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Abstract

Previous imaging studies have shown that cerebral metabolism is gradually reduced at the beginning of sleep, Few studies have
cxamined the sleep state transition periods from wakefulness to sleep and sleep to wakefulness, The current study used the Near Infrared
Speciroscopy (NIRS) technique to describe the intracerebral hemodynamics at the frontal pole in the circumscribed period between
wakefulness and sleep. Nine healthy young adults were studied during afternoon naps. Optical probes were placed on the forehead and
EEG electrodes on the scalp. At sieep onset oxygenated hemoglobin (oxy-Hb) was reduced (P<<0.01} and deoxygenated hemoglobin
(deoxy-Hb) showed a near signilicant reduction {(P-<<0.063). At sleep offset there were increases in oxy-Hb (P<<0.005) and deoxy-Hb
(£<<0.05). In 18 of 26 transitions to sleep there was a coordinated fall in both NIRS parameters, we cali the Switch Poing, that lasted a
mean of 3.6 s. In 32 of 36 transitions lo wakelulness there was an anatogous Switch Point that lasted a mean of 3.4 5. Before and after the
Switch Point, changes were small and the relationship between oxy-Hb and deoxy-Hb was a combination of parallel and reciprocal
fluctuations. A synchronized, parallel and short-lived change in oxy-Hb and deoxy-Hb is a discrete event in the transition period between
wakefalness and sleep. The concentration of these light absorbing molecules is abruptly set to a new level al sleep~wake transitions and
probably reflects the different perfusion demands of these states. © 2000 Elsevier Science BY. All rights reserved.
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1. Introduction mapping has shown that around the time of sleep onset,

alpha frequency disappears and theta frequency increases

New techniques for functional imaging of the brain have
great promise for elucidating basic neurobiological mecha-
nisms (see [66]). While the process of waking activation
(see [54]) and sleep-related changes {1,3,4,10,22,24 33 36~
38,45,46,57,67] have received much attention, relatively
unexplored by neuroimaging technigues is the boundary
between wakefulness and sleep. Quantitative EEG brain
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especially along the midline and in posterior regions [75].
Increased delta and decreased beta activity as well as
increased EEG power have also been observed [4,44,52],
Given these distinct EEG changes and the profound and
global changes in conscionsness and functional capacity in
the transition to sleep, it is somewhat surprising that the
reduction in cerebral metabolic rate and cerebral blood
flow are small and gradual [16,32,46,57]. The characteriza-
tion of the sleep onsel process as incremental may be a
function of the limitations of the techniques employed (see
[51,55]). To better understand the sleep state transition
process the present study emploved near infrared spec-
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troscopy (NIRS) to characterize regional cerebral hemo-
dynamics during the transitions between wakefulness and
sleep and sleep and wakefulness.

Near infrared light passes through extracranial tissue
into the brain and a portion of the light delivered scatters
back t0 a sensor with valuable information concerning
intracerebral attenuation of light [27]. The light attenuation
can be attributed mainly to the fluctuating levels of several
key light absorbing molecules: oxygenated hemoglobin
{oxy-Hb), deoxygenated hemogiobin (deoxy-Hb), and cyto-
chrome oxidase ([5,9}, see [6]). The NIRS technique yields
changes in levels of these chromophores by illuminating a
small volume of the intracerebral tissue and vasculature.
The use of NIRS in combination with fMRI, trascranial
doppler, direct blood assays and other techniques has
yielded convergent validity of the optical method
[8,12,23,29,30,39,40,42,43,53,60,62,65,76]. Advantages of
NIRS of the brain over other imaging techniques include,
measurement of specific biochemical markers, localization
to a fairly superficial layer of gray matter and a rapid
response of approximately 1 s or less. The technique is
non-invasive, may be used for extended periods of time
and the equipment is small, portable and, unlike fMRI,
may be used in conjunction with other techaiques such as
EEG. A number of non-invasive NIRS methods are
available and they are the only means to directly measure
changes in the concentration and oxygenation of hemoglo-
bin in the brain from the intact skull ([2,5,91, see [6]). The
reflectance mode NIRS apparatus used in this study can fit
on a small cart, may be used at the bedside of patients and
provides continuous online information for hours. In
clinical applications the monitoring of hemodyramics may
be critical in the brain, which is vulnerable to prolonged
hypoxia. While the high standard necessary to impact
clinical decision making has not yet been achieved by
NIRS, advances in technotogy are likely to enhance the
already valuable information that can be obtained
[19,61,63,76]. Relatively inexpensive compared to other
imuging technigues, the cost of the apparatus excluding the
computer was less than $10,000.

Past studies of NIRS during the transition to sleep have
described a number of patterns. As subjects fell asleep an
oxy-Hb decrease and deoxy-Hb increase from a frontal
location were accompanied by either a decrease or no
change in total hemoglobin (-Hb) [25]. Similar findings
were obtained with NIRS placed at frontal and ceniral
derivations but inverse changes, oxy-Hb increase and
deoxy-Hb decrease, were recorded from the occipital
region [39]. These past studies did not specify the time
period examined, conducted no statistical analysis of the
data and did not evaluate the complimentary transitional
state from sleep to wakefulness. The present study was
designed to address all of these limitations and describe the
pattern of NIRS changes in the boundary between sleep
and wakefulness.

2. Materials and methods
2.1, Subjects

Nine healthy individuals with an average age of 30.3
years (range 22-52), 7 male, 2 female, served as subjects.
Subjects restricted their sieep to about 4 h on the night
before the day of the experiment in order to facilitate sleep
during the day. The study was approved by the City
College of New York's Institutional Review Board and
written documentation of informed consent was obtained
from subjects.

