
CLINICAL REVIEW

Peripheral biomarkers to diagnose obstructive sleep apnea in adults: A
systematic review and meta-analysis

Laetitia S. Gaspar a, b, c, d, 1, Ana Santos-Carvalho a, b, d, 1, B�arbara Santos a, b, e,
Catarina Carvalhas-Almeida a, b, e, Ana Teresa Barros-Viegas a, b, d, B�arbara Oliveiros f, g,
Helena Donato h, i, Clara Santos i, j, Joaquim Moita i, j, Cl�audia Cavadas a, b, d, e,
Ana Rita �Alvaro a, b, d, *

a CNCdCenter for Neuroscience and Cell Biology, University of Coimbra, Coimbra, Portugal
b CIBBdCenter for Innovation in Biomedicine and Biotechnology, University of Coimbra, Coimbra, Portugal
c PDBEBdDoctoral Programme in Experimental Biology and Biomedicine, Institute for Interdisciplinary Research (IIIUC), University of Coimbra, Coimbra,

Portugal
d IIIUCdInstitute of Interdisciplinary Research, University of Coimbra, Coimbra, Portugal
e FFUCdFaculty of Pharmacy, University of Coimbra, Coimbra, Portugal
f iCIBRdCoimbra Institute for Clinical and Biomedical Research, Coimbra, Portugal
g FMUCdFaculty of Medicine, University of Coimbra, Coimbra, Portugal
h Documentation and Scientific Information Department, Coimbra Hospital and University Centre, Coimbra, Portugal
i CHUCdCoimbra Hospital and University Centre, Coimbra, Portugal
j Sleep Medicine Centre, Coimbra Hospital and University Centre, Coimbra, Portugal

a r t i c l e i n f o

Article history:

Received 1 December 2021

Received in revised form

25 May 2022

Accepted 31 May 2022

Available online 7 June 2022

Keywords:

Obstructive sleep apnea

Biomarkers

Diagnosis

Prognosis

Systematic review

Meta-analysis

s u m m a r y

Background: Obstructive Sleep Apnea (OSA) has been recognized as a major health concern worldwide,

given its increasing prevalence, difficulties in diagnosis and treatment, and impact on health, economy,

and society. Clinical guidelines highlight the need of biomarkers to guide OSA clinical decision-making,

but so far, without success. In this systematic review and meta-analysis, registered on the International

Prospective Register of Systematic Reviews database (ID CRD42020132556), we proposed to gather and

further explore candidates identified in the literature as potential OSA biomarkers.

Methods: Search strategies for eight different databases (PubMed/Medline, Cochrane Library, Biblioteca

Virtual da Saúde, Web of Science, EMBASE, World Intellectual Property Organization database, and bio-

RxiV and medRxiV Preprint Servers) were developed. We identified studies exploring potential bio-

markers of OSA, in peripheral samples of adults, with and without OSA, with no comorbidities defined in

study inclusion criteria, published after the last systematic review and meta-analysis conducted on OSA

biomarkers, until May 31st, 2020. Risk of bias was assessed through the 14-item Quality Assessment Tool

for Diagnostic Accuracy Studies. Demographic, clinical, and candidate biomarkers’ data were collected

and analyzed via random effects meta-analyses.

Findings: Among the 1512 unique studies screened, 120 met the inclusion criteria and 16 studies with

low risk of bias were selected for meta-analyses. The selected 16 studies enrolled a total of 2156 par-

ticipants, from which 1369 were diagnosed with OSA and 787 were disease-free controls. The assessed

variables showed high heterogeneity. From the 38 biomarker candidates evaluated, only two were

evaluated in more than one study. Most studies pinpointed candidates with more potential for OSA

prognosis. ADAM29, FLRT2 and SLC18A3 mRNA levels in PBMCs, Endocan and YKL-40 levels in serum, and

IL-6 and Vimentin levels in plasma revealed the most promising candidates for OSA diagnosis.

Interpretation: Although the current systematic review and meta-analysis allowed us to identify candi-

dates to further explore as potential biomarkers in future studies, it is evident that OSA biomarkers

research is still at an early stage. Most findings derive from small-size single-center study cohorts and

single-candidate studies. We point several gaps in current OSA biomarker research that may guide into

new directions and approaches towards the identification of OSA biomarkers.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Obstructive sleep apnea (OSA) has been recognized as one of the

most prevalent sleep disorders worldwide. The most recent report

on the global prevalence of this sleep-related breathing disorder

has estimated that approximately 1 billion adults, with ages be-

tween 30 and 69 years, have OSA, a prevalence expected to

continuously increase [1e3]. OSA is characterized by the repetitive

occurrence of upper airway obstructions during sleep, while res-

piratory efforts continue. It emerges as a combination of several

factors, including genetics, anatomical characteristics (narrow up-

per airway, abnormalities in craniofacial structure), functional traits

(airway collapsibility, upper airway muscle responsiveness, arous-

ability and breathing instability), age, sex, body mass index (BMI)

