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Introduction: Previous studies have linked sleep disturbances (including sleep deprivation and obstructive sleep apnea) to an
impairment in immune response after vaccination for several diseases, although it has not yet been tested for COVID-19. This
study sought to evaluate the effects of obstructive sleep apnea on anti-SARS-CoV-2 IgG levels after vaccination against COVID-19
among older adults.

Methods: The study was based on a convenience sample of inpatients who underwent full night type-I polysomnography. Inclusion
criteria included being >60 years with full COVID-19 vaccination schedule. Exclusion criteria included previous COVID-19 diagnosis
(assessed via self-report), less than 15 days between last dose and IgG testing, self-report of continuous positive air pressure (CPAP)
use in the last three months, having undergone CPAP or split-night polysomnography, or incomplete/invalid data.

Results: Out of 122 included patients (no/mild OSA: 35; moderate: 31; severe: 56), 9.8% were considered seronegative for the IgG anti-
SARS-CoV-2 test (IgG count<50.0 AU/mL), and the median IgG levels for the whole sample was 273 AU/mL (IQR: 744), with no
statistically significant differences among OSA severity groups. There was neither association between OSA severity and IgG serostatus nor
correlation between IgG levels and apnea-hypopnea index. A linear regression model to predict IgG levels was built, produced an R? value
0f 0.066 and the only significant predictor was time from vaccination to testing; while OSA severity was considered non-significant.
Discussion: Our results demonstrate that the severity of OSA is not correlated with a decrease in anti-SARS-CoV-2 IgG levels among
older adults, and that the efficiency of COVID-19 vaccinations are not reduced from mild to severe OSA.
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Introduction

Since the beginning of the current pandemic, sleep disorders, sleep deprivation and poor sleep quality have been related
to negative COVID-19 outcomes.'* Among all these sleep-related conditions, obstructive sleep apnea (OSA) stood out
as an important risk factor, especially because it shares a common background profile with severe COVID-19 cases.>
This includes being older,” overweight® and having cardiometabolic problems.” Initial theoretical discussions suggested
that OSA may be related to COVID-19 in three different ways: 1. By increasing the vulnerability to SARS-CoV-2
infection, 2. By increasing the predisposition to severe cases and a poorer prognosis, and 3. By decreasing the efficacy of
COVID-19 vaccination.”

Previous studies have already addressed the first two possibilities, rejecting OSA as a predisposing factor to SARS-
CoV-2 infection, but confirming it as a risk factor for severe cases and poor outcomes in respect of COVID-19. The
increased mortality of patients with OSA (11.7% vs 6.9% in non-OSA individuals) was observed in a cohort of 4688
PCR-confirmed COVID-19 cases.® The researchers showed associations between OSA and adverse COVID-19 out-

comes, including intensive care unit admission and the use of mechanical ventilation.® In another study, which analysed
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9405 COVID-19 patients, a higher OSA prevalence was reported in hospitalized patients (19.4% vs 4.5% among non-
hospitalized patients).” Recent meta-analyses corroborated these findings, demonstrating that OSA increased the chances
of hospitalization, but not infection.'®!" These associations might be even more relevant among older adults,’ because
they are at an increased risk of severe COVID-19'%'? and present a high prevalence of OSA (60.2% in those aged over
60, and 86.9% in those over 70)."*

Some studies have speculated that sleep disturbances, particularly sleep deprivation and OSA, might decrease the
efficacy of immunization against COVID-19,%'>'® although it has not been properly investigated yet. This assumption is
based on previous studies that indicated that sleep deprivation and short sleep duration decrease immune response after
vaccination for HIN1, influenza, and hepatitis A;'" " although a study found no impaired antibody response to influenza
vaccination among OSA individuals.?? Benedict et al'® recently called for efforts to investigate and understand the role of
sleep patterns on COVID-19 immune protection in order to assure and optimize vaccine efficacy. The influence of OSA
on COVID-19 vaccine efficiency needs to be evaluated, especially among older adults who represent a risk group that has
been prioritized in immunization programs.

