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We have developed a computerized analysis of repiratory and body movements (static
charge sensitive bed [SCSB]), oxygen saturation (pulse oximeter), and airflow (thermistor)
for the evaluation of sleep related apneas. The cumulative distribution of oxygen saturation,
the number and distribution of desaturation events, and the duration and type of apneas are
assessed. Analysis is performed separately during the total recording time and during the
time when the patient sleeps on his back. We have compared the automatic analysis with the
results obtained on simultaneous daytime polysomnograph naps in 55 subjects (snorers or
obstructive sleep apnea syndrome [OSAS] patients). The compressed graphs obtained
automatically demonstrated a periodic breathing pattern in all 22 patients who presented
sleep-related apneas at polygraphic recording. The cumulative distribution of oxygen
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saturation was not as steep in the apnea patients as in patients not showing apneas; in 19 of
the 22 OSAS patients, the value was outside our normal limits (80 percent of the recording
time inside 3.6 percent [SaO.sub.2] variation band). The apnea index (Al) was 26.4 in
manual and 23.3 in automatic analysis. Using the automatic method there were three false
negative cases in the analysis of desaturations; in these patients periodic breathing was
present in output graphs indicating need for further polygraphic assessment. The duration of
apneas in the automatic analysis was shorter than in manual analysis, but the agreement
was sufficient for screening purposes (mean error less than 3 s, mean duration of apneas
20.1 s). The automatic method is presently used in clinical routine for screening purposes,
for assessment of the severity of the disorder and the type of treatment that a subject may
need, in epidemiologic investigation and follow-up of the treatment.

According to epidemiologic studies, the incidence of obstructive sleep apnea syndrome
and/or heavy regular snoring with associated sleep hypopneas is remarkably high in middle-
aged men (0.5-2 percent).[1-5] Considering the large number of subjects who snore and the
unfeasibility of performing systematic all-night polygraphic recordings in a large population,
different screening methods have been suggested.[6-14] The nocturnal polysomnogram is
considered the best technique for detailed diagnosis of sleep-related breathing disorders.[15]
Daytime nap recordings are controversial; Goode et al[16] suggested that these are sufficient
to determine the predominant type of apneas (ie, mixed and obstructive or central). The
"static charge sensitive bed" (SCSB) has proved useful in screening for sleep apneas and
periodic movements during sleep.[11,17] We developed an automatic analysis based on a
computer program.[12] We have since improved our sleep monitoring by adding
measurement of airflow by thermistors, frequency and severity of oxygen saturation drops
using pulse oximetry, and body position using a body position sensor. These variables are
automatically scored. In the present article, we compare automatic scoring results with the
results obtained simultaneously during daytime polysomnograph naps.

PATIENTS AND METHODS
Patients

Fifty-five consecutive patients (49 men, six women) with clinically suspected sleep apneas
participated in the validation study. The mean age of the patients was 52 years (range 33-
72).

Daytime Polysomnography

Daytime polysomnography of 90-120 minutes (16 channels, Siemens Elema) was performed
in the afternoon for the validation study. The following variables were monitored: EEG,
electro-oculography (EOG, right and left eye), submental electromyography (EMG), ECG
(lead 1), airflow with thermistors (signal combined from right and left nostril and mouth),
abdominal respiratory movements (strain gauge), respiratory movements (SCSB, Biomat[R]
Biorec, Inc), ballistocardiography (BCG, with SCSB), and oxygen saturation ([SaO.sub.2]
(Biox Il pulse oximeter, finger transducer). Twenty-five to 90 minutes of airflow, [Sa0O.sub.2],
and SCSB respiratory and body movement signals were simultaneously tape-recorded on a
Racal 7DS instrumentation recorder for computerized analysis. The polygraphic recordings
were manually scored and 22 recordings with more than five apneas or hypopneas during
the tape-recorded period were selected for further analysis. The number of apneas
exceeding 10 s in duration, apnea index (Al, number of apneas/hour), apena percentage
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(A%, percentage of apneic events during recording) were calculated. Before computer
analysis, the duration of apneas in ten patients with Al higher than 10 was manually
measured independently by two scorers (TS and TT) unconscious of the automatic analysis
results. The comparison between manual and automatic scoring included 240 apneas and
hypopneas of, at least, 10 s duration.

