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Diminished Cerebral Circulatory Autoregulation
in Obstructive Sleep Apnea Investigated
by Near-infrared Spectroscopy
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Dennis M. Hueber?, and Enrico Gratton!

1L aboratory for Fluorescence Dynamics, Department of Physics, University of Illinois at Urbana-Champaign, Illinois, USA
2ISS, Inc. Champaign, lllinois, USA

ABSTRACT

We applied near-infrared spectroscopy (NIRS) to assess cerebral tissue oxygenation and hemodynamics in obstructive sleep
apnea (OSA) sufferers and control volunteers. We designed NIRS sensors and applied measurement schemes that included
certain polysomnography parameters, such as arterial hemoglobin oxygen saturation (Sa0,), heart rate (HR), and respiratory
signal (RS), together with NIRS parameters, such as oxy- ([O,Hb]), deoxy- ([HHb]), total hemoglobin ([tHb])
concentrations, and tissue hemoglobin oxygen saturation (SO,). Twenty-one volunteers (8 females, 13 males, age 22-74
years) participated in the study. Eight were OSA sufferers, while 13 constituted the control group. Measurements were
conducted during breath holding exercises and 30-45 minute daytime naps. In comparing OSA subjects with controls during
breath holding, a smaller increase or even a decrease in SO,, [O,Hb], and [tHb] and a simultaneous larger increase in [HHDb],
confirmed insufficiency of the circulatory compensatory mechanism that prevents brain tissue hypoxia. Changes in cerebral
oxygenation and hemodynamics due to hypoxia during breath holding showed statistically significant differences (p<0.05)
between control and OSA subjects and between non-snorers and OSA subjects (p<0.03 for A[O,Hb], A[HHb], A[tHb], and
ASQO,). NIRS provides the clinician with important, direct insight on the cerebral tissue oxygenation and hemodynamics
related to the chronic intermittent hypoxia in OSA for potential identification of individuals at risk for cerebrovascular
morbidity.

CURRENT CLAIM:

We observed diminished cerebral hemodynamic response to hypoxia in subjects diagnosed with obstructive sleep apnea as
compared with control subjects.

INTRODUCTION

Obstructive sleep apnea syndrome (OSAS) has been increasingly recognized as a cause of associated disease. In the
middleaged work force, 2% of women and 4% of men meet the minimal diagnostic criteria for sleep apnea syndrome
(apnea/hypopnea score of 5 or higher and daytime hypersomnolence) (Young et al., 1993). OSAS is described as a
potentially lethal disease because it leads to hypoxia and hypoxemia. Altered quality of life, daytime sleepiness,
neuropsychological dysfunction and cognitive deficits have been associated with OSAS as well as cardiovascular disease,
including systemic and pulmonary hypertension, arrhythmias and ischemic heart disease (Blankfield et al., 2000; Lavie et
al., 2001; Marrone est al., 1998; Mitler et al., 1987; Peker et al., 2000; Redline and Strohl, 1998; Sharabi et al., 2003). OSAS
is a disorder accompanied by a decrease in the arterial hemoglobin oxygen saturation and by temporary changes in brain
tissue oxygenation and hemodynamics (Hayakawa et al., 1996; Michalos et al., 2000, 2002a, 2002b). Since the brain is very
sensitive to hypoxia, it has been suggested that recurrent decrease of the arterial oxygen saturation (Sa0O,) in sleep apnea
leads to brain injury. Cerebrovascular accidents, ranging from transient ischemic attacks to fatal strokes, are closely
associated with sleep apnea (Neau et al., 2002; Palomaki et al., 1992; Pressman et al., 1995).

Overnight polysomnography can detect sleep apneas and their degree of severity (Douglas and Thomas, 1992; Fry et al.,
1998). However, current clinical methods do not provide direct information on brain tissue oxygenation and hemodynamics,



which could be important factors to consider, especially in subjects with concomitant anatomical or functional vascular
pathology.

