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Abstract: Polysomnography (PSG) is the gold standard for the diagnosis of pediatric obstructive
sleep apnea (OSA); however, high costs and limited availability restrict its use for routine screening.
This systematic review and meta-analysis investigated the accuracy of overnight oximetry for the
diagnosis of pediatric OSA. Studies evaluating overnight oximetry against PSG-derived apnea-
hypopnea index (AHI) in subjects aged <18 years were considered in the qualitative analysis and
evaluated with the QUADAS-2 tool. Only oximetry parameters adopted by at least four studies
using the currently accepted diagnostic thresholds for pediatric OSA (AHI of 1, 5 and 10 events/h)
were included for quantitative analyses. A bivariate meta-analysis was used to estimate sensitivity
and specificity, as well as to construct summary receiver operator characteristic curves. The positive
and negative predictive values were calculated. A total of 28 studies (9122 participants) were
included in qualitative analyses. Only 3% oxygen desaturation index (ODI3) was eligible for the
quantitative analyses (six studies, 1276 participants). As OSA severity increases sensitivity, specificity
and the negative predictive value also increase, reaching values of 79%, 84%, and 89% at AHI > 10,
respectively. Oximetry displays a good performance as a screening tool for pediatric OSA, especially
with moderate-to-severe disease. ODI3 is particularly effective at ruling out OSA in children who
test negative.

Keywords: obstructive sleep apnea; diagnostic accuracy; meta-analysis; children; pediatric

1. Introduction

Pediatric obstructive sleep apnea (OSA) is defined as a disorder of breathing during
sleep characterized by prolonged partial upper airway obstruction and/or intermittent com-
plete obstruction, which could interfere with normal ventilation and sleep patterns [1-3].
Untreated OSA can lead to behavioral problems, impairment of neurocognitive develop-
ment, and metabolic and cardiovascular disturbances, thus contributing to the increase in
healthcare use and associated costs [4]. For these reasons the early assessment of OSA in
children with suspected symptoms is of clinical importance.

The gold standard diagnostic tool is in-laboratory polysomnography (PSG), which
is a labor-intensive, time-consuming, and expensive test that requires technical and clini-
cal expertise [3]. However, the demand exceeding capacity often results in long waiting
times, limiting the applicability of PSG as a systematic screening tool for OSA in children.
Additionally, undesired interfering effects may result from sleeping in an unfamiliar en-
vironment while wearing many uncomfortable electrodes. For these reasons, the clinical
practice guidelines published by the American Academy of Pediatrics have proposed the
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use of screening tools for pediatric OSA when PSG is not available [3]. So far, the use of
validated questionnaires [5-8], single-channel recordings [9], biomarkers [10], and artificial
intelligence-based methods [11] have been discussed. The sleep-related breathing disorder
scale of the pediatric sleep questionnaire (SRBD-PSQ) proved to perform well as a screening
method for OSA, but the diagnostic accuracy was not good enough to replace PSG [5-7].
The SRBD-PSQ has also been recommended together with overnight oximetry when PSG
is not available [8]. To date, studies on biomarkers are relatively small in number and show
a limited reproducibility. Thus, their overall validity for the diagnosis of pediatric OSA
remains unclear [10]. Much emphasis has recently been given to the adoption of machine
learning approaches to diagnose pediatric OSA, but greater efforts and larger databases are
still needed to optimize their accuracy [11].

Already part of the PSG, overnight oximetry has emerged as a potential standalone
method that may quickly and inexpensively suggest the presence of pediatric OSA [4,12-16],
thus supporting the risk stratification, identification, and appropriate management of
children potentially affected by OSA. However, it is worthy to note that, at present, no
consensus exists on which oximetry parameter is the most accurate. Various parameters
have been adopted to classify oximetry recordings as abnormal, with additional variability
arising from the different cut-offs used to define pediatric OSA [17].

A previous systematic review and meta-analysis has been focused on the diagnostic
accuracy of single- or double-channel portable sleep monitors for the screening of pediatric
OSA [9]. The study reported a pooled sensitivity of 74% (95% confidence interval [CI]:
66-80%) and a pooled specificity of 90% (95% CI: 85-94%) for oximetry-based statistical
classifiers at a PSG-derived apnea-hypopnea index (AHI), cut-off of 5 events/h, concluding
that oximetry may provide a simple and effective alternative to PSG for the diagnosis of
moderate-severe pediatric OSA [9]. However, there is no systematic review and meta-
analysis investigating oximetry compared with PSG for diagnosing mild to severe OSA in
children in an attempt to identify a consistent criterion for detecting OSA.

The primary objective of this systematic review and meta-analysis was to provide an
up-to-date evaluation of the accuracy of overnight oximetry parameters for the diagnosis
of pediatric OSA, as compared to PSG, using AHI cut-offs of 1, 5, and 10 events/h (i.e.,
the currently accepted diagnostic thresholds for pediatric OSA). Another aim was to
recommend key suggestions for conducting and/or reporting future primary studies.

2. Materials and Methods

The protocol of this systematic review and meta-analysis was registered a priori in
PROSPERO (registration number: CRD42021285644; available from: https://www.crd.york.
ac.uk/prospero/display_record.php?ID=CRD42021285644, accessed on 30 August 2024).

