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ABSTRACT

We have performed cerebral near-infrared spectroscopy (NIRS) and polysomnography (electro-encephalography,
electro-oculography, electro-myography, pulse oximetry, and respiratory monitoring) during all-night sleep in five
human subjects. Polysomnography data were used for sleep staging, while NIRS data were used to measure the
concentration and the oxygen saturation of hemoglobin in the frontal brain region. Immediately after sleep onset we
observed a decrease in the cerebral concentration of oxy-hemoglobin ([HbO,]) and an increase in the concentration of
deoxy-hemoglobin ([Hb]), consistent with a decrease in the cerebral blood flow velocity or an increase in the cerebral
metabolic rate of oxygen. An opposite trend (increase in [HbO,] and decrease in [Hb]) was usually observed after
transition to deep sleep (stages Il and 1V). During rapid eye movement (REM) sleep, we observed an increase in
[HbO,] and decrease in [Hb], consistent with an increase in the cerebral blood flow that overcompensates the increase in
the metabolic rate of oxygen associated with REM sleep.
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1. INTRODUCTION

Near-infrared spectroscopy (NIRS) allows for non-invasive brain measurements that result from the interplay of
physiological factors such as the cerebral blood flow, blood volume, and metabolic rate of oxygen. For this reason,
NIRS holds promise for the non-invasive study of brain physiology and brain activation. NIRS is implemented by
applying a number of optical fibers (or optodes) to the subject’s head, similarly to the way that electrodes are applied to
the scalp for electroencephalography (EEG). The optodes can be comfortably worn by the subject, so that NIRS lends
itself to long-term monitoring and can be applied to the study of the cerebral hemodynamics during whole-night sleep.
On the one hand, NIRS studies during sleep have been aimed at the investigation of the hemodynamic and oxygenation
changes associated with the transition between wakefulness and sleep,’ and with the cyclic succession of awake, REM
(rapid eye movement), and non-REM sleep stages.*® In particular, one multi-channel NIRS study has been devoted to
the study of the activation of the visual cortex in REM sleep.* On the other hand, NIRS studies during sleep have been
devoted to assessing the effects of sleep disorders such as obstructive sleep apnea,>® or neurological disorders such as
Rett syndrome.” In addition to studies on adult human subjects, NIRS has been applied on newborn infants during
sleep, for the study of (1)spontaneous oscillations of oxy-hemoglobin and deoxy-hemoglobin,® (2) cerebral
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hemodynamic changes associated with transitions between sleep stages,” (3) regional hemodynamic response to photic
stimulation,’® and (4) the effect of apnea™ or periodic breathing®* on the cerebral oxygenation and blood volume.

In this contribution, we report NIRS measurements of the cerebral oxygen saturation (StO2), total hemoglobin
concentration ([Hb]w), oxyhemoglobin concentration ([HbO,]) and deoxyhemoglobin concentration ([Hb]) in the frontal
brain region of adult human subjects during whole-night sleep. Concurrently with the NIRS measurements, we
collected polysomnography data, namely electro-encephalography (EEG), electro-oculography (EOG), electro-
myography (EMG), pulse oximetry, and respiratory monitoring by a strain gauge around the chest and by a thermistor at
the nose. Polysomnography data was used to assess the sleep stage (1, I1, 111, IV, and REM) throughout the night, and to
identify periods of abnormal respiratory patterns or muscle contractions.

2. METHODS

The experimental arrangement is schematically shown in Fig. 1. The NIRS instrument is a two-channel frequency-
domain tissue spectrometer (OxiplexTS, ISS, Inc., Champaign, IL) operating at a modulation frequency of 110 MHz and
at two near-infrared wavelengths (690 and 830 nm). Two multi-distance probes featuring four source-detector
separations of 1.0, 1.5, 2.0, and 2.5 cm were placed on the left and right sides of the forehead as close as possible to the
hair line. The multi-distance scheme affords quantitative tissue spectroscopy,™ the determination of absolute values for
the hemoglobin-related parameters with a temporal resolution of 160 ms, and minimal sensitivity to superficial tissue
layers.* EEG electrodes were placed on the scalp over the frontal, central, and occipital regions of the brain.
Additional electrodes were placed near the eyes (for EOG) and on the chin and legs (for EMG). The NIRS and EEG
acquisitions were synchronized using the signal from a button switch, which was pressed by the subject at the beginning
and at the end of the measurement session, and when the subject awoke during the night. Respiration was monitored
with a strain gauge placed around the chest and with a thermistor placed at the nose. The heart rate, arterial pulse, and
arterial saturation were continuously monitored using a pulse oximeter. Finally, the subject was video-recorded during
the whole night with an infrared-sensitive video camera to visually verify the correct attachment of the various probes
on the subject overnight, and to identify possible sources of motion artifacts in the data. Data was acquired on five
human subjects, identified with the letters C, D, E, F, and G (the data on two previous subjects labeled A and B were
discarded for technical reasons). Relevant information on these five subjects, as well as the duration of the
NIRS/Polysomnography recordings, are reported in Table I. The measurements were performed at the EEG Laboratory
of the New England Medical Center (NEMC) in Boston, Massachusetts. The protocol was approved by the NEMC
Institutional Review Board, and all subjects gave their written informed consent.

