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Abstract

Study Objectives: Persistent post-acute sequelae of SARS-CoV-2 infection, i.e. long COVID, impacts multiple organ systems. While
lower blood oxygen is expected when SARS-CoV-2 infects the lungs, hypoxia without pulmonary symptoms may continue after the
acute phase. Ventilation and blood oxygen are more vulnerable during sleep, but nocturnal hypoxemia hasn’t been studied in people
with long COVID in a facility setting using gold-standard polysomnography (PSG).

Methods: We conducted an observational study with 50 participants (25 long COVID, 25 age-sex-matched healthy controls) using
in-laboratory overnight PSG. We calculated the average SpO,, average SpO, after removing desaturations, the respiratory rate in differ-
ent sleep periods, and the hypoxic costs using all desaturations.

Results: We found that average SpO, was lower in participants with long COVID: 1.0% lower after sleep onset (p = .004) and 0.7% lower
during REM (p = .002); average SpO, after removing desaturations was also lower in participants with long COVID: 1.3% lower after
sleep onset (p =.002), 0.9% lower during REM (p = .0004), and 1.4% lower during NREM (p = .003); and respiratory rate was 1.4/minute
higher in participants with long COVID during REM (p = .005). There were no significant differences in SpO, and respiratory rate before
sleep onset, the within-participant change from before to after sleep onset, or hypoxic costs.

Conclusions: The results suggest that long COVID had a persistent lower nocturnal blood oxygen saturation, and support the need
for a large-scale study of nocturnal hypoxemia in people with long COVID compared to the general population.
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Statement of Significance

Blood oxygen impairment can continue after the acute phase of COVID-19. While sleep is a state during which people are vulner-
able to hypoxemia, nocturnal hypoxemia using gold standard polysomnography (PSG) has not been studied in people with long
COVID. The study uses facility-obtained in-lab PSG to investigate the hypothesis that long COVID is associated with persistently
lower blood oxygen levels during sleep. These findings highlight the need for further research to understand better how long COVID
affects sleep and overall health.
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Ever since the COVID-19 pandemic, persistent post-acute seque-
lae of SARS-CoV-2 infection (PASC), i.e. long COVID, have imposed
new challenges on our healthcare system [1-4]. While the acute
phase of the infection primarily involves the respiratory system,
old or new symptoms can persist months after the first infec-
tion [5], significantly impacting individuals’ quality of life. Many
symptoms of long COVID have been reported, where the primary
ones include fatigue, brain fog, sleep complaints, post-exertional
malaise, dizziness, and gastrointestinal symptoms [5-8]. The
cause of long COVID remains unknown. The possible reasons
include persisting low-grade viral infection, long-lasting impair-
ment of the respiratory system [9], a hyperactive immune sys-
tem leading to inflammation in organs [10], and an autoimmune
response [11].

It has been observed that there may be long-lasting problems
with blood oxygen associated with SARS-CoV-2 infection. For exam-
ple, persistently low levels of oxygen saturation can be found in
people with long COVID during exercise tests [12, 13] and under
experimental upper arm cuffing [14]. Resting-state hypoxemia is
independently associated with mortality in both non-COVID adults
[15] and patients with COVID [16]. Sleep is a stage during which peo-
ple are vulnerable to hypoxemia. In the Apple Heart & Movement
Study [17], researchers conducted a cross-sectional analysis of 72
million 24-hour SpO, values from 33 080 participants using weara-
ble devices and found a 0.8% decrease in the nocturnal oxygen sat-
uration compared to daytime. The normal mild hypoventilation of
sleep, as well as the effects of ventilation-perfusion mismatch due
to gravitation and position, can amplify wake abnormalities in venti-
lation or gas exchange. Nocturnal hypoxemia can lead to persistent
oxidative stress at the cellular level [18] and is related to unfavora-
ble outcomes, including fatigue and daytime sleepiness [19], cardi-
ovascular disorders due to diminished blood pressure dipping [20],
and cognitive impairment [21], etc. Importantly, such hypoxemia
might develop without proportional signs of respiratory distress
[22]. However, an important aspect, nocturnal hypoxemia using
polysomnography (PSG), has not been studied in patients with long
COVID. PSG provides a high-quality research-standard approach for
studying the multi-organ changes in patients with long COVID.

