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Obstructive sleep apnea (OSA) and central sleep apnea (CSA) are two main types of sleep
disordered breathing (SDB). While the changes in cerebral hemodynamics triggered by OSA
events have been well studied using near-infrared spectroscopy (NIRS), they are essentially
unknown in CSA in adults. Therefore, in this study, we compared the changes in cerebral oxy-
genation between OSA and CSA events in adult patients using NIRS. Cerebral tissue oxygen
saturation (StO2) in 13 severe SDB patients who had both CSA and OSA events was measured
using frequency-domain NIRS. The changes in cerebral StO2 desaturation and blood volume
(BV) in the ¯rst hour of natural sleep were compared between di®erent types of respiratory
events (i.e., 277 sleep hypopneas, 161 OSAs and 113 CSAs) with linear mixed-e®ect models
controlling for confounders. All respiratory events occurred during non-rapid eye movement
(NREM) sleep. We found that apnea events induced greater cerebral desaturations and BV
°uctuations compared to hypopneas, but there was no di®erence between OSA and CSA. These
results suggest that cerebral autoregulation in our patients are still capable to counteract the
pathomechanisms of apneas, in particularly the negative intrathoracic pressure (ITP) caused by
OSA events. Otherwise larger BV °uctuations in OSA compared to CSA should be observed due
to the negative ITP that reduces cardiac stroke volume and leads to lower systematic blood
supply. Our study suggests that OSA and CSA may have similar impact on cerebral oxygenation
during NREM sleep in adult patients with SDB.
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1. Introduction

Obstructive sleep apnea (OSA) and central sleep
apnea (CSA) are two main types of sleep disordered
breathing (SDB). OSA is the most common form of
SDB with a prevalence of up to even about 40% in
the general population.1 OSA event is characterized
by reduction or even cessation of breathing caused
by an obstruction of the upper airway during sleep,
usually at the level of the tongue and epiglottis due
to a reduction in muscle tone.1,2 It can cause hyp-
oxia (i.e., a decrease in blood oxygen saturation)
and strong negative intrathoracic pressure (ITP)
swings because the patients still have inhalation
e®orts in spite of the obstruction of upper airway.
OSA event is usually terminated by arousal which is
characterized by several seconds of wakefulness to
regain muscle tone associated with a rise in heart
rate and blood pressure. CSA is less common than
OSA. CSA event is characterized by cessation of
breathing e®orts during sleep due to absent venti-
latory drive (i.e., brain doesn't send proper signals
to the respiratory muscles) without upper airway
obstruction.3,4 So unlike OSA, CSA usually cannot
cause ITP swings as patients have no inhalation
e®orts. But similarly, the repetitive OSA and CSA
events can both result in intermittent hypoxia, sleep
fragmentations and recurrent arousals during sleep5

OSA is frequently associated with excessive daytime
sleepiness and cognitive dysfunctions, and both
OSA and CSA are high risk factors leading to the
development of cardiovascular diseases including
systemic hypertension, stroke and ischemic heart
disease.6–10 It is common to ¯nd OSA and CSA
events in the same patient with SDB and patients
who already have cardiovascular diseases such as
heart failure11 and stroke.12

A better understanding of the changes in cerebral
hemodynamics caused by OSA and CSA events
may be the key to understand the acute (e.g., day-
time sleepiness and bad mood) and chronic (e.g.,
hypertension and stroke) cerebral damage caused
by SDB.10,13–17 In the past decades, many studies
have applied near-infrared spectroscopy (NIRS) to
study the cerebral hemodynamic changes induced
by OSA events13,18–22 and even during treat-
ment17,23,24 in patients. Compared to other neuro-
imaging methodologies such as functional magnetic
resonance imaging (fMRI), positron emission
tomography (PET) and single-photon emission
computed tomography (SPECT), NIRS is naturally

suitable to measure cerebral hemodynamics in
human during all-night sleep because its sensors
can be easily attached to human's head and have
good tolerance to movement.25–27 NIRS is sensitive
to hemodynamic changes in microvascular bed (i.e.,
arterioles, venules and capillaries).28,29 It can
simultaneously measure changes in oxygenated
hemoglobin (HbO2), de-oxygenated hemoglobin
(HHb), blood volume (BV) and tissue oxygen sat-
uration (StO2), thus providing better insights into
the cerebral hemodynamic consequences induced by
respiratory events.

