Facility-Measured Sleep Electroencephalographic Microstructures in Long COVID

Haogi Sun!, Rammy Dang?, Peng Li?, Wenzhong Xiao?, Jennifer Scott-Sutherland®, Kenneth C.
Sassower, M. Brandon Westover?, Donna Felsenstein®, Robert J. Thomas®, Monika Haack?, Janet M.
Mullington®”

! Department of Neurology, Beth Israel Deaconess Medical Center, Boston, MA 02215, USA

2 Center for Engineering in Medicine and Surgery, Massachusetts General Hospital, Boston, MA 02114,
USA

3 Clinical and Translational Research Center, Beth Israel Deaconess Medical Center, Boston, MA«02215,
USA

4 Department of Neurology, Massachusetts General Hospital, Boston, MA 02114, USA
> Department of Medicine, Massachusetts General Hospital, Boston, MA 02114, USA

® Division of Pulmonary, Critical Care and Sleep Medicine, Department of Medicine;Beth Israel
Deaconess Medical Center, Boston, MA 02215, USA

© The Author(s) 2026. Published by Oxford University Press on behalf of Sleep Research
Society. All rights reserved. For commercial re-use, please contact reprints@oup.com for
reprints and translation rights for reprints. All other permissions can be obtained through our
RightsLink service via the Permissions link on the article page on our site—for further
information please contact journals.permissions@oup.com.

920z |4dy 2z uo sasn Aseiqi Ausieaiun plenteH Agq 6£80998/0606eS2/d93is/e601 0 L/10p/ao1ue-aoueApe/das|s/wod dno-olwapeoe//:sdyy wolj papeojumoq



*Corresponding Author:

Janet Mullington, PhD

Professor of Neurology, Harvard Medical School

Department of Neurology, Beth Israel Deaconess Medical Center
DA-779, 330 Brookline Avenue, Boston, MA 02215, USA
Email: jmulling@bidmc.harvard.edu

ABSTRACT

Study Obijectives: Sleep electroencephalographic (EEG) microstructures are related to brain functions,
providing a window into the unrefreshing, non-restorative sleep and daytime fatigue-symptoms'in long
COVID (LC) and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS)."We.aim to
characterize sleep EEG microstructural differences in individuals with LC and-age-sex-matched healthy

controls (HC), and also ME/CFS, using overnight in-lab facility-measured polysomnography (PSG).

Methods: 28 LC and 28 HC participants came from a single-centeriresearch study. 19 ME/CFS
participants came from a single clinical center. Sleep EEG was processed to extract spectral band powers,
spindles, slow oscillations (SO, 0.5-1Hz), spindle=SO‘coupling, brain age index (BAI), alpha-delta

patterns, and infraslow oscillation relative band pewer (1SO, 0.005-0.03Hz).

Results: Compared to HC, LC had higher SO power during wake before sleep and REM sleep. In N2 and
N3, LC showed a faster within<spindle,frequency drop (chirp) and shorter SO peak duration in the frontal
region. LC showed widespreadyearly spindle-SO coupling phase at SO trough for both fast and slow
spindles, with early fastspindle-SO coupling associated with worse sleep quality. ME/CFS shared some
differences with,LC but had higher SO-uncoupled slow spindle densities in frontal and central regions,
more alpha-delta’patterns in the first half of the night, and widespread elevated 1SO power in the slow

sigma band (11-13Hz).

Conclusions: These findings suggest that LC and ME/CFS are associated with plausibly pathological
sleep EEG microstructure changes, illuminating the pathobiology of post-infectious processes on brain

activity.
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CLINICAL TRIAL INFORMATION

Trial 1: Sleep and Inflammatory Resolution Pathway, https://clinicaltrials.gov/study/NCT03377543,

NCTO03377543

Trial 2: Pain in Long COVID-19: the Role of Sleep, https://clinicaltrials.gov/study/NCT05606211,

NCT05606211

STATEMENT OF SIGNIFICANCE

People with long COVID (LC) frequently experience sleep disturbances, non-restorative sleep, and
fatigue. Sleep electroencephalographic (EEG) micrestructures may offer objective markers of subjective
sleep quality in LC. Here, we present an in-lab facility-measured sleep study. LC participants exhibited
abnormally early spindle-slow-ascitlation (SO) coupling phase at the trough of the SO, and a faster drop
in within-spindle frequencys, The.abnormally early spindle-SO coupling phase in LC was correlated with
worse subjective sleep'quality. Similar differences in EEG microstructural patterns were found in people
with myalgic.encephalomyelitis/chronic fatigue syndrome (ME/CFS) as well. The results demonstrate
candidate electrophysiological abnormalities associated with the fatigue and non-restorative sleep

experienced in LC.
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INTRODUCTION

The post-acute sequelae of SARS-CoV-2 infection, also named long COVID (LC), is defined as an
infection-associated chronic condition that occurs after SARS-CoV-2 infection and is present for at least
three months as a continuous, relapsing and remitting, or progressive state that affects one or more organ
systems®. Common symptoms include fatigue, brain fog, and sleep disturbances?, which significantly
impair daily functioning and quality of life. These symptoms closely resemble those of myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS)3#, a disease with persistent fatigue, cognitive
dysfunction, and non-refreshing sleep. These symptoms suggest an underlying disruption'in brain health,
which may involve vascular and neurovascular dysfunction®® or neuroinflammation”?. A major challenge
is the lack of objective biomarkers that capture the hallmark symptom of non-restorative sleep despite
relatively modest abnormalities in conventional sleep architecture. However, the impact of viral infections

and neuro-immunological responses in LC on brain health remains unclear.

