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A method for diagnosis includes acquiring a physiological 
signal from a patient (22) during a period of sleep, and seg 
menting the signal to de?ne a time sequence of quasi-station 
ary segments, each of the segments having a respective fre 
quency spectrum. Respective levels of membership of the 
segments in a plurality of frequency states are computed 
responsively to the respective frequency spectrum. Based on 
the respective levels of membership, a sleep quality indicator 
is determined and displayed, responsively to a statistical char 
acteristic of the segments. 
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SLEEP QUALITY INDICATORS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application 60/590,375, ?led Jul. 21, 2004. It is 
a continuation-in-part of US. patent application Ser. No. 
10/678,773, ?led Oct. 3, 2003 (published as US 2004/ 
0230105 A1), and is also related to co-pending US. patent 
application Ser. No. 10/677, 176, ?led Oct. 2, 2003 (published 
as US 2004/0073098 A1). The disclosures of all these related 
applications are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to physi 
ological monitoring and diagnosis, and speci?cally to sleep 
recording and analysis. 

BACKGROUND OF THE INVENTION 

[0003] Human sleep is generally described as a succession 
of ?ve recurring stages (plus Waking, Which is sometimes 
classi?ed as a sixth stage). Sleep stages are typically moni 
tored using a polysomnograph to collect physiological sig 
nals from the sleeping subject, including brain Waves (EEG), 
eye movements (EOG), muscle activity (EMG), heartbeat 
(ECG), blood oxygen levels (SpO2) and respiration. The 
commonly-recognized stages include: 

[0004] Stage 1 sleep, or droWsiness. The eyes are closed 
during Stage 1 sleep, but if aroused from it, a person may 
feel as if he or she has not slept. 

[0005] Stage 2 is a period of light sleep, during Which the 
body prepares to enter deep sleep. 

[0006] Stages 3 and 4 are deep sleep stages, With Stage 4 
being more intense than Stage 3. 

[0007] Stage 5, REM (rapid eye movement) sleep, is 
distinguishable from non-REM (NREM) sleep by 
changes in physiological states, including its character 
istic rapid eye movements. 

Polysomnograms shoW brain Wave patterns in REM to be 
similar to Stage 1 sleep. In normal sleep, heart rate and res 
piration speed up and become erratic, While the muscles may 
tWitch. Intense dreaming occurs during REM sleep, but 
paralysis occurs simultaneously in the major voluntary 
muscle groups. 
[0008] Although sleep staging is most often performed by a 
human operator, Who reads and scores the polysomnogram, 
there are also methods knoWn in the art for computeriZed 
sleep staging. PenZel et al revieW such methods in “Computer 
Based Sleep Recording and Analysis,” Sleep Medicine 
Reviews 4:2 (2000), pages 131-148, Which is incorporated 
herein by reference. 

SUMMARY OF THE INVENTION 

[0009] Although sleep staging is Widely accepted as the 
standard method for diagnosis and classi?cation of sleep 
disorders, this method provides only coarse resolution and 
fails to exploit the Wealth of information in the polysomno 
gram signals. The inventors have found many cases in Which 
traditional sleep stage analysis fails to uncover underlying 
sleep pathologies. In response to the shortcomings of conven 
tional methods, the inventors have developed a family of 
sleep quality indicators, Which assist the diagnostician in 
recognizing sleep-related disorders. 
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[0010] In some embodiments of the present invention, a 
sleep analysis system acquires physiological signals, such as 
EEG signals, during sleep, and adaptively segments the sig 
nals to identify quasi-stationary segments. The system auto 
matically analyZes each segment to determine the relative 
energy in each of a number of frequency bands, and thus 
assigns the segments to different frequency states. Typically, 
the states are de?ned for each patient by fuZZy clustering of 
features extracted from each segments; and each segment is 
assigned a degree of membership With respect to each of the 
states. Based on the fuZZy clustering and membership levels, 
the system determines and displays sleep quality indicators 
relating to the distribution of the segments among the clus 
ters. 

[0011] In some embodiments, the system displays the 
results of the analysis so that changes in the distribution of 
states over time, in the course of a period of sleep, can be 
readily visualiZed by a caregiver, such as a medical sleep 
specialist. Additionally or alternatively, the system may dis 
play characteristic patterns of transition betWeen different 
states. 

[0012] Further additionally or alternatively, the system may 
calculate the fundamental frequency of each segment, typi 
cally expressed as the moment of the EEG poWer spectrum. 
The fundamental frequency is then displayed so as to enable 
the caregiver to visualiZe changes in the trend and standard 
deviation of the fundamental frequency, Which are indicative 
of continuous changes in the patient’s sleep quality. 
[0013] Although the embodiments described herein relate 
mainly to analysis and visualiZation of EEG signals, the prin 
ciples of the present invention may similarly be applied to 
polysomnogram signals of other types, such as respiration 
and ECG signals. 
[0014] There is therefore provided, in accordance With an 
embodiment of the present invention, a method for diagnosis, 
including: 
[0015] acquiring a physiological signal from a patient dur 
ing a period of sleep; 
[0016] segmenting the signal to de?ne a time sequence of 
quasi-stationary segments, each of the segments having a 
respective frequency spectrum; 
[0017] computing respective levels of membership of the 
segments in a plurality of frequency states responsively to the 
respective frequency spectrum; and 
[0018] displaying a plot indicative of the levels of member 
ship of the segments in the sequence over time. 
[0019] In disclosed embodiments, computing the respec 
tive levels includes applying fuZZy clustering to the segments 
so as to de?ne the states. 