and lifestyle [4,5]. Total (apnea) and partial (hypopnea) obstruction

episodes promote transient breathing interruptions, frequently

terminated by brief arousals or microarousals from sleep [6]. This

intermittent hypoxia cycle and repetitive sleep fragmentation

strongly impact on sleep quality, commonly causing high fatigue

and excessive daytime sleepiness [6e8]. In addition, untreated OSA

has also been associated with increased morbidity (especially

Abbreviations

AHI Apnea - hypopnea index

AUC Area under the curve

BMI Body mass index

BVS Biblioteca Virtual da Saúde

CPAP Continuous Positive Airway Pressure

DOR Diagnostic Odds Ratio

EBC Exhaled breath condensate

ESS Epworth Sleepiness Scale

HDL High-Density Lipoprotein

HSP90 heat shock protein 90

IL Interleukin

IMA Ischemia Modified Albumin

Lp-PLA2 Lipoprotein-associated phospholipase A2

LRþ Positive Likelihood Ratio

LR� Negative Likelihood Ratio

mRNA Messenger RNA

NPV Negative Predictive Value

ODI Oxygen Desaturation Index

OSA Obstructive Sleep Apnea

PBMCs Peripheral Blood Mononuclear Cells

PPV Positive Predictive Value

PRISMA Preferred Reporting Items for Systematic Reviews

and Meta-Analysis

PSG Polysomnography

QUADAS Quality Assessment Tool for Diagnostic Accuracy

Studies

RDI Respiratory Disturbance Index

RERAS Respiratory Effort-Related Arousals

ROC Receiver Operating Characteristics

SpO2 Peripheral Oxygen Saturation

SaO2 Arterial Oxygen Saturation

TG Triglycerides

TnI Troponin I

WIPO World Intellectual Property Organization

Glossary of terms

Apnea - hypopnea index (AHI): Average number of apneas

and hypopneas that occur per hour of sleep. This index has

been used for OSA diagnosis and severity classification

(AHI <5, no OSA; 5 � AHI < 15, mild OSA; 15 � AHI < 30,

moderate OSA; AHI � 30, severe OSA) and has been guid-

ing treatment decisions.

Arousal Index: Average number of arousals per hour of

sleep.

Epworth Sleepiness Scale (ESS): Scale widely used to

evaluate daytime sleepiness based on eight questions.

Oxygen saturation: Percentage of hemoglobin molecules

saturated with oxygen (O2 bound to heme protein of he-

moglobin) relative to total hemoglobinmolecules in arterial

blood, used as an indicator of blood oxygen levels (SaO2).

Blood oxygen levels can be measured directly through

blood analysis (SaO2) or indirectly through a pulse oximeter

device (SpO2). Normal readings in a healthy adult range

from 94 % to 100 %.

Oxygen desaturation index (ODI): Average number of oxy-

gen desaturation episodes per hour of sleep. An oxygen

desaturation episode is defined as a decrease of 3 - 4 % or

more below baseline SaO2/SpO2.

Polysomnography (PSG): Considered the gold standard

diagnostic procedure in sleep medicine, especially to di-

agnose sleep-related breathing disorders as OSA. It allows

to monitor sleep architecture, eye movements, heart rate,

respiration parameters, oxygen saturation and body

movements. It can be performed in-laboratory (type I) or

out-of-center, unattended (type II). Type II studies can have

as many monitoring sensors as in-laboratory type I studies,

but generally lack monitoring of carbon dioxide levels

(important for the diagnosis of previously undetected car-

diovascular, pulmonary, or neuromuscular pathologies

with hypoventilation) and video (helps the diagnosis of

concomitant movement disorders and parasomnias).

Respiratory Disturbance index (RDI): Also known as respi-

ratory distress index, RDI consists of the average number of

apneas, hypopneas and respiratory-effort related arousals

(RERAs) that occur per hour of sleep. Like AHI, RDI has also

been used for OSA diagnosis and severity classification

(RDI <5, no OSA; 5 � RDI < 15, mild OSA; 15 � RDI < 30,

moderate OSA; RDI� 30, severe OSA) and has been guiding

treatment decisions.

Type III and IV sleep studies: Type III studies use devices

that measure limited cardiopulmonary parameters, namely,

respiratory variables (airflow and/or effort to breathe), ox-

ygen saturation, and a cardiac variable (heart rate or elec-

trocardiogram). Type IV studies utilize devices that measure

only 1 or 2 parameters, typically oxygen saturation and

heart rate, or in some cases, just air flow.
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cardiopulmonary and metabolic diseases), increased risk of peri-

operative complications, and increased mortality [9e13].

Yet, the available data suggest that most cases of OSA remain

undiagnosed and untreated, even in developed countries [2,3,14].

The gold standard diagnostic approach for OSA is an in-laboratory

sleep study through polysomnography (PSG type I), which is

technically demanding and time-consuming, expensive and has

limited accessibility [4,6,7,15]. As an alternative, OSA questionnaire-

based screenings have been developed with the goal of identifying

individuals at higher risk or with more severe OSA [16], and

domiciliary sleep studies (type II to type IV studies) have beenmore

frequently opted [17,18]. However, while available questionnaires

lack adequate specificity for OSA [16,19], unattended sleep studies

are more susceptible to signal loss and study failure [17,20,21].

Technical limitations of home sleep studies have been associated

with higher false-negative rates for OSA, particularly of mild-to-

moderate OSA. In accordance, home sleep studies frequently

imply repetition or confirmation in-laboratory, especially to rule

out false negatives when there is high disease probability [17,20].

On the other hand, night-to-night variability further challenges

OSA diagnosis both at home and in-laboratory [22,23]. All these

difficulties result in long waiting periods and unnecessary delays in

OSA diagnosis and treatment. In addition, OSA clinical management

has been further challenged by the considerable variability in eti-

ology (endotype), clinical manifestation (phenotype), risk levels for

OSA-associated complications, and treatment response observed in

patients with OSA [4,5,24].

There is thus an evident need to develop more effective ap-

proaches for OSA clinical management. Biomarkers have emerged

as powerful tools in disease susceptibility/risk evaluation, diag-

nosis, prognosis, monitoring, treatment response prediction or

evaluation [25,26]. These are measurable indicators of normal or

pathogenic biological processes. Ideal biomarkers should be easily

and objectively measured, consistent, specific (low false-positive

rate), sensitive (low false-negative rate) and accessible [25,26].

Use cases for biomarkers in OSA clinical management include a

more accurate identification of individuals with high risk for OSA

and/or in need of a sleep study, classification, and differentiation of

OSA endo- and phenotypes, evaluation of risk levels for OSA-

associated complications, treatment triage and lifelong follow-up

(treatment-response monitoring) [27]. However, despite

numerous efforts to identify OSA biomarkers have been reported in

the last two decades, the obtained results have not been consis-

tently reproduced or candidates failed to meet the necessary re-

quirements for routine use in a clinical setting [28,29]. In 2015, De

Luca Canto et al. published two reviews of potential OSA bio-

markers detectable in blood, exhaled breath condensate (EBC),

salivary, or urinary biological samples [28,30]. Only one study

showed potential to identify or exclude the presence of OSA, based

on the high correlation of EBC interleukin (IL)-6 and IL-10 levels

with Apnea - hypopnea index (AHI), in adults. Yet, no developments

were observed in this direction so far.