Thus, we aimed to evaluate whether OSA is capable of decreasing the efficiency of immunization against COVID-19
among older adults by measuring anti-SARS-CoV-2 immunoglobulin G (IgG) antibody levels after vaccination.

Methods
Participants and Study Design

This was a cross-sectional evaluation based on a clinical convenience sample. The participants were included using the
following criteria: minimum age of 60 years, full COVID-19 vaccination schedule, and having full night type-I
polysomnography (PSG) performed at the Sleep Institute (Sao Paulo, Brazil) after January 1st, 2020. Participants were
excluded based on the following criteria: Previous COVID-19 diagnosis (assessed via self-report), incomplete immuni-
zation (one dose for those that require two), less than 15 days between last dose and IgG testing, having undergone
a continuous positive air pressure (CPAP) or split-night PSG at the Sleep Institute, self-report of CPAP use in the last
three months, or incomplete/invalid data. No inclusion criteria regarding the type or brand of vaccines were applied. At
the time of the recruitment, the following COVID-19 vaccines were available in Brazil: CoronaVac/Sinovac (inactivated
virus), Oxford/AstraZeneca (adenovirus vector), Pfizer/BionTech (mRNA vaccine), and Janssen (adenovirus vector).

Eligible patients were recruited either in person or by phone, starting on June 4th, 2021. In person enrolment was
valid for patients who underwent PSG from June 4th to July 24th, 2021. In this case, the patients were invited to
participate by a research team member on the night before the PSG. Individuals who were undergoing a CPAP or a split-
night PSG in this period were only considered eligible if a regular PSG had previously been performed at the Sleep
Institute after January 1st, 2020 (then being assessed retrospectively in the database of the Sleep Institute). Phone
enrolment was valid for patients who underwent PSG at the Sleep Institute from January 1st, 2020, to June 3rd, 2021. In
this case, the patients were contacted and invited to participate by phone, their PSG results were assessed retrospectively
in the database of the Sleep Institute and a date for the anti-SARS-CoV-2 IgG measurement was schedule in the
following days. A schematic representation of the patient enrolment procedure is available in Figure 1.

Consent was obtained from all participants. When the participants were recruited in person, they read and signed an
informed consent form, and when recruited by phone the form was read to them and they gave their oral consent. After
giving their consent, the participants responded to a questionnaire regarding their COVID-19 diagnosis, vaccine status
(type/brand, number of doses, and date of last dose), and any treatments for obstructive sleep apnea (OSA) in the last
three months (including CPAP).

Polysomnography

All patients underwent a full-night type I PSG at the Sleep Institute, recorded using the Alice 6 LDxS system (Philips™).
The following variables were monitored: six electroencephalogram channels (F4-M1, F3-M2, C4-M1, C3-M2, O2-M1,
O1-M2); bilateral electro-oculogram; electromyogram (submentonian region and anterior tibialis muscle), one electro-
cardiogram channel (derivation D2 modified), two channels for airflow detection (thermistor and nasal pressure cannula),
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Figure | Schematic representation of the patient enrolment procedure. (A) For patients undergoing regular PSG as of June 4th, 2020, all procedures were performed in their visit to
the Sleep Institute. Enrolment took place before the PSG and IgG measurement was performed in the morning after. (B) For patients undergoing CPAP or split-night PSG as of June 4th,
2020, recruitment was also performed before the PSG and IgG was performed in the morning after, provided that a valid regular PSG was available from the Sleep Institute database as of
January Ist, 2020. The regular PSG results assessed retrospectively were used for the analysis, instead of the results acquired in the night of enrolment. (C) Phone recruitment took
place for patients who underwent regular PSG at the Sleep Institute from January Ist, 2021 to June 3rd, 2021. IgG measurement was performed either at their homes or in-lab, in the
days following the enrolment call (date chosen by the participant.

