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ODDS RATIO PRODUCT OF SLEEP EEG AS A CONTINUOUS MEASURE OF SLEEP STATE

Odds Ratio Product of Sleep EEG as a Continuous Measure of Sleep State
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Study Objectives: To develop and validate an algorithm that provides a continuous estimate of sleep depth from the electroencephalogram
(EEG).

Design: Retrospective analysis of polysomnograms.

Setting: Research laboratory.

Participants: 114 patients who underwent clinical polysomnography in sleep centers at the University of Manitoba (n = 58) and the University of
Calgary (n = 56).

Interventions: None.

Measurements and Results: Power spectrum of EEG was determined in 3-second epochs and divided into delta, theta, alpha-sigma, and beta
frequency bands. The range of powers in each band was divided into 10 aliquots. EEG patterns were assigned a 4-digit number that reflects
the relative power in the 4 frequency ranges (10,000 possible patterns). Probability of each pattern occurring in 30-s epochs staged awake was
determined, resulting in a continuous probability value from 0% to 100%. This was divided by 40 (% of epochs staged awake) producing the odds
ratio product (ORP), with a range of 0-2.5. In validation testing, average ORP decreased progressively as EEG progressed from wakefulness
(219 £ 0.29) to stage N3 (0.13 £ 0.05). ORP < 1.0 predicted sleep and ORP > 2.0 predicted wakefulness in > 95% of 30-s epochs. Epochs with
intermediate ORP occurred in unstable sleep with a high arousal index (> 70/h) and were subject to much interrater scoring variability. There was an
excellent correlation (2 = 0.98) between ORP in current 30-s epochs and the likelihood of arousal or awakening occurring in the next 30-s epoch.

Conclusions: Our results support the use of the odds ratio product (ORP) as a continuous measure of sleep depth.
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INTRODUCTION

Since the inception of clinical polysomnography (PSG),
evaluation of sleep and wakefulness states has followed the
Rechtschaffen and Kales rules (R&K rules).! Sleep is divided
into five discrete states, NREM stages 1, 2, 3, and 4, repre-
senting progressively deeper sleep, and REM sleep. Stages 3
and 4 NREM were recently combined as one stage (N3),? but,
otherwise, there has been no change since 1968. R&K rules
were formulated when sleep signals were recorded on paper
and detailed analysis of the electroencephalogram (EEG) was
not practical. It is widely recognized, however, that the division
of sleep/wake states into distinct stages is artificial.>*¢ A 30-s
epoch is scored awake whether the EEG pattern is fully awake
throughout or contains one or more brief sleep patterns (micro-
sleep), so long as the duration of the sleep patterns is < 15 sec-
onds. Once the 15-s threshold is exceeded, the stage suddenly
becomes sleep. Likewise, sleep in any stage can be interrupted
by EEG patterns associated with wakefulness but the whole
epoch is scored as sleep, so long as the awake patterns are < 15
s in duration. Furthermore, the background EEG activity in the
same R&K stage can differ substantially in visual appearance
within and between epochs and patients. The EEG in stage
2 NREM (N2), for example, may be substantially similar to
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stage | NREM (N1) (except for the occasional spindle or K
complex) or similar to stage 3 NREM (N3) with delta waves
just shy of 6 s per epoch.

The inability of R&K rules to capture the differences in
EEG pattern between epochs of the same stage has been rec-
ognized for some time.*® With the advent of digital recordings
and availability of sophisticated signal analysis techniques,
temporal changes in the spectral EEG pattern as sleep evolves
during a typical sleep cycle were extensively documented in
the basic sleep literature. These studies showed that progres-
sion of NREM sleep towards delta sleep is typically associated
with a gradual decrease in beta power and a gradual increase
in delta power while sigma power initially rises then fall.*®
These studies were directed primarily to understanding the
basic mechanisms of sleep and a number of models have re-
sulted from such studies.*”"?

The clinical significance of these gradual changes in the
EEG is not known. Since arousal threshold increases progres-
sively as sleep progresses from N1 to N3,'°" it is reasonable to
speculate that such a progression in spectral EEG features may
reflect progression to deeper sleep. It would be useful to have a
continuous, index of sleep depth that can be applied to the EEG
in research and clinical studies performed to investigate com-
plications of sleep disorders. Such an index may indicate, for
example, that patients with the same amount of NREM stage
2 sleep may have very different average sleep depth, and this
may account for different symptoms.

To our knowledge, there have been only two attempts at gen-
erating a continuous scale to evaluate sleep/wakefulness states
during clinical polysomnography. Pardey et al."” described an
EEG analysis approach that utilizes a 10" order auto-regressive
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model, followed by a multilayer perceptron (MLP) neural net-
work, to generate a continuous scale between 100 (fully awake)
and —100 (very deep NREM sleep). Performance of this model
was tested in a study that compared the ability of the scale, vs.
more conventional indices, to predict improvement in daytime
sleepiness in obstructive sleep apnea patients following CPAP
therapy.'® The new scale marginally improved the correlation
when added to a multiple regression model, but only if the
number of oxyhemoglobin saturation dips > 4% was excluded
from the model. Asyali et al.”” proposed the use of the sum of
alpha and beta powers as a continuous scale. There has been
no validation of this scale beyond the original five files used in
its development.

Concurrent with the basic studies on sleep mechanisms, dig-
ital analysis of the EEG extended into systems used for clinical
polysomnography with the primary aim of replacing the ineffi-
cient manual scoring. Numerous digital approaches have been
developed,'® > and most commercial data acquisition systems
include algorithms for automatic sleep scoring based on EEG
time and frequency signal analysis. Most of these, however,
aim to reproduce the manual scoring based on the R&K rules.
Accordingly, they also fail to capture the differences in EEG
patterns within and between epochs of the same stage.

In this paper we describe the development and validation
of a continuous index for evaluating depth of sleep. It is an
empiric scale that makes no a priori assumptions about what
constitutes awake or sleeping EEG patterns. We show that: (a)
the scale accurately predicts when the patient is awake, asleep
or in an ambiguous state, (b) average scale decreases as NREM
sleep progresses from N1 to N3, (c) the scale is highly vari-
able within and between epochs and patients in the same R&K
stage, and (d) the probability of an arousal or awakening in-
creases progressively as the scale increases.

METHODS

Development of the Model

We used 58 anonymous PSG files previously recorded for
unrelated research, approved by the Research Ethics Board of
the University of Manitoba."*?%?7 The files, recorded in 2000—
2001, included 2 central (C3/A2, C4/Al) and 1 occipital (02/
Al) EEG signals, 2 electro-oculograms, a chin electromyo-
gram (EMQG), an electrocardiogram, and signals from chest
and abdomen Respitrace (Respitrace, Ambulatory Monitoring,
Ardsley, NY, USA), thermistor flow, end-tidal PCO,, oxyhe-
moglobin saturation (SpO,), and a microphone. Signals were
recorded at a sampling rate of 120 Hz using a Windaq data
acquisition system (DATAQ Instruments, Akron, Ohio). The
files were re-scored for sleep, arousals, respiratory events, and
leg movements by an experienced PSG technologist (MO)
who scored every 30-s epoch according to the 2007 American
Academy of Sleep Medicine guidelines.?

