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A B S T R A C T

Background: Obstructive Sleep Apnea (OSA) is a highly prevalent and underdiagnosed sleep disorder. Recent
studies suggest that OSA might disrupt the biological clock, potentially causing or worsening OSA-associated
comorbidities. However, the effect of OSA treatment on clock disruption is not fully understood.
Methods: The impact of OSA and short- (four months) and long-term (two years) OSA treatment, with Contin-
uous Positive Airway Pressure (CPAP), on the biological clock was investigated at four time points within
24 h, in OSA patients relative to controls subjects (no OSA) of the same sex and age group, in a case-control
study. Plasma melatonin and cortisol, body temperature and the expression levels and rhythmicity of eleven
clock genes in peripheral blood mononuclear cells (PBMCs) were assessed. Additional computational tools
were used for a detailed data analysis.
Findings: OSA impacts on clock outputs and on the expression of several clock genes in PBMCs. Neither short-
nor long-term treatment fully reverted OSA-induced alterations in the expression of clock genes. However,
long-term treatment was able to re-establish levels of plasma melatonin and cortisol and body temperature.
Machine learning methods could discriminate controls from untreated OSA patients. Following long-term
treatment, the distinction between controls and patients disappeared, suggesting a closer similarity of the
phenotypes.
Interpretation: OSA alters biological clock-related characteristics that differentially respond to short- and
long-term CPAP treatment. Long-term CPAP was more efficient in counteracting OSA impact on the clock,
but the obtained results suggest that it is not fully effective. A better understanding of the impact of OSA and
OSA treatment on the clock may open new avenues to OSA diagnosis, monitoring and treatment.
© 2021 The Authors. Published by Elsevier B.V. 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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1. Introduction

Obstructive Sleep Apnea (OSA) is one of the most common sleep
disorders worldwide, estimated to affect nearly 1 billion people [1,2].
Its prevalence has substantially increased over the last decades and it
is expected to increase continuously, mainly due to obesity and aging,
two main OSA risk factors [1�4]. This sleep-related breathing
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Research in Context section

Evidence before this study

Obstructive Sleep Apnea (OSA) is one of the most prevalent
sleep disorders worldwide. Untreated, this disease has been
associated with the development of a wide range of comorbid-
ities, including hypertension, cardiovascular and metabolic dis-
eases. Considerable efforts have been made to elucidate OSA-
associated pathological mechanisms and impact on such a
diverse range of comorbidities. Among these, the potential
effect of OSA on the disruption of the biological clock has
gained increasing attention. The biological clock regulates sev-
eral biological processes of our body along the 24 h day, modu-
lating physiology and behavior. Biological clock disruptions
may exacerbate or play a causal role in the large-spectrum of
adverse outcomes associated with OSA. However, only a few
studies have explored the effects of OSA treatment on the clock.

Added value of this study

To the best of our knowledge, this study is the first comparing
the effect of OSA and short (four months) and long-term (two
years) Continuous Positive Airway Pressure (CPAP) treatment,
the gold standard treatment for OSA, on biological clock-related
characteristics. Our data reinforce that OSA impacts on the bio-
logical clock and show that short-term (four months) CPAP
treatment does not counteract OSA effects on the clock. Long-
term (two years) CPAP treatment does not fully re-establish the
expression profile of clock genes, but shows evident
ameliorations.

Implications of all the available evidence

Our data might partially explain the divergence of results
regarding the impact of OSA treatment on the clock. Different
treatment durations are frequent in different studies in the lit-
erature and may lead to different results and misleading inter-
pretations regarding the effect of CPAP treatment on the clock
of OSA patients. The fact that long-term (two years) treatment
had more positive effects on the clock of OSA patients stresses
the importance of patients’ compliance to treatment and is a
call for further studies. On the other hand, the persistence of
alterations even after long-term (two years) treatment suggests
that CPAP might not fully re-establish clock-related characteris-
tics, which reinforces the need for new approaches not only in
OSA diagnosis but also OSA treatment. A deeper understanding
of how OSA and OSA treatment affect the biological clock may
lead to a better OSA clinical management.
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disorder is mainly characterized by recurrent breathing interrup-
tions, caused by complete (apnea) or partial (hypopnea) obstructions
in the upper airway during sleep, while respiratory efforts continue.
This causes repetitive hypoxia/reoxygenation cycles that frequently
promote arousals and micro arousals, leading to a fragmented and
thus non-restorative sleep [5]. Thus, OSA patients commonly com-
plain of fatigue and daytime sleepiness, which not only impacts their
life quality, but also increases their risk for motor vehicle and work-
place accidents [6]. Additionally, untreated OSA has been associated
with the development of several conditions such as cardiovascular
[7] and metabolic diseases [8], with increasing evidence of higher
susceptibility to cancer [9], neurodegenerative disorders [10], depres-
sion [11] and musculoskeletal disorders [12]. Yet, 80 � 90 % of the
OSA cases are estimated to be undiagnosed and thus untreated [1,2].
The gold standard for OSA treatment relies on continuous positive
airway pressure (CPAP), which consists on the emission of pressur-
ized air through a mask to avoid the collapse of the upper airways
during sleep [5]. However, the low compliance of some patients to
CPAP treatment, together with the controversial effects of CPAP treat-
ment on OSA symptoms and comorbidities, questions the efficacy of
this palliative strategy [13,14]. To counteract OSA burden, it is thus
urgent to improve OSA diagnosis and treatment. In this context, sev-
eral studies have explored OSA impact at the cellular and molecular
levels to search for potential OSA biomarkers and to elucidate the
mechanisms that may underlie OSA contribution to the development
of such a large spectrum of associated comorbidities [15�20]. Among
these, OSA impact on biological rhythms have recently gained more
attention [17,21�26].

In mammals, several biological processes display circa 24 h
rhythms that modulate physiology and behavior. Biological rhythms
(also known as circadian rhythms) are generated by an endogenous
timing system composed of a central and several peripheral clocks.
The central clock, located in the suprachiasmatic nucleus, in the
hypothalamus, is responsible for the synchronization of peripheral
clocks within the body [27,28]. These exist in virtually all cells of our
body and regulate the timing of various cellular and molecular pro-
cesses, such as cell division, DNA-damage response and metabolism
[27,29,30]. Consequently, multiple physiological and behavioural
processes show marked circadian rhythms, among which body tem-
perature, hormone levels (e.g. cortisol and melatonin), heart rate,
blood pressure and sleep-wake cycles [28,30,31]. Core-clock genes
and proteins are interconnected into a complex regulatory network
of interlocked transcriptional/translational feedback loops that gen-
erate robust oscillations of approximately 24 h [29,32�34]. The core-
clock network includes members of Brain and muscle ARNT�like pro-
tein (BMAL1 and BMAL2), Circadian locomotor output cycles kaput
(CLOCK) and RAR�related orphan receptor (RORa, RORb, and RORc)
gene and protein families (positive limb); and members of Period
(PER1, PER2, and PER3), Cryptochrome (CRY1 and CRY2) and the
nuclear receptor, reverse strand of ERB (REV�ERBa and REV�ERBb)
gene and protein families (negative limb) [29,32�34]. Additional reg-
ulators, such as the transcription factors DEC1 and DEC2, and kinases
(e.g. CSNK1e) add further stability to this oscillatory network [32,35].
Core-clock proteins further control the expression of multiple target
genes (clock-controlled genes), involved in numerous processes (e.g.
cell cycle, metabolism, immune response, hormone regulation)
[28,32,36]. As a consequence, disruptions in biological rhythms have
been shown to promote several pathologies and lifespan decrease
[28,31,37�39].

In the past years, impaired biological rhythms have been reported
in OSA patients, in particular regarding hormone secretion [40], cyto-
kine release [41�43], platelet activity [44], ocular [45] and blood
pressure [40,46�49]. Recent studies have also described alterations
in the expression of several clock genes in peripheral blood mononu-
clear cells (PBMCs) of OSA patients [21�25]. Studies in OSA mouse
models revealed that a short-term exposure (10 � 14 days) to inter-
mittent hypoxia, during mice inactive phase, is sufficient to promote
the dysregulation of clock genes expression in multiple cell types and
lead to inter-tissue circadian misalignment. This suggests that OSA
might impact on biological rhythms at an early stage of the disease
and further contribute to/aggravate pathological mechanisms
[50,51]. On the contrary, the effect of OSA treatment on the ameliora-
tion/ re-establishment of healthy rhythms is not so consensual
[21,22,40] and has been less explored.

In this study, we investigated the impact of OSA and OSA short-
(four months) and long-term (two years) CPAP treatment in the bio-
logical clock, by monitoring the levels and temporal profile of physio-
logical clock-related outputs, namely, plasma melatonin, cortisol and
body temperature, and the expression of core-clock genes in PBMCs,
in 34 male OSA patients and seven control subjects (no OSA) of the
same sex and age group (middle-age). We performed a detailed
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computational analysis using machine learning methods in the
obtained data sets to better characterize the extent of OSA impact on
the biological clock and the efficacy of OSA treatment on the re-estab-
lishment of biological clock-related characteristics.

