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Effect of sleep deprivation and
NREM sleep stage on physiological
brain pulsations
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Introduction: Sleep increases brain fluid transport and the power of pulsations
driving the fluids. We investigated how sleep deprivation or electrophysiologically
different stages of non-rapid-eye-movement (NREM) sleep affect the human
brain pulsations.

Methods: Fast functional magnetic resonance imaging (fMRI) was performed in
healthy subjects (n=23) with synchronous electroencephalography (EEG), that
was used to verify arousal states (awake, N1 and N2 sleep). Cardiorespiratory rates
were verified with physiological monitoring. Spectral power analysis assessed the
strength, and spectral entropy assessed the stability of the pulsations.

Results: In N1 sleep, the power of vasomotor (VLF < 0.1 Hz), but not cardiorespiratory
pulsations, intensified after sleep deprived vs. non-sleep deprived subjects. The power
of all three pulsations increased as a function of arousal state (N2 > N1 > awake)
encompassing brain tissue in both sleep stages, but extra-axial CSF spaces only in N2
sleep. Spectral entropy of full band and respiratory pulsations decreased most in N2
sleep stage, while cardiac spectral entropy increased in ventricles.

Discussion: In summary, the sleep deprivation and sleep depth, both increase the
power and harmonize the spectral content of human brain pulsations.

KEYWORDS

fluid transport, glymphatic, homeostasis, non-REM sleep, sleep pressure

Introduction

Four decades ago, Borbely presented a sleep model that combined the homeostatic sleep
pressure concept and circadian rhythm (Borbély, 1982; Borbély et al,, 2016). To date, the
physiological mechanisms of sleep pressure are not fully established. However, it is known that
extrusive sleep pressure during subsequent recovery sleep increases the amplitude and amount
of delta waves (0.5-4 Hz) (Marzano et al., 2010; Hubbard et al., 2020). Several studies link the
increase in delta waves during sleep with accelerated cerebrospinal fluid (CSF) flow and brain
clearance (Xie et al., 2013; Fultz et al., 2019; Helakari et al., 2022), suggesting that sleep pressure
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might boost homeostatic cellular processes in a manner extending
beyond the well-recognized changes in neural activity patterns.

In our previous study, we presented how three pulsation
mechanisms, namely vasomotor, respiratory, and cardiovascular
pulsations, intensified during non-rapid-eye-movement (NREM)
sleep in the same human brain regions showing increased delta power
(Helakari et al., 2022). Cardiovascular (Iliff et al., 2013; Mestre et al.,
2018), respiratory (Dreha-Kulaczewski et al., 2015; Vinje et al., 2019)
and vasomotor (Kiviniemi et al., 2016; van Veluw et al., 2020)
pulsations have all previously been suggested to drive CSF flow or
metabolic solute transport (Rasmussen et al., 2018). In contrast to
accelerated brain clearance, decreased slow wave activity and sleep
efficiency likely propagates to f-amyloid accumulation over the years
(Winer et al.,, 2020). Molecular imaging research shows that acute
sleep deprivation increases f-amyloid levels with duration of sleep
deprivation (Kang et al., 2009; Shokri-Kojori et al., 2018), and that the
subsequent recovery sleep does not fully rescue impaired solute
clearance (Eide et al., 2022). The converse relationship seems to hold,
as P-amyloid expression induces fragmented and reduced sleep
(Tabuchi et al., 2015). While the investigation of sleep pressure and
recovery sleep offers a window to understanding the homeostatic need
for sleep, measuring physiological changes across different sleep stages
should increase our understanding of the physiological mechanisms
that occur during sleep.

Awake state in EEG recordings is characterized by dynamic
changes from fast gamma and beta activity to slower alpha and theta
waves. NREM sleep is divided into stages extending from NI
drowsiness to N3 deep sleep (American Academy of Sleep Medicine,
2017). The N1 stage represents a transition from wakefulness to sleep;
it includes increased amounts of theta activity (4-8 Hz) and vertex
waves, and the stage varies between arousal episodes and sleep. The
N2 stage is considered as intermediate sleep, characterized by EEG as
manifesting K-complexes and sleep spindles (12-16 Hz) that support
memory consolidation. Additionally, N2 sleep is characterized by
larger amplitude physiological changes such as decreasing heart rate,
blood pressure, and body temperature, and a greater regulation of
respiration (Somers et al., 1993; Cabiddu et al., 2012; Malik et al.,
2012). N3 stage sleep is considered the deepest stage of sleep. In the
(AASM criteria American Academy of Sleep Medicine, 2017), it is
characterized to include 20% of slow wave activity (0.5-2 Hz) sleep
(delta waves). In a normal sleep cycle, N1 occurs first followed by N2
and N3 that alternates with rapid-eye-movement (REM) sleep so that
more N3 occurs early during sleep and the amount of REM sleep
increases as sleep progresses. In addition to EEG, fMRI serves as a
potential tool to study physiological changes across different brain
states. Importantly, increased very low-frequency (VLF) fluctuations
measured with fMRI occur after sleep deprivation (Gao et al., 2015)
and during lowered vigilance states and sleep (Fukunaga et al., 2006;
Horovitz et al., 2008; Chang et al., 2016; Liu et al., 2018), which are
global and of particular prominence in the visual and auditory
cortices. Recent article presented how falling asleep sleep can
be locally characterized from fMRI (Song et al., 2022). Importantly,
their data indicated that in fMR], the low frequencies (<0.1 Hz) were
prominent in light sleep N1-2 and higher frequencies (0.1-0.2Hz) in
deep N3 sleep.

While conventional fMRI can reveal hemodynamic changes in
VLE, faster techniques allow the recording of pulsation changes in the
brain in the frequency range of respiration and heart rate (Klose et al.,
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2000; Posse et al., 2013; Yamada et al., 2013; Dreha-Kulaczewski et al.,
2015; Sloots et al., 2020). The fast fMRI method known as MREG,
with its 10 Hz sampling rate, serves as a new tool to study the three
classes of brain pulsations, separately and without overlap or aliasing
(Zahneisen et al., 2012; Asslander et al., 2013; Kiviniemi et al., 2016).
We have earlier shown that physiological monitoring signals,
respiratory belt or end-tidal carbon dioxide (EtCO,) and fingertip
peripheral (SpO,) strongly correlate with MREG (r>0.92) (Tuovinen
et al., 2020; Jarvela et al., 2022; Kananen et al., 2022). Therefore,
separating these phenomena in MREG makes it possible to study
physiological effects in the brain, and their changes across
arousals states.

In this study, we tested the hypotheses that pulsation stability and
strength are highly dependent on brain arousal state, specifically
focusing on the condition of wakefulness, the effects of sleep
deprivation, and across NREM sleep stages with differential EEG
signatures. We used spectral power analysis to measure intensity and
spectral entropy of the signals as an index of spectral stability of the
pulsations as in our previous study (Helakari et al., 2022). We also
measured signals in the segmented 4th ventricle, CSE, gray matter
(GM), and white matter (WM) to investigate whether pulsations differ
depending on the brain tissue. We propose that sleep pressure due to
acute deprivation and changes in sleep stages strongly affect the brain
physiology, which would support and extend the original Borbely
model of a restorative function of sleep to include a homeostatic
mechanism, namely brain fluid clearance.