Electroencephalographic (EEG) microstructures of-sleep are explicitly related to brain and body
functions®®°, providing a unique window into-the physiology and pathology of LC, and going beyond the
known subjective sleep quality** and sleep architectural changes (macrostructure)®? in LC. Importantly,
EEG microstructure metrics may help,bridge the long-recognized discrepancy between subjective sleep
quality and objective polysomnographic measures such as N3 duration or wake after sleep onset
(WASO). For examplerdeltaband power in non-rapid eye movement (NREM) stage 3 (N3) reflects the
net effect of circadian and-sleep homeostasis??; its reduction across the sleep period reflects plasticity
homeostasis'*; spindles and their coupling to slow oscillations (SO, 0.5-1Hz) are related to memory
consolidationi®®; alpha-delta (alpha intrusion) is associated with chronic fatigue'®; and infraslow
oscillations (1SO) associated with norepinephrine-induced glymphatic clearance'’-?*. Disruptions in sleep
EEG microstructures have been linked to brain aging??, cognitive impairments?-2°, metabolic
disorders?”?8, cardiovascular diseases®, and all-cause mortality?®*°, Yet, the changes in sleep EEG

microstructures in LC are largely unexplored. Identifying such features could provide candidate
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physiological markers of non-restorative sleep and potentially enable objective monitoring of disease

severity or treatment effects.

Here, we compared the sleep EEG microstructures in individuals with LC to age-sex-matched healthy
controls (HCs) using facility-measured, in-lab overnight polysomnography (PSG), which is the gold
standard for recording sleep. We aimed to characterize the differences in sleep EEG microstructures

between the groups, which may underlie the persistent symptoms of LC.

METHODS
Study Design and Cohort

This was an observational study. Participants were recruited through internet advertisements, physical
flyers in the Greater Boston Area, postings on ClinicalTrials:gov.,(NCT03377543 and NCT05606211),
and referrals from clinicians at the Critical IlIness and"COVID-19 Survivorship Clinic in Beth Israel
Deaconess Medical Center (BIDMC). The LC participants were enrolled between November 2022 and
November 2023. The eligibility criteria were described in our previous study®. Briefly, for the LC group,
the inclusion criteria were (1) over 18 years,of age, (2) confirmed history of SARS-CoV-2 infection based
on SARS-CoV-2 antigen testing,and (8) long COVID consistent with diagnostic code ICD-10 U09.9:
Post COVID-19 condition, unspecified. The exclusion criteria for LC were (1) pregnant or lactating, or

(2) a history of chronic'pain‘before SARS-CoV-2 infection.

The HCs were a convenience sample of individuals from past studies who enrolled in a study of sleep in
healthy people3; hence having different exclusion criteria than the LC participants. Controls were 1:1
matched by sex and age (£5 years) to the LC participants. The control participants were enrolled between
July2018 and May 2022. The eligibility criteria have been described in our previous publication®, and can
be found in the Supplementary Methods. The HCs did not have any self-reported COVID infection before

the initial screening sleep study, although they could be asymptomatic.
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The ME/CFS patient cohort was obtained from Massachusetts General Hospital (MGH) in 2022. The
inclusion criteria are (1) had an overnight sleep PSG; and (2) had their last ME/CFS diagnosis date in
2022, indicating continuous care for ME/CFS. All eligible PSGs were performed between 2019 and 2022.
The data use was approved by the BIDMC Institutional Review Board 2021P001064 under the exempt

category 4.

Sleep EEG Microstructures

Eligible participants underwent facility-measured, in-lab overnight polysomnography (PSG). The
recordings were conducted using RemLogic or Natus PSG equipment and were scored by one technician
following the AASM 2012 scoring manual®2. There were six EEG channels:;F3-M2, F4-M1, C3-M2, C4-
M1, O1-M2, and O2-M1. The signals were resampled to 200 Hz: EEG)signals were first notch-filtered at
60 Hz and then band-pass filtered from 0.3 to 35 Hz. To remove artifacts, we excluded 30-second epochs
containing absolute signal amplitudes higher than 500uV, flat signal (peak-to-peak amplitude < 0.1uV
lasting longer than 15 seconds), or having all*Hjerth parameters (activity, mobility, complexity) more
than 5 standard deviations away from the overnight mean. We then removed electrocardiographic (ECG)
artifacts by subtracting the average EEG.signature time-aligned to the R peaks, based on a single-channel

polarity-corrected ECG signal.

We extracted a comprehensive list of sleep EEG microstructure features. For spectral band powers, we
extracted SO (0.5-1Hz), delta (1-4Hz), theta (4-8Hz), alpha (8-12Hz), and beta (12-30Hz) band powers
averaged across epochs in N3, N2, N1, REM, wake before sleep onset (WBSO), and WASQO, using multi-
taperspectral estimation®**. The band powers were converted to decibels, where decibel =
10xlogi0(uV?). The overnight decline of delta band power in N2 and N3 was calculated, which is a
measure of sleep homeostasis. There is a normal time-of-night decrement of delta power during sleep,

while persistence may signify biological inefficiencies in reducing sleep debt. We also computed alpha-
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delta patterns, measured by the average alpha-to-delta ratio across all NREM epochs and those in the first

half of the night.