The ability of light to penetrate several centimeters into tissues and the differences in absorption spectra of [O,Hb] and
[HHb], in the wavelength range of 700-900 nm, constitute the basis for near-infrared spectroscopy (NIRS) tissue blood
oxygenation measurements (Jobsis, 1977). The applied theoretical model of near-infrared light propagation in highly
scattering media, using the frequency-domain approach, has been described by several investigators (Fantini et al., 1994;
Fishkin and Gratton, 1993). NIRS can non-invasively monitor tissue oxygenation (SO,) and changes in oxy-hemoglobin
concentration ([O,Hb]), deoxy-hemoglobin concentration ([HHb]) and total hemoglobin concentration ([tHb]) (Hueber et al.,
2001; Michalos et al., 2000, 2002a, 2002b; Toronov et al., 2000). As a result of this unique quantitative information content
and a variety of technique features such as the compactness, the low cost, and the high-wearing comfort level, NIRS is a
promising diagnostic method for carrying out non-invasive, real-time measurements of changes in cerebral hemodynamics
and oxygenation (Elwell et al., 1994, 1996; Lichty et al., 2000; Madsen and Secher, 1999; Nielsen et al., 2001; Wolf et al.,
2000).

It has been assumed that the optical penetration depth can be significantly affected by a layered structure such as the one
present in the head (skin/scalp-shy-skull-cerebrospinal fluid (CSF)-cerebral tunics-brain). However, based on research
progress in the field of NIRS (Franceschini et al., 1998; Okada and Delpy, 2000; Owen-Reece et al., 1996; Young et al.,
2000), we deem that the contribution of the superficial layers of the head (scalp, skull, and CSF) to the NIRS output signal is
negligible, due to much greater absorption and scattering changes in the deeper layers (gray matter) as compared to the
superficial layers. Moreover, appropriate source-detector separation selection ultimately determines the depth of light
penetration.

Hayakawa et al. (1996) first applied NIRS on adult OSAS patients. They found a consistent increase in [tHb] and a
consistent decrease in [O,Hb] in the cerebral tissue during the apneic episode. They used a NIR tissue oximeter (OM-100A;
Shimadzu; Kyoto, Japan), which operates with three wavelengths (780, 805, and 830 nm) and only one source-detector
distance (3.5 cm). The observed opposite direction of changes in [O,Hb] and [HHb] due to sleep apnea episodes, obtained
with their approach, most probably reflects hemodynamic changes in the skin. The multi-distance approach in NIRS tissue
oximeters, such as the one we used in this study, allows the assessment of hemodynamic changes occurring in deeper layers
of the head mostly independently of changes occurring at the skin level (Franceschini et al., 1998; Hueber et al., 2001).

The main objective of this study was to introduce frequency-domain, multi-distance NIRS to sleep medicine for the
investigation of brain oxygenation and changes in hemodynamics during sleep apnea. We exploited the NIRS technique to
evaluate the cerebrovascular effects of intermittent hypoxia and hypoxemia during sleep apnea. We investigated cerebral
tissue oxygenation and hemodynamics under two hypoxic conditions: first, during voluntary breath holding exercises, and
second, during brief apneic/hypopneic episodes in the course of diurnal napping. We compared the findings from the OSA
subjects with the results from the control group.

Our hypothesis is that the observed changes in cerebral tissue oxygenation and hemoglobin concentrations are modulated by
recurrent apneic episodes in OSA subjects during daytime napping. The observed changes in brain tissue oxygenation and
hemodynamics depend on the arterial hemoglobin deoxygenation and on the efficiency of the protective cerebrovascular
response, the so-called autoregulation of cerebral blood flow.

Lower levels of SaO, and intermittent hypoxia due to sleep apnea/hypopnea events might result in more profound cerebral
deoxygenation during sleep. We propose that breath holding-induced hypoxia may be a consistent test for assessing
efficiency of cerebral circulatory compensation (brain autoregulation) in OSA subjects compared to the controls for potential
screening of individuals at risk for cerebrovascular consequences of OSAS.

METHODS

Instrumentation

We simultaneously measured SaO, and HR with a pulse oximeter (N-200, Nellcor Inc., Pleasanton, CA), breathing rate with
a respiratory strain gauge (Resp-EZ, Sleepmate, New Life Technologies, Midlothian, VA), and SO,, [O,Hb], and [HHb] with
a two-wavelength (690 nm and 830 nm) frequency-domain tissue oximeter (Oxiplex TS; ISS Isnc., Champaign, IL).