[0020] In one embodiment, displaying the plot includes 
displaying a density plot, in Which the levels of membership 
are represented by color variations. In another embodiment, 
displaying the plot includes displaying an accumulation plot, 
shoWing cumulative levels of membership of the segments in 
the plurality of frequency states over the sequence. In yet 
another embodiment, displaying the plot includes displaying 
an accumulation plot shoWing cumulative durations of the 
segments in each of the plurality of frequency states. Typi 
cally, the method includes determining and comparing 
respective accumulation rates of the cumulative durations in 
at least tWo of the frequency states. 

[0021] In some embodiments, displaying the plot includes 
assigning each of at least some of the segments to one of a 
Waking state and a sleep state responsively to the frequency 
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spectrum, and displaying an accumulation plot showing a 
cumulative assignment of the segments to the Waking and 
sleep states over time. 
[0022] There is also provided, in accordance With an 
embodiment of the present invention, a method for diagnosis, 
including: 
[0023] acquiring a physiological signal from a patient dur 
ing a period of sleep; 
[0024] segmenting the signal to de?ne a time sequence of 
quasi-stationary segments, each of the segments having a 
respective frequency spectrum; 
[0025] computing a fundamental frequency of each seg 
ment in the time sequence responsively to a moment of the 
respective frequency spectrum of the segment; and 
[0026] displaying a plot shoWing the fundamental fre 
quency of the segments in the sequence over time. 
[0027] Displaying the plot may include shoWing at least 
one of a trend and a variance of the fundamental frequency. 
[0028] There is additionally provided, in accordance With 
an embodiment of the present invention, a method for diag 
nosis, including: 
[0029] acquiring a physiological signal from a patient dur 
ing a period of sleep; 
[0030] segmenting the signal to de?ne a time sequence of 
quasi-stationary segments, each of the segments having a 
respective frequency spectrum; 
[0031] computing respective levels of membership of the 
segments in a plurality of frequency states responsively to the 
respective frequency spectrum; 
[0032] based on the respective levels of membership, deter 
mining a sleep quality indicator responsively to a statistical 
characteristic of the segments; and 
[0033] displaying the sleep quality indicator. 
[0034] In disclosed embodiments, the statistical character 
istic includes at least one of: 

[0035] a cumulative duration of the segments associated 
With each of the frequency clusters; 
[0036] a relative duration of the segments associated With 
each of the frequency clusters; 
[0037] a mean duration of the segments associated With 
each of the frequency clusters; 
[0038] a variance of a duration of the segments associated 
With each of the frequency clusters; 
[0039] a total number of the segments associated With each 
of the frequency clusters; and 
[0040] a relative duration of the segments associated With 
each of the frequency clusters. 
[0041] In some embodiments, the method includes assign 
ing the segments to prede?ned sleep stages responsively to 
the frequency spectrum, and determining the sleep quality 
indicator includes computing the statistical characteristic 
With respect to each of the sleep stages. 
[0042] In one embodiment, displaying the sleep quality 
indicator includes displaying a plot indicative of the levels of 
membership of the segments in the sequence over time. In 
another embodiment, displaying the sleep quality indicator 
includes displaying a plot shoWing a fundamental frequency 
of the segments in the sequence over time. In yet another 
embodiment, computing the respective levels of membership 
includes assigning the segments in the time sequence to 
respective frequency states, and determining the sleep quality 
indicator includes computing probabilities of transition 
among the frequency states. 
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[0043] In some embodiments, the physiological signal 
includes an electroencephalogram (EEG) signal. Optionally, 
the method includes identifying transient phenomena in the 
EEG signal, and computing an index quantifying a frequency 
of occurrence of the transient phenomena. The transient phe 
nomena may include one or more of K-complexes and 

spindles. 
[0044] Additionally or alternatively, the physiological sig 
nal may include a respiration signal. In one embodiment, the 
method includes identifying respiratory events occurring dur 
ing the period of sleep, and computing statistical character 
istics of the respiratory events. Typically, computing the sta 
tistical characteristics includes computing and displaying a 
respiratory event histogram. 
[0045] In another embodiment, the method includes mea 
suring a heart rate of the patient, and computing the statistical 
characteristics includes computing a relative heart rate index 
indicative of changes in the heart rate associated With the 
respiratory events. 

[0046] In yet another embodiment, computing the statisti 
cal characteristics includes assigning respective con?dence 
levels to the respiratory events, and displaying the con?dence 
levels as a function of respiration state. 

[0047] There is further provided, in accordance With an 
embodiment of the present invention, a method for diagnosis, 
including: 
[0048] acquiring a physiological signal from a patient dur 
ing a period of sleep; 
[0049] segmenting the signal to de?ne a time sequence of 
quasi-stationary segments, each of the segments having a 
respective frequency spectrum; 
[0050] computing respective levels of membership of the 
segments in a plurality of frequency states responsively to the 
respective frequency spectrum; 
[0051] responsively to the respective levels of membership, 
assigning each of at least some of the segments to one of a 
Waking state and a sleep state responsively to the frequency 
spectrum; and 
[0052] displaying an accumulation plot shoWing a cumula 
tive assignment of the segments to the Waking and sleep states 
over time. 

[0053] The method may include determining and compar 
ing respective accumulation rates of the Waking and sleep 
states. 

[0054] There is moreover provided, in accordance With an 
embodiment of the present invention, diagnostic apparatus, 
including a sensor, Which is adapted to acquire a physiologi 
cal signal from a patient during a period of sleep, and a 
diagnostic processor, Which is adapted to carry out the func 
tions described above. In some embodiments, the sensor 
includes at least one electrode, and the physiological signal 
includes an electroencephalogram (EEG) signal. Addition 
ally or alternatively, the sensor may include a respiration 
sensor and/or a heart rate sensor. 

