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Sleep disordered breathing (SDB) of the ob-
structive type is a continuum of sleep-re-
lated breathing alterations consisting of 
recurrent upper airway obstructions with consequent inter-
mittent hypoxia and sleep fragmentation, leading to several 
daytime symptoms, such as reduction in alertness, excessive 
daytime sleepiness, and cognitive functions, that finally consti-
tute the obstructive sleep apnea syndrome (OSAS).1

Hemodynamic consequences of obstructive SDB include 
acute and chronic effects. Acutely, the recurrent cycling of 
apnea and recovery generates intermittent large negative in-
trathoracic pressures during obstructive apneas (associated 
with increased myocardial oxygen consumption and changes 
in ventricular preload and afterload), followed by rises in 
arterial blood pressure at the termination of the apnea, with 
parallel repetitive bradycardia and tachycardia episodes dur-
ing sleep.2 Chronically, the impact of obstructive SDB on the 

circulatory system is severe and includes the development of 
systemic hypertension as well as the promotion of inflamma-
tion and atherosclerosis.3,4 Several studies have already proven 
a strong link between SDB and cardiovascular events (includ-
ing stroke) and have suggested an increase in cardiovascular 
morbidity and mortality independent of associated cardiovas-
cular risk factors.5-8

A pathophysiologic link between nocturnal recurrent hy-
poxemia and brain damage has been established by metabolic 
studies disclosing subtle, but irreversible, white matter and 
cortical metabolic impairment in patients with OSAS, even 
in subjects free from associated vascular risk factors.9-11 Tran-
scranial doppler (TCD) studies assessing cerebral blood flow 
velocity (CBFV) of the middle cerebral artery during sleep 
have shown significant alterations in patients with OSAS.12 
The common findings are an overall reduction of CBFV dur-
ing sleep in patients with OSAS and the occurrence of CBFV 
swings associated with the respiratory events (with most of the 
authors reporting a transient compensatory increase in CBFV 
followed by a decrease to baseline or lower levels during ob-
structive apneas).13-16

Cerebral near-infrared spectroscopy (NIRS) noninvasively 
monitors the concentration of oxygenated and deoxygenated 
haemoglobin (O2Hb, HHb), thus allowing the measurement 
of tissue oxygen saturation (StO2) and total hemoglobin (tHb) 
concentration, which is considered an equivalent of blood vol-
ume in NIRS studies, in the tissue volume illuminated by near-
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infrared light. Four studies have applied NIRS during sleep in 
a total of 43 patients with SDB (data from 8 presented twice 
in 2 studies).17-20 Three studies showed a consistent decrease 
of O2Hb and StO2 together with an increase of HHb and tHb 
during obstructive apneas in 24 patients with OSAS. The cere-
bral hemodynamic changes correlated with the duration of the 
apnea and were associated with concomitant alterations of the 
cytochrome oxidase redox state.17-19 The fourth study suggested 
lower mean indexes of brain tissue oxygenation during sleep 
in 19 patients with SDB (even if independently influenced by 
age).20 These NIRS studies share an important limitation be-
cause they all assessed almost exclusively obstructive apneas 
of patients with severe SDB, without further investigating the 
complex disease spectrum.

In addition to having methodologic limitations, these studies 
did not address the question regarding a possible threshold for 
the impairment of cerebral circulatory autoregulation. The main 
aim of the current study, therefore, was to assess the impact of 
different types of respiratory events on cerebral hemodynamics 
in patients with SDB of variable severity.

Methods
Nineteen patients (18 men, 1 woman) referred to the sleep 

laboratory of the Neurology Department of the University 
Hospital Zürich for habitual nocturnal snoring and daytime 
sleepiness were assessed. Clinical examination included stan-
dardized scales for the assessment of respiratory symptoms and 
of subjective daytime sleepiness, i.e., the Epworth Sleepiness 
Scale (ESS).21 Full-night videopolysomnography (VPSG) was 
coupled with cerebral NIRS recording performed with the Oxi-
plexTS (ISS, Champaign, IL). The VPSG was performed and 

scored according to international criteria for clinical purposes.22 
The study was approved by the local ethics board, and patients 
signed a written informed consent.