Automatic Recording and Analysis

Automatic recording of the five signals can be performed on-line in the patient ward or off-
line from tape-recorded signals (with reproduction speed 64 times real-time). The flow-chart
of the recording and analysis device is shown in Figure 1. The onset time and duration of
recording are given manually. Everything else is performed automatically without manual
operations. During recordings, the amplitude of respiratory movements and [SaO.sub.2] level
of the preceding 30 minutes are displayed on the computer screen. Duration of recording is
limited only by the memory capacity of the computer. When we use the method in the patient
ward, a typical recording lasts 9 hours.

The sampling rate for all but the body position signal is 30 Hz. The signals are converted into
digital values using Tecmar Labmaster analog-digital converter (12 bit). The accuracy of the
conversion is better than 0.5 percent for the [SaO.sub.2] signal. Signals are rectified and
integrated in epochs. The lenght of an epoch is 1.2 s for body and respiratory movements
and the thermistor signal, and 3.6 s for the oximeter signal. The values describing the
amplitude during the epochs are stored on a floppy disk. This data compression allows the
data from one night to be stored on a floppy disk. The output is printed with a graphic printer.

The processing and compressed graphic output of SCSB body and respiratory movement
signals have been described previously.[11] The statistics give the number and duration of
body movements, and a simple "movement hypnogram" consisting of "quiet sleep" (no body
movements), "active sleep" (many short body movements), and "wake state" (movements of
high amplitude). The SCSB respiratory movement graph was divided visually into "regular,"
"irregular" and "periodic breathing" patterns as previously described.[11,12] "Periodic
breathing" pattern indicates repeated apneas or hypopneas followed by hyperpneas.[12] An
example of the compressed output of the five signals is given in Figure 2.

After rejecting artifacts (an automatic rejection of desaturation peaks dropping below 30
percent [Sa0.sub.2] and an optional manual rejection of other desaturation peaks) the
analysis of oximeter signal gives a compressed graph of the signal and the cumulative
distribution of oxygen saturation during sleep. The median, mean and mode values of the
[Sa0.sub.2] distribution are calculated. A curve giving [SaO.sub.2] in the abscissa and the
percentage of time on the ordinate is drawn automatically (Fig 3), and the [SaO.sub.2] levels
corresponding to the cumulative recording times of 10, 20, 30 etc (percentiles of the
distribution) are printed. The difference between the [SaO.sub.2] levels above which the
patient spent 90 percent and 10 percent of the total recording time is an estimate of the
steepness of the [SaO.sub.2] curve (Fig 3). This value indicates the [Sa0O.sub.2] band within
which the patient spent 80 percent of the recording time.

A decrease by at least 4 percent in [Sa0O.sub.2] lasting between 6 s and 120 s and followed
by a return to the preceding level is accepted by the computer as a significant desaturation
event. Both a slow fluctuation of [SaO.sub.2] and steep declines of [SaO.sub.2] due to
transducer artifacts are rejected. The magnitude of the desaturation event is measured from
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the maximum [SaO.sub.2] value during the preceding 120 s of signal. The desaturation
events are collected and classified into ranks with 5 percent intervals. The cumulative
distribution of the desaturations, the mean desaturation, and the mean value for the
minimum [SaO.sub.2] during the desaturation events are printed. The mean and mode (the
typical interapnea interval) of the intervals between desaturations are printed. A second
analysis is performed, which includes desaturation events of more than 2.5 percent in
magnitude. This is done in order to analyze "periodic breathing" and "heavy snoring." The
mode of the intervals between the saturation drops are multiplied by the number of
desaturation events; this gives an estimate of periodic breathing in minutes.