Previous studies using NIRS have repeatedly
shown a pattern of a decrease in HbO2 and StO2

while an increase in HHb during OSA events in
patients.13,17–24 After the termination of the apneic
event, these parameters change in the opposite
directions. However, very few NIRS data on CSA
events have been reported so far. Several studies on
cerebral hemodynamics in CSA events have been
performed in infants especially in preterm
infants,30–33 because immaturity of their respiratory
system is frequently manifested as CSA. The ex-
cessive or persistent apnea of prematurity during
infancy is associated with signi¯cant falls in cerebral
oxygenation31,33 which is supposed to be associated
with poor long-term neurodevelopmental outcomes.
However, infants have a general immaturity in
many other systems such as cardiovascular and
neuronal systems, making it complicated to inter-
pret the cerebral hemodynamic changes in sleep
apneas. For example, Jenni et al.32 reported four
di®erent patterns of behavior of NIRS parameters
during sleep apneas in preterm infants. Several re-
cent studies also compared the cerebral StO2 desa-
turation between di®erent types of sleep apneas in
children with SDB but with inconsistent results.
Tabone et al. found similar cerebral StO2 desa-
turations in CSA and OSA events and the decreases
are signi¯cantly larger than the StO2 desaturations
for sleep hypopneas.34 However, Tamanyan et al.
reported a greater cerebral StO2 desaturation in
CSA events compared to obstructive events in-
cluding the obstructive hypopneas and apneas.35 It
is remarkable that both studies reported that
younger children have a greater cerebral desatura-
tion compared to older ones. These results can be
explained by a lower capacity of cerebrovascular
autoreactivity and an immaturity of neural auto-
nomic control in younger children.34,35 Therefore,
the degree of NIRS cerebral desaturation in SDB
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may be age dependent and explains why results of
infants and children cannot be applied to adults
who have mature cerebrovascular and neural auto-
nomic systems.

To the best of our knowledge, the di®erences in
cerebral desaturations between CSA and OSA
events in adults are essentially unknown. Therefore,
in this study, we aim to compare the changes in
cerebral desaturation between di®erent respiratory
events in adult patients with SDB using NIRS. We
hypothesize that obstructive and central sleep
apneas can lead to larger and more profound cere-
bral desaturations compared to sleep hypopneas,
considering that the air°ow only partially drops in
hypopneas but totally stops in apneas. Since OSA
events can lead to stronger negative ITP that can
reduce cardiac stroke volume compared to CSA
events (i.e., reduced systemic blood supply from the
heart),11,36 we hypothesize that the changes in ce-
rebral StO2 and BV may be stronger in OSA than in
CSA events.

2. Materials and Methods

2.1. Patients

We screened 33 newly diagnosed patients from our
sleep center with severe SDB as indexed by an
apnea–hypopnea index (AHI)� 30/h but without
comorbidities of severe unstable coronary/cerebral
artery diseases, severe arterial hypertension/hypo-
tension, or severe respiratory diseases. In the ¯rst
night all patients underwent video-PSG recording
(Embla RemLogic, Natus Medical Incorporated,
Tonawanda, NY, USA) for diagnosis. On next day,
when diagnosis of SDB was con¯rmed, continuous
positive airway pressure (CPAP) therapy was
recommended as a suitable treatment solution by
clinicians. In the following night, the patients un-
derwent stepwise CPAP (AirSenseTM10, ResMed)
titration together with video-polysomnography
(PSG) and cerebral NIRS recordings: 1 h baseline
sleep without CPAP followed by stepwise incre-
ment of 1-cmH2O pressure per-hour starting from 5
to 8 cmH2O depending on the individuals. Then,
only patients had both central and obstructive sleep
apneas during the ¯rst 1 h baseline sleep without
CPAP were included in our analyses, which were 13
patients. The demographics of these 13 patients
were shown in Table 1. All patients gave their
written informed consent. This study was approved

by the local ethical commission of Northwest
Switzerland and was in compliance with the
declaration of Helsinki.