Materials and methods
Subjects and study design

The study was approved by the Regional Ethics Committee of the
Northern Ostrobothnia Hospital District. Written informed consent
was obtained from all subjects, according to requirements of the
Declaration of Helsinki. Subjects were recruited from local university
student and hospital personnel e-mail lists. All subjects were healthy
as assessed by an interview and met the following inclusion criteria:
no neurological or cardio-respiratory diseases, no continuous
medication, non-smokers and no possibility of pregnancy.

We included two data sets in the analysis (Supplementary Table 1).
The first (1) dataset included 13 subjects (aged 25.9+4.2years, 5
females) from the study group in Helakari et al. (2022) and the second
(2) dataset ten subjects (28.4 + 5.7 years, 7 females), 23 subjects in total
(27.0+4.9years, 12 females). There were no overlap in the subjects
between groups (1) and (2). Due to MRI scanner availability, the
subjects in dataset (1) were scanned awake in the afternoon (4-6 PM)
while awake eyes open after a normal night’s sleep and while asleep
after sleep deprivation (6-8 AM), as previously described (Helakari
etal,, 2022). We instructed the subjects not to consume caffeine for at
least 4h preceding the Awake scan session and 8 h preceding the Sleep
scan session. Also, we instructed them not to consume any alcohol
during the sleep deprivation. Subjects were allowed to be home during
sleep deprivation night, but to ensure sleep deprivation, smart ring
data was measured. We instructed subjects to use the smart ring at
least 24 h preceding the both scans. Smart ring has been especially
designed to measure sleep, and it records photoplethysmogram
(250Hz), upper limb motion (3-D accelerometer, 50 Hz) and skin
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temperature (1/min) to discover this information. Validations studies
suggest that smart ring performs well to separate wakefulness from
sleep (de Zambotti et al., 2017; Mehrabadi et al., 2020).

Subjects in dataset (2) were scanned awake eyes open in the
afternoon (4-6 PM) after a normal night’s sleep, and while asleep in
the evening during regular sleep time (10PM - 12 AM). Awake and
sleep scans for group (1) were performed during the same week as
presented in Helakari et al. (2022). For group (2), awake and sleep
scans were performed within two months, depending on available
scanning schedules.

To study differences between sleep deprived and non-sleep
deprived sleep, we compared 12 sleep deprived to 8 non-sleep
deprived subjects. For the sleep stage analysis we had the following
amounts of subjects N1 (12 sleep deprived, 1 subject with
continuous N1 stage from eyes closed scan from sleep deprivation
population and 8 non-sleep deprived evening scans) and for N2 (10
sleep deprived and 4 non-sleep deprived evening scans)
(Supplementary Table 1).

As N1 and N2 sleep are known to differ in characteristics seen in
EEG (American Academy of Sleep Medicine, 2017), we wanted to
study these two stages separately. We chose subjects in whom the
MREG data included two-minute epochs of continuous N2 state, and
similarly two-minute epochs of N1 and awake states, which enabled
an accurate comparison between sleep stages. Therefore, we used four
subsequent 30's epochs as continuous two-minute signal for awake,
N1 and N2. We chose the two-minute data in any location in 10-20-
min data, that had sufficient EEG for sleep scoring and included
continuous sleep stage. For the analysis, we took all the continuous
two-minute data that were available in each stage, and due to lack of,
e.g., N2 stage in non-sleep deprived subjects, the amount of subjects
was four. As MREG is a fast sequence, sampled with 10 Hz whole
brain sampling rate, the two-minute analysis brings a statistically
relevant information of the signal with 1,200 brain volumes.

Data acquisition

All subjects were scanned in Oulu (Finland) using a Siemens
MAGNETOM Skyra 3T (Siemens Healthineers AG, Erlangen,
Germany) scanner with a 32-channel head coil. The MREG, fast
fMRI sequence (Zahneisen et al., 2012; Assldnder et al., 2013; Lee
et al., 2013; Hennig et al., 2021) was used in synchrony with a
previously described multimodal scanning setup (Korhonen et al.,
2014). The following parameters were used for MREG: repetition
time (TR=100ms), echo time (TE=36ms), and field of view
(FOV=192mm), 3mm cubic voxels and flip angle (FA=5°). In
MREG, SAR value is only 2% (Jacobs et al., 2014) of conventional EPI
that already has low SAR value. There are two main reason for that:
(1) low flip angle (in our study only 5°) and (2) longer excitation time
(100ms 3 D vs. 62ms 2 D).

Importantly, the interscan crusher gradient is set to 0.1 to
optimize sensitivity for physiological signal while preventing still the
development of stimulated echoes and slow signal drifts. L2-Tikhonov
regularization with lambda 0.1 were used for reconstruction, with the
latter regularization parameter determined by the L-curve method
with a MATLAB recon-tool provided by the sequence developers
(Hugger et al., 2011). Dynamic off-resonance correction in k-space
(DORK) was used to reduce respiratory motion and BO-field artifacts
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in the datasets. Parameters for three-dimensional structural T1
MPRAGE were TR=1900ms, TE=2.49ms, FA=9°, FOV =240 mm,
and slice thickness 0.9 mm.

EEG was recorded using the MRI compatible Electrical Geodesics
(EGI, Magstim Company Ltd., Whitland, UK) MR-compatible GES
400 system, with a 256-channel high density net and previously
described settings (Helakari et al., 2022). We took special care to
avoid loops of EEG wires. Respiratory belt and SpO, and anesthesia
monitor data (ECG, SpO, and EtCO,, Datex-Ohmeda S/5 Collect
software) were measured in synchrony with the EEG, as described
previously (Korhonen et al., 2014).

Preprocessing and analysis of MREG data

Preprocessing of MREG data was obtained with FSL 5.09 BET
software (Smith, 2002; Jenkinson et al., 2012), and framewise head
motion correction was done with FSL 5.08 MCFLIRT software
(Jenkinson et al., 2012) MCFLIRT relative or absolute mean
displacement values (mm) of scans (Awake versus Sleep scan 1 or
Sleep scan 2 scan in dataset 1 and Awake versus Sleep scan in
dataset 2) did not differ significantly (p,;>0.094). The highest spikes
in the MREG data time series were removed using the 3dDespike
function in AFNT (Analysis of Functional NeuroImages, v2) (Cox,
1996), which was deemed a reasonable method to diminish the
effects of motion. After standard preprocessing and despiking, the
data were registered to the Montreal Neurological Institute
(MNI152) space at 3-mm resolution, for comparable analysis
between subjects.

We chose to use two-minute data windows (1,200 time points),
this being the maximum length that provided continuous N2, N1,
and awake segments from most of the subjects. In the sleep deprived
subjects (1), the data were chosen from 10-min of awake eyes open
data and 20-min of sleep data. In the non-sleep deprived subjects
(2), awake data were chosen similarly as in (1), and sleep data from
10-min epochs of MREG data. In our previous article, we showed
that 32% of eyes closed epochs were scored as sleep, and thus
we used eyes open data to confirm wakefulness. Also previous
literature supports the choice to use eyes open data if wanting to
ensure the wakefulness (Tagliazucchi and Laufs, 2014). To include
also VLF in the analysis, we filtered VLF for 0.01-0.08 Hz. The
minimum value was chosen according to the length of the data
string and maximal value according to the respiratory frequency
range, that in some subjects extended to 0.08 Hz (meeting the noise
level criteria, by visual inspection). A full band minimum value was
similarly chosen for spectral entropy analysis (frequency range
0.01-5Hz).