Our results show that OSA promotes robust alterations in the lev-
els and diurnal profiles of clock outputs and leads to the dysregula-
tion of several clock genes. In addition, we show for the first time
that short- (four months) and long-term (two years) CPAP treatment
have a differential effect on the biological clock. Alterations in the
expression of clock genes are not fully re-established with neither
short- (four months) nor long-term (two years) OSA CPAP treatment.
Nevertheless, long-term (two years) CPAP treatment leads to signifi-
cant ameliorations in the levels and diurnal profiles of the assessed
physiological clock outputs. Using a machine learning-based cluster-
ing analysis, we showed that OSA patients can be distinguished from
control subjects based on the expression levels of clock genes and
most strikingly, that the expression of clock genes in long-term (two
years) treated OSA patients resembles the profiles of the control
group. These observations suggest the existence of a direct effect of
OSA and OSA CPAP treatment on biological rhythms and highlight a
role for the biological clock as a promising tool in OSA diagnosis and
monitoring of treatment response.

2. Materials and methods

2.1. Ethics

This study was approved by the Ethical Committees of the Faculty
of Medicine of University of Coimbra (022-CE-2016; CE-011/2019)
and of Coimbra Hospital and University center (CHUC, CHUC-
013�19), Coimbra, Portugal. Experimental procedures were per-
formed in accordance with ethical guidelines and regulations as laid
down in the 1964 Declaration of Helsinki and its amendments; in
2016/679 provisions of the Regulation of the European Parliament
and of the Council of April 27th 2016 (General Data Protection Regu-
lation); and in the Portuguese Law n.° 12/2005 of January 26th and
its regulation set forth in 131/2014 Decree-Law of August 29th 2014.
Informed consent was obtained from all participants before the
beginning of the study.

2.2. Study design

This case-control study only included male subjects given OSA-
associated sex-specific differences [52] and sexual dimorphisms in
body clocks [53]. Potential OSA patients and control subjects (age �
18 years) observed in the Sleep Unit of Coimbra Hospital and Univer-
sity center, Coimbra, Portugal, between February 2016 and December
2019, were recruited to the current study, based on the presence or
absence, respectively, of OSA-associated characteristics/symptoms,
such as high cervical perimeter (> 40 cm), loud snoring, reported
breathing interruptions or excessive daytime sleepiness. Selected
subjects were consecutively admitted for full-night polysomnogra-
phy (PSG) at the sleep unit (baseline visit, t0M). An ID was assigned to
each subject to assure standardisable and blind data collection. Sleep
studies were staged and respiratory events were scored according to
the American Academy of Sleep Medicine (AASM) Scoring Manual v
2.4, 2012. Diagnosis and classification of OSA severity were based on
the respiratory disturbance index (RDI) that considers the number of
apneas, hypopneas and respiratory effort-related arousals (RERAs)
per hour of sleep. According to AASM guidelines, subjects were classi-
fied as disease-free (control subjects, RDI < 5), mild OSA patients (5 �
RDI < 15), moderate OSA patients (15 � RDI < 30) or severe OSA
patients (RDI � 30) [54].

For inclusion in the study, middle-aged male subjects who were
not doing shift work were considered, given the known impact of age
and shift work on the biological clock [55,56], and the impact of age
on OSA progression [57]. Patients with OSA positive diagnosis, about
to initiate CPAP treatment, not working nightshifts, were included in
the study. In accordance, from the 47 patients that completed the
baseline visit, 34 male OSA patients confirmed to be eligible and
were included in the study. The criteria for inclusion of control sub-
jects was based on OSA negative diagnosis, age (same age group of
OSA patients - middle-age, 36 � 65 years) and absence of nightshifts.
In accordance, seven control subjects were included.

All 34 OSA patients completed the baseline visit (t0M) between
February 2016 and December 2019 and control subjects between
March 2016 and November 2019. Control subjects underwent only
the baseline visit whereas OSA patients underwent two more visits,
after four months of CPAP treatment (t4M, short-term treatment) and
after two years of CPAP treatment (t24M, long-term treatment). All
OSA patients completed the t4M visit (between June 2016 and April
2020) and 16 patients completed the t24M visit (between June 2018
and November 2019). Treatment-associated visits (t4M and t24M) did
not implied sleeping overnight in the Sleep Unit.

Individual data (age, BMI, daytime sleepiness, lifestyle and clinical
history) were collected from controls at baseline (t0M), and from OSA
patients at the three different visits of the study (t0M, t4M and t24M).
In addition, at each visit (t0M, t4M and t24M), at four time points within
the 24 h day (8, 11, 16:30 and 22:30 h, selected in accordance with
the sleep unit routine), body temperature was monitored and blood
was collected for analysis of melatonin and cortisol plasma levels and
clock genes expression (biological clock-related characteristics). All
participants were allowed to leave the Sleep Unit between the four
time points, to maintain their daily routine. The study design is sum-
marized in Fig. 1.

2.3. Individual data collection

Data from the PSG test (PSG report) were obtained from each par-
ticipant of the study at baseline (t0M). In addition, age, body mass
index � BMI, daytime sleepiness (Epworth Sleepiness Scale - ESS
[58]), lifestyle (sleep/wake routine, diet, meal schedules, physical
exercise) and clinical history (comorbidities and medication) were
obtained from controls at baseline (t0M), and from OSA patients at the
three different visits of the study (t0M, t4M and t24M), through ques-
tionnaires and clinical information provided by the Sleep Unit. At t4M
and t24M, information regarding CPAP treatment compliance (per-
centage of use � 4 h per night) and the number of apneas and hypo-
pneas per hour of sleep (Apnea-Hypopnea Index � AHI, follows the
same guidelines as RDI [54]) were also collected from each OSA
patient (CPAP report).

2.4. Body temperature

Axillary temperature was measured twice in OSA patients at t0M,

t4M and t24M, and control subjects, at four time points within 24 h (8,
11, 16:30 and 22:30 h), in accordance with the sleep unit routine,
through an electronic thermometer. The average between the two
measurements was used.

2.5. Blood samples collection and processing

Blood samples were collected at four time points within 24 h (8,
11, 16:30 and 22:30 h), in accordance with the sleep unit routine,
from OSA patients at t0M, t4M and t24M, and control subjects.

Blood (15�20 mL) was drawn from the antecubital vein, using a
21�gage needle, into K2EDTA Tubes (#367,839, BD Vacutainer) and
processed. Blood samples were diluted in 25 mL of Phosphate Buff-
ered Saline (PBS) 1 x and were slowly added on the top of 10 mL of
Histopaque, density 1.077 g/mL (#10,771, Sigma-Aldrich), in 50 mL
falcon tubes (11,809,650, Fisher Scientific). Samples were centrifuged
at 800 g, for 20 mins, at room temperature (RT), with the brake off.



Fig. 1. Scheme of the study design. Seven control subjects (no OSA) and 34 OSA patients were included in this study, after the Polysomnography test (PSG, baseline visit, t0M). OSA
patients undergoing Continuous Positive Airway Pressure (CPAP) treatment were followed after four months (short-term, t4M, 34 patients) and two years (long-term, t24M, 16
patients) of treatment. Individual data [age, body mass index (BMI), lifestyle and clinical history] were collected from controls at baseline and from OSA patients at the three differ-
ent visits of the study (t0M, t4M and t24M). In addition, body temperature was monitored and blood samples were collected throughout the day (at 8, 11, 16:30 and 22:30 h), at each
visit, in accordance with the sleep unit routine. Blood samples were processed for plasma and peripheral blood mononuclear cells (PBMCs) isolation. Melatonin and cortisol levels
were determined in plasma samples. PBMCs were further processed for analysis of clock genes expression levels and rhythmicity. Based on these data, health status was predicted
using machine learning (support vector machine) for a better comprehension of the obtained data.
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Plasma was immediately aliquoted and stored at - 80 ⁰C while inter-
face bands, containing PBMCs, were aspirated into new 50 mL falcon
tubes. PBMCs were washed with PBS 1 x up to the 50 mL mark, fol-
lowed by centrifugation at 600 g, for 10 mins, at RT, with the brake
on. Supernatants were aspirated and PBMCs’ pellets were further
resuspended in 3 mL of PBS 1x. Cells were aliquoted into 1 mL tubes,
and centrifuged at 300 g, for 15 mins, at RT, with the brake on. Super-
natants were aspirated and PBMCs aliquots were stored at - 80 ⁰C
until further analysis.

2.6. Melatonin and cortisol plasma levels

Levels of plasma melatonin and cortisol were determined by
human-specific commercial ELISA assays (EH3344 and EH0641
respectively, Fine Test), according to manufacturer’s instructions.
Absorbance was read at 450 nm on a SpectraMax Plus 384 Microplate
Reader (Molecular Devices). Results were interpolated from standard
curves generated by plotting the concentration of the standards of
each kit against their absorbance, using a sigmoidal 4PL curve where
X is log (concentration).
2.7. Clock genes expression analysis

Total RNA was extracted from PBMCs using the miRCURY RNA Iso-
lation kit � Cell and Plant (#300,110, Exiqon) according to manufac-
turer’s instructions. DNAse digestion was performed during the
process to exclude contamination with genomic DNA. Total RNA was
quantified by optical density (OD) measurements using the ND-1000
Nanodrop Spectrophotometer (Thermo Scientific) and purity was
assessed by the OD ratio at 260 and 280 nm.

To assure removal of genomic DNA, samples were further treated
with DNAse (79,254, Qiagen) in solution. Final volume was adjusted
to 10 mL, containing 1 mL of DNAse buffer, 0.5 mL of DNAse and
1000 ng of mRNA. After 30 mins incubation at 37 ⁰C, 1 mL of 20 mM
EDTA, pH=8, was added to each sample and incubated at 65 ⁰C, for 10
mins, to stop DNAse reaction. RNA samples were converted into
cDNA, using the iScript cDNA Synthesis Kit (Bio-Rad), according to
manufacturer’s instructions.