The spindle, SO, and their coupling metrics were derived from N2 or N3 using Luna (version 0.99)%. The
spindles were detected using wavelet transformation with a cycle number of 7 and a multiplicative
threshold of 4.5. To account for the diverse spindle frequencies both across and within individuals, we
considered all possible frequencies in the broad sigma range (10.5Hz to 15.5Hz, step size 0.5Hz), and
then combined the detection results based on temporal overlap within each channel. For quality. control,
we first ran the detection with a relaxed quality threshold (g=0 in Luna, definitioncin‘the Supplementary
Methods), then randomly selected 718 spindles and manually labeled them.as spindle’or not. We
determined the optimal threshold q = 0.62 based on Youden’s operating point on the receiver operating
characteristic curve (ROC) (Figure S1). The group-wise spindledetection‘performance and comparisons
between groups are shown in Table S1, where there were no significant differences across all groups. We
re-ran the detection with the optimal quality threshold. The spindle metrics included (SO-coupled and
uncoupled) density, frequency, duration, chirp(the;rate of instantaneous frequency change within a
spindle, Figure S2), and integrated intensitys(a measure of duration and amplitude, normalized by the
individual's baseline). The SOs were detected by first band-pass filtering the signal between 0.5-4Hz,
finding all zero-crossings, retaining intervals between 0.8-2.0 seconds and negative-peak and peak-to-
peak amplitudes, higher than/3times the median (a relative rule, about 75 uV in middle-aged
participants). These.steps closely match the definition of slow oscillations, while using the relative rule to
become adaptive to the data, such as smaller EEG amplitude associated with older age that artificially
reduces‘the;:amount of N3. The SO metrics included peak-to-peak amplitude, duration, density, slope,
negative slope, and positive slope. The spindle-SO coupling overlap was measured by the proportion of
spindles that overlap with SO in the same channel. The spindle-SO coupling phase was calculated by first
applying the Hilbert-Huang transformation to obtain the instantaneous phase of the detected SOs, taking

the phase at the center of the coupled spindles, and then taking the circular average of the phases across
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all coupled spindles. The coupling metrics were calculated for fast spindles (>13Hz) and slow spindles

(<13Hz) separately®. 12Hz is also used in the literature®.

We also calculated the sleep EEG-based brain age index (BAI) as previously described? and
implemented in Luna®. The brain age (BA) is computed as the weighted sum of sleep EEG spectral
power and spindle-SO metrics. The brain age index (BAI) was computed as BA minus chronological age.
The infraslow oscillation (ISO) power at around 0.02Hz was quantified using the power of sigma power
based on an established method?!. For each brain region (frontal, central, and occipital) and spindle type

(slow and fast), we extracted the relative ISO band power between 0.005-0.03Hz.

Subjective Sleep Quality Assessments

For the LC group, we used two subjective sleep quality assessments; Consensus Sleep Diary (CSD) Rest
Quality®” and Patient-Reported Outcomes Measurement-information System Sleep Disturbance
(PROMIS-SD)%. At home, the CSD was administeredievery morning over a 2-week period using the
Research Electronic Data Capture (REDCap) platform. The CSD included multiple items. Here, we
focused on self-reported sleep restoration: “How rested or refreshed did you feel when you woke up for
the day?”, which has five levelsranging from not at all rested (encoded as 1) to very well rested (encoded
as 5). The ratings were averaged across the 2-week monitoring period. Therefore, a higher CSD Rest
Quality indicates a better-sleep quality. Meanwhile, in the lab, the PROMIS-SD, consisting of a series of
guestions, was administered in the morning, the raw score was obtained, converted to a T-score, and
dichotomized at a score of 60. A T-score > 60 indicated high sleep disturbance (encoded as 1), and a T-
score<=60-indicated low sleep disturbance (encoded as 0). Therefore, a higher PROMIS-SD indicates a

worse sleep quality.
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Statistical Analysis

We used partial Spearman’s correlation® between the group (HC, LC, ME/CFS) and sleep EEG
microstructures (continuous variable) to obtain a covariate-adjusted, rank-based estimate of group
differences. This approach assesses monotonic associations that are less dependent on distribution
assumptions, such as outliers and skewness in EEG microstructures. In contrast, linear models with small
to moderate sample sizes are sensitive to deviations from normality. Conceptually, the partialcSpearman
approach is analogous to a rank-based ANCOVA. We adjusted for body mass index (BMI) since’it may
impact sleep. We did not adjust for age and sex since they are matched by design.(see"Table 1). We did
not adjust for AHI, as no participant had a high AHI (>10/hour). Medication.andicomorbidity were not
adjusted due to small sample sizes. As shown in Table S2, the maximum number of participants across
medications was 8. In Table S3, we compared sleep patterns betweenpeople on medication and those not
within the LC group using the Mann-Whitney U test. Similarlyyin Table S4, we compared sleep patterns
between people with certain pre-COVID comorbidities and those not within the LC group. We used the
Bonferroni multiple test correction to control the family=wise error rate, where the number of independent
tests was based on principal component analysis (PCA)* that explains 99% of the variance in different
feature categories separately. The resulting numbers of independent tests were 27 for band powers, 16 for
spindle features, 3 for SO features, and 6 for 1ISO features. The associations between sleep EEG
microstructures and subjective sleep quality measures were assessed using partial Spearman’s correlation,
adjusting for age, sex, and BMI. For this analysis, we did not perform the Bonferroni correction due to its

exploratory nature. Statistical analyses were performed using Python 3.10.12.
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RESULTS
Cohort Characteristics

The cohort consisted of 28 LC participants and 28 age-sex-matched HC participants. The cohort
characteristics are shown in Table 1. Participants were about 37 to 38 years old on average, with 71.4%
being female. By design, there were no significant differences in age and sex. There were no Asian,or
Black participants in the LC group, in contrast to the HC. The median time since the COVID-19/infection
index date was 1.3 years. The LC group had reduced total sleep time, about 8% lower.sleep efficiency,
about three times longer sleep latency, spent less time in REM sleep, mainly during.the second half of the
night, and had approximately twice the REM latency than HC. The lower REM duration in LC is not a
byproduct of reduced total sleep time, since the REM percent is also lower:.In the LC group, the
subjective sleep quality measure, CSD Rest Quality (1 is worst resting, 5 is best resting), has a median of
2.4, while PROMIS-SD (binary) indicates 8 (28.6%) participants experienced high sleep disturbance. The
medications, comorbidities before COVID-19 infection, and LC symptoms of the LC group are described
in Table S2. In Figure S5, we show example EEG spectrograms and hypnograms from the HC, LC, and

ME/CFS groups.

We did not find significant differences:between HC and LC in alpha-delta patterns (p = 0.58), brain age
index (BAI, +0.4 years in HCiand +1.0 years in LC, p = 0.39), or overnight delta power reduction (p =
0.54). The following.subsections describe the positive findings. The HC vs. LC results are shown in Table

2.

