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a b s t r a c t

Obstructive sleep apnea (OSA) is an established risk factor for high blood pressure (BP) in adults.
However, it remains unclear whether the same association could be found in children and adolescents.
Therefore, we conducted a systematic review and meta-analysis of observational studies to evaluate the
associations between childhood OSA and BP outcomes. The review protocol was registered in PROSPERO
(CRD42021225683). We performed a systematic literature search to identify relevant cross-sectional and
longitudinal studies up to July 6, 2021. Of the 4902 identified articles, a total of 12 cross-sectional studies
and 2 cohort studies were included in the final analyses. In the cross-sectional analyses, the mean
systolic BP (SBP) were significantly higher in children with mild or moderate-to-severe OSA compared to
the healthy controls, and these effects were more pronounced during the nighttime. In prospective
studies, moderate-to-severe childhood OSA was associated with a risk of elevated SBP in adulthood
(Mean difference ¼ 4.02 mm Hg, 95% CI ¼ 1.32 to 6.72). Taken together, our results suggest that
moderate-to-severe childhood OSA is associated with a higher risk of adverse SBP outcomes. Early
detection and treatment of OSA may promote cardiovascular health in children and adolescents and
possibly in future adulthood.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Sleep-disordered breathing (SDB) is a prevalent sleep disorder
among children and adolescents, which can be divided into pri-
mary snoring, upper airway resistance syndrome, and obstructive

sleep apnea syndrome (OSA) [1,2]. The prevalence of OSA ranges
from 1.2% to 25% in children aged 5e12 years [3]. Several large-scale
longitudinal studies in adults have suggested that untreated OSA is
associated with an increased risk of hypertension [4e7] which is
one of the most common cardiovascular diseases and the leading
cause of morbidity and mortality worldwide [8,9]. As proposed by
the American Academy of Pediatrics in 2017, childrenwith OSAmay
confer a higher risk of developing prehypertension and/or hyper-
tension [10]. Cross-sectional studies have suggested that childhood
OSA was associated with elevated blood pressure (BP) [11e14].
Nonetheless, previous meta-analyses conducted on children and
adolescents have reported inconsistent results on the contributing
effects of OSA on BP outcomes. One meta-analysis did not find an
association between OSA and BP outcomes in children and

* Corresponding author. Li Chiu Kong Family Sleep Assessment Unit, Department
of Psychiatry, Faculty of Medicine, The Chinese University of Hong Kong, Shatin,
Hong Kong, China.
** Corresponding author. Department of Paediatrics, Faculty of Medicine, The
Chinese University of Hong Kong, Shatin, Hong Kong, China.

E-mail addresses: katechan@cuhk.edu.hk (K.C.-C. Chan), ykwing@cuhk.edu.hk
(Y.-K. Wing).

1 Sizhi Ai and Zhexi Li contributed equally to this study.

Contents lists available at ScienceDirect

Sleep Medicine Reviews

journal homepage: www.elsevier .com/locate/smrv

https://doi.org/10.1016/j.smrv.2022.101663
1087-0792/© 2022 Elsevier Ltd. All rights reserved.

Sleep Medicine Reviews 65 (2022) 101663



adolescents [15], while a subsequent one suggested that childhood
OSA was associated with a greater risk of hypertension [16].
Therefore, the adverse effects of childhood OSA on BP outcomes
remain to be determined.

More recently, a few longitudinal studies have provided new
evidence that childhood OSAmay be an independent risk factor for
adverse BP outcomes in late adolescence and adulthood [17e19].
Given that the existing meta-analysis has not included the most
updated longitudinal cohort studies, it is timely to summarize the
current evidence to confirm the association between childhood
OSA and elevated BP. In particular, a separate analysis of longitu-
dinal data was conducted to examine the association of childhood
OSA with the longitudinal BP outcomes in late adolescence and
adulthood.

2. Methods

Our meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines and Meta-analysis Of Observational Studies
in Epidemiology (MOOSE) guidelines [20,21]. The detailed check-
lists of PRISMA and MOOSE are listed in Table S1 and S2.

3. Search strategy and selection criteria

Three databases, including Embase, Web of Science, and
PubMed were searched for English-language articles published
before July 6, 2021, using the following search criteria. Observa-
tional studies (e.g., cross-sectional, case-control, and longitudinal
cohort studies) that investigated BP parameters (e.g., systolic/dia-
stolic BP [SBP/DBP] during sleep or wakefulness, BP load, and non-
dipping) of children (aged less than 13 years) and adolescents (age
ranged from 13 to 17 years) with mild OSA or moderate-to-severe
OSA. According to a previous study, mild OSA was defined as an
obstructive apnea-hypopnea index (OAHI) or apnea-hypopnea in-
dex (AHI) between 1 and 5 events/hour, while moderate-to-severe
childhood OSAwas defined as an OAHI or AHI "5 events/hour [22].
We also searched the reference lists and review articles for addi-
tional studies that met the inclusion criteria. The detailed search
strategies for each database are presented in Table S3 in the Sup-
plementary materials.

The exclusion criteria of the present study were: 1) lack of
controls (e.g., healthy controls or primary snoring); 2) no mea-
surement of BP or BP measurements cannot be transformed to raw
SBP or DBP level; 3) recruited children or adolescents had other
pathological conditions (e.g., congenital heart disease); 4) BP was

measured after an intervention; 5) review articles, animal studies,
and articles without original data; 6) studies known to involve
overlapping sample populations. To avoid data duplication, we only
chose the article with the largest sample size if more than one
article was reported on the same sample. Two researchers (L.Z.X
and W.S.S) independently examined the titles, abstracts, and full
text to identify eligible articles. In case of disagreement, a third
reviewer (A.S.Z) evaluated the article in order to reach an agree-
ment. The review protocol was registered in PROSPERO
(CRD42021225683) (https://www.crd.york.ac.uk/prospero/).