Here, we compared the nocturnal SpO, in participants with
long COVID vs. age-sex-matched controls using facility-measured
in-lab overnight PSG, which is the clinical gold standard in sleep
recording. We hypothesized that the blood oxygen (measured by
SpO,) after sleep onset is lower in people with long COVID. We
compared different SpO, parameters and respiratory rates in dif-
ferent sleep periods and stages.

Methods
Study design and cohort

This is a pilot observational study. Participants were recruited via
advertisement postings on Craigslist and physical flyers in the
Greater Boston Area, postings on ClinicalTrials.gov (NCT03377543
and NCT05606211), and referrals by clinicians at Beth Israel
Deaconess Medical Center (BIDMC)'’s Critical Illness and COVID-
19 Survivorship Clinic. The long COVID inclusion criteria were (1)
over 18 years of age, (2) confirmed history of SARS-CoV-2 infection
based on medical documentation and/or COVID testing, and (3)
PASC/long COVID consistent with diagnostic code ICD-10 U09.9:
Post COVID-19 condition, unspecified. The long COVID exclusion
criteria are (1) a history of chronic pain before SARS-CoV-2 infec-
tion, and (2) pregnant or nursing. These long COVID patients were
enrolled between November 2022 through November 2023.

The control participants were a convenience sample of partic-
ipants in past studies that enrolled and studied sleep in healthy
people [23], hence having different exclusion criteria than the
long COVID participants. Controls were 1:1 matched by sex and
age (+5 years) to the long COVID participants. The inclusion cri-
teria for control participants were (1) age between 18 and 65
years, (2) body mass index (BMI) between 18.5 and 35 kg/m?2, (3)
daily sleep duration between 7 and 9 hours, and a habitual sleep
period starting within one hour of 11:00 pm verified by electronic
sleep, and (4) negative toxicology screen for amphetamines, bar-
biturates, benzodiazepines, cocaine, opiates, and methadone. The
exclusion criteria were (1) any active infection/disease, (2) lab
values outside of the standard range, (3) pre-diabetes or diabetes
(HbAlc > 5.7%), (4) history of neurological, chronic pain, immune/
inflammatory, vascular/cardiovascular disorders (including
hypertension and Raynaud syndrome), liver/kidney, metabolic
disorders, gastrointestinal disorders, psychiatric disorders, sleep
disorders, and lung diseases/pulmonary disorders, (5) personal or
family history of stroke, (6) systolic blood pressure >140 mmHg
and/or diastolic blood pressure =90 mmHg, (7) symptoms or diag-
nosis of asthma or asthma medication within the year before
enrollment, (8) intolerance or allergy to non-steroidal anti-
inflammatory drugs, (9) pregnant or nursing, (10) medication other
than oral contraceptives, and (11) current smoking. These control
participants were enrolled between July 2018 and May 2022.

Measures of sleep and nocturnal oxygen
saturation

Participants who passed the eligibility criteria stayed at the
Clinical Research Center at BIDMC to undergo an attended
overnight polysomnography. The recordings were conducted
using equipment from Natus SleepWorks and Embla RemLogic
and were scored by one sleep technologist following the AASM
2012 scoring manual [24]. The apnea-hypopnea index (AHI) was
defined as per the same guideline [24]: the number of apneas
regardless of desaturations or arousals, or hypopneas with >30%
flow reduction and >3% oxygen desaturation or with arousal,
divided by total sleep time in hours.