The Oxiplex TS, frequency-domain, dual-channel, tissue spectrometer operates at a modulation frequency of 110 MHz and a
cross-correlation frequency of 5 kHz. The eight light sources of each channel (four laser diodes per wavelength of 690 nm
and 830 nm) were electronically multiplexed at a rate of 40 Hz, so that each light source was on for 25 ms. The signals from



each detector were averaged over four cycles of the eight light sources, resulting in a total acquisition time of 800 ms per
measurement. Each laser diode (light source) was coupled to an optical fiber of 400 pumm in core diameter leading to the
measuring probe. Progress, achievements, and prospects with the ISS tissue oximeters in the field of NIRS have been
repeatedly demonstrated by different investigators (Franceschini et al., 2001; Hueber et al., 2001; Michalos et al., 2000;
Toronov et al., 2000; Zhang et al., 2000).

A near-infrared (NIR) dual-sensor probe, having a two-channel configuration, was specially designed for comfort during
lengthy measurements. The optical source fibers were arranged in pairs, such that each pair contained one fiber connected to
a source emitting at each wavelength. The optical signals detected at the tissue surface were guided to the photomultipliers
(one per channel) of the oximeter by optical fiber bundles of 3 mm internal diameter each. The output ends of the paired
light source fibers were arranged at increasing distances from the input ends of the detector fiber bundles. The four source-
detector distances (SDD) ranged from 1.98 to 4.08 cm. The probe could be firmly attached on the forehead via a medical
adhesive. Thus, it did not constrict the head, and it did not block the blood circulation of the scalp. Figure 1 shows the
instrumental set-up as well as the sensor configuration and dual sensor probe design.

The probe was calibrated using a calibration block of known optical properties before the experiments were carried out.

Subjects
Twenty-one right-handed volunteers, eight females and 13 males, participated in the study. The mean age was 43 years,
ranging from 22 to 74 years.

Eight subjects, two females and six males (age 49.4+16.4 years, range 29-74 years), had documented OSA by means of
overnight polysomnography (apnea/hypopnea index (AHI) >20) in an accredited sleep laboratory affiliated with the
University of Illinois College of Medicine. All OSA subjects were snorers. Two individuals, one of them previously treated
surgically for OSAS, were candidates for nasal continuous positive airway pressure (CPAP) treatment. All the remainder
OSA subjects were receiving CPAP treatment ranging from two months to 13 years of therapy. Two OSA subjects had a
history of and received therapy for severe hypertension and asthma. One individual was diagnosed with mild hypertension
that was not treated. No other OSA subject had any history of co-morbid conditions.

The remaining 13 individuals, six females and seven males (age 36.5+£10.9 years, range 22-54 years) constituted the control
group. One control subject had a family history of OSA. Six controls (four females, two males) were snorers, according to
the bed partner's testimony, without documented OSAS. A young control snorer had borderline hypertension that was not
requiring any treatment. The medical history of the control subjects was unremarkable.

Certain subjects were measured via NIRS twice or three times in a one-month period in order to check the reproducibility of
the results. Ethical standards were used in the present study. The research protocols involving human subjects have received
prior approval from the Institutional Review Boards of the University of Illinois at Urbana-Champaign (Case #01067) and
ISS Inc, Champaign, IL. All subjects were asked to fillout a questionnaire regarding sex, age, height, weight, diagnosis and
treatment of OSAS, and other relevant medical history in order to fulfill statistical requirements. Written informed consent
had been obtained from all subjects before testing.

Measurement Technique

Subjects were measured in the supine position for more than one hour. The pulse oximeter sensor was attached to the index
finger of the subject. A respiratory strain gauge was wrapped around the lower chest area. The NIR probe was positioned on
the forehead, avoiding the sinuses, and as close as possible to the hairline.

We investigated brain oxygenation in the OSA subjects and in the healthy controls under two conditions: first, during
voluntary breath holding exercises, and second, during the course of diurnal napping.

Experimental Set 1: Effects of Induced Hypoxia on Brain Hemodynamics and Oxygenation

To characterize the cerebral response to the reduction of oxygen supply in the brain, we induced hypoxia by voluntary breath
holding for at least 10 seconds. We simulated sleep apnea by breath holding at functional residual capacity (at the end of a
normal expiration). The reason we perform breath holding exercises is to evaluate vascular reactivity and cerebral
hemodynamic responses to hypoxia and hypercapnia. Carbon dioxide is a vasodilator in the brain (O'Regan and
Majcherczyk, 1982; Bayerle-Eder et al., 2000).