The study was conducted in accordance with the Cochrane Handbook for Systematic
Reviews of Diagnostic Test Accuracy [18] and followed the Preferred Reporting Items for a
Systematic Review and Meta-Analysis of Diagnostic Test Accuracy studies (PRISMA-DTA)
statement [19]. Adherence to the PRISMA statement is reported in Table S1.

2.1. Search Strategy

A comprehensive search of the PubMed, Web of Science, Scopus, and Cochrane Library
databases was carried out without limitations for language or publication date. The full
search strategies for all electronic databases used are reported in Table S2. We also searched
the reference lists of the included studies, key journals, and trial registers to identify further
studies eligible for review. The electronic search was performed once again before the final
analyses in order to retrieve further studies of relevance to the review (the date of last
search is 8 January 2024).

2.2. Eligibility Criteria
Studies were included in the systematic review if they met the following criteria:
(1) examination of subjects under 18 years of age, (2) use of overnight oximetry (as a part of


https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021285644
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021285644

Appl. Sci. 2024, 14, 10208

3o0f17

the reference PSG, or as a standalone method), and (3) adoption of the PSG-derived AHI as
the reference standard for the identification of pediatric OSA. Exclusion criteria were as
follows: (1) reviews, editorials, or commentaries, and (2) insufficient data to calculate the
diagnostic performance of oximetry.

The studies were further selected for subsequent quantitative analyses according to
the following inclusion criteria: (1) number of individuals with true positive, true negative,
false positive, and false positive results could be obtained at the AHI thresholds of 1, 5,
and 10 events/h, currently recommended by the American Academy of Sleep Medicine for
pediatric OSA (1 < AHI < 5 mild OSA, 5 < AHI < 10 moderate OSA, and AHI > 10 severe
OSA), [20]; and (2) oximetry parameters were adopted by at least four studies. The exclusion
criterion was as follows: studies with high risk of bias.

2.3. Study Selection and Data Extraction

Two researchers (M.L.B. and S.I.P.) independently performed all selection, data extrac-
tion, and quality assessment steps. Disagreements were resolved by discussion. Where a
resolution was not possible, a third reviewer (G.A.B.) was consulted.

Titles and abstracts were screened to exclude duplicates and irrelevant records. The
full texts of the remaining studies were evaluated according to the eligibility criteria. The
following information were extracted from the full texts included in the systematic review
using a predesigned form: study setting, sample baseline characteristics, oximetry device,
oximetry parameters, PSG device, PSG criteria and scoring rules for the diagnosis of OSA,
prevalence, sensitivity, specificity, positive predictive value (PPV), negative predictive value
(NPV), positive likelihood ratio, negative likelihood ratio, true positives, false positives,
true negatives and false negatives. Where the required data were not found, we deduced
the values whenever the data permitted. The study authors were not contacted about
missing data.

2.4. Assessment of Quality of Studies

The quality of the studies included in the systematic review was assessed using
the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool [21], which
comprises the four following key domains: patient selection, index test, reference standard,
flow and timing.

“Patient selection” describes the included patients (prior testing, presentation, in-
tended use of index test and setting). “Index test” and “reference standard” describe how
they were conducted and interpreted. “Flow and timing” describes the time interval and
any interventions between index test and reference standard.

All domains are assessed in terms of risk of bias (low, unclear, or high) and the first
three domains are assessed in terms of concerns regarding applicability as well (low, unclear,
or high).

2.5. Data Synthesis

Bivariate meta-analysis was used to estimate sensitivity and specificity. PPV and NPV
were calculated as well. The summary receiver operator characteristic (SROC) curves were
plotted, and the 95% confidence region and the 95% prediction region were added.

Stata (StataCorp. 2015. Stata Statistical Software: Release 14.1 College Station, TX,
USA: StataCorp LP) and Review Manager 5.3 are the statistical software used for the
data process. Stata was used to determine accuracy and SROC parameters while Review
Manager 5.3 was used to design forest plots and SROC graphs.

2.6. Investigations of Heterogeneity

The confidence region represents uncertainty in the overall average value due to sam-
pling variability. The prediction region represents variation between study heterogeneity.
The 95% prediction region is much larger than the 95% confidence region if heterogeneity is
high. No equivalent to the I2 statistic is available for the meta-analysis of the diagnostic test
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accuracy. To estimate 12 statistics for sensitivity and specificity separately, we overestimated
the degree of heterogeneity [22].

Stata (StataCorp. 2015. Stata Statistical Software: Release 14.1 College Station, TX, USA:
StataCorp LP) was used for computing the 95% confidence and 95% prediction regions.

3. Results

Our search resulted in 737 total records by searching the electronic databases. After
removing duplicates (n = 403) and irrelevant studies (n = 292) through screening titles and
abstracts, the full texts of the remaining 42 records were retrieved for more detailed evalu-
ation. Twenty-eight articles were finally included in the systematic review [13-15,23-47]
and six in the meta-analysis [24,26,30,33,34,39].

The flow chart showing the selection process for this study is shown in Figure 1.

' Identification of studies via databases and registers l ‘ Identification of studies via other methods 1

Identification

Records identified from

Records removed before o o
screening: Records identified from citation

Duplicate records removed 593’5’3“9
(n = 403) (n=6)

Databases
(n=718)

v

l

Records screened

Records excluded

(n=2315) (n=279)

}

Reports sought for retrieval

Reports sought for retrieval
(n =36) (n=6)

Screening

} }

Reports excluded:

Included

Reports assessed for eligibility
(n=36)

A

A4

Studies included in qualitative
synthesis
(n=28)

Insufficient information (n = 13)
Incorrect are range (n = 1)

Reports assessed for eligibility
(n=6)

Studies included in quantitative
synthesis (meta-analysis)
(n=6)

Figure 1. Flowchart of the study selection process.