In this context, in this systematic review and meta-analysis, we

intended to gather and further explore peripheral candidate bio-

markers (non-invasive/minimally invasive) for adult OSA diagnosis

reported since the last reviews performed by De Luca Canto et al.,

2015 [28,30]. Search strategies for eight different databases were

developed. All studies assessing potential biomarkers of OSA, in

peripheral biological samples, in adults with and without OSA

(assessed by overnight PSG in a sleep unit), with no comorbidities

defined in study inclusion criteria were considered. Risk of bias was

evaluated using the 14-item Quality Assessment Tool for Diagnostic

Accuracy Studies (QUADAS) and guided study selection for inclu-

sion in the systematic review and meta-analyses. Demographic and

clinical characteristics of study cohorts, candidate biomarkers and

diagnostic accuracy measures were explored through meta-

analyses. With this work, we expect to contribute to new di-

rections on OSA biomarker research, paving the way to earlier,

faster, and more personalized OSA diagnosis.

Methods

The study protocol of this systematic review and meta-analysis

was registered at the International Prospective Register of Sys-

tematic Reviews database (PROSPERO, https://www.crd.york.ac.uk/

prospero/), with the title Peripheral Biomarkers to Diagnose

Obstructive Sleep Apnea: A Systematic Review and Meta-Analysis, on

August 6th 2019 (ID: CRD42020132556). Preferred Reporting Items

for Systematic Reviews and Meta-Analysis (PRISMA) guidelines

were followed in the conduction of the current review [31].

Eligibility criteria

Inclusion criteria contemplated studies (1) published after 21st

March 2014 (inclusively), following the last systematic review and

meta-analysis performed in the context of OSA biomarkers

research, performed by De Luca Canto et al. 2015 [28,30]; (2) in

English, Portuguese, Spanish or French; (3) assessing potential

peripheral biomarkers (in peripheral biological samples) for OSA

diagnosis; (4) performed in adults (�18 years old); (5) including

patients with OSA (AHI � 5), and control subjects (without OSA,

AHI < 5), as diagnosed by overnight in-laboratory PSG; (6) with no

comorbidities defined in study inclusion criteria (e.g. hypertensive

subjects with and without OSA).

Studies were excluded for the following reasons: (1) not focused

on OSA; (2) published before March 21st 2014; (3) written in other

languages besides English, Portuguese, Spanish or French; (4) not

conducted in humans; (5) inclusion of individuals younger than 18

years old; (6) no full night PSG in-laboratory for OSA screening; (7)

absence of a control group (no OSA, AHI <5); (8) no evaluation of

peripheral markers (in peripheral biological samples); (9) inclusion

of comorbidities in participants’ inclusion criteria; (10) full-article

not available; (11) insufficient data for analysis after several at-

tempts to contact the author; (12) conference proceedings; (13)

short commentary; (14) case-reports; (15) review article or (16)

systematic reviews and meta-analyses.

Information sources and search strategies

Literature search was performed in five literature databases,

PubMed/Medline, Cochrane Library, Biblioteca Virtual da Saúde

(BVS), Web of Science and EMBASE literature databases, a patent

database [World Intellectual Property Organization (WIPO) data-

base] and in Preprint Servers (bioRxiV and medRxiV). The search

strategy included pre-defined search terms related to OSA and

biomarkers, namely, “sleep apnea” OR “OSA” OR “sleep apnoea”

OR “sleep apnea” OR “obstructive” OR “obstructive sleep apnea”

OR “obstructive sleep apnoea” AND “exhaled condensate

biomarker” OR “salivary biomarker” OR “urinary biomarker” OR

“blood biomarker” OR “serum biomarker” OR “biomarker”,

adjusted according to each database, as discriminated in Table S1.

The search period was defined from March 21st, 2014 (following

the last reviews performed by De Luca Canto et al., 2015 [28,30]),

to May 31st, 2020. Duplicates between the different databases

were removed.

Study selection process

Identified studies were screened according to the defined in-

clusion and exclusion criteria, based on the study title, in phase I,
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and on the abstract, in phase II. Full manuscripts of selected studies

were then retrieved and assessed for eligibility. All phases of study

selection were performed by two independent review authors. Any

disagreement between the two independent reviewers, at any of

the study phases, was solved by discussion with involvement of a

third reviewer.

Risk of bias assessment

The risk of bias of eligible studies was assessed using the

QUADAS tool [32]. This tool comprises 14 items assessing risk of

bias, sources of variation (applicability), and reporting quality.

Before the assessment of eligible studies, authors discussed how

to assess each item of QUADAS in the context of this specific re-

view and how to use this information to judge the risk of bias,

until consensus. For the target condition (OSA), we considered

PSG type I as the reference standard, that discriminates patients

with OSA from control subjects based on AHI (AHI < 5: no OSA;

AHI � 5: OSA), and the analysis of the candidate biomarker/s as

the index test. Study evaluation was performed by two indepen-

dent review authors. Reviewers scored each of the 14 items as “1”

(item fulfilled ¼ 1 point) or “0” (item not fulfilled or unclear ¼ 0

points), as presented in Table S2. Authors of potentially eligible

studies were contacted if necessary to provide further details

about their studies. Any disagreement between the two inde-

pendent reviewers was solved by discussion with involvement of

a third reviewer.

Data collection

All studies that fulfilled the 14 items of QUADAS, or at least, the

first 12 items, were included in this systematic review and meta-

analysis. Uninterpretable/intermediate test results (item 13) and

withdrawals (item 14) were rarely reported but these could be due

to their inexistence, so, we did not consider these items for study

selection. The remaining items are crucial to avoid erroneous

conclusions, assure studies reproducibility and application in bio-

markers research, so these were used as final criteria for study

inclusion.