Abbreviations: CPAP, continuous positive air pressure; IgG, immunoglobulin G; PSG, polysomnography.

two channels for respiratory effort (thorax and abdomen, both by inductance plethysmography), percutaneous oxi-
hemoglobin saturation (SpO,) and pulse rate via digital oximeter, snoring (microphone), and body position. Sleep
staging and scoring was performed according to the American Academic of Sleep Medicine recommendations.?
Apneas correspond to a 90% reduction in respiratory flow for at least 10s, preferentially measured by the thermistor.
Hypopneas correspond to a 30% reduction in respiratory flow for at least 10s, associated with an SpO, desaturation of at
least 3% or an arousal. Respiratory effort-related arousals (RERA) correspond to a flattening in the airflow curve for at
least 10s, observed in the pressure cannula and associated with an arousal. The apnea-hypopnea index (AHI) was
calculated as the average combined number of apneas and hypopneas per hour of sleep. The respiratory disturbance index
(RDI) was calculated as the average combined number of apneas, hypopneas, and RERAs per hour of sleep. Based on the
results of the PSG recordings, the participants were assigned to the following OSA severity groups, according to their
AHI: No OSA (AHI<S); mild OSA (AHI>5, but <15); moderate OSA (AHI>15, but <30), and severe OSA (AHI> 30).
As the number of participants with no OSA was small, they were merged with those with mild OSA for the analyses.

Anti-SARS-CoV-2 IgG Measurement

For participants recruited in-person, blood sampling for IgG testing took place on the morning after the PSG, in the sleep
lab bedroom. For those recruited via phone, they could choose between blood sampling being performed either at their
homes or in-lab (at the Centro de Diagndsticos Brasil (CDB), Sao Paulo).

The SARS-CoV-2 IgG serology was carried out in patients who have already been vaccinated with the complete
vaccine schedule. Chemiluminescence assay (SARS-CoV-2 IgG II quant by Abbott™) was used to evaluate antibody titers
based on the following cut-offs according to the manufacturer’s instructions: lower threshold: 6.8 arbitrary units (AU)/
mL; higher threshold: 80.000 AU/mL; non-reagent: <50.0 AU/mL.

Sample Size Calculation and Statistical Analysis
The required sample size was 264 participants, calculated using GPower 3.1, considering three groups, five covariants,
0<0.05, p<0.80, and an effect size of 1*=0.06. However, the recruitment was ended on July 24th 2021, before the
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calculated sample size was reached, as preliminary data analysis showed that a significant effect of OSA on IgG levels
was unlikely.

The main outcome considered in the analyses were anti-SARS-CoV-2 IgG levels (AU/mL) and the IgG reactive status
(reactive or non-reactive). The following sleep-related respiratory parameters were used for the analyses: AHI, RDI,
average and minimum SpO, levels, and percentage of SpO,<90% out of the total sleep time (SpO,<90%).

The distribution of the continuous/numeric variables were tested using the Shapiro—Wilk’s test. The association
between OSA severity groups and IgG reactive status (reactive or non-reactive) was evaluated by a X* test. The
correlation among anti-SARS-CoV-2 IgG levels, descriptive variables and sleep-related respiratory parameters were
tested using a Spearman correlation test. The effect of confounding variables (sex and vaccine type) on IgG was tested
using Student’s ¢ test. Descriptive variables were compared among OSA severity groups using the Kruskal-Wallis test
followed by Dwass-Steel-Critchlow-Fligner pairwise comparison. Anti-SARS-CoV-2 IgG levels among the OSA severity
levels were compared using a one-way analysis of variance (ANOVA) with Welch’s correction. Finally, a linear
regression model was composed considering anti-SARS-CoV-2 IgG levels as the outcome (dependent variable), OSA
severity group as the main independent factor (no/mild OSA as reference level), and age and time from vaccination to
testing as covariates. Numeric/continuous variables are presented as median and interquartile range (IQR) of the raw
scale, but IgG were converted to logarithmic scales for the statistical analyses. Categorical data are presented as counts
and percentage. All analyses were performed using Jamovi 1.6 (www.jamovi.org) and the significance threshold was
established as p<0.05.

Ethical Approval

This study was reviewed and approved by the Universidade Federal de Sdo Paulo Research Ethics Committee — CEP/
UNIFESP (No: 0374/2020) and was performed in compliance with the Declaration of Helsinki. Signed informed
consents of all participants were obtained.