Reasons for exclusions of full text articles from the systematic review and from the

Reports excluded:
Incorrect PSG criteria (n =10)
Pulse oximetry parameter with
insufficient studies (=4) (n = 12)

meta-analysis are listed, respectively, in Tables S3 and S4.

3.1. Characteristics of Studies

The detailed characteristics of the 28 studies included in this systematic review are

presented in Table 1.
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Table 1. Characteristics of studies included in this systematic review.

First Author, Year . Sample . . . PSG Criteria
N of Publication Age Population Size PO Device PO Criteria PSG Device (Scoring Rules)
Avg SpO2
Part of at-home RP (eXim Min SpO2 (Deﬁ;:flre\gegoizince
Alvarez et al., Apnea Polygraph, Bitmed, ODI3 . e AHI > 3/h
1 2014 [23] 530+ 255y Suspected OSA 50 Sibel S.A. Barcelona, CT 3NT version 3.0; Diagniscan, (AASM 2007)
. L. S.A.U., Group Werfen,
Spain) Statistical features )
> Paris, France)
Nonlinear features
>
Alvarez et al Statisti?g Ifia’cures Digital PSG (Polysmith; ig% > _’1’3;}}:
2 v 6.95+ 355y Suspected OSA 176 Part of reference PSG . Nihon Kohden Z
2015 [24] Nonlinear features America Inc, Trvine, CA, USA) AHI >5/h
Spectral features ¢ v AIVING, -4, (AASM 2007)
Part of at-home RP (eXim Avg 5p0O2 Attended PSG OAHI > 1/h
Alvarez et al Apnea Polygraph, Bitmed Min SpO2 (Deltamed Coherence OAHI > 3/h
3 2017 [25] 3-13y Suspected OSA 50 Sibel S.A. Barcelona, ODI3 3NT version 3.0; Diagniscan, OAHI g 5/h
Spain) CT S.A.U., Group Werfen, (AASM 2007)
P Statistical features Paris, France)
.. AHI > 1/h
. Digital PSG Z
>
4 BarrosoGarcia 6y Suspected OSA 376 Part of reference PSG ODI3 (Polysmith; Nihon Kohden AHI 2 5/h
etal., 2019 [26] Spectral features America Inc,, Trvine, CA, USA) AHI > 10/h
v ATVINE, -4, (AASM 2007)
. Sleep-related Ambulatory .dev.lc.e PSG (Bio-logic AHI>1/h
Brietzke et al., . (Stowood Scientific . AHI>3/h
5 2-16y breathing 59 PTIT Systems Corporation,
2007 [14] disorders Instruments, Oxford, Mundelein, IL, USA) AHI >5/h
England) e (NIH Manual 1968)
. . AHI>1/h
6 Chan e[’; ;]1., 2019 10.86 +422y  Habitual snoring 573 Part o; rseéerence N I\é[iccsﬂloz Amb(ljﬂatory I’SCClii (S)lesta, AHI>5/h
adir Sp ompumedics (AASM 2007)
. - AHI>5/h
Chang et al., 2013 Part of reference Standard PSG (Alice 5, Philips,
7 28] 1.8-128y Suspected OSA 141 PSG ODI3 Respironics, USA) (AASM 2007)
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Table 1. Cont.

First Author, Year . Sample . c . . PSG Criteria
N of Publication Age Population Size PO Device PO Criteria PSG Device (Scoring Rules)
L . AHI > 1/h
Crespo et al.,, Part of reference Statistical features Dlglt&u PSG (Polysmith; AHI > 3/h
8 1-13y Suspected OSA 176 Nihon Kohden
2018 [45] PSG ODI3 America Inc,, CA, USA) AHI >5/h
encane, L4, (AASM 2012)
Suspected OSA Home nocturnal PO (Grass ??e(ﬁfsozy IZ)?G raph; AHI > 1/h
9 Evangelistietal,  5.54-10.33y (obese) 128\ onin Medical, Plymouth McGill N Ngurﬁ’)loyg P 1/h< AHI<10/h
2016 [29] 4719y Suspected OSA 120 Y ' ODI3 &Y AHI > 5/h
(non-obese) MN, USA) IncorporatedeGrass (AASM 2007)
Products, Warwick, RI, USA)
. AHI > 1/h
10 Gt“tller;‘zﬁ’STF;f]l 70+36y Suspected OSA 176 Part O;rseéerence i)/[DLIlf Overnight PSG AHI > 5/h
etaly (AASM 2012)
Home nocturnal PO ODI3 Home CP
i . >
11 Hill et al., 2018 0.5-6y Down syndrome 161 Masimo Radical 7 device A\{g SpO2 (.SOMNOtouch . OAHI > 5
[31] . . Min SpO2 device; Somnomedics, (AASM 2012)
(Masimo, Irvine, CA, USA)
CT Randersacker, Germany)
AHI > 1/h
12 Hozrgf;?;;]al" 67+44y  Habitualsnoring 4191 Part O;rseéerence Neu;i?esti‘gork Nocturnal PSG AHI > 5/h
y (AASM 2012)
Home nocturnal PO . .
;3 Hsiehetal,2021 10 OsA % (3100WristOx, Nonin oD A;zﬁ:ji?;igﬁfsﬁgiﬂet AHI > 2/h
[33] y Medical, Inc., Minneapolis, WI US.A) ! (AASM 2012)
MN, USA) ’
Jimenez-Garzia Part of reference ODI3 Digital PSG Iig% i ;;}}':
14 39y Suspected OSA 390 Nonlinear analysis (Nihon Kohden America Inc., .
etal, 2020 [34] PSG Spectral analysis Irvine, CA, USA) AHI > 10/h
P 4 P (AASM 2007)
Jonas et al., 2020 Laboratory PSG MOAHI > 1
15 [35]" 4.75-38.5 mo Suspected OSA 110 Hospital or at home PO McGill (Compumedics, Melbourne, MOAHI > 5
Australia) (NR)
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Table 1. Cont.