Information relative to the study aim, design, setting, country,

recruitment process, sample size, study groups, reported weak-

nesses and main conclusions was collected from all included

studies. For meta-analyses, information relative to participants

(demographic and clinical characteristics) and primary outcome

(potential biomarkers analyses) was further collected. Data collec-

tion was performed by one author. A second author cross-checked

all data and confirmed its accuracy. Any disagreement was solved

by discussion and involvement of a third author.

Data synthesis and analysis

Common reported variables between studies were compared.

Each variable was evaluated globally (OSA group) and in subgroups

according to disease severity, as frequently segmented in the

included studies [Mild or Moderate OSA, and Severe OSA (based on

AHI or Respiratory disturbance indexddRDI)], in comparison with

control subjects. Mild and moderate OSA patient groups were

merged as some of the studies did not separate the two groups.

Whenever studies presented values in sub-groups but not in the

OSA global group, the mean and standard deviation of the total

group were estimated using the weighted mean of the sub-groups

and the joint standard deviation after assessing homoscedasticity

by ’Levene’s test. For the sex variable, we have considered its dis-

tribution as normal to compute mean and standard deviation.

Meta-analyses were performed using a random effects model in

R software (version 4.0.3) and the metafor package to obtain a

summary measure for each of the analyses. To assess the hetero-

geneity of the extracted variables, the I2 value was determined

(percentage of variation across studies that is due to heterogeneity

rather than chance) using a meta-regression analysis [33]. Mea-

sures obtained for each of the described variables were converted

into Z scores. The number of studies, total number of subjects,

number of subjects per group (OSA and control), heterogeneity of

studies (I2), mean difference between OSA and control groups, Z

scores and respective confidence intervals, p-value between OSA

and control groups (considered statistically significant if less than

0.05, corresponding to an absolute Z score above 1.96), and Cohen’s

d (effect size index) are provided for each analyzed variable.

Descriptive forest plots were created with the synthesis values of

the different variables.

As most of the candidate biomarkers were explored only in one

study, it was not possible to achieve a Z score. We proceeded with a

descriptive comparison between candidate biomarkers, using the

percentage difference between the patients’ group or subgroup and

the control group. We then plotted these results in a descriptive

forest plot. Forest plots were obtained using bubble plots on

Microsoft Excel, where the diameter of the bubble represents the

sample size. The diagnostic capacity of candidate biomarkers was

further explored using diagnostic accuracy measures [sensitivity,

specificity, receiver operating characteristics (ROC) analysis, posi-

tive predictive value (PPV), negative predictive value (NPV)] pro-

vided in selected studies. Positive likelihood ratio (LRþ), negative

likelihood ratio (LR-), diagnostic odds ratio (DOR), and Youden’s

Index were calculated when possible.

Results

Search results and study selection

Our search strategy retrieved 2345 studies, 2255 from literature

databases (PubMed/Medline: n ¼ 684; Cochrane Library: n ¼ 174;

BVS: n ¼ 565; Web of Science: n ¼ 487; EMBASE: n ¼ 345), 56

patents (WIPO), and 34 manuscripts from Preprint Servers (bio-

RxiV: n¼ 30; medRxiV: n¼ 4). Among these, 1512 were unique (no

double entries for different databases), 699 studies were consid-

ered relevant based on their title, and 243 were further sought for

retrieval based on their abstract. After full manuscript reading, 120

studies were considered eligible based on the defined inclusion and

exclusion criteria. The 14-item QUADAS tool [32] was used to assess

the risk of bias of all eligible studies. From the 120 studies, only 16

showed low risk of bias in all items or items 1e12, and were

selected for inclusion in this systematic review and meta-analyses

[34e49]. A flow-diagram summarizing each step of the review

process is presented in Fig. 1.

Our search showed a considerable variability in the reference

test being performed in research studies and in applied clinical

criteria (AHI cut-off), a high number of studies with no control

group, poor clinical characterization of participants, and frequent

co-existence of other comorbidities, defined in inclusion criteria.

Among the 120 eligible studies, major limitations were found in

reporting and blinding. Most studies (78.3%) did not evaluate

candidate biomarkers in blind conditions, meaning without

knowledge of PSG results, or did not report it. Regarding reporting,

many studies did not report the timeframe between the PSG

diagnosis and biomarkers evaluation (30.8%) and/or the detailed

methodology used either for candidate biomarkers evaluation

(28.3%) or for PSG conduction and/or analysis (22.5%). Risk of bias

assessment is summarized in Fig. 2 (see Table S2 for the detailed

assessment of each study).
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Overview of the included studies

The 16 studies selected for inclusion in this systematic review

and meta-analyses were mostly single-centric (15/16) and obser-

vational (16/16), although only 5 studies reported the study type (4

cross sectional studies [34,38,39,45], and 1 caseecontrol study

[36]). The geographic location of these studies is dispersed over the

globe, from Taiwan to Brazil, with increased prevalence in Euro-

pean countries (Bulgaria, Greece, Norway, Romania, Slovakia,

Turkey, 14/16) [34,36,38e49], especially in Turkey (8/16)

[40e44,46,48,49]. The 16 studies enrolled a total of 2156 partici-

pants, from which 1369 were diagnosed with OSA and 787 were

disease-free/controls (AHI < 5). All studies were composed by two

or more groups, one control group, and one or more OSA groups,

more variable among studies. While some studies only included an

OSA patient group (6/16) [34,35,37,45,47,48], others (7/16) further

subdivided patients with OSA according to severity (mild, moder-

ate and severe [40,41,43,49], or mild-moderate and severe [38,46],

or moderate and severe [44]). Some studies further segmented the

patient group according to the presence or absence of comorbid-

ities or risk factors for comorbidities development, such as car-

diovascular risk factors [42], obesity [46] or metabolic syndrome

[36]. Inclusion and exclusion criteria varied widely between

studies. Reported weaknesses were frequently a small sample size,

oversampling of male sex, and absence of matched controls for sex

or BMI. Even so, most studies were able to pinpoint candidates with

potential application in OSA diagnosis and/or prognosis. Table S3

presents an overview of the 16 studies included in this review.