2.2. Polysomnography

Polysomnography (PSG) comprehensively records
the biophysiological signals during sleep. It includes
electroencephalography (EEG) at electrode loca-
tions of F3, F4, C3, C4, O1 and O2 according to
10–20 system, eye movements (electrooculogram,
EOG), muscle activity (electromyogram, EMG), elec-
trocardiogram (ECG), breathing functions (respira-
tory air°ow and respiratory e®ort indicators), heart
rate (HR) and peripheral arterial oxygen saturation
(SpO2). Each patient was videotaped with an infrared
camera to allow for assessment of the movement dur-
ing sleep. Two experienced sleep technologists inde-
pendently scored the sleep stages, respiratory and limb
movement events, and motion artifacts in 30 s epochs
according to the 2017 American Academy of Sleep
Medicine manual (AASM 201737). The discrepancy
between these two technologists was solved by their
discussion or the recommendation of an experienced
neurophysiologist. Only the data of the ¯rst 1 h
recordings were used in this study.

2.3. Frequency-domain multi-distance
near-infrared spectroscopy

Frequency-domain multi-distance (FDMD)-NIRS
(Imagent, ISS, Champaign IL, USA) measurements

Table 1. The demographics of patients and results of the ¯rst
one-hour sleep polysomnography.

Parameter Value

Age 58.7 � 3.3
Gender Male:12; Female:1

BMI (kg/m2) 36.7 � 2.3

AHI at diagnosis 62.7 � 6.8
Sleep latency (min) 13.3 � 3.6
Total recording time (min) 60.5 � 1.1
Total sleep time (min) 39.2 � 3.9
Sleep e±ciency (%) 65.1 � 6.7
Number of awakenings 6.1 � 2.0
Wake after sleep onset (min) 8.0 � 2.6
Oxygen desaturation index (/h) 90.1 � 10.5
Mean SpO2 (%) 90.5 � 0.5
Lowest SpO2 (%) 83.0 � 1.1

Note: BMI: Body mass index, AHI: Apnea-hypopnea index.
Data are expressed as the mean � standard error.
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were conducted over the middle of left forehead
(i.e., in the middle of the area that below the hair-
line and above the left brow). The light emitters
(eight laser diodes, 4 at 690 nm wavelength and 4 at
830 nm wavelength, so they were coupled into 4
sources) of the Imagent device were modulated at
110MHz and the light can penetrate into the mea-
sured tissues with a depth of approximately 3–4 cm
when the four coupled light sources were aligned
and placed at 2 cm, 2.5 cm, 3 cm and 3.5 cm away
from an optical ¯ber bundle that was connecting to
the photomultiplier tube detector. The cerebral
HbO2 and HHb were calculated from the ¯tted
slopes of the modulated light amplitude and phase
shifts over the four various distances.38,39 The sum
of HbO2 and HHb (i.e., the total hemoglobin) was
an index for the changes in cerebral BV. The ab-
solute value of StO2 was also calculated in FDMD-
NIRS.39 Before the start of every patient recording,
the NIRS device was calibrated on optical phantom
blocks.