The mRNA levels of BMAL1, CLOCK, PER1�3, CRY1�2, CSNK1e, REV-
ERBa, REV-ERBb and DEC1 of all the enrolled subjects were assessed
by real-time quantitative reverse transcriptase polymerase chain
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reaction (qRT-PCR), using the iCycler iQTM Real-Time PCR Detection
System (Bio-Rad). Primer sequences and qPCR conditions are listed in
Table S1. Relative gene expression was calculated according to the
DCT method of Livak et al. [59]. Hypoxanthine-guanine phosphoribo-
syltransferase (HPRT), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and b�2-microglobulin (b�2 M) were used as housekeep-
ing genes, as validated by BestKeeper, Genorm and Normfinder algo-
rithms. Gene expression data is shown as DDCT values, relative to
the average of the DCt of all time points of all control subjects (aver-
age of all time points of all controls is equal to 0), except for the
machine learning analysis, where the DCT values were used without
normalization by controls.

2.8. Statistical analysis

If not stated otherwise, statistical analyses were performed using
Graph Pad Prism 7.00 (GraphPad Software, Inc). Based on data distribu-
tion, non-parametric t-tests (Mann-Whitney tests) were performed to
detect statistically significant differences between control and each OSA
patients’ group (t0M, t4M or t24M), at each time of the day. Statistically sig-
nificant differences promoted by CPAP treatment were further evaluated
in patients that completed the three visits of the study (t0M, t4M and
t24M), through non-parametric pairwise one-way ANOVA (Friedman
tests), followed by Dunn’s correction of multiple comparisons (Type I
error was adjusted). All statistical tests performed were two-sided, with
statistical significance set at 0.05. No values were excluded.

2.9. Rhythmicity analysis

For the detection of circadian oscillating genes, harmonic regres-
sion fitting was used as implemented in the R package HarmonicRe-
gression [60], setting the period to 24 h. Harmonic regression fits a
linear model to time-series using the function y(t) = m + a £ sin
(2 £ p £ t/v) + b £ cos (2 £ p £ t/v). Estimated amplitudes (formu-
lated as A= x (a2 + b2)) and acrophases (formulated as tan ’ = b/a)
along with p-values (according to F-test) and Benjamini-Hochberg
adjusted p-values (q-values) can be found in Table S2 and S3 for
mean gene expression values and for each individuals time course
data, respectively. A representative harmonic regression curve was
fitted to the mean of all participants of the study and results were
visualized using DDCT values normalized to the average of control
donors. The summary plot using each data from each participant of
the study is depicted using the standard error of mean and the figures
plotted in R programming software using ggplot2 package (v.3.3.2).
The original ΔΔCT values are depicted as points in the plots and the
time points were connected using lines for the individual time course
of each participant (Fig. S1) whereas a smooth harmonic regression
curve was used for connecting the summary plot (Fig. 4).

2.10. Machine learning

For machine learning analysis, the data set was restricted to the
16 patients that completed all three visits of the study (t0M, t4M and
t24M), plus the 7 controls.

For machine learning, the python package scikit-learn was used. For
the set of n = 23 subjects (7 controls and 16 patients), let xi denote the
data set consisting of the temporal means of the genetic profiles for the
mRNAs measured in subject i, i from 1 to n. The subjects were separated
into two or three groups (clusters) using the algorithm K-means cluster-
ing with k = 2 or 3 and the standard parametrization of sklearn.cluster.
KMeans(). K-means clustering minimizes the within-cluster sum-of-
squares criterion in the resulting clusters, which is given as

Xn

i¼0

min
μj∈C

jjxi−μjjj2
� �

:

where C are the k clusters and for each cluster mj is the mean of the
elements in the cluster. To predict the condition of a given subject (e.
g. control versus patient as label), we trained a linear support vector
machine (SVM, sklearn.svm.LinearSVC() with max_iter=90,000) using
leave-one-out cross validation, i.e. for each element of the data set,
the SVM is trained on the data excluding the chosen element, and
then tested on this element. A linear support vector machine was
chosen because of its simplicity and interpretability, which is advan-
tageous when considering the size of the training set. To quantify
classification success, the mean F1 score (F1 = 2 * (precision * recall) /
(precision + recall)) was used, as implemented under sklearn.metrics.
f1_score() with average='macro'. Individual F1 scores of both labels
are also reported. The F1 score goes from zero (worst) to one (best),
and a boot strap approach allows us to estimate a confidence interval
for the F1 score, i.e. for each element of the data set, we train and test
the SVM on the restricted data which lacks this element, and calcu-
late the mean and standard deviation (std) of the resulting set of N F1
scores, where N is the number of elements in the data set. The 90 %
confidence interval is then given as mean § 1.645 * std/sqrt(N),
where sqrt() is the square root function.

2.11. Role of funding

Funding sources had no role in study design, data collection, data
analysis, interpretation, decision to publish or preparation of the
manuscript.

3. Results

3.1. OSA impacts on some of the major clock outputs and only long-term
(two years) CPAP treatment is effective on their re-establishment

The current study enrolled 34 male OSA patients and seven con-
trols (no OSA) of the same sex and age-group. Participants were first
characterized based on age, BMI, daytime sleepiness (ESS), lifestyle
and clinical history (table 1), and sleep-related characteristics,
assessed by PSG (table 2). OSA patients and control subjects did not
show statistically significant differences in daytime sleepiness
(p = 0.448, Mann-Whitney test) or BMI (p = 0.08, Mann-Whitney test)
(table 1). OSA patients showed several comorbidities, with the most
common being hypertension (73 %), metabolic conditions (71 %),
among which diabetes and/or dyslipidaemia, and cardiovascular dis-
eases (35 %). Usual medication is depicted in table 1. Significant dif-
ferences were also found in sleep-related parameters assessed by
PSG, namely, in the percentage of deep sleep, number of obstruction
events, number of arousals and awakenings and blood oxygen satura-
tion levels (SpO2) during sleep (see table 2). Among the group of OSA
patients, four (12 %) patients were diagnosed with mild (5 � RDI <
15), eight (23 %) with moderate (15 � RDI < 30) and 22 (6 5 %)
patients with severe (RDI � 30) OSA.

OSA patients were followed from the moment of their diagnosis
by PSG (t0M), up to four months (t4M, short-term treatment) and two
years of CPAP treatment (t24M, long-term treatment). All 34 patients
completed both t0M and t4M visits of the study and 16 patients com-
pleted t24M visit. CPAP treatment compliance and response are shown
in table 3. The majority of OSA patients complied with CPAP treat-
ment, using the mask for more than 4 h per night, both at t4M and
t24M. Both short- and long-term CPAP were effective at reducing the
number of obstruction episodes during sleep, to values below 5 [p <

0.0001 (****), Friedman test, 16 patients], and daytime sleepiness [p
< 0.0001 (****), Friedman test, 13 patients] in OSA patients (table 3),
suggesting that both treatment durations improved OSA condition.
Patients’ BMI, comorbidities and medication remained constant
throughout the study.

To evaluate OSA impact on the biological clock, we started by
assessing clock outputs, namely, plasma levels of melatonin and



Table 1
Age, body mass index, daytime sleepiness, lifestyle and clinical history of the con-
trol subjects and OSA patients enrolled in this study (baseline, t0M).

Control subjects
n = 7

OSA patients
n = 34

Age 49.7 § 3.2 54.6 § 1.8
BMI 28.1 § 1.3 31.3 § 0.8
Daytime sleepiness � ESS 8.6 § 2.9 9.8 § 0.7
Sleep/wake cycles
Bedtime, h 23.7 § 0.4 23.6 § 0.2
Wake up time, h 7.1 § 0.2 7.3 § 0.2
Hours in bed, h 6.9 § 0.4 6.7 § 0.2
Diet
Healthy diet, y/n (%) 6/7 (86%) 30/33 (91%)
Regular diet, y/n (%) 6/7 (86%) 25/33 (76%)
Number of meals per day, average (n) 4[7] 4 [33]
Physical activity, y/n (%) 3/7 (43%) 8/33 (24%)
Frequency, average/week 2 times 3 times
At night � �
Diagnosed conditions
Hypertension, y/n (%) � 25/34 (73%)
Metabolic disorders, y/n (%) 2/7 (29%) 24/34 (71%)
Cardiovascular diseases, y/n (%) � 12/34 (35%)
Musculoskeletal disorders, y/n (%) � 9/34 (26%)
Anxiety, y/n (%) 1/7 (14%) 8/34 (23%)
Gastrointestinal disorders, y/n (%) 1/7 (14%) 6/34 (18%)
Benign prostatic hyperplasia, y/n (%) 1/7 (14%) 5/34 (15%)
Mood disorders, y/n (%) 1/7 (14%) 2/34 (6%)
Asthma/ COPD, y/n (%) 1/7 (14%) 2/34 (6%)
Kidney diseases, y/n (%) � 2/34 (6%)
Inflammatory diseases, y/n (%) � 2/34 (6%)
Endocrine disorders, y/n (%) 1/7 (14%) 1/34 (3%)
Medication
Antihypertensives, y/n (%) � 25/34 (73%)
Anticholesterolemic agents, y/n (%) 2/7 (29%) 23/34 (68%)
Hypoglicemic/Antidiabetic agents, y/n (%) � 11/34 (32%)
Heart drugs, y/n (%) � 10/34 (29%)
Anxiolytics, y/n (%) 1/7 (14%) 8/34 (23%)
Drugs for gastrointestinal system, y/n (%) � 10/34 (29%)
Antigout agents, y/n (%) � 6/34 (18%)
Anti-inflammatories, y/n (%) � 4/34 (12%)
Medication for BPH, y/n (%) 1/7 (14%) 4/34 (12%)
Antidepressants, y/n (%) 2/7 (29%) 4/34 (15%)
Asthma/COPD drugs, y/n (%) 1/7 (14%) 2/34 (6%)
Antihistamines, y/n (%) 1/7 (14%) 2/34 (6%)
Pain killers, y/n (%) � 2/34 (6%)
Thyroid drugs, y/n (%) 1/7 (14%) 1/34 (3%)
Drugs for kidney diseases, y/n (%) � 1/34 (3%)
Antipsychotics, y/n (%) 1/7 (14%) �
Anticonvulsants, y/n (%) 1/7 (14%) �

BMI, Body mass index. ESS, Epworth sleepiness scale. COPD, Chronic Obstructive
Pulmonary Disease. BPH, Benign prostatic hyperplasia. y/n, number of subjects
included in the category per total number of subjects, in the group, from who data
is available. Data is presented as mean § SEM when applicable.

