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Study Objectives: Current knowledge on hemodynamics in sleep is limited because available techniques do not allow continuous recordings and
mainly focus on cerebral blood flow while neglecting other important parameters, such as blood volume (BV) and vasomotor activity.

Design: Observational study.

Participants and Settings: Continuous measures of hemodynamics over the left forehead and biceps were performed using near-infrared
spectroscopy (NIRS) during nocturnal polysomnography in 16 healthy participants in sleep laboratory.

Measurements and Results: Temporal dynamics and mean values of cerebral and muscular oxygenated hemoglobin (HbO,), deoxygenated
hemoglobin (HHb), and BV during different sleep stages were compared. A biphasic change of cerebral BV was observed which contrasted a
monotonic increase of muscular BV during non-rapid eye movement sleep. A significant decrement in cerebral HbO, and BV accompanied by an
increase of HHb was recorded at sleep onset (Phase I). Prior to slow wave sleep (SWS) HbO, and BV turned to increase whereas HHb began to
decrease in subsequent Phase Il suggested increased brain perfusion during SWS. The cerebral HbO, slope correlated to BV slope in Phase |
and II, but it only correlated to HHb slope in Phase II. The occurrence time of inflection points correlated to SWS latencies.

Conclusion: Initial decrease of brain perfusion with decreased blood volume (BV) and oxygenated hemoglobin (HbO,) together with increasing
muscular BV fit thermoregulation process at sleep onset. The uncorrelated and correlated slopes of HbO, and deoxygenated hemoglobin indicate
different mechanisms underlying the biphasic hemodynamic process in light sleep and slow wave sleep (SWS). In SWS, changes in vasomotor

activity (i.e., increased vasodilatation) may mediate increasing cerebral and muscular BV.
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INTRODUCTION

Changes in cerebral hemodynamics are important for un-
derstanding the function of sleep and the pathophysiology of
sleep disorders including cardiovascular diseases, because he-
modynamics carries information about metabolism, neuronal
functioning, vasomotor activity, and temperature.'* The most
important factors contributing to cerebral hemodynamics in-
clude blood volume (BV), cerebral blood flow (CBF), vasocon-
striction/vasodilatation, oxygenated (HbO,) and deoxygenated
(HHb) hemoglobin, and oxygen saturation. Currently most
human sleep studies using functional magnetic resonance im-
aging (fMRI),>* positron emission tomography (PET)**”7 and
transcranial Doppler (TCD)®° referred to CBF changes only
but did not evaluate the other parameters. Reduced glucose
utilization and CBF velocity during sleep onset have been re-
ported,>>%° suggesting decreased cerebral perfusion during
sleep initiation. However, CBF changes alone cannot provide
sufficient information of cerebral perfusion because BV de-
pends on both CBF velocity and vessel diameter.'”!" Velocity
can be used as an index of flow only under the assumption that
the vessel diameter does not change.®!° Recent studies have
challenged this assumption in TCD measurements by showing
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increased vessel diameter during hypercapnia.'®'? The influ-
ence of vasomotor activity on local cerebral perfusion in sleep
is still far from clear because of methodological limits of avail-
able techniques such as the low temporal resolution of PET.>¢
Changes of vasomotor mediators such as increasing partial
pressure of carbon dioxide in arterial blood (PaCO,) have been
reported after falling asleep.”® Interestingly, all characterized
sleep regulatory substances that can enhance sleep are cere-
bral vasodilators.'*'> How the changes of vasodilation and CBF
velocity influence cerebral BV during natural human sleep is
still unknown.

