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a b s t r a c t

Introduction: Patients with severe COVID-19 develops an acute respiratory distress syndrome (ARDS),
requiring admission to the intensive care unit. COVID-19 also reports an increased prevalence of
comorbidities, similar to patients with Sleep disorder breathing (SDB).
Objectives: To evaluate the association between undiagnosed SDB and the risk of ARDS and pulmonary
abnormalities in a cohort of patients’ survivors of COVID-19 between 3 and 6 months after diagnosis.
Methods: Prospective cohort study of patients who developed ARDS during hospitalization due to
COVID-19 compared with a control group of patients who had COVID-19 with mild to moderate
symptoms. All patients were evaluated between the 12th and 24th week after SARS-CoV-2 infection. The
evaluation includes persistent symptoms, lung diffusing capacity of carbon monoxide (DLCO), chest CT
scan and home sleep apnea test. SDB was diagnosed by the respiratory disturbance index �5 ev/h. The
association between SDB and ARDS, the hazards of lung impairment and the hazard ratios (HR) were
analyzed.
Results: A total of 60 patients were included (ARDS: 34 patients, Control: 26 patients). The mean follow-
up was 16 weeks (range 12e24). ARDS reported a high prevalence of SDB (79% vs. 38% in control group).
A total of 35% reported DLCO impairment, and 67.6% abnormal chest CT. SDB was independently asso-
ciated to ARDS, OR 6.72 (CI, 1.56e28.93), p < 0.01, and abnormal Chest CT, HR 17.2 (CI, 1.68e177.4,
p ¼ 0.01). Besides, ARDS, days in mechanical ventilation, male gender were also associated with an
increased risk of abnormal chest CT.
Conclusion: Undiagnosed SDB is prevalent and independently associated with ARDS. In addition, undi-
agnosed SDB increased the hazard of abnormal Chest CT in the midterm.
Study register: ISRCTN16865246.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) causes coronavirus disease 2019 (COVID-19) [1].
During 2020, this emergent disease has rapidly spread on different
continents. The clinical diagnosis usually involves detecting SARS-
CoV-2 nucleic acid utilizing a protein chain reaction assay [2]. To
date, 94, 309, 742 confirmed cases have been reported worldwide,
including 661,180 new cases and 17,369 deaths in Chile [3].

According to the Centers for Disease Control and Prevention [2],
COVID-19 involves broad clinical manifestations, including
asymptomatic disease, mild illness, moderate illness, severe illness
(including acute respiratory distress syndrome [ARDS]), and
intensive care unit (ICU) admission. The management of this dis-
ease includes clinical monitoring and supportive care in mild to
moderate cases and hospitalization, oxygen therapy, and critical
care management in those with severe and critical illness [1].

After acute COVID-19, the clinical evolution in surviving patients
is not fully described. Previous data from China and Europe re-
ported that, in the midterm (between 1 and 3 months post-
infection) [4,5], pulmonary and radiological features in survivors
of critical COVID-19 showed a high prevalence of pulmonary
structural abnormalities and functional impairment [6,7]. Although
the primary explanation for this impairment are the development
of ARDS and critical care support, it is possible that other factors
such as sleep disordered breathing (SDB) play a role in COVID-19
severity and concomitant sequalae [8]. Previous observational
studies have reported a common risk factor and comorbidities
between SDB and poor COVID-19 outcomes, such as car-
diometabolic comorbidities [8]. However, despite the increasing
reports of late sequelae of COVID-19, it is still unknown whether
COVID-19 patients who had different levels of severity will suffer
pulmonary impairment in the midterm post-discharge period and
whether SDB may increase the risk of having severe COVID-19 or
concomitant pulmonary sequelae.

The purpose of this study was to evaluate the association be-
tween SDB and COVID-19-mediated ARDS during the acute phase
of the disease and analyze the evolution of the post-discharge pa-
tients after a follow-up period between 3 and 6 months in a cohort
of patient survivors.

2. Material and methods

2.1. Study design

We performed a prospective observational cohort study
including 2 clinical centers located in Chile (Hospital Regional Dr.
Guillermo Grant Benavente, Concepcion, and Complejo Asistencial
Dr. Victor Rios Ruiz, Los Angeles) following the current recom-
mendations from the STROBE statement [9]. The study protocol was
previously registered in the ISRCTN registry (ID: ISRCTN16865246)
and was approved by the Institutional Review Boards (IRBs) from
Servicio de Salud Bio Bio (IRB: CEC113) and Servicio de Salud
Concepcion (IRB: CEC-SSC: 20-07-26). Signed informed consent
was acquired prior to inclusion in the study.