The sample rate of FDMD-NIRS recording was
5.2Hz. 2-s preceding and 5-s following the sleep
apnea/hypopnea event was selected as baseline and
recovery phase, respectively. The reliability of
FDMD-NIRS measurement depended on the lin-
earity of the raw optical signals on distances, i.e.,
the linear dependence R2 of modulated light am-
plitude and phase shift over the measuring distances
should be highly close to 1 in each light wavelength.
The raw optical data were discarded if the R2 was
smaller than 0.95 in either modulation amplitude or
phase shift in any wavelength to exclude poor-
quality data due to the improper probe-skin contact
and shunted light reaching the detector without
travelling through the tissue.17,36,40–42 The StO2

values smaller than 30% or larger than 90% were
discarded to exclude the potential movement arti-
facts or unreliable recordings, considering that the
normal NIRS StO2 baseline value is between 50%
and 80%.43,44 The NIRS data were subjected to a
low-pass (< 0:08Hz) zero-phase ¯lter designed
using Hanning window to remove the physiological
noises including heart rate, respiratory noise
and spontaneous slow hemodynamic oscilla-
tions.17,22,36,41,42,45 Then, the ¯ltered data were
smoothed with moving average smooth method
(robust locally weighted scatter plot smoothing46

which assigns zero weight to data outside six mean
absolute deviations).17,22,36,41,42 The coe±cient of
variation (CV, i.e., std./mean) of BV (CV–BV)

during apnea/hypopnea and recovery phase was
calculated. CV is a standardized measure of the
variability of the data in relation to their mean,
which can eliminate the bias due to individual dif-
ferences. It has been used in previous NIRS studies
to quantify the cerebral hemodynamic changes,29,47

including our previous study of cerebral BV changes
in patients with OSA.17 Smaller changes in CV–BV
indicated smaller changes in the cerebral perfusion
(i.e., the cerebral BV during the apnea/hypopnea
event was more stable).17 The mean StO2 at base-
line before event onset and the subsequent decrease
(i.e., cerebral desaturation, which was the maximal
value minus the minimal value after the event
onset) was also calculated.

2.4. Statistical analyses

Kruskal–Wallis rank sum test was applied to test
whether the changes in StO2 desaturation and CV–
BV were di®erent among CSA, OSA and hypopnea
events, and post hoc pairwise comparisons were
done using Dunn's test with P -values adjusted by
Benjamini and Hochberg method. Mixed sleep
apneas were excluded from the analyses. The
changes in cerebral oxygenation can be in°uenced
by many confounders (e.g., duration of event, se-
verity of diseases, age and sleep stages) besides the
type of events. Therefore, linear mixed-e®ects model
(LMM) with a random intercept by patients was
used to quantify the di®erences in StO2 desatura-
tion and CV–BV between hypopneas, OSA and
CSA events, respectively. Age, BMI, AHI, duration
of respiratory event, mean HR during the event and
the baseline StO2 before the onset of the event were
covariates added in the LMMs. Stepwise regression
using backward elimination was done to automati-
cally select the best explanatory variables by elim-
inating the nonsigni¯cant covariates. Since there
are di®erent methods for calculating R2 for LMM to
measure its goodness of ¯t, we reported both the
conditional R2 calculated according to Ref. 48 and
�2 is calculated according to Ref. 49, which are two
most frequently used R2, to assess the ¯tting qual-
ity of our ¯nal selected models.17,42

Data were expressed as the mean� standard
error (SE) unless otherwise indicated. The pre-
processing of NIRS signals were carried out in
MATLAB (The Math-Works, Inc., Natick, MA,
USA). All statistical analyses were performed using
R (version 3.2.4). The LMM models were done
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using the R package lme4, and the automatic
stepwise regression was done using the R package
lmerTest. P -value < 0:05 indicated signi¯cance in
all statistical analyses.