Table 2
Sleep-related characteristics, assessed by Polysomnography, of control subjects and
OSA patients.

Control
subjects n = 7

OSA patients
t0M n = 34

p-value

Total sleep time, h 6.5 § 0.5 5.6 § 0.2 0.122
Sleep efficiency,% 86.5 § 2.9 74.5 § 2.6 0.085
Sleep staging

NREM,% of TST 85.5 § 0.9 86.6 § 1.0 0.557
Light sleep,% NREM 60.2 § 7.5 74.3 § 2.2 0.090
Deep sleep,% of NREM 25.2 § 8.1 12.3 § 1�6 *
REM,% of TST 14.5 § 0.9 13.4 § 1.0 0.557

Apnea índex 0.1 § 0.1 13.7 § 3.6 **
Hypopnea índex 4.1 § 0.7 32.0 § 3.6 ***
AHI 4.2 § 0.7 45.7 § 4.5 ****
RERAs, count 11.0 § 6.3 18.2 § 5.3 0.781
RDI 4.3 § 0.7 46.0 § 4.4 ****

In NREM sleep 3.4 § 1.0 45.9 § 4.7 ****
In REM sleep 9.4 § 1.6 45.7 § 3.7 **

Arousals and awakenings índex 17 § 2.0 40.6 § 2.9 **
SpO2 mean,% 94.5 § 0.5 91.6 § 0.5 *

In NREM sleep 94.5 § 0.5 91.1 § 0.5 **
In REM sleep 94.3 § 0.3 88.6 § 0.9 **

SpO2 minimum,% 89 § 0.9 76.8 § 1.9 ***
SpO2 < 90%,% of TST 0.1 § 0.1 22.4 § 4.3 ***

NREM, Non-rapid eye movement sleep. REM, Rapid eye movement sleep. TST, Total
sleep time. Apnea index, number of apneas per hour of sleep. Hypopnea index,
number of hypopneas per hour of sleep. AHI, Apnea-Hypopnea Index, number of
apneas and hypopneas per hour of sleep. RERAs, Respiratory-effort related arousals.
RDI, Respiratory disturbance index, number of apneas, hypopneas and respiratory
effort-related arousals (RERAs) per hour of sleep. Arousals and awakenings index,
number of arousals and awakenings per hour of sleep. SpO2, Peripheral capillary
oxygen saturation. Data is presented as mean § SEM. p-value, p-value for compari-
son between control subjects and OSA patients at t0M, calculated using Mann-Whit-
ney tests: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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cortisol and body temperature, surrogate markers of the biological
clock, along the day (8, 11, 16:30 and 22:30 h), in OSA patients in
comparison with control subjects (Fig. 2). OSA patients showed
increased plasma melatonin levels during the day (at 8, 11 and
16:30 h), especially in the early morning (8 h) (Fig. 2a). Short-term
CPAP treatment (four months, t4M) significantly reduced melatonin
levels during the daytime (Fig. 2b, table 4). Yet, higher melatonin
plasma and cortisol levels and body temperature became more pro-
nounced at night (22:30 h) at t4M, relative to control subjects
(Fig. 2b). Long-term (two years, t24M) treatment re-established the
levels and diurnal profiles of plasma melatonin, cortisol and espe-
cially body temperature (Fig. 2c, table 4).

3.2. OSA promotes alterations in expression levels and the temporal
expression profiles of several clock genes that are not fully re-established by
neither short- (four months) nor long-term (two years) CPAP treatment

We further explored the impact of OSA on biological clock-related
characteristics by assessing the expression levels of eleven clock
genes (BMAL1, CLOCK, PER1-3, CRY1-2, CSNK1e, REV-ERBa, REV-ERBb
and DEC1) along the four time points of the study, in PBMCs of OSA
patients, compared to control subjects. OSA patients showed
increased morning BMAL1 and DEC1 expression levels and decreased
expression of PER1, CRY2 and REV-ERBa (the latter not statistically
significant), at night, relative to control subjects. No alterations were
observed in the expression levels of CLOCK, PER2, PER3, CRY1, REV-
ERBb and CSNK1e in PBMCs of OSA patients (Fig. 3a).

CPAP treatment impacted on the expression of all the evaluated
clock genes in PBMCs, with less evident effects on CRY1, REV-ERBb
and DEC1. The clock genes whose expression changed the most along
the CPAP treatment follow-up period include REV-ERBa, PER1, PER2
and CRY2 (table 5). OSA short-term (four months) treatment pro-
moted an evident re-establishment of BMAL1 expression in OSA
patients, relative to control subjects (Fig. 3b). On the contrary, PER1
and CRY2 decreased expression were more pronounced at all the
evaluated time points of the day in PBMCs from OSA patients at t4M
(Fig. 3b, table 5). In addition, short-term (four months) treatment
promoted a decrease in REV-ERBa expression at all the evaluated
time points and an increase in CRY1 gene expression at 11 and
22:30 h, relative to control subjects. Short-term treatment also pro-
moted a decrease in CSNK1e expression levels at t4M, in comparison
to patients at t0M (Fig. 3b, table 5). After long-term (two years) OSA
treatment, PER1, CRY2 and REV-ERBa expression were re-established
in comparison to control subjects (Fig. 3c). Long-term (two years)
CPAP treatment promoted a significant increase in the expression of
these genes throughout the day (table 5). On the contrary, BMAL1
and DEC1 were overexpressed again in OSA patients at t24M relative
to control subjects. In addition, PER2, PER3 and CRY1 showed to be
overexpressed and REV-ERBb less expressed, at specific time points,
in PBMCs of OSA patients at t24M (Fig. 3c, table 5).

We next explored the similarity of the data sets to a 24-hours
rhythmic oscillation, by carrying out a harmonic regression analysis.



Table 3
Follow-up of OSA patients before (t0M) and after short (four months, t4M) and long-term (two years, t24M) Continuous Positive Airway
Pressure (CPAP) treatment.

OSA patients t0M (n = 16) OSA patients t4M (n = 16) OSA patients t24M (n = 16) p-value

CPAP treatment compliance,% 83.5 § 5.8 83.2 § 6.4 0.515
AHI 41.9 § 7.5 1.0 § 0.2 #### 1.1 § 0.2 #### ****
Daytime sleepiness � ESS 10.7 § 0.9 6.8 § 1.4 ## 4.7 § 1.0 ### ****
BMI 30.9 § 1.2 30.1 § 0.8 0.649

CPAP treatment compliance, percentage of days with 4 h or more of continuous positive airway pressure, per night. AHI, Apnea-Hypo-
pnea Index. ESS, Epworth sleepiness scale. BMI, Body mass index. Data is presented as mean § SEM when applicable. p-value, p-value
for comparison between two groups (t0M and t24M or t4M and t24M), calculated using Wilcoxon matched-pairs signed rank tests, or three
groups (t0M, t4M and t24M), calculated using Friedman tests: **** p < 0.0001. Friedman tests were followed by Dunn’s multiple compari-
son tests between t0M, t4M and t24M, where # in each group section represents statistical significant differences relative to t0M: ## p <

0.01, ### p < 0.001, #### p < 0.0001.
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We used a harmonic regression fitting with a period of 24 h to ana-
lyze the average data of all patients (n t0M = 34, n t4M = 34 and n
t24M = 16, Fig. 4) as well as each individual patient time course
data (Fig. S1). The results of the harmonic regression analysis for the
mean gene expression for each time point across all subjects and for
each individual time course data (for each individual subject) are pro-
vided in Table S2 and Table S3. Our results point to an impact of CPAP
treatment in the rhythmic expression of core-clock genes in the fol-
low-up data (four months and two years after treatment) as com-
pared to the controls and patients at t0M (Fig. 4). We also observed an
Fig. 2. OSA impact in the levels and profiles of plasma melatonin, cortisol and body temperat
sure (CPAP) treatment. Levels of major clock outputs (plasma melatonin, cortisol and body
three visits of the study, relative to control subjects (black line). (a) OSA patients at diagnos
OSA patients after two years of CPAP treatment (t24M, green line). Plasma melatonin and cor
t0M and t4M and 9 patients at t24M. Body temperature is presented as mean § SEM of 26 OSA
tests (Mann-Whitney tests) were used to assess differences between t0M, t4M or t24M and con
overall higher expression of PER1, PER2, PER3, CRY2,
CSNK1e and CLOCK following long-term CPAP treatment (two years,
t24M) relative to t0M (Fig. 4). Interestingly, the temporal expression
profiles of the core-clock genes in the group of patients analysed fol-
lowing long-term CPAP treatment (two years, t24M) resembled the
ones of the control group. For some of the core-clock genes, such as
CLOCK and CRY1, we observed alterations in their rhythmic profiles at
earlier time points after the beginning of treatment (four months,
t4M). This tendency became more evident at the later follow-up visit
(two years, t24M).
ure is no longer observed upon long-term (two years) Continuous Positive Airway Pres-
temperature) measured along day (at 8, 11, 16:30 and 22:30 h) in OSA patients at the
is (t0M, orange line); (b) OSA patients after four months of CPAP (t4M, yellow line); (c)
tisol are presented as mean § SEM of 16 (melatonin) and 17 (cortisol) OSA patients at
patients at t0M, 34 patients at t4M and 16 patients at t24M. Non-parametric student’s t-

trols subjects, at each time point along the day: * p < 0.05; ** p < 0.01.