A computer program, written in C#, analyzed the 2 central
EEG signals in 3-s consecutive epochs. The power spectrum
in each epoch was calculated in 0.33 Hz increments over the
range 0.33 to 60.0 Hz, using fast Fourier transform. The sum
of powers in the following 4 frequency ranges was calcu-
lated: 0.3-2.3 Hz (delta); 2.7-6.3 Hz (theta, excluding 6.7 and
7.0 Hz), 7.3-14.0 Hz (alpha-sigma), and 14.3-35.0 Hz (beta).
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Frequencies 6.7 and 7.0 Hz were excluded from the theta range
since slow alpha waves are often observed in some patients at
these frequencies in bona fide NREM and REM sleep (alpha
intrusion and REM alpha).

If a spindle is detected in a 3-s epoch and the alpha-sigma
and/or beta powers were elevated, either or both powers were
adjusted down to neutral levels depending on the dominant
frequency in the spindle.

The files contained 415,924 3-s epochs. The delta powers in
all these epochs were sorted and divided into 10 ranges with
equal numbers (41,592 values per range). Ranks from 0 (lowest
range) to 9 were assigned to the values in the different ranges.
Theta, alpha-sigma, and beta powers were similarly processed
resulting in 10 ranks for values in each frequency range. Each
3-s epoch was then assigned a 4-digit number (Bin #) repre-
senting, respectively, the ranks of delta, theta, alpha-sigma,
and beta powers. Thus, a 3-s epoch with a Bin # 2815 indicates
a power spectrum with low delta and alpha powers, high theta
power, and moderate beta power. Accordingly, 10,000 dif-
ferent Bin numbers (0000 to 9999), reflecting 10,000 different
power spectra, were theoretically possible.

The sleep state in which each 3-s epoch occurred was deter-
mined from the manual scoring. Three-second epochs falling
during a 30-s epoch scored awake, or during an arousal in a
30-s epoch scored asleep (any stage), were designated “awake.”
All other 3-s epochs were designated “asleep.” For each bin #
we determined the probability of being “awake” from [total
number designated “awake” / total number of epochs with the
same bin # in the entire set] * 100. This resulted in a continuous
probability range from 0 (never observed in awake epochs or
during arousals) to 100 (never occurs during sleep periods).
The number of 3-s epochs with a given bin # varied greatly and
ranged from 6,802 occurrences (bin 9999) to 0 (1002 bin num-
bers were not represented). Bin numbers represented by < 10
samples in the entire set (3,781 bin numbers, accounting for
2.7% of all 3-s epochs) were assigned a neutral probability. The
average number of epochs / bin # in the remaining bin numbers
was 65 + 137.

A look-up table was constructed that listed the probability of
being “awake” for each of the 10,000 bin numbers. Although
the probability could be expressed as a fraction or as a percent,
we chose to divide the actual probability by 40, producing a
range from 0 (always asleep) to 2.5 (always awake). The reason
for dividing by 40 was that “awake” epochs in the develop-
ment files represented 40% of all epochs, and it was felt at the
time that a probability of 40% might be a suitable reference for
the other values. This ratio was called the odds ratio product
(ORP). Determination of this ratio is an integral first step for
sleep staging in the recently introduced and validated®' auto-
matic sleep scoring system.

Validation of the Odds-Ratio-Product as a Continuous Measure
of Sleep-Wakefulness State

The objectives of this validation study were: (a) To confirm
that the ORP values determined according to the approach
outlined above, using the same look-up table, are predictive
of sleep-wake states in other PSG files, recorded in a different
institution, and scored by different technologists than the de-
velopment files; (b) To determine whether 30-s epochs with
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intermediate average ORP values, reflecting a mix of awake
and sleep patterns, or basically unstable sleep, present scoring
difficulty for technologists; (c) To determine the range of ORP
values within and between epochs having the same R&K stage;
(d) To determine if ORP values correlate with “arousability”;
and (e) To determine the ORP values for different R&K stages
in individuals without a sleep disorder. The validation study
was approved by the Health Research Ethics Board at the Uni-
versity of Calgary.

The following patient groups were randomly selected from
sleep center database at the University of Calgary to represent
a broad spectrum of sleep pathology: severe OSA (AHI > 30,
n = §), moderate OSA (AHI 15-30, n = 10), mild OSA (AHI
5-15, n = 10), central sleep apnea (AHI > 15, n = 4), severe
OSA on CPAP throughout (n = 5), periodic limb movement
disorder (PLM index > 25, n = 4), insomnia (n = 5), narcolepsy
(n=15), no sleep pathology (n = 5). The PSG files contained the
same variables as listed above for the development files but
they were recorded with a Sandman system (Sandman, Tyco
Healthcare, Kanata, Ontario, Canada) at a frequency of 128 Hz
for the EEG electrodes. The PSG files were scored by 2 cer-
tified PSG technologists, each with over 10 years experience,
one from the Sleep Centre at the University of Calgary and
one from the Sleep Centre at the University of Manitoba. The
technologist who scored the Development files was not one
of the technologists who scored the Validation files. The files
were also scored by the automatic system to generate the ORP
values for the C3/A2 and C4/A1 EEG electrodes in consecutive
3-s epochs. The ORP values of the 2 electrodes were averaged,
after excluding sections in which the signal from either elec-
trode was corrupt (< 1% of all epochs).

Manually scored 30-s epochs were divided into 6 NREM
stages and a single REM stage. The NREM stages were the
conventional N1, N2, and N3, when both technologists agreed
on the score and 3 stages where there was disagreement: W/NI,
when one technologist scored the epoch as awake and the other
as N1, N1/N2 for N1/N2 split, and N2/N3 for a split decision
between N2 and N3. Epochs with N1/N3, REM/NREM, and
W/REM disagreements were not analyzed, as they collectively
represented < 2% of total epochs. Average ORP within each
sleep stage, within all sleep epochs (total sleep time [TST]),
and for the entire file were calculated.

Determination of the Relationship between ORP and
Arousability in the Validation Files

Two approaches were used:

1) Determination of the probability of an arousal or awak-
ening (A/AW) to occur in the next 30-s epoch when current
ORP is within specified ranges (arousability index): For each
file, 30-s epochs that were followed in the next epoch by a
manually scored A/AW were identified. When the A/AW was
scored by both technologists it was assigned a value of 1.0.
When scored by only 1 of the 2 technologists, it was assigned a
value of 0.5. The entire ORP range (0 to 2.5) was divided into
10 ranges, in 0.25 increments. For each ORP range we counted
the number of epochs followed by an A/AW in the next epoch.
A probability of A/AW occurring in the next epoch was calcu-
lated for each ORP range from [sum of subsequent A/AW in
the ORP range * 100 / number of epochs in the ORP range].