Frequency ranges for pulsation analysis
were determined from physiological EtCO2
and SpO2 signals

Individual frequency ranges for respiratory and cardiac
frequency bands were determined mainly from 10-min EtCO, and
SpO, signal data measured with Datex-Ohmeda S/5 Collect Monitor
in synchrony with MREG. In case of incomplete 10-min data,
we used 5-min recordings measured with the Skyra physiological
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monitoring system, which gave up to 5-min recordings in six cases
for the respiratory waves and three cases for cardiac, and for global
MREG in two cases both for respiratory and cardiac pulsations.
Correlation analysis between physiological monitoring (respiratory
belt or EtCO, and SpO,) vs. MREG indicates very high correlation
r>0.92 (Tuovinen et al., 2020; Jarvela et al., 2022; Kananen et al.,
2022). Therefore, changes in arousals states such as slow variability
of cardiorespiratory physiology are also directly reflected in MREG
signal of the brain. With the use of individual frequency ranges,
we wanted to focus specifically on the phenomena under
consideration (Jarveld et al., 2022), therefore excluding noise,
harmonics and heterodynes. Harmonics arising from the principal
frequency of the event, e.g., respiration/cardiac are observed in
multiples of this frequency across the power spectrum. Heterodynes
are the modulation imposed by lower frequencies upon higher
frequency events and their respective principal frequencies. The
criteria for choosing the frequency range entailed locating the
minimum point, when the spectrum increased above noise level and
the maximum point when the spectrum decreased back to the noise
level. The respiratory frequency range varied between 0.08 and
0.49 Hz and cardiac frequency between 0.51 and 1.56 Hz in datasets
(1) and (2). When determining the frequency ranges (from
minimum to maximum), we also obtained the peaking value to
determine the respiratory and heart rates of the subjects during each
ten-minute epoch.

Preprocessing and analysis of EEG data

EEG recordings were preprocessed using the Brain Vision
Analyzer (Version 2.1; Brain Products) after file format
conversion via BESA Research (Version 7.0). EEG data were
preprocessed as described in Helakari et al. (2022). In brief,
gradient artifact and ballistocardiographic (BCG) artifact
corrections were obtained with the average artifact subtraction
method (Allen et al., 1998, 2000). Sleep scoring was performed
by two experienced specialists via the standard 10-20 system in
30s epochs according to AASM guidelines for clinical sleep
studies (American Academy of Sleep Medicine, 2017). EEG
epochs were scored as awake, N1 (light sleep), N2 (intermediate
sleep with sleep spindles and/or K-complexes), N3 (slow wave
sleep) or REM (sleep with rapid eye movements), and the final
sleep states were obtained by consensus.

The MREG signal was analyzed in two-minute segments, since
all subjects had continuous N1 or/and N2 sleep stages for at least
this long. For awake data, we chose a two-minute period from the
beginning of the scan to ensure high vigilance state. For sleep data,
the two-minute period was chosen when at least three quarters of
subsequent 30's epochs were scored as either N1 or N2 stage sleep.
If there were many such options, the criteria were: (1) two-minute
period from the middle or the end of the stage, to confirm as stable
as possible sleep stage, and (2) EEG contained as few artefacts as
possible (30s epoch data with no artefacts were chosen in the
preference to the data that included artefacts), thus confirming the
sleep stage and minimizing motion artefacts. In the end,
we obtained N1 sleep in 13 sleep deprived and 8 non-sleep deprived
subjects and N2 sleep in 10 sleep deprived and 4 non-sleep
deprived subjects.
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MREG signal spectral entropy analysis

Spectral entropy is an index that has been used in monitoring
anesthesia depth (Viertio-Oja et al., 2004; Vakkuri et al., 2005), sleep
(Mahon et al., 2008) and brain activity in epilepsy patients (Bruzzo
etal., 2008; Urigtien et al., 2017; Helakari et al., 2019). Previous work
has shown that the magnitude of spectral entropy value depends on
sleep stage, and type of anesthetic agent. In our prior work (Helakari
etal., 2022), we showed that spectral entropy decreased significantly
in VLF and respiratory frequency ranges during NREM sleep stages
1-2, indicating that spectral entropy might suffice to separate
different brain states.

The spectral entropy method treats the normalized fast Fourier
transform (FFT) power spectrum as a probability distribution, which is
used to calculate the Shannon entropy (Shannon, 1948). A pure sine wave
therefore has a spectral entropy value of 0, and noisy, complex signals have
spectral entropy values that approach unity. The spectral entropy value is
not only dependent on the mix of frequencies existing in the signal, but
also the magnitude of the frequencies in the power spectrum (Anier et al.,
2012). If one frequency peak dominates or is relatively stronger compared
to others, the spectral entropy value tends to decrease. Some authors
suggest that spectral entropy does not describe regularity of the signal so
much as its sinusoidality (Jantti et al., 2004).

We performed the entropy analyses using FSL, AFNI and
MATLAB (version R2021b). As in our previous study, we sought to
calculate spectral entropy for separate frequency ranges in the
MREG signal.

Thus, we filtered the data to full band (0.01-5Hz), VLF 0.01-
0.08 Hz, respiratory (individual, between 0.08 and 0.49Hz), and
cardiac (individual, between 0.51 and 1.56Hz) frequency ranges
using AFNI 3dTProject command. The observed VLF and respiratory
pulsations in the brain tissue are related to T2* BOLD susceptibility
changes (Wise et al., 2004; Birn et al., 2006; Kiviniemi et al., 2016)
while cardiac pulsations are due to spin phase effects (Von Schulthess
and Higgins, 1985) or steady state free precession (SSFP) (Duyn,
1997). The observed changes in CSF are due to T2 inflow or outflow
effects (Von Schulthess and Higgins, 1985; Hennig et al., 2021).

Then, we calculated a single spectral entropy value for each
two-minute time series (awake, N1 and N2 sleep) of filtered data (FB,
VLE respiratory and cardiac) with MATLAB using the pentropy,
which produced a spatial map with voxel values ranging between
Oand 1.

MREG spectral power analysis

Power spectral analysis has been successfully used to separate
different physiological phenomena occurring in separate frequency
ranges (Duff et al., 2008; Huotari et al., 2019; Raitamaa et al., 2021).
We calculated a FFT power density map with the AFNI
3dPeriodogram for each two-minute (1,200 timepoints) epoch of
MREG data. Based on this data length, FFT was conducted with 2048
bins such that 1,024 bins corresponded to the 0-5Hz frequency
range. VLE, respiratory and cardiac FFT ranges were separated from
spectral power maps using the individual frequency ranges that were
obtained from EtCO, and SpO, signals with fslroi in FSL. Summed
power over each frequency range was calculated using AFNI 3dTstat.
In the text, we refer to summed power with the term spectral power.
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MREG brain tissue type separation

Next, we wanted to investigate whether the spectral entropy and
power sum differences corresponded to tissue types of the brain. From
spectral entropy and power sum maps, we separated CSE, GM and
WM using MNI152 standard bin masks. In addition, we separated 4th
ventricle similarly as used in Kananen et al. (2022).