Furthermore,the aforementioned neuroimaging techniques
cannot provide information on hemodynamics of peripheral
tissues such as skin and muscle. Peripheral hemodynamic
changes during sleep initiation are tightly coupled with ther-
moregulation. Increasing skin temperature and perfusion at
sleep onset is a well-known mechanism to modulate heat loss
to initiate sleep.>'®!"” Thus, simultaneous measures of periph-
eral and cerebral hemodynamics can provide complementary
insights into the underlying mechanisms of sleep and allow
us to test whether the changing pattern of cerebral hemody-
namics is specific for the brain due to cerebral autoregulation
mechanisms and neurovascular coupling or coupled to sys-
temic changes. Therefore, a novel neuroimaging technique that
can measure multihemodynamic parameters in local cerebral
and peripheral tissues in natural human sleep with high tem-
poral resolution is needed.

Near-infrared spectroscopy (NIRS) is a totally non-invasive
and non-radiation optical method that can measure changes of
local intravascular oxygen saturation, HbO,, HHb, and BV with
less motion restriction.'™ Previous studies have conducted
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cerebral NIRS measurements during sleep in healthy people
and patients with sleep disorders,"”** within which only very
few studies described cerebral hemodynamics during the sleep
onset process. Decrements in cerebral HbO, and cerebral BV
after sleep initiation were observed with NIRS.?>** Hoshi et al.
suggested that these decrements may indicate increased oxygen
metabolic rate during sleep initiation.? By contrast, Spielman et
al. proposed that decreased cerebral BV and HbO, may reduce
oxygen consumption and neuronal activity during sleep initia-
tion.” The conflicting conclusions cannot be explained without
taking peripheral hemodynamics into account, but neither of
these two studies considered the contrast from peripheral he-
modynamics. Also, their results should be treated with caution
given the potential artefacts arising from skin blood, because
both groups used single-channel NIRS instruments, which are
unable to differentiate skin from brain perfusion.*

Therefore, we investigated the cerebral and muscular hemo-
dynamics simultaneously with multi-channel NIRS that can
well eliminate superficial influences.”* We hypothesized that
muscular BV may increase during sleep initiation under the
control of increasing vasodilatation (mediated by vasodilator,
e.g. PaCO,") according to the well-known thermoregulation
process,*'*"whereas cerebral BV will show different patterns
due to the influences of unique cerebral mechanisms such as
cerebral vascular autoregulation and sleep related neuronal ac-
tivities. A better understanding of BV changes will close the
gap between the changes of local cerebral CBF and vasodilata-
tion reported by previous studies; moreover, the comparisons
of BV, HbO,, and HHb changes between the brain and muscle
can improve our understanding of metabolic changes during
sleep onset.

METHODS

Subjects

Sixteen healthy volunteers (eight males, eight females, age
30 + 9.9 y [mean + standard deviation] ) participated in this
study at Center for Sleep Medicine and Sleep Research, Clinic
Barmelweid, Switzerland. The study was approved by the local
ethics committee, and all subjects gave their written informed
consent to participate into the study. Three measurements (two
males and one female) were excluded from the subsequent data
analysis due to the poor quality of NIRS data. None of the sub-
jects has any sleep disorders, ischemic heart disease, chronic
heart failure, or cerebrovascular disorders.

Video-Polysomnography Measurement

A polysomnography (PSG) (Embla RemLogic, Embla Sys-
tems LLC, Tonawanda, NY, USA) consisting of electroen-
cephalography (EEG, channels F4-Al, C4-Al, O2-Al, F3-A2,
C3-A2, and OI1-A2), left and right electrooculography, chin
and two-leg electromyography was recorded from all subjects.
Peripheral arterial oxygen saturation was measured with a fin-
gertip pulse oximeter (sample rate: 10 Hz), and heart rate could
also be derived from the same measurement by calculating the
peak-to-peak pulsation interval of the measured photoplethys-
mographic waveform. During the measurements, the subjects
were videotaped with an infrared camera to allow for subse-
quent assessment of subject’s movement. Based on the PSG
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measures, a full experienced neurophysiologist independently
scored the sleep into stages N1, N2, slow wave sleep (SWS),
rapid eye movement (REM) sleep, wakefulness (W), and move-
ment time stages in 30-sec epochs according to the American
Academy of Sleep Medicine scale.” If two similarly scored
30-sec epochs were separated by one 30-sec epoch scored dif-
ferently, that epoch was rescored to match its surroundings.
Then another experienced neurophysiologist double-checked
the score results independently. The differences between these
two independent score results were further corrected by these
two neurophysiologists working together.