First Author, Year . Sample . o . . PSG Criteria
N of Publication Age Population Size PO Device PO Criteria PSG Device (Scoring Rules)
At home portable monitor
. Laboratory PSG
16 Kirk et al., 2003 4-18y Suspected OSA 58 (SnoreSa.t, SagaTech DI (Sandman NT; Nellcor Puritan AHI>5/h
[36] Electronics, Calgary, (ATS 1996)
Bennett; Ottawa, ON, Canada)
AB, Canada)
AHI>1/h
PO Watch AHI>5/h
Ma et al., 2018 . (CloudCare Healthcare AHI > 10/h
17 [37] 4-16y Snoring 32 Co, Ltd., ODIl4 Laboratory PSG AHI > 15/h
Chengdu, China) AHI >20/h
(AASM 2012)
Makhout et al., . . . OAHI > 2/h
18 202 [46] 372+ 026y Laryngomalacia 53 Nocturnal PO during PSG McGill Laboratory PSG (AASM 2007)
Home Nocturnal Polygraphy AHI > 3/h
PenaZarza et al., Home nocturnal PO . (Sleepscreen, Viasys Healthcare AHI >5/h
19 2012 [38] 215y Suspected OSA % (3DI Pulsox Minolta) MeGill GmBH, Hoechberg, Leibnizstr, AHI > 10/h
Germany) (AASM 2007)
Polytarchou et al., Part of reference ODI3 Laboratory PSG (EMBLA AHI >5/h
20 2022 [47] 3991y Suspected OSA % PSG McGill S$4500 System) (AASM 2012)
Home nocturnal PO Type 1 laboratory overnight AHI<1/h
Suzuki et al., 2017 (PMP-200GplusX, Philips PSG (Alice 6, Philips AHI<5/h
2 [39] 7+26y Suspected OSA 19 Respironics, Pittsburgh, ODI3 Respironics, Pittsburgh, AHI <10/h
PA, USA) PA, USA) (AASM 2016)
Transcutaneous
o . OAHI > 1/h
Trucco et al., 2019 monitoring (CombiM . CP (SOMNOScreen™ plus, Z
_ >
22 [13] 2479y Suspected OSA 312 monitor, Radiometer, MeGill SOMNOmedics, Germany) OAHI > 5/h
(NR)
Copenhagen, Denmark
. ) >
23 Teaietal, 2013 7154 257y Suspected OSA 148 Part of reference DI EliteTM, Nellcor Puritan AHI 2 5/h
[15] PSG Bennett [Melville] Ltd AHI >10/h
ennett [vielviiel Hd., (AASM 2007)

Canada)
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Table 1. Cont.

First Author, Year . Sample . o . PSG Criteria
N of Publication Age Population Size PO Device PO Criteria PSG Device (Scoring Rules)
Part of reference
>
24 Varzﬂgi, 5C 1; 4?;] al., 6-17y Sus;zzzt:je)O SA 130 PSG ODI Overnight laboratory PSG (CI)AAAI;II{/I_ZS({;;
(Xpod, Nonin, MN, USA)
Vaquerizo-Villar Part of reference Overnight laboratory PSG AHI = 5/h
25 tql 2018 [41] 0-13y Suspected OSA 298 PSG Bispectrum analysis (Polysmith; Nihon Kohden AHI > 10/h
etaly America Inc., CA, USA). (NR)
Part of reference . .
>
2 Vel;‘g‘ig féfﬁrez 216y Suspected OSA 167 PSG. PO (NONIN Visual analysis Dlg‘;?ifi?r;‘?somc AH(II\I—R;/ h
8008JFW)
Second night PSG
< <
o7 Villa et al., 2015 503 + 297 Suspected OSA 236 First night PO (Nonin McGill (GrassHeritage; 1/h A_H?I;HS /_h5/h
[43] ’ ’ (SCR-positive) 2500A; NoninMedical) GrassTechnologies, (AASM 2007)
Fort Myers, FL, USA)
Snoring Part of reference . AHI > 1.5/h
28 V‘;rjf Oé‘oglrgafz;pong 67+32y adenotonsillar 457 PSG (Masimo SET Sp0O2 SD O"entlg‘:;fbor;ﬁr)y PSG AHI > 5/h
M hypertrophy Radical-7) 5ys (AASM 2012)