MREG comparison between sleep deprived
and non-sleep deprived subjects

Even a single night of sleep deprivation increases beta amyloid
burden (Kang et al., 2009; Shokri-Kojori et al., 2018). Furthermore,
EEG delta power increases after sleep deprivation in comparison to
regular sleep (Hubbard et al., 2020). Therefore, we investigated
whether the MREG results of sleep deprived subjects (1) were different
from non-sleep deprived subjects (2). We made the comparison
between awake data of datasets 1 and 2 (12 versus 8 subjects) for
negative control to identify possible subject-related changes that had
no bearing on sleep deprivation, and similarly for N1 sleep (12 versus
8 subjects) in all frequency ranges of spectral entropy and power sum.
The N2 comparison was unreliable due to inadequate sample size (10
versus 4 subjects); see Figures 1FH for mean global values in N2 sleep.

Statistical analysis

We used the two-sample paired ¢-test model with threshold-free
cluster enhancement and family-wise error (false positive) correction
in FSL randomize, with the default 4,096 permutations for paired
analysis. We compared voxel-wise spectral entropy and power maps
(awake versus N1 sleep, awake versus N2 sleep), using the data of same
subjects in each comparison (21 awake versus 21 N1, 14 awake versus
14 N2). For sleep deprived versus non-sleep deprived subject groups,
we used the two-sample unpaired t-test model with 5,000
permutations using FSL randomize for multiple comparison
correction. Differences between single values in CSE, GM, WM and
4th ventricle were calculated by using a two-sample paired ¢-test
model in Origin (version 2020b). Physiological EtCO, and SpO,
statistical analyses were performed similarly (Rajna et al., 2019, 2021).

Results
EEG sleep stages

Two experienced clinical neurophysiologists performed consensus
sleep scoring according to 10-20 system in 30s epochs, following
AASM guidelines for clinical sleep studies (American Academy of
Sleep Medicine, 2017). We obtained 10-20 min of sleep data from each
subject, from which most of the data were scored as N1 or N2 stage
sleep, with one subject experiencing two 30's epochs of N3 stage sleep
(Table 1). We chose to use two-minute data series for the analysis,
since all subjects had at least two minutes of continuous N1 or/and N2
sleep stage. Awake eyes open scans consisted 99,5-100% of
wakefulness and sleep scans 37,7-53% of N1 sleep and 24,6-37,2% of
N2 sleep.
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Physiological EtCO, and SpO, signals were
used to determine respiratory and cardiac
frequency ranges

Individual minimum, maximum, and peaking values for
respiration and heart rates were evaluated from power spectra of
EtCO, or respiratory belt and SpO, signals. We chose respiratory and
cardiac minimum and maximum values such, that the power spectra
met an adequate noise level, and to exclude harmonics or heterodynes
in the frequency range. Average +standard deviation (SD) of the
results in the two groups are presented in Table 2. Subsequently,
we used individual frequency ranges for further analysis. We chose the
VLF range with a lower cut-off at 0.01-0.08 Hz such that it did no
overlap with the respiratory frequency range. Data of sleep deprived
and non-sleep deprived subjects are presented for the sake of
comparison (no statistically significant differences between datasets
(1) and (2), 12 versus 10, Table 2).

Sleep deprivation was confirmed using the
smart ring data

In this study we compared two data sets from which the first one
(data set 1) consisted of sleep deprived subjects. We used the smart
ring to confirm the sleep deprivation of the subjects. For a detailed
description, please see Helakari et al. (2022). Supplementary Table 2
consists of individual duration of deprivation and amount of sleep.
Duration of sleep deprivation (Average+STD over subjects) was
24.13+1.42h, and amount of sleep before Awake scan session
7.68+1.36h (normal night sleep) and amount of sleep before Sleep
scan session 11.27+21.02min (sleep deprivation night). This data
indicates that before Awake scan, subjects had sufficient amount of
sleep, and before Sleep scan they clearly stayed awake most of
the night.

Sleep deprivation decreased full band
spectral entropy and increased the power
of vasomotor pulsation

We first asked whether the three physiological pulsations were
affected by sleep deprivation. We calculated spectral entropy to study
the stability of the pulsations, and quantified spectral power to obtain
the strength of the pulsations for awake, N1, and N2 data for both
participant groups. For statistical voxel-wise analysis, we used the N1
sleep epochs, which were sufficiently abundant to serve for this
comparison (8 non-sleep-deprived versus 12 sleep-deprived subjects).

We detected statistically significant group differences in N1 sleep
in full band spectral entropy (non-sleep deprived > sleep deprived,
p<0.05, n=38 versus 12) and VLF spectral power (non-sleep -deprived
< sleep deprived, p <0.05, n=8 versus 12, Figure 2). VLF results had a
wide spatial overlap with full band results, indicating that increased
VLF power could largely explain the spectral entropy results. More
specifically, spectral entropy changes were more prominent across
broad brain regions, extending from posterior to anterior cortex, and
including superior cerebellum, the lateral ventricles and the thalamus
(Figures 2E,F). Significant VLF differences were found in bilateral
posterior brain regions, including visual-, precuneus- and
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FIGURE 1
Full band spectral entropy decrease is explicable by increased vasomotor pulsations. (A) Vasomotor pulsations during awake and N2 sleep in a
representative non-sleep deprived subject. (B) Spectral power during awake and N2 sleep in non-sleep deprived subject. (C) Vasomotor pulsations
during awake and N2 sleep from sleep deprived subject. (D) Spectral power during awake and N2 sleep from sleep deprived subject. (E) Full band
spectral entropy (0.01-5 Hz) mean maps of non-sleep deprived (left) and sleep deprived subjects (right), and respective statistical differences between
datasets (p < 0.05). (F) Global spectral entropy decreased in non-sleep deprived subjects only in N2 sleep, but was lower in sleep deprived subjects in
N1 and N2 sleep compared awake. (G) Very low-frequency (VLF, 0.01-0.08 Hz) mean spectral power maps of non-sleep deprived (left) and sleep
deprived subjects (right), and, respectively, statistically significant differences between datasets (p <0.05). (H) Global FFT power in VLF increased in
non-sleep deprived subjects only in N2 sleep, but in sleep deprived subjects in N1 and N2 sleep as compared to awake. (I) Spectral power in cardiac
frequency was significantly decreased in sleep deprived subjects in the awake and N1 data recordings in nucleus caudatus and fronto-basal cortex.
(B,D) Paired sample t-test within the dataset: awake versus N1 and N2: *p <0.05, **p < 0.01. Subjects: Non-sleep deprived subjects while awake (n = 10),
N1 (n=8) and N2 (n = 4), sleep deprived subjects awake (n =13), N1 (n =12) and N2 (n = 10). SD, sleep deprived; NSD, non-sleep deprived.

somatosensory cortex, posterior cingulate gyrus, cerebellum, the Additionally, we observed higher cardiac power during awake
lateral ventricles, and thalamus (Figures 2G,H). (normal eyes open rest) and in N1 sleep in the non-sleep deprived

Frontiers in Neuroscience 06 frontiersin.org


https://doi.org/10.3389/fnins.2023.1275184
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Helakari et al.

