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Abstract

Aim Different experimental approaches have demonstrated
that children with sleep breathing disorders (SBD) exhibit
neurocognitive and behavioural impairment. The present
systematic review and meta-analysis aims to quantify
neurocognitive deficit disorders in mouth breathing paediatric
patients by summarising relevant case-controls studies.
Neurocognitive assessment was undertaken with WISC.

Methods A search strategy was developed on electronic
databases including Medline (Pubmed), Scopus, Scileo;
Cochrane library from 2000 to June 2022 for published studies
analysing neurocognitive skills in children with SBD compared
to healthy control groups. The review was performed according
to the PRISMA protocol and articles were selected according to
the established inclusion and exclusion criteria. The Weighted
Mean Differences (95% Confidence Intervals) were calculated
between results obtained in WISC tests in SBD patients and
healthy subjects.

Results The search retrieved a total of 630 articles. Fifteen
studies were included in the qualitative and quantitative
analysis. Results from the meta-analysis showed that subjects
with SBD performed worse in many of the cognitive domains
investigated by the WISC test.

Conclusion Our results confirmed that SBD affected
children performed worse than healthy children in terms of
quite all the cognitive domains investigated.

Introduction

Sleep disordered breathing (SDB) indicates a continuum of
respiratory disturbances ranging from primary snoring (PS) to
obstructive sleep apnea (OSA) [Sateia, 2014]. PS is characterised
by snoring without associated gas exchange abnormalities or
sleep disturbance [Katz and D’ Ambrosio, 2008]. OSA in children
is characterised by repeated intermittent upper airway obstruction
during sleep, which results in episodic alveolar hypoventilation
and hypoxemia, as well as sleep fragmentation (SF) [Kelmanson,
2013] .0SAS and PS have been associated with growth problems,
cardiovascular consequences and cardiovascular dysfunction.
The neurocognitive phenotype of paediatric OSAS may reflect
a dysfunction in the prefrontal cortex, which controls executive
functions [Beebe and Gozal, 2002]. Children with verified SBD
by PSG also display learning and memory problems decreased
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attention and poor school performance [Salorio et al., 2002,;
Gozal, 1998]. Untreated neurocognitive or executive dysfunctions
during child’s development, i.e. occurring at the same time of
the prefrontal cortex maturation, can alter permanently child’s
cognitive potential. Despite the relatively large number of studies
performed on this subject, the impairment of executive functions
in children with SBD remains unclear [Maski et al., 2017; Calhoun
et al., 2009]. The study of the aetiology of these neurocognitive
deficits requires a focus to understand if they are more likely to
result from fragmented sleep or from the effects of an altered
breathing pattern [Arshamian et al., 2018]. Currently, research
has focused mainly on the effects that oral breathing can have on
the development of the synaptic network and the effects that this
has on the brain region involved in memory and learning [Ogawa
et al., 2018]. This study examines the neuropsychological morbid-
ity of paediatric subjects with SBD. To date, no meta-analytical
data are present to quantify the difference in neurocognitive
performance between children with sleep breathing disorders
and healthy subjects; moreover, systematic evidence is scarce
regarding the relationship between neurocognitive deficit dis-
orders and SBD severity. Therefore, the aim of this study was to
evaluate the difference in neurocognitive abilities between SBD
children and healthy controls.

Materials and Methods

This systematic review was performed in accordance with
the statement of PRISMA protocol [Page MJ,2021]. The review
protocol was registered on PROSPERO (Registration number
CRD42021264434).

Eligibility criteria
The Population, Exposure, Control, Outcome and Studies
(PECO(S)) method was used to identify the eligibility criteria:

e  Population: paediatric patients aged 3 to 16 years;

e  Exposure: diagnosis of sleep breathing disorders with
Polysomnography (PSG);

e Control: healthy subjects;

e Qutcome: scores obtained from the administration of
neurocognitive battery of test WISC [Lang et al., 2017];

e Studies: retrospective, cross-sectional and case-control
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Gender . .
Socio-economic status I o . :
Number (SBD/Control) . Diagnosis | Neurocognitive domain assessed with
Author(year) Age YT Setting Index
(SBD/C) F-M (N=;%) Test/Control PSG test WISC
- 25 10 10 | University . Verbal comprehension index
Friedman,2003 |39 20 [6.8£0.2 74214 11435% 75% 50% 50% | Clinic N.R. Mild OSAS Subtest: Vocabulary
Verbal comprehension index
Subtest: Vocabulary Visuo spatial
index
4 13 7 7 ¥ Primary Subtest: Block design
Beebe, 2004 17 17 110+2.2 10.0£2.2 3% 77% 70% 30% 145421 15.9+2.4 snoring
. Working memory index
gmﬁrsny Subtest: Digit span
Total-IQ
5 4 7 7 .
9 17 19123 10,0£2.2 559 45% 70% 30% 12.3£1.4 115.9+2.4 | Mild OSAS
4 2 7 7 Severe
6 17 110.6£2.3 |10.0¢2.2 66% 44% 70% 30% 12.2+2.6 159424 0SAS
Hebower2006 |14 |12 100227 98526 | S0 (S0 %3 &g UMESY 331086 | 40.0418.1 | Mild OSAS | TotaHQ
Verbal comprehension index
Subtest: Vocabulary
. . 21 20 7 19 | University Visuo spatial index
Giordani,2008 40 26 | 7.83+1.8 |843£1.77 529 48% 26% 72% | Clinic 2,43£1,03 | 2,87+0,99 | OSAS Subtest: Block design, matrix
reasoning
Verbal comprehension index
Subtest: Vocabulary, Similarities
5 ‘ Visuo spatial index
Bourke2011 159 |35 98:02 |96:03 |30, 2. |8, |1 Gas01 | 3701 |G| Subtest: Block design
Melbourne
children's \T/OetrzlélﬁQ
sleep center Performance-IQ
" 13 18 17 .
24 35 19.1+03 ]9.6+0.3 45% 559 519% 49% 42+0.1 |3,7+0.1 Mild OSAS
11 8 18 17 Severe
19 35 [9.0£03 ]9.6+0.3 579% 43% 519% 49% 44+02 |3.7+0.1 05SAS
_ : Total-IQ
Miano,2011 13 |60 |8619 98424 |ns ns Pediatric sleep | N . E{]‘g;ﬁ]ry Verbal 1Q
E%’:;‘er 9 Performance-IQ
31 60 [9.1£23 9.8£24 |ns ns Mild OSAS
_— ‘ Total-IQ
. 16 21 21 27 | University Primary
Luikkonen,2012 |37 48 |53x1.6 |52+12 Py N.R. ; Verbal IQ
43% 57% 43% 57% | Clinic snoring Performance-IQ
Pediatric sleep
9 5 9 5 center = .
Barnes,2012 14 14 16.2+1.81 |6.2£1.31 64% 14% 64% 44% | Louisville, 9.99+7 83 10.6623.74 | Mild OSAS | Total-IQ
USA
Pediatric sleep
Kehirandish,2014 |10 |7 | 85¢14 |84£15 |20 200 |30 4, |medidne g Mild 0SAS | Total-Q
50% 50% 42% 58% | center of
Chicago
10 16 10 3 Melbourne Total-IQ
Biggs,2014 26 18 1315 12.8+1.6 children's 94% Mild OSAS | Verbal IQ
38% 62% 55% 45% sleep center 38% Performance-1Q
4 7 10 8 .
" 18 |126+£1.3 |12.8£16 36% 64% 559 45% 36% 94% Mild OSAS
o Total-IQ
14 21 18 17 | University :
Feng,2015 35 35 |6.81+£1.08 | 6.47+1.51 b N.R. Mild OSAS | Verbal IQ
40% 60% 51% 49% | Clinic Performance-IQ
Verbal comprehension index
Subtest: Vocabulary;
Visuo spatial index
— 2 15 |50 33 . subtest:
etrapaoli,2015 | 41 83 |4.43+0.94 | 4.5+0.64 63% 379 60% 40% | pediatric seep N.R. Mild OSAS | Block design, visual puzzles,
center Rome Total-IQ
Verbal IQ
Performance-IQ
14 22 50 33 Severe
36 83 |4.33+1.02 | 4.5+0.64 38% 62% 60% 20% 0SAS
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Verbal comprehension index
Subtest: Vocabulary;
Visuo spatial index
Subtest:
Block design, visual puzzles,
4 23 10 20 Mild OSAS
Zhao, 2018 21 301502042 1502052 140, 86% 66% 34% | Hospital NR >6aa Processing speed index:
Subtest: Coding
Total-IQ
Verbal IQ
Performance-IQ
9 23 10 20 Mild OSAS
32130 [75¢15 1816 I9g9 1700 33% | 67% <622
. Total-IQ
8 9 13 14 . E4 E4 Primary
Hangstrom,2020 | 17 27 18110 18717 | g0 53% 18% 5% Hospital 5% 26% snoring ggrrf%ilnl](a)nce—lQ
Total-IQ
‘ 34 68 17 29 . t t .
Shi,2021 102 |46 | 723 78526 3539 |6679% |37% €30, | Hospital 216 87 Mild OSAS F’/eerrf%arlnlqgnce—lQ