Cohort characteristics

The demographic and clinical characteristics of the cohorts of

the final 16 studies are described in Table S4. The number of sub-

jects evaluated in each study ranged from nine to 514 subjects, with

an increased predominance of subjects in the disease group in

comparison with the control group, in the majority of the studies

(10/16, [35e39,42,44e47]). Although sex was balanced in both

disease and control group in the majority of the studies (except in

[34,43]), practically all studies included more male than female

subjects, with three studies assessing only males [36,38,46].

Included participants were mainly in the middle-aged group, with

the disease group (especially severe OSA subgroups) showing

considerably older ages in comparison with the control group in

some of the studies (>10 years difference, 4/16 [35,37,39,43]). Most

of the included participants had a BMI superior to 25 kg/m2

(>overweight), yet, many studies compared overweightdobese

disease groups with normaldoverweight control groups

[34e38,41,42]. Only nine studies reported the presence or absence

of comorbidities in their cohorts [34,36,38,42e45,47,49] and only

three studies reported the medication being taken [38,42,47].

Arterial hypertension, metabolic conditions (diabetes mellitus;

dyslipidemia) and cardiovascular complications were the most

frequently reported comorbidities. Themost common sleep-related

parameters evaluated in the 16 studies were daytime sleepiness

(evaluated according to the Epworth Sleepiness Scale), AHI and/or

RDI, oxygen saturation [mean and minimum (min) percentage (%)

of oxygen levels and % of time with oxygen saturation below 90%

(T90), measured by pulse oximeter (SpO2) or blood analysis (SaO2)]

and arousal index (number of arousals and microarousals per hour

of sleep). Still, no single study provided information for all

mentioned variables.

A meta-analysis was further performed using the common de-

mographic and clinical data extracted from the 16 studies, namely,

sex (defined as the percentage of males in the study), age, BMI,

daytime sleepiness, AHI, oxygen saturation [mean and min %, and

T90], oxygen desaturation index (ODI), and arousal index. All the

assessed variables showed high heterogeneity between studies, as

shown by the high percentage I2 values, above 75% [33]. A forest

plot is represented in Fig. 3, together with I2 values, mean differ-

ence between each OSA group and the control group, Z scores,

confidence intervals and p-values, and Cohen’s d (effect size index),

as calculated for each variable. Even so, collectively, the OSA group

showed an increased percentage of males (11.91%; p ¼ 0.007;

mediumdlarge effect), older ages (4.22 years; p < 0.001; large ef-

fect) and higher BMIs (3.41 kg/m2; p < 0.001; large effect), in

comparisonwith the control group. As expected, patients with OSA

also showed statistically significant differences in all detailed

clinical variables (p < 0.001), mostly with large effect sizes. Lower

differences were observed in daytime sleepiness (3.50; p ¼ 0.010;

Fig. 1. PRISMA flow-diagram describing the process followed for study identifi-

cation, screening, and selection. BVS: Biblioteca Virtual da Saúde; WIPO: World In-

tellectual Property Organization; PSG: Polysomnography; OSA: Obstructive Sleep

Apnea; QUADAS: Quality Assessment Tool for Diagnostic Accuracy Studies; *See

Table S2 for a detailed overview of study selection using QUADAS.
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mediumdlarge effect). Severity subgroups were further analyzed.

Severe patients showed older ages (3.78 years; p ¼ 0.037; medi-

umdlarge effect), higher BMIs (2.93 kg/m2; p < 0.001; large effect),

more daytime sleepiness (ESS, 7.20; p ¼ 0.049; large effect), su-

perior AHIs (56.66; p < 0.001; large effect), decreased SpO2/SaO2

min (�15.86%; p < 0.001; large effect), increased T90 (77.45%;

p ¼ 0.042; smalldmedium effect), ODI (54.40; p < 0.001; large ef-

fect) and Arousal Indexes (41.56; p ¼ 0.002; large effect), in com-

parison with the control group. Although not statistically

significant, severe patients also showed evidence of decreased

mean SpO2/SaO2 levels (�1.80%; large effect) and increased per-

centage of males (16.33%; smalldmedium effect). Such differences

were less evident in the mild-moderate OSA subgroup that only

showed statistically significant differences in BMI (1.95 kg/m2;

p < 0.001; large effect), AHI (14.57; p < 0.001; large effect), SpO2/

SaO2 min (�5.61%; p < 0.001; large effect), ODI (14.66; p < 0.001;

large effect) and Arousal Index (11.34; p ¼ 0.019; large effect), in

comparison with control subjects. Still, mild-moderate patients

showed evidence of increased daytime sleepiness (3.39; medium-
dlarge effect), higher T90 (13.03%; smalldmedium effect) and

increased age (3.39 years; smalldmedium effect). Among all

extracted variables, AHI, T90 and ODI were the variables that

changed the most between patients’ groups and the control group,

as shown by their Z scores and Cohen’s d values (Fig. 3). Effect size

differences were interpreted based on the criteria proposed by

Cohen [33,50].