10.3389/fnins.2023.1275184

TABLE 1 Amount of sleep (% of epochs calculated from total amount of epochs) for data set 1, sleep deprived subjects and data set 2, non-sleep

deprived subjects.

Data set 1, sleep deprived subjects

N1 N2 Artifacts
Awake eyes open, n=11 99,5 0,5 - - -
Awake eyes closed, n=11 66,4 29,1 4,5 - -
Sleep scan 1, n=12 16,8 43,7 35,7 0,4 4,0
Sleep scan 2, n=11 24,1 37,7 37,2 - 1,0

Data set 2, non-sleep deprived subjects

Awake eyes open, n=10 100,0 -

Sleep scan, n=10 17,0 53,0

24,6 1,0 4,0

Data set 1 consisted of one 10-min awake eyes open and one 5-min eyes closed scans and two 10-min sleep scans. Data set 2 consisted of one 10-min eyes open awake scan and one 10-min
sleep scan. W =awake, N1=NREM stage 1, N2=NREM stage 2, N3=NREM stage 3, Artifacts (scoring not possible due to EEG artifacts).

TABLE 2 Minimum, maximum, and highest peaking values of physiological EtCO, or respiratory belt and SpO, spectra during awake and sleep scans.

EtCO; or resp. belt (Hz) SpO, (Hz)
Peak Peak
(1) Sleep deprived subjects

Awake scan n=12 0.15+0.06 0.27+0.05 0.40+0.06 0.87+0.16 1.03+£0.18 1.23+0.23
Sleep scan 1 n=12 0.14£0.04 0.25+0.04 0.35+£0.04 0.77+0.12% 0.94+0.17* 1.16£0.22
Sleep scan 2 n=11 0.14+0.06 0.24+0.06 0.35+0.08 0.79+0.12 0.97+0.17 1.19+£0.22

Respiratory 0.08-0.49 Hz and cardiac range 0.51-1.56 Hz.

(2) Non-sleep deprived subjects

Awake scan n=10 0.16£0.06 0.27+£0.06 0.38+0.07 0.82+0.13 1.00£0.11 1.20£0.15
Sleep scan n=10 0.17+0.06 0.29+0.05 0.36+0.06 0.83+0.06 1.00+£0.11 1.07+£0.37

Respiratory 0.08-0.47 Hz and cardiac range 0.66-1.47 Hz.

There were no statistically significant differences between sleep deprived and non-sleep deprived subjects. Statistical differences between Awake and Sleep scans, average + standard deviation,

Awake compared to Sleep scans: p<0.05*.

versus the sleep deprived group in nucleus caudatus and fronto-basal
cortex (n==8 versus 12, Figure 2I). Since these changes occurred in the
awake comparison, those could not be attributed to sleep deprivation
per se, but rather reflected differences between the two subject groups.
Overall, these cross-sectional results indicate that sleep deprivation
selectively promoted vasomotor pulsations.

Full band spectral entropy decreases in
specific regions depending on the sleep
stage

Classical fMRI studies have tended to analyze the full extent of the
available BOLD signal by using methods such as amplitude of low
frequency fluctuations (ALFF) (Gao et al,, 2015). To investigate
whether the overall pulsatility of the brain becomes more stable
during sleep versus awake states, we calculated full band (0.01-5Hz)
spectral entropy of MREG. Here, we found that full band spectral
entropy decreased as a function of sleep depth across N1 and N2
stages in the posterior sensory brain regions including visual, auditory,
orbitofrontal and

somatosensory cortices, cingulate gyrus,

ventromedial prefrontal cortex (Figure 1E). Interestingly, we saw

Frontiers in Neuroscience

decreased spectral entropy in thalamus and upper brainstem in N1,
but not in N2 sleep. In general, entropy changes encompassed larger
regions occurring in N2 than in N1, with the difference that in N2
sleep, the changes extended to include the sensory association area,
motor cortex, basal forebrain, lower brainstem, and inferior
cerebellum. Pulsations assumed a more regular pattern in both N1
and N2 sleep stages.

Sleep stage analysis revealed that
vasomotor pulsations intensified in N1 and
N2 sleep

Next, we studied the VLF (0.01-0.08) Hz band to investigate
whether changes in full band spectral entropy were explicable by
changes in that particular frequency range. We found that spectral
entropy of VLF decreased in visual, and somatosensory cortex during
N1 sleep, but only in visual cortex during N2 sleep, as compared to
awake (Figure 1F). We identified a power increase in larger regions
encompassing posterior parts of the brain, especially covering visual
and somatosensory cortex, anterior cingulate gyrus and upper
cerebellum (Figure 1G), namely in the same regions that displayed a
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FIGURE 2

Vasomotor pulsations intensified during N1 and N2 sleep stages compared with awake. (A) Very low-frequency (VLF) pulsations (0.01-0.08 Hz)
increased and harmonized especially during N2 sleep (representative signals from visual cortex, non-sleep deprived subject). (B) VLF power spectra
during awake, N1, and N2 sleep from the pulsations in A. (C) VLF spectral entropy in a voxel within visual cortex decreased during N1 and N2 sleep
stages compared to wakefulness. (D) VLF spectral power in a voxel within visual cortex increased during N1 and N2 sleep. (E) Mean spectral entropy
maps of full band (0.1-5Hz) and in the right column the corresponding, statistically significant differences between awake and sleep stages (p <0.05).
(F) Mean spectral entropy maps of VLF (0.01-0.08 Hz) and in the right column the corresponding, statistically significant differences (p < 0.05). (G) Mean
spectral power maps of VLF and in the right column, the corresponding statistically significant differences. Subjects: awake (n =23), N1 (n = 21), and N2
(n =14) sleep. (H) Awake whole brain VLF power spectrum (mean + STD) across subjects [n = 14, same subjects as in (I)], and (1) N2 sleep whole brain
VLF power spectrum (mean + STD) across subjects (n = 14).
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decrease in full band spectral entropy. In addition to broader regional
changes, we found increases in the sensory association area, motor
cortex, auditory cortex, upper brainstem, and the lateral ventricles
during N2 sleep. We present representative examples of pulsations,
power spectra, and spectral entropy in Figures 1A-D. Global VLF
power spectrum over subjects in N2 sleep demonstrates peak in
0.02 Hz (Figure 1I). Presentation of the full band results together with
VLEF results (Figure 1) make the comparison easier, suggesting that
VLF was the main source of full band spectral entropy changes. In
our previous study, we similarly showed that full band spectral
entropy could separate sleep from wakefulness states (Helakari et al.,
2022). In conclusion, VLF pulsations intensified in NI sleep
compared with awake, and encompassed broader brain areas in
N2 sleep.