Abbreviations: No., Number; SBD, Sleep breathing disorders; WMD, weighted mean difference; C, control; SES, socio-economic status index.
Y, Education of parents; , SES Hollingshead; ,Maternal education tertiary (university); =,S

TABLE 1. Summary of the included studies

study designs were included in the present review protocol.

The exclusion criteria of studies were as follows: cohort of pae-

diatric patients with congenital syndrome, neurological syndrome,

obese patients, and children with previous diagnosis of ADHD.
Review articles, case series and commentaries were excluded.

Information sources

Both electronic and manual search were performed. The screen-
ing and selection process was reported according to the Prisma
flow diagram.

Search strategy

An electronic search was performed on the databases MED-
LINE (Fig. S1), Embase, Google Scholar, LILACS and Cochrane
Central Register of Controlled Trials (CENTRAL). A search in grey
literature (OpenGrey) was also carried out. The search strategy
was built with a combination of the following key words, Mesh
terms and free text words. The search strategy was then modi-
fied for each database. The filter applied limited the selection of
articles from 2000 until May 2022. Hand search was performed
independently by two calibrated investigators (C.M.,D.F.) on the
references of the selected articles. Other sources encompassed
narrative reviews and references of relevant articles.

Study selection

After removing all the duplicates, two authors simultaneously
and independently conducted the selection process according to
the protocol of the PRISMA method. The first screening of the
retrieved articles was undergone on title and abstract. The second
screening was conducted on the articles on material and meth-
ods, then many articles were selected for the full-text screening
applying the established inclusion and exclusion criteria. In case
of any disagreement, a third reviewer was consulted.

Data collection process

Study characteristics included: age, gender, study design,
matched variables, number of participants (proportions of males
and females), diagnosis by PSG, setting, socio-economic status.
Authors were contacted whenever information was unclear at
this stage. The selected articles were categorised by the WISC
test administered. The data extraction was undertaken and the
data were exported to an excel datasheet.
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Data items

The primary outcome of the present review protocol was the
score of the neurocognitive test of the WISC battery obtained
in patients with SBD vs. healthy subjects. DerSimonian and Laird
random-effects models were used to calculate the weighted mean
difference with 95% confidence Interval (95% Cl) in each of the
WISC domains between SBD subjects and healthy controls. A
subgroup analysis was performed to compare the WISC scores
in subjects with primary snoring and OSAS. The amount of het-
erogeneity in the computed estimates was quantified using the
12 test (%). The presence of publication bias was evaluated using
the Egger’s test and was visually examined through funnel plots.

Quality assessment

Quality assessment of the included studies was performed
according to New Castle Ottawa scale for case-control studies
[Margulis et al., 2014]. This scale consisted of 8 items distrib-
uted in 3 subgroups: Selection, Comparability, and Exposure.
A maximum of one star could be given for each items of the
Selection and Exposure domains, 2 stars could be given only for
the Comparability domain. The score went from 0 to 9 stars. The
total score indicated a very serious (0-3), serious (4-5), not serious
(6-9) risk of bias. In case of disagreement, a third reviewer was
consulted. The quality of evidence was assessed in the selected
studies using GRADE system [Guyatt et al., 2011].

Results

As for the characteristics of the population, 989 subjects were
included in the meta-analysis, of which 557 were diagnosed with
SBD and 432 were healthy subjects.

Study selection

The flow-chart of the screening process according to the PRIS-
MA statement [Page MJ, 2021] is shown in (Fig. 1). The electronic
research identified 630 articles, 33 articles were selected from
hand searching. After duplicates removal, 424 articles were evalu-
ated at the title and abstract level. After the first screening, 100
articles were screened trough their material and methods. Sixty-
one articles were assessed for eligibility screening the full text.
Finally, 15 articles were included in the qualitative and quantitative
assessment (meta-analysis) of the study (Fig. S9).
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. . N Total
Author (year) Selection(4) | Comparability(2)* | Exposure(3) score(9)
. . /*
Friedman,2003 | ***/ */ 5
Beebe,2004 ok x * 7
Giordani, 2008 | **/* */ ol 7
Helbower,2006 | **** x* i 9
Bourke, 2011 xrx/) */ kK 7
Miano,2011 xokokk */ N* 6
Luikkonen,2012 | x*** */ i 8
Barnes 2012 | ***x */ xoxx 8
Kehirandish, ek . o
2014 / 8
Biggs,2014 xx%/) *x xkk 8
Feng,2015 **// */ * 4
Pietrapaoli, 2015 | ***/ */ N 6
Zhao,2018 Ad */ * 6
Hangstrom,2020 | ***/ *x FrH 8
Shi,2021 i/ *x KHx 7

* Age and Education of parents.

TABLE 2. Quality evaluation using the NOS scale.

Study Characteristics

The characteristics of the included studies are summarised
in Table 1. Fifteen case-control studies were included in the
qualitative and quantitative analysis. The setting of most of the
studies was a university clinic, only 3 studies were performed
in a hospital clinic. In 12 of the analysed studies , the healthy
patients selected for the control group were chosen on a volun-
tary basis from communities adjacent to the hospital where the
study was conducted. Cases and controls were from the same
urban areas for each study. Although almost all studies reported
socio-economic variables as a relevant factor for the selection
of the control group, only two studies reported the percentage
of mothers with tertiary education in both the control and SBD
groups [Shi, 2021; Biggs et al., 2014]. Many studies indicated the
value of the socio-economic status index (SES) without specifying
which variables were collected for the calculation of the SES. The
majority of participants were males in both groups, 55.7groups,
55.7 % of males in SBD group and 68.41% in control group.
The age of patients ranged from 3.31 years and 14.5 years old
between all the studies.