The analysis of apneas is based on the detection of desaturation events in the oximeter
signal. There is a delay between restart of breathing and the [Sa0O.sub.2] increase seen after
an apena. This delay is due to physiologic factors and to the equipment characteristics.[20]
The software looks for a local maximum point ("giant breaths" following an apnea) and for a
local minimum level of airflow (the probable apnea or hypopnea) preceding a desaturation
event (Fig 4). The local maximum and minimum points are detected after smoothing the
signal with a digital low-pass filter. The mean amplitude of the airflow signal is measured
during a period of 120 s preceding an apnea.

During the local minimum, the period of airflow signal with an integrated amplitude less than
35 percent of the mean value is considered to be an apnea, and a period with an integrated
amplitude less than 65 percent of the mean is called hypopnea. The mean and distribution of
the duration of apneas and hypopneas are calculated. In addition, the number of apneas and
hypopneas exceeding 10 s in duration are given.

After computation of the number and duration of apneas, the number of apneas per one hour
of recording (apnea index, Al), the number of apneas or hypopneas (apnea-hypopnea index,
AHI), the percentage of apneic time of recording (apnea percentage, A%), and the
percentage of apnea and hypopnea time (AH%) are calculated, and the distribution of Al and
A% through the recording are displayed graphically (Fig 5).

Even the type of apneas and hypopneas is analyzed automatically. The SCSB respiratory
signal is used as an indicator of breathing efforts during apneas. If the amplitude of the
SCSB respiratory movement signal during an apnea is less than 30 percent of the mean
amplitude (calculated during the preceding 120 s), the apnea is considered to be of central
type. Typically in mixed apnea there is central onset and an obstructive end of the apnea.
The duration of the obstructive part of every apnea is calculated (Fig 4). The mean duration
of the obstruction and the duration and percentage of obstruction during every apnea are
displayed graphically (Fig 5).

We have added a body position sensor (Vitalog, Inc) to the automatic analysis. The body
position (supine vs not supine) is verified every 3.6 s and stored. The analysis of all the
descriptors is performed separately while the patient is supine. Figure 2 presents the
recording of a patient with position-related (supine) apneas.

Statistical Analysis

Measurements of the duration of apneas and calculation of Al and A% using the manual and
automatic methods, respectively, were compared, as suggested by Bland and Altman.[18]
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Student's t-test was used to compare the mean and the steepness of the [SaO.sub.2]
distribution in patients with OSAS and in other patients.

RESULTS

Visual analysis of the compressed SCSB movement channels indicated a periodic breathing
pattern in the 22 patients with AHI greater than 5 on manual scoring. The mean percentage
of the periodic breathing pattern was 74.1 percent (range 33-100 percent of tape-recorded
time). In addition, in 12 patients who snored, a periodic breathing pattern as defined above,
was also identified in the SCSB graphs. The mean percentage of this periodic breathing
pattern was 24.4 (range 6-40 percent). In these 12 patients, the desaturations associated
with periodic breathing were small in magnitude (less than 4 percent). In one patient with
periodic leg movements, a periodic pattern of "body movements" was identified in the SCSB
graph. There were, however, no periodic desaturations in this recording. In 20 patients, no
periodic pattern could be visually identified in the SCSB graph.

In the cumulative distribution of [SaO.sub.2] during the total recording time, the mean
[Sa0.sub.2] in the patients with no apneas was 94.4 percent (SD 1.3 percent), and the mean
values of the first and ninth percentiles of the [SaO.sub.2] distribution were 93.0 percent and
95.4 percent; the mean difference was thus 2.4 percent (SD 0.6 percent), ie, the mean +2
standard deviations was 3.6 percent.