[0055] There is furthermore provided, in accordance With 
an embodiment of the present invention, a computer softWare 
product, including a computer-readable medium in Which 
program instructions are stored, Which instructions, When 
read by a computer, cause the computer to carry out the 
functions described above. 
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[0056] The present invention Will be more fully understood 
from the following detailed description of the embodiments 
thereof, taken together With the drawings in Which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0057] FIG. 1 is a schematic, pictorial illustration of a sys 
tem for polysomnography, in accordance With an embodi 
ment of the present invention; 
[0058] FIG. 2 is a How chart that schematically illustrates a 
method for determining sleep quality parameters, in accor 
dance With an embodiment of the present invention; 
[0059] FIG. 3 is a three-dimensional plot shoWing clusters 
of EEG frequency states, in accordance With an embodiment 
of the present invention; 
[0060] FIG. 4A is a hypnogram, shoWing classi?cation of 
sleep stages of a patient over time, in accordance With an 
embodiment of the present invention; 
[0061] FIG. 4B is a density plot shoWing a distribution of 
frequency cluster membership of successive segments of an 
EEG signal as a function of time for the patient of FIG. 4A, in 
accordance With an embodiment of the present invention; 
[0062] FIG. 5A is a hypnogram, shoWing classi?cation of 
sleep stages of another patient over time, in accordance With 
an embodiment of the present invention; 
[0063] FIG. 5B is a density plot shoWing a distribution of 
frequency cluster membership of successive segments of an 
EEG signal as a function of time for the patient of FIG. 5A, in 
accordance With an embodiment of the present invention; 
[0064] FIGS. 6A and 6B are plots shoWing variations in the 
fundamental frequency of EEG signals over time, in accor 
dance With an embodiment of the present invention; 
[0065] FIG. 7 is a frequency state accumulation plot, shoW 
ing cumulative frequency state durations of successive seg 
ments of an EEG signal over time, in accordance With an 
embodiment of the present invention; 
[0066] FIG. 8 is a sleep/Wake state accumulation plot, 
shoWing cumulative durations of sleep and Wake states of a 
patient over time, in accordance With an embodiment of the 
present invention; and 
[0067] FIG. 9 is a transition matrix shoWing probabilities of 
transitions among frequency states in successive segments of 
an EEG signal, in accordance With an embodiment of the 
present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0068] FIG. 1 is a schematic, pictorial illustration of a sys 
tem 20 for sleep monitoring and diagnosis, in accordance 
With an embodiment of the present invention. In this embodi 
ment, system 20 is used to monitor a patient 22 in a home or 
hospital Ward environment, although the principles of the 
present invention may similarly be applied in dedicated sleep 
laboratories. System 20 receives and analyZes physiological 
signals generated by the patient’s body, including an EEG 
signal measured by scalp electrodes 23, an ECG signal mea 
sured by skin electrodes 24, and a respiration signal measured 
by a respiration sensor 26. (As shoWn in the ?gure, respiration 
sensor 26 makes electrical measurements of thoracic and 
abdominal movement. Additionally or alternatively, air ?oW 
measurement may be used for respiration sensing.) Alterna 
tively, only a subset of the above electrodes and sensors may 
be used, and/or other sensors may be added, such as an EMG 
or SpO2 sensor, as are knoWn in the art. 
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[0069] The signals from electrodes 23, 24 and sensor 26 are 
collected, ampli?ed and digitiZed by a console 28. Console 28 
may process and analyZe the signals locally, using the meth 
ods described hereinbeloW. Alternatively or additionally, con 
sole 28 may be coupled to communicate over a netWork 30, 
such as a telephone netWork or the Internet, With a diagnostic 
processor 32. This con?guration permits sleep studies to be 
performed simultaneously in multiple different locations. 
Processor 32 typically comprises a general-purpose computer 
With suitable softWare for carrying out the functions 
described herein. This softWare may be doWnloaded to pro 
cessor 32 in electronic form, or it may alternatively be pro 
vided on tangible media, such as optical, magnetic or non 
volatile electronic memory. Processor 32 analyZes the signals 
conveyed by console 28 in order to identify sleep states of 
patient 22 and to extract sleep quality indicators. The results 
of the analysis are presented to an operator 34, such as a 
physician, on an output device 36, such as a display or printer. 