SLEEP, Vol. 38, No. 4, 2015

This approach of using the ORP in the epoch preceding A/AW,
as opposed to the epoch with A/AW, was to avoid biasing the
ORP value by the A/AW being examined. This index simply
indicates that if current ORP is “X” the likelihood of devel-
oping an A/AW soon after (within 30 sec) is “Y.” Total number
of 30-s epochs in each ORP range was calculated for the entire
set (56 files). Likewise, the total number of epochs, within each
ORP range, that were followed by A/AW was calculated and an
overall “arousability index” for each ORP range in the entire
set was then calculated. The Pearson correlation coefficient
was calculated to determine the relationship between average
ORP and the arousability index.

2) Determination of the relationship between average ORP
and the Arousal + Awakening Index (A/AW index) in different
sleep stages: For each file we determined the average ORP
within each of the NREM stages, excluding epochs scored
as awake by one of the technologists (W/NR). We also deter-
mined the A/AW index from [total number of arousals and
awakenings / time in hours] in each of the 5 stages. Stages
represented by < 80 epochs in a given file were excluded since
the confidence interval around the measured A/AW index with
such numbers is quite large.”® Because of the possible associa-
tion between delta power and arousability,*"* we also calcu-
lated average delta power and average log delta power in each
stage. Multiple regression analysis was performed with the A/
AW index as the dependent variable and average ORP and av-
erage delta power as the independent variables.

RESULTS

Observations from the Development Files

The patients whose files were used for development
(42M/16F) were 20 to 80 years old (51.1 + 12.9), with a body
mass index of 31.6 + 5.8 kg/m?. Total sleep time was 262 + 77
min, and sleep efficiency (SE) was 63% =+ 17%. Arousal index
ranged from 9 to 95/h (33 + 21/h). Thirteen patients had mild
obstructive sleep apnea (OSA) (AHI 5-15/h), 17 had mod-
erate OSA (AHI 15-30/h), 17 had severe OSA (AHI > 30/h,
average AHI 61 + 33), 5 had insomnia (SE 56% + 10%), and
6 had no apparent sleep pathology. Thirty of the 34 patients
with moderate-severe OSA received CPAP in the second half
of the study, and many of these had normal sleep during this
time.

The probability of a given Bin # falling in an awake 30-s
epoch or during arousal ranged from 0% to 100%. The cor-
relation coefficient between % awake and the corresponding
ranks in the different frequency ranges was highest for beta
rank (r = 0.65) and theta rank (r = —0.61) while correlations
with delta (r = —0.29) and alpha (r = 0.22) ranks were consid-
erably lower. In multiple linear regression (MLR) theta rank
had the highest coefficient (—7.7% per rank; P = 0), followed
by beta rank (6.5% per rank; P = 0) and alpha rank (2.6% per
rank; P = 0). Delta rank had no significant impact by MLR
(coefficient = —0.02% per rank, P = 0.86).

Figure 1A shows the interaction between the 2 main deter-
minants (theta and beta ranks) on % awake. It is clear that the
likelihood of wakefulness with any theta rank is highly de-
pendent on the beta rank, and vice versa, and neither rank can
predict wakefulness on its own.
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Figure 1—Percent of 3-s epochs falling within 30-s epochs staged manually as awake (% Awake) as a function of relative power in different frequency ranges.
(A) % Awake decreases as theta power increases but the relationship is markedly affected by the concurrent beta power. A high delta power increases %
Awake when % Awake is high according to theta/beta powers and decreases it when theta/beta powers are in a low % Awake (Block arrows). (B,C) Impact of
alpha power on % awake at different theta-beta combinations. Note that the same % Awake is observed at highly varied EEG spectral patterns.

The effect of alpha rank was quite complex and dependent on
the concurrent theta and beta ranks. Figures 1B to 1D show the
probability of wakefulness as a function of theta power at three
different beta ranks (rank 1, rank 5, and rank 8). The effect of
alpha rank was minimal in all cases at alpha ranks <5 (note the
crowding of lines at alpha levels < 5 in Figures 1B to 1D). At low
beta levels (Figure 1B), alpha rank had a marked effect on %
awake only when theta rank was low. At beta rank of 5 (Figure
1C), alpha rank increased the probability of wakefulness in the
theta range 1 to 6 while at high beta levels (Rank 8, Figure 1D)
the alpha effect was prominent at all but the lowest theta levels.

Whereas the effects of beta and alpha ranks on the probability
were always positive, and the effect of theta rank was always
negative, the effect of delta rank was more complex and bi-direc-
tional depending on the other ranks. In general, when the awake
probability was < 40% based on the other 3 ranks, a higher delta
rank caused a further reduction in likelihood of the epoch being
scored awake. On the other hand, when the other three ranks re-
sulted in an awake probability > 60%, a higher delta rank caused
a further increase in the likelihood of the epoch being scored
awake. Thus, a higher delta rank expanded the perimeter of the
theta/beta relation (Block arrows, Figure 1A).

The average of the 10 ORP values in each 30-s epoch in
the development files (n = 41,952) was calculated. An average
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ORP value of 1.5 distinguished between awake and asleep 30-s
epochs with an accuracy of 94.8%.

Ability of ORP Values to Predict Sleep/Wake States in
Validation Files

Patient characteristics and clinical diagnoses for patients in
the validation study are shown in Table 1. There was a total
of 44,274 30-s epochs. Figure 2 shows the frequency of occur-
rence of 30-s epochs with different ranges of average ORP (i.e.,
average of the ten 3-s epochs within each 30-s epoch). Within
each bar, solid and white sections represent the fractions scored
as awake and asleep, respectively, by both scorers. Hatched sec-
tions represent epochs scored awake by one scorer and asleep
by the other. Frequency was highest for epochs with the lowest
average ORP and lowest for epochs with intermediate ORP. The
fraction of epochs staged asleep by both scorers (white sections)
decreased progressively as average ORP increased, from 99%
when average ORP was < 0.25 to 0% when ORP was > 2.25.
Concurrently, the fraction of epochs scored as awake by both
scorers increased progressively from 0.1% at the lowest ORP to
98% at the highest. Importantly, the fraction that received a split
score increased from a minimum value of 1.1% with the lowest
ORP to 27.5% when average ORP was between 1.25 and 1.50
and then decreased thereafter to 1.7% at the highest ORP.
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Table 1—Patient characteristics.