We included patients >18 years old with positive real-time
reverse transcription polymerase chain reaction (rRT-PCR) test for
SARS-CoV-2 nucleic acid from April 2020 to July 2020. Our study
design included 2 groups:

1) Patients who developed ARDS during hospitalization due to
COVID-19. This group was admitted to the ICU, they suffered
severe hypoxemia and their medical records fulfilled ARDS ac-
cording to the Berlin criteria.
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2) Patients who had COVID-19 with mild to moderate symptoms,
which were used as control group. Patients withmild symptoms
had fever, cough, and change in taste or smell, but no dyspnea,
received clinical outpatient monitoring and supportive care.
Patients with moderate symptoms required hospitalization
without connection to invasive mechanical ventilation (IMV)
and they exhibited clinical or radiographic evidence of lower
respiratory tract disease.

Patients who were not available for follow-up, had previous
respiratory disease, were transferred to another hospital or city
after discharge, were in palliative care or had a mental disability
that prevented the completion of evaluations were excluded from
the study.

A subgroup of 30 participants with mild to moderate illness
were telephonically invited to participate in the study, from which
26 agreed to participate and their data was extracted from the local
register of patients with confirmed COVID-19. Finally, we were
unable to enroll patients with non-COVID-19 ARDS (or ARDS due to
other viral pneumonias) as a comparison during this period of
follow-up.
2.2. Data extraction

2.2.1. Baseline and intensive care unit stay
We extracted data about demography (age, gender, and rural

area), anthropometry (body mass index [BMI, in kg/m2] and neck,
waist and hip circumferences), social habits (tobacco and alcohol
usage), and comorbidities (hypertension, insulin resistance, dia-
betes mellitus, hypothyroidism, arrhythmia, coronary heart disease
or stroke). We also extracted laboratory parameters, including
ferritin (mg/dL), C-reactive protein (mg/dL), white blood cell count
(x109/L), lymphocyte count (x109/L), D-dimer (mg/dL), fibrinogen
(mg/dL), and PaO2/FIO2 ratio, and critical care support during the
critical care stay, including high-flow nasal canula (HFNC), vigil
prone, steroid use (intravenous dexamethasone), anti-interleukin 6
therapy (tocilizumab), antibiotics, invasive mechanical ventilation
(IMV), days on IMV, neuromuscular blockade (NMB), prone posi-
tioning, tracheostomy, days in the ICU, total days in the hospital,
and need for O2 treatment post-discharge. For the control group,
we extracted data from participants with at least one medical visit
and initial laboratory parameters after the COVID-19 diagnosis. This
group received clinical monitoring by telephone and supportive
care.

All laboratory tests were evaluated at ICU admission for ARDS or
at intending admission for the mild and moderate group.
2.2.2. Midterm follow-up
The details of the medical evaluation and procedures are avail-

able in E-Appendix 1. Between the 12th and 24th weeks after SARS-
CoV-2 diagnosis, all participants underwent a clinical evaluation
exploring new symptoms, such as muscle fatigue, achieved by the
binary Chalder fatigue questionnaire [10]. A cut-off � 4 points was
considered severe fatigue. Dyspnea was assessed by the modified
Medical Research Council (mMRC) scale, and depression was
assessed using the Beck Depression Inventory (BDI) [11]. During the
evaluation, all participants answered the Hospital Anxiety and
Depression Scale (HADS) [12]. Finally, the health-related quality of
life (HRQoL) personal change was evaluated by a visual analog
scale, with a range of 0% (worse HRQoL) and 100% (best HRQoL)
prior to SARS-CoV-2 infection and during the follow-up. A change
�10% was indicative of a change in HRQoL, which is similar to
previous reports [5].
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2.2.3. Pulmonary function tests (PFTs)
All participants underwent forced spirometry following the

current guidelines of the American Thoracic Society (ATS) [17,18].
Data such as the forced vital capacity (FVC, %), forced expiratory
volume in the first second (FEV1, %), and FEV1/FVC ratio were
obtained. In addition, the diffusion capacity of the lungs for car-
bon monoxide (DLCO) and a 6-min walk test (6MWT) were per-
formed. The DLCO was adjusted according to hemoglobin levels
(DLCOc), (% mL/min/mmHg) [19], and we categorized participants
by DLCOc < 80%, alveolar volume (AV, %), and DLCO/AV ratio (%).
The 6MWT was performed following current ATS guidelines
(meters, %) [20]. Finally, all PFTs were reported as a % of the pre-
dictive value, following the Chilean population's predictive values
[18,19,21].