4. Data extraction

We extracted the following information from each study: 1)
name of the first author, 2) country (origin) of data collection, 3)
year of publication, 4) sample size, 5) mean age or age range, 6) sex
ratio, 7) methods of BP measurement, 8) methods of monitoring
sleep at night, and 9) mean SBP/DBP and standard deviation during
wakefulness or nighttime (Table S4). If raw data were not available
in the text, we would look for any additional data or graphical
information.

5. Study quality assessment

We used the Newcastle-Ottawa Scale to assess the quality of
case-control and cohort studies (NOS; http://www.ohri.ca/
programs/clinical_epidemiology/oxford.asp). This scale applies a
“star system”, which includes three components: the selection of
the study population, the comparability of the study groups, and
the ascertainment of exposure or outcome. According to the Agency
for Research and Quality standards, the NOS scores were converted
into “good,” “fair,” and “poor” quality. The Appraisal Tool for Cross-
Sectional Studies (AXIS) was used to assess the quality of cross-
sectional studies [23]. This tool consists of 20 questions, which
need to be responded to as ‘yes’, ‘no’, or ‘don't know’. Studies with a
score of thirteen or more (out of 20) were considered good quality
studies.

6. Statistical analysis

In the meta-analyses, we compared the mean values of SBP and
DBP during wakefulness and nighttime between participants with
SDB and healthy controls. To account for the potential affect of
heterogeneity, the mean differences (MD) and the 95% confidence
intervals (CIs) for the SBP and DBP were separately pooled by a
Hartung-Knapp method random-effects model [24]. These results
were presented in forest plots and overall effects were examined by
Z-statistics and associated p values. Heterogeneity among studies
was assessed by the Cochrane P value (P < 0.10 was considered
significant) and the degree of heterogeneity using the I2 statistics,
with cutoff values of 25%, 50%, and 75% to represent low, medium,
and high degrees of heterogeneity respectively. In order to further
explore the potential sources of heterogeneity, we also used Baujat
plots to identify articles that had a high contribution to the het-
erogeneity of this research [25]. If there was moderate to high
heterogeneity, the sources of heterogeneity were explored by
subgroup and sensitivity analyses in which we removed studies
with low methodological quality. We constructed Contour-
enhanced funnel plots as a visual representation of bias in the
main analyses and used Egger's test to assess publication bias
[26,27]. All statistical analyses were conducted using the “meta”,
“dmetar” package in R software (version 4.0.4; R Core Team, Vienna,
Austria), with a 2-side test of a ¼ 0.05 as the significance level.

Abbreviations

ABPM ambulatory blood pressure monitoring
AHI apnea-hypopnea index
AXIS The Appraisal Tool for Cross-Sectional Studies
SDB sleep-disordered breathing
BMI body mass index
BP blood pressure
CI confidence interval
DBP diastolic blood pressure
NOS Newcastle-Ottawa Scale
OSA obstructive sleep apnea
PSG polysomnography
PTT pulse transit time
SBP systolic blood pressure

S. Ai, Z. Li, S. Wang et al. Sleep Medicine Reviews 65 (2022) 101663

2



7. Results

7.1. Clinical characteristics of included studies

Fig.1 shows the flowchart of research selection. Among the 4902
records initially retrieved, 3900 non-duplicated titles were identi-
fied. After screening for eligibility by topics and abstracts, 52 ab-
stracts were evaluated for further full text screening. A total of 14
eligible articles were included in the meta-analysis, including 12
cross-sectional studies and two cohort studies [12,13,17,18,28e37].
All studies were classified as high quality, with amean AXIS score of
17 for cross-sectional studies (Table S5), and a mean NOS score was
7 (Table S6). The clinical characteristics of these studies are shown
in Table 1. A total of 3081 participants aged from 3 to 17 years were
enrolled in these studies. The follow-up time was 10 years and 7.4
years in the two prospective cohort studies, respectively [17,18]. Of
the 14 studies, five were conducted in the United States, four in
China, four in Australia, and one in Greece. Eight of the studies used
hospital-based samples, four studies used community samples, and
two studies used hospital-based samples in the OSA group and age-
sex-matched community samples in the control group. Eight
studies used age- and sex-matched healthy participants as controls,
five studies used primary snoring as controls, and one study used
an apnea hypopnea index (AHI) of <2 as controls. For the BP
measurements, five studies used 24-h ambulatory blood pressure
monitoring (ABPM), five used office BP, three used finger photo-
plethysmography, and one used pulse transit time (PTT).

7.2. Quantitative synthesis

Fig. 2 and Fig. 3 respectively show the forest plots of awake and
nighttime differences of BP between OSA participants and healthy
controls based on cross-sectional data. Both awake and nighttime
SBP levels were significantly higher in mild (Awake: Fig. 2A,
MD ¼ 0.98 mmHg; 95%CI ¼ 0.73 to 1.22; nighttime: Fig. 3A,
MD ¼ 4.44 mmHg; 95%CI ¼ 2.55 to 6.63) and moderate-to-severe
OSA (Awake: Fig. 2B, MD ¼ 4.93 mmHg; 95%CI ¼ 1.30 to 8.57;
nighttime: Fig. 3B, MD ¼ 7.66 mmHg; 95%CI ¼ 6.29 to 9.03) than
those of health controls. Similar results were observed for awake
and nighttime DBP levels in the moderate-to-severe OSA group

(Awake: Fig. 2D, MD¼ 3.10mmHg; 95%CI¼ 1.36 to 4.84; nighttime:
Fig. 3D MD ¼ 3.80 mmHg; 95%CI ¼ 2.41 to 5.19). However, only
nighttime DBP levels were significantly higher in the mild OSA
group (Awake: Fig. 2C, MD ¼ 0.98 mmHg; 95%CI ¼ #0.08 to 2.05;
nighttime: Fig. 3C, MD ¼ 3.01 mmHg; 95%CI ¼ 0.45 to 5.57) than
those of health controls.