BMI
Diagnosis # Age Gender (kg/m?)
No Pathology 5 49.6 (16.6) 1M/4F 29.0 (6.1)
Narcolepsy 5 35.0(13.3) 2M/I3F 254 (4.5)
Insomnia 5 51.6 (6.6) 1M/4F 43.6 (19.9)
PLM Disorder 4 56.3 (4.1) 2M/2F 34.5(12.9)
Mild OSA 12+ 45.1(17.2) 2M/10F 31.1(5.4)
Moderate OSA ~ 9** 52.6 (12.8) 6M/3F 35.9(6.8)
Severe OSA 7 534 (6.7) 3M/4F 43.3 (16.5)
Central Apnea  4* 59.4 (7.9) 3M/MF 31.4(5.8)
OHS 5** 60.2 (9.0) 2M/I3F 43.5(9.7)

total sleep time.

For patients who received a split study the values given are for the pre-CPAP period. Values in parenthesis are standard deviation. *Three of these patients
were on CPAP throughout and three had a PLM index > 45. **One of these patients was continuously on CPAP, another had a PLM index of 144, and four
underwent a split study. ***All patients in this group underwent a split study, and two had a PLM index > 45. *Three of these patients underwent a split
study, and one had a PLM index of 68. **One of these patients was continuously on CPAP, one had a PLM index of 87, and four underwent a split study.
AHI, apnea hypopnea index; BMI, body mass index; OHS, obesity hypoventilation syndrome; PLM, periodic limb movements; SE, sleep efficiency; TST,

TST SE AHI Arousal Index PLM Index

(min) (%) (/) (/) (/h)
360 (69) 85(9) 2(2) 13 (4) 0(0)
366 (36) 82 (6) 5(1) 16 (5) 2(2)
123 (79) 29 (18) 4(2) 21 (15) 5(10)
286 (88) 69 (24) 4(2) 27 (6) 43 (36)
294 (74) 71(17) 8(3) 27 (8) 15 (22)
235 (89) 67 (17) 24 (4) 26 (11) 20 (47)
126 (43) 60 (26) 61 (31) 43 (24) 27 (40)
225 (114) 77 (1) 61 (21) 26 (9) 21(32)
182 (54) 79 (10) 28 (16) 17 (8) 22 (37)

The data of Figure 2 indicate that when the average ORP of
a 30-s epoch is < 1.0 the epoch was scored asleep by at least
one scorer in 98% of cases and by both scorers in 94% of cases.
When average ORP is > 2.0, the epoch was scored awake by
at least one scorer in 99% of cases and by both scorers in 95%
of cases. If an ORP of 1.5 is used as a cutoff between awake
and asleep, the overall accuracy was 94% for agreement with
at least one scorer and 86% for agreement with both scorers.

Ranges of ORP Between and Within Stages and Patients

Figure 3 is a representative example of the changes in ORP
observed over a 3-h period in one patient. The patient pro-
gressed quickly after lights-out into stage N1 and then N2 (top
panel) and remained in N2 for most of the 3 hours except for
occasional awakenings, and brief changes in R&K stage to
N1 or N3. During the awake periods, ORP was between 2.0
and 2.5. ORP decreased gradually upon falling asleep from
each awake period. When the duration of continuous sleep
was sufficiently long, ORP decreased to below 0.5, at which
time N3 was observed. The rate of decline in ORP following
awakenings varied considerably (Figure 3, top). The top panel
also shows when AASM arousals were scored (+ symbols).
Arousals essentially disappeared once ORP approached 0.5.

The 6 tracings in Figure 3 represent six 30-s epochs from
the same patient. The top 2 were both scored awake, but the
lower one (Tracing B) included a 12-s period of sleep (bar)
during which ORP transiently decreased. Tracing C was
scored by both scorers as N1. Tracings D and E were both
scored as N2, with tracing D looking much like N1 except for
the presence of spindles, while tracing E looked much like
N3 (Tracing F) except that the duration of delta waves fell
short of 6 seconds. The average ORP values in these 6 epochs
are shown by the arrows in the ORP panel. Average ORP de-
creased progressively from 2.4 in tracing A to 0.33 and 0.32
in tracings E and F.

Table 2 shows the average (+ SD) number of epochs in dif-
ferent R&K stages. During scoring, 7.9% + 6.6% of epochs
received a split awake/NREM decision, and more epochs
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Figure 2—Frequency distribution of 30-s epochs with different average
odds ratio product (ORP) in the entire validation set. Within each bar
white and black segments are epochs staged asleep and awake,
respectively, by both technologists while hatched segments are epochs
receiving a split awake/asleep decision.

received a split N2/N3 decision (8.8 + 8.2) than a consensus N3
decision (5.3 £6.5).

Figure 4 shows average ORP in different R&K sleep stages
for individual patients and the overall average (+ SD) in each
stage. Each dot is the average of all ORP values calculated
during all epochs in the same stage/patient. Average ORP
(open circles) decreased progressively from R&K stage awake
(W2, Figure 4, ORP = 1.88 £+ 0.35) to the deepest sleep (N3;
ORP =0.13 £ 0.05). Epochs in which the scorers were split be-
tween 2 stages (e.g., W/NI1, N1/N2.. .etc.) had an average ORP
that was intermediate between the 2 adjacent stages. Average
ORP in REM sleep was comparable to that in stage N1. The
variability in average ORP among patients was evident in all
stages, especially in REM sleep. It should be noted, however,
that the variability in N3 was very small among patients who
reached this stage (n = 36), with average ORP falling below
0.30 in all patients.
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As seen in Figure 4, average ORP during R&K stage awake
(W2) was < 2.0 in many patients (30/56). This low average may
be due to the presence of microsleep in many epochs manually
scored awake (e.g., Figure 2B), to the presence of artifacts (e.g.,

Table 2—Distribution of sleep stages.
Number # Epochs/ % of
of Patient Total Epochs
Stage Patients Mean (SD) Mean (SD)
Awake 56 214 (166) 27 0(19.6)
Awake/NREM 56 64 (53) 9 (6.6)
NREM-1 56 38 (29) 6(3.1)
NREM-1/2 56 55 (37) .7(3.9)
NREM-2 56 230 (128) 28 1(13.1)
NREM-2/3 52 64 (54) 8(8.2)
NREM-3 36 40 (50) .3 (6.5)
REM 51 67 (49) 8(5.8)
SD, standard deviation.

blink artifacts in the EEG) that would increase theta power,
thereby artificially reducing ORP, or to an atypical EEG pat-
tern during wakefulness. To distinguish between these possi-
bilities, we obtained the average of the highest 5 ORP values in
each 30-s epoch scored awake, on the grounds that these must
represent clearly an awake pattern (the epoch would not have
been scored awake otherwise). The data under stage W1 in
Figure 4 represent the results. The average here was consider-
ably higher than for W2 (2.19 + 0.29 vs. 1.88 £ 0.35), indicating
that the lower average ORP in W2 was to a considerable extent
due to transient events (most commonly microsleep) within
the awake epochs. Nonetheless, in 12 patients average ORP
remained below 2.0 in W1, including one patient in whom ORP
was < 1.0 (Figure 4). Inspection of the awake epochs in these
patients revealed 4 reasons that accounted for the low ORP.
These are shown in Figure 5 and described below:

In 5 patients, waves that appeared to be alpha waves with
the normal screen compression (1.0 cm/sec) were in reality in
the theta range (6.0 + 0.7 Hz). Figure 5A is an example from
a patient with a dominant awake frequency of 5.7 Hz (the
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Figure 3—Top panel: Sleep histogram from a representative patient spanning the first 3 hours of a study. Abscissa, epoch #. Arousals are indicated with
a plus sign (+). The second panel gives the corresponding odds ratio product (ORP) values. Each dot is a 30-s epoch. Note that ORP rises to near 2.5 with
every awakening and then declines gradually. Note also that stage N3 began appearing as ORP approached 0.5 and arousals disappeared simultaneously.
A to F are the points from which the tracings below were obtained. Tracings A and B were staged awake, but in A the patient was fully awake, while in
B he was having short periods of sleep. Note the marked difference in ORP distribution within the two awake panels and the transient reduction in ORP
during the unstable state of tracing B. Tracing C was staged N1 but it is visually substantially similar to B and has a similar average ORP. D and E were both
staged N2. Their visual appearances are quite different, with D looking more like N1, but with spindles, while E looks more like N3 (F). ORP values are quite
different between the two N2 epochs. Panel F was staged N3. ORP at this point was 0.34 while it was similar (0.33) in the previous tracing (E), which was
staged N2. The difference was only that delta waves exceeded 6 seconds in F but notin E.
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one with the lowest ORP). These waves greatly increased the
measured theta power during awake epochs forcing the ORP
down (Figure 1A). When present, the pattern of a dominant
theta frequency during wakefulness was consistent throughout
the file. In 3 patients, the EEG during awake epochs was in-
distinguishable from that in stages N1 or REM (Figure 5B).
As recommended by the AASM guidelines (AASM) in such
cases (absence of dominant alpha/beta rhythm), stage awake
was scored because of other criteria (eye movements with high
chin EMG). In 3 patients the EEG had extremely low power in
all frequency ranges (Bins 0000, 1000, 1010). These bin num-
bers are assigned a low ORP in the look-up table because they
frequently occur also in stages N1 and REM, albeit not con-
tinuously throughout the 30-s epoch. Finally, in one patient the
average of the 2 central electrodes was artificially reduced be-
cause of a peculiar artifact in one of the electrodes (Figure 5D)
that was not picked up by any of the multiple algorithms for
detecting bad EEG signals.

It is worth noting that these 12 patients with atypical awake
EEG contributed 65% of epochs that were staged awake by
both scorers while having an average ORP < 1.0. Without
them, epochs with ORP < 1.0 would predict sleep in 99.3%
of cases. As may be expected, these 12 patients had very few
epochs with an average ORP > 2.0; namely 2.9% + 2.3% of
epochs. This is significantly lower than in patients with typical
awake EEG, where the fraction of epochs with ORP > 2.0 was
19.6 + 17.8 (P < 0.002). The high ORP epochs in patients with
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Figure 4—Average ORP values in different sleep stages. Each
solid dot is a different patient. Open circles and horizontal bars are
means + standard deviation. W2, N1, N2, N3, and REM are standard
Rechtschaffen and Kales stages, with W2 representing awake epochs.
W1 is average of the highest 5 ORP values within 30-s epochs staged
awake (see text). W/N1, N1/N2 and N2/N3 are epochs that received a
split score by the 2 technologists. n = 56 for W1 to N2, 52 in N2/N3, 36 in
N3 and 51 in REM. Note that average ORP in N3 was < 0.3 in all patients
who reached that stage and that many patients had comparable ORP
values in lower stages (N2/N3, N2, N1/N2 and even N1). Also note the
large variability among patients in ORP during REM sleep.
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Figure 5—Four examples of atypical awake EEG patterns that cause the odds ratio product (ORP) to be underestimated during wakefulness. C3/A2 and
C4/A1 are the two central electrodes. R&L EOG, are the eye electrodes. EKG, electrocardiogram. Calibration of EEG is shown in the top panel and is the
same in all panels. (A) Predominant wave frequency (6.0 Hz) is in the theta and not the alpha range. (B) EEG is very similar to N1 but there are rapid eye
movements and high chin EMG activity (not shown). (C) Very low power EEG. (D) A very large T wave cardiac artifact in C3/A2 not removed by the EKG
removal algorithm because of its unusual pattern and distance from the R wave, resulting in high theta power in one electrode.
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Table 3—Probability of an arousal or an awakening occurring in the next 30-second epoch in different current ORP ranges.
# Files with Data

Current ORP Range Total # of Epochs in ORP Range
0.00-0.25 10,388 55
0.25-0.50 8,321 56
0.50-0.75 5,298 56
0.75-1.00 3,258 56
1.00-1.25 2,236 54
1.25-1.50 1,484 48
1.50-1.75 900 35
1.75-2.00 573 26
2.00-2.25 219 15

ORP, odds ratio product.

Mean (Range) of Total # of Arousals  Total # of Awakening
Epoch #'s per File in Next Epoch in Next Epoch
189 (0-580) 655 188
149 (14-363) 1,003 286
95 (19-225) 938 331
58 (4-181) 683 326
41 (0-146) 551 268
31(0-151) 389 202
25 (0-108) 264 18
22 (0-88) 200 100
15 (0-123) 74 51
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Figure 6—Relationship between average ORP in current 30-s epochs
and the likelihood of an arousal or awakening occurring in the next 30-s
epoch (arousability index). Vertical bars are the confidence interval of
the probability.

atypical EEG occurred only when beta power was very high
to compensate for the high theta power during wakefulness
(Figure 1).

Relationship between ORP and Arousability

Table 3 shows the total number of 30-s epochs scored as
asleep by at least one technologist, grouped in different ORP
ranges. The table also gives the numbers of arousals and awak-
enings occurring in the following epoch in each ORP range.
The total number of epochs available for analysis was several
thousand up to the fifth ORP range (1.0-1.25), and nearly all
files contributed epochs in this range. The total number of
available epochs decreased rapidly at higher ORP levels as
progressively more epochs were scored awake (Figure 2).

Figure 6 shows the overall arousability index (sum of subse-
quent arousals and awakenings * 100 / total number of epochs)
as a function of current ORP. Epochs in the 0 to 0.25 ORP
range were followed by A/AW in only 8.1% of cases. This ratio
increased as ORP increased, reaching 56% at the highest ORP
range. There was a near perfect correlation between current
average ORP and average arousability index. The confidence
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interval around the index (fraction) was extremely narrow at
low ORP levels and increased gradually as number of available
epochs decreased.