Respiratory pulsations intensified and
harmonized selectively only in N2 sleep

Next, we tested the proposition that spectral entropy in the
respiratory band (individual range 0.08-0.49 Hz) would decrease and
power increase in N1 and N2 sleep stages versus awake. Indeed,
respiratory spectral entropy decreased over broad brain regions in N2
sleep (Awake > Sleep, p <0.05, Figure 3E), but not during N1 sleep.
The highest statistical differences were found in the ventromedial
prefrontal cortex and in visual cortex. Spectral power increased
significantly in somatosensory cortex and lateral ventricles only in N2
sleep (Awake < N2, p<0.05, Figure 3F). As in our previous study
(Helakari et al., 2022), we found larger changes in the whole
respiratory frequency range, when comparing awake data to N2 sleep
across a wide frequency range (0.08-0.49 Hz). The awake versus N2
contrast showed differences in larger brain regions than when using
an individual frequency range, encompassing visual, somatosensory
and auditory cortices, part of the cingulate gyrus, the lateral ventricles,
basal forebrain, thalamus, cerebellum and midbrain (Figure 3G). It
seems that using individual frequency range rather than wide range
over group, spectral entropy results tend to be emphasized while
power results diminish. We note further considerations about the
differences in the discussion section. Representative examples of
pulsations, spectra, and spectral entropy, and power values can be seen
in Figures 3A-D. Global power spectra over subjects during awake
and N2 sleep are presented in Figures 3H,I. It can be noticed, that
power spectra shape tends to center in narrower band during N2 sleep
when compared awake, which we suggest to reflect more regular
pattern in the pulsation as seen in Figure 3A. Respiratory pulsation
changes were selective for N2 sleep, perhaps indicating physiological
functions that are operational in intermediate sleep, but not yet
evident in the early sleep transition.

Cardiac pulsations are intensified in N1 and
N2 sleep

Next, we asked whether cardiac pulsation changes also occur
across different sleep stages. In spectral power analysis, cardiac
pulsations behaved similarly as vasomotor pulsations, i.e., that
there was an increase in cardiac power in N1, with more
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widespread increases in N2 (Figure 4F). The N1 differences
mainly occurred in somatosensory cortex and the sensory
association area, where there were additional differences during
N2 in cingulate gyrus, motor and visual cortices, and in
cerebellum (Figure 4F, right column).

Instead of decreasing, spectral entropy of cardiac pulsations
was higher in the lateral ventricles (Figure 4E, right column) with
increasing sleep stage. In general, the mean maps showed a trend
towards increasing spectral entropy also in wider brain regions
(Figure 4E, left column). Example of cardiovascular pulsations in
the anterior cerebral artery along with spectra, spectral entropy
and power values are presented in Figures 4A-D. These findings
indicate that cardiac pulsations became stronger but more variable
as the subjects transitioned from wake to N1 and finally to
N2 sleep.

Pulsation changes are dependent on the
brain tissue

Next, we investigated whether pulsation changes are dependent
on the brain tissue type or region. We segmented CSE, WM, and GM
using standard MNI152 masks, and the 4th ventricle as described
elsewhere (Kananen et al., 2022) as regions of interest (Figure 5).
Spectral power was already increased in N1 sleep, and spatially
broader in N2 sleep, including all three pulsations and more tissue
types (Table 3). Spectral entropy of VLF (N1) and respiratory
pulsations (N2) were lower in most tissue types, while cardiac spectral
entropy increased only in the CSF compartment. These indices were
affected in the 4th ventricle and CSF only in N2, but not in N1 sleep.
During N2 sleep, 4th ventricle CSF pulsation peaks across all subjects
were observed at 0.02, 0.04, and 0.06 Hz. While using a CSF pulsation
mask covering main regions of the CSE, the peak was clearly located
at 0.02 Hz and to lesser extent at 0.06 Hz. These findings support the
previous literature that CSF flow increases during N2 sleep (Fultz
et al., 2019), with the difference that their peaking value in CSF was
presented in 0.05Hz.

Discussion

In this study, we investigated the effect of acute sleep deprivation
and electrophysiologically different sleep stages on physiological brain
pulsations detected by fast fMRI in young healthy subjects. Our major
observation was that sleep deprivation selectively increased the
amplitude and incidence of vasomotor pulsations during N1 sleep,
without any effect on cardiorespiratory pulsations. This observation is
in line with a previously reported association between sleep pressure
and slow delta wave activity. The stability of the full band and
respiratory pulsations, and the power of all pulsations, increased as a
function of sleep depth, i.e., sleep stage, indicating that sleep staging
not only impacts neural activity (EEG, AASM criteria), but also effects
physiological pulsations. CSF and 4th ventricle pulsations intensified
only in N2 sleep, indicating enhanced fluid clearance during
intermediate sleep. These cross-sectional observations show that
physiological pulsations are dependent on vigilance level and
sleep stage.
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FIGURE 3

(mean + STD) across subjects (n = 14).

Respiratory pulsations increased and harmonized during N2, but not in N1 sleep. (A) Representative example of respiratory pulsations during
wakefulness, N2, and N2-3 (half of the signal scored as N3) sleep from the frontal cortex (non-sleep deprived subject). (B) Example spectra in the
respiratory frequency band from the pulsations in (A). (C) Spectral entropy of respiratory pulsations decrease during N2 and N2-3 sleep calculated from
the pulsations in (A). (D) Spectral power increased during N2 and N2-3 sleep calculated from the pulsations in (A). (E) Respiratory pulsation spectral
entropy mean map across subjects [left column, awake (n =23), N1 (n = 21) and N2 (n = 14)]. Statistically significant differences in spectral entropy
between awake and N2 sleep were found for whole brain (right column). (F) Primary respiratory power mean map across subjects [left column, awake
(n=23), N1 (n=21) and N2 (n = 14)]. Statistically significant differences of spectral power between awake and N2 sleep (right column). (G) Wide band
respiratory power mean map over subjects in the wide frequency band [0.08—-0.49 Hz; left column, awake (n =23), N1 (n =21) and N2 (n = 14)].
Statistically significant differences in spectral power between awake and N2 sleep in the wide frequency band (right column). (H) Awake whole brain
respiratory power spectrum (mean + STD) across subjects [n = 14, same subjects as in (1)], and (1) N2 sleep whole brain respiratory power spectrum
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FIGURE 4

Cardiac pulsations increased in N1 and N2 sleep. (A) Cardiac pulsations (individual range 0.82—-1.22 Hz) during waking, and in N1 and N2 sleep located
in the anterior cerebral artery (non-sleep deprived subject). (B) Cardiac power spectra during awake, N1 and N2 sleep in the anterior cerebral artery.

(C) Cardiac spectral entropy increased in N1 and N2 sleep in the anterior cerebral artery. (D) Cardiac spectral power increased in N1 and N2 sleep in the
anterior cerebral artery. (E) Mean spectral entropy maps of cardiac pulsations (individual between 0.51-1.56 Hz, left) and statistical differences between
awake and sleep stages (right). (F) Mean spectral power maps of cardiac pulsations and (right column) differences between awake and sleep stages.
Subjects: awake (n =23), N1 (n = 21) and N2 (n = 14) sleep. (G) Awake whole brain cardiac power spectrum (mean + STD) across subjects [n = 14, same
subjects as in (H)], and (H) N2 sleep whole brain cardiac power spectrum (mean + STD) across subjects (n = 14).