The mean with minimum standard deviation present among the
analysed groups is represented by the subgroup with severe OSAS
from the study of Pietrapaoli et al. corresponding to 4.33+1.02
years; while the group with the highest mean age of subjects
was represented by the subgroup with mild OSAS from Biggs, et
al. [2014] with a mean and standard deviation of 13£1.5 years.

Risk of bias in individual studies

Individual and summary scores according to the NOS for each
study are presented in Table 2. All studies, except for two, re-
sulted in a not serious risk of bias (summary score > 5). In the
exposure category, the item that was most frequently violated was
the absence of diagnosis with polysomnography for control group.
As for the comparability domain, all the studies matched cases
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and controls at least for the most important factor (age), while
only 4 articles matched patients for their socio-economic status.
Only one out of 14 articles obtained the maximum score of 9.

Quality assessment

The quality of evidence was assessed in the selected studies
using the GRADE system (Table 3).

With regards to the study design domain, all studies included in
the meta-analysis were observational, hence graded as low quality
of evidence. The overall risk of bias was considered generally high.

Outcomes of synthesis of data

In all studies, 7 WISC tests were administered:
e SO (similarities) (Fig. 2)

VC (vocabulary) (Fig. 3)

DC (cubs design) (Fig. 4)

RM (matrix reasoning) (Fig. 5)

IQ (Total intelligent quotient) (Fig. 6)

VIQ (Verbal-IQ) (Fig. 7)

PIQ ( Performance- 1Q) (Fig. 8)

The results showed statistically significant differences between
the two groups for almost all WISC domains considered. Patients
with SBD would therefore have lower cognitive performance,
as measured by WISC, than those without SBD. The subgroup
analysis, which compared differences between subjects with
primary snoring and OSAS, did not show statistically significant dif-
ferences for any of the WISC domains considered, except for the
Vocabulary domain. The results of the statistical analysis for each
neurocognitive test and related subgroup analysis are displayed
in the supplementary materials (Table 4) (Table 5) (Table S 2).

Discussion

Summary of findings

The meta-analysis of this study was performed on a cohort of
1,137 subjects, of which 659 had Sleep Respiratory Disorder (SBD)
and 478 were healthy subjects. The results showed a statistically
significant difference for all tests analysed except for the Vocabu-
lary domain, with the lower scores achieved by SBD patients
compared to healthy subjects. The poorer cognitive performance,
as measured with the WISC test, achieved by patients with SBD
compared to healthy subjects may be due to the direct result of
hypoxia of brain tissue caused by oral respiration or it can be the
result of fragmented sleep caused by frequent awakenings caused
by apnoea. Further studies are needed to clarify the physipatho-
logical pathway of these neurocognitive deficits [Arshamian et al.,
2018]. Findley et al. [1986] demonstrated that sleep fragmentation
is much less important than hypoxia in determining cognitive
disorders in sleep apnoea. However, the lack of linear correlation
between variables reflecting sleep fragmentation and cognitive
deficits does not exclude that sleep fragmentation may play a
role in the pathogenesis of cognitive disorders. In fact, nocturnal
hypoxemia, frequent awakening, and sleep deprivation produce
daytime sleepiness which is a potential disturbance factor in the
development of cognitive abilities. A recent review by Kohler,
et al. [2010] evaluating cognitive performance before and after
surgical treatment (adenotonsillectomy) in patients with OSAS,
highlighted how the group of patients with SBD show cognitive
deficits especially for domains highly dependent on the frontal
area of the cortex (attention, executive functions and intellectual
abilities). Moreover, age represents an important factor influenc-
ing the relationship between SBD and cognitive performance.
The present review included only studies performed on subjects
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Quality Assessment Summary of findings
No. patients | WMD (95% Cl) Quality
No. of Study Risk of | Inconsistency | Indirectness | Imprecision Other SBD C
studies design bias Considerations
Population: human subjects affected by sleep breathing disorders
Settings: University clinics/hospitals
Exposure: subjects affected by SBD
Comparison: healthy subjects
Total-1Q
12 Cohort Serious Not serious | Not serious | Not serious | None 548 415 |-9.77 Low
[11.77,7.77] Slu]6]9]
Verbal-IQ
9 Cohort Serious | Serious Not serious | Not serious | None 408 |336 |-10.63 Low
[12.73, 8.54] ®IBD
Performance-1Q
9 Cohort Serious Serious Not serious | Not serious | None 408 |336 |-6.57 Low
[8.7,4.40] (&l6]u]4]
Similarities (SO)
2 Cohort Not Not serious | Not serious | Not serious | None 142 |61 -6.28 Low
serious [7.64, 4.94] [S8]4]%]
Cubs design (DC)
5 Cohort Not Not serious | Not serious | Not serious | None 283 [191 |-2.52 Low
serious [-4.09, -0.94] DI
Vocabulary (VC)
6 Cohort Serious | Not serious | Not serious | Not serious | None 322 | 211 |-2.29 Low
[-4.76, -0.18] [S8)9)%]
Matrix reasoning (RM)
2 Cohort Not Not serious | Not serious | Not serious | None 179 1118 |-3.71 Low
serious [-6.54, -0.88] [C8]4]%]
Abbreviations: No., Number; SBD, Sleep breathing disorders; WMD, weighted mean difference; Cl, confidence interval; GRADE, Grading of Recommendations, Assessment,
Development and Evaluation.
TABLE 3. Level of evidence using GRADE system
. test
aged between 3 to 16 years. In the studies where a preschool age Outcome WMD 95% Cl p-value | (%) p(-)vaelfje
cohort is present the neurocognitive assessment underwent by
a WPPSI, a WISC scale adapted for preschool children, validated ] U
for children from 2 years to 7 years old. Two recent studies from Ower | Upper
Pietrapaoli et al. [2015] and Zhao et al. [2018] presented cohort Performance IQ |-6.57 |-8.74 |-4.40 |0.67 |85.31 |0.00
matched for age and gender, contrarily to what was done by | TotallQ -9.77 |77 |-7.77 076 |86.66 |0.00
other authors as Liukkonen et al. [2012]. No difference for any | VerbalIQ -10.63 |-12.73 |-8.54 | 0.11 87.97 10.00
cognitive domain was found between SBD and control subjects | Cubs design -2.52 |-4.09 |-0.94 |0.54 |94.11 |0.00
in both the Pietropaoli et al. [2015] and Liukkonen et al.[2012] | Matrix reasoning | -3.71 |-6.54 |-0.88 |0.06 98.63 |0.00
studies; in the study of Zhao et al. [2018] the mean scores of IQ | Similarities 628 |-762 |-494 083 |90.22 |0.00
domains were significantly lower in OSAS patient than controls. | vocabulary 229 |-476 lo77 loso 19819 |0.00