Table 4
Short (four months, t4M) and long-term (two years, t24M) Continuous Positive Airway Pressure (CPAP) treatment promote differential
alterations in plasma melatonin levels and body temperature of OSA patients (t0M).

Clock output Time of the day Friedman test p-value
OSA patients t0M OSA patients t4M OSA patients t24M

Melatonin (pg/mL) 8 h 133.1 § 14.0 91.9 § 12.4 (*) 79.8 § 17.0 (*) *
11 h 117.5 § 9.8 91.1 § 23.2 (*) 62.5 § 12.0 (*) *
16:30 h 91.1 § 12.7 86.9 § 11.3 71.5 § 16.3
22:30 h 58.5 § 9.4 57.6 § 4.5 64.0 § 14.7

Cortisol (ng/mL) 8 h 52.4 § 5.5 46.5 § 5.2 46.9 § 5.8
11 h 42.1 § 4.8 32.6 § 3.2 37.2 § 3.4
16:30 h 27.4 § 3.7 30.4 § 5.1 23.8 § 2.7
22:30 h 16.8 § 2.9 13.8 § 3.0 14.9 § 3.8

Body temperature ( °C) 8 h 35.6 § 0.1 35.9 § 0.2 35.6 § 0.1
11 h 35.5 § 0.1 35.8 § 0.1 35.4 § 0.2
16:30 h 36.2 § 0.1 36.4 § 0.1 35.8 § 0.1 (*) (##) **
22:30 h 36.2 § 0.1 35.9 § 0.1 35.5 § 0.2

Data presented as mean § SEM, at each time point of the day, from 7�10 OSA patients that completed long-term (two years) Continuous
Positive Airway Pressure (CPAP) treatment (two years follow-up). Friedman tests were performed at each time point, throughout time
(from t0M to t24M) to visualize howmuch variables have changed throughout treatment: * p < 0.05; ** p< 0.01. In addition, Friedman tests
were followed by Dunn’s multiple comparisons tests to visualize statistical differences relative to t0M (marked as *) and between short-
and long-term treatment (marked as #), in each group column: (*) p < 0.05; (##) p < 0.01.
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3.3. The effect of OSA and short- (four months) and long-term (two
years) CPAP treatment on biological clocks persists among different
subgroups of OSA patients

In an attempt to discriminate the specific effect of OSA and CPAP
treatment on clock-related characteristics, patients were divided into
Fig. 3. OSA causes alterations in the expression of several core-clock genes in peripheral bloo
months) or long-term (two years) Continuous Positive Airway Pressure (CPAP) treatment. E
REV-ERBb and DEC1) along day (8, 11, 16:30 and 22:30 h) in PBMCs of OSA patients at the thr
sis (t0M, orange line); (b) OSA patients after four months of CPAP treatment (t4M, yellow lin
sented as mean DDCT values § SEM of 34 OSA patients at t0M, 34 patients at t4M and 16 patie
differences between t0M, t4M or t24M and controls subjects, at each time point along the day: *
subgroups according to age, BMI, daytime sleepiness or comorbidities
(Fig. 5) and PSG results (OSA severity; percentage of apneas over
hypopneas; minimum SpO2 levels; or the number of arousals and
awakenings; Fig. 6), registered at baseline (t0M), and compared to
control subjects. The previously observed alterations in clock outputs
and expression of clock genes were very consistent among the
d mononuclear cells (PBMCs) that are not fully re-established with neither short- (four
xpression levels of 11 clock genes (BMAL1,CLOCK, PER1�3, CRY1�2, CSNK1e, REV-ERBa,
ee visits of the study, relative to control subjects (black line). (a) OSA patients at diagno-
e); (c) OSA patients after two years of CPAP treatment (t24M, green line). Data are pre-
nts at t24M. Non-parametric student’s t-tests (Mann-Whitney tests) were used to assess
p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.



Table 5
Short (four months, t4M) and long-term (two years, t24M) Continuous Positive Airway Pressure (CPAP) treatment promote differential
alterations in clock genes expression in peripheral blood mononuclear cells of OSA patients (t0M).

Gene Time of the day mRNA levels Friedman test p-value

OSA patients t0M OSA patients t4M OSA patients t24M

BMAL1 8 h 0.739 § 0.243 0.048 § 0.303 0.839 § 0.183 *
11 h 0.754 § 0.255 �0.125 § 0.238 (*) 0.615 § 0.237 *
16:30 h 0.543 § 0.254 0.188 § 0.233 1.048 § 0.241 (#) *
22:30 h 0.721 § 0.241 0.071 § 0.256 0.961 § 0.251

CLOCK 8 h �0.102 § 0.173 �0.742 § 0.205 0.321 § 0.182 (#) *
11 h �0.027 § 0.180 �0.702 § 0.269 �0.049 § 0.262
16:30 h �0.263 § 0.179 �0.707 § 0.229 0.484 § 0.240 (##) **
22:30 h �0.031 § 0.177 �0.490 § 0.235 0.483 § 0.292 (#) *

PER1 8 h �1.253 § 0.394 �1.751 § 0.344 0.752 § 0.356 (##) **
11 h �1.792 § 0.323 �2.802 § 0.383 0.066 § 0.522 (##) **
16:30 h �2.623 § 0.501 �2.814 § 0.340 0.160 § 0.440 (**) (#) **
22:30 h �2.181 § 0.381 �2.787 § 0.379 0.134 § 0.525 (##) **

PER2 8 h 0.131 § 0.293 �0.351 § 0.307 1.518 § 0.378 (##) **
11 h 0.086 § 0.332 �0.597 § 0.351 0.805 § 0.338 *
16:30 h �0.625 § 0.307 �0.862 § 0.272 0.667 § 0.342 (*) (#) **
22:30 h �0.561 § 0.306 �0.996 § 0.291 0.469 § 0.347 (#) *

PER3 8 h 0.362 § 0.226 0.157 § 0.199 1.428 § 0.345
11 h 0.239 § 0.257 �0.637 § 0.300 0..649 § 0.236 *
16:30 h �0.483 § 0.231 �0.912 § 0.191 0.509 § 0.317 (##) *
22:30 h �0.231 § 0.130 �0.584 § 0.236 0.853 § 0.314 (#) *

CRY1 8 h 0.127 § 0.237 0.262 § 0.149 0.821 § 0.290
11 h 0.360 § 0.262 0.508 § 0.195 0.478 § 0.287
16:30 h 0.127 § 0.253 0.390 § 0.197 0.641 § 0.276
22:30 h 0.198 § 0.231 0.557 § 0.219 0.650 § 0.300

CRY2 8 h �1.626 § 0.384 �1.819 § 0.333 0.876 § 0.352 (*) (#) **
11 h �1.070 § 0.369 �2.233 § 0.405 (*) 0.118 § 0.247 (##) **
16:30 h �1.799 § 0.365 �2.104 § 0.361 0.298 § 0.305 (##) **
22:30 h �1.826 § 0.390 �2.310 § 0.491 0.376 § 0.320 (#) *

CSNK1e 8 h �0.404 § 0.223 �1.03 § 0.287 1.385 § 0.475 (##) *
11 h �0.251 § 0.240 �1.512 § 0.299 (*) 0.723 § 0.399 (#) **
16:30 h �0.746 § 0.266 �1.134 § 0.262 1.109 § 0.402 (#) *
22:30 h �0.641 § 0.214 �1.229 § 0.277 1.096 § 0.411 (#) *

REV-ERBa 8 h �1.723 § 0.267 �1.916 § 0.318 0.036 § 0.229 (**) (###) ****
11 h �1.965 § 0.255 �2.574 § 0.296 �0.765 § 0.546 (##) **
16:30 h �2.077 § 0.358 �2.453 § 0.361 �0.186 § 0.205 (#) *
22:30 h �1.432 § 0.193 �2.532 § 0.275 0.147 § 0.263 (*) (####) ****

REV-ERBb 8 h �0.207 § 0.243 �0.270 § 0.184 �0.332 § 0.225
11 h �0.733 § 0.290 �0.507 § 0.138 �1.112 § 0.528
16:30 h �0.684 § 0.236 �0.481 § 0.191 �0.809 § 0.204
22:30 h �0.319 § 0.250 �0.373 § 0.202 �0.612 § 0.218

DEC1 8 h 1.415 § 0.233 1.443 § 0.236 1.183 § 0.209
11 h 1.496 § 0.202 1.097 § 0.320 0.921 § 0.234
16:30 h 1.296 § 0.304 1.056 § 0.250 1.117 § 0.218
22:30 h 1.066 § 0.227 1.051 § 0.238 1.161 § 0.206

Data presented as mean mRNA expression levels § SEM, at each time point, from 13�16 OSA patients that completed long-term Con-
tinuous Positive Airway Pressure (CPAP) treatment (two years follow-up). Friedman tests were performed at each time point, through-
out time (from t0M to t24M) to visualize how much variables have changed throughout treatment: * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001. In addition, Friedman tests were followed by Dunn’s multiple comparisons tests to visualize statistical differences rela-
tive to t0M (marked as *) and between short- and long-term treatment (marked as #), in each group column: (* or #) p < 0.05; (** or
##) p < 0.01; (###) p < 0.001; (####) p < 0.0001.