Sleep after sleep deprivation intensified sleep pressure as associated with increases in homeostatic

vasomotor pu lsations physiological process beyond the well-known effects on the slow delta

wave power to EEG. These observations suggest that sleep pressure

Our analysis showed that vasomotor, but not cardiorespiratory ~ can potentiate a house-keeping function of sleep with respect to
pulsations intensified during N1 stage after sleep deprivation  solute clearance.

compared with subjects who had not been exposed to sleep A dominant driver for sleep-related VLF brain activity might

deprivation. To our knowledge, this is the first evidence that increased  arise in the locus coeruleus, where 0.03 Hz fluctuations in the firing
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FIGURE 5
Pulsations in CSF and the 4th ventricle intensified in N2 sleep. (A) Standard MNI152 masks for cerebrospinal fluid (CSF), gray matter and white matter
were used to calculate single spectral entropy and power values for each tissue types during wakefulness, and in N1 and N2 sleep. The 4th ventricle
region of interest was identified based on Kananen et al. (2022). (B) Example of very low-frequency (VLF) CSF signal during wakefulness, and in N1 and
N2 sleep from one subject (sleep deprived). (C) VLF CSF spectral power across subjects (average + STD) during wakefulness (gray) and N2 sleep (blue).
(D) VLF 4th ventricle spectral power across subjects (average + STD) during wakefulness (gray) and N2 sleep (blue). (E) Sum of VLF spectral power from
the 4th ventricle during wakefulness and N2 sleep from representative individuals (n = 14). (F) Sum of VLF spectral power from CSF during wakefulness
and N2 sleep from representative individuals (n = 14).

rate of norepinephrine neurons control the microarchitecture of
NREM sleep in mice (Kjaerby et al., 2022). In addition, monkey and
human research indicate that the basal nucleus may be also
be involved in controlling widespread vasomotor waves during
sleep (Chang et al., 2016; Liu et al., 2018). Other studies have shown
that sleep deprivation, reduced vigilance level, and early sleep
increase VLF fluctuations in the brain, most prominently in the
primary visual cortex (Fukunaga et al., 2006; Horovitz et al., 2008;
Gao etal, 2015; Chang et al., 2016; Liu et al., 2018). Thus, vasomotor
pulsations may be influenced by sleep pressure and homeostasis as
presented in the original Borbely two-process model (Borbély,
1982; Borbély et al., 2016). Present results indicate that changes in
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vasomotor pulsations are dependent on sleep history, vigilance
level, and sleep stage.

Our findings showed that, average spectral entropy and power
changes clearly occurred in N1 and N2 stage versus awake state in
sleep deprived subjects, whereas only circumscribed changes occurred
in non-sleep deprived subjects, and then only in the intermediate N2
stage (Figures 2F,H). These results indicate that, although the sleep
epoch was scored electrophysiologically as stage N1, the physiological
pulsations varied within the same stage depending on the vigilance
state. Because the sleep stages were scored in 30 s epochs according to
AASM rules, sleep characteristics may have fluctuated during that
time, potentially causing some of observed differences. However, it

frontiersin.org


https://doi.org/10.3389/fnins.2023.1275184
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Helakari et al.

10.3389/fnins.2023.1275184

TABLE 3 Spectral entropy and power differences in N1 and N2 sleep stages compared to waking.

Spectral entropy

Spectral power

VLF GM, WM | - GM 1 CSE, 4th, GM, WM 1
RESP - 4th, GM, WM | - GM, WM 1
CARD - CSFt GM, WM 1 4th, GM, WM 1t

Only statistically significant areas are reported (p <0.05, paired t-test). Spectral entropy was mainly lower, and power higher during N1 and N2 sleep as compared to waking. | corresponds to

decreased value in N1 or N2 sleep versus awake and 1 corresponds to increased value.

might also be, that sleep pressure is driven in part by metabolic waste
accumulation, such that sleep deprivation evokes a compensatory
increase in solute transport. The causal mechanisms underlying such
a conjectural control system remain to be established.

The above speculations aside, delta power clearly increases upon
sleep deprivation (Marzano et al., 2010; Hubbard et al., 2020) with
spatial overlap with electrophysiological changes reported in our
previous study (Helakari et al., 2022). How sleep pressure is linked to
vasomotor frequency is presently unknown. The observed changes
after sleep deprivation were prominent in thalamus, cerebellum, and
broad regions of cerebral cortex. We suggest present results highlight
the need to consider that remarkable physiological changes in
pulsatility arise indeed within N1 sleep even in healthy subjects, and
to an extent depending on the vigilance state. Vasomotion seems
be the first one to increase the sleep related clearance in healthy
subjects, but it’s significance to the tracer clearance should be further
studied either in human or animal experiments. Previous studies
using subarachnoid MR contrast convection over hours/days show
that sleep deprivation impairs the tracer clearance and even
subsequent sleep does not correct situation on NPH patients (Eide
et al,, 2021, 2022). It might be, that achieving the full level of
metabolic solute transport during sleep, longer sleep cycles and even
many well slept nights are needed.

In sleep stage analysis, we showed that vasomotor frequency
pulsations had already increased in the N1 stage of sleep transition,
which corresponds to light sleep or drowsiness. The main changes
were found in visual cortex and somatosensory cortex. One striking
observation is that, as the subjects transitioned from lighter to
intermediate N2 stage sleep, the regions with vasomotor pulsations
expanded to include broader brain regions. Recent article by Song
et al. (2022) supports our finding that VLF pulsations (<0.1 Hz)
occur already in the light sleep. Interestingly, they found that higher
frequencies (0.1-0.2 Hz) are prevalent in N3 sleep, but due to the
lack of N3 sleep in our data, we are unable to confirm this finding
at this point. Whereas in N1 sleep, the vasomotor changes were
mainly confined to GM and WM, in N2 sleep the changes across
nearly the whole brain and in the CSE. While the changes in 4th
ventricle and extra-axial CSF were first evident in N2 sleep, the
results support the idea that actual sleep instead of pure drowsiness
is a necessary requirement for elevated CSF flow and solute
transport (Hablitz and Nedergaard, 2021). This may indicate that
while changes in VLF arise in part from neuronal activity changes
(e.g., in relation to delta waves), in the transition to deeper sleep
stages, fluid and tissue pulsatility may have a higher vascular
dependence. Supporting our results, also sympathetic nervous
system contribution, more specifically K-complexes or vascular
responses driven by arousals during N2 sleep, have been connected
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to large-amplitude fMRI fluctuations (Ozbay et al., 2019; Picchioni
et al., 2022). It seems plausible, that these effect may cause
vasomotion and further contribute ton CSF flow in the perivascular
spaces (Bojarskaite et al., 2023; Holstein-Ronsbo et al., 2023). As
CSF flow rate correlates with intracerebral blood volume changes
(Fultz et al., 2019), it might be supposed that blood volume could
directly affect CSF pulsations.

Respiratory pulsations changes are specific
to N2 sleep

The present findings that respiratory pulsations harmonized
across the whole brain during N2 sleep could well have a physiological
basis. Previous work shows that, as sleep stabilizes after its onset, heart
rate declines and respiratory variability assumes a more regular
pattern (Malik et al., 2012). We found only two epochs of N3 sleep in
the whole dataset, but this limited data suggested that respiratory
pulsations became even more balanced and more powerful in the
transition from N2 to N3 sleep (Figures 3A-D). Further studies
employing the fast fMRI methods might establish better the pulsation
changes during N3 sleep and extending REM sleep.