Results

Out of 228 recruited participants, 122 were considered eligible. The flow diagram of the selection process is presented in
Figure 2. The median AHI in the included sample was 26.6 (IQR: 35.8), which was not significantly different from those
excluded due to self-reported previous diagnosis of COVID-19 (37.2 (IQR: 18), Mann—Whitney U: 978, p=0.707),
therefore reducing the chances of selection bias due to the possibility of OSA increasing the likelihood of a positive

~ ~
Assessed for eligibility (n=228) ﬁxcluded (n=106) \
*In-lab recruitment: 172 »| -+ Previous COVID-19 diagnosis: 19
* Phone recruitment: 56 * Incomplete vaccination: 14
\ / « <15 days after last shot: 2
* No IgG testing: 13
- 2 ~ » No valid PSG recording: 11
Participants included (n=122) * CPAP or split-night PSG: 31
*In-lab 1gG testing: 122 * CPAP use in the last 3 months: 6
|- At-home IgG testing: 0 ) klncomplete data: 10
|
No/Mild OSA Moderate OSA Severe OSA
n=35 n=31 n=56

Figure 2 Flow diagram of patients inclusion.
Abbreviations: CPAP, continuous positive air pressure; IgG, immunoglobulin G; OSA, obstructive sleep apnea; PSG, polysomnography.
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COVID-19 history. Among the included participants, four (3.2%) had an AHI compatible with no OSA; 31 (25.4%) with
mild OSA; 31 (25.4%) with moderate OSA, and 56 (45.9%) with severe OSA. As the number of participants with no
OSA was small, they were merged with those with mild OSA for the analyses. Individuals with no OSA and with mild
OSA had equivalent results on total sleep time (p=0.937), sleep efficiency (p=0.797), wake after sleep onset (p=0.580),
arousal index (p=0.162) and percentages of N1 (p=0.205), N2 (p=0.773), N3 (p=0.707) and REM sleep (p=0.575), which
supports the decision to merge these individuals in a single group.

In our cohort, 91.0% (n=111) of the participants had received CoronaVac and 9.0% (n=11) the Oxford/AstraZeneca
vaccine. Other types or brands were not reported by the participants. The median age of the sample was 72 years (IQR:
5.7), 65.5% were female (n=80) and the median time between vaccination and testing was 58.5 days (IQR: 30.8). The
descriptive data for the full sample and for each OSA severity group are presented in Table 1.

The median IgG count of the final sample was 273 AU/mL (IQR: 744). Only 12 participants (9.8%) were considered
seronegative in the IgG anti-SARS-CoV-2 test (IgG count <50.0 AU/mL), while the remaining 110 (90.2%) were
considered seropositive.

Exploratory analyses evaluating the effects or correlations of possible confounders on the IgG levels showed that only the
time from vaccination to testing was statistically significant (Spearman’s rho: —0.254, p=0.005), while age (Spearman’s rho:
0.013, p=0.883), sex (Student’s t: 1.94, p=0.055), and vaccine type (Student’s t: —1.87, p=0.064) were not significant. IgG levels
in the final sample were lower than among those excluded due to a previous self-reported positive diagnosis of COVID-19 (n=18,
median: 2423 AU/mL, IQR: 10,812, Student’s t=6.16; p<0.001), confirming this as an important confounding factor and
reinforcing the decision to exclude them from the sample.

We observed no statistically significant association between IgG serostatus and OSA severity (X°=0.912; p=0.634 —
Figure 3A). The anti-SARS-CoV-2 IgG serum level was not significantly correlated with the AHI (Spearman’s rho: —0.169,
p=0.063) or with other respiratory variables evaluated (Figure 3B) in the Spearman correlation test. No statistically significant
difference was found in the IgG levels among the OSA severity groups (Figure 3C and D). The average IgG levels in the severe
OSA group seem higher than in the other groups on a visual analysis, but this was impacted by two outliers, at 18,633.50 and
31,763.50 AU/mL (Figure 3D). A linear regression model to predict IgG levels was built, including OSA severity levels as an
independent factor (no/mild OSA as the reference level) and age and time from vaccination to testing as covariates. The linear
regression produced an R? value of 0.066. The only statistically significant predictor was time from vaccination to testing
(p=0.017); while OSA severity and age were considered non-significant.

