 495.8] n.a. AHI 1.2

[0, 35.2] * n.a. 94.5
[93.6, 95.5]

Strauss et al. 2012 PSG 438 ± 72 n.a. AHI
1.9 ± 4.7 n.a. 95.3 ± 2.9

Finch et al. 2013 PSG 399.1 ± 98.9 17.1 ± 15.3 AHI
6.3 ± 5.8 n.a.

Katz et al. 2014 PSG 378.02 ± 58.42 21.64 ± 27.18 AHI
8.51 ± 7.00 n.a. 95.63 ± 2.98

Rosen et al. 2014 PSG 438.7 ± 68.2 20.5 * OAHI 0 * n.a. 96.4 *

Loureiro et al. 2015 PSG
444.9 ± 39.1 20.7 ± 14.3 AHI

3.4 ± 1.3 31.4 ± 19.8 95.2 ± 3

419.9 ± 57.2 20 ± 14.2 AHI
3.5 ± 1.9 59.1 ± 49.2 94.2 ± 3
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Table 2. Cont.

Author Year Method
TST SOL SDB WASO O2

Minutes Minutes %

Mascarenhas et al. 2015 PSG 424.8 ± 52.7 21.1 ± 13.6 AHI
3.57 ± 1.8 n.a. 94.5 ± 3.07

Narang et al. 2015 PSG

402
(248–524) *

11.4
(0.2–107.8) *

OAHI 1.9
(0.0–66.5) * n.a. 96.1

(86.4–99.7) *

406
(312–491) *

12.3
(0.4–181.1) *

OAHI 0.9
(0.0–14.3) * n.a. 98.4

(91.6–99.6) *

Al-Otaibi et al. 2017 PSG 372.38 12.7 OA 0.35
(10) * n.a. 98 (8) *

Alotaibi et al. 2018 PSG 344
(295–378) *

14.2
(4.3–37.5) *

OAHI 1.8
(0.3–6.3) * n.a. 97

(96–98) *

Katz et al. 2018 PSG 377.102 ± 58.9 21.6 ± 27.2 AHI
8.6 ± 7.00 n.a. 95.6 ± 3.00

Njamnshi et al. 2013 Actigraphy 422.66 ± 33.24 75 ± 15.35 n.a.

Fisher et al. 2018 Actigraphy 456.49 ± 105.91 n.a.

Valrie et al. 2019 Actigraphy 481.8 ± 55.8 7.27 ± 2.55 n.a.

Valrie et al. 2020 Actigraphy 477 ± 58 n.a.

Kölbel et al. 2022 Actigraphy 388 ± 66 48 ± 42 n.a.

Valrie et al. 2006 Sleep Diary 9.14 ± 1.29 n.a.

Valrie et al. 2007 Sleep Diary 8.8 ± 1.65 n.a.

Daniel et al. 2010 CSHQ 9.97 ± 1.93 n.a.

Moscou-Jackson et al. 2015 Sleep Diary 7.0 ± 2.2 35.5 ± 35.4 n.a.

Downes et al. 2017 CSHQ 10.38 ± 1.4 n.a.

Valrie et al. 2018 Self-report 8.21 ± 1.64 n.a.
Note. AHI = apnea–hypopnea index; CSHQ = Children’s Sleep Habits Questionnaire; SDB = sleep-disordered breathing; SOL = sleep onset latency; TST = total sleep time;
OA = obstructive apnea; OAHI = obstructive apnea–hypopnea index; O2 = oxygen; WASO = wake after sleep onset; n.a. = not available. All values in mean ± SD. Values presented as
mean ± SD, except values with * = median (range) or [ ] = 95% (CI).
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Table 3. Summary of included studies that defined sleep-disordered breathing in sickle cell disease using polysomnography.