When brain-wide spectral entropy decreased during sleep, and
the power of the pulsations increased across somatosensory and visual
cortices. These observations are consistent with our previous findings,
albeit confined to smaller regions than in the earlier work (Helakari
etal., 2022). We herein selected an individual frequency range to focus
specifically on the phenomenon studied (i.e., respiration), which may
in some cases have limited the frequency to an excessively narrow
band, given that the appropriate range may vary between different
voxels. To make a clearer comparison to our previous study, we also
undertook the calculations with a wide frequency range, whereupon
the sleep stage dependent changes occurred in broader brain regions,
as expected. In conclusion, both approaches to setting the frequency
bandwidth were successful, but with differing limitations: a wide
spectral range may include variability due to noise, respiratory
harmonics, and modulatory heterodyne peaks (Raitamaa et al., 2021),
whereas a narrow or tailored frequency window will tend to result in
lesser signal.

During sleep, respiration is fully under control of the brainstem
and complex mechanisms regulated by mechanical (e.g., stretch
receptors) and chemical (e.g., chemoreceptors) information (Sowho
et al,, 2014). A recent study indicated that voluntary yogic deep
abdominal breathing (pranayama) in conjunction with associated
cardiac changes accelerated CSF flow when compared to spontaneous
breathing (Yildiz et al., 2022). In addition, muscle activity in the
diaphragm during sleep, often designated abdominal breathing,
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increases the load on parasternal intercostal muscles (Yokoba
etal., 2016).

Conceivably, breathing during sleep and pranayama present
similar physiological approaches to increase CSF flow. In line with this
conjecture, Picchioni et al. (2022) have recently shown that N1-2 sleep
has similar effects on CSF flow as did self-controlled deep breathing.
Our present findings suggest that respiratory pulsation increases in
the brain during N2 sleep are a driver for increased CSF flow.

Cardiac pulsations became stronger and
more variable in N1 and N2 sleep

In this study we showed that spectral entropy of cardiac pulsations
tended to increase in the anterior parts of the brain in N1 and N2 sleep
as compared with waking (Figure 4E). Statistically significant
differences were found only in the lateral ventricles during N2 sleep.
However, we note that beat-to-beat heart rate variability (HRV)
increases during NREM sleep (Sattin et al., 2021). As we know that
higher spectral entropy corresponds to a higher number of frequencies
in the spectrum, the cardiac entropy changes may well reflect HRV
changes as seen in the anterior cerebral artery (Figures 4A,B). In
future research, one should investigate cardiac brain pulsations during
sleep using the conventional HRV parameters.

In addition to increased spectral entropy, cardiac pulsation power
increased in cerebral cortex in N1 and N2 sleep. In our previous
report, the corresponding changes occurred in smaller region
(Helakari et al., 2022), suggesting that cardiac changes may be more
sensitively discovered when applying a more limited frequency range.
As our findings for respiratory and cardiac pulsations were in
overlapping brain regions, there may be cardiorespiratory modulation
of these frequencies (Raitamaa et al., 2021).

Interestingly, the brain regions showing increased cardiac power
during sleep were in the posterior regions, while spectral entropy
tended to increase in the anterior brain regions. As yet we have no
explanation for this compelling result. Although power increase often
parallels with decreased spectral entropy as in vasomotor and
respiratory ranges, in cardiac frequency we saw increase in both
values. Spectral shape corresponding to increase in entropy during N1
and N2 sleep is represented in Figure 4B, supporting the increase in
HRV. In general, our finding of increased cardiac pulsations during
sleep is consistent with glymphatic studies showing that cardiovascular
pulsations drive brain fluid clearance (Iliff et al., 2013; Mestre et al.,
2018) Sleep spindles have onset in N2 sleep, and may be coincident
with low frequency heart rate oscillations in somatosensory cortex
(Lecci et al., 2017).

Limitations

There are several limitations in this study. Sleep measurements in
the MRI scanner is unfortunately challenging due to movement
restrictions, scanner noise and discomfort imposed by the measuring
devices, e.g., EEG cap. Thus, falling asleep and staying asleep may
be difficult. Because of this the sleep quality may not be as good as at
home. Our previous article (Helakari et al., 2022) and also other recent
study (Fultz et al., 2019) presented only N2 sleep during EEG-fMRI,
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and even those who have managed to scan N3 or REM sleep still
reported low sleep efficiency (Moehlman et al., 2019; Ozbay et al.,
2019; Picchioni et al., 2022).

Our study group only included young, healthy subjects and
cannot be generalized to a common population. In this study, we did
not screen the sleeping patterns nor sleep history of the subjects. Also,
our subjects were healthy based on interview, but we did not screen
them for sleep disorders or sleep apnea.

After EEG based sleep stage scoring, our sample size in sleep
deprivation versus non-sleep deprivation comparison was relatively
small. For comparing N1 and N2 sleep stages to wakefulness,
we pooled sleep deprived and non-sleep deprived subjects to reach
sufficient sample size. Sleep scans for sleep deprivation and non-sleep
deprivation groups were done in different time of day, leading to the
possibility of confounding circadian effect. However, separate group
analysis revealed no changes in cardiorespiratory frequencies between
these groups, which supports the idea that sleep-stage results are
rather sleep-based than circadian-based.

The sleep stages were fragmented devoid of continuous epochs
of sleep stages (awake, N1, or N2) over several minutes. Thus,
we were only able to use the best available two-minute length data
for the comparison. Epochs with uninterpretable EEG data quality,
consisted of artifacts due to motion, insufficient contact of the
electrode or sweating, were also removed from the study. Therefore,
we were not able to take account the sleep onset or compare the
same location in the signal for the sleep. However, from each
subjects, we took N1 and N2 data that were in most stabile phase of
the stage for strict separation between sleep stages. Also, when
considering the length of the data, cutting and combining data from
several locations from the signal would not have been ideal way to
analyze the data; using continuous signal, although shorter, is more
appropriate, and still brings statistically relevant information from
the fast sampled fMRI with 1,200 brain volumes per scan. For sleep
score information, we used 30 s epochs and therefore, some N1 data
may have included more wakefulness than others (when minimum
165 is N1 sleep, the data is scored N1). In this study, as persued to
scan pure resting-state, we did not use any additional tasks such as
cued button press response (Fultz et al., 2019; Setzer et al., 2022).
We determined the frequency range from whole 10-min data
instead of two-minutes. However, as we used individual frequency
range, we suggest that carefully limited frequency ranges are
sufficient for this analysis.

Conclusion

The purpose of this study was to investigate how sleep deprivation
and sleep depth affect to physiological brain pulsations measured with
fast fMRI. Slow vasomotor pulsations were promoted by sleep
deprivation during N1 sleep, but no respiratory or cardiac pulsation
changes occurred due to sleep deprivation. Brain pulsations were also
promoted by sleep depth, including wider spectral and spatial changes
in N2 sleep. Respiratory pulsations stabilized in the whole brain and
CSF pulsations enhanced only during N2 but not in N1 sleep.
We suggest that sleep deprivation and sleep depth, both promote brain
pulsations in specific way and thus contribute in changes of brain
fluid dynamics.
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