Fig. 4 shows the differences in awake BP between OSA partici-
pants and healthy controls in the longitudinal studies. Compared
with the healthy controls, a significantly higher SBP in late
adolescence or young adulthood was found in participants with
moderate-to-severe childhood OSA (Fig. 4B, MD¼ 4.02mmHg; 95%
CI¼ 1.32 to 6.72), but not in thosewithmild childhood OSA (Fig. 4A,
MD¼ 1.66mmHg; 95%CI¼#0.25 to 3.58). As for DBP, no significant
differences with controls were found in the mild (Fig. 4C,
MD ¼ 1.09 mmHg; 95%CI ¼ #0.24 to 2.42) and moderate-to-severe
childhood OSA groups (Fig. 4D, MD¼ 1.37 mmHg; 95%CI¼#1.56 to
4.30).

We further evaluated the awake and nighttime BP differences
between participants with OSA and thosewith primary snoring.We
found that both awake (Figure S1B, MD¼ 2.35mmHg; 95%CI¼ 0.36
to 4.33) and nighttime SBP levels (Figure S2B, MD ¼ 4.34 mmHg;
95%CI¼ 2.32 to 6.36) in the moderate-to-severe OSA group, but not
in the mild OSA group, were significantly higher than those in the
primary snoring group. However, there were no significant differ-
ences in the awake and nighttime DBP between the primary
snoring group and both the mild and moderate-to-severe OSA
groups. No significant asymmetry was found in the visual detection
of the Contour-enhanced funnel plots (Figure S3, Figure S4, and
Figure S5), and Egger's linear regression test (Table S7) also sup-
ported a lack of potential publication bias in the present study.

7.3. Heterogeneity analysis

Our main analyses showed evidence of high heterogeneity in
several BP comparisons (I2>75% in some comparisons). In order to
analyze the reasons for the high heterogeneity, we conducted
Baujat plots and influence analyses on these results to detect which
study had the greatest influence on the BP comparisons (Figure S6-
S13). After excluding these outliers, the results were largely
consistent with the main analyses, that is, participants with

Fig. 1. Flowchart for the studies included in the meta-analysis.
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moderate-to-severe OSAwere still associated with a higher BP level
compared to healthy controls, both during awake and nighttime
(Figure S8, Figure S10, and Figure S13). However, the nighttime DBP
difference between participants with mild OSA and healthy con-
trols was no longer significant (Figure S12).

7.4. Subgroup analyses

To further explore the source of heterogeneity, we performed a
series of subgroup analyses to stratify the data. For the different BP
measurements, ABPM showed a relative lower heterogeneity and
provided consistent evidence for the BP comparisons, while other
BP measurements, such as finger photoplethysmography and PTT,
contributed to the considerable heterogeneity of the main analyses
(Figs. 5e6, Figure S14-S15). For the study sites, studies conducted in
America showed a relative higher heterogeneity for the awake BP
comparisons, but most of the comparisons were not significant
(Figure S16-S19). For the age, studies that included participants
aged less than 9 years old showed a relatively lower heterogeneity
than those of studies that included participants aged over 9 years
old (Figure S20-S23). In addition, we also analyzed the influence of

study population on the heterogeneity of our results, there were no
significant differences between hospital and community-based
samples (Figure S24-S27).

8. Discussion

In this meta-analysis, we evaluated the impact of childhood OSA
on BP outcomes by using both cross-sectional and longitudinal
data. Our results showed that both mild and moderate-to-severe
childhood OSA were associated with elevated awake and night-
time SBP levels in cross-sectional analysis, while cohort studies
provided evidence to support that only moderate-to-severe OSA
was associated with future risk of elevated SBP at longitudinal
follow-up. The high level of heterogeneity may partially be attrib-
utable to the various BP measurement methodologies among
studies, and in this regard, ABPM provided the most consistent
evidence with the least heterogeneity. Nevertheless, our subgroup
and sensitivity analyses also supported that moderate-to-severe
OSA was associated with a high risk of elevated BP, regardless of
the BP measurement methods.

Table 1
Baseline characteristics of included studies.

Study (Ref.) Year Country Size/
male

Outcome Study design
(sample)

Measurement methods of BP Control Age
(yrs)

Amin et al.
[13]

2004 America 60/
36

BP cross-sectional
study (hospital-
based)

ABPM primary snoring (AHI<1/h) 5-17
(range)

Amin et al.
[28]

2008 America 125/
71

BP cross-sectional
study (hospital-
based)

ABPM healthy control (Age- and gender matched
healthy children)

7-13
(range)

Bixler et al.
[29]

2008 America 700/
336

BP/MAP cross-sectional
study (community-
based)

Office BP without SDB (AHI<1/h) 5-12
(range)

Chan et al.
[17]

2020 China 243/
143

BP cohort study
(community-
based)

ABPM healthy control (no history of snoring) 9.9 ± 1.8

Geng et al.
[30]

2019 China 140/
92

BP cross-sectional
study (hospital-
based)

PTT primary snoring (OAHI<1/h) 3-11
(range)

Fernandez-
Mendoza
et al. [18]

2021 America 421/
227

BP cohort study
(community-
based)

Seated (baseline and follow-up),
supine (follow-up only), and
standing (follow-up only)

AHI< 2 5-12
(range)

Horne et al.
[31]

2011 Australia 141/
80

MAP/HR cross-sectional
study (hospital and
community)

Finger photoplethysmography healthy control (OAHI$1/h, no history of
snoring)

7-13
(range)

Horne et al.
[32]

2020 Australia 533/
298

BP cross-sectional
study (hospital-
based)

Office BP non-snoring controls 7.2 ± 0.1

Kaditis et al.
[33]

2010 Greece 95/
51

BP/FENa cross-sectional
study (hospital-
based)

Office BP primary snoring (OAHI<1/h) 6.3 ± 2.6

Kang et al.
[34]

2017 China 163/
109

BP/MAP cross-sectional
study (hospital-
based)

ABPM and office BP primary snoring (AHI<1/h) 8.2 ± 3.3

Li et al. [12] 2008 China 306/
199

BP cross-sectional
study (community-
based)

ABPM healthy control (obstructive apneae hypopnoea
index (AHI) < 1 and history of snoring<3 nights
per week)

6-13
(range)

McConnell
et al. [35]

2009 America 169/
134

BP cross-sectional
study (hospital-
based)