AASM, American Academy of Sleep Medicine; ATS, American Thoracic Society; Avg SpO2, average saturation; CP, cardiorespiratory polygraphy; CT, cumulative time; DI, desaturation
index; Min SpO2, minimum saturation; MLP, multi-layer perceptron; NIH, National Institutes of Health; ODI3, oxygen desaturation index > 3%; ODI4, oxygen desaturation index > 4%;
PO, pulse oximetry; PSG, polysomnography; PTT, pulse transit time; RP, respiratory polygraphy; SD, standard deviation; SpO2, oxygen saturation.
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The studies were conducted in 13 different countries including six in the
USA [14,24,26,30,34,45]; three each in Spain [23,25,38], China [27,28,37], and UK [13,31,41];
two each in Taiwan [15,33], Italy [29,43], and Belgium [40,46]; and one each in Japan [39],
Australia [35], Canada [36], Argentina [42], Thailand [44], and Greece [47]. One study by
Hornero et al. [32] included findings from 13 pediatric sleep laboratories around the world.

All the studies compared oximetry and PSG as the reference standard simultaneously,
but two studies, those by Alvarez et al. [25] and Jonas et al. [35], had a gap of, respec-
tively, several weeks and 3—4 months between the two tests. A prospective cross-sectional
or cohort design was the most commonly adopted design, but ten studies were retro-
spective [13,15,27,28,33,35,38,40,46,47]. Among the 28 studies included, the mean age of
children was 7.47 years. Sample size varied from 32 to 4191 participants. The sample
population consisted mainly of children referred to sleep centers for suspected OSA or
sleep-disordered breathing; two studies were limited to pediatric patients affected by
obesity [23,34], one by Down syndrome [31], and one by laryngomalacia [46]. Fourteen
studies excluded patients with serious comorbidities, such as craniofacial abnormalities,
neuromuscular disease, syndromic diseases, chronic pulmonary diseases, or congenital
heart disease [15,24,25,27-29,33,36,38,40,42-44,47]. The remaining studies failed to report
the type of comorbidities.

Nine different parameters to define abnormal oximetry recordings were found; the most
commonly used were a 3% oxygen desaturation index (ODI3) and a McGill score [12] > 1.
Twelve out of 28 studies adopted the 2007 rules of the American Academy of Sleep Medicine
for the Scoring of Sleep and Associated Events as the scoring criteria.

3.2. Assessment of Quality of Studies
The results of the QUADAS-2 assessment are summarized in Figure 2.

Risk of Bias Applicability Concerns Risk of Bias Applicability Concerns
& & &
F & = £ & = £ &
3 2 z g 3 ¢ : 2 3 2
£ ¢ @ & £ c & £ o
Alvarez et al 2014 2 @2 2 9O Jonas etal 2020 ® O ..
Alvarez et al 2015 o0 oo e Kirk et al 2003 ® 02
Alvarez et al 2017 2700 0 e Ma etal 2018 ? ® @ .
Barroso Garcia et al 2019 o0 .‘ C I XN ) Makhout et al 2022 ? C WM )
Briezke etal 2007 | @ | @ @ | @| @O @ Pena-Zarza etal 2012 ? D @ 2
chanetal2013 | @ [ @ | @ | @ @ @ @ Polytarchou et al 2022 ? ® 20
changetal2012 | @ (@ @ |@| @@ | @ suzukietal 2017 | @ | @ (@ | @| @@ |@
Crespoetal2012 | @ | @ | @ | @] @ @@ Truceoeta12019 | @ | @ | @ | @ | | @ | ® | @
Evangelistietal 2016 | @) | @ (@ | @ | (@ @@ Tsaietal2013 | @ | @ (@ | @ JALJAL
Gutierrez Tobal etal 2015 | @ | @ | @ | @ e eae vanEycketal 2015 | @) | @ | @ | @ e e
Hiletal 2018 | @ | @ ‘ » @@ . Vaguerizo-Villar etal 2018 | @ | @ | @ | @ ® 0 -
Homeroetal 2017 | @ (@ | @ | @ 290 velasco Suarez2013 | @ | @) | @ | @ 200
Hsiehetal 2021 | @) | @ | @ o0 vilaetal 2015 | @ | @ | @ | @ | @ | @@
limenez Garziaetal 2020 | @ (@ | @ | @ 2@ |@| warapongmanupongetal 2019 (@) | @ | @ | @ * .‘.

’ Risk of Bias .ngh ? Unclear .Low ‘

Figure 2. Quality appraisal of the studies included in the systematic review using the QUADAS-2
tool [13-15,23-47].

In all four domains, nearly half of studies had an unclear risk of bias, reflecting a
tendency toward poor reporting. An unclear risk for bias in the patient selection domain
was found in almost 60% of studies because it was not clear if an all consecutive or a
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random sample of eligible children with suspected OSA were collected. There could also
be a difference between children included in the primary studies and participants targeted
by the review question for the presence of comorbidities, leading to applicability concerns
as well.

Approximately 15-20% of the studies were judged as having a high risk of bias in
the index test and reference standard domains, mainly due to the lack of blinding to PSG
results when interpreting the oximetry recordings (and vice versa). The interpretation of
the index test could have also been influenced by the subjectivity of the interpretation
and the order of testing for those studies using oximetry as a standalone method (it is not
clear if the index test has been always conducted and interpreted prior to the reference
standard). Variations in oximetry recording execution or interpretation, together with an
unthorough reporting of the criteria for good quality sleep studies may also affect estimates
of the diagnostic accuracy, leading to concerns regarding applicability.