2.2.4. Computed tomography (CT) scan of the chest
All images were acquired using a high-resolution CT scan

(SOMATOM, Siemens, Germany), with the patients in a supine
position and in a cephalic-caudal direction with slices achieved at
the end of inspiration and end of expiration. A radiologist blinded
to the medical records evaluated the CT images and classified them
as normal or abnormal. The following findings were extracted ac-
cording to the Fleischner Society [22]: ground-glass opacities,
mixed ground-glass opacities, consolidation, interlobular thick-
ening, bronchiectasis, atelectasis, solid nodules, non-solid nodules,
reticular lesions, fibrotic lesions, air trapping, and the number of
lobes affected.

In addition, the persistence of CT alterations was quantified
using the total severity score (TSS). This score includes the visual
inspection of each lobe, reporting the % impairment of each lobe
(0e25%: 1 point, 26%e50%: 2 points, 51%e75%: 3 points, and 76%e
100%: 4 points), and the sum of each lobe represents the TSS. This
method was previously reported in patients with ARDS during
acute and convalescent periods by Ooi et al. [23].

2.2.5. Sleep study
Participants completed the following sleep-related question-

naires: Pittsburgh Sleep Quality Index (PSQI); Epworth Sleepiness
Scale (ESS); Satisfaction, Alertness, Timing, Efficiency, and Duration
(SATED) [13]; and STOP-BANG questionnaire [14]. In addition,
participants completed a home sleep apnea test (HSAT) using an
ApneaLink Air device (ResMed, Australia) following the current
recommendations and requirements of the American Academy of
Sleep Medicine (AASM) for level III studies [15]. The HSAT analysis
was scored manually by a blinded researcher (GL). The study
included a nasal cannula, a pulse oximeter sensor and one respi-
ratory effort sensor with a thoracoabdominal band.

In addition, we included the following variables of the HSAT for
analysis: respiratory disturbance index (RDI) (apneas or hypopneas
associated with 3% oxygen desaturation per hour), mean oxygen
saturation (mean SpO2), minimum oxygen saturation (min SpO2),
total time with oxyhemoglobin saturation below 90% (T90%), and
oxygen desaturation index (ODI-3%). SDB was defined by an RDI
�5/h, and moderate to severe SDB was defined by an RDI �15/h
[16].

2.2.6. Statistical analysis and confounder assessment
Differences in demographics and characteristics during both the

acute and follow-up phases between the ARDS and control groups
were reported using the means (standard deviations [SDs]) for
numerical variables and frequencies for categorical variables. Dif-
ferences between the groups were established by the t-test or chi-
squared test for parametric variables and the ManneWhitney U-
test, KruskaleWallis test or Fisher test for non-parametric variables.
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2.2.7. Association between undiagnosed SDB and ARDS
The primary outcome was a cross-sectional analysis between

the prevalence of SDB within groups. The association between
undiagnosed SDB and ARDS was assessed using unadjusted and
adjusted odds ratios (ORs) with respective confidence intervals
(CIs) through a logistic regression model following a stepwise
analysis. The independent variable for this analysis was ARDS (yes/
no), and we included all the sample sizes. As covariables, we
included confounding variables related to an increased risk of
ARDS, such as age, gender, hypertension, obesity (BMI, neck
circumference, and abdominal circumference), smoking status,
ferritin levels, and D-dimer levels during the acute phase.

2.2.8. Association between undiagnosed SDB and pulmonary
outcomes at follow-up

The secondary outcome of this study was to evaluate the asso-
ciation between undiagnosed SDB and posterior impairment in
PFTs (abnormal DLCOc) and persistence of CT alterations after
follow-up within the groups. For this purpose, we developed a
KaplaneMeier survival analysis calculating the log rank (Man-
teleCox) model. The independent variables for this analysis were
persistence of CT alterations (yes/no) and DLCO anomalies (yes/no).
The incidence ratio of persistence of CT alterations was evaluated
using unadjusted and adjusted hazard ratios (HRs) through a Cox
proportional HR. The multivariate analysis was adjusted by the
following covariables associated with persistence of CT alterations
or DLCO anomalies: follow-up (weeks), age, gender, hypertension,
BMI, smoking status, ARDS, ICU management (HFNC, vigil prone,
steroid usage, IMV, NMB, tracheotomy, and days on IMV), and
markers of nocturnal hypoxemia (T90%, ODI-3%, and lowest SpO2).
All the tests were two-tailed, and p-values < 0.05 were considered
statistically significant. Statistical analyses were performed using
SPSS software version 25 (IBM, Chicago, USA).