Finger photoplethysmography the absence of a history of OSA and the absence of
any sleep-disordered breathing or alveolar
hypoventilation on PSG

7-13
(range)

O'Driscoll
et al. [36]

2009 Australia 30/
15

MAP/HR cross-sectional
study (hospital-
based)

Office BP and finger
photoplethysmography

primary snoring (OAHI<1/h) 9.2 ± 0.2

O'Driscoll
et al. [37]

2011 Australia 96/
59

Urinary
catecholamines

cross-sectional
study (hospital and
community)

Office BP non-snoring controls 3-12
(range)

Values are mean ± SEM. ABPM, ambulatory blood pressure monitoring; AHI, apneaehypopnea index; BP, blood pressure; FENa, fractional urinary excretion of sodium; HR,
heart rate; MAP, mean arterial pressure; OAHI, obstructive apnea hypopnea index; OSA, obstructive sleep apnea; PSG, polysomnography; PTT, pulse transit time; SDB, sleep-
disordered breathing.
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8.1. Comparison with previous studies

A systematic review and meta-analysis of 5 articles by Zintzaras
et al. [15] did not find any significant increase in the risk of elevated
BP in childhood moderate-to-severe SDB, while Kwok et al. [16]
found that childhood OSA is associated with blood pressure dys-
regulation. Compared with the Zintzaras [15] and Kwok [16]
studies, only the study by Amin et al. [13] was included in our study,
the other studies were not included in the current analysis due to

the lack of OSA severity classification and/or controls [14,38e43].
There are several possible reasons for the negative results reported
in the meta-analysis conducted by Zintzaras et al. [15]. First, there
were only 5 studies included in this meta-analysis. The limited
number of studies may have under-recognized the association be-
tween OSA and elevated BP. Moreover, the included studies in this
meta-analysis were heterogeneous in terms of BP measurements.
Third, the Zintzaras meta-analysis also included studies at which
participants had received treatment (e.g., adenotonsillectomy) for

Fig. 2. Forest plots of differences in awake blood pressure at baseline compared to the healthy control group. A. SBP during the awake between healthy control and mild OSA
patients. B. SBP during the awake between healthy control and moderate/severe OSA patients. C. DBP during the awake between healthy control and mild OSA patients. D. DBP
during the awake between healthy control and moderate/severe OSA patients.
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OSA, which may have affected the representativeness of the
included studies. On the other hand, Kwok et al. [16] included
participants with more severe OSA (AHI> 5) [43]. Moreover, the
definition of outcomes in the two previous meta-analyses was
different. Kwok et al. used hypertension rather than awake/sleep
SBP/DBP as the main outcome [16]. These differences may account
for the potential discrepancy in the results between the two meta-
analyses [15,16].

Compared with these two previous studies [15,16], the present
study provided substantial evidence to support that moderate-to-
severe childhood OSA is associated with an increased risk of

elevated BP in late adolescence or adulthood. This present study
has several advantages compared to previous ones. First, to our
knowledge, our study is the most up-to-date study published with
the largest sample size. A total of 14 studies, including 2 recent
large-scale cohort studies, were included in the final analyses. The
relatively large sample size substantiated our vigorous analyses and
was deemed to be more powerful than the previous study with a
limited number of cross-sectional studies [15]. Second, we did not
include interventional studies, such as adenotonsillectomy or
continuous positive pressure ventilation, to minimize the con-
founding effect of the treatment. Third, we conducted a

Fig. 3. Forest plots of differences in nighttime blood pressure at baseline compared to the healthy control group. A. SBP during the nighttime between healthy control and
mild OSA patients. B. SBP during the nighttime between healthy control and moderate/severe OSA patients. C. DBP during the nighttime between healthy control and mild OSA
patients. D. DBP during the nighttime between healthy control and moderate/severe OSA patients.

S. Ai, Z. Li, S. Wang et al. Sleep Medicine Reviews 65 (2022) 101663

6



comprehensive analysis to investigate the source of heterogeneity
and found that different BP measurement methods contributed to
the high heterogeneity. Compared with other BP measurements,
ABPM provided consistent evidence in supporting the adverse ef-
fects of moderate-to-severe OSA on BP outcomes. It has been
demonstrated that 24-h ABPM provides a more accurate and
comprehensive measurement of BP and diagnosis of hypertension
among adults with OSA [44e46]. Several studies also indicated that
ABPM is more sensitive to detecting preclinical organ damage than
office BP measurements in children [47e49]. Thus, ABPM should be
recommended to identify the BP abnormalities in children and
adolescents with OSA.

Evidence from cross-sectional studies supported that childhood
OSA was associated with a higher risk of increased BP
[12,30,34,50e54], while cohort studies did not demonstrate the
adverse effects of mild childhood OSA on adulthood BP outcomes
[17,18] These findings may be due to the high rate of spontaneous
remission of mild OSA over time along with the shrinkage of tonsils

and adenoid tissues in children. It has been demonstrated that the
remission rates of mild OSA and snoring ranged from 40% to 70% in
children aged 6e17 years [55e58]. However, moderate-to-severe
OSA was less likely to remit with growth [17]. A recent study
showed that persistent childhood OSA is associated with a three-
fold increased risk of future hypertension [18]. Thus, it is para-
mount that childhood OSA, especially for those with moderate-to-
severe disease, should be diagnosed and treated as early as possible
to reduce the future risk of hypertension.

Although the mechanisms underlying the association between
hypertension and childhood OSA remain unclear, there is evidence
that endothelial dysfunction, impaired autonomic reflexes, activa-
tion of the hypothalamic-pituitary-adrenal axis, and proin-
flammatory responses may be involved in the pathways linking
childhood OSA to the occurrence of hypertension [59e66]. Vascular
endothelium which is related to the regulation of vascular tension,
platelet activity, leukocyte adhesion, and angiogenesis plays an
important role in the development of cardiovascular diseases

Fig. 4. Forest plots of differences in awake blood pressure at longitudinal follow-up compared to the healthy control group. A. SBP during the awake between healthy control
and mild OSA patients. B. SBP during the awake between healthy control and moderate/severe OSA patients. C. DBP during the awake between healthy control and mild OSA
patients. D. DBP during the awake between healthy control and moderate/severe OSA patients.
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[62,67]. Previous studies have suggested that childhood OSA is
associated with endothelial dysfunction [68e70], and treatment of
childhood OSA appears to have a beneficial effect on endothelial
function [71,72]. In addition, inflammatory cells are shown to be
associated with the severity of endothelial dysfunction and BP
outcomes measured by PTT [73]. A preclinical study suggested that
intermittent hypoxia activates the NF-kB pathway, causing endo-
thelial inflammatory expression and dysfunction [74].