Candidate biomarkers

From the included studies, data relative to 38 potential bio-

markers was retrieved. All biological samples were collected in

morning times and under fasting conditions. Most candidates were

circulating factors evaluated in serum or plasma (30 candidates)

[34,36e49], total blood (1 candidate) [49] or urine (1 candidate)

[47]. In addition, one study validated changes in expression levels

of six candidate genes, in peripheral blood mononuclear cells

(PBMCs) [35]. From the 38 evaluated candidates, only two were

evaluated in more than one study, using the same quantification

methods, in the same type of biological samples. Dogan et al., 2016

[46] and Duger et al., 2020 [40] evaluated Ischemia modified al-

bumin (IMA) levels in serum samples of patients with OSA, in

comparison with non-OSA subjects. In both studies, IMA levels

showed to be higher in patients with OSA in comparison with

control subjects with higher differences reported by Dogan et al.,

2016 [46]. The two studies also showed that IMA levels were

positively correlated with OSA severity (AHI), but also with BMI,

being higher in obese patients with OSA relative to non-obese pa-

tients. Still, when data from both studies were combined, IMA

levels did not show to be statistically different between patient and

control subjects, despite the associated large effect sizes in all

groups of patients with OSA. Yet, Cohen’s d values may be over-

estimated in variables analyzed in a low number of studies (n � 3)

[50]. On the other hand, Archontogeorgis et al., 2016 [45] and

Voulgaris et al., 2019 [39] assessed Cystatin C levels in serum

samples of patients with OSA in comparison with control subjects

(see Fig. 4A). In the two studies, higher Cystatin C levels were

observed in patients with OSA and were shown to be positively

correlated with T90 SpO2 and negatively correlated with mean

SpO2 levels, during sleep. When data was combined (the only

variable assessed that showed no considerable heterogeneity be-

tween studies, I2¼ 0), statistically significant differences in Cystatin

C levels between patients with OSA and control subjects were still

observed (mean difference of 205.01 ng/mL, p < 0.001), with large

effect sizes (see Fig. 4A). Besides IMA and Cystatin C, only 17 other

candidates showed statistically significant differences between

patients with OSA and control groups (see Table S5). How much

Fig. 2. Overview of the risk of bias assessment of the 120 eligible studies, using the 14-items of the QUADAS (Quality Assessment Tool for Diagnostic Accuracy Studies). The

14-item QUADAS was used to assess risk of bias, sources of variation (applicability), and reporting quality of eligible studies. For the target condition (OSA), we considered PSG type I

as the reference standard, that currently discriminates patients with OSA from control subjects based on AHI (AHI < 5: no OSA; AHI � 5: OSA), and the analysis of the candidate

biomarker/s as the index test. Results are presented as the percentage of studies that fulfill (scored as 1) or do not fulfil (scored as 0) each of the 14 items specified by QUADAS. PSG:

Polysomnography.
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each candidate is impacted in patients with OSA relative to control

subjects is represented in Fig. 4B, by mean percentage difference

(standard deviations are detailed in Table S5). ADAM29, FLRT2 and

SLC18A3 mRNA levels in PBMCs, Endocan, Heat shock protein 90

(HSP90), IMA and Lipoprotein-associated phospholipase A2 (Lp-

PLA2) levels in serum, and IL-6 and Vimentin levels in plasma

showed the highest percentage mean differences in patients with

OSA, relative to control subjects. Among the 17 candidates shown to

be statistically different between the disease and control groups, 15

candidates were shown to correlate with clinically relevant pa-

rameters for OSA diagnosis. Yet, the majority of the evaluated

candidates show more potential as OSA prognosis biomarkers,

namely, of inflammation, oxidative stress, endothelial dysfunction,

vascular damage, detrimental metabolic profiles, and cardiovas-

cular or renal diseases, rather than diagnostic biomarkers (see

Table S5). Endocan [44], YKL-40 [48], and IMA [40,46] levels in

serum, IL-6 [46] and Vimentin [41] levels in plasma, and ADAM29,

SLC18A3, and FLRT2 gene expression in PBMCs [35], showed po-

tential application for OSA diagnosis, according to the study au-

thors, although in small size study cohorts (n ¼ 49ed200).

Among the included studies, only two proceeded further with

measures of diagnostic accuracy [40,44] (see Table S6). Altintas

et al., 2016 [44] showed that Endocan levels in serum have a

specificity and sensitivity for OSA of 77.5 and 82.5%, respectively,

demonstrating an acceptable diagnostic test accuracy (0.8 < AUC

<0.9; LRþ > 3 and an LR- < 0.3; DOR ¼ 16.2; Younden’s index

value ¼ 0.6). Duger et al., 2020 [40] showed that IMA levels

in serum have higher specificity for OSA, but the sensitivity is

lower (39%), leading to lower diagnostic test accuracies

(AUC ¼ 0.62; LRþ > 3 and an LR- > 0.3; DOR ¼ 5.2; Younden’s

index value ¼ 0.28).

Among the included studies, Altintas et al., 2016 [44] was the

only study that evaluated the levels of the same candidate after OSA

treatment as well. The obtained results showed that the higher

levels of endocan detected in serum samples from patients with

OSA at baseline (before treatment), in comparison with control

subjects, significantly decreased after 3 months of Continuous

Positive Airway Pressure (CPAP) treatment. Yet, serum endocan

levels in CPAP treated patients were still higher than in the control

subjects.

Discussion

OSA has been increasingly recognized as a major public health

concern worldwide given its increasing prevalence and impact on

health, healthcare system, economy and society [51,52]. Yet, limi-

tations in current diagnostic methods are evident in both devel-

oped and developing countries, which challenges OSA clinical

management [3,7]. There is an evident need for alternative strate-

gies to guide medical decision-making, such as biomarkers. In this

systematic review and meta-analysis, we proposed to gather and

further explore potential OSA biomarkers pinpointed in OSA bio-

markers research. For this, we selected studies that performed in-

laboratory PSG to avoid technical differences in OSA diagnosis

and in participants characterization between studies, as well as the

impact of undiagnosed comorbidities in the identification of

Fig. 3. Meta-analysis of the demographic and clinical data extracted from the 16 included studies, comparing OSA groups (further subdivided into mild-moderate, MM, and

Severe, Sev, OSA when possible) with control groups (non-OSA). (A) Table presenting the number of studies, total number of subjects, number of subjects per group (OSA and

control), heterogeneity of studies (I2) and confidence intervals, mean difference between OSA and control groups and confidence intervals, Z scores, confidence intervals and p-value

(considered statistically significant if less than 0.05, corresponding to an absolute Z score above 1.96) between OSA and control groups, and Cohen’s d value (effect size index), for

each variable analyzed [percentage of males (%), age (years), Body mass index (BMI, kg/m2), daytime sleepiness (evaluated through the Epworth Sleepiness ScaledESS), Apnea and

Hypopnea Index (AHI), oxygen saturation [mean and minimum (min) percentage SpO2 or SaO2 (%) and percentage of time with SpO2 or SaO2 < 90% (T90, %)], Oxygen desaturation

index (ODI) and Arousal Index]. (B) Descriptive forest plot with the synthesis values of the different variables.
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potential OSA biomarkers [17,18,53e55]. The incapacity to identify

specific pathologies under type II (e.g., previously undetected car-

diovascular, pulmonary, or neuromuscular pathologies with hypo-

ventilation) and III (e.g., concomitant neurological disorders,

movement disorders, parasomnias, or insomnia) studies may lead

to confounding factors that can impact on OSA biomarkers research

[17,18,53].