3. Study results

3.1. Characteristics of the study population in the acute phase

A summary of the study's flowchart is shown in Fig.1. During the
study period, a total of 81 patients with critical COVID-19 were
admitted to both hospitals. A total of 48 patients were eligible for
follow-up, and 34 patients agreed to participate in the study. The
control group included 26 patients with mild to moderate COVID-
19 (10 moderate illness and 16 mild illness). Sixteen patients with
mild COVID-19 were discharged without supplementary O2, and
those with moderate COVID-19 received O2 therapy in the medical
ward. We did not use CPAP-BiPAP therapy in these patients.
Moreover, no patient in both the control and ARDS groups reported
supplementary O2 or CPAP-BiPAP therapy after discharge. A sum-
mary of the baseline and acute COVID-19 characteristics is shown in
Table 1.

We documented a mean follow-up time of 15.9 weeks (range
12e24 weeks) in the control group and 16.4 weeks (range 12e24
weeks) in the ARDS group (p ¼ 0.60). Patients in the ARDS group
reported an older age of 51 (±11.6) years old vs. 40.4 (±23.6) years
old, and 67.6% of the sample was male. In the univariate analysis,
we found differences in neck circumference of 43.2 (±4.9) cm vs.
39.8 (±4.9) cm and waist circumference of 107.8 (±12.1) cm vs. 97.8
(±11.7) cm. Moreover, the ARDS group had higher prevalence of
hypertension and insulin resistance than the control group, but no
difference in BMI was observed between groups (Table 1).

Regarding acute COVID-19 laboratory parameters, the compar-
ison between the ARDS and the control group showed significant
differences in the following parameters: ferritin (2299 [±1586] mg/
dL vs. 734 [±1127] mg/dL), white blood cell count (11,756 [±5042] x



Fig. 1. Study flowchart.

Table 1
Baseline and acute COVID-19 characteristics.

Control (n ¼ 26) ARDS (n ¼ 34) p-value

Follow up (weeks), mean (SD) 15.9 (±3.4) 16.4 (±4.0) 0.61
Age, mean (SD) 40.4 (±23.6) 51 (±11.6) < 0.01
Gender, Male (%) 9 (34.6%) 23 (67.6%) 0.01
Rural area, N (%) 1 (3.8) 5 (14.7) 0.17
Anthropometry
BMI (kg/m2), mean (SD) 30.0 (±4.9) 31.9 (±5.0) 0.73
Neck circumference (cms), mean (SD) 39.8 (±4.9) 43.2 (±4.9) 0.01
Waist circumference (cms), mean (SD) 97.8 (±11.7) 107.8 (±12.1) < 0.01
Tobacco
Nonsmoker, N (%) 17 (65.3) 20 (58.8) 0.252
Current, N (%) 5 (19.2) 3 (8.8)
Former, N (%) 4 (15.3) 11 (32.3)
Pack/year, mean (SD) 7.5 (±6.5) 8.6 (±9.3) 0.80
Alcohol
None, N (%) 11 (42.3) 14 (41.1) 0.45
Usually, N (%) 15 (57.6) 18 (52.9)
Frequent, N (%) 0 2 (5.8)
Comorbidities
Hypertension, N (%) 5 (19.2) 14 (41.1) 0.04
Insulin resistance, N (%) 1 (3.8) 10 (29.4) 0.01
Type 2 diabetes mellitus, N (%) 4 (15.3) 3 (8.8) 0.34
Hypothyroidism, N (%) 1 (3.8) 4 (11.7) 0.27
Arrythmia, N (%) 1 (3.8) 0 0.43
Stroke, N (%) 0 1 (2.9) 0.56
Acute COVID-19 Laboratory
Ferritin, mg/dL, mean (SD) 734 (±1127) 2299 (±1586) 0.01
CPR, mg/dL, mean (SD) 75.5 (±97.3) 168.9 (±121.7) 0.02
WBC, x 109/L, mean (SD) 5371.7 (±3119) 11756 (±5042) 0.01
Lymphocyte count, x109/L, mean (SD) 1255 (±1019) 859 (±321) 0.28
D-Dimer, mg/dL, mean (SD) 639 (±519) 1629 (±1155) 0.01
Fibrinogen, mg/dL, mean (SD) 511.2 (±264) 713.0 (±230) 0.10
Worse PaO2/FiO2, mean (SD) 306.8 (±106) 179.5 (±35.8) 0.01

Abbreviation: ARDS: Acute respiratory distress syndrome, SD: Standard deviation, BMI: Body mass index, CPR: C reactive protein, WBC: White cell count, Highlights:
statistically significant.
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109/L vs. 5371 [±3119] x 109/L), and D-dimer (1629 [±1155] mg/dL
vs. 639 [±519] mg/dL) levels and a worse PaO2/FIO2 ratio (179.5
[±519] vs. 306.8 [±106]) (Table 1). Finally, the summary of hospi-
talization in the ICU during the acute phase is shown in Table E1.
3.2. Clinical symptoms, pulmonary function tests and chest CT scans
at follow-up

In terms of the follow up clinical symptoms at 3e6months post-
infection, we observed a total of 16/26 (61.5%) patients in the
control group and 24/34 (70.5%) patients in the ARDS group
exhibiting COVID-19-related symptoms (Table 2). We found no
difference in the mMRC dyspnea scale (p ¼ 0.27). Both groups re-
ported decreased HRQoL (70.5% of patients in the ARDS group and
66.6% of patients in the control group) and high prevalence of fa-
tigue (70.8% in the control group and 79.4% in the ARDS group,
using the Chalder fatigue scale) (Table 2). A summary of the clinical
differences and physical examination are shown in Table 2. Results
obtained from the BDI and HADS questionnaire to identify changes
in anxiety and depression are shown in Table E2.