8.2. Strengths and limitations

Themain strength of this study is that the diagnosis of OSA in all
studies was ascertained by the gold standard diagnostic test,
namely polysomnography, which may reduce the potential bias
caused by inaccurate diagnosis through self-reported question-
naires. In addition, the relatively large sample size and the
comprehensive analysis conducted in this study supported our
robust results. We compared the awake and nighttime BP outcomes
between healthy controls and individuals across the SDB spectrum.
This meta-analysis may provide a better understanding of the
impact of childhood OSA on elevated BP outcomes.

Several limitations should be taken into consideration. First, we
did not assess the relationship between OSA and other
cardiovascular-related variables and did not evaluate the effects of
other covariates, such as sex, BMI, ethnicity, family history of hy-
pertension, and daytime activities. Previous studies showed that
obesity is a risk factor for childhood OSA, while it is also recognized
as a contributor to elevated BP [75e78]. It is possible that the

relationship between elevated BP and moderate-severe OSA was
confounded by obesity. However, we were unable to adjust for
these covariates in themeta-regression due to the lack of individual
data. A previous study has shown that the responsiveness of BP in
black children is significantly higher than that of white children
[79]. Moreover, teens with a family history of hypertension are
more likely to have essential hypertension [80]. However, none of
our included studies reported relevant data on ethnicity, family
history, and only one study reported activity levels [28]. Therefore,
we cannot rule out the potential moderating effects of these de-
mographic covariates on the current study outcomes. Second, the
classification criteria for the severity of OSA may vary between
children and adolescents, which may bias the results. In addition,
most of the cross-sectional studies in our meta-analysis were
focused on the association between OSA and blood pressure in
childhood [12,13,28e37], and only one study was conducted in
adolescents [13]. Third, the inclusion of primary snoring as controls
may underestimate the association between OSA and elevated BP,
as our previous study showed that children with primary snoring
have elevated BP compared to non-snoring control children [81].
Therefore, we only included healthy non-snoring participants as
controls in the main analyses, which may minimize the potential
bias. Fourth, the majority of the studies included in the final ana-
lyses were cross-sectional studies, which made it difficult to
determine the temporal relationship between childhood OSA and
elevated BP. More longitudinal studies are needed to ascertain the
relationship between childhood OSA and future BP outcomes,
especially in adulthood.

Fig. 5. Subgroup analyses of baseline awake blood pressure measurement compared to the healthy control group. A. SBP during the awake between healthy control and mild
OSA patients. B. SBP during the awake between healthy control and moderate/severe OSA patients. C. DBP during the awake between healthy control and mild OSA patients. D. DBP
during the awake between healthy control and moderate/severe OSA patients.
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9. Conclusion

Both mild and moderate-to-severe childhood OSA were cross-
sectionally associated with elevated SBP outcomes, while meta-
analysis of longitudinal studies demonstrated that only
moderate-to-severe childhood OSA was associated with a higher
risk of elevated SBP in adulthood. Our findings suggest that
moderate-to-severe childhood OSA is a risk factor for future
adverse SBP outcomes. Early detection and intervention of child-
hood OSA may reduce future cardiovascular risk.

Practice points

1. Moderate-to-severe childhood obstructive sleep apnea is a
consistent risk factor for elevated blood pressure in children and
adolescents as well as in their future adulthood.

2. Blood pressure measurement methods may contribute to the
high heterogeneity of the analyses.

3. Ambulatory blood pressure monitoring should be preferably
used as a standard measurement of blood pressure in children
and adolescents with obstructive sleep apnea.

Research agenda

1. Further research should focus more on standardized blood
pressure monitoring to reduce the measurement bias.

2. Future longitudinal studies with more large-scale data are
needed to better characterize the association between child-
hood obstructive sleep apnea and future hypertension in
adulthood.

3. Future interventional studies of childhood sleep apnea will be
needed to determine the reversibility of hypertension risk in
adulthood.

Funding/acknowledgments

This work was supported by the National Key Research and
Development Program of China (2021YFC2501500), the National
Natural Science Foundation of China (grant nos. U1904159), and the
“Impact Postdoctoral Fellowship Scheme” of The Chinese Univer-
sity of Hong Kong” (SZA).

Authors’ contributions

Prof. Yun-Kwok Wing, Dr. Kate Ching-ching Chan and Dr. Sizhi
Ai conceived the study. Drs. Sijing Chen and Sizhi Ai helped to
develop search strategies. Drs. Zhexi Li and Shanshan Wang
searched the databases and checked them according to the eligi-
bility criteria and exclusion criteria. Drs. Zhexi Li and Shanshan
Wang did the data extraction, and quality assessment. Drs. Sizhi Ai
and Zhexi Li analyzed the data. Drs. Jihui Zhang, JoeyWYChan, Kate
Ching-ching Chan, Chun Ting Au, Prof. Albert Martin Li, and Prof.
Yanping Bao gave substantial advice onmeta-analysismethodology
and interpretation. Drs. Sizhi Ai and Zhexi Li wrote the initial draft
of the paper. All authors contributed to reviewing or revising the
paper. Prof. Yun-Kwok Wing and Dr. Kate Chan are the guarantors
of this work and, as such, had full access to all the data in the study
and take responsibility for the integrity of the data and the accuracy
of the data analysis.

Fig. 6. Subgroup analyses of baseline nighttime blood pressure measurement compared to the healthy control group. A. SBP during the nighttime between healthy control
and mild OSA patients. B. SBP during the nighttime between healthy control and moderate/severe OSA patients. C. DBP during the nighttime between healthy control and mild OSA
patients. D. DBP during the nighttime between healthy control and moderate/severe OSA patients.