NIRS Measurement

A commercialized NIRS device (NIRO-300, Hamamatsu
Photonics, Japan) based on spatially resolved spectroscopy
was used to monitor the hemodynamic changes during sleep
monitoring.”* NIRO-300 used four wavelengths of near-in-
frared light (775, 810, 850, and 910 nm). The optical probe con-
tained one light emitter and three closely placed sensors (i.e.,
an integrated three-segment photodiode chip with the separa-
tion of 1 mm). The distance between emitter and the center of
the integrated photodiode chip is 4 cm. All the sensors can pick
up photons penetrating into superficial and deep tissues, but
the photons reaching to far-end sensor can go approximately 3
mm deeper.”” Therefore, NIRO-300 can calculate the change in
light intensity over distance and remove the influence of super-
ficial tissue (please refer to the literature*® describing the design
of NIRO-300) and consequently is more sensitive to the deep
tissue such as cortex and muscle. NIRO-300 can locally mea-
sure relative HbO, and HHb changes by calculating the light
attenuation changes in tissue based on modified Beer-Lambert
law."®It can evaluate the tissue oxygen saturation changes by
measuring the quantitative data of tissue oxygen index which
was the ratio of HbO, to total haemoglobin. In this study, one
of the NIRO-300 probes was kept in good contact with the
left side of the subject’s forehead, just below the hairline and
above the left brow, via a medical adhesive. The second NIRO-
300 probe was attached to the left bicep brachii muscle via
the same way. The sample rate of NIRS measurement was 1
Hz. The raw analog outputs of NIRO-300 measurements were
sampled by the data acquisition system of video-PSG, so that
NIRS and PSG measurements were synchronized.

Protocol

All the subjects came to the Center for Sleep Medicine and
Sleep Research at Clinic Barmelweid between 20:00 pm and
21:00. After wearing all the PSG and NIRS probes (at around
21:30 to 22:00), the subjects were asked to stay in the bed. All
the subjects began to fall asleep before 23:30, and waken up at
around 07:00.

Data Analysis

All data were expressed as means + standard error (SE) un-
less indicated otherwise. Only solid changing trends of NIRS
data during the first sleep cycle that meet the following criteria
were chosen: data without motion artifact, and stable sleep
stages (i.e., no transitions between different sleep stages). Se-
lected NIRS data were filtered by a low-pass filter (type II Che-
byshev filter, passband edge is 150 mHz) to further eliminate
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Figure 1—The mean cerebral and muscular hemodynamic values during different sleep stages in all subjects. BV is blood volume. * Significant decline (or
increment) in the mean hemodynamic values in sleep stage 1 (N1) and 2 (N2) compared to wakefulness (W) (P < 0.05). *Significant decrement from N1
to N2. #Significant increment or decrement from N2 to SWS. The hemodynamic changes are expressed in arbitrary units (A.U.), as the mean value of first
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the oscillations related to respiration. As individual length of
selected sleep stages considerably varied between different
subjects, we chose to compare the mean hemodynamic values
of each sleep stage. The mean NIRS signals (HbO,, HHb,
and BV) values during W, N1, N2, and SWS were subjected
to one way repeated-measures analysis of variance (ANOVA)
with least significant difference (LSD) post hoc test (P < 0.05),
respectively. Mauchly test was used to test the assumption of
sphericity (P <0.05). Degrees of freedom were corrected using
Greenhouse-Geisser (or Huynh-Feldt) correction if the Green-
house-Geisser estimate of sphericity was smaller (or larger)
than 0.75, but original degrees of freedom were reported for
sake of readability. The changing trends of NIRS signals were
fitted with polynomial curve fitting (degree n = 20), and the
nadir/peak of the fitted curves were identified as the inflec-
tion points (IPs) automatically. Paired ¢-test was used to com-
pare the latencies of NIRS IPs and SWS latencies (calculated
as the time interval between the start points of N1 and SWS)
(P < 0.05), and Pearson correlation was used to test their cor-
relations (P < 0.05). Raw NIRS data during sleep before and
after inflection points were fitted linearly, respectively, and the
slopes were compared with Pearson correlation (P < 0.05). All
signal preprocessing was carried out in MATLAB (The Math-
Works, Inc., Natick, MA, USA). All statistical analyses were
performed using SPSS Statistics 17.0 (IBM Corporation, USA)
computer programs.