3. Results

In total, we successfully measured changes in NIRS
signals during 277, 161 and 113 hypopneas, ob-
structive and central apneas during the one-hour
baseline recordings, respectively. The sleep-related
parameters during this one-hour sleep are shown in
Table 1. All respiratory events occurred during
non-rapid eye movement (NREM) sleep, as none of
the patients entered into REM sleep during their
¯rst hour sleep. It is not feasible to provide a ¯gure
showing the average changing trends of the NIRS
signal during apnea/hypopnea events because of the
large variations of the lengths of apnea/hypopnea
events, i.e., the median duration of CSA, OSA and
hypopnea is 17 s (IQR: 13–24 s), 18 s (IQR: 14–22 s)
and 18 s (15–23 s), respectively. Thus, a represen-
tative sample of changes in NIRS signals during
di®erent respiratory events is given in Fig. 1. Ce-
rebral HbO2 and StO2 decrease while HHb increases
at event onset and all parameters show a reverse
pattern after the recovery of breathing, which is a
typical hemodynamic pattern triggered by sleep

apneas and hypopneas as reported in previous
studies.13,17–24 Changes in cerebral BV are more
heterogeneous. In some events, BV ¯rst decreases
and then increases during the events while a re-
versing pattern is seen in other events. These ¯nd-
ings also ¯t the results reported in previous
studies.22 Although heterogenous these °uctuation
of BV can still be interpreted as cerebral vasomotor
activities.17

The median of cerebral StO2 desaturation in
CSA, OSA and hypopnea is 3.2% (interquartile
range [IQR]: 2.3–4.8%), 2.4% (IQR: 1.9–3.0%) and
2.4% (IQR: 1.9–3.3%), respectively; and the corre-
sponding median CV–BV is 1.3 (IQR: 1.1–1.7), 1.2
(IQR: 0.9–1.6) and 1.0 (IQR: 0.8–1.4), respectively.
Kruskal–Wallis rank sum test ¯nds signi¯cant dif-
ferences in StO2 desaturation (P -value < 0:001)
and CV–BV (P -value < 0:001) among these three
types of events, and the results of post hoc pairwise
Dunn's tests are shown in Fig. 2. However, these
results should be interpreted with caution because
of many confounders mentioned in Sec. 2.4.

The results of the ¯nal LMM model selected by
stepwise regression predicting changes in cerebral
StO2 and CV–BV are summarized in Tables 2
and 3, respectively. The conditional R2 and �2 of
the model for StO2 are 0.77 and 0.67, respectively.
These two values are 0.59 and 0.46 of the models for

(a) (b) (c)

Fig. 1. The samples of near-infrared spectroscopy (NIRS) changes in di®erent respiratory events. BV is blood volume. a.u. is
arbitrary unit. The red curve is HbO2 and the blue dotted curve is HHb.

The impact of central and obstructive respiratory events on cerebral oxygeneation in adults

2340004-5

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
3.

16
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 B

E
R

N
 U

N
IV

E
R

SI
T

Y
 H

O
SP

IT
A

L
 o

n 
01

/0
3/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



CV–BV, respectively. OSA and CSA events result
in greater cerebral desaturations and larger °uc-
tuations in cerebral BV compared to sleep hypop-
neas, but there is no signi¯cant di®erence between
OSA and CSA events. The duration of the respi-
ratory event is a signi¯cant predictor associated
with changes in both the cerebral desaturation and
BV. Events with higher baseline StO2 before their
onsets have smaller desaturations during the events

compared to the ones with lower baseline StO2.
Higher mean HR during the event is associated with
smaller changes in cerebral BV.

4. Discussion

Our study for the ¯rst time compares the cerebral
oxygenation between OSA and CSA events in adult
patients with SDB. We ¯nd that CSA and OSA

Table 2. The outcomes of the linear mixed-e®ects model of the
cerebral StO2 desaturations.

Covariates

Estimate

(10�1)

95%CI

(10�1) t-value P -value

Duration of event 0.54 [0.40, 0.68] 7.59 < 0:0001
StO2 before

onset
�0.88 [�1.35, �0.41] �3.76 0.00021

Types of events
OSA–CSA �1.04 [�3.69, 1.61] �0.77 0.44
OSA-Hypopnea 1.78 [�0.34, 3.90] 1.65 0.098
CSA-Hypopnea 2.82 [0.29, 5.35] 2.18 0.029

Note: CI: Con¯dence interval, OSA: Obstructive sleep apnea,
CSA: Central sleep apnea.