Subjects rested, lying down in a quiet room with appropriate ventilation and temperature and dim lighting.

A. Following complete relaxation of several minutes, measurements of cerebral hemodynamics were obtained via the
tissue oximeter. The arterial hemoglobin oxygen saturation, heart rate, and breathing rate, were simultaneously



recorded via the pulse oximeter and the respiratory strain gauge, respectively. The values obtained were averaged and
considered as the baseline values.

B. Subjects were invited to hold their breath, at the end of a normal expiration, for as long as they were comfortable
(approximately 10 to 30 seconds), and measurements were acquired. Following resumption of breathing and return of
the SaO, to its baseline values, this procedure was repeated 3-5 times.

Experimental Set 2: Effects of Sleep Apnea on Brain Hemodynamics and Oxygenation During Diurnal Napping
Individuals suffering from OSA have apneic/hypopneic episodes even during brief daytime napping. The assessment and
evaluation of the impact of sleep apnea on cerebral oxygenation during diurnal napping as performed. The control and OSA
subjects rested, lying down in a quiet dim room with appropriate ventilation and temperature.

A. Following complete relaxation of several minutes, the baseline measurements of cerebral hemodynamics were
obtained via the tissue oximeter. The Sa0O,, HR, and RS were recorded by the pulse oximeter and the respiratory strain
gauge, respectively. The baseline was so determined.

B. Subjects were invited to take a 30-minute nap. The parameters mentioned above were recorded continuously.

Data Analysis

Respiratory Signal
We processed the respiratory signal to estimate the frequency of the respiratory rhythm to assess normal breathing and also
to detect and count sleep apnea’hypopnea episodes and apneas due to breath holding, as well as to determine their duration.

Arterial Hemoglobin Oxygen Saturation and Heart Rate

We analyzed changes in SaO, due to hypoxia during sleep apnea and during breath holding. We compared it with the
corresponding changes in SO,. The decrease in the average Sa0, level, compared to the baseline, was used as an indicator
that the subjects slept during the diurnal nap in addition to the subjects' confirmation. The baseline levels of SaO, and HR of
OSA and control subjects were compared.

Oxy-, Deoxy-, and Total Hemoglobin Concentrations: Cerebral Tissue-Hemoglobin Oxygen Saturation

To calculate the absolute optical coefficients of the investigated tissue, we used the previously described multi-distance
frequency-domain method (Fantini et al., 1994; Fishkin and Gratton, 1993; Hueber et al., 2001). Values of the absolute
absorption (p,) and reduced scattering (p,') coefficients of the tissue were calculated using slopes (S,. and S,) of the
corresponding In(r2AC) and F plots, as a function of the source detector distance (r), where AC is the amplitude of the light
intensity, and F its phase (Hueber et al., 2001).

=2

Ha=—

S.-'L(.‘ S‘r.'.l ] |

where F=110 Mhz, is the modulation frequency; v is the speed of light in the medium (in cm/s).

Subsequently, the following well-known equations were used to calculate the tissue hemoglobin parameters (Rolfe, 2000;
Zhang et al., 2000):
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where the brackets [ ] indicate the concentration of the chromophore; €.,(A), €w(h)s €omn(M)s Eomn(A,) are the molar
extinction coefficients of [HHb] and [O,Hb] for the wavelength A; and A,; p,* indicates absorption coefficients corrected for
water content of the brain tissues; p,‘(A)= p,(A)- 0.7p,52°(A), where p,m20(A) is the water absorption coefficient at the
wavelength A.



We compared quantitative and qualitative changes in [O,Hb], [HHb], [tHb] (umol/L), and SO, (%) observed in OSA
subjects with those recorded from the control group during breath holding and diurnal napping.

RESULTS

The baseline levels of SaO, were 1-3% lower (p<0.03) in OSA subjects compared to the controls. The HR baselines in both
groups were not significantly different. There was a correlation in brain hemodynamic responses between left and right
frontal lobes due to regular breathing and apnea episodes (sleep apnea/hypopnea and breath holdings).

Repetitive measurements on seven OSA subjects, four snorers and four non-snorers, showed high reproducibility of the
results.

A control subject with a family history of sleep apnea, but not clinically diagnosed with OSAS, showed patterns of repetitive
apneic episodes during daytime napping and reduced cerebrovascular compensation (autoregulation) during breath holding
in both trials he participated in. We eliminated these data from the control results used for the comparison with OSA data.