Author Year
Group Description Male Hb

Age
TST SOL SDB O2 WASO

n Genotype SDB Group % g/dL Minutes Minutes Events/h % Minutes

Salles et al. 2009
76

n.a.
No AHI

59
7.9 ± 2 9 ± 3 368 ± 63 22 (8–45) * AHI 0 (0–0) * 94 ± 4 n.a

9 AHI > 1 7.6 ± 0.6 9 ± 4 332 ± 79 31 (18–50) * AHI 1.3 (1.9–5.1) * 93 ± 3 n.a

Rogers 2009

12

HbSS = 8

67 8.63 ± 1.6 11 ± 4.3 463.9 ± 56.7 39.2 ± 32.2 OAHI 0.4 ± 0.3 95.7 ± 2.5 40.2 ± 48.2HbSC = 1 OAHI < 1

Other = 3

19

HbSS = 14

47 8.81 ± 1.5 8.4 ± 4.3 421.6 ± 74.2 42.3 ± 46.5 OAHI 2.5 ± 1.1 95.5 ± 3.4 41.7 ± 53.9HbSC = 4 OAHI > 1 < 5

Other = 1

14
HbSS = 10

OAHI ≥ 5 29 9.0 ± 1.6 7.6 ± 5.4 444.5 ± 38.2 28.4 ± 27.4 18.5 ± 18.7 94.4 ± 5.5 54.9 ± 37.6
HbSC = 4

Sharma et al. 2015
18

n.a.
No AHI 22

n.a.
38 [32–44] 341 [312–370] 12 [3.6–21] AHI 1.6 [0.98–2.1]

n.a. n.a.
14 AHI > 5 43 41 [35–47] 323 [281–366] 25 [0.96–48] AHI 17 [10–24]

Alotaibi et al. 2018

32

HbSS = 29

No OAHI 66 8.7 (7.9–9.4) * 9 (6–12) * 341 (305–378) 15.3 (7.0–40.8) * OAHI 0.4 (0.0–1.0) * 98 (97–99) *HbSC = 2 n.a.

HbSß = 1

38

HbSS = 27

OAHI > 2 48 8.0 (7.8–8.6) * 9 (7–10) * 344 (293–379) * 7.4 (1.5–28.3) * OAHI 6.5 (4.3–12.9) * 96 (94–98) * n.a.HbSC = 5

HbSß = 6

Note. Hb = haemoglobin in grams per decilitre; n.a. = not available; TST = total sleep time; SOL = sleep onset latency; SDB = sleep-disordered breathing; AHI = apnea–hypopnea index;
OAHI = obstructive apnea–hypopnea index. O2 = oxygen; WASO = wake after sleep onset. Values presented as mean ± SD, except values with * = median (range) or [ ] = 95% (CI).



Children 2025, 12, 21 14 of 21

3.2. Identification of Total Sleep Behaviour

Information on different sleep behaviours (e.g., total sleep time) was taken from
studies that did not group individuals living with SCD according to their sleep-disordered
breathing. Total sleep time, as measured by polysomnography, demonstrated a lower
range (340–473 min) compared to both actigraphy (417–481 min) and sleep diary measures
(420–623 min) (Figure 3).
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Figure 3. Total sleep time in sickle cell disease as observed with polysomnography. Note: Arrows
show recommended sleep time as given by Ohayon (2017) [61].

There was a large mean difference in total sleep time (M∆TST) as measured with
polysomnography in pre-school (M∆TST = 3 h and 13 min) and school-aged children
(M∆TST = 2 h and 7 min) as compared to sleep diary measures. Smaller mean differences
were observed between polysomnography vs. actigraphy (M∆TST = 43 min) and actig-
raphy vs. sleep diary measures (M∆TST = 1 h and 24 min) in school-aged children and
polysomnography vs. actigraphy (M∆TST = 46 min) in young adults. Data collected from
sleep diaries indicate that TST in children living with SCD is close to the recommended
sleep time, but not for TST as measured with polysomnography and actigraphy. Unfor-
tunately, there were not enough data available to compare TST measures in teenagers
and adults.

3.3. Identification of Total Sleep Onset Latency

An analysis of sleep onset latency (SOL) across studies revealed the lowest range when
measured using polysomnography (PSG) (12.7–53.9 min), followed by sleep diary measures
(35.5 min) and actigraphy (7.27–75 min) (Figure 4). There was a large mean difference in
SOL (M∆SOL) as measured with polysomnography and actigraphy (M∆SOL = 15.31 min)
for school-aged children. There were insufficient data available to compare all measures in
each age group. However, it was observed that SOL appeared to be lower when measured
with polysomnography, compared to actigraphy and sleep diary measures.
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Figure 4. Sleep onset latency in sickle cell disease as observed with polysomnography, actigraphy
and sleep diary measures. Note. Sleep onset latency below 30 min is an indication of a good sleep
quality, as per the recommended sleep time given by Ohayon (2017) [61].