2.2, Instrumentation

Fig. 1 shows a schematic of the approach. The optical
fiber probes were placed 3 cm apart, embedded in an
elastic headband with a perpendicular orientation to the
surface of the forehead. Symmetrically positioned across
the midline, the input probe was to the left (near Fp2) and
the detector probe to the right (near Fpl). Both probes
were approximately equidistant from the eyebrows and
hairline. We chose to apply optedes to the forehead rather
than the scalp because the hair in the scalp attenuates light
significantly and reduces the signal to noise ratio. In
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Fig, |. Schematic ol the near infrared probes and light path. A schematic
representation of the NIRS set-up used to monitor local intracerebral
brain activity is depicted. The view is looking down on the top of the
head. The theoretical light path through the head represents only the
major porticn of the light delivered that scatters back and is detected in
the collection fiber.
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addition, there is evidence that the frontal lobes and
midline structures show early changes in the transition to
sleep {20,75] and we were interested in the boundary state
between wakefulness and sleep.

Two diode lasers delivered near infrared light at 830 nm
and 780 nm. These wavelengths were selected because
they lie on each side of the isosbestic point of the oxy-Hb
and deoxy-Hb absorption spectra at ~800 nm. The light
was propagated through a 1.125 mm optical fiber to the
subject at about 0.25 mw (0.1 mw for 780 nm and 0.15
mw Tor 830 nm) at the output point. The output power of
the fiber was set below (.32 mw/ cm” for each wavelength.
For these parameters of low power laser light no safety
precautions are required for less than & h of use [31}.

A 5 mm diameter liquid optical waveguide was used to
collect the optical signal. The collected optical signal was
passed through a wide band fitter with center wavelength
of 800 nm to remove the environmental light noise and
transformed to an electrical signal by a single photo
multiplier tube (PMT) model R943. Two PC-board lock-in
amplifiers (Ithaca model 3981) were used for detection.
The beam was chopped at 367 Hz for oxy-Hb and 600 Hz
for deoxy-Hb. The two wavelength optical signals were
detected at these chopped frequencies and read out from
the two leck-in outputs.

Bipolar EEG signals and the NIRS signals were simul-
taneously recorded by connecting to a polygraph recorder
and a PC computer based digital recorder. Analog data
from the EEG amplifier’s J6 output was digitized at 12 bit
at 256 Hz by a Microstar Laboratories DAP 1200 signal
processing card with dynamic range of =5 V. A Pentium
166 MHz PC was used for data collection by data
acquisition software (Dap’f'@, von Gizycki, 1996). A Grass
7D polygraph with 7P511 amplifiers was used to acquire
elecirophysiological data. Amplifier seftings were as fol-
lows: Sensitivity=3 UV/mm, high fitter=1 K, low fiiter=
0.30. The following seven-channel montage was used
according to the international 10-20 system [26]: C,
~AA,, Cy-A,, O-F,, O,-F, Left outer canthus — A,
Right outer canthus — A, and bipolar mentalis muscle for
chin electromyograi.

Wavelengths above and below 805 nm provide measures
of both oxy-Hb and deoxy-Hb concentrations [27]. Em-
ploying the absorption coefficients (Table 1, [68]} at

Table |

Hemeoglobin absorption coefficients at two wavelengths. 780 um and 83¢
n

nnt

Wavelengih deoxy-Hb oxy-Hb AOD

(nn) {deoxy-Hb minus oxy-Hb)
780 0.28 0.18 +1

830 024 0.245 —-0.033

“ Abhreviations are as follows: oxygenated hemoglobin {oxy-Hb), de-
oxygenated hemoglobin (deoxy-Hb), change (A) in optical density {OD).
OD~mM/cm [68].

optical wavelengths of 780 and 830 nm the change in the
concentration of oxy-Hb and deoxy-Hb results from an
analysis of the amount of light scattered back from the
brain using the following linear equations (OD stands tor
optical density):

Adeoxy-Hb = 7.90D, — 5.8A 0Dy, (D
Aoxy-Hb = 9.10Dq, — 6.8A 0Dy, (2)

A#-Hb = Adeoxy-Hb + Aoxy-Hb
= 1.10D,,, + 334 0Dy, (3

The path of the light that is scattered back and collected
has been assumed to be banana shaped, penetrating
approximately 1.5-3.0 cm with an optode separation of 3
cm (Fig. 1; [23,29,41,49,71,74]). Lacking knowledge of a
number of parameters, including the path length and
differential absorption by different layers of tissue, it is not
possible to determine the absolute concentration of the
chromophores ([5,9], see {6]). The NIRS values are
therefore in arbitrary units, caiculated as follows: Within
each segment analyzed the initial NIRS values are set (o
zero and all changes are relative to the data set within the
segment.

The total hemoglobin (t-Hb) value is the arithmetic sum
of oxy-Hb and deoxy-Hb. Although the vaiue of t-Hb is
not independent of either oxy-Hb or deoxy-Hb we will
statistically analyze this parameter separately because of its
correspondence to  cerebral blood volume (see [721).
Details of the NIRS analysis. equipment, demonstration of
the current approach in the periphery and correspondence
between the current and an established technique {64] in an
animal preparation will be presented elsewhere.