Arterial and Brain Tissue Hemoglobin Oxygen Saturation

To estimate the degree of the blood and cerebral tissue deoxygenation, we analyzed decreases in Sa0O, and SO,, normalized
(A,) by the duration of the corresponding hypoxic period (A,SaO , and A, SO,, respectively), during the breath holding
exercise, and during daytime napping. Changes due to apneic episodes during sleep were calculated for OSA subjects only.
A,Sa0,=ASa0,/t,; A,SO,=ASO,/t,, where t, indicates the duration of the apnea event; ASaO, and ASO, indicate decreases in
Sa0, and SO, below baseline values during the breathing exercise or during nap. Normalized changes indicate arterial and
brain tissue hemoglobin deoxygenation per unit of apnea (induced or in OSAS) duration. The normalized changes in SaO,
and SO, are less dependent from the duration of the apneic episode, compared to the absolute changes in SaO, and SO, and
more accurate for discrimination and screening.

Normalized individual changes in SaO, and SO, show a significant difference (Kruskal-Wallis H-test; p<0.02 for A ,Sa0O, and
p<0.025 for A,SO,) between control and sleep apnea subjects (Figure 2). Table 1 presents control and OSA subject data
about the mean values and standard deviations of the A ,SaO, and A, SO,. A higher rate of arterial anA brain tissue
deoxygenation was observed for OSA individuals during sleep. For the sleep apnea group, A,Sa0O, was larger during napping
than during the breathing exercise (p<0.05). A similar trend was observed in normalized differences in SO.,.

OSA subjects showed comparatively higher mean absolute values of SaO, (on 3-7%; p<0.01, two-way ANOVA) and SO,
(on 1-2%; p<0.01) during breathing exercises compared to diurnal napping.

Oxy-, Deoxy-, and Total Hemoglobin Concentrations

Individual time traces of the respiratory signals, SO,, and changes in [tHb], [O,Hb], and [HHb] for control and OSA subjects
during breath holding and diurnal napping are presented in Figures 3 and 4. Changes in [tHb], [O,Hb], and [HHD] are
relative to the corresponding baseline values described in the methodology we followed. Figures 3¢ and 3a show increased
cerebral tissue deoxygenation in an OSA subject during breath holding compared to changes in SO, in a healthy control
subject, respectively. Figures 3b and 3d show changes in the hemodynamics (A[O,Hb] and A[HHDb]) of these subjects during
breath holding. In the control, those changes show typical cerebral autoregulatory response, that is, an increase in [O,Hb]
and a decrease in [HHb]. Figures 3c and 3d represent severe brain deoxygenation and seriously compromised brain
autoregulation in the OSA subject with a decrease in [O,Hb], and an increase in [HHb].

In the control subjects during daytime napping, we observed opposite direction of changes in [O,Hb] and [HHb] due to
periodic vasomotion (Figure 4b). In OSA subjects during daytime napping, changes in [O,Hb] and [HHD] (Figure 4d), due to
sleep apnea/hypopnea episodes, were not in opposite-phase correlation but had a different time shift. The amplitude of the
changes of [tHb], due to apnea episodes during napping (Figure 4d), was twice as large as the amplitude of the changes of
[tHb] observed in the control subject during diurnal napping (Figure 4b).

Figure 5 shows the dynamics of the autoregulatory changes in [O,Hb] and [HHb] relative to the baselines in a healthy
control subject (Figure 5a) and a chronic OSA subject who was also treated for hypertension and asthma (Figure 5b).
Similar patterns of different amplitudes of A[O,Hb] and A|[HHDb] and different breath holding duration were observed for all
control and OSA subjects. In individuals with OSA and no other medical condition, we detected a protective
cerebrovascular response to hypoxia and hypercapnia that is vasodilation and opening of the capillary bed consistent with an
increase of cerebral blood flow, which is likely to prevent eventual brain injury during apnea. Specifically, we detected an



increase in A[O,Hb] and an increase in A[tHb] that were significantly reduced compared to changes in the control non-
snorers. In OSA subjects with preexistent cardiovascular pathology, this protective mechanism may be defective, as seen in
Figure 5b.