EEG/EOG/EMG Pulse oximeter
(sleep staging) (Sa0,, heart rate)

| Button press recording |

Video camery

]
Tape recorder

strain gauge

thermistor

NIRS | Respiratory monitor
(cerebral hemodynamics)

Fig. 1. Experimental arrangement. The subject was lying comfortably on a bed. Two fiber-optic probes were placed on
the forehead for near-infrared spectroscopy (NIRS). Multiple electrodes were positioned on the head, chin, and legs for
electro-encephalography (EEG), electro-oculography (EOG), and electro-myography (EMG). A pulse oximeter
monitored the arterial saturation (SaO,) and the heart rate. A strain gauge around the chest and a thermistor at the nose
monitored respiration. A button press recording was used to synchronize the EEG and NIRS acquisitions. An infrared
sensitive video camera was used to visually record the subject overnight.
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Table I. Relevant information on the five subjects investigated.

Subject | Sex | Age | Mismatch with | Significant | Duration of
(M/F) | (yrs) Usual Sleep Sleep measurement
Propensity Onset Apnea (hrs)
(hrs)
Cc M 36 ~+1 No ~8.5
D F 29 ~-15 No ~8.5
E M | 52 ~+25 Yes ~6.5
F F 36 ~-05 No ~75
G M | 44 ~+2 No ~8
3. RESULTS

Figure 2 displays the recordings of heart rate, respiration, NIRS data (StO2, [Hb]i., [HbO,], and [Hb]), and sleep staging
for Subject C during all-night sleep. The NIRS traces refer to the signals measured on the left side of the forehead. The
NIRS data show some jumps that are usually attributed to motion artifacts (for instance, at times 0:16, 2:50, 4:16, 5:50),
especially if the subject is awake. Consequently, care must be taken in the analysis of the relative changes of the NIRS
data over the whole night. By contrast, smooth changes in the optical traces and temporal oscillations of the optical
signals may provide robust physiological indications. For instance, the evident increase in the amplitude of the optical
fluctuations between 2:36 and 2:50 is assigned, at least in part, to a significant change in the respiratory dynamics.

100
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Fig. 2. All-night sleep recordings for Subject C displaying the heart rate, respiration, NIRS recording on the left side of
the forehead (namely, cerebral oxygen saturation (StO,), total hemoglobin concentration ([Hb]w), oxyhemoglobin
concentration ([HbO,]) and deoxyhemoglobin concentration ([Hb])), and sleep staging.
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Figures 3 and 4 show the traces recorded during the first transition from the awake state to sleep in subjects D and
G, respectively. In Fig. 3, which refers to subject D, we observe an initial deoxygenation (decrease in [HbO,],
increase in [Hb]) followed by an opposite behavior (increase in oxygenation and [HbO,], decrease in [Hb]) as the
subjects reaches deep-sleep stages 111 and IV. We observed a similar behavior in subjects C, E, and F. The data on
subject G reported in Fig. 4, which also shows an initial deoxygenation during stage | sleep, differs in that the
transition to deep sleep is associated with a mild deoxygenation.
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Fig. 3. First transition from the awake state to sleep in subject D. We found similar results in subjects C, E, and F.