L.S. Gaspar et al. / EBioMedicine 65 (2021) 103248 9
different subgroups. Still, some differences were observed in specific
patient subgroups.

Whereas few subgroups of OSA patients showed increased plasma
cortisol levels at t0M relative to control subjects, several subgroups
showed increased body temperature in the late afternoon (16:30)
and/or night (22:30), in addition to higher melatonin plasma levels
(Fig. 5, Fig. 6). At t4M, the increased plasma cortisol levels observed
relative to control subjects were visible in more subgroups, especially
in hypertensive OSA patients, who showed increased cortisol levels
at all measured time points (Fig. 5). At t24M, alterations in clock out-
puts were re-established in all OSA subgroups with few exceptions
(Fig. 5, Fig. 6).

Regarding the expression of clock genes, at t0M, particular sub-
groups showed additional alterations, namely in CLOCK, PER2, CRY1
and/or REV-ERBa expression, at specific time points of the day. OSA
patients with no comorbidities showed alterations in BMAL1, PER2,
CRY2 and DEC1 expression relative to controls (Fig. 5). No alterations
were found in PER3, CSNK1e and REV-ERBb gene expression levels in
PBMCs of any of the evaluated OSA subgroups in comparison to con-
trol subjects. At t4M, overweight patients, patients with hypertension
or with metabolic disorders, patients with excessive daytime sleepi-
ness, patients with more than 25 % of apneas over hypopneas,
patients with lower minimum SpO2 levels and patients that woke up
more than 50 times per hour of sleep continued to show alterations
in BMAL1 and/or DEC1 gene expression (Fig. 5, Fig. 6). In addition, we
also observed other gene expression alterations in specific OSA
patients’ subgroups, namely in the expression of CLOCK, PER2, CSNK1e
and REV-ERBb (Fig. 5, Fig. 6). At t24M, some OSA subgroups still
showed alterations in PER1 and/or CRY2 gene expression, namely,
patients with no comorbidities and patients with cardiovascular dis-
eases, patients with normal daytime sleepiness, severe OSA patients,
patients with lower minimum SpO2 levels and patients with less
arousals and awakenings (Fig. 5, Fig. 6). Particular subgroups also
showed increased expression of CSNK1e and CLOCK (Fig. 5, Fig. 6).



Fig. 4. The temporal expression of core-clock genes in peripheral blood mononuclear cells is affected by OSA and OSA Continuous Positive Airway Pressure (CPAP) treatment in
patients, compared to control subjects. Clock genes expression oscillations (BMAL1,CLOCK, PER1�3, CRY1�2, CSNK1e, REV-ERBa, REV-ERBb and DEC1) along day (8, 11, 16:30 and
22:30 h) in PBMCs of OSA patients at the three visits of the study, relative to control subjects (black line). (a) OSA patients at diagnosis (t0M, orange line); (b) OSA patients after
short-term (four months) CPAP treatment (t4M, yellow line); (c) OSA patients after long-term (two years) CPAP treatment (t24M, green line). Results are presented using harmonic
regression for the data collected at 8, 11, 16:30 and 22:30 h, following the summarization of each participant data using the standard error of the mean DDCT values § SEM of 34
OSA patients at t0M, 34 patients at t4M and 16 patients at t24M.
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The subgroups of older OSA patients (more than 55 years old),
patients with comorbidities, severe OSA patients, patients with lower
SpO2 levels and patients with lower awakening and arousal indexes
show more gene expression alterations after short- (four months)
and long-term (two years) CPAP treatment than the other subgroups,
relative to control subjects.

3.4. Gene expression in the group of OSA patients after long-term (two
years) treatment resembles the gene expression of controls

Given the observed difference in terms of physiological and
molecular data, we further investigated whether a separation
between control and patient groups was possible using the obtained
datasets. We thus used an unsupervised clustering tool to test
whether the algorithm automatically separates controls from the
patient group. Clustering based on the mean gene expression levels
of controls and patients at t0M, in two clusters (k-means clustering
with k = 2) resulted in one cluster containing only patients (12
patients) and a second cluster containing mixed elements of four
patients and seven controls. A subsequent clustering in three clusters
(k-means clustering with k = 3) based on the same data resulted in
one cluster containing only controls, and two clusters with patients
(Fig. 7a). These results suggested that there is indeed a salient differ-
ence between patients and controls, which the clustering algorithm
detected solely based on the mean expression levels of the core-clock
genes analysed. The underlying difference, not evident by eye
(Fig. 7b), was indeed confirmed by supervised classification. We
trained a linear support vector machine using a leave-one-out
approach, providing the mean genetic expression levels as input and
using “control” versus “patient” as labels for the required output. The
prediction of the health status, i.e. whether the subject is part of the
control or patient group, was then tested on the subject that was not
used for training. Repeating this for all subjects, we found that all but
one subject of the data set can be correctly classified, which is
reflected in a good F1 score of 0.95 [individual F1 scores of 0.97 and
0.93, 90 % confidence interval (CI) of 0.93 § 0.01].

Next, we tested whether it is possible to differentiate between the
data of patients retrieved at t0M, t4M (four months of CPAP treatment)
or t24M (two years of CPAP treatment). For this we labelled the patient
data by visit of the study and applied the same computational
machine learning algorithm as above, i.e. supervised classification
based on a linear support vector machine trained as before. Our clas-
sification showed a limited prediction success in predicting the visit
of the study, i.e. t0M, t4M or t24M [F1 score of 0.73, individual scores
(0.625, 0.625, 0.94), 90 % CI of 0.73 § 0.004]. Yet, a closer look at the
prediction results showed that the F1 score calculated solely for pre-
dictions labelled as t24M was higher, with a value of 0.94 for t24M,
which suggested that the latter can be distinguished from the data
recorded at t0M and t4M. Indeed, training the classifier to distinguish
t24M from the other two visits (t0M and t4M) resulted in an improved
classification with a mean F1 score of 0.90 [individual scores (0.94,
0.87), 90 % CI of 0.91 § 0.004]. The underlying difference between
t24M, and the other two visits seems to be even visible by eye (see
Fig. 7c). The observed difference is particularly salient for PER1.



Fig. 5. The effect of OSA and OSA short- (four months) and long-term (two years) Continuous Positive Airway Pressure (CPAP) treatment on clock outputs and core-clock genes
expression persists in different OSA patient subgroups despite their differences in age, body mass index (BMI), daytime sleepiness and clinical history. Heatmap showing significant
alterations in the levels of major clock outputs (plasma melatonin, cortisol and body temperature) and clock genes expression (BMAL1,CLOCK, PER1�3, CRY1�2, CSNK1e, REV-ERBa,
REV-ERBb and DEC1), in peripheral blood mononuclear cells, along day (8, 11, 16:30 and 22:30 h), in OSA patient subgroups, before (t0M) and after four months (t4M) and two years
(t24M) of CPAP treatment, relative to control subjects (seven). OSA patients were stratified according to age (� 55 years; > 55 years), BMI (normal; overweight; obese), daytime
sleepiness (DS), assessed through the Epworth Sleepiness Scale - ESS (normal DS; excessive DS) or comorbidities (no comorbidities; hypertension; cardiovascular diseases; meta-
bolic diseases) at baseline (t0M). The number of patients in each subgroup is shown in brackets in each subgroup. Gray slashes represent subgroups with less than three subjects,
not evaluated. Results of all OSA patients at t0M, t4M, and t24M are used as a reference. A color rule (red: increase, blue: decrease) is used to highlight statistically significant altera-
tions, evaluated by non-parametric Student t-tests (Mann-Whitney tests) between each OSA group (t0M, t4M or t24M) and the control group, at each time point of the day. The associ-
ation between color and p-value is shown below the table.
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We have so far observed that the data of patients at t0M differ from
controls and differ as well from patients at t24M. In the following, we
asked whether the patient data at t24M is actually closer to the con-
trols than to the data from the same patients at the beginning of the
study (t0M). To test this, we pooled the patient data of t0M, t4M and
t24M with the data from the controls. An unsupervised clustering in
two clusters (k-means clustering with k = 2) resulted for these data in
two clusters with predominantly controls and patient data from t24M
in one cluster, and patient data from t0M and t4M in the other cluster
(Fig. 7d). This suggested that the patient data after long-term (two
years) treatment is in most cases more similar to the data of the con-
trols than to the data of the same patients before or after short-term
(four months) treatment. Training a machine learning classifier to
distinguish controls and patient data at t24M from patient data at t0M
or t4M results in a good classification success with an F1 score of 0.92
[individual scores (0.94, 0.91), 90 % CI of 0.93 § 0.002]. Patients



Fig. 6. The effect of OSA and OSA short- (four months) and long-term (two years) Continuous Positive Airway Pressure (CPAP) treatment on clock outputs and core-clock genes
expression persists in different OSA patient subgroups despite their differences in sleep variables observed by PSG. Heatmap showing significant alterations in the levels of major
clock outputs (plasma melatonin, cortisol and body temperature) and clock genes expression (BMAL1,CLOCK, PER1�3, CRY1�2, CSNK1e, REV-ERBa, REV-ERBb and DEC1), in periph-
eral blood mononuclear cells, along day (8, 11, 16:30 and 22:30 h), in OSA patients subgroups, before (t0M) and after four months (t4M) and two years (t24M) of CPAP treatment, rela-
tive to control subjects (seven). OSA patients were stratified according to sleep parameters monitored at baseline (t0M), namely, OSA severity (mild; moderate; severe), percentage
of apneas relative to hypopneas (< 25%,; 25 � 50%; > 50%), minimum SpO2 levels (< 73%; 73 � 86%; > 86%) and arousals and awakenings index (< 25 per hour; 25 � 50 per hour;
> 50 per hour). The number of patients in each subgroup is shown in brackets in each subgroup. Gray slashes represent subgroups with less than 3 subjects, not evaluated. Results
of all OSA patients at t0M, t4M, and t24M are used as a reference. A color rule (red: increase, blue: decrease) is used to highlight statistically significant alterations, evaluated by non-
parametric Student t-tests (Mann-Whitney tests) between each OSA group (t0M, t4M or t24M) and the control group, at each time point of the day. The association between color and
p-value is shown below the table.
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before and after short-term (four months) treatment thus show a dif-
ferent gene expression profile compared to controls and patients
after long-term (two years) treatment, which are more similar to
each other.