[0070] FIG. 2 is a How chart that schematically illustrates a 
method for determining sleep quality parameters, in accor 
dance With an embodiment of the present invention. The 
method and examples of sleep quality indicators given beloW 
relate mainly to processing of EEG signals. The principles of 
this method and the types of indicators derived therefrom, 
hoWever, may similarly be applied to other sorts of signals, 
such as respiration and ECG signals. 
[0071] Processor 32 acquires an EEG signal from patient 
22, at a signal acquisition step 40. Typically, for sleep studies, 
the signal is acquired over the course of at least several hours. 
The processor then adaptively segments the signal into quasi 
stationary segments, at a segmentation step 42. Adaptive seg 
mentation is described at length in the above-mentioned US. 
patent applications. Brie?y, processor 32 advances a sliding 
WindoW, of variable siZe, through the EEG signal and evalu 
ates statistical features of the signal Within the WindoW. The 
statistical features typically include aspects of the frequency 
spectrum of each segment, Which are determined by methods 
of spectral analysis knoWn in the art. The processor optimiZes 
the WindoW boundaries so as to envelope a segment that is 
statistically stationary to Within a prede?ned bound. In con 
sequence, the EEG signal is divided into a time sequence of 
quasi-stationary segments of varying length, separated by 
shorter transient periods. This sort of adaptive segmentation 
is advantageous in that the segments that are chosen represent 
actual physiological states of the patient, as opposed to the 
arbitrary 30-second epochs that are used in conventional 
sleep scoring. 
[0072] EEG signals normally comprise ?ve major types of 
Waves: (1) 6-Wave (1.0-3.5 HZ), (2) 0-Wave (4.0-7.0 HZ), (3) 
(x-Wave (75-12 Hz), (4) o-Wave (12-15 HZ); and (5) [3-Wave 
(15-35 HZ). Each quasi-stationary segment typically com 
prises one dominant Wave and possibly other frequency com 
ponents superimposed on the dominant Wave. The frequency 
composition of the different types of segments determined at 
step 42 typically varies from patient to patient. Therefore, in 
order to classify the segments for each individual patient, 
processor 32 applies a fuZZy clustering algorithm to divide the 
segments into clusters, at a clustering step 44. Each cluster 
has a characteristic distribution of features, such as frequency 
components and overall segment energy. Methods of fuZZy 
clustering are likeWise described in the above-mentioned 
patent applications. 
[0073] FIG. 3 is a three-dimensional plot shoWing cluster 
ing of EEG frequency states, in accordance With an embodi 
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ment of the present invention. In this ?gure, the dots represent 
individual segments of an EEG signal, plotted on three axes 
corresponding to the following segment features: 1) Relative 
energy in the delta frequency band; 2) Relative energy in the 
alpha, sigma and beta frequency bands; and 3) Total segment 
energy, normalized to a scale of 0-100. Details of the features 
and clustering scheme are presented beloW in Appendix A. 
The inventors have found that this set of features provides 
useful differentiation betWeen sleep states, but other sets of 
features, in tWo, three, or more dimensions may similarly be 
used for clustering purposes. 
[0074] In the representation of PIG. 3, four clusters of seg 
ments can be identi?ed: a high-frequency (HP) cluster 60, a 
loW-energy mixed-frequency cluster 62 (MP1), a high-energy 
mixed frequency cluster 64 (MP2), and a loW-frequency clus 
ter 66 (LP). These clusters have been found to correlate 
respectively With deep sleep (stages 3 and 4), moderate sleep 
(stage 2), light sleep (stage 1/REM), and Wakefulness. Alter 
natively, other clustering models may be used, particularly in 
conjunction With other feature axes. In any case, the bounds 
of each cluster are determined adaptively for each patient at 
step 44. 
[0075] Returning noW to PIG. 2, for each of the segments 
found at step 42, processor 32 computes membership levels 
With respect to each of the frequency states, at a membership 
computation step 46. In other Words, rather than just assign 
ing each segment to a respective cluster, the processor deter 
mines the similarity of each segment to each of the clusters 
found at step 44. The membership level of a given segment n 
having a feature vector x” may be computed relative to the 
center vectors pk of the different clusters. The membership 
level Wk”(x) of the segment in the kth cluster is then calculated 
as folloWs: 

MW) 2 Km... m) a 

Wherein K is the number of clusters and D is a scalar function 
of distance betWeen x” and pk. For example, D can be an 
Euclidian distance, given by D(xn, uk):(xn—uk)H(xn—uk), 
Wherein H denotes the conjugate transpose operator. Alterna 
tively, other methods knoWn in the art may be used for com 
puting cluster membership. The membership levels may be 
advantageously displayed as a function of time, as illustrated 
beloW in PIG. 4B. 
[0076] The membership values determined at step 46 may 
be used by processor 32 in automatically assigning each 
30-sec epoch during the monitoring period to one of the 
accepted sleep stages, at a sleep staging step 48. For example, 
the folloWing scheme may be used, combining the states of 
the segments in the EEG signal With additional information 
from EMG and EOG signals: 
1) Stage WakeiEpochs more than 50% of Whose duration are 
occupied by high-frequency EEG and/or body movements 
and/ or eye blinks are classi?ed as stage Wake. Epochs that are 
not classi?ed as stage Wake are classi?ed as sleep. 

2) Sleep stages 2-4iEpochs classi?ed as sleep, in Which: 
[0077] Predominant high-energy mixed-frequency 

activity is present, or 
[0078] 1% of the epoch duration is occupied by K-com 

plex activity (loW-frequency transients), or 
[0079] More than 15% of the epoch duration is occupied 
by loW-frequency activity. 
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[0080] a) Sleep stage 2iEpochs classi?ed at step (2) as 
stages 2-4, less than 15% of Whose duration is occupied 
by loW-frequency activity. 

[0081] b) Stage 3iEpochs classi?ed as stages 2-4, 
15-45% of Whose duration is occupied by loW-frequency 
activity. 

[0082] c) Stage 4iEpochs classi?ed as stages 2-4, more 
than 45% of Whose duration is occupied by loW-fre 
quency activity. 

3) Sleep stage 1+REMiEpochs classi?ed as sleep, Which 
have predominant loW-energy mixed-frequency activity. 

[0083] a) REMiEpochs classi?ed as sleep stage 
1+REM in Which rapid eye movements or loW-energy 
EMG is detected. 

[0084] b) Sleep stage liEpochs classi?ed as sleep stage 
1+REM and not classi?ed as stage REM, or epochs 
classi?ed as sleep and not classi?ed as any other sleep 
stage. 

[0085] Alternatively or additionally, sleep stages may be 
determined using cardiovascular, respiratory or other physi 
ological indicators. For example, a method for sleep staging 
based on cardio-respiratory signals is described in US. patent 
application Ser. No. 10/995,817, ?led Nov. 22, 2004, Whose 
disclosure is incorporated herein by reference. 
[0086] In addition to or instead of standard sleep staging at 
step 48, processor 32 typically computes sleep quality indi 
cators, at a sleep quality assessment step 50. For example, for 
each of clusters 60, 62, 64 and 66 (referred to respectively as 
HP, MP1, MP2 and LP states), the processor may compute the 
folloWing sleep quality parameters: 

[0087] Total (cumulative) duration (sec) of segments 
belonging to the state. 

[0088] Relative total duration (%) of segments belong 
ing to the state, compared to the total time monitored. 