Figure 5 shows traces that we have observed during transitions into and out of the REM stage in subject G. We
observed a decrease in [Hb] and an increase in [HbO,], which is a combination of effects that is indicative of an increase
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in the blood flow. The fact that this blood flow increase correlates with an increase in the heart rate suggests that our
NIRS measurements may also be sensitive to extracerebral tissue (in fact, the cerebral blood flow is autoregulated and
should not be affected by changes in the heart rate). This sensitivity to extracerebral tissue may result from the
relatively short source-detector distances of 1.0-2.5cm used by us, even though the multi-distance scheme of data
analysis minimizes the sensitivity to superficial tissue layers. The correlation between blood flow increase (concurrent
increase in [HbO,], decrease in [Hb], and increase in [Hb]rq) and the increase in heart rate can also be seen in Fig. 6
(beginning at time 1:22:37), which displays traces recorded over a period of 90 s during stage Il sleep in Subject G. In
this case, one can also observe that the oscillations of [HbO,], and [Hb] are in-phase with each other and are
synchronous with respiration. It has been proposed that these oscillations may be used to quantify the regional venous
saturation using a technique called spiroximetry.™
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Fig. 4. First transition from the awake state to sleep in subject G.
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Subject G — Transition into and out of REM
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Fig. 5. Transitions into REM and out of REM for subject G.
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Fig. 6. Temporal traces of [Hb], [HbO,], [Hb]i.: and StO, measured by NIRS, and respiratory effort and heart rate
measured by pulse oximetry. The respiratory oscillations are synchronous with in-phase oscillations of [Hb] and [HbO,].

160



4. DISCUSSION

We have found that the initial effect of the transition from wakefulness to sleep is a decrease in [HbO,] and an increase
in [Hb] (see Figs. 3 and 4) with a resulting decrease in the cerebral oxygen saturation of hemoglobin. These findings are
in agreement with the results reported by Hoshi et al.? and by Shiotsuka et al.*> who concluded that the cerebral oxygen
metabolic rate must increase during transition from wakefulness to sleep to account for these results. However, the
concurrent combination of a decrease in [HbO,] and an increase in [Hb] can also be the result of a reduced speed of
cerebral blood flow." By contrast, Spielman et al.' reported a decrease in both [HbO,] and [Hb] during the 20s
following the wake-sleep transition in afternoon nap studies. The possible origins of this discrepancy are thoroughly
discussed by Spielman et al.* and include the duration of the initial sleep period considered, afternoon versus night sleep
differences, the scalp locations of the optodes, and technical differences between the optical instruments used in various
studies. When the subjects went into deeper sleep (stages Il and 1V), we observed a reversed pattern, namely an
increase in [HbO,] and a decrease in [Hb] (see Fig. 4), which is consistent with the decrease in the cerebral metabolic
rate of oxygen that characterizes deep sleep.t’ The only exception was subject G (see Fig. 5), where the observed
decrease in the concentrations of both [HbO,] and [Hb] may be the result of the significant reduction in heart rate
(which may point to a non-negligible contribution to the optical measurements from extracerebral tissue).

The most common effect of REM sleep on the optical measurements, namely an increase in [HbO,] and a decrease in
[Hb], is reported in Fig. 5. This finding is consistent with an increase in the cerebral blood flow that overcompensates a
concurrent increase in cerebral metabolic rate of oxygen, as observed by NIRS studies of brain activation.’® Similar
results were reported by NIRS studies in the frontal region® and in the occipital region* during REM sleep.

5. CONCLUSION

All-night optical monitoring of the human brain concurrently with polysomnography is feasible and provides
information on the interplay of physiological parameters such as cerebral blood flow, metabolic rate, and blood volume.
Modifications to the cerebral concentrations of oxy-hemoglobin, deoxy-hemoglobin, and total hemoglobin induced by
transitions between different sleep stages can help quantify the hemodynamic and metabolic changes associated with
such transitions. Furthermore, a study of the changes in the temporal fluctuations of the optical data during different
sleep stages may also yield important physiological information. For instance, it was reported that [HbO,] and [Hb]
show larger fluctuations during REM sleep than during non-REM sleep.®> The implementation of spatially-resolved
optical monitoring techniques has the further potential to map the hemodynamic/metabolic changes that occur during
sleep in various brain areas. These advances may be important to study sleep physiology, characterize sleep disorders,
and perform long-term monitoring of a large class of neurological disorders.

ACKNOWLEDGMENTS

This research is supported by the US National Institutes of Health Grants MH62854 and DA14178, and by the National
Science Foundation Award No. BES-93840. We also acknowledge partial support from the Tufts University
Bioengineering Center, Cluster Projects Program.

REFERENCES

1. A.J. Spielman, G. Zhang, C.-M. Yang, P. D’Ambrosio, S. Serizawa, M. Nagata, H. von Gizycki, and R. R. Alfano,
“Intracerebral Hemodynamics Probed by Near-Infrared Spectroscopy in the Transition between Wakefulness and
Sleep,” Brain Research 866, 313-325 (2000).

2. Y. Hoshi, S. Mizukami, M. Tamura, “Dynamic features of hemodynamic and metabolic changes in the human brain
during all-night sleep as revealed by near-infrared spectroscopy,” Brain Research, 652, 257-262 (1994).

161



10.

11.

12.