Standard overnight polysomnography included a finger-
tip pulse oximeter based on photoplethysmography (Nonin,
Minnesota, USA) in both PSG hardware devices, providing oxygen
saturation (SpO,). The SpO, was measured continuously at 1 Hz
(1 sample per second). We measured average SpO,, average SpO,
after removing desaturations, and average respiratory rate before
and after sleep onset, and during REM and NREM. We also com-
puted the within-participant difference from before sleep onset
to after sleep onset. To obtain the average SpO, without desatura-
tions, we first detected all desaturation events using a minimum
decrease of 2% and a minimum duration of 5 seconds, and then
we used linear interpolation to fill in the drop using the SpO, val-
ues at the start and the end of each desaturation event. We also
extracted the hypoxic costs for all desaturations [25, 26], defined
as the total area under all desaturations (apnea-independent)
below the pre-event baseline divided by the total sleep time.
Importantly, we conducted sensitivity analyses to account for the
overestimation of SpO, in people with darker skin by about 1.1%
[27], using both subset analysis and adjustment.

Statistical analysis

We used partial Spearman’s correlation between the exposure
and the outcome to obtain the p-value for comparing the two
groups while adjusting for BMI since it is negatively associated



Sunetal. | 3
Table 1. Cohort Characteristics
Variable Control (n = 25) Long COVID (n = 25)" P-value’
Demographics
Age: year, mean (standard deviation [SD]) 37.1(11.6) 38.2 (10.9) n.s.
Sex: n of female (%female) 17 (68%) 17 (68%) n.s.
Body mass index: kg/m? mean (SD) 26.2 (4.4) 27.8 (6.3) n.s.
Race: n (%) .0009
Asian 1 (4%) 0 (0%)
Black 10 (40%) 0 (0%)
White 14 (56%) 21 (84%)
More than one race 0 (0%) 4 (16%)
Years since long COVID: median (min-max) 1.3 (0.8-3.6) —
Sleep parameters
Apnea-hypopnea index (AHI): /hour, mean (SD) 9 (1.9) .9 (2.6) n.s.
Total sleep time: hour, mean (SD) .3(0.6) 4 (1.3) .003
Sleep efficiency: %, mean (SD) 90.7 (6.7) 78.3 (15.0) .0004
Wake after sleep onset (WASO): minute, mean (SD) 28.2 (15.8) 42.1(32.8) n.s.
Sleep latency from lights off: minute, mean (SD) 14.3 (27.9) 43.7 (63.8) .04
REM latency from lights off: minute, mean (SD) 104.0 (68.6) 177.2 (100.5) .004
N1 time: minute, mean (SD) 37.2 (21.5) 37.2(22.1) n.s.
N2 time: minute, mean (SD) 224.4 (42.3) 189.1 (43.0) .005
N3 time: minute, mean (SD) 74.7 (32.7) 84.2 (44.3) n.s.
REM time: minute, mean (SD) 99.6 (36.0) 72.5(38.1) .01
N1 %: median (IQR) 1(4.7-9.2) 5 (4.8-8.4) n.s.
N2 %: median (IQR) 46.5 (38.8-53.2) 38.2 (34.3-46.6) .006
N3 %: median (IQR) 16.4 (8.2-20.0) 17.9 (12.8-21.3) n.s.
REM %: median (IQR) 19.6 (16.5-25.8) 14.7 (10.6-18.1) .003
N1 % in the first half: median (IQR) 12.8 (8.3-19.3) .2 (0.0-13.8) .007
N2 % in the first half: median (IQR) 2 (3.6-7.9) .7 (3.6-9.2) n.s.
N3 % in the first half: median (IQR) 43.0 (39.0-52.0) 34.8 (29.5-39.3) .006
REM % in the first half: median (IQR) 26.5 (15.2-30.8) 24.1 (17.6-31.9) n.s.
N1 % in the second half: median (IQR) 28.1(20.8-34.4) 20.1 (15.9-26.1) .03
N2 % in the second half: median (IQR) .8 (4.6-12.5) .1 (5.2-9.9) n.s.
N3 % in the second half: median (IQR) 47.8 (42.4-55.4) 46.1 (37.2-48.3) n.s.
REM % in the second half: median (IQR) .5 (2.9-10.6) 10.2 (3.5-15.9) n.s.
Daytime vital signs: mean (SD)
Temperature (°F) 98.2 (0.6) 97.4 (3.6) n.s.
Systolic blood pressure (mmHg) 113.9 (18.1) 122.3 (14.2) n.s.
Diastolic blood pressure (mmHg) 72.2 (9.7) 79.1 (8.8) .03
Resting heart rate (beat/minute) 71.8 (11.9) 81.9 (12.7) .02
0, saturation (%) 99.2 (1.0) 98.0 (1.7) .02