Figure 7A shows the association between average ORP in
specified R&K stages and the A/AW index in the same ep-
ochs. Each point is the average ORP and the corresponding
A/AW index calculated from all 30-s epochs in a given stage
(symbols in Figure 7B) in one patient. With very few excep-
tions (see below) A/AW index was < 20/h when average ORP
was < 0.4, regardless of whether R&K stage was N2, N3, or in
between. A/AW index was very high whenever average ORP
was > 1.0. A/AW index was quite variable in the intermediate
ORP range. The average relation was sigmoid (dashed line,
Figure 7A). Nonetheless, there was an excellent linear relation-
ship between the 2 variables (solid line, Figure 7A; r = 0.86,
P < 1E-34). Since delta power is also believed to reflect arous-
ability,"*"* we plotted the association between delta power and
A/AW index for the same data (Figure 7B). There appeared to
be a breakpoint at delta power of = 200 uV2. The entire range
of A/AW index occurred below this level while at levels > 200
LV?2 A/AW index was quite low, regardless of R&K stage, and
showed only a minimal dependence on delta power over a very
wide range. Using Log delta power instead of average power
did not improve the correlation. Nonetheless, there was a sig-
nificant linear relationship (r = 0.41, P < 0.0001) between delta
power and A/AW index. Following multiple linear regression
(MLR) analysis with A/AW index as the dependent variable
and ORP and delta power as the independent variables, delta
power had no significant effect.

We investigated the reasons for the variable relationship
between A/AW index and ORP in the ORP range 0.3 to 1.0
by examining the EEG records of data where the average
A/AW index was low relative to average ORP (right arrows,
Figure 7A), and of those with the opposite relationship (left
arrows, Figure 7A). In the former case (too few arousals) the
reason was invariably that a large proportion of epochs in the
scored (in the figure) R&K stage consisted of a mix of brief
awake and light sleep patterns, accounting for the high ORP,
with the awake patterns not contributing 15 s to justify a score
of “awake” while not meeting the AASM criteria for scoring
arousal because they were too brief or not preceded by 10 s
of stable sleep.? Figure 8, top, is an example from the data set
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Figure 7—(A) Relationship between average ORP in different sleep stages (see legend in panel B) and the corresponding arousal/awakening index. Each
dotis the average ORP in all epochs having the same sleep stage in one patient. Note the highly variable arousal/awakening index among patients in stages
N1, N2 and N1/N2. Straight line, linear regression line (see inset for regression data). Dashed line is moving average showing a sigmoid relation between
ORP and the index. Arrows indicate outliers that were examined in detail (Figure 8). (B) Relationship between delta power and arousal + awakening index.

indicated by the heavy right arrow in Figure 7A (ORP = 0.96,
A/AW index = 15).

In cases where there were too many arousals relative to av-
erage ORP (left arrows, Figure 7A) the problem was invari-
ably excessive intrusion of waves with a dominant frequency
in the 6.0 to 7.0 Hz range. An example is shown in Figure 8§,
bottom. In calculating ORP, power in frequencies 6.7 and 7.0
Hz are deliberately not included in either the alpha or the theta
power calculation (see Methods). Accordingly, when there is
excessive power in this borderline frequency range some of the
power is included in the theta range while very little is added
to the alpha range. Thus ORP is deliberately forced down (see
Discussion).

ORP Values in Patients with Different Disorders

Although the study was not designed to evaluate differences
in ORP among various sleep disorders, it was of interest to see
how these disorders differed in this limited sample. Figure 9
shows the average individual ORP values in different stages,
in total sleep time and in total recording time in the various
disorders. It is clear that, except for N3, individual ORP values
varied widely within each stage in patients with all disorders
represented here, and that there was much overlap in the ORP
values between different disorders, and between patients with
and without a recognizable sleep disorder. As seen in the total
sleep time panel, average ORP for all sleep periods, which
takes into account time spent in different stages and ORP
within each stage, ranged between 0.1 and 1.6. For total re-
cording time, which takes sleep efficiency and awake ORP
into account as well, average ORP ranged from 0.2 (very deep
sleep) to 2.2 (nearly awake continuously).

DISCUSSION

In this communication we have introduced a new, contin-
uous index for evaluating the level sleep depth (ORP), with
a range extending from full wakefulness to the deepest sleep.
We have presented evidence that this index does in fact reflect
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depth/quality of sleep. In the process of developing and vali-
dating this index we have found that: (1) The ORP range (0
to 2.5) can be divided into three ranges, with range 0 to 1.0
predicting sleep and range 2.0 to 2.5 predicting wakefulness
with > 95% accuracy in both cases, while range 1.0 to 2.0
represents unstable sleep. (2) ORP varies considerably in the
same R&K stage within and between individuals, and there is
much overlap in ORP values between different R&K stages.
(3) Depth/quality of sleep is determined primarily by the bal-
ance between powers in a pro-sleep theta frequency range and
a pro-awake beta frequency, with less important contribu-
tions from powers in the alpha and delta frequencies. (4) ORP
values among patients with the same sleep disorder cover a
wide range, suggesting that the effect of the disorder on sleep
quality is highly variable and is often negligible. We believe
that determination of this index may be a useful addition to
in-laboratory and home sleep studies.

Evidence that ORP Reflects Sleep Quality/Depth

This evidence derives from two sets of data. First, the pat-
tern of full wakefulness, recognized by prominence of alpha
and/or beta waves,? can readily be considered as the state of
highest vigilance in polysomnography data, while stage N3
is recognized as the deepest sleep with the highest arousal
threshold.'”™* ORP was found to progressively decrease, on av-
erage, from full wakefulness (W1, Figure 4) to stage N3 (Figure
4). With few exceptions in which awake EEG was atypical (see
below), average ORP during full wakefulness was > 2.0. When
the awake EEG pattern was typical, with alpha/beta promi-
nence (n = 44), there was little variability between patients
(ORP = 2.31 + 0.11). More importantly, whenever a patient
reached N3, average ORP was very low and there was little
variability between patients (0.13 + 0.05). These observations
indicate not only that ORP is correlated with sleep depth, but
also that ORP is substantially unaffected by technical or indi-
vidual factors. With respect to technical factors, it is worth em-
phasizing that ORP calculations used in the validation study
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Figure 8—(A) tracing showing an example from a patient in whom arousal and awakening index was low relative to ORP in stage N2 (heavy right arrow in
Figure 7). ORP, odds ratio product. C3/A2 and C4/A1 are 2 central EEG electrodes. Note the frequent alpha/beta intrusions that did not meet arousal criteria
because they were too brief or were not preceded by 10 s of continuous sleep. ORP was high, reflecting these intrusions. (B) Tracing showing an example
from a patient in whom arousal and awakening index was high relative to ORP (heavy left arrow in Figure 7). Note the extensive intrusion by waves that
appear like alpha waves but are in reality in the theta range (predominant frequency = 6.3 Hz). This causes underestimation of ORP.

were based on data from files used in the development study,
which were recorded in a different institution by a completely
different data acquisition system, and a look-up table that was
based on the scoring of these development files by a different
technologist. Furthermore, to the extent that the patients were
of both genders and covered a wide range of age, body habitus,
and sleep disorders, the fact that in the deepest sleep and in full
typical wakefulness ORP varies little between patients indi-
cates that ORP in not sensitive to differences in EEG attributes
between patients.