2.3. Procedure

The napping protocol began between noon and 2 pm.
Following preliminary calibrations and 3 min of waking
recording with eyes alternatively opened and closed the
room lights were turned off, the door of the sound
attenuated room closed and the subject was told to go to
sleep. When the polygraphic record indicated that the
subject was in stage 2 sleep for over 30 s, the investigator
woke the subject by catling his or her name on the
intercom. The subject was kept awake for at least 30 s and
then toid to return to sieep. Subjects were encouraged (o
fall asleep more than once so that multipie sleep onsets and
sleep offsets could be collected.

2.4. Data analytic strategy

The data analytic strategy was analogous for the wake-
fulness to sleep and the sleep to wakefulness transition. To
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avoid repetition we will describe the complete procedure
for only the wakefulness to sleep period.

The analysis proceeded in steps (Table 2). The first step
was visual identification of regions of the EEG data stream
that were tfairly ciear and unidirectional in the transition
from waking to sleep. An expert scorer (AJS) examined
the polygraphic record and selected segments of 20-120 s
in duration in which the transitions between waking and
sleep were relatively unambiguous and there was no gross
artifact present in the NIRS signal. Polygraphic segments
in which alpha activity in the EEG waxed and waned were
excluded from analysis. Within that region the point of
human Scored Sleep Onset (Table 2, step 1) was defined
based on polysomnographic criteria that mainly refied on
the complete disappearance of alpha frequency on the
EEG. In some cases, in which alpha was not abundant, this
decision was based on the change to an EEG in the theta
frequency range or mixed frequencies with amplitude
greater than during unambiguous waking. Only a small

Table 2

number of wakefulness to sleep trials were included in the
analysis. Our aim was to select poriions of the record that
demoenstrated a continuous and uniform state change.
Operationaily, we selected segments that began with a
refatively unbroken string of alpha in the EEG or an
unambiguous waking EEG. In order to be selected for
analysis this portion of wakefulness needed to be followed
by continuous sleep for at least 20 s. In this sleep portion
either aipha disappeared completely or there was a slowing
to the theta range and a slight increase in EEG ampiitude.
These strict criteria for selection resulted in 26 sleep onsets
selected for analysis in nine subjects.

The complementary transition, from sleep to wakeful-
ness, was provoked by experimenters calling the subject’s
name over the intercom. Following the awakenings the
typical pattern was a burst of high amplitude alpha in the
EEG foliowed by a reduction in amplitude as wakefulness
continued. The first appearance of alpha was defined as the
point of human Scored Sleep Offset (Table 2, step 1}. The

Data analytic procedure and strategy for the examination of sleep onset and sleep offset”

Sequence

Method

Aim

Step |

Step 2

Step 4

Step 5

Step 6

Step 7

Step 8

Step 9

Expert sleep scorer determines the time
when EEG alpha disappewrs (appears)

Computer FFT identification of the
point at which spectral power of EEG
alpha is maximally reduced {increased}

Test if there is a dillerence between the
points ot Scored and FFT Sleep Onset
{Offset)

Determine the maximal change in the
concentration of oxy-Hb in the region of
Scored Sleep Onset (Sleep Offset)

Identity the point of maximal decrease
(increase) in the concentration of oxy-
Hb in the region of Scored Sleep Onset
(Sleep Offset}

Compare the magnitude and direction of
the changes in the concentration of oxy-
Hb, deoxy-Hb and -Hb at the point of
maximal decrease {increase) of oxy-I1b

[etermine the duration of the
synchronized and parallel decrease
(increase) in oxy-Hb and deoxy-Hb
during the sleep onset {offset) period

Assess the time delay between the
Scored Sleep Onset (Oflset) and the
synchronized and paraliel changes in the
chromophores at the Switch Point.

Caleulate the correlation between oxy-
Hb and deoxy-Hb before, after, and at
the Switch Point, in the sleep onset
{offset) period

Point of human Scored Sleep
Qnset {Offset)

Point of computer FFT Sleep
Omnsel {Olfsel)

Convergent validity

Confirm that the oxy-Hb
response is a decrease at sleep
onset (increase at sleep offset}

locate the region of the NIRS
signal to be used to identify the
coordinated changes in the
hemoglobin parameters

Assess frontal cerebral
hemodynamics associated with
falling asleep (waking up)

Measure the duration of the
hemodynamic Switch Point

Describe the timing of changes
in NIRS in relation to state
change

Describe the relationship
between oxy-Hb and deoxy-Hb
before, after and at the
Swilch Point

* The sequence of analyses used for examining sleep onset and. in the parentheses, the analogous strategy for sleep offset. The Fast Fourier Transform
(FFFT) of alpha power, maximal change in oxy-Hb, maximal decrease (and increase) in oxy-Hb, and changes in deoxy-Hb and total hemoglobin (t-Hb) were

determined by a computer analysis ol the difference in the average values hetween two successive 5 s windows,
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point demarcating the change from sleep to wakefuiness
was clear and abrupt. In contrast to the small number of
trials in which the wakefulness to sleep transition qualified,
we were able to include a more representative sample of
awakenings. We analyzed 37 transitions from sleep to
wakefulness in nine subjects. The scorer was blind to the
NIRS data when determining the points of Scored Sleep
Onset and Offset. Each subject had at least one sleep onset
and offset period that qualified for analysis.