‘t-test for a continuous variable, chi2 test for categorical variable. “n.s.” stands for not significant, i.e. p-value > .05.
~ The medications, comorbidities before COVID infection, and long COVID symptoms of the long COVID group are shown in Table S1 in the supplementary

material.

with SpO, [28]. The partial Spearman’s correlation between group
(categorical variable) vs. parameters (continuous variable) is a
valid and robust approach to compare two groups while adjust-
ing for covariates. We did not adjust for age and sex since they are
matched by design (see Table 1). We did not adjust for AHI since
there was no participant with high AHI (>10/hour), with no statis-
tically significant difference. We used the Bonferroni multiple test
correction to control the family-wise error rate, where the num-
ber of independent tests was 9:2 (SpO, and respiratory rate) x 4
(before sleep onset, after sleep onset, REM, NREM) + 1 (hypoxic
costs). The significance was set at p-value <.05/9 =.00556. All
analyses were done using Python 3.10.12.

Results

Cohort characteristics

The cohort contained 50 participants, including 25 long COVID
and 25 age-sex-matched healthy controls. The cohort character-
istics are shown in Table 1. Participants were 37-38 years old on
average, and 68% female and 32% male. By study design, there
were no differences in age and sex. There were no Black par-
ticipants in the long COVID group. The median time since long
COVID (index date) was 1.3 years. The long COVID group had
about 12% lower sleep efficiency, about 1 hour shorter sleep dura-
tion, and three times longer sleep latency. The long COVID group
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Table 2. SpO, and Respiration Parameters in Different Conditions

Condition Parameter Control (n = 25): Long COVID (n = 25): P-value’
median (IQR*) median (IQR)
Lights off until sleep onset (i.e. wake before Average SpO, (%) 97.5 (97.0-97.9) 96.3 (95.4-97.0) .01
sleep onset or sleep latency period)" Average SpO, after removing 97.5 (97.1-98.0) 96.5 (95.8-97.3) 01
desaturations (%)
Respiratory rate (/minute) 16.0 (13.7-17.7) 15.9 (14.5-17.6) n.s.
After sleep onset until lights on Average SpO, (%) 96.1 (95.5-97.1) 95.1 (94.1-95.8) .004
Average SpO, after removing 96.4 (95.9-97.2) 95.1 (94.2-95.9) .002
desaturations (%)
Respiratory rate (/minute) 14.3 (13.8-15.5) 15.5 (14.4-16.2) n.s.
REM Average SpO, (%) 96.4 (95.9-97.1) 95.7 (94.1-96.1) .002
Average SpO, after removing 96.6 (96.3-97.4) 95.7 (94.4-96.3) .0004
desaturations (%)
Respiratory rate (/minute) 14.9 (13.4-15.5) 16.3 (15.3-17.3) .005
NREM Average SpO, (%) 96.1 (95.3-97.1) 94.9 (93.8-95.6) 006
Average SpO, after removing 96.3 (95.7-97.2) 94.9 (94.1-95.7) .003
desaturations (%)
Respiratory rate (/minute) 14.3 (13.8-15.4) 15.3 (14.1-16.2) n.s.
Within-participant difference from before Average SpO, (%) -0.7 (-1.1--0.2) -1.2 (-2.1--0.4) .05
to after sleep onset Average SpO, after removing -0.7 (-1.2--0.1) ~1.3(-2.1--0.3) 04
desaturations (%)
Respiratory rate (/minute) -0.4 (-2.0-0.9) -0.5(-1.2-0.7) n.s.
Hypoxic costs Hypoxic costs with desaturations 9.1 (5.7-20.8) 9.7 (7.7-22.3) n.s.