[0089] Mean duration (sec) of segments belonging to the 
state. 

[0090] Standard deviation (variance) of duration of seg 
ments belonging to the state. 

[0091] Total number of segments belonging to the state. 
[0092] Relative total number (%) of segments belonging 

to the state compared to the total number of segments. 
The sleep quality parameters may be computed over all the 
quasi-stationary segments identi?ed at step 42, or altema 
tively over a selected sequence of the segments. 

[0093] Furthermore, processor 32 may combine the seg 
mentation data With the sleep staging performed at step 48 in 
order to compute the above parameters separately for each 
identi?ed sleep stage or group of sleep stages. For example, 
the relative duration of the HP state in REM may be calculated 
as folloWs: 

Duration of HP in REM 
Total REM duration X100 

As another example, the relative number of HP segments in 
REM may be calculated as folloWs: 

Number of HP segments in REM 

Total number of segments in REM X 100 
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[0094] References is noW made to PIGS. 4A and 4B, Which 
show processed results of EEG measurements made in sys 
tem 20, in accordance With an embodiment of the present 
invention. PIG. 4A is a hypnogram, showing sleep stages of 
the patient over time, as derived from the polysomnogram 
signals at step 48. PIG. 4B is a density plot shoWing the 
distribution of membership of the sequence of EEG segments 
in each of the four states de?ned above (HP, MP1, MP2 and 
LP). 
[0095] The term “density plot” is used herein to denote a 
plot in Which the color at a given point is indicative of the 
relative value of a parameter referred to the Cartesian coor 
dinates of the point. In other Words, as can be seen in PIG. 4B, 
for each point in time along the horiZontal axis (correspond 
ing to the segment of the EEG signal occurring at that time), 
four density values are arrayed vertically, corresponding to 
the degree of membership of the segment in each of clusters 
HP, MP1, MP2 and LP, Which are arrayed along the vertical 
axis. A density scale 70 at the bottom of the ?gure shoWs the 
correspondence betWeen colors and normaliZed membership 
values. (“Color” in this context includes shades of gray.) 
Although the display shoWn in PIG. 4B uses gray-scale den 
sity values, different colors may equivalently be used to rep 
resent the membership values. Thus, the degree of member 
ship at each point in the plot may be equivalently represented 
by a scale of varying hue, intensity or saturation, or a combi 
nation of these factors. All such alternative types of density 
plots are considered to be Within the scope of the present 
invention. 
[0096] It can be seen in PIG. 4B that the density plot cor 
relates With the sleep stages shoWn in PIG. 4A, but contains 
much richer information about the EEG activity occurring at 
many points during the sleep period. The inventors have 
found that the information contained in the density plot 
(Which is lost in the discrete hypnogram) permits the car 
egiver to recogniZe abnormal sleep patterns that Would oth 
erWise go unnoticed. For example, in one clinical study, the 
inventors identi?ed a group of patients Whose hypnograms 
appeared to be normal, but Who shoWed relatively high levels 
of HP membership during sleep. This result is indicative of 
sleep fragmentation, i.e., poor sleep quality in this group. 
[0097] PIGS. 5A and 5B, respectively, shoW a hypnogram 
and a density plot for another patient, Who Was knoWn to 
suffer from a sleep disorder. During the monitoring period, a 
sleeping drug Was administered to the patient, in an attempt to 
induce deep sleep. In the hypnogram, it appears that drug Was 
ineffective, since the patient’s sleep stage never drops beloW 
stage 2. In the density plot in PIG. 5B, hoWever, a period of 
loW-frequency activity at around 1 AM demonstrates the 
short-term e?icacy of the drug. 
[0098] PIG. 6A is a plot shoWing variations in the funda 
mental frequency of an EEG signal over time, in accordance 
With an embodiment of the present invention. This plot Was 
derived from the EEG signal of the patient Whose hypnogram 
and density plot are shoWn in PIGS. 4A and 4B. The funda 
mental frequency is determined for each segment by taking 
the moment of the frequency spectrum of the segment, as 
shoWn in Appendix A. The solid line in the ?gure shoWs the 
fundamental frequency value, While the dotted marks above 
the solid line shoW the variance. A line at 4 HZ shoWs the 
approximate boundary betWeen deep sleep and other sleep 
stages. 
[0099] As in the case of the density plot shoWn above, the 
fundamental frequency correlates Well With the hypnogram 
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sleep stages, but provides richer information that is lost in the 
discrete hypno gram. This information may be further brought 
out, for example, by displaying a trend line and a range of 
standard deviation of the fundamental frequency over time 
(omitted from PIG. 6A for the sake of simplicity). It Will be 
observed in PIG. 6A, for instance, that at some points changes 
in frequency are precipitous, While other changes are more 
gradual. These variations in slope, Which are lost for the most 
part in the hypnogram, can be useful in assessment of clinical 
factors such as drug effects. The fundamental frequency plot 
also permits the caregiver to observe local variability, even 
When the frequency trend (and hence the sleep stage) is ?at. In 
this regard, note the difference betWeen the smooth funda 
mental frequency plot in the neighborhood of 1 AM and the 
highly-variable plot at around 2 AM. 
[0100] Like other sleep quality indicators, the fundamental 
frequency may be correlated With the patient’s sleep stages. 
For example, processor 32 may calculate the average funda 
mental frequency, and possibly the variance of the fundamen 
tal frequency, over each of the sleep stages identi?ed at step 