Table | Descriptive Variables and Comparisons Among Groups

Full Sample No/Mild Moderate OSA® Severe OSA® p
(n=122) OSA?® (n=35) (n=31) (n=56)

Age 72.0 (5.75) 70.0 (5.50) 71.0 (6.0) 73.0 (5.7) 0.202
AHI 26.6 (35.8) 9.4 (3.9 22.0 (4.7) 53.7 (33.6) <0.001 (c>b>a)
RDI 26.6 (36.2) 9.4 (3.9 22.4 (4.7) 54.7 (33.6) <0.001 (c>b>a)
SpO, average 92.0 (3.0 92.0 (4.0) 92.0 (2.7) 91.0 3.2) 0.045 (c<a)
SpO2 minimum 82.0 (9.0) 85.0 (5.0) 83.0 (5.5) 78.0 (12.5) <0.001 (c<(a=b))
SpO2 <90% 9.65 (29.5) 29 (22.4) 9.6 (24.0) 15.0 (36.8) 0.003 (c>a)
Days - Vaccination to 58.5 (30.8) 50.0 (37.5) 57.0 (27.5) 62.0 (32.0) 0.211
testing
Sex - Female 80 (65.6%) 28 (80.0%) 18 (58.1%) 34 (60.7%) 0.101
Vaccine

Coronavac 111 (91.0%) 32 (91.4%) 27 (87.1%) 52 (92.9%) 0.664

Oxford/AstraZeneca 11 (9.0%) 3 (8.6%) 4 (12.9%) 4 (7.1%)

Notes: All continuous/numeric data have non-parametric distributions (Shapiro—Wilk’s p>0.05), are presented as median and interquartile range and were compared using
Kruskal-Wallis’ test followed by Dwass-Steel-Critchlow-Fligner pairwise comparison. Categorical data are presented as counts and percentage and were compared with X test.
Pos-hoc coding: *=no/mild OSA; =moderate OSA, and “=severe OSA.

Abbreviations: AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; RDI, respiratory disorder index; SpO2, percutaneous oxygen saturation; SpO2<90%,
percentage of SpO2<90% out of the total sleep time.
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Figure 3 Relationship between OSA and IgG anti-SARS-CoV-2. (A) Association of reactive IgG results with OSA severity groups (X2=0.9I2; p=0.634), presented as
percentage of seropositive (reactive) or seronegative (non-reactive) results out of each OSA severity group. (B) Spearman correlation indexes between IgG levels and AHI
(scatter plot) and other respiratory variables (table). The horizontal axis was divided in two segments for a better visualization of data. (C) Box plot comparing IgG levels
among all OSA severity groups (one-way ANOVA with Welch’s correction, F.737): 0.505, p=0.606). The box represents median and IQR, the whiskers represent minimum
and maximum, and the isolated dots represent outliers. The vertical axis was divided in two segments for a better visualization of data. (D) Histograms disclosing IgG levels
frequencies among all OSA severity groups (two records were excluded from the severe OSA group, at 18,633.50 and 31,763.50 AU/ML).

Abbreviations: AHI, apnea-hypopnea index; IgG, immunoglobulin G; IGR, Interquartile range; OSA, obstructive sleep apnea; RDI, respiratory disorder index; SpO2 av,
average percutaneous oxygen saturation; SpO2 min, minimum SpO2; SpO2<90%, percentage of SpO2<90% out of the total sleep time.