The next step was to submit the regions of EEG data
around the point of Scored Sleep Onset to a Fast Fourier
Transform (FFT) analysis with a moving set of two 5-5
windows (see the Computer analysis section below for
algorithm). The change in alpha power was examined for
the region starting 5 s before and ending 20 s afier the
point of Scored Sleep Onset. Computer derived FFT Sleep
Onset was defined by the program as the point of maximal
decrease in relative alpha power from the first to the
second 5-s window (Table 2, step 2). The corresponding
point of increased alpha power was called computer FET
Sleep Offset (Table 2, step 2). The third step was to
compare the Scored Sleep Onset and computer FFT Sleep
Onset and see how far apart they were in the time domain
(Table 2, step 3). This comparison served as convergenl
vatidity of the two methods.

Standard sleep stage scoring requires analysis by an
epoch of either 20 or 30 s [36]. In order to improve the
temporal resolution in the evaluation of the timing of the
hemoglobin changes we used two points; the point at
which visual inspection detected the disappearance of
alpha and the FFT analysis of maximum decrease in
relative alpha power. While these criteria differ from
standard sleep stage scoring, these EEG analyses resuited
in the Switch Point from waking io sleep taking place out
of conventionally scored Stage 1 sieep.

The decision to use two 5-s data windows to evaluate
the BEG during the transition period between sleep and
waking was based on the well known association between
EEG alpha activity and wakefulness [56]. No such well-
established temporal association has been demonstrated
between NIRS parameters and sleep or wakefulness.
Therefore, we systematically explored window sizes be-
tween 2 and 10 s. We found that all window sizes yielded
consistent and significant findings for oxy-Hb changes at
sleep onset and offset and deoxy-Hb changes at sleep
offset. For deoxy-Hb at sleep onset, data window values
below 5 s were unstable and values between 5 and 8 s
were stable hovering near P<(0.0¢ ranging between P<C
0.05 and P<<0.08. We chose to use the 5-s data window
because this was the shortest interval at which deoxy-Hb
changes were stable.

1t is well established that activation is associated with an
increase in oxy-Hb {(see {47,72]). A preliminary examina-
tion was conducted to confirm that oxy-Hb increases at
sleep offset and decreases at sleep onset. This was
accomplished by the program identifying the point where

there was a maximal change (either increase or decrease}
in the level of oxy-Hb from the first to the second 5-s
window and statistically testing the change {Table 2, step
4y, Once the expected increase in oxy-Hb at sleep offset
was confirmed we re-examined the few trials in which the
largest oxy-Hb change was not an increase at sleep offset.
In these trials we visually selected that portion of the
record that contained the largest oxy-Hb increase in the
region of sleep offset (Table 2, step 5). Our aim was to
examine the patiern of all NIRS changes that occur at the
time of activation as indexed by the oxy-Hb rise as the
subject woke up. The analogous procedure was conducted
at sleep onset for the few trials in which the largest change
in oxy-Hb was an increase. We then compared the mag-
nitude and direction of the changes in oxy-Hb, deoxy-Hb
and t-Hb that occurred at the same time (Table 2, step 6).
For example, the point of maximal decrease in oxy-Hb in
the region of falling asleep was used as the point around
which deoxy-Hb and t-Hb values were calculated.

We visually selected that portion of the data stream at
the decline in oxy-Hb at sleep onset in which there was
also a decline in deoxy-Hb. We called this data segment in
which both chromophores decreased simultaneously the
Switch Point (Table 2, Step 7). The end of this synchron-
ized decline was defined as the first bin (1 s) in which
either of the chromophores was not lower than in the
previous bin. This Switch Point was analyzed for the
duration of the synchronized and parallel decreases in
oxy-Hb and deoxy-Hb. The duration ot the corresponding
synchronized increases in the chromophores at sleep offset
was also determined. We exciuded from analysis the 8
sleep onset trials in which there was no simultaneous
decrease in the two chromophores. In these trials only
reciprocal changes in oxy-Hb and deoxy-Hb were present.
Similarly, we excluded 5 sleep offset trials in which there
was no synchronized increase in the chromophores. In
addition, we calculated the time delay from Scored Sleep
Onset (and Offset) to the synchronized hemoglobin
changes (Table 2, step 8}

To describe the relative changes in oxy-Hb and deoxy-
Hb in the region around sleep onset we calculated three
correlation coefficients between oxy-Hb and deoxy-Hb, as
follows (Table 2, step 9). In each of the three analyses we
first standardized the data in the traditional manner {7]
before performing the comrelation. For a 4-s series of data
at the Switch Point, for example, we took the mean of the
four oxy-Hb 1-s bins and subtracted the mean from each of
the bin values, We did the same for the four deoxy-Hb bins
and then calculated the correlation between the trans-
formed oxy-Hb and deoxy-Hb values. This preliminary
transformation allowed us to perform an overall correlation
across all trials. Three correlations were performed on
different segments of the time series (Table 2, step 9). (1}
A correlation was calculated between the two chromo-
phores at the Switch Point, for the duration of the parallel
and synchronized change in each sleep onset trial. (2) We
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then selected the data for the 5 s prior to the onset of the
Switch Point and calculated the correlation. (3) Similarly,
we selected the segment for the 3 s immediately foliowing
the Switch Point, and calculated the correlation. The three
corresponding correlations at sleep offset were also calcu-
lated.

Previous studies have shown that CBF levels during
wakefulness are different before and after a long bout of
sleep [10,16]. Our study examined changes before and
after a short nap and did not directly compare wakefulness
before and after the sleep period. The analyses were
limited to the changes from wakefuiness to sleep and sleep
to wakefulness.