These three studies were included in the quantitative analysis of
different domains, their results showed both significant difference
(IQ, RM,DC) and not significant different (VC) between the two
groups. For this reason it can be plausible to assume that age
may have contributed to the heterogeneity between studies and
may have acted as a confounder of the association between SBD
and cognitive disorders. Only 4 articles reported precise informa-
tion about education of parents of the subjects analysed. In the
study of Hagstrom K et al.[2020] the two groups did not differ
for parent education but the results in the IQ did not indicated a
significant difference in the scores between the two groups. The
demographic profiles displayed by Biggs, et al. [2014] included
socioeconomic status and maternal education. Beebe et al. [2004]
reported among the demographic characteristics parental educa-
tion of both clinical and control group. Halbower et al. [2006]
reported maternal education in years and SES index calculated
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TABLE 4. Estimates overall

by Hollingshead index which consider as factor parent education
and type of job. In the study of Liukkonen et al. [2012] patients of
the study are not matched for gender, although they are around
50% composed by boys and girls. Different results obtained by
groups of patients in neurocognitive tests displayed than SBD may
lead to cognitive impairment but may not affect the cognition
of every patient. The heterogenous effect of OSAS on cognitive
functions has been suggested to have a genetic component. There
was no direct correlation between age, SES and gender of the
subjects and neurocognitive domains’ score among the cohort
of the studies included in the meta-analysis. Our study highlights
how the role of the orthodontist in the assessment of the oral
respiratory patient is pivotal; therefore, orthodontists should be
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PRIMARY SNORING
Outcome WMD 95% Cl p-value | 13(%) | p-value
Lower | Upper
Performance 1Q -5.58| -9.80| -136| 067 6390 0.04
Total IQ -10.51| -16.50| -452| 0.76| 83.46| 0.00
Verbal 1Q -14.82| -20.81| -8.82| 0.11| 8252| 0.00
Cubs design -1.40| 541 260 054 91.19] 0.00
Matrix reasoning -6.30| -6.86| -5.74 0.06
Similarities -6.00| -6.51| -549| 0.83 . .
Vocabulary -423] -10.60| 213 0.50| 97.08| 0.00
0SAS
Outcome WMD 95% Cl p-value | 1%(%) | p-value
Lower | Upper

Performance 1Q -6.72| -8.74| -4.40 0.67| 87.79 0.00
Total IQ 946 | -12.19| -6.74| 0.76| 88.11 0.00
Verbal 1Q -935| -12.27| -643| 0.11| 83.99| 0.00
Cubs design -282| -485| -0.78| 0.54| 95.04| 0.00
Matrix reasoning -3.06| -6.35 0.23 0.06| 98.50 0.00
Similarities -6.21| -8.06| -436| 0.83| 8357 0.00
Vocabulary -1.84| -445] 077 0.50] 97.61 0.00

TABLE 5. Estimates subgroups

the key actors of the multidisciplinary team for the assessment
of paediatric patients with OSAS. Breathing, as we have seen,
is fundamental for the physiological development of the middle
third of the face and for the neurocognitive development of the
child. It is crucial to intercept breathing problems, understanding
the cause, and intervene promptly with appropriate treatments.
Resolving the cause of non-physiological respiration, if done
early, minimises the possibility of developing sequelae and/or
relapses. In paediatric age, there are many specialists who may
notice warning bells of these disorders: the paediatrician, the
otorhinolaryngologist, the psychologist and the orthodontist.
As we have shown, the problem of oral breathing can affect
many aspects of development in the child. Further studies are
needed to evaluate the efficacy of orthodontic therapies, aimed at
restoring the correct morpho-functional development, including
neurocognitive abilities.

Strengths and limitations
Results from the current study should be regarded with cau-
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FIG. 1.
Flow diagram showing the study selection process.
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tion in light of its inherent limitations, including the high level of
heterogeneity (over 80% in all studies) as well as the low level of
evidence due to the observational design of the included stud-
ies. Moreover, additional analyses accounting for the different
socio-economic status or educational level of the included par-
ticipants could not be performed due to the lack of information.
Finally, given the low number of included studies, the presence
of publication bias cannot be completely ruled out. Nonetheless,
the current study presents some strengths including the strict
review process using the updated PRISMA method [Page MJ,
2021]. Moreover, this is the first piece of meta-epidemiological
evidence regarding the association between SBD and objective
parameters of neurocognitive abilities, tested using children
validated WISC test batteries

Conclusion

The current meta-analysis showed that subjects with SBD
performed worse than healthy controls in most of the WISC do-
mains investigated. These results suggest that mouth breathing
may have a detrimental effect on neurocognitive development in
children. Further longitudinal studies are warranted to evaluate
the impact of the orthodontic treatment on the neurocognitive
performance of children affected by SBD.
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Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Bourke (2011)A 59 53.30 1.30 35 59.30 1.10 [ | -6.00[-6.51, -5.49] 31.89
Heterogeneity: T2 = 0.00, I? = .%, He = * -6.00 [ -6.51, -5.49]
Test of 8, = 6: Q(0) =0.00,p =
OSAS
Giordani (2008) 40 58.72 9.35 26 56.54 9.26 —&—— 218[-2.42, 6.78] 6.74
Bourke (2011) B 24 51.70 1.30 35 59.30 1.10 u -7.60(-8.22, -6.98] 31.26
Bourke (2011)C 19 5220 1.80 35 59.30 1.10 »n -7.10(-7.87, -6.33] 30.11
Heterogeneity: T2 = 1.90, 2 = 88.57%, H? = 8.75 - -6.21 [ -8.06, -4.36]
Test of 6,= 6 Q(2) = 17.49, p = 0.00
Overall > -6.28 [ -7.62, -4.94]
Heterogeneity: 12 = 1.39, |2 = 90.22%, H2 = 10.23
Test of 8 = 8;: Q(3) = 30.68, p = 0.00
Test of group differences: Q,(1) = 0.04, p = 0.83

-10 5 0 5

Random-effects DerSimonian—Laird model

FIG. 2. Forrest Plot for the association between SBD and Similarities
(SO) domain overall and by subgroup (OSAS vs PS).

Treatment Gontrol WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Bourke (2011) A 59 50.50 1.40 35 56.80 1.20 ] -6.30[ -6.86, -5.74] 20.14
Heterogeneity: T2 = 0.00, I2 = %, H2 = . L 4 -6.30 [ -6.86, -5.74]
Test of 6= 6;: Q(0) =-0.00, p=.
0sAS
Bourke (2011) B 24 51.30 1.60 35 56.80 1.20 E 3 5.50 [ -6.21, -4.79] 20.04
Bourke (2011) C 19 5030 2.40 35 56.80 1.20 e 6.50[-7.46, -5.54] 19.84
Pietrapaoli (2015)A 41 12.45 2.61 83 1222 1.95 M- 0.23[-059, 1.05] 19.96
Pietrapaoli (2015) B 36 11.74 1.97 83 1222 1.95 M -048[-1.25 0.29] 20.01

Heterogeneity: T2 = 11.08, I2 = 98.50%, H? = 66.60
Test of 6, = 8: Q(3) = 199.79, p = 0.00

——m—  -306[-6.35, 0.23]

Overall ————
Heterogeneity: T2 = 10.27, |2 = 98.63%, Hz = 73.12
Test of 6, = 6: Q(4) = 292.49, p = 0.00

-3.71[-6.54, -0.88]