Band.Power Comparison Results

Theband power comparison results are in Table 2. Compared to HC, SO power (0.5-1Hz) was higher in
LC during REM and wake before sleep onset (WBSO) (p<0.001). These differences in the frontal region

are illustrated in Figure 1. The LC group also had higher delta power (1-4Hz) at WBSO and N1 in the
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frontal region, and higher beta power (12-30Hz) at WBSO, both of which did not survive the Bonferroni
correction. The spectra in the central and occipital regions are presented in Figures S3 and S4,

respectively.

Spindle Comparison Results

The spindle comparison results are in Table 2. There was no difference in the spindle density, amplitude,
frequency, or duration between HC and LC. The fast spindle chirp at the central channels'exhibited a
quicker drop in the within-spindle frequency, as measured by a more negative chirpin the LC group at a
median of -0.32Hz/s, where the HC group had -0.20Hz/s (p < 0.001). The correlations between fast
spindle chirp and SO phase in the central and frontal regions were weaker in.the LC group (0.27-0.36)
compared to the HC group (0.45-0.51) (p < 0.01), representing a\more variable SO-phase modulation of

within-spindle frequency.

In Figure 2, we show the more detailed instantaneous frequency (IF) within spindles, stratified by channel
and spindle type (slow and fast). The slow spindles (<13Hz) showed a U-shape IF, while the fast spindles
(>13Hz) showed an inverted U-shape’IF. For fast spindles at the central channels, the frequency

difference occurs in the second.half.of the spindle, leading to a more negative spindle chirp.

Slow Oscillation-Comparison Results

The SO comparisonresults are in Table 2. The duration of the SO positive peak was shorter in LC at 0.45
seconds compared to HC at 0.50 seconds (p < 0.001). Meanwhile, the SO rising slope was steeper in the

LCat 326.3uV/s than in the HC at 264.3uV/s (p < 0.01).
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Spindle-Slow Oscillation Coupling Comparison Results

Figure 3 shows the spectrograms time-aligned to the SO negative peaks. In HC (Figure 3A), the spindles
were coupled around the SO positive peak. While in LC (Figure 3B), the spindle-SO coupling phase was
advanced as early as the SO negative peak, which is an abnormal and widespread phenomenon. The
widespread phase advance in LC was present in both fast and slow spindles, which was most evident in
fast spindles due to their later coupling phase in HC. The results were consistent with those in the

coupling phase, as shown in Table 2.

Infraslow Oscillation Comparison Results

The 1SO comparison results are in Table 2. The LC group had a higher'1SO relative band power (0.005-
0.03Hz) at slow spindle (11-13Hz) at the frontal region, where the ¢ontrol group had a median of 35%
and the LC group at 38% (p < 0.01). There was no difference in‘other spindle types or brain regions.
Figure S9 shows the detailed ISO power spectral-density (PSD), where the ISO PSD of slow spindles at
the frontal region of the LC group had higher power than the HC, consistent with the results in Table 2. In
both groups, the ISO peak frequency fvas slowest in the occipital region, followed by the central region,

and the frontal region.

Clinical ME/CESCghort.Comparison Results

Table 1 also describes the characteristics of the clinical ME/CFS cohort and their sleep architectures. The
ME/CFS participants were about 41 years old on average, and 74% were female. There were no
significant differences in age and sex compared to HC. There were no Asian or Black participants in the
ME/CFS group. Compared to HC, the ME/CFS group had about 5% lower sleep efficiency, about three

times longer sleep latency, less time spent in REM regardless of the first or second half of the night, about
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twice the REM latency, and more continuous N1. The complete HC vs. ME/CFS EEG microstructure

comparison results are in Table 2.

Compared to HC, during N3, the ME/CFS group had higher power in the beta band in the occipital
region. Figure 4A, Figure S6, and Figure S7 show the detailed spectra comparison with additional
differences, which became insignificant after Bonferroni correction. When comparing the alpha-delta
patterns to HC, the ME/CFS group showed an initially higher alpha-to-delta ratio in the occipital region in
the first half of NREM sleep (p=0.005), which became insignificant after Bonferroni correction.
Similarly, for overnight delta power reduction, the ME/CFS showed an initially less negative reduction in
the central region (p=0.036), which became insignificant after Bonferroni cerrection./Additionally, we did

not find significant differences in BAI (+0.4 years in HC and -0.3 years in ME/CFS, p = 0.53).

When comparing the spindle and SO patterns to HC, similar to L.C, the widespread phase advance in
ME/CFS was present in both fast and slow spindles, with the most pronounced effect observed in fast
spindles (Figure S8). For the slow spindles, there was an increased slow spindle density in the central
region. However, a further decomposition inte“SO-<coupled and SO-uncoupled spindles showed that the
increased density was only in SO-uncoupled slow spindles. For the fast spindles, the ME/CFS group also
had a more negative fast spindle chirp.compared to the controls (Figure 4B), a pattern similar to that seen
in the LC group. However, there Was no significant difference in SO-phase correlation with the within-

spindle frequency compared to HC. There were also no differences in SO characteristics compared to HC.

Compared to HC, the'ME/CFS group had a higher ISO relative band power across all regions using the
slow sigma band and a higher 1SO relative band power in the occipital region using the fast sigma band.

As shown'in Figure 4C, the 1ISO PSDs exhibit a higher and more concentrated peak at around 0.02Hz.

When comparing ME/CFS and LC, we did not find differences for the features in Table 2. On the other
hand, differences were found in other features: ME/CFS patients had a lower frontal delta power at wake
before sleep onset than LC patients (ME/CFS median 15.5dB, LC median 20.5dB, p < 0.001); ME/CFS

patients also had a higher alpha-to-delta ratio in the occipital region in the first half of NREM sleep than
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LC patients (ME/CFS median 0.35, LC median 0.21, p = 0.009) that similarly became insignificant after

Bonferroni correction.