The results of the PFTs to evaluate pulmonary function are
shown in Table 3. We found differences in the predicted FVC. The
mean predictive valuewas 83.3 (±15.8) % in the ARDS group vs. 95.8
(±15.8) % in the control group (p ¼ 0.01); moreover, the FEV1 was
88.6 (±15.8) % vs. 99.5 (±14.8) % (p < 0.01). Nine participants in the
ARDS group showed abnormal spirometry, and 12/34 (35.3%) ARDS
survivors showed DLCO anomalies (<80% predicted). The average
distance in the 6MWT was 539 (±87.2) meters in the control group
vs. 509.5 (±121.9) meters in the ARDS group (p ¼ 0.79).

Regarding chest CT at follow-up, we found a 67% persistence of
CT alterations in the ARDS group and a 31% persistence of CT al-
terations in the control group (p < 0.01). Ground-glass opacities
were found in 67.6% of patients, interlobular thickening in 38.2% of
patients, gas trapping in 32.3% of patients, solid nodules in 29.4% of
Table 2
Follow up clinical symptoms.

Control (n ¼ 26) ARDS (n ¼ 34) p-value

Symptoms
Asymptomatic, N (%) 10 (38.4) 10 (29.4) 0.32
Headache, N (%) 9 (34.6) 12 (35.2) 0.09
Thoracic pain, N (%) 1 (2.9) 3 (8.8) 0.41
Sore throat, N (%) 1 (2.9) 4 (11.7) 0.27
Cough, N (%) 6 (17.6) 6 (17.6) 0.42
Dyspnea, N (%) 5 (14.7) 10 (29.4) 0.27
mMRC, N (%)
0 8 (30.7) 8 (23.5)
1 17 (65.3) 23 (67.6)
2 1 (2.9) 1 (2.9)
3 0 (0) 2 (5.8)

Polypnea, N (%) 2 (7.6) 2 (5.8) 0.58
Myalgia, N (%) 3 (11.5) 4 (11.7) 0.65
Change in smell, N (%) 2 (7.6) 2 (5.8) 0.58
Change in taste, N (%) 1 (2.9) 0 (0) 0.43
Change in QoL
Basal HRQoL (%), mean (SD) 88.07 (±11.05) 90.5 (±9.72) 0.36
Post HRQoL (%), mean (SD) 69.42 (±23.4) 68.23 (±22.52) 0.84
Change in HRQoL (>10%), N (%) 16 (66.6) 24 (70.5) 0.32
Fatigue, N (%) 17 (70.8) 27 (79.4) 0.17
Chalder fatigue scale, mean (SD) 4.96 (±3.4) 5.61 (±2.3) 0.41
Physical examination
Heart Rate (bpm), mean (SD) 76.7 (±11.6) 79.3 (±11.6) 0.36
SBP (mmHg), mean (SD) 123.0 (±17.2) 135.6 (±18.2) 0.02
DBP (mmHg), mean (SD) 71.8 (±12.5) 77.9 (±14.0) 0.08
SpO2 (%), mean (SD) 97.3 (±2.10) 97.02 (±1.66) 0.67

Abbreviations: ARDS: Acute respiratory distress syndrome, mMRC: modified med-
ical research council, HRQoL: Health Related Quality of life, SBP: Systolic blood
pressure, DBP: Diastolic blood pressure. Highlights: statistically significant.
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patients, and bronchiectasis and atelectasis in 27.6% of patients. The
mean TSS score in this group was 3.3 (±2.6) points (Table 3).

3.3. Prevalence of sleep disordered breathing within groups

The HSAT showed an average RDI of 7.1 (±8.6)/h in the control
group and 13.5 (±10.3)/h in the ARDS group. A total of 27/34 (79.4%)
patients in the ARDS group reported SDB, and 38.2% of them re-
ported moderate to severe SDB. Moreover, this group also showed
increased markers of nocturnal hypoxemia (Table 4). Regarding
sleep questionnaires, we found no differences regarding sleepiness
within the groups according to the SATED, PSQI, or ESS question-
naires. The mean value of the STOP-BANG questionnaire was 2.25
(±1.6) points, compared to 3.88 (±1.7) points in the ARDS group.