[0101] PIG. 6B is a plot of fundamental frequency taken 
from the EEG signal of the patient Whose hypnogram and 
density plot are shoWn in PIGS. 5A and 5B. For patients With 
sleep disorders, the fundamental frequency drops beloW the 4 
HZ threshold only occasionally, if at all. In the case shoWn in 
PIG. 6B, the effect of sleeping drug administration can be 
seen in the period of deep sleep at about 1 AM folloWing 
administration of the drug, despite the negative hypnogram 
?ndings. The precipitous frequency drop at 1 AM is folloWed 
by shalloWer, more gradual drops thereafter, re?ecting the 
cyclical interaction of the drug With the sleep states of the 
brain. 
[0102] PIG. 7 is a frequency state accumulation plot, shoW 
ing cumulative duration of successive segments of an EEG 
signal over time, in accordance With an embodiment of the 
present invention. Curves 80, 82, 84 and 86 respectively shoW 
the cumulative durations of HP, MP2, MP1 and LP sleep 
states, as a fraction of the total sleep period. The accumulation 
function Ac(t, s) for state s at time t is given by: 

Wherein D denotes the duration in seconds, and T is the total 
duration of all EEG segments. In other Words, for each suc 
cessive segment, the duration of the segment is added to the 
cumulative duration of the state to Which the segment 
belongs, While the cumulative durations of the other states 
remains unchanged. 
[0103] Alternatively or additionally, cumulative member 
ship values may be computed and displayed by integrating the 
above-mentioned membership function Wk” over successive 
segments. Parameters that can be extracted in this manner 
include: 
[0104] 1. Total Membership Index Up to Segment N: 

1 N 

T(/<)=— w',‘,;k=l,... ,K 
N :1 

n 
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[0105] 2. Cumulative Membership Index of Segment N: 

1 j 

Afwlk) = 52M.. 

[0106] The accumulation rate of each frequency state can 
be modeled by ?tting an exponential function g(t):l —e_“’ to 
the accumulation function, using least squares ?tting, for 
example. The estimated accumulation rate [1. for each curve is 
shoWn in the ?gure. 
[0107] Changing trends in the state accumulation plot are 
indicative of changes and/or fragmentation of sleep states. 
For example, a knee 88 in HF curve 80 marks the point of 
transition from Wakeful to sleeping states (occurring in this 
case about one hour after the beginning of the trial). The 
accumulation rate of HF states is markedly loWer folloWing 
the Wake/ sleep transition in normal patients, as can be seen in 
FIG. 7. By contrast, patients Who suffer from sleep disorders 
exhibit higher values of HF accumulation during periods of 
sleep. The inventors have also observed that in some patients 
Whose hypnograms appear to be normal, fragmented sleep 
can still be detected on the basis of an elevated HF accumu 
lation rate. 
[0108] FIG. 8 is a sleep/Wake accumulation plot, shoWing 
cumulative durations of sleep and Wake states of a patient 
over time, in accordance With an embodiment of the present 
invention. In this plot, curves 90 and 92 shoW the fractional 
durations of Wake and sleep states, respectively. For this 
purpose, each EEG segment may be classi?ed as sleep- or 
Wake-related, according to the folloWing criteria: 

[0109] Wake-relatediHF and noisy EEG segments. 
[0110] Sleep relatediMFl, MP2 and LF segments. 

This plot provides information similar to the frequency state 
accumulation plot of FIG. 7, but in a more condensed form. 
Accumulation rates of the sleep and Wake states are computed 
in a manner similar to that described above. Changing trends 
in the sleep/Wake accumulation plot may indicate changes 
and/ or fragmentation of sleep. 
[0111] FIG. 9 is a transition matrix shoWing probabilities of 
transitions among frequency states in successive segments of 
an EEG signal, in accordance With an embodiment of the 
present invention. Such a matrix can be calculated over the 
entire recording time for a given patient or for certain portions 
of the recording, for example, during a selected sleep stage. 
To calculate the transition values, processor 32 counts 
changes or persistence of the sleep state from second to sec 
ond. In other Words, if the duration of an HP segment is 10 sec, 
folloWed by transition to MP1, the processor Will count ten 
transitions from the HF state to itself and then one HF:MF1 
transition. (As a result, it can be seen that the values on the 
diagonal of the transition matrix are much larger than the 
off-diagonal values.) The transition probability P(i,j) from 
state i to state j is then calculated as folloWs: 

Wherein Ni’,- is the number of transitions from state i to state j. 
[0112] The transition matrix shoWs a pattern of frequency 
state dynamics during sleep, Which can be used as a measure 
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of sleep quality. For example, the inventors found that in a 
group of patients suffering from fragmented sleep (Who none 
theless presented apparently normal hypnograms), the tran 
sition probability from state MP2 to LP state Was substan 
tially loWer than in normal patients. This result re?ects a 
de?ciency in loW-frequency (LF) activity that characterizes 
fragmented sleep. 
[0113] Various other sleep quality indicators may be 
derived from the EEG signal and calculated over the entire 
sleep period or for selected sleep stages. For example, the 
sleep quality indicators may relate to transient phenomena in 
the EEG, such as K-complexes and/ or spindles. A K-complex 
index, Which quanti?es the frequency of K-complex episodes 
during sleep, may be calculated as folloWs: 

Number of K- complexes in stage 5 

Total duration of stage 5 

A spindle index, quantifying the frequency of EEG spindles 
during sleep, may be calculated in like fashion. (K-complexes 
and spindles are Well-knoWn phenomena in EEG. Techniques 
for automatic identi?cation and monitoring of these phenom 
ena are described in the above-mentioned related patent 
applications.) 
[0114] Although the embodiments described above relate 
mainly to analysis of EEG signals, the principles of these 
embodiments may similarly be applied to other physiological 
indicators. For example, a snoring index (based on identi? 
cation of snoring episodes by audio analysis) may be used to 
indicate the number or duration of snores during one or more 
sleep stages. 
[0115] As another example, a transition matrix of the type 
shoWn in FIG. 9 may be computed for other indicators, such 
as pathological respiration states. The above-mentioned 
related applications describe methods for automatic classi? 
cation of respiration states based on respiration measure 
ments during sleep. According to one scheme, these patho 
logical respiration states include central breathing, 
obstructive breathing, mixed breathing, hypopnea and RERA 
(respiratory effort related arousal). A suitable transition 
matrix may be constructed to shoW transition patterns 
betWeen the respiration states. 