Patients
The 18 men and 1 woman (mean age 54 ± 14 years) had a 

mean body mass index (BMI) of 29 kg/m2 (± 5, range 21-39 kg/
m2). They all had symptoms supporting the clinical diagnosis 
of SDB, and the mean ESS was 11 (± 5, range 3-19; 12 patients 
with an ESS score > 11; normal value ≤ 11).21 The nocturnal 
VPSG disclosed a wide spectrum of SDB, with a mean apnea-
hypopnea index (AHI) of 24 events per hour (± 30, range 0-93), 
a mean oxygen desaturation index (ODI) of 21 events per hour 
(± 27, range 0-78), a mean oxygen saturation of 93% (± 4%, 
range 80%-97%), and a minimum oxygen saturation of 84% 
(± 10%, range 59%-93%). Five patients had an AHI greater 
than 30 per hour (severe OSAS), 7 patients had an AHI between 
5 and 30 per hour (mild SDB), and 7 subjects had simple snor-
ing (an AHI < 5/h).1,23 Clinical and polysomnographic details of 
our patients are shown in Table 1.

Objective Testing
The OxiplexTS is based on a frequency-domain technol-

ogy, which provides absolute values of StO2, O2Hb, HHb and 
tHb.24 In short, the instrument operates at 2 wavelengths, 690 
nm and 830 nm, corresponding to high absorption of HHb and 
O2Hb, respectively. The light generated by 16 laser diodes (8 
per wavelength) is intensity modulated at a frequency of 110 
MHz. The light from the instrument to the tissue and back to 
the instrument is guided through optical fibers. The light is 
collected in 2 photomultiplier tube detectors and demodulated 

and its mean intensity, modula-
tion amplitude and modulation 
phase, which correspond with 
the time the light needs to travel 
through the tissue, are determined 
and stored in a computer. These 
parameters are measured at differ-
ent distances, i.e., a multidistance 
approach. This allows fully quan-
tifying the light-scattering and ab-
sorption properties of the tissue. 
From the absorption, StO2, O2Hb, 
HHb, and tHb concentrations are 
determined. In addition, the multi-
distance approach subtracts the 
superficial layers (skin and skull) 
of the tissue and thus yields val-
ues of the brain (Figure 1A).25 The 
average intensity of the light we 
use images a volume of the corti-
cal brain equal to 1 to 2 cm3. In 
our recordings, the sampling fre-
quency was set at 1 Hz. A single 
probe with 4 light sources and 1 
detector was calibrated using a 
calibration block of known opti-
cal properties and subsequently 
attached to the right forehead via a 

Table 1—Clinical and polysomnographic features of the population

Sex Age, y BMI, kg/m2 ESS AHI, no./h ODI, no./h Mean SaO2% Min SaO2%
M 56 33.1 5 4.5 3.2 94.7 88
M 47 31.9 18 2.1 4.4 94.3 85
F 83 34.7 12 4.3 4.3 93.3 89
M 58 24.5 8 0.2 0.2 95.5 92
M 26 24.1 8 0.5 1 96.4 92
M 58 21.1 14 1.8 1.8 94.9 91
M 57 27.4 11 1.7 1.7 95.8 91
M 51 39.4 13 13.8 15.8 92.3 85
M 55 29.1 14 11.2 7.9 95.7 83
M 70 27.8 16 28.6 12.4 95.5 87
M 52 26.6 18 10.4 1.1 97.3 93
M 52 27.5 10 6.3 7.6 95.9 90
M 46 24.3 14 8.5 4.9 96.5 89
M 66 25.3 6 20.3 17.3 93.7 85
M 52 33.1 15 72.2 76.2 91.3 68
M 39 33.9 12 92.9 77.6 84.4 64
M 60 26.4 20 80.2 56.1 93.7 87
M 75 37.7 12 64.6 68.3 79.8 59
M 61 31.9 3 39.6 37.7 94.6 79