(%xminute/hour)

‘The bolded parameters indicate statistical significance after Bonferroni correction; “n.s.” stands for not significant, i.e. p-value > .05. # Lights off until sleep onset
(i.e., wake before sleep onset or sleep latency period) had a mean duration of 14.3 minutes in the control group and 43.7 minutes in the long COVID group. * IQR

stands for interquartile range.
The p-values are reported after adjusting for body mass index.

had higher diastolic blood pressure, systolic blood pressure, and
lower O, saturation. PSGs for all long COVID patients and 11 con-
trols were obtained using Natus PSG device, while PSGs for the
remaining 14 controls were obtained using RemLogic PSG device.
The medications, comorbidities before COVID infection, and long
COVID symptoms of the long-COVID group are described in Table
S1 in the supplementary material. Among the comorbidities
before COVID infection, two diagnoses were significantly higher
(p <.05) in the long COVID group: depression/anxiety and pain/
inflammation. Three participants in the long COVID group had
no active disease or medication and therefore may have qualified
for the control group before SARS-CoV-2 infection/long COVID
diagnosis.

Comparison results

In Table 2, we show the comparison results for the SpO, measure-
ments in different conditions. The average SpO, was lower in indi-
viduals with long COVID: 1.0% lower after sleep onset until lights
on (p=.004) and 0.7% lower during REM (p =.002). The average
SpO, after removing desaturations was also lower in participants
with long COVID: 1.3% lower after sleep onset until lights on
(p=.002), 0.9% lower during REM (p = .0004), and 1.4% lower dur-
ing NREM (p =.003). The respiratory rate was 1.4/minute higher
in participants with long COVID during REM (p = .005). There was
no statistical significance for parameters at lights off until sleep
onset, in the difference from before to after sleep onset, or in
hypoxic costs.

For sensitivity analysis, in Table S2 in the supplementary
material, we show the results by excluding participants with
darker skin approximated by the black race, and also excluding
their matched pairs. The sample size was reduced to 15 in each

group. There was no significance in terms of the SpO, measures.
The respiratory rates after sleep onset, during REM, and during
NREM were faster in the long COVID group. As another way to
consider skin color tone, instead of excluding Black participants,
in Table S3 we additionally adjusted for the Black race, there was
also no significance in terms of the SpO, measures. The respira-
tory rates after sleep onset and during REM were faster in the
long COVID group.

SpO, trace in participants with long COVID and
controls

We visualized the overnight SpO, and respiratory rate traces,
which provided temporal information. In Figure 1, we show three
traces that are time aligned to sleep onset in each group: average
SpO, with desaturations removed, difference between the two
groups, and respiratory rate. The long COVID patients had lower
SpO, after sleep onset. In Figure 2, we zoom in to show 15 min-
utes before and after the time-aligned sleep onset. The difference
started to emerge around 5 to 10 minutes after sleep onset.

The respiratory rate trace in the long COVID group was slightly
higher than that in the control group. Therefore, the average val-
ues of respiratory rate were not significant across groups both
before and after sleep onset (Table 2). A less obvious observa-
tion from Figure 2 is the higher respiratory rate in REM since the
traces are aligned to sleep onset, not REM onset.

Discussion

We found that patients with long COVID compared to healthy
controls had a persistent lower nocturnal blood oxygen satura-
tion L.e. the average SpO, after removing desaturations after sleep
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traces derived from the abdomen respiratory effort belt. For all traces, blue is for controls, and red is for long COVID.