3.4. Risk of undiagnosed SDB and ARDS during the acute phase

A summary of the unadjusted and adjusted analyses is shown in
Table 5. In univariate analysis, we found an independent associa-
tion between undiagnosed SDB and the risk of ARDS. Unadjusted
analysis showed an OR of 6.17 (CI, 1.96e9.43, p < 0.01). After
multivariable analysis, the OR for this association was 6.72 (CI,
1.56e28.93, p < 0.01).

3.5. Undiagnosed SDB and persistence of pulmonary impairment

Regarding the association between undiagnosed SDB and pul-
monary impairment during the follow-up within the groups, we
found an independent association between untreated SDB and the
risk of persistent CT alterations between 12 and 24 weeks after
acute COVID-19. After multivariable analysis, the adjusted HR for
this association was 17.2 (CI, 1.68e177.4, p ¼ 0.01) (Fig. 2). Addi-
tionally, persistence of CT alterationwas also associated with ARDS,
HR 34.3 (CI, 3.9e297.7, p < 0.01); male gender, HR 4.7 (CI 1.2e18.9,
p ¼ 0.02); and days on IMV, HR 1.11 (CI, 1.0e1.2, p < 0.04). Finally,
we found no association between DLCO anomalies and undiag-
nosed OSA; for this association, the use of HFNC therapy during the
acute phase showed an increased risk, HR 6.64 (CI 1.7e25.2,
p < 0.01).

4. Discussion

The main findings of this study were as follows: 1) in patient
survivors with ARDS due to critical COVID-19, the prevalence of
undiagnosed SDB was statistically significant compared with that
in patients with mild/moderate COVID-19 illness; 2) after adjusting
for other confounders linked to poor COVID-19 outcomes, SDB was
independently associated with ARDS; and 3) in our cohort, undi-
agnosed SDB was independently associated with the persistence of
CT alterations in the midterm, in addition to other variables such as
male gender, ARDS, and total days on IMV.

According to the current literature, this is the first study aimed
at evaluating the association between undiagnosed SDB and
COVID-19 outcomes in a prospective cohort of patients. Our main
results confirm our hypothesis that SDB is independently associ-
ated with worse COVID-19 prognosis, and therefore, undiagnosed
SDB is associated with persistence of CT alterations in the midterm.
The plausible mechanisms for these associations include systemic
inflammation and chronic inflammation, which are commonly
found in patients with untreated SDB [24]. Moreover, sleep frag-
mentation and chronic intermittent hypoxia can trigger the in-
flammatory response and sympathetic activation [25], and we
hypothesize that this mechanism affects lung improvement in the
recovery phase. Previous studies evaluating the association be-
tween SDB and COVID-19 also suggest this association. In the



Table 3
Summary of Pulmonary function test and Chest CT findings.

Control (n ¼ 26) ARDS (n ¼ 34) p-value

Spirometry
FVC (%), mean (SD) 95.8 (±15.79) 83.32 (±15.89) < 0.01
FEV1 (%), mean (SD) 99.5 (±14.81) 88.67 (±15.85) < 0.01
FEV1/FVC <0.7, N (%) 1 (3.8%) 9 (26.4%) 0.02
DLCO
DLCOc (%), mean (SD) 94.8 (18.7) 85.5 (22.6) 0.21
AV (%), mean (SD) 99.7 (13.7) 87.7 (15.1) 0.01
DLCOc/AV, mean (SD) 84.9 (15.5) 83.5 (18.0) 0.78
DLCOc > 80%, N (%) 23 (88.4) 22 (64.7) 0.03
DLCOc <60e80%, N (%) 3 (11.5) 9 (26.5)
DLCOc <60%, N (%) 0 3 (8.8)
Six minutes walking test
Distance (meters), mean (SD) 539 (±87.2) 509.5 (±121.9) 0.79
Distance (%), mean (SD) 85.6 (±20.9) 85.6 (±31.9) 0.99
Basal SpO2, mean (SD) 98.5 (±1.36) 97.2 (±1.65) < 0.01
Final SpO2, mean (SD) 95.3 (±17.6) 97.1 (±2.11) < 0.01
Drop down 1e3% SpO2, N (%) 4 (15.3) 8 (23.5) 0.02
Drop down >3% SpO2, N (%) 0 3 (8.8)
Chest CT finding
Normal, N (%) 18 (69.2) 11 (33) < 0.01
Ground glass opacities, N (%) 4 (15.3) 23 (67.6) < 0.01
Mixed ground-glass, N (%) 0 (0) 3 (8.8) 0.17
Consolidation, N (%) 0 (0) 1 (2.9) 0.56
Interlobular thickening, N (%) 1 (3.8) 13 (38.2) < 0.01
Bronchiectasis, N (%) 0 (0) 6 (27.6) 0.02
Atelectasis, N (%) 1 (3.8) 6 (27.6) 0.10
Solid nodule, N (%) 1 (3.8) 10 (29.4) 0.01
Nonsolid nodule, N (%) 0 (0) 9 (26.4) < 0.01
Reticular lesion, N (%) 1 (3.8) 3 (8.8) 0.41
Fibrotic lesions, N (%) 0 (0) 8 (23.5) < 0.01
Air trapping, N (%) 4 (15.3) 11 (32.3) 0.11
Number of lobes affected, mean (SD) 0.57 (±0.9) 2.0 (±1.4) < 0.01
TSS score, mean (SD) 0.5 (±0.9) 3.3 (±2.6) < 0.01