2.5, Computer analysis

A discrete FET function was used to assess EEG power.
The data was first detrended and then the power spectral
density was computed using a 256 point FFT with [28
point hanning window. Frequency decomposition was
performed using the MATLAB FFT function, and for EEG
analysis, the squared absolute value of the output of this
function was used as EEG power. In addition, EEG bands
were computed as follows: beta (13 Hz=<<g<<3( hz),
alpha (8 Hz=<<a<(13 Hz), theta (4 Hz=<r<8 Hz),
delta (0 Hz=<A<4 Hz) and overall power was also
computed,

As summarized in Eq. (1) below, alpha power of the
EEG by FFT algorithm was analyzed to obtain the
computer FFT Sleep Onset and Offset points. The EEG
data stream was truncated to 1-s event data points. The
sleep onset and offset points were determined by sampling
segments of the data with a moving window as follows:
Data was collected and averaged within each of two
contignous windows of 5 5. The entire data region of
interest was sampled successively by moving the windows
in l-s increments and re-calculating the means of the two
windows. When the difference between the averages of the
first and second windows was the greatest the transition
value separating the windows was defined as the point of
computer FFT Sleep Onset or Sleep Offset.

V= max (mean data {second 5 s] — mean data [first 5 5]}

(h

Expressed by formula (1) V is the transition value (point
of computer FFT Sleep Onset and Offset), mean data
[second 5 s} and mean data [first 5 s] are the mean values
of the data after and before the transition points respective-
ly, within 5-s windows.

In the same manner, the maximal oxy-Hb response,
maximal decrease in oxy-Hb at sleep onset, maximal
increase in oxy-Hb at sleep offset and the corresponding
changes in deoxy-Hb and t-Hb were obtained. The NIRS
signals were averaged to 1-s event data points to eliminate
high frequency noise.

3. Results.

Fig. 2 displays the long-term changes in the EEG and
NIRS recordings for one subject. The top curve shows the
EEG alpha power from electrode locations O,—F, wake-
fulness labeled W and sleep labeled S. The lower curves
present the hemoglobin concentration changes calculated
from the NIRS signal at the forehead. The vertical lines
mark the points of sleep state transitions at Scored Sleep
Onset and Offset. As the subject fell asleep there were
reductions in EEG aipha, oxy-Hb and t-Hb. The deoxy-Hb
level appears little changed. In contrast, as the subject
woke-up there were increases in EEG alpha, oxy-Hb and
t-Hb. Again, the deoxy-Hb level appears little changed

3.1. Spontaneous transition from wakefulness lo sleep

Fig. 3 dispiays the short-term changes in EEG alpha and
hemoglobin concentration for one subject. In addition to
the parameters presented in Fig. 2, this graph includes the
cross comelation between oxy-Hb and deoxy-Hb for a 5 s

120

5

EEG channel O-F,

o

EEG o Power (WV?}

Adeoxy-Hb (a.u.)

Aoxy-Hb (a.u)

At-Hb (.u)
O_J_A_A_A_A_A_??_J ._Lu_‘__%_l ~

Mf“‘«\

T T
500 1000 1500

Time (Sec.)

Fig. 2. Long term changes in EEG and NIRS between sleep and waking.
Hlustration of the relative changes in hemoglobin concentration (oxy-
genated hemoglobin [oxy-Hb]. deoxygenated hemoglobin [deoxy-Hb] and
tetal hemoglobin [t-Hb]) calculated from the NIRS signal and changes in
the Fourier Fast Transform {FFT) derived EEG alpha power as one
subject goes through multiple waositions between waking and sleep. The
vertical lines indicate the time of human Scored Slecp Onsel and Offset.
W indicates wakefulness, S indicates sleep and a.u. stands for arbitrary
units.
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Fig. 3. Cerebral hemodynamics at sleep onset. Measurements from one
subject in the transition [rom wakefulness to sleep. An additional curve
shows the cross correlation between oxy-Hb and deoxy-Hb for a 5-s
window. The axis izbel AHbs refers to the relative changes in the three
hemoglobin parameters. The vertical line, at the 823rd s, indicates the
peint of human Scered Slecp Omnset. Arrows at the 827th and 835th 5
peint to the beginning and ending (respectively) of the synchronized
reduction in both oxy-Hb and deoxy-Hb called the Switch Point.
Abbreviations as in Fig. 2.

window. The value at each point represents the correlation
between oxy-Hb and deoxy-Hb for the following 5-s
period. As seen in the upper panel of Fig. 3, during
wakefulness the alpha power of the EEG is high and as the
subject falls asleep the signal becomes abruptly weaker.

Four seconds after the point of Scored Sleep Onset {827 s)
the levels of both oxy-Hb and deoxy-Hb begin to decrease
at the same time. This fail in the two chromophores
continues for § s (through 835 s). This synchronized fall,
which we designate as the Switch Poing, is clearly seen in
the cross correlations with rs approaching 1.0 for values
between 827 s and 830 s. Prior to and after the Switch
Point there are small changes in oxy-Hb and deoxy-Hb.
The relationship between the two chromophores in the
region bordering the Switch Point is either distinctly
reciprocal or mildly parallel as can be seen in the middle
panel and as represented in the lower panel by r values
approaching — 1.0 and low positive values, respectively.

Asx expected, grouped data show highly significant
reductions in EEG alpha power at both electrode locations
during the transition to sleep (Table 3; Ps<C0.0005). The
mean point of Scored Sleep Onset was 4.7 s (8.D.=3.9,
=329, n=9, P<<0.01) after the mean point of computer
FFT Sleep Onset at the C,—A | A, placement.