In the 22 patients with Al > 5, the mean [SaO.sub.2] was 92.4 percent (SD 2.2 percent),
lower than in patients without apneas (p < 0.01). In the cumulative time distribution of
[Sa0.sub.2], the range from 10 to 90 percent was 87.4 and 94.6 percent and the mean
difference was 7.2 percent (SD 3.6, p < 0.001). In 19 of these 22 apneic patients the
variation of the [SaO.sub.2] distribution corresponding to 80 percent of the recording time
was greater than 3.6 percent. The total number of apneas scored manually from the
simultaneous polygraphic recordings was 473 (range 6-69 per recording). The mean
desaturation associated with apneas was 8.3 percent (SD 3.2 percent). The mean
[Sa0.sub.2] value at the end of apena was 84.9 percent (SD 3.0 percent).

The comparison between manual and automatic scorings performed on the 22 patients gave
the following results: with manual analysis, the mean Al was 26.4 (range 5.5-70) and A%
was 16.0 percent (range 1.2-47.6 percent); with automatic analysis, the mean Al was 23.3
and A% 12.2 percent. When the hypopnea amplitude was used as a criterion in automatic
detection, AHI was 30.2 and AH% was 17.8 percent. The individual Al values are shown in
Figure GA.

The difference between the manual and automatic analysis was clinically significant in three
patients: the automatic analysis gave a false negative diagnosis when Al > 5 was selected as
the polygraphic limit of normality as demonstrated in Figure 6A. The error was caused by the
small amount of desaturation associated with apneas during day-time recording. Visually, the
amount of "periodic breathing" in the compressed output graphs was more than 10 percent
of the total recording time in these three patients. With a cut-point of Al > 20, there were two
false negative results (manual Al 21, and automatic Al 14 and 7).

The duration of apneas/hypopneas was measured in ten patients with more than 15 apneas
during the tape-recorded period (altogether 240 apneas). The mean duration measured
manually by two independent scorers was 21.6 s and the mean difference between the
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scorers was 1.9 s (SD 3.2 s). The mean difference between the means of the two manual
measurers and the automatic measurement was 1.9 s (SD 4.6 s). When the "hypopnea
amplitude" was used as a criterion, the mean difference was - 1.5 s (SD 4.7 s), ie, the
manual scorers had a shorter estimate. The individual measurements are shown in Figure
6B.

The duration of obstruction was measured automatically during all apneas. The mean
percentage of obstruction was 90.4 percent (range 64-99 percent in the patients). There
were no patients with central apneas in this series. In one patient with mixed type apneas,
the percentage of obstruction was 68 percent using manual scoring, and 64 percent using
automatic analysis. An example of the measurement of the duration of apnea and
obstruction is given in Figure 5.

DISCUSSION

In our automatic analysis the detection of apneas was based on widely used, sensitive
transducers. Thermistors in front of the nostrils and mouth detect cessation of airflow.[15]
Pulse oximeters are found to be relatively accurate in measuring [SaO.sub.2] within a
physiologic range (over 80 percent),[19] but there are individual differences in both accuracy
and response characteristics in different oximeters and even in different types of probes.[20]
The SCSB is a very sensitive transducer for any body movements including respiratory
movements,[12,16,21,22] short body movements[11,23] and BCG.[24] Although the pattern
of the SCSB respiratory movements alone is suggested to be typical of obstructive apneas,
[12,22,24] in our automatic analysis we used the amplitude of the respiratory movement
signal to detect breathing efforts (indicating obstruction) combined with the simultaneous
absence of thermistor signal (indicating an apnea).

While there are only a few articles describing automatic computer algorithms for the
detection and analysis of sleep apnea recordings,[8,10,25] there are a growing number of
commercial devices for this purpose without detailed documentation of the procedures. The
digital signal analysis methods used in the present study are quite simple. The quality of the
signals is enhanced by averaging the samples during epochs. The amplitude of signals is
evaluated by rectifying and integrating the signals. The statistical analysis includes common
descriptors: mean, mode, median, and cumulative distributions. Body movements,
desaturations, apneas and hypopneas are detected using amplitude criteria.