[0116] Furthermore, processor 32 may generate respiratory 
event histograms to describe the distribution of the duration 
of respiratory events during different sleep stages. (Methods 
for identifying respiratory events are likeWise described in the 
above-mentioned related applications.) Additionally or alter 
natively, respiratory event histograms may be presented as a 
function of body position, time of night, or pressure titration 
levels of a respiratory assist device. The processor may also 
assign a con?dence level to each suspected respiratory event 
(for example, from 0 for non-events to l for events that are 
certain), and the con?dence levels may be displayed as a 
function of respiration state in a density plot similar to that 
shoWn in FIG. 4B. 

[0117] Respiratory events are typically accompanied by a 
drop in heart rate (bradycardia), folloWed by heart rate eleva 
tion (tachycardia). Processor 32 may calculate sleep quality 
indicators based on these phenomena. For example, a relative 
heart rate index RHR, indicating the change (drop and/or 
elevation) of the heart rate associated With respiratory events, 
may be calculated as folloWs: 
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RHR = w - 100 
BHR ’ 

Here HR(t) is the HR in the time interval of interest, and BHR 
is the baseline heart rate. 

[0118] It Will be appreciated that the embodiments 
described above are cited by Way of example, and that the 
present invention is not limited to What has been particularly 
shoWn and described hereinabove. Rather, the scope of the 
present invention includes both combinations and subcombi 
nations of the various features described hereinabove, as Well 
as variations and modi?cations thereof Which Would occur to 
persons skilled in the art upon reading the foregoing descrip 
tion and Which are not disclosed in the prior art. 

APPENDIX A 

Calculation of Features and Classi?cation of Fre 
quency Groups 

[0119] 1. De?nition of Features 

[0120] 11:6; Relative energy in delta frequency band 
(0.5-4 Hz). 

[0121] f2:0: Relative energy in theta band (4-7 Hz). 
[0122] f3:ot+o+[3: Relative energy in alpha (7-12 Hz), 

sigma (12-15 Hz) and beta (15-30 Hz) bands. 
[0123] f4IFf: Fundamental frequency. 
[0124] fsrpzp: Peak to peak amplitude. 
[0125] f6:Var: Normalized variance (energy) normal 

ized to a scale of 0-100. 

Example 

Calculation of Relative Energy in a Given Band 

[0126] If Sm(f) denotes the estimated poWer spectrum of an 
EEG segment, then 

f2 

I saw 
fl 

£18”) '100 

is the relative energy in the frequency band that is bounded by 
frequencies f1 and f2. 

Example 

Calculation of Normalized Variance of Relative 
Energy 

[0127] Let V(xk) denote the energy variance of the samples 
Within the kth EEG segment (denoted xk). The normalized 
variance is then 

mo = K 

2 vet) 
k:l 

-100, 

Wherein K is the total number of segments. 
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Example 
Calculation of Fundamental Frequency 

[0128] The fundamental frequency of an EEG segment is 
the moment of the frequency spectrum, calculated as folloWs: 

Ff - cor-snow 

[0129] 2. Initial Classi?cation Using Fuzzy Clustering 
[0130] The EEG segments are classi?ed into the folloWing 
classes in the feature space de?ned by fl, f2 and f3: 
[013 1] C 1 ihigh frequency. 
[0132] C2imixed frequency. 
[0133] C3iLOW frequency. 
The segments may be classi?ed according to the criterion: 
C(xn):arg mkax (Wnk), Wherein x” is the feature vector of 
segment n, and Wnk is the membership level of the segment in 
cluster k. In this case k:1, 2, 3. 
[0134] 3. Uni?cation: CZeC2 LJC3 
[0135] 4. Partitioning of C2 by Fundamental Frequency: 
[0136] f4an>5 HzeC2 

(Here f4,” is the fundamental Frequency of Segment n.) 
[0138] 5. Partitioning of C3 Using Fuzzy Clustering in the 
Feature Space De?ned by f4 and f5 
[0139] Features corresponding to the maximal centroid of 
f5 are returned to C2 in tWo subclasses. Feature vectors clas 
si?ed in the subclass characterized by minimal f5 value of the 
centroid are returned to C2. 
[0140] 6. De?nition of Validation Rules 

11+0'+,B 
- R1 : 0+6 > 0.3 

11+0'+,B 
- R2 : 0+6 > 0.7 

[0141] 
[0142] 
[0143] 

7. Implementation of Rules 
1. VxneC3 if~R3,n xneC2 

1,14 n 

[0144] 3. Vxn ifRzm xneCl 
[0145] 8. Partitioning of C2 Using Hierarchical Fuzzy Clus 
tering in the Feature Space De?ned by f6 into C2 and C4. 
[0146] Hierarchical fuzzy clustering partitions the feature 
space in a recursive manner. Each level of recursion generates 
a neW hierarchy level, in Which a portion of the feature space 
attributed to one selected cluster is subdivided into M groups. 
In the present case, at each hierarchy level, the cluster With 
minimal centroid value is partitioned into tWo neW clusters 
until the diversity level betWeen clusters at the same hierarchy 
level drops beloW a predetermined threshold. The diversity 
level D is given by: 

maximal centroid value 

_ minimal centroid value 

In one embodiment, the threshold on D is 2, i.e., When D<2 
the recursion stops. 
[0147] The feature vectors attributed to the cluster With 
minimal centroid value are assigned to C4, While the rest of 
the feature vectors are assigned to C2. C4 corresponds to MF1, 
While C2 corresponds to MF2. 
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1. A method for diagnosis, comprising: 
acquiring a physiological signal from a patient during a 

period of sleep; 
segmenting the signal to de?ne a time sequence of quasi 

stationary segments, each of the segments having a 
respective frequency spectrum; 

computing respective levels of membership of the seg 
ments in a plurality of frequency states responsively to 
the respective frequency spectrum; and 

displaying a plot indicative of the levels of membership of 
the segments in the sequence over time. 