The concentration of oxy-Hb was reduced in the transi-
tion to sleep (mean difference [second 5 s] minus [first 5
s1= —0.01571 arbitrary units, S.D.=0.04209, r=3.1f, n=
9, P<<(.01). In contrast to this overall decrease in oxy-Hb,
there were 6 of 26 nap trials in which the largest change
was an increase. In order to examine the changes in
deoxy-Hb and t-Hb that occurred at the time of the fall in
oxy-Hb, we located the portion of the sleep onset record,
in these G pap trials, in which there was the largest
decrease in oxy-Hb. As subjects fell asleep and oxy-Hb
decreased (Table 3) there was a near significant reduction
in deoxy-Hb (n=9, P<<0.063). Employing the nap trial as
the unit of analysis, there was a significant reduction in
deoxy-Hb (mean difference [second 5 s} minus [first 5
s]= —0.00609 arbitrary units, 5.D.=0.01315, =347, n=
26, P<0.005). In contrast to the general reduction in
deoxy-Hb at sleep onset, there were 6 of 26 nap trials in
which the largest change in deoxy-Hb was an increase. At
the time of the fali in oxy-Hb at sleep onset, there was also
a reduction in {-Hb (P<<0.002).

In 18 of the 26 sleep onset frials there was a Switch
Point characterized by a distinct synchronized decrease in
both oxy-Hb and deoxy-Hb. In the remaining 8 trials the
relationship between the chromophores was either recip-

Table 3

Changes in alpha power (pv? units) and hemoglobin concentrations (arbitrary units) in the transition from wakefulness to sleep”

Parameter Mean S.b. t P
AFFT alpha power C,—A | A, (log scale) —1,1423 0.4145 5.56 0.0005
AFFT alpha power O —F, (log scale) —1.1498 0.4070 5.75 0.0005
Aoxy-Hb —0.0386 0.0124 5.29 0.001
Adeoxy-Hb —0.0056 0.0126 2.00 0.063
At-Hb ~(0.0441 0.0199 4.47 0.002

“ The segment of the transition period where thers was a maximal reduction in oxy-Hb between two successive 5-5 periods was used for analysis of
hemoglobin changes. The data set was based on a total of 26 observations in 9 subjects. The mean of each subject’s data was used for the statistical
analysis. The symbol A stands for change, calculated as follows: Average parameter value in the second 3-8 window minus the value in the first 5 s
window. Negative values mean a reduction in the parameter from wakefulness to sleep.
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rocal or indeterminate. The mean duration of the Switch
Point was 3.6 5 (5.D.= 1.6 5, n =18). The mean delay from
the Scored Sleep Onset to the start of the Switch Point was
3.8 5 (S.D.=8.2, n=18). The correlation between oxy-Hb
and deoxy-Hb at the Switch Point was »=0.94 (n=1§,
Fig. 4). This simultaneous decrease in both chromophores
results in a drop in t-Hb and probably reflects a brief down
regulation of cerebral blood flow or volume at sleep onset.

Before and after the Switch Point a different NIRS
pattern was seen with levels of both oxy-Hb and deoxy-Hb
showing increases and decreases of small magnitude. The
two chromophores showed both reciprocal changes (as one
increased the other decreased) as well as parallet changes
(Fig. 4). The mean correlation of the two chromophores in
the 5 s before (r=0.04) and the 5 s after (*=0.03) the
Switch Point in the region of sleep onset approached zero
{n =18). Therefore, the Switch Point is a distinct and fairly
uniform phase of hemodynamic regulation that is hounded
by a mixture of changes.

3.2. The sleep to wakefulness transition produced by
Jorced arousal

Fig. 5 displays the data from one subject before and
after being awakened. While asleep the alpha power of the
EEG signals is low and abruptly increases 1 s after the
point of Scored Sleep Offset at the 719th s. The synchron-
ized increase of both oxy-Hb and deoxy-Hb {Swiich Point)
starts at the 723rd s and ends at the 729th s. This is also
reflected in the cross correlation values approaching »= 1.0
between the 720" and 725" s in the lower panel. Prior to
and after the Switch Point the relationship between oxy-Hb
and deoxy-Hb is a mixture of reciprocal and parallel
changes as reflected in the wide range of positive aand
negative correlations in the lower panel.

Grouped data show that as subjects wake up EEG alpha
power signals increase (Table 4, n=9, both Ps<C0.0005).
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Fig. 4. Correlation of oxy-Hb and deoxy-Hb around sleep onset. The
middle set of values are the standardized correlation coelficients between
oxy-Hb and deoxy-Hb at cach sleep onset trial during the Switch Point.
The first set of standardized correlations were obtained from 5 s prior 0
the Switch Point and the third set from 5 s after the Switch Point. The
large open circles indicate the mean values (n=18).
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Fig. 5. Cerebral hemoedynamics at sleep offset. Measurements from cne
subject in the ransition from sleep to wakefuluess. Symbels as in Fig. 3.
The vertical ling, at the 719th s, indicates the point of human Scored
Sleep Offset. Arrows at the 723rd and 729th s point to the beginning and
ending {respectively} of the synchronized increase in both oxy-Hb and
deoxy-Hb called the Switch Point.

The mean point of Scored Sleep Offset occurred 4.1 s
before the increase in FFT alpha power at the C,—A A,
placement (S.0.=3.3 s, 1=3.37, n=9, P<0.01).