Test of group differences: Q,(1) = 3.63, p = 0.06

Random-effects DerSimonian—Laird model

Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Beebe (2004) A 17 940 3145 17 1030 3.12 —— -0.90[ -3.01, 1.21] 9.08
Bourke (2011) A 59 4500 1.20 35 5240 150 [ 7.40[ -7.95, -6.85] 9.67

Heterogeneity: 12 = 20.51, |2 = 97.08%, H? = 34.20
Test of 6, = 6;: Q(1) = 34.20, p = 0.00

4.23[-10.60, 2.13]

OSAS
Friedman (2003) 39 10.40 290 20 10.60 2.30 -0.20[ -1.66, 1.26] 9.40
Beebe (2004) B 9 1040 315 17 1030 3.12 0.10[ -2.43, 2.63] 8.82

— =
-
-
Beebe (2004) C 6 920 3.15 17 10.30 3.12 —— -1.10[ -4.01, 1.81] 856
Giordani (2008) 40 5256 11.01 26 5576 11.38 ——W— -3.20[ -8.71, 2.31] 655
Bourke (2011) B 24 4450 150 35 5240 150 -7.90[ -8.68, -7.12] 9.63
Bourke (2011) C 19 4750 220 35 5240 1.50 E 3 -490[ -5.89, -3.91] 9.57
Pietrapaoli (2015) A 41 1323 241 83 1219 230 = 1.04[ 0.7, 1.91] 9.60
Pietrapaoli (2015)B 36 12.37 1.54 83 1219 230 E 3 0.18[ -0.64, 1.00] 9.62
Zhao (2018) 32 10.09 247 30 10.80 2.17 - -0.71[ -1.87, 0.45] 951
Heterogeneity: 12 = 14.76, |2 = 97.61%, H? = 41.81 > -1.84[ -4.45, 0.77]
Test of 6, = 6 Q(8) = 334.49, p = 0.00
Overall — 229 -4.76, 0.18]
Heterogeneity: 12 = 16.31, I> = 98.19%, H? = 55.15
Test of 6, = 8: Q(10) = 551.49, p = 0.00
——

Test of group differences: Q,(1) = 0.47, p = 0.50

Random-effects DerSimonian-Laird model

FIG. 5. Forrest Plot for the association between SBD and Matrix
Reasoning (RM) domain overall and by subgroup (OSAS vs PS).

Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Miano (2011) A 13 9480 890 60 11550 10.80 -20.70 [ -27.00, -14.40] 4.73

59 101.00 1.90 35 11250 2.00
37 108.90 14.10 48 11250 11.40
17 101.70 13.10 27 106.80 16.60

Bourke (2011) A
Luikkonen (2012)
Hangstrom (2020)
Heterogeneity: 12 = 28.73, I = 83.46%, H¢ = 6.05
Test of 6, = 6;: Q(3) = 18.14, p = 0.00

-11.50[ -12.31, -10.69] 8.79
-360[ -9.02, 182 538
5.10[-14.42, 422] 3.03
-10.51[-16.50, -4.52]

OSAS
Helbower (2006) 14 8560 10.70 12 101.10 14.70 -16.50[ -26.29, -5.71] 2.84
Miano (2011) B 31 9820 1240 60 11550 10.80 -17.30[ -22.28, -12.37] 5.78

Bourke (2011) B
Bourke (2011) C
Barnes (2012)
Biggs (2014) A
Biggs (2014) B

24 10080 230 35 11250 200
19 99.90 290 35 11250 2.00 -12.60[ -13.91, -11.29] 8.59
14 9636 1211 14 104.77 13.14 -8.41[-17.77, 095] 3.02

-11.70[ -12.80, -10.60] 8.68

11 102.00 13.00 18 116.00 12.00 -14.00[-23.29, -4.71] 3.05
Kehirandish (2014) 10 10460 6.40 7 10620 5.70 -1.60[ -7.52, 4.32] 5.00
Feng (2015) 35 9245 588 35 11059 832 -18.14[ 2152, -14.76] 7.1
Pietrapaoli (2015)A 41 11298 1154 83 113.41 10.70 -0.13[ -4.24, 398] 6.48
Pietrapaoli (2015) B 36 11278 13.00 83 113.41 10.70 -0.33[ -4.80, 4.14] 6.16
Zhao (2018) A 27 9659 1260 30 10253 8.44 5.94[ -11.46, -0.42] 531
Zhao (2018) B 32 9460 1002 30 97.37 842 268 -7.30, 194] 6.04
Shi (2021) 102 9560 1370 46 110.90 8.80 -15.30[-19.62, -10.98] 6.30
Heterogeneity: T2 = 19.41, I2 = 88.11%, H? = 8.41 -9.46[-12.19, -6.74]

Test of 6, = 0: Q(13) = 109.31, p = 0.00

Overall 9.77(-11.77, 7.77)

FIG. 3. Forrest Plot for the association between SBD and Vocabulary

(VC) domain overall and by subgroup (OSAS vs PS).

Treatment Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Beebe (2004) A 17 1150 347 17 1070 3.34 —M— o080[ -149, 309] 957
Bourke (2011) A 59 5450 1.60 35 57.80 1.60 | | -3.30[ -3.97, -2.63] 11.74
Heterogeneity: 12 =7.66, 1= 91.19%, H2 = 11.35 —~—  -1.40[ -5.41, 2.60]
Test of 8 = 6;: Q(1) = 11.35, p = 0.00
0SAS
Beebe (2004) B 9 890 347 17 1070 3.34 —— -1.80[ -4.53, 093] 881
Beebe (2004) C 6 10.00 3.47 17 1070 3.34 —M— -070[ -3.84, 244] 8.13
Giordani (2008) 40 5210 1214 26 5856 1088 —@—— -6.46([-12.22, -0.70] 4.61
Bourke (2011) B 24 5450 1.30 35 57.80 1.60 | | -3.30[ -4.07, -2.53] 11.66
Bourke (2011) C 19 4930 260 35 57.80 1.60 = -850 -9.62, -7.38] 11.31
Pietrapaoli (2015)A 41 10.75 2.16 83 1219 217 | | -1.44[ -2.25, -0.63] 11.63
Pietrapaoli (2015)B 36 11.21 237 83 1219 230 L | -0.98[ -1.89, -0.07] 11.54
Zhao (2018) 32 866 215 30 927 3.29 E 3 -061[ -1.98, 0.76] 10.99
Heterogeneity: 12 = 7.35, |2 = 95.04%, H2 = 20.15 > -2.82[ -4.85, -0.78]
Test of 8, = 6: Q(7) = 141.02, p = 0.00
Overall > -252[ -4.09, -0.94]
Heterogeneity: 12 = 5.39, I2 = 94.11%, H2 = 16.97
Test of 6, = 6;: Q(9) = 152.71, p = 0.00
Test of group differences: Q,(1) = 0.38, p = 0.54