Regarding the flow and timing domain, results of the index test and reference standard
were mostly collected from the same patient at the same time. Only two studies reported
a delay between index test and reference standard, involving a high risk of bias due to
potential temporal changes in a chronic disease such as OSA. A verification bias may also
have occurred because not all study groups received confirmation of the diagnosis by
the same reference standard cut-off, thus leading to an unclear risk of bias in almost 50%
of studies.

3.3. Data Synthesis and Findings

Only ODI3 were tested in at least four studies and qualified for the meta-analysis for
the summary diagnostic accuracy measures (Table 2) [24,26,30,33,34,39]. In four studies,
oximetry data were acquired from the reference PSG [24,26,30,34], while in two studies,
oximetry data were obtained from home respiratory polygraphy [33,39].

Table 2. Description of studies included in the quantitative analysis.

N First Author, Year of Sample Prevalence Severit True False False True
Publication Size y Positive  Positive = Negative Negative
83.0 Mild OSA 94 5 52 25
1 Alvarezetal, 2015 [24] 176 403 Moderate OSA 63 ) 8 73
B Garcia et al 80.9 Mild OSA 182 10 122 62
2 arroszc(’ngagé? etal, 376 37.5 Moderate OSA 98 25 43 210
21.3 Severe OSA 65 34 15 262
3 Gutierrez-Tobal et al., 176 42.6 Mild OSA 59 20 16 81
2015 [30] 40.3 Moderate OSA 49 19 22 86
4 Hsieh et al., 2021 [33] 39 53.8 Severe OSA 19 3 2 15
Ji Garzia et al 80.8 Mild OSA 181 10 134 65
5 lme“;f)zoang ctal, 390 374 Moderate OSA 102 27 44 217
[34] 21.3 Severe OSA 68 38 15 269
. 54.8 Moderate OSA 30 10 36 43
6 Suzulki et al,, 2017 [3] 19 385 Severe OSA 29 11 17 62

Description of summary estimates for six oximetry-based studies using ODI3 are
shown in Table 3. Sensitivity and specificity increase with pathological severity. Forest
plots and SROC curves are shown in Figures 3 and 4.
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Table 3. Description of summary estimates for ODI3.
Positive Negative
Sensitivity (95%  Specificity (95% . . . o
Number of Number of Confi deynce pConﬁ dche Predictive Value Predictive Value
Studies Participants (95% Confidence (95% Confidence
Interval) Interval)
Interval) Interval)
Mild OSA 4 1118 61% (58-65%) 84% (79-88%) 91% (88-93%) 46% (44-49%)
Moderate OSA 5 1237 69% (65-73%) 85% (82-87%) 77% (73-80%) 79% (77-81%)
Severe OSA 4 924 79% (73-84%) 88% (85-90%) 76% (72-80%) 89% (87-91%)
Mild OSA
Study TP FP EN TN Sensitivity (95% CI) Specificity (95% Cl) Sensitivity (95% Cl)  Specificity (95% CI)
Alvarez et al. (2015) 94 5 52 25  064[0.56,0.72)  0.83[0.65,0.94] - —a—
Barroso Garcia et al. (2019) 182 10 122 62  060(0.54,0.65]  0.86(0.76,0.93] - -
Gutierrez Tobal et al. (2015) A 53 20 16 81  079(0.68,0.87)  0.80(0.71,0.87] - -
Jimenez Garzia et al. (2020) 181 10 134 65  057[0.52,063 0870770903 , ,  #* . . . . . -&
0020406081 0020406081
Moderate OSA
Study TP FP FN TN Sensitivity (95% CI) Specificity (95% CI) ~ Sensitivity (95% Cl)  Specificity (95% CI)
Alvarez et al. (2015) 63 32 8 73  089(0.79,095  0.70(0.60,0.78] - -
Barroso Garcia etal. (2019) 98 25 43 210  0.70(0.61,077)  0.89(0.85,0.93] - -
Gutierrez Tobal etal. (2015) B 43 19 22 86  069(0.57,079)  0.82(0.73,0.89] —-— -
Jimenez Garzia et al. (2020) 102 27 44 217  070(0.62,077)  0.89(0.84,0.93] - -
Suzuki etal 2017 29 10 36 44 045[0.32,057) 081[069,001) ,_ , —®— . . . . @
0020406081 0020406081
Severe OSA
Study TP FP FN TN Sensitivity (95% CI) Specificity (95% CI) ~ Sensitivity (95% Cl)  Specificity (95% CI)
Barroso Garcia et al. (2019) 65 34 15 262 0.81[0.71,0.89] 0.89(0.84,0.92) — -
Hsieh et al 2021 18 3 2 15  080(0.70,0.89]  0.83(0.59, 0.96] — —a
Jimenez Garzia et al. (2020) 68 38 15 269  0.82(0.72,090]  0.88(0.83,0.91] - -
Suzuki etal 2017 28 11 17 62  063(0.48,077)  0.85(0.75,092] —— =

0020406081 0020406081

Figure 3. Forest plot of studies adopting ODI3 as parameter to define abnormal oximetry record-
ings. CI, confidence interval; FN, false negative; FP, false positive; TN, true negative; TP, true
positive [24,26,30,33,34,39].
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Figure 4. SROC curves of studies based on ODI3 as oximetry parameter: 95% confidence region (full
line area), 95% prediction region (dashed line area), studies (circles), summary point (black dot) and

summary curve (full line).