Abbreviations: BMI refers to body mass index; ESS, Epworth Sleepiness Scale score; AHI, apnea-hypopnea 
index; ODI, oxygen desaturation index; SaO2, peripheral oxygen saturation; M, male; F, female.
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medical adhesive and shielded from external light with a cotton 
bend before the start of the recording (Figure 1B). NIRS data 
were subsequently postprocessed by OxiTS® software (Version 
3.1.10, ISS Inc., Champaign, IL) ��������������������������and imported in the Somno-
logica Studio® environment (Embla Inc., Broomfield, CO) for 
further analysis.

NIRS data associated with respiratory events (obstructive 
apneas and hypopneas) occurring in different sleep stages (non-
rapid eye movement [NREM] and rapid eye movement [REM] 
sleep) have been exported together with SpO2 data within a time 
window of 40 seconds before and 80 seconds after the occur-
rence of a clear airflow alteration in the nasal-flow channel. 
Hypopnea events were included in the analysis if the reduc-
tion of nasal airflow was accompanied by a minimum of 4% 
of peripheral oxygen desaturation. Data associated with move-
ment artifacts detectable on electroencephalographic channels 
were excluded from further analysis, as were data not related to 
sleep, as indicated by the VPSG.

Thereafter, we averaged NIRS (and peripheral oxygen 
saturation, SpO2) data within each subgroup (type of respira-
tory event occurring in specific sleep stage) for each patient. 
The averaged traces were normalized to value 0 (µmol/L for 
tHb, O2Hb, and HHb or percentage for StO2 and SpO2) at sec-
ond 0 of the exported time window, i.e., the occurrence of 
the nasal-flow alteration in the VPSG. The SpO2 was plotted 
to detect when the SpO2 signal began decreasing and when it 
recovered, thus defining the length of the respiratory event. 
The SpO2 signal was integrated, calculating the area of the 
event included between the horizontal line passing through 
the first marker and the SpO2 average (Figure 2A). Averaged 
NIRS parameters were subsequently plotted together to de-
tect when the first hemodynamic change (decrease of StO2 or 
O2Hb, increase of HHb) was clearly occurring close to time 0 
seconds. Synchronous integrations on each NIRS parameter 
were applied from the start of the cerebral event, calculating 
areas having the length of the respiratory event, as defined on 

the SpO2 channel (Figure 2B). The final results of the integrals 
were adjusted for the duration of the respiratory event, leading 
to relative changes per time unit (second) of SpO2, StO2, tHb, 
O2Hb, and HHb.

A nonparametric univariate analysis of variance (Kruskall-
Wallis test) was performed to assess significant differences be-
tween different types of respiratory events and different degrees 
of disease severity for the relative changes of SpO2 and cerebral 
NIRS parameters. Subsequently, relative changes of SpO2 were 

Figure 1—Light path of near-infrared (NIRS) light from the light source 
to the detector through the tissue (A) and positioning of the NIRS optode 
on the right forehead (B).
Figure 1A shows the light path of NIRS light from a single light source 
through superficial layers (skin and skull) to the cerebral tissue and back 
to the light detector. The multidistance approach uses different light 
sources at specified distances from a common light detector to allow the 
subtraction of the influence of superficial tissue from NIRS recording. The 
light path is bent and reaches a maximum depth of about 2 cm beneath 
the center of the multidistance sensor, defining the region of sensitivity of 
NIRS that originates at the light source and extends to the detector.
Figure 1B shows an example of the position of the NIRS optode (i.e., a 
sensor with 4 light sources and 1 detector) on the right forehead. The 
NIRS optode is fixed to the head by a medical adhesive, before being 
shielded from external light with a cotton bend.