Risk of bias assessment showed that most studies conducted to

identify potential biomarkers of OSA have high risk of bias and are

predominantly exploratory. Poor reporting was evident in most

studies. Methodological procedures were frequently not described

in sufficient detail to allow for reproducibility, such as patients’

biosampling conditions (e.g., collection hour, fasting conditions)

and processing (e.g., references of used commercial kits). Both pre-

and post-analytical variables strongly impact on the obtained re-

sults, being amongst the main causes of inconsistency in findings of

independent groups [56]. There is thus an urgent need to adopt

best practice guidelines and to improve reporting and/or stan-

dardize protocols, thus, enhancing reproducibility and compara-

bility of studies. In addition, many studies also did not report

demographic characteristics as race/ethnicity and clinical charac-

teristics as PSG-derived or clinical history.

Included studies showed to be mostly single-centric, to have

small sample sizes, and to be highly variable in assessed/reported

demographic and clinical features. Most of these studies did not

specifically examine sex differences or were based exclusively or

predominantly on male cohorts. Since OSA is more prevalent men,

this has led to a better identification and characterization of OSA in

this sex [57,58]. However, a growing body of evidence has shown

that differences in prevalence data of OSA in men and women are

not reflected in clinical populations [57,58]. Women are most likely

to be less diagnosed given the substantial differences in disease

pathophysiology, clinical presentation, and comorbidities [57]. It is

thus important to include more females in phenotyping studies to

address OSA sex differences. Similarly, we also observed an over-

sampling of middle-aged patients with OSA and patients with

excessive weight. Most studies lacked matched controls in accor-

dance, especially for sex and BMI. Similarly, most studies did not

control or did not report any control for frequent comorbid con-

ditions, nor for associated medication, which may interfere with

the obtained results. Future studies, with large sample sizes, may

allow to cluster patients based on demographic and clinical fea-

tures, as sex, age, BMI, sleepiness, comorbidities, and medication,

and to compare with matched controls.

Fig. 4. Candidate biomarkers evaluated in the included studies. (A) Cystatin-C and Ischemia Modified Albumin (IMA) were explored in a meta-analysis, as the only candidate

biomarkers evaluated in more than one study. Each candidate was evaluated globally (OSA group) and IMA was further explored in subgroups according to disease severity [mild-

moderate OSA (MM), and severe (Sev) OSA] as segmented in the respective studies. The presented table describes the number of studies, total number of subjects, number of

subjects per group (OSA and control), heterogeneity of studies (I2) and confidence intervals, mean difference between OSA and control groups and confidence intervals, Z scores,

confidence intervals and p-value (considered statistically significant if less than 0.05, corresponding to an absolute Z score above 1.96) between OSA and control groups, and Cohen’s

d value (effect size index), of each analysis, for each candidate biomarker. A descriptive forest plot with the synthesis values of the different variables is also shown. (B) Descriptive

forest plot of the percentage difference between the OSA group or subgroup and the control group of the 17 candidate biomarkers with statistically significant differences between

OSA and control groups, as retrieved from the included studies. The diameter of the bubble represents the sample size. As most of the candidate biomarkers were explored only in

one study, it was not possible to achieve a Z score.

L.S. Gaspar, A. Santos-Carvalho, B. Santos et al. Sleep Medicine Reviews 64 (2022) 101659

8



The demographic and clinical features of studies’ participants

showed high heterogeneity between studies, as shown by the high

I2 values. This heterogeneity may bemainly driven by differences in

the study cohorts promoted by different inclusion and exclusion

criteria and population-specific differences. The wide confidence

intervals observed in each study may also contribute to the

observed variability. Nevertheless, including and examining vari-

ability allows more representative conditions and may lead to

stronger conclusions.

Links between clinical variables and biomarker candidates were

exploredmainly based on AHI or RDI in all studies, as also flagged in

the last systematic reviews performed on OSA biomarkers [28,30],

in 2015. Both AHI and RDI consider the number of apneas and

hypopneas per hour of sleep, with RDI also counting respiratory

effort-related arousals (RERAs). Using AHI or RDI as determinant

factors for OSA diagnosis and severity classification has generated

an enormous controversy among the scientific and medical com-

munity over the past years [59,60]. Within the same severity class

of OSA, respiratory events can vary widely, from 10 s to more than

2 min, which differently impact on oxygen desaturation [61].

Longer obstruction episodes with deeper desaturations may have

different consequences than shorter and shallower episodes or

events that are followed by an arousal, for example. Thus, strati-

fying patients based on other PSG indicators, rather than only AHI/

RDI, may allow to subgroup patients with OSA into more homo-

geneous cohorts and to better disentangle potential biomarkers of

OSA.