15 -10 -5 0 5

Random-effects DerSimonian—Laird model

FIG. 4. Forrest Plot for the association between SBD and Cubs design

(DC) domain overall and by subgroup (OSAS vs PS).
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T = 11.65, I¢ = 86.66%, H? = 7.50
Test of 6, = 6 Q(17) = 127.47, p = 0.00
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Test of group differences: Q,(1) = 0.10, p = 0.76
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FIG. 6. Forrest Plot for the association between SBD and Total-1Q
(1Q) domain overall and by subgroup (OSAS vs PS).
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Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% CI (%)
PS
Miano (2011) A 13 91.1 122 60 11820 11.7 —l— -27.10[ -34.17, -20.03] 4.81
Bourke (2011) A 59 97.4 1.7 35 110.00 2 [ ] -12,60[-13.36, -11.84] 10.51
Luikkonen (2012) 37 106.1 133 48 118.00 11.7 —— -11.90[-17.23, -6.57] 6.31
Hangstrom (2020) 17 99.8 123 27 107.60 17 — -7.80[-17.13, 1.53] 3.42
Heterogeneity: 12 = 28.34, I = 82.52%, H* = 5.72 . -14.82[-20.81, -8.82]
Test of 6, =8: Q(3) = 17.16, p = 0.00
0OSAS
Miano (2011) B 31 965 14.4 60 11820 11.7 —— -21.70[-27.19, -16.21] 6.14
Bourke (2011) B 24 97 1.9 35 110.00 2 | ] -13.00 [ -14.02, -11.98] 10.40
Bourke (2011) C 19 99.9 29 35 110.00 2 [ ] -10.10[ -11.41, -8.79] 10.23
Biggs (2014) A 26 102 12 18 11300 11 —a— -11.00[-17.97, -4.03] 4.88
Biggs (2014) B 11 101 13 18 11300 11 e -12.00[-20.84, -3.16] 3.68
Feng (2015) 35 9417 1501 35 10691 11.25 —— -1274[-18.95, -6.53] 5.49
Pietrapaoli (2015) A 41 109.88 11.47 83 109.46 11.21 E = 0.42[ -381, 465 7.43
Pietrapaoli (2015) B 36 109.94 12.15 83 109.46 11.21 — 048 -4.02, 4.98] 7.14
Zhao (2018) A 27 94 1324 30 101.30 9.41 —— -7.30[-13.22, -1.38] 575
Zhao (2018) B 32 9825 10.38 30 103.87 9.02 —— -5.62[-10.47, -0.77] 6.77
Shi (2021) 102 98.1 149 46 11030 82 —— -12.20[-16.80, -7.60] 7.04
Heterogeneity: 12 = 17.95, |2 = 88.99%, H = 9.09 L 4 9.35[-12.27, -6.43]
Test of 8, = 6;: Q(10) = 90.87, p = 0.00
Overall L 4 -10.63[-12.73, -8.54]
Heterogeneity: 12 = 10.70, |2 = 87.97%, H? = 8.31
Test of 6, = 6 Q(14) = 116.33, p = 0.00
Test of group differences: Q,(1) = 2.59, p = 0.1
30 -20 -10 0 10
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Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% Cl (%)
PS

Miano (2011) A 13 10050 9.90 60 109.70 11.80 —MW—— -9.20[-16.10, -2.30] 5.16
Bourke (2011) A 59 10460 230 35 11220 220 [ ] 7.60[ 855, -6.65 10.60
Luikkonen (2012) 37 108.70 1250 48 108.90 11.60 —B—  -020[ 534, 494] 672
Hangstrom (2020) 17 104.20 16.80 27 108.30 18.40 —_— -4.10[-1491, 6.71] 293
Heterogenety: 12 = 10.69, I = 63.90%, H? = 2.7 - -5.58] -9.80, -1.36]
Testof 6,=6; Q(3) = 8.31, p= 0.04

0SAS

Miano (2011) B 31 101.00 1480 60 109.70 11.80 —a— -8.70[-14.29, -3.11] 6.29
Bourke (2011) B 24 10480 260 35 11220 2.20 | 7.40[ -8.63, -6.17] 10.45
Bourke (2011) C 19 9980 330 35 11220 2.20 » -12.40[ -13.87, -10.93] 10.31
Biggs (2014) A 26 109.00 17.00 18 113.00 14.00 ———®——  400[-1353, 553 350
Biggs (2014) B 11 103.00 1400 18 113.00 1400 — @ -10.00[ -20.50, 0.50] 3.06
Feng (2015) 35 9412 11.04 35 10937 791 —Ml— -15.25[-19.75, -10.75]  7.38

Pietrapaoli (2015)A 41 111.32 11.45 83 110.72 15.39
Pietrapaoli (2015) B 36 111.83 13.13 83 110.72 15.39

—®—  060[ 472, 592] 655
—®—  1.11[ 466, 6.88] 6.12

Zhao (2018) A 27 9993 1304 30 10343 977 —a— -350[ -9.44, 244] 596
Zhao (2018) B 32 9144 1054 30 9053 832 —— 091[ -3.84, 566 7.12
Shi (2021) 102 9550 1200 46 107.60 1090 —M— -12.10[-16.16, -8.04] 7.84
Heterogeneity: 2 = 19.55, 2 = 87.79%, H? = 8.19 - 6.72[ -9.79, -3.66]
Test of 6, = 6 Q(10) = 81.89, p = 0.00
Overall L 2 -6.57[ -8.74, -4.40]
Heterogeneity: 12 = 11.30, |2 = 85.31%, H? = 6.81
Test of 6, = 8; Q(14) = 95.31, p = 0.00
Test of group differences: Q,(1) = 0.18, p = 0.67
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FIG. 7. Forrest Plot for the association between SBD and Verbal-1Q

(V-1Q) domain overall and by subgroup (OSAS vs PS).

FIG. 8. Forrest Plot for the association between SBD and
Performance-1Q (P-1Q) domain overall and by subgroup (OSAS vs PS).
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FIG. S. 2. Funnel Plot showing the symmetrical distribution of studies
for the Total-1Q domain.

Database Search strategy N. of results | Filters applied
Pubmed | (mouth breathing[MeSH Terms] 152 Pubblication
OR oral respiration OR nasal years 2000~
breathing[MeSH Terms] OR nasal 2022 Age of
respiration OR obstructive sleep cohort 2-18
apnea syndrome[MeSH Terms]) anni
AND (learning disabilities[MeSH
Terms] OR learning
disorder[MeSH Terms] OR
learning disorders OR learning
OR memory)
Cognitive AND OSAS 54 Pubblication
years 2000-
2022
Age of cohort
2-18 anni
Cognition OR cognitive 29 Pubblication
function OR learning OR years 2000~
memory AND mouth 2022 Age of
) cohort 2-18
breathing anni
Cognition OR cognitive function | 393 Pubblication
OR learning OR memory AND years 2000-
obstructive sleep apnea 2022 Age of
cohort 2-18
anni
Cognition OR cognitive function | 2 Pubblication
OR learning OR memory years 2000-
AND mouth breathing nasal 2022 Age of
respiration cohort 2-18
anni

FIG. S. 1. Search strategy of electronic search.
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FIG. S. 5. Funnel Plot showing the symmetrical distribution of studies
for the cubs design domain.
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FIG. S. 7. Funnel Plot showing the symmetrical distribution of studies
for the similarities domain.

Author(year)/no. Of Main reasonfor exclusion Exclusion
studies phase

71 Not human Title

256 Not SBD Title

20 Not English Title

39 Study design, comparison and Abstract
outcome not compliant with
PECO(S)question

21 No outcome Full text

18 No comparison Full text

Cha,2017, Lowest Age of the group of Full text
patients

Landau,2012 Lowest Age of the group of Full text
patients

Kheiramdish,2010; | BMI over 25 patients not Full text
excluded

Tan,2014 BMI over 25 patients not Full text
excluded

Ezzat,2010 No polysomnography results Full text

Kouroshi, 2015 No polysomnography results Full text

Esteller,2014 Not standardized results of Full text
neurocognitive assessment

Full textAbbreviations: No., Number ; SBD, Sleep breathing disorders
Reasons and timing of studies exclusion from the review protocol.