13.

14,

15.

16.

17.

18.

S. Shiotsuka, Y. Atsumi, S. Ogata, R. Yamamoto, M. Igawa, K. Takahashi, H. Hirasawa, K. Koyama, A. Maki,
Y. Yamashita, H. Koizumi, and M. Toru, “Cerebral Blood Volume in the Sleep Measured by Near-Infrared
Spectroscopy,” Psychiatry Clin. Neurosci. 52, 172-173 (1998).

M. Igawa, Y. Atsumi, K. Takahashi, S. Shiotsuka, H.Hirasawa, R.Yamamoto, A.Maki, Y. Yamashita, and
H. Koizumi, “Activation of visual cortex in REM sleep measured by 24-channel NIRS imaging,” Psychiatry and
Clinical Neurosciences 55, 187-188 (2001).

T. Hayakawa, M. Terashima, Y. Kayukawa, T.Ohta, and T.Okada, “Changes in cerebral oxygenation and
hemodynamics during obstructive sleep apneas,” Chest 109, 916-921 (1996).

C. Hausser-Hauw, D. Rakotonanahary, and B. Fleury, “Syndrome d’apnées obstructives du sommeil: oxygénation
cérébrale mesurée par la spectrométrie dans le proche infrarouge. Résultats préliminaires,” Neurophysiol. Clin. 30,
113-118 (2000).

Y. Murakami, Y. Yamashita, T. Matsuishi, R. lwanaga, and H. Kato, “Cerebral oxygenation and hemodynamics
during hyperventilation and sleep in patients with Rett syndrome,” Brain & Development 20, 574-578 (1998).

G. Taga, Y. Konishi, A. Maki, T. Tachibana, M. Fujiwara, and H. Koizumi, “Spontaneous Oscillation of oxy- and
deoxy-hemoglobin changes with a phase difference throughout the occipital cortex of newborn infants observed
using non-invasive optical topography,” Neurosci. Lett. 282, 101-104 (2000).

D. M. Minger, H. U. Bucher, and G. Duc, “Sleep State Changes Associated with Cerebral Blood Volume Changes
in Healthy Term Newborn Infants,” Eary Human Development 52, 27-42 (1998).

Y. Hoshi, S. Kohri, Y. Matsumoto, K. Cho, T. Matsuda, S. Okajima, and S. Fujimoto, Pediatr. Neurol. 23, 323-327
(2000).

B. Urlesberger, A. Kaspirek, G.Pichler, and W. Muller, “Apnoea of prematurity and changes in cerebral
oxygenation and cerebral blood volume,” Neuropediatrics 30, 29-33 (1999).

B. Urlesberger, G. Pichler, E. Gradnitzer, F. Reiterer, G. Zobel, and W. Muller, “Changes in cerebral blood volume
and cerebral oxygenation during periodic breathing in term infants,” Neuropediatrics 31, 75-81 (2000).

S. Fantini, M. A. Franceschini, J. B. Fishkin, B. Barbieri, and E. Gratton, “Quantitative Determination of the
Absorption Spectra of Chromophores in Strongly Scattering Media: a Light-Emitting-Diode Based Technique,”
Appl. Opt. 33, 5204-5213 (1994).

M. A. Franceschini, S. Fantini, L. A. Paunescu, J. S. Maier, and E. Gratton, “Influence of a Superficial Layer in the
Quantitative Spectroscopic Study of Strongly Scattering Media,” Appl. Opt. 37, 7447-7458 (1998).

M. A. Franceschini, D. A. Boas, A. Zourabian, S. G. Diamond, S. Nadgir, D. W. Lin, J. B. Moore, and S. Fantini,
“Near-Infrared Spiroximetry: Non-Invasive Measurement of Venous Saturation in Piglets and Human Subjects,”
J. Appl. Physiol. 92, 372-384 (2002).

S. Fantini, “A haemodynamic model for the physiological interpretation of in vivo measurements of the
concentration and oxygen saturation of haemoglobin,” Phys. Med. Biol. 47, N249-N257 (2002).

P. L. Madsen, J. F. Schmidt, G. Wildschiodtz, L. Friberg, S. Holm, S. Vorstrup, and N. A. Lassen, “Cerebral 02
metabolism and cerebral blood flow in humans during deep and rapid-eye movement sleep,” J. Appl. Physiol. 70,
2597-2601 (1991).

A. Villringer and B. Chance, “Non-Invasive Optical Spectroscopy and Imaging of Human Brain Function,” Trends
Neurosci. 20, 435-442 (1997).

162



	ACKNOWLEDGMENTS
	REFERENCES