Figure 2—Averaged signals of (A) peripheral oxygen saturation (SpO2), and (B) oxygenated (O2Hb), deoxygenated (HHb), and total hemoglobin (tHb) 
concentrations during obstructive apneas in non-rapid eye movement (NREM) sleep of a patient with severe obstructive sleep apnea syndrome (OSAS).
Figure 2A shows the average of the SpO2 signal occurring during obstructive apnea in NREM sleep in a patient with severe OSAS. The arrow marks the start 
of the respiratory event; the grey color depicts the area of the integral calculation between the maxima SpO2 levels (respiratory-event duration).
Figure 2B shows the averages of O2Hb, HHb, and tHb concentration signals during obstructive apnea in NREM sleep of a patient with severe OSAS. The 
arrow marks the start of the integral calculation that is computed across the respiratory-event duration. After 5 seconds from the beginning of the obstructive 
apnea, the O2Hb decreases and the HHb increases abruptly (which corresponds with a severe tissue oxygen desaturation), whereas the tHb shows a 
concomitant transient increase. After 50 seconds from the beginning of the event, the O2Hb, HHb, and tHb concentrations are back to baseline values.
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Relative changes in NIRS parameters (and SpO2) differed sig-
nificantly when comparing obstructive apneas and hypopneas: 
relative changes on SpO2, StO2, and HHb were higher during 
obstructive apneas than during hypopneas. The Kruskall-Wal-
lis test confirmed a significant difference for SpO2 (p = 0.021, 
confidence interval [CI] = 0.017–0.024), StO2 (p = 0.011, CI 
= 0.009-0.014), and HHb (p = 0.048, CI = 0.042-0.053). SpO2 
and NIRS parameters were significantly correlated (positively 
for StO2 and O2Hb, negatively for HHb and tHb) only during 
obstructive apneas (Tables 2 and 3).

Relative changes of peripheral and cerebral hemodynamic 
changes differed significantly when comparing patients with 
different disease severity (7 snorers, 7 with mild SDB, and 5 
with severe OSAS), with values that were higher in patients 
with severe OSAS, as compared with those with mild SDB or 
who had simple snoring. The Kruskall-Wallis test confirmed 
significant differences for SpO2 (p < 0.0001, CI included be-
tween values < 0.0001), tHb (p = 0.003, CI = 0.002-0.005) and 
HHb (p = 0.020, CI = 0.014-0.021). SpO2 and NIRS parameters 
were significantly correlated (positively for StO2 and O2Hb, 
negatively for HHb and tHb) exclusively in the group of pa-
tients with severe OSAS (Tables 2 and 3).

Discussion
This is the fifth study applying cerebral NIRS to nocturnal 

polysomnographic recordings of patients with SDB.17-20 For the 
first time, the full SDB spectrum was explored in terms of se-
verity and types of respiratory events analyzed. In addition, a 
signal-analysis strategy improving the signal-to-noise ratio was 
used to quantify cerebral hemodynamic changes associated 
with respiratory events. Finally, overnight VPSG recordings 
were performed to assess the cerebral hemodynamics of SDB 
in treatment-naïve patients.

The main results of the study are a qualitatively distinct be-
havior of cerebral hemodynamics in different types of respira-
tory events, with a modification of cerebral hemodynamics and 
SpO2 occurring selectively in patients with severe OSAS and 
during obstructive apneas. Although an increase of tHb (par-
allel to O2Hb) generally overcame brain oxygen desaturation 
leading to focal hyperoxygenation during hypopneas, during 
obstructive apneas, cerebral hypoxia mostly prevailed.