Another major challenge in OSA biomarkers research is the se-

lection of biomarkers that are specific for OSA, independently of the

presence or absence of other comorbidities. OSA shares patholog-

ical mechanisms with many conditions, as chronic obstructive

pulmonary disease, or heart failure. Indeed, most of the included

studies pinpointed candidates with potential for OSA prognosis

instead, as Troponin I (TnI), HSP90, L-Arginine, ADMA, Cystatin C, 8-

isoprostane, Lp-PLA2, triglycerides (TG), TG to high-density lipo-

protein (HDL) ratio, (repeated) and/or NEGAL. These candidates

may be relevant to identify patients who are more likely to have

clinical outcomes, allowing to stratify patients and tailor better

treatment strategies, or to evaluate disease progression. On the

other hand, it is important to note that, in combination with more

specific OSA biomarkers, these may still reveal useful for the

diagnosis of specific endotypes and phenotypes. For OSA diagnosis,

ADAM29, FLRT2 and SLC18A3 mRNA levels in PBMCs, Endocan and

YKL-40 levels in serum, and IL-6 and Vimentin levels in plasma

revealed the most promising candidates, among the evaluated

targets in the 16 studies. However, caution is needed in interpreting

these findings, as these mostly derive from small-size and single-

center study cohorts, as previously stated. Future studies should

explore deeper the proposed candidates and evaluate their diag-

nostic accuracy in larger cohorts of independent and diverse pop-

ulations to understand their potential individually or in

combination with other diagnostic biomarkers. For that, data

related to biomarker performance such as the area under the ROC

curve, sensitivity, specificity, PPV, NPV and accuracy are crucial,

which most of studies did not provide. It would also be relevant to

explore both potential diagnostic and prognostic biomarkers after

OSA treatment, to understand their capacity as treatment response

biomarkers as well.

Among the proposed candidates, only IL-6 was also reported in

the previous systematic reviews and meta-analysis [26,28]. Based

on previous studies, IL-6 (and IL-10) were identified as a potential

diagnostic biomarker in adults, in both serum and exhaled breath

condensate samples, with high specificity and sensitivity, which

encourages its further analysis, as a single biomarker and/or in

combination with other promising candidates. Given the complex

heterogeneity and comorbidity plethora associated with OSA, one

would also expect heterogeneity in biomarker signatures. In this

context, it is highly unlikely that a single biomarker will be sen-

sitive and specific enough for the diagnosis of the different OSA

endotypes and phenotypes. Approaches using omics (genomics,

transcriptomics, epigenomics, proteomics, lipidomics, metab-

olomics) that generate “big data” may allow further insights into

the different OSA signatures [21,56,62e65]. For example, the

recent review of Pinilla and coworkers highlights the potential of

the non-coding transcriptome for biomarker discovery, particu-

larly, of miRNAs, in the context of OSA [56]. Integrative multi-

domain approaches, such as machine learning, could then be

used to link omics data with clinical endotypes and phenotypes,

and guide the use and interpretation of OSA-sensitive and specific

multi-marker panels. However, in the clinical setting, this would

require significant improvement and validation of associated

analytical platforms to allow simple, easily accessible, and inex-

pensive options applicable to high-volume routines. Similar lim-

itations and difficulties were highlighted in the previous

systematic reviews and meta-analyses on OSA biomarkers, which

shows the evident need of a collaborative effort to overpass them

and to develop new strategies and directions in OSA biomarkers

research.

It is also important to recognize the limitations of this work. The

fact that we only excluded studies in which comorbidities were

stated in the inclusion criteria can be seen as a limitation. By opting

for this criterion, we did not exclude studies in which participants

have comorbidities. Yet, the contribution of the comorbidities that

each participant may have to the study results will be diluted when

compared with studies in which all the included individuals have a

defined comorbidity (e.g., hypertensive individuals with and

without OSA). We do agree with the importance of excluding

comorbidities as confounding factors or to control for it, especially

to explore OSA specific biomarkers, but we are also aware of the

difficulties of conducting studies in which patients with OSA have

no comorbidities. We also used the QUADAS tool to select only

studies with low risk of bias for systematic review and meta-

analyses. This criterion may have led us to leave out some studies

assessing candidates with promising applications. It is often pref-

erable to review all relevant evidence and then investigate possible

reasons for heterogeneity, however, that is only applicable when

there are enough studies evaluating the same variables. Given the

lack of studies evaluating the same candidate biomarkers, we were

not able to perform additional analyses. In this context, we found it

more appropriate to restrict inclusion to the review based on risk of

bias assessment, to avoid erroneous conclusions, increase studies

reproducibility and application in biomarkers research. Neverthe-

less, the importance of issues as non-blinding conditions and poor

reporting can be questioned at an exploratory research stage in

comparison with focused research that evaluates candidates based

on promising preliminary data. The absence of diagnostic accuracy

measures or raw data in most of the studies did not allow further

analysis of the proposed candidates, such as further subgroup

analysis based on different demographic or clinical characteristics,

which would be interesting to analyze.

Conclusion

Although the current systematic review and meta-analysis

allowed us to pinpoint candidates to further explore as potential

biomarkers in future studies, it mostly showed that OSA biomarkers

research is still at an early stage. The field must move towards less

biased and more transparent research, in larger multicentric
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cohorts, repeated to disentangle biomarkers with application in the

clinical management of such a complex multifactorial disorder.
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Practice points

- OSA biomarkers research is still at an early stage. There

are evident limitations in the design of most studies that

frequently involve small sample sizes, mainly based on

single centers, males oversampling, lack of appropriate

controls and/or low reporting.

- Most of the included studies found candidates with po-

tential for OSA prognosis. For OSA diagnosis, ADAM29,

FLRT2 and SLC18A3mRNA levels in PBMCs, Endocan and

YKL-40 levels in serum, IL-6 and Vimentin levels in plasma

revealed themost promising candidates to further explore

in future studies, as single or clustered biomarkers.

- Future studies are needed to disentangle sensitive and

specific OSA biomarkers with application in clinics.

Research agenda

- Development of guidelines for OSA biomarker research,

to improve study design, avoid bias, and improve

reporting;

- Create task forces to foster multicentric studies, with

standardized pre- and post-analytical procedures;

- Move from single-target approaches towards omics and

big data analysis for association of molecular, endotype

and phenotype data and identification of sensitive and

specific OSA biomarkers;

- Encourage publicly available data in publications and/or

the development of OSA databases/repositories with de-

mographic, clinical and experimental data.

* The most important references are denoted by an asterisk.
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