We finally evaluated if our results change when using the avail-
able physiological data (plasma melatonin, cortisol and body temper-
ature, 28 subjects) for the machine learning algorithm, instead of the
mean-gene expression levels used so far, regarding the impact of the
treatment. Restricting the data set to the 28 subjects with additional
data on plasma melatonin, cortisol and body temperature allows to
compare the additional information provided by non-genetic data.
While the non-genetic data alone did not lead to good predictions,
neither as time-course data, nor using the temporal means, adding
the temporal means of the non-genetic data to the temporal means
of the genetic data increases the prediction success from an F1 score



Fig. 7. OSA patients show a differential mean expression of core-clock genes in peripheral blood mononuclear cells, compared to control subjects, that is less evident upon two
years of Continuous Positive Airway Pressure (CPAP) treatment. Subjects were clustered based on the mean expression of each clock-gene at the four time points of the day. (a) Clus-
tering of controls and patients before treatment (t0M) results in three cluster, one with all controls (black), and two with patients (orange). (b) Mean mRNA levels of the evaluated
clock genes color-coded by patients at t0M (orange) and controls (black). (c) Mean mRNA levels of the evaluated clock genes color-coded by study visit, before treatment (t0M,
orange), after four months of treatment (t4M, yellow) and after two years of treatment (t24M, green). (d) Clustering of all subjects in two clusters results in one cluster with predomi-
nantly controls (black) and patients at t24M (green), and the other cluster with predominantly patients at t0M (orange) and at t4M (yellow).
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of 0.96 to 1.0 [individual scores (0.96, 0.97) and (1.0, 1.0), 90 % CI of
0.96 § 0.005 and 1.0 § 0.0, all evaluated to 1.0].

Next, we evaluated whether using the temporal mean of the
genetic data for predictions is indeed advantageous, or whether the
additional information contained in the full time-course of the
genetic data might improve results. Using the non-averaged mRNA
time-course data instead of the temporal mean results in a reduced
classification performance with an F1 score of 0.75 [individual scores
(0.79, 0.71), 90 % CI of 0.76 § 0.006], and using mean-normalized
time-course data reduced the prediction success even more to an F1
score of 0.62 [individual scores (0.73, 0.51), 90 % CI of 0.66 § 0.009].
Replacing the temporal mean with the data measured at one of the
four time points results in reduced prediction performance with an
F1 score between 0.84 and 0.90 [individual scores (0.87, 0.81) and
(0.92, 0.88), 90 % CIs of 0.85§ 0.005 and 0.90 § 0.002]. This suggested
that the information distinguishing controls and treated patients
from patients before or after short-term (four months) treatment is
found in the temporal mean of clock genes expression levels.

4. Discussion

In the current study, we investigated the impact of OSA and OSA
CPAP treatment (short and long-term) on clock-related characteris-
tics in a cohort of 34 male OSA patients and seven control subjects
(no OSA) of the same sex and age group. Major clock outputs (melato-
nin and cortisol, and body temperature) and expression levels and
diurnal variations of 11 clock genes were evaluated at four time
points along the day. The measured diurnal profiles of melatonin and
cortisol plasma levels, body temperature and clock genes expression
in control subjects are in accordance with what is described in the lit-
erature [61�69].

Only a few studies have explored the impact of OSA and even less
of OSA treatment on the biological clock, and the data obtained is not
consensual. Lemmer and colleagues inferred that OSA disturbs
plasma melatonin levels (17 OSA patients), causing a loss of the well-
known melatonin nocturnal increase, and that 8 weeks of CPAP treat-
ment cannot correct this output [40]. Regarding the expression of
clock genes, several alterations are reported in the literature, in a
time-dependent manner, including on BMAL1, CLOCK, CSNK1e, CRY1,
CRY2, PER2 and PER3 expression, in PBMCs of OSA patients relative to
control subjects [22�24,70]. Yang et al. showed that OSA impairs the
daily expression patterns of several clock genes in PBMCs of 133
patients, compared to 11 controls [24]. Whereas at 12 h, OSA reduces
the expression of BMAL1, CLOCK, CRY1, CRY2, PER2, PER3 and CSNK1e,
at 18 h it increases BMAL1, CLOCK, CRY1 and PER3 expression levels.
The most striking alteration was observed at midnight, when CRY1
and PER3 were significantly downregulated, particularly in severe
OSA patients. No alterations were observed in PER1 expression [24].
However, Yang et al. did not evaluated how such alterations respond
to OSA treatment. Moreira et al. showed that 1 month of OSA treat-
ment was not able to revert the decrease observed in CLOCK expres-
sion at 8 h in OSA PBMCs (13 OSA patients, seven controls) [22]. On
the contrary, Burioka and co-workers showed that 3 months of CPAP
treatment re-established the impaired diurnal oscillation of PER1
mRNA expression in PBMCs of OSA patients (8 OSA patients, 8 control
subjects) [21].

Our data showed that OSA impacts on clock outputs and on the
expression of several clock genes in a time dependent manner. The
most prominent changes are an increase in melatonin plasma levels
and in BMAL1 and DEC1 expression in PBMCs during the morning,
and a decrease in the night of PER1 and CRY2 expression, relative to
control subjects. REV-ERBa expression also showed to be lower at all
time points throughout the day, although not statistically significant
with this group size. We did not found more marked alterations in
the clock of severe OSA patients (based on RDI/AHI). However, the
validity of RDI/AHI as an isolated indicator of OSA severity has been
questioned [71]. These results are not in line with the prior published
results, showing a different set of affected clock genes and different
expression changes [24]. This variability might be attributed to differ-
ences in study cohorts and assessed time points of the day. In addi-
tion, OSA has been increasingly recognized as a very heterogeneous
disorder, with high variability of symptoms, clinical manifestations,
pathophysiological mechanisms and treatment response, which
might also contribute to the observed discrepancies [72,73].

It is also difficult to discern whether the observed alterations in
the clock of OSA patients are specific to OSA or promoted/affected by
excessive weight, lifestyle (e.g. sleep and wake cycles, nightshifts,
diet, feeding schedules, physical exercise) or comorbidities (e.g.
hypertension, metabolic and cardiovascular diseases) and/or associ-
ated medication, in such a heterogeneous cohort. Indeed, when
patients were sub-grouped based on age, BMI, daytime sleepiness,
comorbidities or PSG data, we found different alterations in clock
outputs (melatonin, cortisol and body temperature) and in gene
expression or at different time points of the day in different OSA sub-
groups. Several OSA subgroups also showed increased CRY1 expres-
sion during the morning, lower PER2 expression and higher body
temperature at night and lower REV-ERBa expression throughout the
day. Such differences may result from the different contributions of
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the different variables. Yet, the core alterations observed in all groups
of patients was very consistent among the subgroups, which might
be indicative of an OSA-specific effect. Among OSA-promoted altera-
tions, the fact that OSA patients with no comorbidities showed altera-
tions in BMAL1, PER2, CRY2 and DEC1 expression points towards a
more specific OSA effect on the expression of these genes. Because of
the unknown contribution of each of the mentioned variables, we
also opted for comparing the same patients before and after OSA
treatment, as under these circumstances, the major variable changing
is OSA (BMI, comorbidities and medication remained constant
throughout the follow-up). The same OSA patients at t4M and t24M
were also compared to t0M and both short and long-term CPAP treat-
ment promoted significant alterations in clock-related characteris-
tics, most of these in line with the alterations observed relative to
control subjects, supporting the observed effect of OSA on the clock.
Yet, other external variant that must be considered is the putative
seasonal effect on the expression of clock genes, as this study was
performed throughout several seasons. Dopico et al. showed that
more than 4000 protein-coding mRNAs in PBMCs have seasonal
expression profiles, among which BMAL1, CLOCK, CRY1, CSNK1e and
REV-ERBb [74]. In accordance, we also explored the seasonal influ-
ence on the obtained data and we did not find any evident contribu-
tion (Fig. S2).