(a) (b)

Fig. 2. The boxplots of changes in StO2 desaturation (a) and the coe±cient of variation of blood volume (b) in central apnea,
obstructive apnea and hypopnea. CV–BV is the coe±cient of variation of blood volume. The P -values are given by post hoc pairwise
Dunn's test.

Table 3. The outcomes of the linear mixed-e®ects model of the
changes in cerebral blood volume.

Covariates

Estimate

(10�1)

95%CI

(10�1) t-value P -value

Duration of event 0.16 [0.087, 0.23] 4.17 < 0:0001
Mean HR

during event
�0.15 [�0.22, �0.079] �4.09 < 0:0001

Types of events
OSA–CSA 0.55 [�0.84, 1.94] 0.77 0.44
OSA-Hypopnea 2.96 [1.84, 4.08] 5.18 < 0:0001
CSA-Hypopnea 2.41 [1.06, 3.76] 3.50 0.0005

Note: CI: Con¯dence interval, HR: Heart rate, OSA: Obstruc-
tive sleep apnea, CSA: Central sleep apnea.

R. Khatami et al.
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events cause similar cerebral desaturation and
cerebral BV °uctuations, and these changes are
greater in apneas compared to hypopneas. The
similar hemodynamic response induced by OSA and
CSA is remarkable considering the di®erent patho-
mechanisms underlying both apnea events. OSA
but not CSA causes a strong negative ITP which
reduces the cardiac stroke volume and leads to an
insu±cient systemic blood supply. Such a decline in
systematic hemodynamics imposes a stronger chal-
lenge for cerebral autoregulation in OSA compared
to in CSA. It is therefore reasonable to expect larger
cerebral desaturations and BV °uctuations OSA
compared to in CSA. However, our results contra-
dict this hypothesis, suggesting that the cerebral
autoregulation may be still capable to cope with the
insu±cient systemic blood supply due to negative
ITP. Therefore, unlike the results previously pub-
lished in children SDB,35 CSA and OSA may have
similar impact on cerebral oxygenation in adult
patients even with severe SDB at least during the
¯rst hour of NREM sleep.

Another evidence supporting our assumption of
functional cerebral autoregulation in our patients is
the changing pattern of cerebral BV in OSA and
CSA events shown in Fig. 1. Cerebral BV ¯rst
decreases and later increases during later phase of
the respiratory strains in both types of apnea
events. This pattern has been previously reported in
OSA events.13,18,22 The increase in BV could be due
to cerebral vasodilation which may be regulated by
the cerebral autoregulation mechanisms. Further
research is needed to test whether the increased
cerebral BV during apneas is speci¯c to intact ce-
rebral autoregulation. We therefore suggest that
future studies should focus on SBD-patients with
impaired cerebral autoregulation such as patients
with post-stroke attack.

In our results, longer respiratory events are as-
sociated with larger cerebral desaturation and
changes in cerebral BV, which agree with the results
of the recent study comparing the cerebral oxyge-
nations between obstructive sleep apneas and
hypopneas.17 These results are plausible because
long cessation of inhaling causes longer period of
oxygen de¯cit (i.e., greater hypoxia) thus resulting
in greater cerebral desaturation. Longer pauses in
exhaling can lead to larger accumulation of CO2

(i.e., greater hypercapnia) thus causing stronger
cerebral vascular responses. Since longer apnea
events are associated with larger decrease in HR,50

it is reasonable that event duration and the mean
HR during the event have contrary in°uences to the
cerebral BV °uctuation (Table 3). Thus, our study
directly provides evidences that longer respiratory
events can cause more profound changes in cerebral
hemodynamics. Currently, the clinical criteria of
SDB severity solely rely on AHI. New metrics be-
yond the AHI criteria are desperately needed in this
¯eld.1 We suggest that future studies should further
investigate the relationship between longer respi-
ratory events and the clinical outcomes (e.g., car-
diovascular events including stroke) in patients
with SDB, which may provide new metrics to better
classify SDB.