We analyzed 19 recordings (71 breath holdings) of 11 control subjects (five snorers and six non-snorers), using the described
breath holding protocol, and 17 recordings (58 breath holdings) of eight OSA subjects. Changes in cerebral oxygenation and
hemodynamics due to hypoxia during breath holding showed statistically significant differences (p<0.05, except [tHDb])
between control and OSA subjects (Figure 6) and between non-snorers and OSA subjects (p<<0.03 for A[O,Hb], A[HHb],
A[tHb], and ASQO,).

Snorers of the control group had an inefficient hemodynamic response to hypoxia (p<0.05, Mann-Whitney test) compared to
the control non-snorers. In 90% of breath holding events of the six non-snorers, the [O,Hb], [tHb], and SO, did not decrease
below baseline values. In the OSA population, in 27% of breath holding events, we observed a significant decrease in
[O,Hb], [tHb], and SO,, and an increase in [HHb]. The duration of breath holdings was 1.75 times longer in the control
subjects compared to the OSA subjects.

DISCUSSION

Elwell et al. (1994) have shown that physiological changes due to regular respiratory oscillations did not significantly affect
cerebral blood volume (CBV) or cerebral blood flow (CBF) in healthy subjects under normal resting conditions. In accord
with these findings, we did not observe significant variations in cerebral oxygenation and hemodynamics in the control
subjects during nap or baseline measurements. However, hypoxic events caused significant changes in arterial and brain
tissue hemoglobin oxygen saturation in OSA subjects during diurnal napping. Based on our observation, we suggest that
recurrent changes in cerebral tissue oxygenation and hemodynamics due to chronic intermittent hypoxia in sleep apnea,
recorded by NIRS, may be associated with an increased risk for cerebro/cardiovascular morbidity in OSA subjects.

According to Nielsen et al. (2001), even a small change in arterial CO, partial pressure was able to increase brain A[O,Hb] in
healthy volunteers during exercise. Cerebral oxygenation increased and decreased only when maximal exercise elicited a
significant arterial deoxygenation during cycling ergometry with different levels of resistive breathing. Our results for
control non-snorers correlate with these findings. We observed that the response to simple breath holding exercises,
registered by NIRS, was significantly reduced in OSA subjects compared to the healthy control volunteers. In controls, the
amplitude of the hemodynamic response to the hypoxia was significantly larger (p<0.01) than the amplitude of the baseline
fluctuations and changes during nap. In contrast, in the OSA group, the amplitude of changes in cerebral tissue oxygenation
and hemodynamics due to sleep apnea was comparable to the amplitude of corresponding changes due to breath holdings
that is a risk for eventual brain injury.

We observed and quantitatively estimated changes in cerebral hemodynamics ([O,Hb], [HHb], and [tHb]) and tissue
oxygenation during the measurements. These changes correlate with changes in CBV and CBF, and the protective
cerebrovascular response (circulatory compensatory mechanism) to hypoxia can be estimated by these changes (De Blasi et
al., 1997; Elwell et al., 1994; Nielsen et al., 2001; Owen-Reece et al., 1996; Vernieri et al., 1994; Wolf et al., 2000).

The observed changes in [tHb] caused by hypoxia during breath holding and during napping are directly proportional to the
variation of the regional CBV (De Blasi et al., 1997; Vernieri et al., 1994). The simultaneous increase in [O,Hb] and a stable
level or decreases in [HHD] indicate a rise in CBF (Elwell et al., 1994; Nielsen et al., 2001). These changes in brain tissue
oxygenation and hemodynamics depend on the arterial hemoglobin deoxygenation and on the efficiency of the protective
cerebrovascular response, the so-called autoregulation of CBF. Based on this study, we propose that the autoregulation of
brain circulation can be characterized qualitatively and quantitatively by analysis of the optical data, shown in Figures 5 and
6. Quantitative estimation of changes in [O,Hb], [HHb], [tHb], and SO, induced by hypoxia may discriminate OSA subjects
from healthy subjects and assess cerebral oxygenation dysfunction for different stages of the disease, as well as distinguish
between snorers and non-snorers.

Conclusion

Our objective in this preliminary study of cerebrovascular responses to hypoxia was to apply NIRS, a non-invasive method,
to monitor changes in brain oxygenation and hemodynamics in order to estimate effects of chronic intermittent hypoxia in
obstructive sleep apnea syndrome.