The main advantage of automatic analysis is the calculation of the parameters commonly
used in manual analysis of polysomnography. Both Al and A% (and AHI and AH%) are
calculated and displayed graphically during the time in bed. The duration of apneas and
obstruction are given during the time recorded. The median of [Sa0O.sub.2] and the number
of apneas with different amounts of desaturation are used to estimate the effects of apneas,
eg, on the cardiovascular system. The number of body movements and the amount of "quiet
sleep" without body movements are used in evaluating the quality of sleep. The descriptors
are printed separately for the supine and the lateral body position; this is useful in evaluating
the possibility of conservative treatment such as a sleeping position training program.[26,27]

High sensitivity is of importance for any method suggested for screening purposes. In the
present automatic analysis, the "periodic breathing" pattern was found in all patients with Al
higher than 5. The high sensitivity of SCSB in detecting periodic movements has been
emphasized earlier.[12,17,22,24]
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In the sleep apnea patients, the mean [SaO.sub.2] was statistically lower than in our control
subjects. Both patient-related (pulmonary disorders, [SaO.sub.2] during wakefulness) and
oximeter-related factors (accuracy, response characteristics)[20] affect the distribution and
absolute [Sa0.sub.2] values. The steepness of the slope of the cumulative distribution (the
[Sa0.sub.2] band within which the patient spent 80 percent of the recording time) was
outside our normal limit more frequently (19 of 22 patients with Al more than 5) than the
mean [SaO.sub.2]. It can be used as a simple quantitative descriptor of [Sa0.sub.2]
distribution in the evaluation and follow-up of OSAS patients.

Traditionally the severity of apneas is approximated using their duration as a measure of the
disorder. The amount of the desaturation associated with apneas is readily analyzed
automatically.[25] The use of both parameters in combination has been attempted in the
present method, just as previously described by West and Kryger.[8]

In three patients the small amount of desaturation (less than 4 percent) associated with
apneas resulted in a false negative finding in the automatic determination of Al. This
indicates that the parameter in question is not alone sufficient for screening purposes. As
mentioned above, the periodic breathing pattern in the computer output of the SCSB
respiratory movement and the airflow graphs indicated a significant amount of apneas in
these patients and in this situation further polygraphic assessment is needed. In OSAS
patients with a measured pathologic amount of apneas, Al and other indices are
automatically available for follow-up.

Automatic calculation of the duration of apneas, Al and A% in the apneic patients gave lower
values than manual analysis, when an amplitude criterion of 35 percent of the mean airflow
signal amplitude was used. This is related to the better pattern recognition of the human
observer. Agreement in the measurement of duration can be considered sufficient for
screening purposes. At follow-up, the automatic method cannot subjectively distort the
quantitative results.

Owing to the sigmoidal shape of the oxygen saturation curve, the amount of desaturation
does not correlate linearly with the duration of apneas and the decrease in arterial oxygen
pressure. Desaturation of at least 4 percent is commonly considered clinically significant,[28]
and this was chosen as an indicator of apnea in the present method. The number of small
desaturations ([SaO.sub.2] drops between 2.5 and 4 percent) may give additional
information on patients with snoring. It may also be used in the follow-up of mild cases
during "conservative treatment.”

The combination of different signals increases the specificity of the results: periodic leg
movements without desaturations can be distinguished from apneas, breathing disorders
causing a small amount of desaturation, but frequent arousals can be detected, and arousals
(body movements) are quantitated. We have added sound recordings to the system in order
to detect nocturnal snoring[4] or cough.[29] The only disadvantage of the transducers
presently used is lack of tidal volume quantification which can be realized with calibrated
inductive plethysmography or spirometry.[6]

In addition to the present validation study, we have performed more than 400 all-night
recordings in the patient ward for screening and follow-up. In patients with normal findings
(no desaturations, no periodic breathing pattern, no periodic movements) no other
recordings have been performed. In patients with OSAS, the quantitative indices from the
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recording are used as follow-up parameters to evaluate the efficacy of the treatment. In
those with atypical results or any disparity between the recording result, symptoms, clinical
findings and history, polygraphic assessment is required.

ACKNOWLEDGEMENTS: We thank Prof. C. Guilleminault for his valuable suggestions
during the preparation of this manuscript.
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