Abbreviation: ARDS: Acute respiratory distress syndrome, SD: Standard deviation, FVC: Forced vital capacity, FEV1: Forced expiratory volume in 1 s, DLCOc: Diffusing
capacity of the lungs for carbonmonoxide corrected by hemoglobin. AV: Alveolar volume. CT: Computed tomography, TSS: Total severity score. Highlights: statistically
significant.

Table 4
Summary of Sleep assessment.

Control (n ¼ 26) ARDS (n ¼ 34) p-value

Sleep questionnaires
SATED, mean (SD) 6.04 (±2.77) 5.79 (±2.37) 0.72
PSQI, mean (SD) 10.08 (±4.92) 9.76 (±4.50) 0.80
ESS, mean (SD) 8.80 (±5.37) 7.97 (±5.22) 0.55
ESS � 10 points 12 (46.1) 12 (35.2) 0.27
STOP-BANG, mean (SD) 2.25 (±1.62) 3.88 (±1.78) < 0.01
Home Sleep Apnea Test
RDI (ev/h), mean (SD) 7.11 (±8.6) 13.5 (±10.3) < 0.01
<5 ev/h, N (%) 16 (61.5) 7 (20.5)
5e15 ev/h, N (%) 10 (38.4) 27 (79.4) < 0.01
�15 ev/h, N (%) 2 (7.6) 13 (38.2) < 0.01
T90%, mean (SD) 2.08 (±4.8) 6.44 (±10.0) < 0.01
ODI-3%, mean (SD) 6.44 (±10.0) 15.9 (±18.4) 0.01
Mean SpO2, mean (SD) 95.1 (±1.0) 93.0 (±2.18) < 0.01
Lowest SpO2, mean (SD) 86.2 (±6.6) 82.1 (±6.26) 0.02

Abbreviation: ARDS: Acute respiratory distress syndrome, SD: Standard deviation,
SATED: Satisfaction, Alertness, Timing, Efficiency and Duration questionnaire, PSQI:
Pittsburgh Sleep Quality Index, ESS: Epworth sleepiness scale, RDI: Respiratory
disturbance index, T90%: Time with SpO2 under 90%, ODI-3%: Oxygen desaturation
index �3%. Highlights: statistically significant.

G. Labarca, M. Henriquez-Beltran, F. Llerena et al. Sleep Medicine 91 (2022) 196e204
CORONADO observational study, untreated SDB was reported to be
an independent risk of mortality after 7 days, with an OR of 2.8 (CI,
1.46e5.38) [8]. In another study including 46 patients hospitalized
due to COVID-19, sleep apnea was diagnosed in 75% of the sample
[26]. Finally, in an observational study in the United States, patients
with SDB had an OR of 1.53 (CI, 1.09e2.15) for mortality and an OR
of 1.29 (CI, 1.03e1.62) for ICU admission [26,27].
201
In our study, we found a high prevalence of current COVID-19
symptoms and an impact on HRQoL and fatigue in the midterm.
Although we found no difference within groups, our findings were
superior to those of previous reports. Using the same visual analog
scale, Carfi et al. reported that 44% of patients had a worsened
quality of life after acute COVID-19 [5]. For fatigue measurements,
we used the Chalder fatigue scale to grade the severity of the
symptoms; however, a prospective follow-up, including 6 or more
months after a COVID-19 diagnosis, should explore the persistence
of this symptom and the new onset of fatigue/chronic fatigue
syndrome [10].