Discussion

Our results demonstrate that anti-SARS-CoV-2 IgG levels among older adults after vaccination against COVID-19 does
not decrease from mild to severe OSA. From a public health perspective, this is a very positive outcome as despite being
at a higher risk for severe COVID-19, individuals with severe OSA are equally protected by the vaccination as those with
mild or no OSA. Furthermore, when considering the whole sample, the seroconversion rate of IgG was of 90.2%,
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attesting the success and efficiency of COVID-19 immunization regardless of OSA presence. In comparison, in phase
two clinical trials of CoronaVac, the seroconversion rates varied from 90.7% to 99.0% at 28 days after the second dose
among individuals aged 60 and over.** Our results are reasonably similar to these, suggesting that OSA has no effect on
seroconversion and on anti-SARS-CoV-2 IgG levels among older adults.

Although quantitative serology tests indicate the levels of antibodies after being infected by SARS-CoV-2 or being
vaccinated, the level of protection offered by the immunization does not solely rely on these levels. Results from current
SARS-CoV-2 antibody tests face limitations in respect of evaluating the status of immunity against COVID-19.%> The
humoral immune response triggered by vaccination has been shown to decline with aging and pronounced age-associated
reduced immunogenicity to the COVID-19 mRNA vaccine was reported in a group of patients aged from 20 to 65
years.?® Another study with patients vaccinated with the Biontech/Pfizer vaccine also indicated lower levels of IgG in
older subjects compared to the younger ones.>” Our data does not allow us to address the effect of age on IgG levels, as
our sample was restricted to individuals aged 65 years or above, but seroconversion rates were satisfactory even
considering the possible negative effect of aging on immune response.

Some limitation in respect of our results should be noted in order to promote a proper interpretation of our
findings. First, as this study was based on a clinical convenience sample, we had a limited number of individuals with
no OSA, consequently preventing us from evaluating the effects of OSA on IgG levels against a proper control group.
However, we consider that the comparison against a mild OSA group is adequate, and that the seroconversion rate is
sufficient to conclude that OSA has no effect on the anti-SARS-CoV-2 IgG levels among older adults. Second,
according to the International Classification of Sleep Disorders - 3rd edition®® the correct diagnosis of mild OSA
should encompass the presence of symptoms, which was not evaluated in this work. Thus, it is possible that some
patients that were classified as mild OSA should be diagnosed with no OSA, which reinforces the decision to merge
people with no and mild OSA into one group. As moderate and severe OSA are diagnosed based only on AHI, this
limitation does not apply to the other groups. Third, as the previous history of positive COVID-19 diagnosis was
based on self-report, it is possible that undiagnosed asymptomatic or mild cases have been included into our analyses.
However, the incidence of self-reported COVID-19 cases among our entire recruited sample (8.3%, 19 out of 228
patients) was smaller than that observed for the Brazilian population (9.6%, as of August 2021). Fourth, evaluating
co-morbidities, such as hypertension, diabetes and dyslipidaemia would have been interesting, as they might be
considered as confounding factors on the effects of OSA. However, these data were not available in our data
collection. Adding them to the regression model would allow a better explanation of the factors accounting for the
IgG data distribution, but its actual effects on the explanation of the results attributed to OSA is uncertain.

The external validity and generalizability of our findings are still to be evaluated in other conditions. Further studies
should, therefore, be performed to evaluate immune response in the same age group and/or in younger populations. The results
are restricted to OSA syndrome and should not be extrapolated to other sleep-related conditions, such as insomnia, sleep
deprivation or chronodisruption. The association with other factors that might influence vaccination efficacy should also be
evaluated, including mental disorders,?® time of the day in which vaccines are taken® and shift work.>'

In our study, the sample comprised only two COVID-19 vaccine types/brands (CoronaVac and Oxford/AstraZeneca),
which are the most frequently used vaccines in the Brazilian national immunization program. Two other vaccines against
COVID-19 (Pfizer/BionTech and Janssen) are also approved for use in Brazil, but were not reported among our sample as
they represented a small fraction of total vaccines applied at the time of enrolment. The results are likely to be
reproduced with other vaccine types, although it would be helpful to perform a similar trial using different vaccine
technologies, especially RNA vaccines. In conclusion, our results demonstrate that the increasing severity of OSA does
lead to a decrease in anti-SARS-CoV-2 IgG levels among older adults, and, therefore, that the efficiency of COVID-19
vaccinations are not reduced from mild to severe OSA.
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