3.4. Heterogeneity of Included Studies

As evidenced by the different sizes of the confidence and prediction regions SROC
curves, the heterogeneity of the included studies was high, mostly for moderate OSA
(Figure 4). The extensive surface of the prediction regions SROC curves was probably
explained by the small number of studies and the large OSA prevalence range in the study
populations (ranging between 42.6% and 83% in mild OSA, between 37.4% and 54.8% in
moderate OSA, and between 21.3% and 53.8% in severe OSA).
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4. Discussion

The combined use of systematic reviews and meta-analyses is increasingly adopted
in the field of diagnostic test accuracy. This approach has the advantage of deriving more
generalizable summary estimates of the diagnostic accuracy of an index test by combining
data from multiple primary studies, which should provide a more robust foundation
for guidelines, recommendation, and clinical decision-making. An additional advantage
is the ability to identify areas where data are either insufficient or inconsistent, thereby
guiding future research efforts to address these gaps. This process facilitates that diagnostic
procedures are based on the most robust scientific evidence available.

Already part of the standard PSG, oximetry is a simple, widely available, and non-
invasive method of measuring blood oxygen saturation and recording blood volume
changes in tissue using the photoplethysmographic signals. Three clusters of desaturation
events on an overnight oximetry trend graph have been demonstrated by Brouillette
et al. [12] to yield a 97% PPV. Another study by Nixon et al. [48] showed that the McGill
score accurately estimates the severity of OSA and can also play an important role in
planning for adenotonsillectomy. The McGill score is a pediatric screening tool for OSA,
based on oxygen saturation (SpO2) monitoring. It evaluates desaturation events, the
desaturation index, and the time spent with SpO2 below critical thresholds. The score
ranges from 1 to 4, with higher scores indicating a greater likelihood of OSA. However,
these interpretations are complex, time-consuming, and may also vary regarding the exact
number of clusters. Another parameter is OD], i.e., the number of times per hour of sleep
that SpO2 falls by a defined level from baseline (e.g., ODI4 indicates a >4% reduction
in Sp0O2). Notably, due to the variability in definitions and cutoff values for ODI, there
is currently no consensus on which the threshold is the most accurate or on the optimal
definition of abnormal values in children. Tsai et al. [15] demonstrated that an ODI4 of
>2.05 events/h exhibits strong diagnostic performance, with a sensitivity of 78% and a
specificity of 89%. However, it has been observed that this threshold may overlap with
ODI values observed in healthy children [49]. Chang et al. [28] recommended the use of a
combination of clinical symptoms (such as apnea, mouth breathing, and restlessness) along
with the ODI3 as a screening tool for pediatric OSA. Moreover, the standard deviation
of SpO2, representing the variability of SpO2 from the baseline, was shown to correlate
strongly with the AHI, with a higher standard deviation indicating more severe OSA and
a standard deviation greater than 1.06 providing strong evidence of moderate to severe
OSA [44]. Conventional oximetry parameters were also recently joined with features
from other data elaboration approaches in order to improve their diagnostic performance,
including statistical parameters, power spectral density, and nonlinear features [11].

A previous systematic review aimed to qualitatively summarize abnormal conven-
tional oximetry patterns that predict pediatric OSA and to identify nocturnal oximetry
abnormalities predicting the response to treatment interventions for OSA and potential
treatment complications [17]. The study concluded that at least three clusters of desatu-
ration events, and a minimum of three SpO2 drops below 90% in a nocturnal oximetry
recording with a minimum duration of 6 h, are indicative of moderate-to-severe OSA.
Furthermore, children without clusters of desaturation events exhibit a low risk of major
respiratory complications following adenotonsillectomy [17]. However, the review did not
include any quantitative analyses (i.e., meta-analysis).

Another systematic review tried to qualitatively investigate the diagnostic perfor-
mance of portable single- or two-channel sleep monitors compared with PSG for the
diagnosis of pediatric OSA [9]. As a further step of this study, a meta-analysis was also
carried out, pooling data from studies using monitoring devices adopted by at least four
studies, including oximetry, as a part of the reference PSG or as a standalone method, based
on statistical classifier models for the AHI cut-off of 5 events/h. It was concluded that
oximetry based on machine learning algorithms may provide a simple and effective alter-
native to PSG for the diagnosis of moderate-severe pediatric OSA with a pooled sensitivity
of 74% (95% CI: 66-80%) and a pooled specificity of 90% (95% CI: 85-94%) [9]. Notably, the
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meta-analysis was carried out only for the AHI threshold of 5 events/h (i.e., the currently
accepted diagnostic threshold for moderate-to-severe OSA in children), as there was an
insufficient number of studies reporting data on 1 and 10 events/h.

The present study was specifically focused on the diagnostic accuracy of oximetry, as
a part of the reference PSG or as a standalone method, compared to PSG for all the AHI
diagnostic thresholds of pediatric OSA currently recommended by the American Academy
of Sleep Medicine. To our knowledge, this is the first study to perform a meta-analysis of
diagnostic accuracy for each AHI cut-off of 1, 5, and 10 events/h. A better understanding of
the diagnostic performance of oximetry parameters could potentially increase accessibility
to the diagnosis of pediatric OSA and support the value and usefulness of oximetry as a
simplified screening modality. A further advantage could be to streamlining the referral
procedure to sleep medicine specialists, reducing long waiting lists by establishing priorities
for children already referred to specialists and improving the monitoring of pediatric OSA.
Conducting a systematic review and meta-analysis in this field enables us to combine data
from different studies (i.e., from a large sample size) in order to identify relevant findings
for clinical practice and to appraise the methodological limitations of each primary study
in order to guide future research.