3.4. Identification of Wake After Sleep Onset

Wake after sleep onset, a measure of sleep continuity, was only observed in studies
that used polysomnography (range: 31.4–59.1 min). A higher than recommended wake
after sleep onset was observed for pre-school children (M = 31.4 min) and school-aged
children (M = 45.67 min), which was above the recommended time of 0–20 min.

3.5. Meta-Analysis

The aim was to investigate whether there were significant differences in total sleep time
and sleep onset latency, as measured with the different sleep assessment methods, between
individuals living with SCD and healthy controls. Data were available from six studies
(Table 4). Table 4 shows all case-control studies included in the meta-analysis with the results
between groups = for total sleep time and sleep onset latency displayed. A random effect
model was chosen, since it can be assumed that the data are heterogenous in nature.

3.5.1. Total Sleep Time

The first forest plot displays the effect of total sleep time, measured with polysomnog-
raphy (Supplementary Materials Figure S1). The mean effect size estimate was −0.12 (95%
CI: −0.59, 0.35) and statistically non-significant (p = 0.62). For heterogeneity, Q-statistics
were examined. The Q-statistic (Q = 2.68, df = 1, p = 0.10) was found to be non-significant,
indicating no heterogeneity between studies.

The second forest plot displays the effect of total sleep time, measured with actig-
raphy (Supplementary Materials Figure S2). The mean effect size estimate was −1.59
(95% CI: −5.32, 2.15) and statistically non-significant (p = 0.40). The Q-statistic (Q = 27.26,
df = 1, p < 0.001) was found to be significant, indicating heterogeneity between the study
conducted in Cameroon (Hedges’s g = −3.54, p < 0.001) and the UK (Hedges’s g = 0.27,
p = 0.38).
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Table 4. Summary of included case-control studies.

Author

Group Description
Total Sleep Time

p
Sleep Onset Latency

pSCD Controls

n Age Male % n Age Male % SCD Controls SCD Controls

Daniel et al. 54 6.56 ± 1.92 56 52 6.71 ± 2.05 48 637± 153 625 ± 151 0.747 n.a. n.a. n.a.

Strauss et al. 36 6.9 ± 4.3 56 36 6.6 ± 3.4 56 438 ± 72 462 ± 48 >0.05 n.a. n.a. n.a.

Njamnshi et al. 13 Children n.a. 13 Children n.a. 422.66 ± 33.24 528.75 ± 24.10 0.0084 75 ± 15.35 113.41 ± 11.79 0.02

Mascarenhas et al. 65 9.4 ± 4.6 53 65 9.4 ± 4.6 53.8 424.8 ± 52.7 419.8 ± 50.6 0.581 21.1 ± 13.6 30 ± 4.9 0.024

Valrie et al. 53 14.72 ± 1.50 42 160 15.36 ± 1.49 43 501 ± 124 426 ± 111 0.01 n.a. n.a. n.a.

Kölbel et al. 27 19.33 ± 5.16 41 18 19.43 ± 3.99 27 388 ± 66 371 ± 54 0.01 48 ± 42 35 ± 27 0.32

Note. Age in years, SCD = sickle cell disease, n.a. = not available, all values in mean ± SD.
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The third forest plot displays the effect of total sleep time, measured with sleep diary
(Supplementary Materials Figure S3). The mean effect size estimate was 0.38 (95% CI: −0.19,
0.94) and statistically non-significant (p = 0.19). The Q-statistic (Q = 5.18, df = 1, p = 0.023)
was found to be significant, indicating heterogeneity between both studies conducted in
the USA in 2010 (Hedges’s g = 0.078, p = 0.68) and in the USA in 2018 (Hedges’s g = 0.65,
p < 0.001).

3.5.2. Sleep Onset Latency

The forest plot displays the effect of sleep onset latency, measured with actigraphy
(Supplementary Materials Figure S4). The mean effect size estimate was −1.15 (95%
CI: −4.15, 1.86) and statistically non-significant (p = 0.45). The Q-statistic (Q = 22.55,
df = 1, p < 0.001) was found to be significant, indicating heterogeneity between the study
conducted in Cameroon (Hedges’s g = −2.72, p < 0.001) and the UK (Hedges’s g = 0.34,
p = 0.26).