Compared with actual NIRS literature on OSAS, this study 
confirmed the relationship between relative changes in periph-

eral saturation and cer-
ebral NIRS parameters 
that have already been de-
scribed during obstructive 
apneas.17-19 Our changes in 
cerebral hemodynamics 
were higher in amplitude 
in obstructive apneas and 
in patients with severe 
OSAS. Moreover, in these 
conditions, cerebral he-
modynamic changes were 
also significantly correlat-
ed with changes in SpO2. 
Conversely, minor cere-
bral hemodynamic chang-

related to cerebral hemodynamic changes in the different sub-
groups based on type of respiratory event (obstructive apneas 
and hypopneas) and disease severity (snorers, mild SDB, se-
vere OSAS) using Pearson and Spearman correlations. All the 
analyses have been performed using the software Matlab (����Ver-
sion 7.3.0.298, Mathworks Inc., ��������������������������Natick, MA)��������������� and SPSS (����Ver-
sion 15.01, SPSS Inc., Chicago, IL). The authors had full access 
to the data and take responsibility for its integrity. All authors 
have read and agree to the manuscript as written.

Results
During hypopneas, a parallel change of tHb and O2Hb, with 

an initial decrease and subsequent recovery mirrored by op-
posite HHb changes, was the most common cerebral hemody-
namic pattern (Figure 3). During obstructive apneas, cerebral 
hemodynamics disclosed a steep O2Hb decrease mirrored by an 
opposite HHb increase, which was associated with an opposite 
slight increase of tHb (Figure 2B).

Table 2—Descriptive statistics of peripheral and cerebral hemodynamic changes associated with different types of 
respiratory events and disease severities

Parameter Hypopnea Obstructive apnea Snorers Mild SDB Severe OSAS
SpO2, % -3.56 (0.43) -7.18 (1.39) -2.95 (0.39) -2.55 (0.23) -8.82 (1.39)

StO2, % -0.57 (0.14) -1.65 (0.45) -0.77 (0.30) -0.43 (0.08) -1.76 (0.48)

tHb, μmol·L-1·s-1 -0.08 (0.11) 0.09 (0.07) -0.04 (0.13) -0.22 (0.14) 0.22 (0.08)

O2Hb, μmol·L-1·s-1 -0.24 (0.09) -0.63 (0.19) -0.27 (0.14) -0.27 (0.09) -0.62 (0.22)

HHb, μmol·L-1·s-1 0.13 (0.08) 0.72 (0.23) 0.20 (0.08) 0.02 (0.09) 0.84 (0.24)

Data are shown as mean (SEM) of the results of integrals for each subgroup. SDB refers to sleep disordered breathing; 
OSAS, obstructive sleep apnea syndrome; SpO2, peripheral oxygen saturation; StO2, cerebral oxygen saturation; 
O2Hb, oxygenated haemoglobin concentration; HHb deoxygenated hemoglobin concentration; tHb, total hemoglobin 
concentration.

Figure 3—Averaged signals of oxygenated (O2Hb), deoxygenated 
(HHb), and total hemoglobin (tHb) concentrations during hypopneas in 
non-rapid eye movement (NREM) sleep of a patient with mild obstructive 
sleep apnea syndrome (OSAS). The O2Hb and tHb signals show parallel 
changes that are opposite to those of the HHb. After an initial decrease 
of O2Hb with a parallel increase of HHb (which corresponds to a tissue 
oxygen desaturation), a sudden increase of O2Hb and tHb with a decrease 
of HHb appears, consistent with an increase of local cerebral blood flow 
leading to a focal hyperoxygenation (i.e., a hemodynamic activation 
pattern).
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This could be mirrored by a daytime reduction in cerebrovascu-
lar reactivity to hypercapnia, which shows major impairment in 
the first hours after awakening.29,30

The present study has limitations. The NIRS technique has 
limited spatial resolution and measures a mixture of arterial and 
venous blood flow; therefore, we assumed that the hemodynam-
ic changes measured in a restricted volume of superficial cer-
ebral tissue could be an expression of global brain changes. The 
understanding of the relations between macroscopic (CBFV) 
and microscopic (StO2) hemodynamic changes associated with 
SDB would also benefit from a simultaneous TCD and NIRS 
recording.

Our data suggest that acute cerebral hemodynamic conse-
quences of SDB are determined by the frequency and type of 
respiratory event and that the combination of the 2 can lead to a 
failure of cerebral circulatory mechanisms and eventually brain 
(tissue) hypoxia.
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