Association Results with Subjective Sleep Quality

As shown in Table 3, the sleep EEG microstructures with positive correlation with the Consensus Sleep
Diary (CSD) rest quality (the higher the better, p<0.05) included fast spindle-SO coupling-phase at the
central region, fast spindle-SO coupling overlap at the occipital region, and SO density at'the occipital
region. The sleep EEG microstructures with negative correlation with the CSD rest quality (the lower the
better, p<0.05) included frontal theta power (4-8Hz) at N2 or N3, the min-max-range of fast spindle
frequency at central and occipital regions, coupled fast spindle density.and fast spindle frequency in the
occipital region. Additionally, the N2 continuation probability hadia positive Spearman’s correlation with

CSD rest quality (0.54 [0.19, 0.77], p < 0.01).

As shown in Table 3, the sleep EEG microstructures with positive correlation with the Patient-Reported
Outcomes Measurement Information System Sleep Disturbance (PROMIS-SD, the higher the worse,
p<0.05) included min-max range of slow spindle frequency, SO phase correlation with the slow spindle
frequency, and SO positive slope atithe central region. There was no common microstructure associated
with the CSD rest quality<Onithe other hand, the SO density in the occipital region was negatively
associated with PROMIS=SD;'which was also associated with CSD rest quality in the opposite and
expected direction. Additionally, the N1 continuation probability had a negative Spearman’s correlation

with PROMIS-SD (-0.45 [-0.71, -0.08], p<0.05).

DISCUSSION

In this observational study, we compared the sleep EEG microstructures between participants with long

COVID and healthy controls using overnight sleep studies conducted in an in-lab facility.
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One key finding is that spindle morphology differed between groups, despite density, amplitude, duration,
and frequency being similar. The spindle morphological differences include a more negative spindle chirp
(rate of IF change), a weaker correlation between IF and SO phase, and an advanced SO-coupling phase
in LC. Spindles are generated in the thalamus, propagated to the cortex, and form a feedback loop
between the cortex and thalamus®®. Although the impairment mechanism is unknown in LC, the
thalamocortical feedback loop is possibly impaired by a few mechanisms, e.g., 1) an excitation/inhibition
imbalance from a glial pro-inflammatory responses** to viral infection; 2) mitochondrial impairment**
3) redox-stress from a lower nocturnal SpO-®, all contributing to impaired synchronizatien of spike timing
at the dendritic level*. Therefore, there could be an insufficient “push” for spindle activity, as reflected in
an abnormal coupling phase. The weaker correlation between the IF and«SO=phases may suggest that the
cortex-to-thalamus circuit is involved in the abnormality, as the SO is a'cortical pnenomenon that
modulates spindling activity. Meanwhile, reduced precision«ef the spindle-SO coupling phase is
associated with amyloid positivity and higher AB42/AB40.in cerebrospinal fluid*®, suggesting that LC
may share common pathophysiology with Alzheimer’sidisease, such as neuroinflammation and blood-
brain barrier disruption*-*°. A possible consequence-of impaired spindle-SO coupling in LC could be
impaired sleep-dependent memory cansolidation®®, which is age-dependent®. A similarly altered spindle
chirp can be found in autism spectrum disorder (ASD)%?, with abnormal EEG functional connectivity at
high frequencies®***. Similarly, ASD is associated with mitochondrial impairment®® and
neuroinflammation®®. ‘Interestingly, spindle characteristics in ME/CFS and LC share differences in terms
of spindle chirp.and advanced spindle-SO coupling phase, while also showing distinct differences in
increased SO-uncoupled slow spindle density in frontal and central regions (Table 2), compared with HC.
Manystudies have suggested that fast spindles are mainly associated with cognitive performance®®*’.
Therefore, ME/CFS patients may have reduced efficiency in producing fast spindles that support brain
health compared to LC patients. The higher SO-uncoupled spindle density in ME/CFS may indicate

impaired thalamocortical coordination, which is regulated by arousal centers in the brainstem and
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manifests as changes in cyclic alternating pattern (CAP) in ME/CFS patients®® but not yet studied in LC

patients.

For the spectral differences, LC has higher SO power in REM and wake before sleep onset. We can
exclude the possibility of an eye movement effect, as the differences did not exhibit a frontal-central-
occipital gradient and were consistent across these regions (Figures 1, S3, S4). EEG slowing during REM
is associated with cholinergic network dysfunction®® and mild cognitive impairment?®, whichould
contribute to the about double REM latency in LC (Table 1). However, our results showed that,the REM
latency is also longer in ME/CFS, while there is no statistically significant REM slowing in ME/CFS. We
further tested the association between SSRI/SNRI antidepressant medication use.and, REM latency, and
found no association (p>0.05). Notably, the alpha-delta pattern (alpha intrusion) was not different in LC
but was higher in the ME/CFS group before the Bonferroni correction. The alpha-delta pattern is well
known for its correlation with fatigue, non-refreshing sleep; and-fibromyalgia. However, the neural basis
of the alpha-delta pattern remains poorly understood-A computational model generated an alpha-delta
pattern by introducing high-threshold thalamogortical (HTC) cells into a thalamic model®®. Whether

ME/CFS patients have more HTC cells than,LC patients requires testing.

The I1SO relative power was higher in\.LC participants at the frontal regions from the slow spindle band.
ISO has been found to correlate with the rhythmic release of norepinephrine from the locus coeruleus,
which enables glymphatic clearance and boosts the flow of blood and cerebrospinal fluid*’. Our previous
work, comparingbloed oxygen levels (SpO>) in the same cohort, showed lower baseline SpO2 in LC
participants®. Therefore, one hypothesis is that the increase in ISO may reflect a compensatory
mechanism te-maintain the required total oxygen by increasing blood volume, because of reduced blood

oxygen.saturation.