S. Ai, Z. Li, S. Wang et al. Sleep Medicine Reviews 65 (2022) 101663

9



Declaration of competing interest

Prof. Yun-Kwok Wing reported personal fees for delivering a
lecture-Eisai Co. Ltd and personal fees from Sponsorship from
Lundbeck HK Ltd, outside the submitted work. Joey WY Chan
received a personal fee from Eisai. Co., Ltd for joining an expert
panel, outside the submitted work. The other authors declared that
there is no conflict of interest.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.smrv.2022.101663.

References

[1] Mitchell RB, Archer SM, Ishman SL, Rosenfeld RM, Coles S, Finestone SA, et al.
Clinical practice guideline: tonsillectomy in children (update). Otolaryngol
Head Neck Surg 2019;160:S1e42.

[2] Ayas NT, Taylor CM, Laher I. Cardiovascular consequences of obstructive sleep
apnea. Curr Opin Cardiol 2016;31:599e605.

[3] Bixler EO, Vgontzas AN, Lin HM, Liao D, Calhoun S, Vela-Bueno A, et al. Sleep
disordered breathing in children in a general population sample: prevalence
and risk factors. Sleep 2009;32:731e6.

[4] * Peppard PE, Young T, Palta M, Skatrud J. Prospective study of the association
between sleep-disordered breathing and hypertension. N Engl J Med
2000;342:1378e84.

[5] * Marin JM, Agusti A, Villar I, Forner M, Nieto D, Carrizo SJ, et al. Association
between treated and untreated obstructive sleep apnea and risk of hyper-
tension. JAMA 2012;307:2169e76.

[6] Yaggi HK, Concato J, Kernan WN, Lichtman JH, Brass LM, Mohsenin V.
Obstructive sleep apnea as a risk factor for stroke and death. N Engl J Med
2005;353:2034e41.

[7] Loke YK, Brown JW, Kwok CS, Niruban A, Myint PK. Association of obstructive
sleep apnea with risk of serious cardiovascular events: a systematic review
and meta-analysis. Circ Cardiovasc Qual Outcomes 2012;5:720e8.

[8] Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al.
Heart disease and stroke statistics–2015 update: a report from the American
Heart Association. Circulation 2015;131:e29e322.

[9] Messerli FH, Williams B, Ritz E. Essential hypertension. Lancet 2007;370:
591e603.

[10] * Flynn JT, Kaelber DC, Baker-Smith CM, Blowey D, Carroll AE, Daniels SR, et al.
Clinical practice guideline for screening and management of high blood
pressure in children and adolescents. Pediatrics 2017;140.

[11] Guilleminault C, Eldridge FL, Simmons FB, Dement WC. Sleep apnea in eight
children. Pediatrics 1976;58:23e30.

[12] * Li AM, Au CT, Sung RY, Ho C, Ng PC, Fok TF, et al. Ambulatory blood pressure
in children with obstructive sleep apnoea: a community based study. Thorax
2008;63:803e9.

[13] Amin RS, Carroll JL, Jeffries JL, Grone C, Bean JA, Chini B, et al. Twenty-four-
hour ambulatory blood pressure in children with sleep-disordered breathing.
Am J Respir Crit Care Med 2004;169:950e6.

[14] Leung LC, Ng DK, Lau MW, Chan CH, Kwok KL, Chow PY, et al. Twenty-four-
hour ambulatory BP in snoring children with obstructive sleep apnea syn-
drome. Chest 2006;130:1009e17.

[15] * Zintzaras E, Kaditis AG. Sleep-disordered breathing and blood pressure in
children: a meta-analysis. Arch Pediatr Adolesc Med 2007;161:172e8.

[16] Kwok KL, Ng DK, Chan CH. Cardiovascular changes in children with snoring
and obstructive sleep apnoea. Ann Acad Med Singapore 2008;37:715e21.

[17] * Chan KC, Au CT, Hui LL, Wing YK, Li AM. Childhood OSA is an independent
determinant of blood pressure in adulthood: longitudinal follow-up study.
Thorax 2020;75:422e31.

[18] * Fernandez-Mendoza J, He F, Calhoun SL, Vgontzas AN, Liao D, Bixler EO.
Association of pediatric obstructive sleep apnea with elevated blood pressure
and orthostatic hypertension in adolescence. JAMA Cardiol 2021;6:1144e51.

[19] * Chan KC, Au CT, Yu MW, Wing YK, Li AM. Natural history of REM-OSA in
children and its associations with adverse blood pressure outcomes: a lon-
gitudinal follow-up study. Nat Sci Sleep 2021;13:1967e84.

[20] Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ 2021;372:n71.

[21] Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-
analysis of observational studies in epidemiology: a proposal for reporting.
Meta-analysis of Observational Studies in Epidemiology (MOOSE) group.
JAMA 2000;283:2008e12.

[22] Marcus CL, Brooks LJ, Draper KA, Gozal D, Halbower AC, Jones J, et al. Diagnosis
and management of childhood obstructive sleep apnea syndrome. Pediatrics
2012;130:576e84.

[23] Downes MJ, Brennan ML, Williams HC, Dean RS. Development of a critical
appraisal tool to assess the quality of cross-sectional studies (AXIS). BMJ Open
2016;6:e011458.

[24] IntHout J, Ioannidis JP, Borm GF. The Hartung-Knapp-Sidik-Jonkman method
for random effects meta-analysis is straightforward and considerably out-
performs the standard DerSimonian-Laird method. BMC Med Res Methodol
2014;14:25.

[25] Baujat B, Mahe C, Pignon JP, Hill C. A graphical method for exploring het-
erogeneity in meta-analyses: application to a meta-analysis of 65 trials. Stat
Med 2002;21:2641e52.

[26] Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis
detected by a simple, graphical test. BMJ 1997;315:629e34.

[27] Peters JL, Sutton AJ, Jones DR, Abrams KR, Rushton L. Contour-enhanced meta-
analysis funnel plots help distinguish publication bias from other causes of
asymmetry. J Clin Epidemiol 2008;61:991e6.