FIG. S. 9. Reasons and timing of studies exclusion from the review

protocol.
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NEUROCOGNITIVE ABILITIES IN CHILDREN AFFECTED BY SLEEP BREATHING DISORDERS

SBD Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Bourke (2011) A 59 50.50 1.40 35 56.80 1.20 = 6.30[-6.86, -5.74] 20.14
Bourke (2011) B 24 51.30 1.60 35 56.80 1.20 E 3 5.50[-6.21, -4.79] 20.04
Bourke (2011) C 19 50.30 240 35 56.80 1.20 - -6.50[-7.46, -5.54] 19.84
Pietrapaoli (2015) A 41 1245 2.61 83 1222 1.95 M- 0.23[-0.59, 1.05] 19.96
Pietrapaoli (2015) B 36 11.74 1.97 83 1222 1.95 M- -048[-1.25, 0.29] 20.01
Overall ——— 371 -6.54, -0.88]

Heterogeneity: 12 = 10.27, I? = 98.63%, H? = 73.12
Test of 6, = 6;: Q(4) = 292.49, p = 0.00
Testof 8 =0:z=-257,p=0.01

Random-effects DerSimonian-Laird model

SBD Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)

Giordani (2008) 40 58.72 9.35 26 56.54 9.26 —®&—— 218[-242, 6.78] 6.74

Bourke (2011)A 59 53.30 1.30 35 59.30 1.10 | -6.00 [ -6.51, -5.49] 31.89
Bourke (2011)B 24 51.70 1.30 35 59.30 1.10 | | -7.60[-8.22, -6.98] 31.26
Bourke (2011)C 19 52.20 1.80 35 59.30 1.10 » -7.10[-7.87, -6.33] 30.11
Overall > -6.28 [ -7.62, -4.94]
Heterogeneity: 12 = 1.39, |2 = 90.22%, H2 = 10.23
Test of 6, = 8;: Q(3) = 30.68, p = 0.00
Testof 6 =0:z=-9.21, p =0.00

-10 -5 0 5

Random-effects DerSimonian—Laird model

FIG. S. 10. Forrest Plot for the association between SBD and Matrix
Reasoning (RM) domain overall.

FIG. S. 11. Forrest Plot for the association between SBD and
Similarities (SO) domain overall.

SBD Control WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)

Beebe (2004) A 17 1150 347 17 1070 3.34 080 -1.49, 3.09] 9.57
Beebe (2004) B 9 890 347 17 1070 3.34 -1.80[ -4.53, 093] 8.81
Beebe (2004) C 6 1000 347 17 1070 3.34

Giordani (2008) 40 5210 1214 26 58.56 10.88
Bourke (2011) A 59 5450 1.60 35 57.80 1.60 330 -3.97, -263] 11.74
Bourke (2011) B 24 5450 1.30 35 57.80 1.60 330 -4.07, -253] 11.66
Bourke (2011) C 19 4930 260 35 57.80 1.60 = -8.50[ -9.62, -7.38] 11.31
Pietrapaoli (2015)A 41 1075 216 83 1219 2.17 | | -1.44[ -2.25, -0.63] 11.63
Pietrapaoli (2015) B 36 11.21 237 83 12.19 230 | ] -0.98[ -1.89, -0.07] 11.54
Zhao (2018) 32 866 215 30 927 3.29 - -0.61[ -1.98, 0.76] 10.99
> -2.52[ -4.09, -0.94]

——

-

—®— -070[ -384, 244] 813
— -6.46-12.22, -0.70]  4.61
|
u

Overall
Heterogeneity: 12 = 5.39, I2 = 94.11%, H2 = 16.97
Testof 8, = B Q(9) = 152.71, p = 0.00

Testof = 0:z = -3.13, p = 0.00

Random-effects DerSimonian—Laird model

sBD Control WMD Weight
Study N Mean SD N Mean SD with 95% Cl (%)
Friedman (2003) 39 1040 290 20 1060 230 - -0.20[-1.66, 1.26] 9.40
Beebe (2004) A 17 940 315 17 1030 3.12 —— -0.90[-3.01, 121] 9.08
Beebe (2004) B 9 1040 315 17 1030 3.12 —— 0.10[-2.43, 263] 882
Beebe (2004) C 6 920 315 17 1030 3.12 —— -1.10[-4.01, 181] 856
Giordani (2008) 40 5256 11.01 26 5576 11.38 ——W——— -3.20[-8.71, 231] 655
Bourke (2011) A 59 4500 120 35 5240 150 [ 7.40[-7.95, -6.85] 9.67
Bourke (2011) B 24 4450 150 35 5240 150 7.90[-8.68, -7.12] 9.63
Bourke (2011) C 19 4750 220 35 5240 1.50 - -4.90(-5.89, -3.91] 957
Pietrapaoli (2015) A 41 13.23 241 83 1219 230 E 3 1.04[ 017, 1.91] 9.60
Pietrapaoli (2015) B 36 12.37 1.54 83 1219 230 = 0.18[-0.64, 1.00] 9.62
Zhao (2018) 32 1009 247 30 1080 217 s -0.71[-1.87, 0.45] 951
Overall —~ -2.29[-4.76, 0.18]
Heterogeneity: T = 16.31, |2 = 98.19%, H? = 55.15
Test of 8, = 6;: Q(10) =551.49, p = 0.00
Testof 8.=0:z=-1.82,p=0.07

10 5 0 5

Random-effects D Laird model

FIG. S. 12. Forrest Plot for the association between SBD and cubs
design (DC) domain overall.

FIG. S. 13. Forrest Plot for the association between SBD and
Vocabulary (VC) domain overall.

Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Helbower (2006) 14 8560 1070 12 101.10 1470 - -15.50[-25.29, -5.71] 2.84
Miano (2011) A 13 9480 890 60 11550 1080 —M— -20.70 [ -27.00, -14.40] 4.73
Miano (2011) B 31 9820 12.40 60 11550 10.80 —— -17.30[-22.23, -12.37] 5.78
Bourke (2011) A 59 101.00 1.90 35 11250 2.00 | | -11.50[-12.31, -1069] 8.79
Bourke (2011) B 24 10080 230 35 11250 2.00 | | -11.70 [-12.80, -10.60] 8.68
Bourke (2011) G 19 9990 290 35 11250 2.00 ] -12.60[-13.91, -11.29] 859
Luikkonen (2012) 37 108.90 14.10 48 11250 11.40 —a— 360[ -9.02, 182 538
Bames (2012) 14 9636 1211 14 10477 13.14 — 8.41(-17.77, 095] 3.02
Biggs (2014) A 26 106.00 14.00 18 116.00 12.00 —a— -10.00[-17.95, -2.05] 3.70
Biggs (2014) B 11 10200 1300 18 11600 1200  ——@—— -14.00[-23.29, -471] 3.5
Kehirandish (2014) 10 104.60 640 7 10620 570 —®—  -160[ 752, 432] 5.00
Feng (2015) 35 9245 588 35 11059 832 B -18.14[-21.52, -14.76] 7.1
Pietrapaoli (2015) A~ 41 112.98 11.54 83 113.11 10.70 - -0.13[ -424, 398 6.48
Pietrapaoli (2015)B 36 11278 13.00 83 113.11 10.70 —— 033 -480, 4.14] 6.16
Zhao (2018) A 27 9659 1260 30 10253 844 —— 5.94[-11.46, 042 531
Zhao (2018) B 32 9469 1002 30 9737 842 —— 268 7.30, 194] 6.04
Hangstrom (2020) 17 101.70 13.10 27 106.80 16.60 —=——  510[-14.42, 422] 3.03
Shi (2021) 102 9560 13.70 46 11090 8.80 —-— -15.30[-19.62, -10.98]  6.30
Overall <> 9.77[-1.77, -7.77]
Heterogeneity: T2 = 11.65, |2 = 86.66%, Hz = 7.50