RESULTS

Hemodynamic Changes in Different Sleep Stages

The mean cerebral and muscular hemodynamic values
during different sleep stages in all subjects are illustrated in
Figure 1. In a majority of subjects mean cerebral HbO, and
BV values decrease after entering light sleep (includes N1 and
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N2) and they turn to increase in SWS; whereas cerebral HHb
shows a reversed changing trend (upper panels in Figure 1).
Statistical analysis only finds significant main effects of sleep
stages for cerebral HbO, (F(3,36) = 8.25, P = 0.04), but not for
BV (F(3,36) = 1.78, P = 0.2) or HHb (F(3,36) = 2.92, P = 0.1).
Pairwise post hoc comparisons reveal that the mean cerebral
HbO, value continues to decrease from wakefulness to N2
(P <0.05), and significantly increases (P < 0.05) in SWS. Cere-
bral HHb significantly increases after entering into sleep while
turns to decrease in SWS (P < 0.05). The declines in cerebral
BV can also be observed from wakefulness to N2, but there is
no significant increment from N2 to SWS (P = 0.171).

In muscle measurements (lower panels in Figure 1) HbO, is
relative constant after entering into light sleep, whereas BV and
HHb increase in most of the subjects. Muscular HbO, and BV
increase while HHb declines in SWS. Statistical analysis re-
veals significant main effects in BV (F(3,36) =20.74, P <0.001)
and HbO, (F(3,36) = 34.2, P < 0.001) measurements, but not in
HHb (F(3,36) = 1.34, P = 0.28) changes. Post hoc tests show in-
creasing BV in N1 and N2 compared to wakefulness (P < 0.05)
with a further increase of BV in SWS and strong increments in
HbO, from N2 to SWS.

The Inflection Points of Cerebral NIRS Signals and the
Latencies of SWS

An example of the identification of IPs of cerebral HbO, is
illustrated in Figure 2, and the time point corresponding to the
IPs in cerebral hemodynamics in all subjects is summarized in
Table 1. The IPs can be identified in all subjects (except from
HHb changes in subject No. 2), and they occur at 7.95 + 1.02
(n = 13), 840 £ 1.26 (n = 12) and 8.40 + 1.40 (n = 13) min
after falling asleep in cerebral HbO,, HHb and BV, respec-
tively. The occurrence time of IPs of cerebral HbO, is earlier
than the SWS latencies (10.44 + 1.36 min) (P = 0.02), and they
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are highly correlated (1> = 0.732, P = 0.004). There are no sta-
tistical differences between SWS latencies and the occurrence
time of IPs of cerebral HHb (P = 0.067, but very close to 0.05)
and BV (P = 0.28). Significant correlation can also be found
between SWS latencies and the occurrence time of IPs of HHb
(r*=0.611, P = 0.035), and the occurrence time of IPs of HbO,
and HHb (r> = 0.913, P < 0.001).

Considering that the occurrences of IPs are before SWS, the
reverse of cerebral HbO,, BV, and HHb changes should happen
during later phase of N2, which could account for why there
is no significant increment in cerebral BV from N2 to SWS
shown in the previous section. Therefore, we used the ampli-
tude values of BV at IPs to replace the mean values during
N2 and repeated one-way repeated-measures ANOVA with

0.6
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inflection point

Cerebral HbO ,concentration changes(A.U.)