A comfortable probe and appropriate measurement protocols have been developed and successfully implemented on human
volunteers diagnosed with OSAS and on control subjects. Long traces of data have been collected and analyzed using new



algorithms we specifically developed. We assessed changes in cerebral tissue oxygenation and hemodynamics during diurnal
napping-related apnea/hypopnea episodes and voluntary breath holding exercises. These hemodynamic responses
characterized the efficiency of the cerebral autoregulation to prevent hypoxic brain morbidity. The frequency-domain, multi-
distance approach, despite the methodological limitations, allowed us to validate significant differences in brain oxygenation
and hemodynamic changes between control and OSA groups during breath holding exercises and diurnal napping.

We observed that hypoxic episodes during diurnal napping in OSA subjects induced recurrent cerebral tissue deoxygenation,
which was larger than the SO, changes during the breath holding exercises, and also larger than cerebral tissue
deoxygenation recorded in control subjects during breath holdings. From our measurements, we can assume that in healthy
subjects there is a protective cerebrovascular response to hypoxia (increase in cerebral blood flow and cerebral blood
volume), which is likely to prevent eventual brain injury. In OSA sufferers, the chronic vasomotor responses due to chronic,
intermittent cerebral hypoxia produce alterations of the vascular wall. This may lead to structural and functional cerebral
macro and microangiopathies, and the ability of the vessels to dilate in order to increase the blood flow to meet the oxygen
demands of the brain is compromised. According to our results in the OSA group, depending upon the severity and
chronicity of sleep apnea, this response may be diminished or absent.

In a second phase of our investigation, we intend to apply NIRS concomitantly to the overnight polysomnographic
recordings in both OSA sufferers and healthy controls in order to validate our findings and correlate them to the information
from other monitoring instrumentation, such as electroencephalography. We will also monitor cerebrovascular reactivity to
hypoxia and hypercapnia in a more rigorously selected subject population in a properly controlled study.

NIRS has the capability to complement polysomnography with a new, powerful modality. NIRS may provide the clinician
with an important direct insight of the cerebral tissue oxygenation and hemodynamic changes during the intermittent
hypoxic episodes in obstructive sleep apnea. It may also be used as a stand-alone technique for the detection of brain
vascular hemodynamic abnormalities in the obstructive sleep apnea sufferers, and for screening OSA suffers at risk for brain
vascular injuries in order to prevent cerebrovascular morbidity and mortality.
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Figure 1.

Instrumental arrangement, sensor configuration, and dual sensor probe
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Figure 2.

Characterization of subjects by decreases in , and SO, normalized on the duration of the hypoxic event, mean values and
standard deviations. 1: control subjects during the breath holding exercises; 2: OSA subjects during breath holding
exercises; 3: OSA subjects during diurnal napping.
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Figure 3.

Cerebral oxygenation (a,c) and changes in hemodynamics (b,d) as compared to baseline values in (a,b) a healthy control
subject and in (c,d) an OSA subject during breath holding.
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Figure 4.

Cerebral oxygenation (a,c) and changes in hemodynamic parameters (b,d) as compared to baseline values in a healthy
control subject (a,b) and in an OSA subject (¢,d) during diurnal napping.
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Figure S.

Dynamics of autoregulatory changes in [O,Hb] and [HHb] with respect to the baseline values in a healthy control (a) and a
chronic OSA patient (b) during breath holding.
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Figure 6.

Means and standard deviations of changes in (a,e) [O,Hb], (b,f) [HHb], (c,g) [tHb], and (d,h) SO, observed in 11 control
subjects (a-d) and eight OSA subjects (e-h) during volunteer breath holdings.

TABLES

Table 1.

Brain tissue and arterial hemoglobin oxygen desaturation during hypoxic events. Normalized mean falls in arterial
(A,Sa0,) and brain tissue (A,SO,) hemoglobin oxygen saturation and corresponding standard deviations, (%/sec) as

compared to baseline values.

Hypoxic Control Group OSA Group

Condition (10 subjects/10 breath holdings) (8 subjects/11 breath holdings)
ta(s) A,Sa0, A,SO, ta(s) A,Sa0, A,SO,

Sleep Apnea Events = = = 12.742.4 | 0.45+0.12 | 0.16+0.05

Breathing Exercises | 48.7428.4 | 0.17+0.10 | 0.07£0.04 | 28.4+20.05 | 0.34+0.16 | 0.13+0.06
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