(17) = 127.47, p = 0.00
80 20 -0 0 10

Random-effects DerSimonian-Laird model

Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% CI (%)
Miano (2011) A 13 911 122 60 11820 11.7 —W— -27.10[ -34.17, -20.03]  4.81
Miano (2011) B 31 965 144 60 11820 11.7 —— -21.70[ -27.19, -16.21] 6.14
Bourke (2011) A 59 97.4 1.7 35 110.00 2 | | -1260[ -13.36, -11.84] 10.51
Bourke (2011) B 24 97 19 35 110.00 2 | -13.00 [ -14.02, -11.98] 10.40
Bourke (2011) C 19 999 29 35 110.00 2 u -10.10[ -11.41, -8.79] 10.23
Luikkonen (2012) 37 1061 133 48 11800 117 . -11.90[-17.23, -657] 631
Biggs (2014) A 26 102 12 18 113.00 1 —— -11.00[-17.97, -4.03] 4.88
Biggs (2014) B 1" 101 13 18 113.00 1 —— -12.00[-20.84, -3.16] 3.68
Feng (2015) 35 9417 15.01 35 106.91 11.25 —a— -1274[-18.95, -6.53] 5.49
Pietrapaoli (2015)A 41 109.88 11.47 83 109.46 11.21 —a 042[ -3.81, 4.65] 743
Pietrapaoli (2015) B 36 109.94 12.15 83 109.46 11.21 — 0.48[ -4.02, 4.98] 7.14
Zhao (2018) A 27 94 1324 30 101.30 9.41 —— -7.30[-13.22, -1.38] 575
Zhao (2018) B 32 9825 10.38 30 103.87 9.02 —— -5.62[-10.47, -0.771 6.77
Hangstrom (2020) 17 99.8 123 27 107.60 17 — -7.80[-17.13, 1.53] 3.42
$Shi (2021) 102 981 149 46 11030 82 —— -1220[-16.80, -7.60] 7.04
Overall <& -10.63[-12.73, -8.54]
Heterogeneity: 12 = 10.70, |2 =87.97%, H2 =8.31

:Q(14) = 116.33, p=0.00
-9.96, p=0.00
-30 -20 -10 0 10
Random-effects DerSimonian-Laird model

FIG. S. 14. Forrest Plot for the association between SBD and Total-1Q
domain overall.

Treatment Control MD Weight
Study N Mean SD N Mean SD with 95% ClI (%)
Miano (2011) A 13 911 122 60 11820 11.7 —l— -27.10[ -34.17, -20.03]  4.81
Miano (2011) B 31 965 144 60 11820 11.7 —— -21.70[-27.19, -16.21]  6.14
Bourke (2011) A 59 97.4 1.7 35 110.00 2 | ] -12.60[ -13.36, -11.84] 10.51
Bourke (2011) B 24 97 1.9 35 110.00 2 [ | -13.00 [ -14.02, -11.98] 10.40
Bourke (2011) C 19 999 29 35 110.00 2 | | -10.10[ -11.41, -8.79] 10.23
Luikkonen (2012) 37 1061 13.3 48 11800 11.7 —— -11.90[-17.23, -6.57] 6.31
Biggs (2014) A 26 102 12 18 113.00 " —— -11.00[-17.97, -4.03] 4.88
Biggs (2014) B " 101 13 18 113.00 " —— -1200[-20.84, -3.16] 3.68
Feng (2015) 35 94.17 15.01 35 106.91 11.25 —— -1274[-18.95, -6.53] 5.49
Pietrapaoli (2015) A 41 109.88 11.47 83 109.46 11.21 — 042 -3.81, 4.65] 743
Pietrapaoli (2015) B 36 109.94 12.15 83 109.46 11.21 - 048[ -4.02, 498] 7.14
Zhao (2018) A 27 94 13.24 30 101.30 941 —— -7.30[-13.22, -1.38] 5.75
Zhao (2018) B 32 9825 10.38 30 103.87 9.02 —— -6.62[-10.47, -0.77] 6.77
Hangstrom (2020) 17  99.8 123 27 107.60 17 —. 780[-17.13, 153] 3.42
Shi (2021) 102 98.1 149 46 110.30 82 —— -1220[-16.80, -7.60] 7.04
Overall * -10.63[ -1273, -8.54]

Heterogeneity: 12 = 10.70, |2 = 87.97%, H2 = 8.31
Test of 6, = 8 Q(14) = 116.33, p = 0.00
Test of 6 = 0: 2 =-9.96, p = 0.00

Random-effects DerSimonian-Laird model

FIG. S. 16. Forrest Plot for the association between SBD and
Performance-1Q domain.
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FIG. S. 15. Forrest Plot for the association between SBD and Verbal-
IQ domain overall.

guideline for reporting systematic reviews. BMJ. 2021;372:n71. doi:10.1136/bmj.n71

) Page MJ, Moher D, Bossuyt PM, et al. PRISMA 2020 explanation and elaboration:
updated guidance and exemplars for reporting systematic reviews. BMJ.
2021;372:n160. doi:10.1136/bmj.n160

) Pietropaoli N, Supino MC, Vitelli O, et al. Cognitive function in preschool children
with sleep-disordered breathing. Sleep Breath. 2015;19(4):1431-1437. doi:10.1007/
$11325-015-1157-3

) Salorio CF, White DA, Piccirillo J, Duntley SP, Uhles ML. Learning, memory, and
executive control in individuals with obstructive sleep apnea syndrome. J Clin Exp
Neuropsychol. 2002;24(1):93-100. doi:10.1076/jcen.24.1.93.973

»  Sateia MJ. International classification of sleep disorders-third edition: highlights and
modifications. Chest. 2014;146(5):1387-1394. doi:10.1378/chest.14-0970

) ShiY, Feng Y, Zhang Y, et al. Assessment of event-related evoked potentials
and China-Wechsler intelligence scale for cognitive dysfunction in children
with obstructive sleep apnea. Int J Pediatr Otorhinolaryngol. 2021;150:110901.
doi:10.1016/}.ijporl.2021.110901

»  Zhaol, Han'S, Zhang J, et al. Association between mild or moderate
obstructive sleep apnea-hypopnea syndrome and cognitive dysfunction in
children. Sleep Med. 2018;50:132-136. doi:10.1016/j.sleep.2018.04.009

95