4. Discussion
This review summarised the literature on sleep behaviour and its association with

sleep-disordered breathing in individuals with SCD. Thirty-one studies were included in
the review; most were cohort studies and only six case-control studies qualified for the
meta-analysis. Most of the studies were conducted in children, using polysomnography
to measure their sleep behaviour and to obtain a clinical understanding of their sleep-
disordered breathing symptoms. It is well known that the prevalence of sleep-disordered
breathing (36% to 69%) is high in this vulnerable population and already present at a very
young age [17–19].

This research identified that total sleep time decreases, and sleep onset latency in-
creases with age. Overall, both outcome measures varied depending on which sleep
assessment was used. For example, the range of total sleep time reported was wider on
self-reported sleep diary and questionnaire measures, while total sleep time on objective
measures (i.e., polysomnography and actigraphy) was less. However, this was the other
way around for sleep onset latency; thus, the time taken to fall asleep was lowest during
polysomnography assessment and highest in actigraphy. The findings on the decline in
total sleep time are in line with current research typically in developing populations [65,66],
including those of similar ethnic background [67]. This also accounts for the observed
increase in sleep onset latency, showing that 38% of 8–12-year-old children living with SCD
experience sleep onset difficulties [68], while 21% of 2–18 year-olds experienced chronic
insomnia [6]. In the general paediatric population, only 11% of 5–12 year-olds experience
sleep onset insomnia [69]. The differences observed between sleep assessments can be ex-
plained with findings from the general population, which compared parent-reported sleep
with either actigraphy or polysomnography [70]. Nelson et al. (2014) found that parents
overestimated sleep duration, as measured by actigraphy, by an average of 24 min [70].
Another study found that parents overestimated their children’s total sleep time, sleep onset
latency and sleep efficiency when compared to overnight at-home polysomnography [71].
It is also important to mention that the variability of actigraphy data may contribute to
the variability observed in algorithms used [72]. Research evaluating the reliability of
in-hospital polysomnography have highlighted the importance of considering night-to-
night variability in sleep parameters, which can influence diagnostic outcomes [53]. To
address this variability, the authors suggested employing multiple nights of polysomnog-
raphy recordings. However, this approach presents a significant cost burden. Recent
research found a 90% success rate for in-hospital polysomnography employing a psycho-
logical preparation in children (2–11 years) (e.g., pictures, familiarising the child with the
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equipment, token sheets and a doll) 30 min to 1 h before the sleep assessment [73]. This
could possibility reduce the night-to-night variability by reducing the child’s anxiety (i.e.,
promoting feelings of comfort and familiarity).

The majority of case-control studies reported that children and adolescents living with
SCD slept longer, on average, compared to the controls [74–77]. Questionnaire assessment
revealed longer total sleep times compared to actigraphy and polysomnography. However,
two studies in children living with SCD found shorter total sleep times compared to
the controls [64,78]. Notably, the findings by Njamnshi et al. are based on an abstract
publication with a limited sample size, potentially reflecting the challenges associated
with recruiting vulnerable populations in Cameroon. The main research focus for Strauss
et al. was not the assessment of sleep behaviour, but the assessment of upper airway
lymphoid tissue in children living with SCD and experiencing obstructive sleep apnea
syndrome. Their findings could represent a subgroup of children living with SCD based on
background (country) and the presence of comorbid health conditions.

Children living with SCD seem to fall asleep quicker compared to the controls [64,76],
while our research [75] found slightly longer sleep onset latency. The lack of case-control
studies investigating sleep in individuals living with SCD is further compounded by
substantial heterogeneity in the reporting of total sleep time and sleep onset latency. This
methodological inconsistency, evident in studies employing both actigraphy and sleep
diaries, hinders a quantitative synthesis of the existing evidence.

5. Conclusions
There is a high prevalence of sleep disorders and sleep disturbances in individuals

living with SCD, which are measured with different sleep assessments. An age-related
change in sleep pattern was observed (i.e., decrease in total sleep time and increase in sleep
onset latency). However, the scarcity of case-control studies and significant heterogeneity
in findings likely attributable to variations in sleep assessment methodologies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/children12010021/s1, Table S1: Quality assessment table. Figure S1:
Forest Plot for total sleep time measured by polysomnography. Figure S2: Forest Plot for total sleep
time measured by actigraphy. Figure S3: Forest Plot for total sleep time measured by sleep diary.
Figure S4: Forest Plot for sleep onset latency measured by actigraphy.
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