[28] Amin R, Somers VK, McConnell K, Willging P, Myer C, Sherman M, et al. Ac-
tivity-adjusted 24-hour ambulatory blood pressure and cardiac remodeling in
children with sleep disordered breathing. Hypertension 2008;51:84e91.

[29] Bixler EO, Vgontzas AN, Lin HM, Liao D, Calhoun S, Fedok F, et al. Blood
pressure associated with sleep-disordered breathing in a population sample
of children. Hypertension 2008;52:841e6.

[30] Geng X, Wu Y, Ge W, Feng G, Zheng L, Xu Z, et al. Ambulatory blood pressure
monitoring in children with obstructive sleep apnea syndrome. Pediatr
Investig 2019;3:217e22.

[31] Horne RS, Yang JS, Walter LM, Richardson HL, O'Driscoll DM, Foster AM, et al.
Elevated blood pressure during sleep and wake in children with sleep-
disordered breathing. Pediatrics 2011;128:e85e92.

[32] Horne RSC, Ong C, Weichard A, Nixon GM, Davey MJ. Are there gender dif-
ferences in the severity and consequences of sleep disordered in children?
Sleep Med 2020;67:147e55.

[33] Kaditis AG, Alexopoulos EI, Evangelopoulos K, Kostadima E, Varlami V,
Boultadakis E, et al. Correlation of urinary excretion of sodium with severity of
sleep-disordered breathing in children: a preliminary study. Pediatr Pulmonol
2010;45:999e1004.

[34] Kang KT, Chiu SN, Weng WC, Lee PL, Hsu WC. Comparisons of office and 24-
hour ambulatory blood pressure monitoring in children with obstructive
sleep apnea. J Pediatr 2017;182:177e183 e172.

[35] McConnell K, Somers VK, Kimball T, Daniels S, VanDyke R, Fenchel M, et al.
Baroreflex gain in children with obstructive sleep apnea. Am J Respir Crit Care
Med 2009;180:42e8.

[36] O'Driscoll DM, Foster AM, Ng ML, Yang JS, Bashir F, Nixon GM, et al. Acute
cardiovascular changes with obstructive events in children with sleep disor-
dered breathing. Sleep 2009;32:1265e71.

[37] O'Driscoll DM, Horne RS, Davey MJ, Hope SA, Anderson V, Trinder J, et al.
Increased sympathetic activity in children with obstructive sleep apnea:
cardiovascular implications. Sleep Med 2011;12:483e8.

[38] Marcus CL, Greene MG, Carroll JL. Blood pressure in children with obstructive
sleep apnea. Am J Respir Crit Care Med 1998;157:1098e103.

[39] Kohyama J, Ohinata JS, Hasegawa T. Blood pressure in sleep disordered
breathing. Arch Dis Child 2003;88:139e42.

[40] Enright PL, Goodwin JL, Sherrill DL, Quan JR, Quan SF. Tucson Children's
Assessment of Sleep Apnea s. Blood pressure elevation associated with sleep-
related breathing disorder in a community sample of white and Hispanic
children: the Tucson Children's Assessment of Sleep Apnea study. Arch
Pediatr Adolesc Med 2003;157:901e4.

[41] Guilleminault C, Khramsov A, Stoohs RA, Kushida C, Pelayo R, Kreutzer ML,
et al. Abnormal blood pressure in prepubertal children with sleep-disordered
breathing. Pediatr Res 2004;55:76e84.

[42] Amin RS, Kimball TR, Bean JA, Jeffries JL, Willging JP, Cotton RT, et al. Left
ventricular hypertrophy and abnormal ventricular geometry in children and
adolescents with obstructive sleep apnea. Am J Respir Crit Care Med
2002;165:1395e9.

[43] Reade EP, Whaley C, Lin JJ, McKenney DW, Lee D, Perkin R. Hypopnea in
pediatric patients with obesity hypertension. Pediatr Nephrol 2004;19:
1014e20.

[44] Baguet JP, Boutin I, Barone-Rochette G, Levy P, Tamisier R, Pierre H, et al.
Hypertension diagnosis in obstructive sleep apnea: self or 24-hour ambula-
tory blood pressure monitoring? Int J Cardiol 2013;167:2346e7.

[45] Huang QF, Yang WY, Asayama K, Zhang ZY, Thijs L, Li Y, et al. Ambulatory
blood pressure monitoring to diagnose and manage hypertension. Hyper-
tension 2021;77:254e64.

[46] Mancia G, Parati G. Guiding antihypertensive treatment decisions using
ambulatory blood pressure monitoring. Curr Hypertens Rep 2006;8:330e7.

[47] Stabouli S, Kotsis V, Zakopoulos N. Ambulatory blood pressure monitoring and
target organ damage in pediatrics. J Hypertens 2007;25:1979e86.

[48] Bliziotis IA, Destounis A, Stergiou GS. Home versus ambulatory and office
blood pressure in predicting target organ damage in hypertension: a sys-
tematic review and meta-analysis. J Hypertens 2012;30:1289e99.

[49] Kollias A, Dafni M, Poulidakis E, Ntineri A, Stergiou GS. Out-of-office blood
pressure and target organ damage in children and adolescents: a systematic
review and meta-analysis. J Hypertens 2014;32:2315e31. ; discussion 2331.

[50] Nisbet LC, Yiallourou SR, Biggs SN, Nixon GM, Davey MJ, Trinder JA, et al.
Preschool children with obstructive sleep apnea: the beginnings of elevated
blood pressure? Sleep 2013;36:1219e26.

S. Ai, Z. Li, S. Wang et al. Sleep Medicine Reviews 65 (2022) 101663

10



[51] Walter LM, Nixon GM, Davey MJ, Anderson V, Walker AM, Horne RS. Auto-
nomic dysfunction in children with sleep disordered breathing. Sleep Breath
2013;17:605e13.

[52] Kang KT, Chiu SN, Weng WC, Lee PL, Hsu WC. Analysis of 24-hour ambulatory
blood pressure monitoring in children with obstructive sleep apnea: a
hospital-based study. Medicine (Baltim) 2015;94:e1568.