The insensitivity of this index to technical and individual
factors stems from our use of an empiric approach to estimating
the ORP value. Thus, the % awake (ORP) value assigned to any
given EEG pattern (bin #) is based on data from several hun-
dred thousand 3-s epochs that likely included all conceivable
patterns that occur in awake epochs. When a certain pattern
is found exclusively in awake epochs, it can be safely assumed
that it represents an awake pattern. Likewise when a pattern is
never found in awake periods, it can be safely assumed that it
is a sleep pattern. More importantly, awake or sleep patterns
were not restricted to specific EEG patterns based on a priori
assumptions of what constitutes sleep or wakefulness. Each
of the 10,000 possible patterns was tested for its likelihood of
occurrence in epochs staged as awake or asleep. As a result,
the same ORP can be reached with highly varied EEG pat-
terns (% Awake, Figure 1). This approach identified hundreds
of patterns (bin numbers) that occur almost exclusively during
wakefulness, and vice versa.
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The second line of evidence to validate ORP as a measure of
sleep quality/depth is the association between ORP and arous-
ability. It can be safely assumed that a sleep state from which
it is more difficult to arouse is deeper than a state from which
one can be easily aroused. When data from all 56 patients were
pooled together, we found that the ORP in a given current 30-s
epoch was almost perfectly correlated with the likelihood of an
arousal or awakening occurring in the next epoch (Figure 6).
Figure 7A also shows that when average ORP in epochs be-
longing to a given R&K stage is > 1.0, A/AW index is invari-
ably very high. Conversely, when average ORP is < 0.4, A/AW
index is almost invariably very low. In the “in-between” ORP
range A/AW index was quite variable. But, a considerable part
of this variability has to do with arousal scoring guidelines and
the occurrence of much power in the low-alpha/high-theta fre-
quency range in some files (Figure 8). We do not wish to imply
that ORP is a direct measure of arousal threshold in each in-
dividual patient. Clearly, differences in the strength of arousal
stimuli among patients as well as inter-individual differences
in the relationship between ORP and arousal threshold will in-
fluence the arousability at a given ORP in individual patients.

Why Should a Probability-of-Being-Awake Index Reflect Depth
of Sleep?

Although the correlations between ORP and conventionally
accepted sleep depth (Figure 4) and arousability (Figures 6 and
7) are clear, the reason why an index of the probability of an
EEG pattern occurring in awake epochs would reflect sleep

Method for Evaluating Sleep State—Younes et al.
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OSEYV are patients with mild, moderate and severe obstructive sleep apnea; OHS, obesity hypoventilation syndrome; CSA, central sleep apnea. Note the
wide range of ORP within each group and the considerable overlap between groups. See Table 1.

depth during sleep may not be readily apparent. We arbitrarily
divided the 3-s EEG frequency spectrum into a maximum of
10,000 patterns and found that at least 90% of these were en-
countered at least once in the EEG signals of the development
data set. Six thousand patterns were encountered more than
10 times, and 877 patterns were encountered more than 100
times. Evidently, the 3-s EEG spectral pattern is extremely
heterogeneous. Each of these patterns was found to have a spe-
cific probability of occurring during a 30-s epoch staged as
awake. A 3-s pattern that is found in awake epochs 90% of the
time (ORP = 2.25) not only indicates that the pattern is most
likely an awake pattern but also that if the epoch included sleep
patterns these were not long enough to qualify the epoch to
be staged asleep (i.e., micro-sleep). These brief sleep periods
within awake epochs clearly represent the lightest of sleep;
they spontaneously revert to an awake pattern within seconds.
When the same pattern occurs in a 30-s epoch staged as asleep,
it indicates that the epoch contains periods of very light sleep
or arousal. Conversely, a 3-s pattern that is found only 10%
of the time during 30-s epochs staged awake (ORP = 0.25)
not only indicates that the patient is most likely asleep but
also that the 30-s epoch in which the pattern occurred is very
unlikely to contain a 15-s period of awake patterns to justify
manual staging of awake. This very small likelihood of awak-
ening from this epoch indicates a deeper sleep. By extension,
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a pattern with a 50% likelihood of occurring in awake periods
(ORP = 1.25) might indicate that this pattern tends to occur
in unstable sleep, with a 50% chance of the 30-s epoch being
staged awake. The average ORP in a 30-s epoch is the net of
ORP values in the ten 3-s values. A high average value indi-
cates preponderance of light sleep patterns, and vice versa.

What Constitutes Deep Sleep?

One important implication of the excellent correlations be-
tween ORP and arousability/depth of sleep (Figures 6 and 7)
is that there is no unique EEG pattern that reflects sleep depth.
As shown in Figure 1, a deep sleep pattern (low % awake or
ORP) can take many forms. For example an ORP that reflects
deep sleep (e.g., 10% awake or ORP of 0.25) is found with
several combinations of theta and beta powers that even in-
clude high beta power (Figures 1C and 1D). Thus, progression
into deep sleep does not follow a regimented pattern, such as a
progressive increase in delta power or a progressive decrease
in alpha/beta power. In fact we found that while a high delta
power during sleep is associated with very low arousability, a
low delta power can also be associated with low arousability
(Figure 7B). Also, alpha/beta power need not decrease as sleep
deepens. The power in these high frequencies may stay un-
changed or even increase so long as theta power increases more
(Figure 1). Our findings, therefore, emphasize the importance
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of theta power in determining sleep depth. This was not em-
phasized in previous models.*”?

The highly varied patterns that are associated with deep
sleep are extremely difficult to distinguish by eye from other
patterns associated with light sleep, particularly because of the
widely held belief that sleep depth is related to delta power.
The visual differences may be very subtle but our data clearly
show that these subtle differences reflect very different sleep
depths (Figures 4, 6, and 7).

Potential Applications

1) Attended polysomnography: Figures 4, 7, and 9 clearly
show that ORP varies over a wide range within the same R&K
stage. To the extent that ORP reflects sleep depth and arous-
ability, calculation of average ORP during individual stages,
total sleep time and total recording time could provide an
added dimension to the evaluation of patient’s sleep quality.
This additional information may help explain symptoms that
might not be explained by the conventional sleep report. It
could also be used in research that explores the relationship
between sleep quality and various cognitive, metabolic, and
psychiatric disorders, an area that is currently growing in
importance.* ¥

It should be pointed out that average ORP in total sleep time
(TST) incorporates the effect of relative times spent in dif-
ferent sleep stages. Thus, a patient who spends much time in
stage N1 will have a high ORP in TST even if ORP within each
sleep stage is “normal” for that stage. Furthermore, average
ORP in total recording time incorporates the effect of sleep
efficiency. This index (ORP in total recording time) therefore
incorporates all the factors currently considered to reflect sleep
quality, including arousal/awakening index (which would in-
crease ORP during a given sleep stage), distribution of times
in different sleep stages, and sleep efficiency.