By using advanced computational tools such as unsupervised
machine learning, we were able to better understand the extent of
the differences observed between OSA patients and controls. Unsu-
pervised clustering based on the temporal mean expression levels of
clock genes was able to discriminate untreated OSA patients from
control subjects, which reinforces OSA impact on the biological clock.
Machine learning classification algorithm mostly relied on the
expression of BMAL1, CLOCK and PER1 to distinguish OSA patients
from controls. Interestingly, these and other clock genes whose
expression we found to be more impaired in OSA patients (CRY2,
DEC1) have been shown to be hypoxia sensitive [75�79]. BMAL1,
PER1, CRY1�2 and DEC1, have hypoxia response elements, pertinent
for binding of Hypoxia-inducible factors (HIF), key mediators of adap-
tation to changes in oxygen levels [75�79]. Gabryelska and col-
leagues have also recently showed that increased levels of subunit a
of HIF-1, in serum of OSA patients (n = 10), were associated with an
overexpression of several circadian clock proteins (PER1, CRY1 and
CLOCK), relative to control subjects (n = 10) [25]. Variations in oxy-
gen/carbon monoxide levels could be at the basis of the clock dysre-
gulation in OSA [76,77,80]. However, we cannot discard the potential
contribution of sleep fragmentation and autonomic dysregulation as
well.

As several biological processes are under clock control, and clock
genes per se also control the expression of multiple other genes, alter-
ations in clock functioning and clock genes expression could be at the
basis of OSA pleiotropic effects and the diverse multi-organ chronic
morbidities associated with the disease. However, further research is
needed to elucidate the causative mechanisms of the observed altera-
tions. One should ask whether these alterations are a consequence of
OSA or whether these can be at the basis of OSA development.
Butler et al. showed that the circadian system has a strong contri-
bution in determining the duration of apneas and hypopneas of
OSA patients across the night, and that it potentially accounts for
over half of the lengthening observed during normal overnight
sleeps [81]. Other types of studies must be performed to explore
the link between OSA and circadian dysfunction. Inducing OSA or
clock dysfunction in an animal model could allow a better under-
standing of the reciprocal impact of each condition. The altera-
tions observed in the current study also suggest a potential delay
in the peak time of expression of some core-clock genes in OSA
patients. Such alteration could potentially be associated to phase
shifts in internal time, which are reported to occur in response to
changes in environmental/internal time cues and can lead to
desynchrony within the body, favouring the development of sev-
eral diseases [82�84]. In this regard, it would be interesting to
analyze other peripheral clocks, in addition to PBMCs, to evaluate
OSA clocks misalignment.

Our results also show that neither short- (four months) or long-
term (two years) CPAP treatment can fully revert OSA impact on the
expression profile of core-clock genes. More strikingly, our results
highlighted a differential response of the OSA clock to short- (four
months) and long-term (two years) CPAP treatment. Short-term
(four months) CPAP treatment was effective on re-establishing
BMAL1 and DEC1 expression levels relative to controls, but the
decreased expression of PER1 and CRY2 was accentuated in the time
course dataset. In addition, the differential expression of other clock
genes (increase of CRY1 and decrease of REV-ERBa expression, and in
some subgroups also increase of CLOCK and decrease of PER2, CSNK1e
and REV-ERBb expression) was also altered throughout the day. The
additional increase of cortisol and body temperature at night further
points to the potential phase delay in the biological rhythms of OSA
patients that seems to be accentuated upon short-term (four months)
treatment. On the other hand, long-term (two years) CPAP treatment
was able to re-establish the evaluated clock outputs (melatonin, cor-
tisol and body temperature) and PER1 and CRY2 expression levels,
but promoted an overall increase in the expression of multiple clock
genes (BMAL1, PER2, PER3, CRY1, REV-ERBb, DEC1, and in some sub-
groups also CLOCK and CSNK1e). Interestingly, we found that CPAP
treatment led to more alterations in gene expression in subgroups of
OSA patients that may have more severe OSA conditions or higher
dysregulations of O2/CO2 levels (e.g. older patients, patients with
comorbidities, patients with more obstruction events, patients that
reach lower SpO2 levels during sleep, and patients with lower awak-
ening and arousal indexes that might not re-establish oxygen levels
so easily). One may speculate that O2/CO2 modulation by CPAP might
have a higher impact in these patients and thus may lead to more
gene expression alterations.

The reasons behind the observed differential response of the bio-
logical clock to short- (four months) and long-term (two years) CPAP
treatment remains to be elucidated. We may speculate that there is a
differential adaptation to CPAP treatment along time; though AHI is
significantly reduced in short-term treated patients (t4M), OSA
patients usually take time to get used to sleep with CPAP, and we did
see better sleep indicators, evaluated through the Epworth Sleepiness
Scale, in patients treated long-term (t24M); in the period of adapta-
tion, CPAP may be initially perceived as a disturbance to the clock
system and with time the clock may re-adapt to the new circumstan-
ces; or CPAP impact on the clock might not be a direct effect. In fact,
Corda et al. showed that CPAP treatment for one week induces upper
airway dilation, but anatomical and functional improvements are
only observed later on (6 months of CPAP treatment) [85]. More stud-
ies are needed to better understand the long-term effect of CPAP
treatment. Our study emphasizes its importance not only to better
understand the effect and efficacy of CPAP treatment on the clock,
but also on OSA conditions.

CPAP capacity to counteract OSA consequences and/or prevent
OSA-comorbidities has been recently questioned [14]. Not only OSA
diagnosis, but also treatment has been mainly guided by RDI/AHI
indexes and sleepiness scales (e.g. ESS). Both short- (four months)
and long-term (two years) CPAP were very effective on reducing AHI
and daytime sleepiness of the enrolled patients, but might not be
able to fully revert all OSA-associated outcomes, including alterations
in the biological clock. On the other hand, we cannot rule out the pos-
sibility that CPAP treatment, as a modulator of airway pressure and
thus gas levels, might affect biological clocks per se. Our results
showed alterations in the expression profiles of PER2, PER3, CRY1,
REV-ERBa and REV-ERBb mainly after CPAP treatment, relative to
control subjects, with REV-ERBa being more profoundly affected by
CPAP treatment. Adamovich and co-workers have shown that
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cultured cells subjected to cycles of 12 h of 5 % oxygen followed by
12 h of 8 % oxygen show increased CRY1 expression levels only when
oxygen levels are restored to 8 % [76]. Further research is needed to
understand the effect of different gas levels on the modulation of the
biological clock. This knowledge is likely to have a direct impact in
clinical management and treatment of several breathing disorders as
OSA.

Still, clustering based on data from controls and patients that
completed the three visits of the study (t0M, t4M and t24M) indeed
resulted in one cluster containing predominantly controls and long-
term treated patients (two years, t24M), and another cluster contain-
ing patients without treatment and with short-term treatment (four
months, t4M). While the clustering using controls and untreated
patients suggests a fundamental difference in gene expression levels
between controls and untreated patients, the latter suggests that
long-term treatment (two years, t24M) recovers an expression pheno-
type state closer to controls. These results were supported by super-
vised classification. It remains to be shown which features
distinguish controls and long-term treated patients from patients in
the beginning of treatment. As a first hint, the observation that unsu-
pervised clustering results in clusters which separate both groups
suggests that the distinguishing features are rather strong.

To our knowledge, our study was carried out using the largest OSA
cohort in which clock-related alterations were evaluated before and
after treatment. Yet, the number of control subjects included was
limited. As OSA is one of the most prevalent sleep disorders, strict cri-
teria must be used for controls selection, based on clinical history,
sleep quality and OSA screening. It is very challenging for sleep units
to include sleep studies of potentially healthy subjects in their clinic
routine, as PSG is costly, time-consuming, labor intensive and associ-
ated with long waiting lists [14]. This is a limitation that our study
shares with other studies [24]. The small sample size may hide larger
statistical significant differences due to the lack of statistical power
or overweight others based on the selected subjects. Further studies,
in a larger case-control study, with comparable numbers of controls
and patients, are thus relevant to validate the obtained results in
order to translate our finding to the clinics. We also observed consid-
erable inter individual variability which limits statistical analysis and
data interpretation. Assessing four time points along one day also
constitutes a limitation that is difficult to overcome in human studies.
The assessment of rhythmic parameters is especially affected by the
number of time points. Most subjects did not show significant rhyth-
mic oscillations likely due to the low number of time points. In accor-
dance, the assessed rhythmic parameters are only an approximation.
Ideally, for the evaluation of circadian rhythms, a larger number of
time points, equally spread across 24 h, should be used for sampling,
and preferably during two consecutive days [86]. However, this was
not possible due to the clinic routine. The night phase was the most
compromised phase of the 24 h day, as night time points would imply
interfering with the participants' sleep. A later time point would be
particularly relevant to visualize the melatonin peak, described to
occur between 2 and 7 h [61,63,67,69], and the lower levels of core-
body temperature reported after the mid-point of sleep [67,87], in
healthy subjects. Even so, the obtained profiles in this study are in
accordance with what has been described in the literature for similar
time windows [61,63,67,69].

Altogether, this study provides evidences that OSA promotes
alterations in biological clock-related characteristics that are amelio-
rated upon long-term (two years) CPAP treatment. The fact that long-
term (two years) treatment had more positive effects on OSA clock-
related alterations stresses the importance of patients’ compliance to
treatment. Yet, the persistence of clock gene expression alterations
even after long-term (two years) treatment questions the efficacy of
CPAP treatment in fully re-establishing OSA-promoted alterations.
This data reinforces the need of further studies and of new/comple-
mentary strategies more effective on OSA diagnosis and treatment.
While machine learning is commonly used to assess the biological
clock [88], our study in particular highlights the potential of machine
learning approaches based on clock genes expression for OSA diagno-
sis and treatment response monitoring. A deeper understanding of
how OSA and OSA treatment affects the biological clock may thus
lead to a better OSA clinical management and might help to counter-
act the progression of OSA associated comorbidities.
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