The findings of the present study indicate that, as the AHI threshold increases, the
sensitivity of ODI3 also increases, with the highest sensitivity being observed at AHI > 10
(79% [95% C1 73; 84]), meaning that 79% of children with severe OSA will have a positive
ODI3 at overnight oximetry. This indicates that the ability of the test to correctly identify
children with OSA improves as the severity of the condition (measured by PSG-derived
AHI) increases. The specificity of ODI3 is consistently high across all AHI thresholds,
ranging from 84% at AHI > 1 to 88% at AHI > 10, meaning that 88% of children without
severe OSA will have a negative ODI3 at overnight oximetry. This suggests that the test
is reliable in correctly classifying children without the disease, particularly at higher AHI
thresholds. A highly specific test means that there are few false positive results. In this
context, it is important to observe that it would not be desirable to use a test with low
specificity for the screening of pediatric OSA, since many children without the disease will
screen positive, and potentially undergo unnecessary and expensive diagnostic procedures
such as PSG.

A further finding of the present study is that PPV decreases as the AHI threshold
increases, with the highest PPV being observed at AHI > 1 (91% [95% CI 88; 93]), meaning
that 91% of children who have a positive ODI3 at overnight oximetry will actually have
OSA. The PPV decrease indicates that while the test is sensitive at higher AHI thresholds,
the chance that children who result positive with the index test really have OSA diminishes
slightly as the threshold increases. This could be ascribed to the fact that predictive values
are determined by the sensitivity and specificity of the test, but it also depends on the
prevalence of the disease in the population being tested, and in the articles included in our
study, the prevalence decreases as the OSA severity increases.

Conversely, the NPV increases with higher AHI thresholds, reaching its peak at
AHI > 10 (89% [95% CI 87; 91]), meaning that 89% of children who have negative ODI3 at
overnight oximetry will not actually have OSA. This trend indicates that a negative test
result is increasingly likely to be correct as the severity of OSA increases. This is important
to provide an indication of the ability to rule out more severe forms of OSA, reducing
unnecessary follow-ups and diagnostic procedures.

Our findings can be considered consistent with the trends observed in the literature,
such as in Kaditis et al. [17], who reported a similar range of sensitivity and specificity for
ODI4 when assessing moderate-to-severe OSA in children, and in the study by Wu et al. [8],
in which oximetry yielded the highest specificity against two validated questionnaires
used for the screening of pediatric OSA. However, the pooled sensitivity and specificity
in our results appears slightly lower compared to those by Gao et al. [9], which reported
higher values for moderate pediatric OSA. This difference might reflect variations in the
population characteristics or the specific methodological approaches used across studies.
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This comparison suggests that while oximetry parameters, particularly ODI3, are
useful for identifying pediatric OSA, sensitivity and specificity can vary significantly
depending on the AHI threshold and the study population, highlighting the importance of
context in interpreting these diagnostic tools.

There are some limitations in this systematic review that warrant consideration. A
substantial proportion of the included primary studies were conducted in sleep centers
or involved patients presenting with snoring or respiratory symptoms, which may have
inflated the observed prevalence of OSA within the sample. Additionally, the heterogeneity
in age, health status, and ethnicity across the primary studies could restrict the general-
izability of the findings to the broader pediatric population. Furthermore, many studies
did not explicitly report whether consecutive or random samples of eligible children were
selected, raising concerns about potential selection biases and the applicability of the results.
The lack of blinding between oximetry and PSG results in several studies may also have
introduced bias in the interpretation of findings. Other notable limitations include the lack
of information regarding the influence of age on the accuracy of overnight oximetry for
detecting pediatric OSA, as well as the absence of clear data on how many children were
excluded from analysis due to technical issues or other factors such as artifacts. Variability
in the implementation and interpretation of oximetry, combined with inconsistent reporting
of criteria for high-quality sleep studies, further complicates the precision of the diagnostic
estimates. To enhance clinical relevance, future research should focus on standardizing
oximetry execution and interpretation methods, while also addressing the methodological
shortcomings identified in the primary studies included in this review.

5. Conclusions

Overnight oximetry is a suitable screening test for pediatric OSA due to its low cost,
ease of use, and acceptability by both patients and practitioners. The findings of the present
systematic review and meta-analysis suggest that ODI3 displays a satisfactory diagnostic
performance in detecting pediatric OSA, which increases with the severity of the disease.
Notably, the ability to correctly classify children without the disease increases at higher AHI
thresholds, thus reducing the need for potentially unnecessary and expensive diagnostic
procedures. This suggests that overnight oximetry is particularly effective at ruling out
OSA in children who test negative.

Further well-designed studies are necessary to integrate overnight oximetry into
evidence-based clinical practice and to establish the optimal thresholds for defining ab-
normal recordings. Future research should explore the influence of age on the diagnostic
accuracy of overnight oximetry for pediatric OSA detection, while also standardizing the
reporting of oximetry feasibility. Particular attention should be given to dropout rates due
to technical challenges or artifacts, to ensure a more consistent and reliable application in
clinical settings.
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