There was a rapid and robust increase in oxy-Hb level as
subjects were awakened (mean difference [second 5 s]
minus [{irst 5 s]=0.08056, 5.D.=0.04680, =394, n=9,
P<0.0605). In contrast to the general increase in oxy-Hb,

Table 4
Changes in alpha power {uV™ units) and hemoglobin concentrations
(arbitrary units) in the ransition from sleep to wakelulness”

Parameter Mean S.D. P P<

AFFT alpha power C,-A A, (logscale) 137 028  7.14 0.0001
AFFT alpha power O —F, (log scale) 1.57 040 593 0.0005

Aoxy-Hb 0.100 0036 5.01 0.00]
Adeoxy-Hb 0014 0023 232 0065
At-Hb 0114 0.039 511 0001

“The segment of the transition period where there was a maximal
increase in oxy-Hb between two successive 5-s periods was used for
analysis. The data set was based on a total of 37 observations in 9
subjects. The mean of each subject’s data was used for the statistical
analysis. Definitions as in Table 3.
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Fig. 6. Comelation of oxy-Hb and deoxy-Hb around slkeep offser,
Definitions as in Fig, 4. n=32.

there were 7 of 37 trials in which the largest change was a
reduction. We located the segment of the sleep offset
period in which the oxy-Hb level was increased in these 7
trials in order to analyze the accompanying NIRS changes.
As subjects woke up and oxy-Hb increased (Table 4),
deoxy-Hb also increased (P <C0.05). At the time of the rise
m oxy-Hb, t-Hb also increased (P <<0.001).

In 32 of 37 trials there was a synchronized and parallel
increase in both oxy-Hb and deoxy-Hb upon awakeaning. In
the remaining 3 trials the relationship between the chromo-
phores was reciprocal or indeterminate. The mean duration
of the Switch Point was 3.4 s (S.D.=1.5, n=32). The
correlation between oxy-Hb and deoxy-Hb at the Switch
Point was r=0.94 (#=32; Fig. 6). The mean delay from
the Scored Sleep Offset to the start of the Switch Point was
1.5 s (5.D.=3.8, n=32). There was no difference in the
speed of the hemodynamic response at sleep offset and
sleep onset. The time from the Scored Sleep Offset to the
Switch Point {(mean—=1.5 s, S.D.=3.8, n=32) compared to
the time from the Scored Sleep Onset to the Swiich Point
(mean=3.83 s, S.D.=8.2) was not different (n=18§, =
1.28, n.s.).

Before and after the Switch Point at sleep offset, oxy-Hb
and deoxy-Hb showed small increases and decreases. The
refationship between the two chromophores in the region
outside the Switch Point was reciprocal as well as parallel
(Fig. 6). The mean correlation between the two chromo-
phores was small in the 5 s before (r=0.13) and the 3 s
after (r=0.27) the Switch Point (n=32; Fig. 6).

4. Discussion

The current work has demonstrated that the global
changes that occur between the states of wakefulness and
sleep are accompanied by consistent changes in hemo-
dynamics. The process of falling asleep, characterized by
simultaneous reductions in the concentration of oxy-Hb
and deoxy-Hb, suggests decreased neuronal activity, re-
duced oxygen consumption and reduced cerebral blood
fAow and volume [70,72]. It is not unexpected that this

superficial layer of the frontal lobe, assessed by the NIR
tight, which is associated with emotionality and executive
functioning such as planning and sequencing reduces its
metabolic rate upon falling asleep. The current findings are
consistent with other imaging technigues, which have
shown that the type of sleep seen at the beginning of the
night is associated with reduced cerebral metabolic rate as
measured by PET scan [3] and reduced cerebral blood flow
[16,32,46,571.

Previous studies using NIRS in frontal areas during the
walkefulness to sleep transition in humans have also shown
decreased oxy-Ilb as in the current study i25,59%L In
contrast to the current work’s finding of deoxy-Hb redue-
tions, past studies have described an increase in deoxy-Hb
in the transition to sleep. This discrepancy may be due to
the current work’s focus on the changes in the immediate
region around the transition to sleep. Our analysis was
limited to the 5 s preceding and 20 s following the state
changes. One past study examined longer-term changes
over many minutes and therefore did not concentrate on
the transient change at the boundary [25]. The other study
used a sampling rate of 5 s for NIRS, which is & temporal
resolution that would not be capable of detecting brief
changes [39].

Alternatively, the differences between the current and
past studies with regard to deoxy-Hb may be due to
methodological differences. The current study examined
naps during the day, in partially sleep deprived individuals
as compared with nocturnal sleep in past work. In an
attempt to assess this possible explanation we re-studied
one of our subjects at his typical bedtime. These prelimin-
ary data show the same changes in the chromophores that
we obtained during the day.

Other differences in methods between the current and
past studies which include, differences in scalp locations of
the optodes, the current studies selection of state transi-
tions that were clear and uniform, and differences in the
NIRS apparatus, sampling rate, and different light wave-
lengths employed may explain the discrepancies in find-
ings. Only more work will settle the issue,

Although we only analyzed short segments of data we
observed a pattern of small changes in oxy-Hb and deoxy-
b both before and after the transition to sleep. The pattern
was not uniform; in some trials the two chromophores
were reciprocally related and in other trials paraliel
changes occurred. Because we did not examine longer-
term trends a direct comparison to the findings of previous
work is not possible.