-0.8 . L L L
0 10 20 30 40 50
Time(min)
Figure 2—Identification of inflection point (IP) of cerebral oxygenated
hemoglobin (HbO,). The dashed line is the raw HbO, changes, and the
gray line represents the fitted changing trend of raw data with polynomial
curve fitting method (degree = 20). Inflection point is the nadir of the
fitting curve. The two black lines linearly fit the raw data before and after
inflection point.

LSD post hoc test (P < 0.05). We found significant main effect
(F(3,36) = 7.29, P = 0.013), and significant increment from IPs
to SWS (P < 0.001).

The Slopes of Linearly Fitting Lines before and after Inflection
Points of Cerebral NIRS Signals

The changes of cerebral HbO, before (from the start point
of N1 to IPs) and after IPs are fitted linearly, as shown in
Figure 2. The slopes of the fitting lines in all subjects are listed
in Table 1. Negative slope values before IPs indicate decreased
hemodynamic changes, whereas subsequent increments re-
sult in a positive slope value. Before IPs, significant correla-
tions were only observed between the slopes of HbO, and BV
changes (r* = 0.57, P = 0.038), not between the slopes of HbO,
and HHb (r = 0.05, P = 0.88). However, after IPs the slope of
HbO, is correlated to both BV (1> = 0.67, P = 0.01) and HHb
(*=-0.76, P = 0.01).

Moreover, initial negative slope values of BV before IPs
inversely correlate with the subsequent (i.e., after IPs) posi-
tive slopes of HbO, (1 = —0.66, P = 0.014) and negative slopes
of HHb (r* = 0.83, P = 0.001); and the strong correlation is
also observed between the initial negative slopes of HbO, be-
fore IPs and the negative slopes of HHb after IPs (r* = 0.73,
P =0.008), but not between the slopes of HbO, before and after
IPs (r> = —0.35, P = 0.25). In other words steeper initial drop
in BV and HbO, are accompanied by faster subsequent HHb
decrement during SWS.

DISCUSSION

In the current study we measured cerebral and muscular
hemodynamics during nocturnal sleep onset and observed
characteristic changes in healthy subjects. We combined EEG
and NIRS because these techniques are explicitly suitable for
continuous recordings with a high temporal resolution to char-
acterize changes of brain activity and cerebral perfusion. Com-
pared to wakefulness we found a gradual decline in cerebral
HbO, and BV but an increase in cerebral HHb after entering

Table 1—The occurrence time of inflection points in cerebral hemodynamic parameters, and the slopes of linearly fitting lines before and after inflection
points.
Subjects HbO, IP (min) HbO, Slope 1 HbO, Slope 2 HHb IP (min) HHb Slope1 HHb Slope2 BVIP(min) BV Slope1 BV Slope 2

No. 1 6.97 -0.062 0.012 6.75 0.055 -0.004 7.08 -0.051 0.014
No. 2 6.65 -0.017 0.042 - - - 6.87 -0.101 0.002
No. 3 8.45 -0.041 0.026 13.37 0.040 -0.010 713 -0.060 0.026
No. 4 7.32 -0.061 0.007 6.55 0.002 -0.006 7.63 -0.083 0.007
No. 5 5.17 -0.150 0.008 4.80 0.079 -0.005 22.57 -0.025 0.025
No. 6 3.83 -0.129 0.036 3.73 0.148 -0.022 6.53 -0.122 0.008
No. 7 8.50 -0.046 0.017 9.73 0.099 -0.012 5.15 -0.008 0.010
No. 8 3.35 -0.033 0.026 2.50 0.027 -0.002 3.20 -0.020 0.029
No. 9 13.33 -0.049 0.015 11.53 0.014 -0.019 12.10 -0.066 0.007
No. 10 3.85 -0.219 0.081 5.00 -0.018 -0.122 3.88 -0.220 0.048
No. 11 8.50 -0.036 0.061 7.02 0.067 -0.013 8.50 -0.031 0.061
No. 12 13.63 -0.004 0.037 14.92 0.059 -0.011 6.00 -0.101 0.039
No. 13 13.83 -0.044 0.023 14.88 0.028 -0.031 1242 -0.044 0.018