No difference was found in the sleep EEG-based brain age index (BAI)?. BAI is driven by a selected set
of age-dependent sleep EEG features, including delta power, delta-to-alpha ratio, delta-to-theta ratios,

spindle density, spindle-SO coupling overlap, and power and waveform kurtosis (measures bursts) in N2
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and N3, and alpha power in N1. These patterns were not different between HC and LC, suggesting that
LC may represent differences in specific neural dynamics that are insensitive to age. In a broader sense,
biological aging is influenced by cumulative stressors such as inflammation, vascular dysfunction, and

metabolic stress, many of which have been proposed to be involved in LC, but may not be directly

predictive of age.

The associations between sleep EEG microstructures and the subjective sleep quality measures provide
new insights. The fast spindle-SO coupling phase, being significantly phase-advanced in LC, is positively
correlated with higher diary-based rest quality in LC. Therefore, the fast spindle-SO‘coupling phase may
serve as a marker of the severity of LC-related sleep quality and fatigue. This relationship suggests that
EEG microstructure features may serve as candidate biomarkers linking sleep physiology with patient-
reported symptoms. Meanwhile, the SO density (number of SO events per minute) correlated with better
sleep quality in both subjective and objective measures. SO oceurs in N2 and N3 and is the strongest in

N3 (conventional slow wave sleep), which is considered the most restorative phase of sleep.

A key question is whether the findings of this-study help better understand the spectrum of sleep disorders
in LC, which may also point to treatment approaches. Clinical insomnia is common in LC, though cases
referred to dedicated sleep-LC programs, such as those that exist in our center, show a spectrum from
insomnia, sleep-wake cycle instability; hypersomnia, and even REM-behavior disorder®:. Low-dose
cyclobenzaprine has been used with some success in improving pain and fatigue in fibromyalgia®?®, a
disease with overfapping'symptoms with LC and ME/CFS. Sleep spindles are reported as reduced in
fibromyalgia®. Oxybate (sodium, low sodium) improved hypersomnia symptoms (brain fog, fatigue,
sleep quality)-in"LCOL, It is plausible that effective treatments normalize the coupling of brain oscillations
during-sleep, thereby enabling normal sleep functions, with resultant improvements in perceived sleep
quality and daytime fatigue symptoms. If validated longitudinally, these EEG microstructure metrics
could also provide objective markers for tracking disease progression and response to therapeutic

interventions.
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Our study has several limitations. First, the sample size was modest. The control group was drawn from
historical cohorts and had stricter exclusion criteria than the LC group. Second, some LC participants
were taking medications, such as antidepressants and hypnotics (Table S2). As shown in Table S3, within
the LC group, pain medication is associated with a more negative spindle chirp, which could explain the
more negative spindle chirp in the LC group than in the HC group in Table 2. Similarly, some LC
participants had pre-COVID comorbidities, such as sleep apnea, insomnia, depression or anxiety, and
headache or migraine (Table S2). However, we did not find common sleep patterns in Table S4 compared
with those in Table 2, indicating the results are less affected by pre-COVID comorbidities. In"general, a
larger sample size is required to adequately account for medications and comorbidities. Third, although
in-lab facility-measured polysomnography is the gold standard for recordingssleep, a first-night effect can

occur, particularly in terms of total sleep time, which may not accurately-reflect habitual sleep patterns.
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Figure 1. The spectra of different sleepperiods.and stages for the HC and LC groups, averaged between

F3-M2 and F4-M1 channels. Thered line-represents the LC group. The blue line represents the control

group. The power spectral density was calculated over 30-second epochs, converted into decibels (dB =

10xlog10(uV?/Hz)), and averaged over artifact-free epochs in the specified period. The shading represents

95% confidence intervals from bootstrapping 1,000 times. The horizontal solid lines at 20Hz indicate

frequencies with significant differences between the two groups. WBSO — wake before sleep onset;

WASO — wake after sleep onset.

920z |4dy 2z uo sasn Aseiqi Ausieaiun plenteH Agq 6£80998/0606eS2/d93is/e601 0 L/10p/ao1ue-aoueApe/das|s/wod dno-olwapeoe//:sdyy wolj papeojumoq



0.2

0.0+

—0.21

—0.4+

Relative freq (Hz)

7 Slow spindle @ Frontal

0.2+

0.0 1

—0.21

—0.4+

—0.61

Slow spindle @ Central

0.2

0.0+

=0.21

Relative freq (Hz)

=0.4+

=0.61

1 2 3 B

4

Fast spindle @ Frontal

0.2+

0.0

=0.21

=0.4+

=0.61

1 2 3 4

4

* * *

Fast spindle @ Central

1 2 3 4 5
Binned position inside spindle

1 2 3 4 5
Binned position inside spindle

0.2

0.0+

—0.24

—0.4+

—— Healthy Control
—— Long COVID

\\/

71 Slow spindle @ Occipital

0.2

0.0+

=0.2+

=0.4+

=0.61

1 2 3 4

4

* *

Fast spindle @ Occipital

1 2 3 4 5
Binned position inside spindle

Figure 2. The instantaneous frequency (IF, frequency within a spindle) over the time course within

spindles, partitioned into five bins of equal duration for‘the HC and LC groups. The frequencies are

relative to the frequency at the first bin to better show the relative change in frequency over time. The red

line represents the LC group. The blue line represents the control group. The shading represents 95%

confidence intervals from bootstrapping 1,000 times. The asterisks represent nonoverlapping confidence

intervals (i.e., p<0.05)~The top row shows the slow spindles (<13Hz). The bottom row shows the fast

spindles (>13Hz) The lefi; center, and right columns represent the frontal, central, and occipital channels,

respectively. Therinstantaneous frequencies at the latter part of the fast spindles at the central and

occipital channels were significantly lower in the LC group than in the control group.
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Figure 3. Spindle-SO-couplingfor the (A) HC and (B) LC. For both panel A and panel B, the two rows

represent slow and fast spindle results; the three columns represent frontal, central, and occipital channels.