Increasing evidences suggest that SDB may lead
to cognitive impairment through the apnea/
hypopnea associated intermittent hypoxia.51 Since
OSA is more common than CSA, previous studies in
this topic mainly focused on patients with OSA and
have repeatedly reported that the OSA associated
hypoxia can contribute to cognitive decline in el-
derly population52 and patients with dementia such
as Alzheimer's disease.53 In our study, we found
that the cerebral StO2 desaturation is similar be-
tween OSA event and CSA event. Considering that
CSA is another common type of SDB associated
with intermittent hypoxia, it is reasonable to hy-
pothesize that CSA could be also involved in the
developments of some dementia. Future research in
the ¯eld of SDB and dementia should take the
mechanisms of CSA into account.

There are several limitations in our study. First,
the data analyzed are only measured in the ¯rst
hour of sleep without CPAP pressure, so all respi-
ratory events are only from NREM sleep. We do not
have data during REM sleep which mainly occurs in
the later phase of sleep in the morning. This is be-
cause our data are part of another project aiming to
characterize the cerebral hemodynamics during
clinical routine CPAP titration. CPAP pressures
during the titration can in°uence cerebral oxygen-
ation,17 or even trigger the so called treatment-
emergent CSA in which the pathophysiological
mechanism is still unclear.54 Previous studies have
shown that obstructive apneas/hypopneas are lon-
ger and associated with more severe SpO2 desa-
turations in REM sleep compared to NREM
sleep.55–57 Thus, although our selection of data only
from the ¯rst hour of sleep `accidentally' controlled
for the confounder sleep stages, future studies
comparing the impact of OSA and CSA on cerebral
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oxygenation during REM sleep are needed. Second,
we have a relatively small sample size of 13 patients.
Future studies with a large sample size including
patients with di®erent severities may provide better
insights into the degree of cerebral oxygenation
triggered by di®erent respiratory events. Third, we
did not further distinguish hypopnea events as ob-
structive hypopnea or central hypopnea, because it
is often di±cult or unreliable to accurately classify
these two types of hypopnea using visual pattern
recognition method based on respiratory band and
air°ow signals in routine polysomnography.58 A
precise distinction would require additional esoph-
ageal manometry to accurately quantify instanta-
neous respiratory e®ort.36 Although the main goal
of this study is to compare the changes between
OSA and CSA events that seems to be less in°u-
enced by this limitation, we admit that to further
specify the type of hypopnea events can provide a
better understanding of the impact of central re-
spiratory events on the brain. Fourth, the condi-
tional R2 and �2 of our LMM models are not close
to 1 which indicates that the variability of the de-
pendent variable cannot be fully explained by the
models, although our models can explain the ma-
jority of the variability of the data. We think these
results are reasonable, because the changes in StO2

and blood volume can also be in°uenced by other
factors not measured in our study, such as CO2 level
and the capacity of vasoreactivity of the vascular
bed.15,59 Future studies that thoroughly measure
these potential predictors will provide further
insights into the pathophysiologies of cerebral he-
modynamic consequences in patients with SDB.

5. Conclusions

Our study for the ¯rst-time reports that central and
obstructive sleep apneas cause similar cerebral
desaturation and cerebral blood volume °uctua-
tions in adult patients with severe SDB. These
results contradict our hypothesis that the changes
in cerebral oxygen saturation and blood volume
may be stronger in obstructive sleep apneas than in
central sleep apneas as the negative intrathoracic
pressures caused by obstructive sleep apneas can
reduce cardiac stroke volume and systematic blood
supply to the brain. Our study suggests that
central and obstructive sleep apneas may have
similar impact on cerebral oxygenation in patients
with SDB.
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