Slope 1 and Slope 2 represent the slopes of linearly fitting lines before and after IPs, respectively. Dashes mean no IPs was found in subject No. 2 in the

second row. BV, blood volume; HbO,, oxygenated hemoglobin; HHb, deoxygenated hemoglobin; IP, inflection point.
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into light sleep (N1 and N2). With further progression from N2
to SWS, the initial declines of BV and HbO, begin to increase
during SWS accompanied by a drop in HHb. By contrast, in
muscle only BV significantly increases after the initiation of
sleep, whereas both HbO, and HHb remain unchanged fol-
lowed by a profound increase of HbO, and BV accompanied
by a decline in HHb after entering into SWS. The nadirs (IPs)
of cerebral HbO, and HHbD occur earlier than the initiation of
SWS, and their occurrence times are correlated with the laten-
cies of SWS. We also found correlations between the slopes of
cerebral BV and HbO, changes before and after IPs, whereas
cerebral HbO, and HHb only correlated after IPs. Because of
neurovascular coupling, changes in brain metabolism and brain
perfusion induce typical patterns of concentration changes in
HbO,, HHb, and BV. Our findings therefore provide several
novel insights into hemodynamics and mechanisms of sleep
onset. We are able to identify a biphasic time course of cerebral
metabolism and BV changes and propose that these two phases
likely represent two distinct processes involved in the process
of sleep onset.

Hemodynamic Changes Mirror the Regulatory Mechanisms in
Sleep

The increasing muscular BV under the relative constant
HbO, and HHb changes after entering N1 and N2 suggests that
muscular blood perfusion increases without significant metab-
olism changes. We argue that increasing muscular perfusion
is probably due to increased vasodilatation,"” which promotes
sleep propensity by increasing distal and proximal temperature
to facilitate heat loss.*'"?* The increase in muscular BV imme-
diately after entering N1 is in line with the results of previous
studies claiming that thermoregulatory changes actually start
prior to sleep stage N2.%® The persistent increments of mus-
cular BV and HbO, during SWS further fit well with previous
data revealing that distal skin temperature keeps increasing to
peak after about 1 h entering into sleep."”