The heatmap displays the EEG spectrogram, time-aligned to the negative peak (trough) of spindle-

coupled SOs, and then subtracts the baseline EEG spectrogram, time-aligned to the negative peak of all

SOs. The star indicates the location with the highest power in the time-aligned, baseline-subtracted

spectrogram, representing the most likely time-frequency of spindles. The black line is the average SO

waveform. The shade is the 95% confidence interval of the SO waveform via bootstrapping.
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Figure 4. EEG microstructure comparisons between ME/CFS and HC(A). The spectra of different sleep
periods and stages for the HC and ME/CFS groups, averaged betweenF3-M2 and F4-M1 channels. (B)
The instantaneous frequency (IF, frequency within a spindle) over the time course within spindles,
partitioned into five bins of equal duration for thesHC'and ME/CFS groups. The frequencies are relative
to the frequency at the first bin to better show the'relative change in frequency over time. The purple line
represents the ME/CFS group. The blue line represents the control group. The shading represents 95%
confidence intervals from bootstrapping 1,000 times. The asterisks represent nonoverlapping confidence
intervals (i.e., p<0.05). Thé top rowis the fast spindles (=13Hz). The bottom row is the slow spindles
(<13Hz). The left, centeryandright columns show the frontal, central, and occipital channels. (C)
Infraslow oscillation (ISO) represented by the power spectral density (PSD) of the sigma band power
time-series for the healthy controls and ME/CFS group. The 1SO peak is around and slightly lower than
0.02Hz=The purple line represents the ME/CFS group. The blue line represents the control group. The
horizontal bars represent frequencies that are significantly different based on the bootstrapped confidence
intervals. The top row represents ISO PSD derived from slow spindles (<13Hz). The bottom row
represents ISO PSD derived from fast spindles (>13Hz). The three columns represent frontal, central, and

occipital channels.
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TABLES

Table 1. Cohort characteristics for participants in healthy control, long COVID, and ME/CFS groups.

Healthy Control Long COVID ME/CFS
(n=28) (n=28)" (n=19)*
Age (year): mean + SD% 37.0+115 38.2+10.7 409+125
Sex: n of female (%female) 20 (71.4%) 20 (71.4%) 14 (73.7%)
Race: n (%) (Others are not shown) * *
Asian 2 (7.1%) 0 (0.0%) 0 (0.0%)
Black 10 (35.7%) 0 (0.0%) 0 (0.0%)
White 16 (57.1%) 24 (85.7%) 17 (89.5%)
Body mass index (BMI) (kg/m?): mean + SD 26.2+4.4 27.8+6.3 247 5.7
Sleep parameters: median (interquartile range)
Apnea-hypopnea index (AHI) (‘hour)” 1.1(0.7-2.7) 0.5(0.3-1.9) 1.5(0.6-2.2)
Total sleep time (hour) 7.3 (7.1-7.5) 6.7 (5.8-7.3)** 6.0 (5.5-6.7)***

Sleep efficiency (%)

91.8 (89.7-94.1)

83.6 (74.6-90.8)***

87.2 (73.6-89.5)***

Wake after sleep onset (WASO) (minute)

28.8 (15.2-37.5)

27.5 (19.6-59.6)

38.0 (29.8-76.5)**

Sleep latency (minute)

6.5 (3.2-15.2)

17.8(4.9-49.4)*

22.0 (9.2-28.8)*

REM latency (minute)

88.2 (69.4-127.2)

1435 (91.2-209.2)*

169.8 (148.0-218.0)***

REM time (minute)

99.8 (81.6-115.5)

835/(43.1-95.1)*

53.5 (41.5-70.0)***

N1 time (minute)

29.0 (20.8-45.2)

33.2 (24.1-42.4)

38.5 (28.8-62.5)

N2 time (minute)

223.2 (202.8-251.1)

199.0 (171.9-223.8)*

192.0 (167.5-217.0)*

N3 time (minute)

81.2 (39.2-98.9)

74.5 (56.5-102.1)

70.0 (32.2-100.8)

REM percent (%)

2074,(18.2-24.6)

16.2 (8.6-18.8)*

12.0 (8.9-15.1)***

N1 percent (%)

5.9 (4.5-8.8)

7.0 (5.4-8.9)

9.0 (6.1-13.4)

N2 percent (%)

46%4.(39.3-53.2)

40.7 (35.3-46.4)*

44.6 (35.3-51.3)

N3 percent (%)

16.6 (8.2-20.6)

17.9 (10.9-21.1)

15.1 (6.8-23.8)

REM continuation probability (%)®

95.3 (92.5-96.1)

94.9 (92.5-95.9)

96.5 (95.3-97.0)*

N1 continuation probability (%)

49.0 (43.6-53.2)

59.6 (47.4-66.8)*

61.3 (54.7-72.5)***

N2 continuation probability (%)

89.6 (87.3-93.5)

88.9 (87.1-91.8)

92.0 (84.9-93.7)

N3 continuation probability (%)

93.5 (86.9-95.8)

90.3 (89.1-92.4)

89.8 (58.6-92.9)*

W continuation probability (%)

77.0 (66.0-84.7)

87.3 (81.0-91.5)*

88.4 (72.0-89.8)*

N1 bout duration (minute)®

3.2 (2.0-4.0)

4.0 (2.6-6.6)

5.0 (3.8-9.0)***

N2 bout duration (minute)

28.5 (22.5-36.5)

24.8 (21.1-28.2)

25.5 (19.8-33.0)

N3 bout duration (minute)

31.5 (20.8-43.5)

27.2 (18.1-34.8)

29.0 (5.0-38.8)

REM.bout.duration (minute)

23.0 (18.4-34.6)

21.2 (14.9-28.2)

25.5 (20.8-38.8)

REM.time.in first half of the night (minute)

29.5 (23.5-45.9)

16.5 (7.0-41.2)

15.0 (1.8-23.5)***

REM percent in first half of the night (%)

13.6 (9.8-19.4)

7.3 (5.1-17.4)

6.3 (0.8-10.5)***

REM time in second half of the night (minute)

68.2 (50.9-81.0)

47.2 (31.2-74.9)*

38.5 (28.0-53.0)***

REM percent in second half of the night (%)

29.4 (21.7-34.1)

20.7 (15.8-30.9)

17.6 (14.0-22.6)***

Subject sleep quality

CSD Rest Quality (1 is worst resting, 5 is best
resting): median (interquartile range)

N.A.