[53] Kang KT, Chiu SN, Weng WC, Lee PL, Hsu WC. 24-Hour ambulatory blood
pressure variability in children with obstructive sleep apnea. Laryngoscope
2021;131:2126e32.

[54] Li AM, Au CT, Ng C, Lam HS, Ho CKW, Wing YK. A 4-year prospective follow-up
study of childhood OSA and its association with BP. Chest 2014;145:1255e63.

[55] Goodwin JL, Vasquez MM, Silva GE, Quan SF. Incidence and remission of sleep-
disordered breathing and related symptoms in 6- to 17-year old children–the
Tucson Children's Assessment of Sleep Apnea Study. J Pediatr 2010;157:
57e61.

[56] Marcus CL, Moore RH, Rosen CL, Giordani B, Garetz SL, Taylor HG, et al.
A randomized trial of adenotonsillectomy for childhood sleep apnea. N Engl J
Med 2013;368:2366e76.

[57] Mitchell RB, Garetz S, Moore RH, Rosen CL, Marcus CL, Katz ES, et al. The use of
clinical parameters to predict obstructive sleep apnea syndrome severity in
children: the Childhood Adenotonsillectomy (CHAT) study randomized clin-
ical trial. JAMA Otolaryngol Head Neck Surg 2015;141:130e6.

[58] * Spilsbury JC, Storfer-Isser A, Rosen CL, Redline S. Remission and incidence of
obstructive sleep apnea from middle childhood to late adolescence. Sleep
2015;38:23e9.

[59] Miller MA, Cappuccio FP. Inflammation, sleep, obesity and cardiovascular
disease. Curr Vasc Pharmacol 2007;5:93e102.

[60] Rodriguez-Iturbe B, Pons H, Johnson RJ. Role of the immune system in hy-
pertension. Physiol Rev 2017;97:1127e64.

[61] Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved
ejection fraction: comorbidities drive myocardial dysfunction and remodeling
through coronary microvascular endothelial inflammation. J Am Coll Cardiol
2013;62:263e71.

[62] Vita JA, Keaney Jr JF. Endothelial function: a barometer for cardiovascular risk?
Circulation 2002;106:640e2.

[63] Arnett MG, Muglia LM, Laryea G, Muglia LJ. Genetic approaches to
hypothalamic-pituitary-adrenal Axis regulation. Neuropsychopharmacology
2016;41:245e60.

[64] Walker BR. Glucocorticoids and cardiovascular disease. Eur J Endocrinol
2007;157:545e59.

[65] Smith DF, Amin RS. OSA and cardiovascular risk in pediatrics. Chest 2019;156:
402e13.

[66] Nisbet LC, Yiallourou SR, Walter LM, Horne RS. Blood pressure regulation,
autonomic control and sleep disordered breathing in children. Sleep Med Rev
2014;18:179e89.

[67] Pohl U, Busse R. Endothelium-dependent modulation of vascular tone and
platelet function. Eur Heart J 1990;11(Suppl B):35e42.

[68] Kohler M, Stradling JR. Mechanisms of vascular damage in obstructive sleep
apnea. Nat Rev Cardiol 2010;7:677e85.

[69] Gozal D, Kheirandish-Gozal L. Cardiovascular morbidity in obstructive sleep
apnea: oxidative stress, inflammation, and much more. Am J Respir Crit Care
Med 2008;177:369e75.

[70] Gozal D. Sleep, sleep disorders and inflammation in children. Sleep Med
2009;10(Suppl 1):S12e6.

[71] Gozal D, Kheirandish-Gozal L, Serpero LD, Sans Capdevila O, Dayyat E.
Obstructive sleep apnea and endothelial function in school-aged nonobese
children: effect of adenotonsillectomy. Circulation 2007;116:2307e14.

[72] Chan KCC, Au CT, Chook P, Lee DLY, Lam HS, Wing YK, et al. Endothelial
function in children with OSA and the effects of adenotonsillectomy. Chest
2015;147:132e9.

[73] Smith DF, Hossain MM, Hura A, Huang G, McConnell K, Ishman SL, et al. In-
flammatory milieu and cardiovascular homeostasis in children with
obstructive sleep apnea. Sleep 2017;40.

[74] Lee MY, Wang Y, Mak JC, Ip MS. Intermittent hypoxia induces NF-kappaB-
dependent endothelial activation via adipocyte-derived mediators. Am J
Physiol Cell Physiol 2016;310:C446e55.

[75] Narang I, Mathew JL. Childhood obesity and obstructive sleep apnea. J Nutr
Metab 2012;2012:134202.

[76] Drager LF, Togeiro SM, Polotsky VY, Lorenzi-Filho G. Obstructive sleep apnea:
a cardiometabolic risk in obesity and the metabolic syndrome. J Am Coll
Cardiol 2013;62:569e76.

[77] Bachrach K, Danis 3rd DO, Cohen MB, Levi JR. The relationship between
obstructive sleep apnea and pediatric obesity: a nationwide analysis. Ann Otol
Rhinol Laryngol 2021:34894211028489.

[78] Wing YK, Hui SH, Pak WM, Ho CK, Cheung A, Li AM, et al. A controlled study of
sleep related disordered breathing in obese children. Arch Dis Child 2003;88:
1043e7.

[79] Murphy JK, Alpert BS, Walker SS. Ethnicity, pressor reactivity, and children's
blood pressure. Five years of observations. Hypertension 1992;20:327e32.

[80] Kawabe H, Azegami T, Takeda A, Kanda T, Saito I, Saruta T, et al. Features of
and preventive measures against hypertension in the young. Hypertens Res
2019;42:935e48.

[81] Li AM, Au CT, Ho C, Fok TF, Wing YK. Blood pressure is elevated in children
with primary snoring. J Pediatr 2009;155:362e368 e361.

* The most important references are denoted by an asterisk.

S. Ai, Z. Li, S. Wang et al. Sleep Medicine Reviews 65 (2022) 101663

11