Long
coviD
' EEm NREM m=m REM EEE W
]
1
]
1
]
90 . !
~ 34
§ 2 e bl o —
£ 1 pcab
T O e RN A e :
g -1 A Y T e i
—2 | TSR ¢ W T e LS e . S >
& 751 y : o
301 1
= I = Control == Long COVID
E 204 i
.. 1
& 101 !
. ; 1
-15 -10 -5

0 5 10 15

time aligned at sleep onset (minute)

Figure 2. A zoom-in version at +15 minutes around the time-aligned sleep onset. The legends are the same as in Figure 1.

onset, especially during REM sleep. This difference emerged as
early as 5 to 10 minutes after sleep onset. There was no difference
in hypoxic costs, indicating the depth and duration of episodic
desaturations were similar in participants with long-term COVID
compared to healthy controls. We also found that the long COVID
participants had reduced sleep efficiency, longer sleep latency
and REM latency, less REM and N2 sleep, and less N3 in the first
half of the night (Table 1). It is unknown if such sleep architecture
changes are related to the gas exchange pattern.

Possible explanations of the subclinical hypoxia include the
subtle persistence of lung injury following COVID as supported
by reports of shortness of breath in 10 out of 25 of our partici-
pants with long COVID (Table S1), and also many other factors,

including endothelial functions. This could include mild levels of
ventilation-perfusion mismatch or reduced gas diffusing capac-
ity, due to possible etiologies such as residual inflammation of the
lung parenchyma or small vessels, that become amplified during
sleep. Along this line, micro-embolic [29] and endothelial dys-
function [30] have been observed in people with long COVID. The
supine position during sleep may also contribute by reducing the
functional residual capacity. Diaphragm dysfunction has been
reported in COVID-19 infection [31] and would be amplified in the
supine position and especially during REM sleep when there is
respiratory muscle hypotonia.

The mild reduction in oxygen saturation observed during
sleep in people with long COVID may provide a marker of long
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COVID-related organ dysfunction. As oxygen saturations are easy
to track even with consumer wearables or oximeters, tracking
this mild hypoxia, even if not directly pathological, may provide
prognostic information throughout residual disease or recovery.

In Table 2, the average SpO, in NREM was lower than in REM
in both groups, which was unexpected. Further analysis showed
that 17 (68%) long COVID participants and 20 (80%) control par-
ticipants had an average SpO, in NREM lower than REM. The pos-
sible reasons include low AHI and differences in body position.
However, this finding needs to be replicated.

There are several limitations in our study. First, due to the
preliminary nature of the study, the sample size of 50 was
small. We cannot exclude selection bias, where people with
symptoms and better educated about long COVID may be
more likely to be enrolled in our study. Second, pulmonary
function or chest imaging were not routinely collected in this
study and will be an important part of future studies. Third,
the two groups were balanced for sex and age, but we could
not match the two groups based on pre-COVID comorbidities
and medications, which remain important confounders that
might be addressed in large cohorts. Another important fac-
tor yet to consider is skin pigmentation, which is recognized
to contribute to oximetry biases. Clearly, additional data are
needed in more diverse samples and with instruments that
are equally valid across groups. In addition to skin pigmen-
tation, it is known that long COVID is more prominent in
women [32], middle or old age, overweight or obese, and people
with comorbidities [33]. Studies with larger sample sizes are
needed, which may be implemented using home devices [34].
Next, the observed difference in SpO, at about 1% is small. It is
necessary to discuss the small difference in a better context,
such as comparing it to normative data at a given age. Last
but not least, given that the patients were recruited/enrolled
before the National Academies of Sciences, Engineering, and
Medicine released a definition of Long COVID, we acknowledge
the heterogeneous and evolving nature when applying the
predefined inclusion criteria of the long COVID group. At the
same time, only four control participants were enrolled during
the COVID-19 pandemic. This could lead to misclassification
bias so that the difference between the two groups was atten-
uated. Therefore, the actual effect size could be larger than
what we observed.

The results call for a larger study to determine the norma-
tive ranges for oxygen saturation in health and correlations with
future health outcomes, so that deviations from these norma-
tive data in diseases (such as long COVID and lung diseases) can
be interpreted. Therefore, while the changes observed are small
in magnitude, they suggest that patients with long COVID may
experience persistent cardiopulmonary impairment even 1 year
after their acute infection.

Supplementary material

Supplementary material is available at SLEEP Advances online.
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