2.4 (1.9-2.9)

N.A.
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8 (28.6%) high sleep

PROMIS-SD (binary): n (%) N.A. disturbance

N.A.

& SD = standard deviation. * compared to healthy control, * means p < 0.05; ** means p < 0.01; *** means p < 0.001. For age
and BMI, the statistical test was t-test. For sex, the statistical test was Fisher’s exact test. For race, the statistical test was chi-
squared test. For all sleep parameters, the statistical test was Mann-Whitney U test since they do not necessarily follow
normal distribution. " Hypopnea was scored at 3% desaturation rule. ® Stage continuation probability is defined as the
proportion of having the same stage in the next 30-second epoch across the night from lights off to lights on. # Stage bout
duration is defined as the maximum duration of continuously being in one stage across the night from lights off to lights.on.
N.A. = Not Available.

Table 2. Sleep EEG microstructures that were significantly different between healthy controls (HCs)'and
the long COVID (LC) group, or between HCs and ME/CFS. They are grouped by categories after.
adjusting for BMI. The p-values are presented after the Bonferroni correction. Rows with’a non-empty
value in the “LC Median” column indicate sleep EEG microstructures that differ between LC and HC;
rows with a non-empty value in the “ME/CFS Median” column indicate sleep EEG microstructures that
differ between ME/CFS and HC. We shaded the rows with values in both “LC Median” and “ME/CFS
Median” columns, representing the sleep EEG microstructures with shared differences compared to HC
between LC and ME/CFS.

Category Sleep EEG Microstructure I\H/Ice: dian II\_/I(; dian MeEéiC;ES
Slow oscillation power (0.5-1Hz) at REM, frontal (dB) 17.7 20.6™

Band power Slow oscillation power (0.5-1Hz) at WBSO, frontal (dB) | 21.4 25.0"
Beta power (12-30Hz) at N3, occipital (dB) 6.2 9.5"
Fast spindle chirp, central (Hz/second) -0.20 -0.32" | -0.28"
Correlation between fast spindle IF*& SO/phase, central | 0.51 0.36™

Fast spindle Correlation between fast spindle IE" & SO phase, frontal | 0.45 0.27"

(>13Hz) Fast spindle-SO coupling phase, central (degree) 278.0 79.3" 73.2"
Fast spindle-SO coupling phase, frontal (degree) 212.9 89.3" 83.4™
Fast spindle-SO coupling phase, occipital (degree) 210.2 90.4™ 725"
Slow spindle density, ¢entral (/minute) 1.3 1.8™
SO-uncoupled slew spindle density, central (/minute) 11 1.7

Slow spindle SO-uncoupled.slow spindle density, frontal (/minute) 1.7 2.3"

(<13Hz2) Slow.spindle‘integrated activity, central 0.7 0.8
Slow spindle-SO coupling phase, central (degree) 217.0 105.17 | 91.3"
Slow spindle-SO coupling phase, frontal (degree) 247.8 108.0™ | 90.6™

Slow oscillation™ | 'SQ positive peak duration, frontal (second) 0.50 0.45™

(NSROéI?/iS_lHZ) " SO rising slope, central (uV/second) 264.3 326.3"

Infrasiow ISO relative power from slow sigma, central (%) 36.7 41.3"

oscillation (1SO, | 1SO relative power from slow sigma, frontal (%) 35.1 38.3" 40.8

0.005-0,03Hz) | 1SO relative power from slow sigma, occipital (%) 35.9 38.6™

in NREM ISO relative power from fast sigma, occipital (%) 39.3 44.3"

“p < 0.01 compared to HC, ™ p < 0.001 compared to HC. " IF: instantaneous frequency.
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Table 3. The correlations between subjective sleep quality and sleep EEG microstructure and
macrostructure. The results were obtained from the LC cohort with a sample size of 28, after adjusting for
age and sex. Only results with p<0.05 are shown.

Category | Sleep Metric Region | Correlation [95%6 C1]
CSD Rest Quality (the higher the better sleep quality)
Macrostructure | N2 continuation probability -- 0.54[0.19, 0.77]
Spectral power | Theta power (4-8Hz) at N2/N3 Frontal | -0.42[-0.70, -0.04]
Spindle-SO Fast spindle-SO coupling phase Central | 0.43[0.05, 0.70]
coupling Fast spindle-SO coupling overlap Occipital | 0.40 [0.02,0.68]
Min-max range of fast spindle frequency Central | -0.40 [-0.68, -0.01]
Fast spindle Min-max range of fast spindle frequency Occipital | -0.43 [-0.70,,~0.05]
Fast spindle frequency Occipital | -0:44[=0.69, -0.02]
SO-coupled fast spindle density Occipital | 0:41]0:03, 0.69]
Slow spindle Min-max range of slow spindle frequency Central | -0.56 [-0.78, -0.22]
SO SO density Occipital | 0.48 [0.12, 0.73]
PROMIS-SD (the higher the worse sleep quality)
Macrostructure | N1 continuation probability -2 -0.45[-0.71, -0.08]
Slow spindle Min-max range of slow spindle frequency Central | 0.430.05, 0.70]
SO phase correlation with slow spindle frequency /| Central | 0.47 [0.10, 0.72]
o SO positive slope Central | 0.401[0.01, 0.68]
SO density Occipital | -0.42 [-0.69, -0.03]
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