In the brain we found clear and reliable differences com-
pared to muscle hemodynamics implicating more complex and
specific mechanisms underlying cerebral hemodynamic regu-
lation. We can identify two phases: Phase I (before IPs) and
Phase II (after IPs mainly during SWS). In Phase I the decline
of cerebral BV and HbO,, together with the increase of HHb,
suggest reduced cerebral metabolism. Decreased metabolic
rate after entering non-rapid eye movement (NREM) sleep has
been shown by previous studies,>® and is consistent with the
idea that sleep is initiated on the declining portion of the circa-
dian rhythm of the core temperature.*'*Although our data are
in line with these studies we extend these results by showing
that this initial phase of reduced hemodynamics is followed by
increased cerebral BV (Phase II), probably due to vasodilata-
tion. In Phase II the declining cerebral HbO, and BV turn to in-
crease, suggesting an increasing cerebral perfusion in SWS. By
contrast, previous studies reported that CBF velocity continues
to decrease after falling asleep until SWS,*? and some studies
argued that the cerebral perfusion may be compromised by in-
creasing skin perfusion during sleep.* We suggest that these re-
sults should be treated with caution because velocity can only
be used as an index of flow under constant vessel diameter,"
but our recent study found that vasomotor activity in prefrontal
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cortex changes in different sleep stages.” It is thus unlikely
that the decreasing blood supply to the brain during sleep ini-
tiation can persist throughout SWS given that the brain has the
highest priority in blood supply compared to other organs.?* In-
terestingly, relative PET-CBF studies reported decreasing CBF
in frontal lobe from stage N2 to SWS,° but absolute PET-CBF
measurements found no decrement of CBF in cortex and sug-
gested that relative CBF analysis may fail to estimate actual
CBF changes during sleep.” In our study, we did not find a sig-
nificant difference between the mean values of BV in N2 and
SWS as shown in Figure 1, which confirms the result of abso-
lute PET-CBF measurement.” High temporal resolution NIRS
measurements, however, allow us to identify an increasing
trend in BV and HbO, from N2 to SWS in prefrontal cortex
by characterizing changes of their slope that are essentially
missing in low temporal resolution PET measures.*” Studies
using event-related fMRI that can dynamically characterize
the cerebral hemodynamics with similar temporal resolution
as NIRS also showed increased blood-oxygen-level dependent
(BOLD) signal in prefrontal area during SWS.* We argue that
increasing trend in cerebral BV in Phase II is best explained
by increasing vasodilatation given the declining CBF velocity.
PaCO, is a potential general factor to trigger the increased
vasodilatation, because sleep related hypoventilation and
subsequent increases in PaCO, become stable when steady
SWS is obtained.*® Other potential vasodilators include sleep
regulatory substances (i.e., nitric oxide[NO], adenosine, inter-
leukin-1, growthhormone-releasing hormone, tumor necrosis
factor, and prostaglandins),'** and modulation of neurotrans-
mitters including inhibitors of the adrenergic system, such as
calcitonin gene-related peptide.>!

Our data further suggest that cerebral hemodynamic change
during sleep initiation is brain specific in contrast to muscular
hemodynamics. Of note, the slopes of cerebral BV and HbO,
correlate in both phases but the ones of HbO, and HHb only
correlate in Phase II, indicating a mismatch between oxygen-
ation and blood supply in Phase 1.2 Therefore, we reason that
cerebral hemodynamics in Phases I and II can represent dif-
ferent regulatory mechanisms during sleep because they are
characterized by different temporal cerebral perfusion/oxy-
genation patterns and by correlated (‘matched’)/uncorrelated
(‘mismatched’) slopes of hemodynamic parameters.

The Occurrence of IPs and Functional Implications of Increased
Cerebral BV in SWS

Our finding that the IPs of HbO, and HHb occur earlier and
correlate with the latencies of SWS is remarkable. As outlined
previously, vasodilatation may counterbalance initial decline
of BV in the brain. Such a counterregulation may be accom-
plished by cerebral vascular autoregulation®?* and could reflect
a protective role to prevent the further decline of cerebral blood
supply in Phase 1. Increased cerebral BV is a prerequisite for
metabolite clearance, which manipulates the influx of cerebro-
spinal fluid and interstitial fluid during sleep.’"**A recent study
by Xie et al. found that influx of cerebrospinal fluid and the
volume of the extracellular space in cortex strongly increased
during sleep compared to wakefulness in mice, resulting in
improvement of clearance of f-amyloid in the interstitial space
surrounding neurons.’ Taking the conclusions from Xie’s

Blood Volume in NREM Sleep Measured by NIRS—Zhang and Khatami



study into account, the increased BV in SWS may play a crucial
role in cleaning potentially neurotoxic waste products that ac-
cumulate during wakefulness.*! The increased vasodilatation
and cerebral BV can also provide increased oxidative substrate
supply to cortical tissues, which may indicate a protective role
of SWS in preventing pathological neurovascular events such
as spreading depolarization,which is accompanied by severe
vasoconstriction in patients with stroke and brain trauma."'**