Regarding chest CT abnormalities, Xion et al. reported 74% of
patients with radiological abnormalities 3 months after discharge
[28]; in another study, 23% of patients had fibrosis, and the mean
TSS was 8 points at 3 months after discharge [29]. In our cohort, the
prevalence of persistent CT alterations was 67%, and after adjusting
for several covariables, the probability of radiological regression
was independently associated with the severity of ARDS and other
variables, such as management in the ICU, male gender and undi-
agnosed SDB. We suggest that chronic intermittent hypoxia and
nocturnal hypoxemia should contribute to the persistence of CT
alterations. However, we explored the contribution of surrogate
frequency-based markers of nocturnal hypoxemia (T90%, ODI-3%,
and lowest SpO2), without significant associations.

Regarding the PFTs, although we found no differences in the
average distance of the 6MWT, we found a 35% impairment in the
DLCO between 3 and 6 months after discharge. In the study of Zhao
et al. including data from SARS-CoV-2, 25% of patients had DLCO
impairment, and 70.9% had chest CT abnormalities after 3 months



Table 5
Summary of the results of the unadjusted and adjusted logistic regression cox proportional regression model assessing the association between undiagnosed sleep disorder
breathing and COVID-19 outcomes.

Variable Unadjusted (95%, CI) p-value Adjusted (95%, CI) p-value

Risk of ARDS 6.17 (1.96e19.43)a < 0.01 6.72 (1.56e28.93)a,c < 0.01
Impairment Chest CT 5.79 (2.07e16.17)b < 0.01 17.29 (1.68e177.45)b,d 0.01
Impairment DLCOc 0.874 (0.31e2.46)b 0.80 1.16 (0.27e4.95)b,d 0.84

Definition of abbreviations: ARDS: Acute respiratory distress syndrome; CT: Computed tomography; DLCO: Diffusing capacity of the lungs for carbon monoxide corrected by
hemoglobin; CI: Confidence interval; Highlights: Statistically significance with a p-value<0.05.

a Values expressed as Odds ratios.
b values expressed as Hazard ratios.
c Logistic regression model adjusted by age, sex, hypertension, BMI, smoking status, ferritin levels, and D-dimer levels at baseline.
d Cox proportional hazard model adjusted by Age, gender, hypertension, BMI, smoking status, ARDS, awake vigil prone positioning, steroid usage, IMV, NMB, tracheotomy,

and days on IMV), total time with oxyhemoglobin saturation below 90%, Oxygen desaturation index 3%, lowest SpO2.

Fig. 2. Shows the cumulative hazard of normal Chest CT after acute COVID-19. Blueline: non-OSA group, Redline: OSA group.
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[7]. Mo et al. including data achieved at the time of hospital
discharge, showed DLCO impairment in 47% of patients [6]; how-
ever, both studies included small sample sizes and short-term
follow-ups. Regarding midterm outcomes, previous data from pa-
tients with both SARS and ICU stays were similar to our findings,
showing a prevalence of impaired DLCO ranging from 13.5% to 24%
in the midterm [30,31]. Finally, data about DLCO impairment from
the patients with MERS and ICU stays were similar to our study
(35%) [32]. In our cohort, the use of HFNC therapy during the ICU
stay was independently associated with DLCO impairment during
our follow-up. However, in our study, the DLCO/AV ratio did not
differ between groups; this is the most important result of the
DLCO analysis, as the reduction in DLCO is probably related to the
loss of alveolar space due to the fibrosis process. Further studies
including additional populations are needed to validate this
association.

The main limitations of this study are related to the small
sample size; however, this study provides evidence about the
association between undiagnosed SDB and the importance of
acute COVID-19 and midterm outcomes. Second, this study has
inclusion bias as a methodological limitation, and the conclusions
obtained are restricted to the data obtained from the eligible
population according to our selecting criteria. In addition, our
202
study design included a population with different severities of
COVID-19 illness, however we did not include a non-COVID-19
group. We were unable to enroll non-COVID-19 ARDS patients
(or ARDS due to other viral pneumonias) for unpair comparison,
and future research comparing these groups is necessary to
evaluate the consequences of SARS-CoV-2 infection in the follow-
up. Third, we included data between 12 and 24 weeks after a
COVID-19 diagnosis, and future studies exploring this association
and the impact on pulmonary function and quality of life in the
long term are needed. Fourth, we were not able to check
obstructive versus central events. Finally, we used a HSAT type III
sleep test. This test is recommended in populations with a high
pretest probability of SDB, and the gold standard remains poly-
somnography (PSG) [15,16]. However, we restricted our analysis to
RDI, and further studies exploring the association between other
sleep disorders (central apneas, restless leg syndrome, and others)
and COVID-19 are needed.

5. Conclusion

Among patients with ARDS due to COVID-19, undiagnosed SDB
is prevalent and is independently associated with ARDS, and un-
diagnosed SDB increases the risk of abnormal chest CT in the
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midterm, in addition to other confounders such as age, ARDS,
gender and hospitalization in the ICU during the acute phase.
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