Including average ORP in 30-s epochs may also help
improve the quality of manual or automatic sleep scoring.
Figure 2 shows that 30-s epochs with an ORP value between
1.0 and 2.0 account for 65% of all epochs that resulted in a split
awake/asleep decision between the two technologists. At the
same time, our data show that ORP values in this range repre-
sent very poor sleep (Figures 6 and 7). Forcing technologists
to make decisions about the status of these epochs not only re-
sults in confusing inter-rater variability but also, depending on
the technologist, may result in scoring many epochs as stage
N2 when sleep quality is in fact very poor. It may be reason-
able, therefore, to not attempt to give a definite R&K stage to
these epochs and simply stage them as unstable sleep.

2) Level 3 sleep studies: The use of level 3 studies for home
diagnosis of respiratory sleep disorders is rapidly increasing.
These studies lack a signal that would indicate if the patient
was asleep during monitoring, and this can cause underestima-
tion of OSA severity.***! Two of the main advantages of ORP
are that it can be derived from one EEG electrode and it does
not require expensive, time-consuming manual scoring. Re-
quirement of multiple electrode placement and manual scoring
are the main deterrents to sleep monitoring in the home. The
current results were obtained from individual C electrodes.
The correlation between the 30-s ORPs obtained from C3 and
C4 averaged 0.89 + 0.11 in the 56 validation studies, so that
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either electrode can suffice. There is no reason why the ORP
method cannot be adapted to frontal electrodes (see limitations,
below) to make it easier for patients to apply the electrodes and
the hardware required to process the signal and generate ORP
can be extremely nonintrusive.

Our current data indicate that an ORP value < 1.0 indicates
sleep and a value > 2.0 indicates wakefulness with 95% accu-
racy. The less common ORPs in the 1.0 to 2.0 range can simply
be considered unstable sleep. Such information could greatly
enhance the utility of level 3 studies without much additional
technical requirements or cost.

3) Free-standing monitor of sleep quality: A large number
of patients have nonspecific complaints that could be related
to poor sleep, such as nonrestorative sleep, excessive sleepi-
ness, fibromyalgia, fatigue, and depression. In many cases, the
history does not suggest one of the more recognizable sleep
disorders, such as sleep apnea or PLMs, to justify a sleep study.
Having a simple home test that evaluates duration and quality
of sleep may help identify those who have an underlying
problem with their sleep.

4) Real-time indicator of the state of vigilance and depth of
sedation: Although EEG in the current study was performed
after the sleep studies were completed, the algorithms that ex-
tract the ORP values can easily output the results in real-time,
every three seconds. This, coupled with the need for only one
electrode, would make it possible to monitor the state of vigi-
lance during awake states that require a high level of vigilance,
or to control sedation and anesthesia in intensive care units and
operating rooms. Further studies are needed before the utility
of ORP in these applications can be established.

Limitations

The main limitation is the occurrence in some patients of
atypical awake EEG patterns, and the rare presence of theta-
frequency artifacts, during wakefulness (Figure 5). These may
cause ORP to be quite low, (W2, Figure 4) and if a threshold
of 2.0 is used to identify wakefulness, awake periods may be
missed. Obviously this error would occur only when eye and
EMG electrodes are not available to indicate wakefulness.
This problem can be overcome to some extent by counting the
highest ORPs in the 30-s epochs when applying the threshold
(compare W1 and W2, Figure 4). However, a few cases may
still remain (W1, Figure 4). The significance of having such
atypical EEG patterns, with no real alpha activity, during
wakefulness is not known, and it is possible that they may re-
flect some pathology. This remains to be determined. These
types of atypical awake EEG patterns can likely be identified
through more detailed analysis of power at specific frequen-
cies within the theta range, and by implementing additional
algorithms to detect specific artifacts (e.g., Figure 5D), and to
distinguish between the pattern of extremely low total power
(bin# 0000, Figure 5C) when it occurs during wakefulness
and during stages N1 and REM sleep. It is our experience that
when this pattern is encountered during wakefulness it is con-
tinuous throughout the 30-s epoch (Figure 5C), whereas it lasts
for only several seconds when it occurs during sleep.

We had hoped to identify normal ORP values from the data
of patients with no identifiable sleep pathology. However, we
found nearly complete overlap between the results in these
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patients and those from patients with sleep disorders (Figure 9).
It is possible that some of the apparently healthy subjects were
not entirely normal since they were all referred for evaluation
of a suspected sleep disorder. At present, our results suggest
that an ORP > 1.0 represents very poor sleep (Figure 7A). Be-
cause ORP values of < 0.3 were achieved in stages N3 and N2/
N3 in nearly all patients and average ORP of < 0.5 was reached
for total sleep time (TST) in many patients and even for total
recording time in some patients (Figure 9), it is reasonable to
state that a value < 0.3 for any sleep stage and of 0.5 for TST
represent very good sleep quality. More studies that are de-
signed primarily to measure ORP values in normal subjects
from different genders and age groups are needed to address
this issue.

Arousability was inferred here from the likelihood of oc-
currence of arousals in epochs with different ORP values. It
would be of interest and importance to determine whether this
measure of arousability correlates with the arousal threshold
measured from cortical response to specific stimulations.

Our results were based on analysis of central EEG data. Use
of central EEG electrodes in some of the potential applications
listed above may present some technical difficulty. Studies are
needed to determine if analysis of frontal EEG data with the
current algorithms and look-up table yield similar results. If
not, a separate look-up table would have to be developed for
frontal leads.

The PSG records used for the validation study did not in-
clude frontal leads. It is possible that some epochs in N3 (as
judged by the frontal leads, if available) may have been manu-
ally scored as N2 if delta wave amplitude was borderline in the
central electrodes. The ORP in such epochs would invariably
be very low, but the low ORP would be credited to N2 instead
of N3, thereby possibly accounting for some of the very low
ORP values in N2 (e.g. Figure 4).

Finally, this algorithm cannot distinguish between REM
and NREM sleep on its own. EOG electrodes would be needed
if this distinction is required.

In summary, our results support the use of the odds ratio
product (ORP) both to distinguish sleep and wakefulness and
as a continuous measure of sleep depth. This measurement can
be considered as an adjunct or even an alternative to conven-
tional sleep analysis. Further studies are required to evaluate
how well the change in ORP compares to other clinical out-
come measures.
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