Limitations and Perspective in the Future

Several limitations in our study need further investigations.
First, we did not measure temperature changes so we can only
refer to the literature to interpret the cerebral and peripheral
hemodynamic changes. Adding core and peripheral tempera-
ture measurements in the future can provide more profound
insights into the interaction of sleep and thermoregulation
systems and highlight the role of blood in metabolism and
thermoregulation. Second, we cannot clarify the mechanisms
responsible for inducing IPs but propose vasodilators (e.g.,
PaCO,, NO, etc.) as candidate mediators. Whether the occur-
rence time of both IPs and SWS latency can be modulated by
these vasodilators at the same time would be an interesting
topic for future studies investigating sleep regulation system
and pathological mechanisms of sleep disorders such as in-
somnia and sleep apnea.

Third, SWS in our study was scored from conventional all-
night PSG measurements with limited spatial information of
EEG, meaning it reflects global low-frequency synchroniza-
tion of neural activity.* Previous studies have suggested that
the process of falling asleep is a progressive generation of slow
waves confined to a few local cortical areas and then became
more and more globally synchronous.*® The neural circuitries
underlying homeostatic sleep regulation are still poorly un-
derstood. Cortical type I sleep-active NO synthase neurons
distributed throughout all cortical areas have been suggested
to be involved in homeostatic sleep process and their activa-
tion during sleep is restricted to the cortex.**’Recently, some
evidence also indicated that sleep might be regulated at a local
network level (i.e., individual neural assemblies such as cortical
columns®™*) and the local slow wave induction is daytime use-
dependent.’>* A prefrontal predominance of slow wave activity
during NREM sleep has been reported in EEG studies.*® NIRS
can measure local cortical hemodynamics in macroscopic
(~1-10 cm?) tissue volumes*' and the light penetration depth is
more than 2 cm (under 4 cm light source to sensor distance).'s’
Therefore, we believe that NIRS can measure hemodynamics
of numbers of local prefrontal cortical columns modulated by
sleep. The IPs of local hemodynamics occurring before global
SWS may be a hemodynamic marker of local SWS in the mea-
sured cortex. Further studies conducting high-density EEG
and whole brain NIRS measurements are needed to further test
whether local SWS in specific cortical area can induce similar
local hemodynamic changes as shown in this study.

Fourth, the importance of intraparenchymal vessels in neu-
rovascular coupling via their anatomical and functional con-
nections to astrocytes has been recognized recently.** The
information NIRS measured comes from both pial arteries
and intraparenchymal vessels,'®*?*! so we cannot distinguish
their exact contributions (although probably mainly from
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small vessels®**, e.g., smaller arteries, arterioles, venules, and
capillaries major in parenchyma). However, our data can still
provide insights into neurovascular coupling during sleep. We
should expect a decreasing cerebral perfusion in SWS if we
follow the hypothesis of synaptic downscaling (i.e., synaptic
downscaling should reduce cerebral metabolism to improve
signal to noise ratio and to save energy thus decreasing cere-
bral perfusion).” However, we found opposite results (i.e., in-
creasing cerebral BV) allowing us to reasonably hypothesize
that the regulation of cerebral perfusion during sleep does not
simply depend on neuronal metabolic activity alone, but also
relies on other mechanisms such as glial and astrocyte control
of transmitters (e.g., NO and adenosine).?*4

CONCLUSION

We found that the hemodynamic changes in cerebral and
muscular tissues show distinct changing patterns after falling
asleep. Of note, our result of increasing cerebral BV in pre-
frontal cortex from N2 to SWS does not contradict the de-
creasing CBF reported by previous studies™> 7’ because
essentially CBF is not equal to cerebral BV,* but provides
evidence showing that the amount of cerebral blood increases
in SWS. As we can reasonably attribute the increasing BV to
vasodilatation, our data can fill in the gap between previous
results on CBF, PaCO,, neurotransmitters, and recent studies
on vasodilatation. Thus, providing cerebral and muscular BV
changes will be helpful to improve our knowledge of sleep
regulation mechanisms.
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