Falling asleep is gradual as reflected in a number of
parameters, including decreased tonus of the skeletal
musculature and responsivity to sensory stimulation [55].
The cwrent finding of a transient reduction of substantial
magnitude in oxy-Hb coupled with a smaller reduction in
deoxy-Hb that is bracketed by smaller, mixed changes
suggests that cortical hemodynamics are switched abruptly
into a specific mode at sleep onset.
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The validity of the current findings at sleep onset is
supported by the opposite results obtained when subjects
are awakened from sleep. The increases in both oxy-Hb
and deoxy-Hb are synchronized and time locked to the
awakening period. Because we abruptly awakened sub-
Jects, the precise point of sleep offset is more distinct then
sleep onset. This ease of identification may be reflected in
the reduced variability in the time between Scored Sleep
Oifset to the Switch Point compared to Scored Sleep Onset
to the Switch Point. While this difference is probably due
to the sharp contrast between sleep and wakefulness at the
abrupt awakening, it may also, in part, be due to the
adaptive advantage of consistency of cerebral responsivity
to an awakening.

Many studies employing NIRS in the evaluation of the
cerebral hemodynamic response to mental activation have
alse shown oxy-Hb increases as we have found at sleep
offset ({47], see [70]). While most studies have found that
deoxy-Hb is decreased during activation {see 7(] there has
been one study using intrinsic optical signals and two
studies using f-MRI in which activation produced an
initial, short lived, increase in deoxy-Hb as we have found
at sleep offset [11,34,43]). The parallel changes in both
oxy-Hb and deoxy-Hb that define the Switch Point and last
for approximately 3 to 4 s suggest that the vascular
response takes in the order of seconds to make the switch
in response to changes in newonal demands associated
with sleep and wakefulness. While the parallel and
synchronized changes in oxy-Hb and deoxy-Hb at the
transition between sleep and wakefulness were ciearty seen
they were not invariably present. In a minority of trials
only small reciprocal changes occurred. It is not clear if
this represents a iimitation of the NIRS technique or the
variability of hemodynamics at the global central nervous
system change in the sleep state transition period.

Questions regarding spatial resolution, data that is
limited to within subject comparisons and the possible
contamination of the signal by extracerebral sources are
three [imitations of the current NIRS approach. A number
of studies have shown that with optical imaging using the
reflectance mode there is a direct relationship between
optode separation and the depth of the volume of tissue
interrogated [14,15,18]. The light path through the head
and to the detector optode has been described as crescent
or banana shaped [14,23]. For an optode separation of 3
cm used in this study, studies suggest that the depth of
light penetration is 1.5-3.0 cm from the surface or less
than 1 cm into bram tissue [21,23,29,41,49.71,74]. How-
ever, a recent model employing a muiti-layer assumption
of the tissues illuminated suggest that the light path may
not be crescent shaped because of light tunneling effects
through certain tissue layers [50]. Furthermore, the path of
the light through the head and the volume of tissue
assessed vary with individual differences, such as skin
pigment and skull thickness (see [47]). Although spatial
resolution has been estimated at a few cm”, the depth and

location of the anatomic site assessed remains an inference
unless convergent measures are also employed [23,29,72].
This represents a problem in studies that aim to examine
discrete functionally specific anatomic sites, In the current
study, no claim is made that a highly circumscribed
volume of cerebral tissue is responsible for the hemo-
dynamic change in the transitions between sleep and
waking.

The modified Beer—Lambert algorithm used to establish
the concentration of oxy-Hb and deoxy-Hb requires the
knowledge of the pathlength of the light through the tissue
(see [69]). There are NIRS techniques, such as frequency
domain and time-resolved methods, that assess pathlength
and thus permit the derivation of absolute levels of the
hemoglobin molecules [35,58]. Because the reflectance
mode used in this study does not permit the determination
of pathlength it is necessary to assume that this distance
does not change during the measurement period. While
pathlength is affected by changes in the chromophore
concenirations themselves [58] this assumption of constant
pathlength is reasonable in measurements taken within the
individnal at the same location [69]. The data thus obtained
is semi-quantitative, trend data, with no absolute levels
determined. Relative changes in concentration of the
hemoglobin molecules within the same individual, at the
sare optode position are possible. Moving the optodes to a
different location on the head in the same individual or to a
different subject will necessarily void the assumption of
constant light pathlength and obviate comparisons of
ahsolute amptitudes of the chromophores, This limits the
applicability of this reflectance mode method. The within
subject design of the current work avoids the problem of
individual differences.

It is clear that extracranial sources of light absorption
such as blood in skin, bone and fascia contribute to the
NIRS signal {13,17,28] although controversy exists regard-
ing the extent of this contribution. Psychomotor studies
that show contralateral and no unilateral changes in NIRS
as well as the convergent validity studies of NIRS with
PET and fMRI are among the numerous studies that
provide evidence for the intracerebral source of the signal
[21,23,29.72]. With interoptode separation of 3 cm or more
the extracerebral contribution to NIRS parameters is small
according to some studies [49.,61,73]. While the current
study’s interoptode separation and probe pressure reducing
blood flow in the skin may limit non-cerebral sources from
the NIRS signal, the extracerebral sources were not
assessed. Therefore, the current result may not be inter-
preted as due solely to hemodynamic changes at the frontal
pole of the cortex.

In summary, a synchronized, parallel change in oxy-Hb
and deoxy-Hb is a discrete event that occurs in the
transition from both sleep to wakefulness and wakefulness
to sleep. The major source of these changes measured in
this study is the cerebral cortex at the frontal pole. This
transient and abrupt change in cerebral hemodynamics
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resembles a switch process that resets the concentration of
both chromophores to a new level; lower at sleep onset and
higher at sleep offset. To the extent that these changes in

the

optical density of these hemoglobin molecules repre-

sent changes in cerebral blood flow or volume they reflect
the different perfusion demands of these different states.
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