2. The method according to claim 1, Wherein computing 
the respective levels comprises applying fuZZy clustering to 
the segments so as to de?ne the states. 

3. The method according to claim 1, Wherein displaying the 
plot comprises displaying a density plot, in Which the levels of 
membership are represented by color variations. 

4. The method according to claim 1, Wherein displaying the 
plot comprises displaying an accumulation plot, shoWing 
cumulative levels of membership of the segments in the plu 
rality of frequency states over the sequence. 

5. The method according to claim 1, Wherein displaying the 
plot comprises displaying an accumulation plot shoWing 
cumulative durations of the segments in each of the plurality 
of frequency states. 

6. The method according to claim 5, and comprising deter 
mining and comparing respective accumulation rates of the 
cumulative durations in at least tWo of the frequency states. 

7. The method according to claim 1, Wherein displaying the 
plot comprises assigning each of at least some of the segments 
to one of a Waking state and a sleep state responsively to the 
frequency spectrum, and displaying an accumulation plot 
shoWing a cumulative assignment of the segments to the 
Waking and sleep states over time. 

8. The method according to claim 1, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

9. A method for diagnosis, comprising: 
acquiring a physiological signal from a patient during a 

period of sleep; 
segmenting the signal to de?ne a time sequence of quasi 

stationary segments, each of the segments having a 
respective frequency spectrum; 

computing a fundamental frequency of each segment in the 
time sequence responsively to a moment of the respec 
tive frequency spectrum of the segment; and 

displaying a plot shoWing the fundamental frequency of the 
segments in the sequence over time. 

10. The method according to claim 9, Wherein displaying 
the plot comprises shoWing at least one of a trend and a 
variance of the fundamental frequency. 

11. The method according to claim 9, Wherein computing 
the respective levels comprises applying fuZZy clustering to 
the segments so as to de?ne the states. 

12. The method according to claim 9, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

13. A method for diagnosis, comprising: 
acquiring a physiological signal from a patient during a 

period of sleep; 
segmenting the signal to de?ne a time sequence of quasi 

stationary segments, each of the segments having a 
respective frequency spectrum; 
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computing respective levels of membership of the seg 
ments in a plurality of frequency states responsively to 
the respective frequency spectrum; 

based on the respective levels of membership, determining 
a sleep quality indicator responsively to a statistical 
characteristic of the segments; and 

displaying the sleep quality indicator. 
14. The method according to claim 13, Wherein computing 

the respective levels comprises applying fuZZy clustering to 
the segments so as to de?ne the states. 

15. The method according to claim 13, Wherein the statis 
tical characteristic comprises at least one duration measure 
selected from a group of duration measures consisting of: 

a cumulative duration of the segments associated With each 
of the frequency clusters; 

a relative duration of the segments associated With each of 
the frequency clusters; 

a mean duration of the segments associated With each of the 
frequency clusters; 

a variance of a duration of the segments associated With 
each of the frequency clusters; 

a total number of the segments associated With each of the 
frequency clusters; and 

a relative duration of the segments associated With each of 
the frequency clusters. 

16. The method according to claim 13, and comprising 
assigning the segments to prede?ned sleep stages respon 
sively to the frequency spectrum, Wherein determining the 
sleep quality indicator comprises computing the statistical 
characteristic With respect to each of the sleep stages. 

17. The method according to claim 13, Wherein displaying 
the sleep quality indicator comprises displaying a plot indica 
tive of the levels of membership of the segments in the 
sequence over time. 

18. The method according to claim 13, Wherein displaying 
the sleep quality indicator comprises displaying a plot shoW 
ing a fundamental frequency of the segments in the sequence 
over time. 

19. The method according to claim 13, Wherein computing 
the respective levels of membership comprises assigning the 
segments in the time sequence to respective frequency states, 
and Wherein determining the sleep quality indicator com 
prises computing probabilities of transition among the fre 
quency states. 

20. The method according to claim 13, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

21. The method according to claim 20, and comprising 
identifying transient phenomena in the EEG signal, and com 
puting an index quantifying a frequency of occurrence of the 
transient phenomena. 

22. The method according to claim 21, Wherein the tran 
sient phenomena comprise one or more of K-complexes and 
spindles. 

23. The method according to claim 13, Wherein the physi 
ological signal comprises a respiration signal. 

24. The method according to claim 23, and comprising 
identifying respiratory events occurring during the period of 
sleep, and computing statistical characteristics of the respi 
ratory events. 

25. The method according to claim 24, Wherein computing 
the statistical characteristics comprises computing and dis 
playing a respiratory event histogram. 
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26. The method according to claim 24, and comprising 
measuring a heart rate of the patient, Wherein computing the 
statistical characteristics comprises computing a relative 
heart rate index indicative of changes in the heart rate asso 
ciated With the respiratory events. 

27. The method according to claim 24, Wherein computing 
the statistical characteristics comprises assigning respective 
con?dence levels to the respiratory events, and displaying the 
con?dence levels as a function of respiration state. 

28. A method for diagnosis, comprising: 
acquiring a physiological signal from a patient during a 

period of sleep; 
segmenting the signal to de?ne a time sequence of quasi 

stationary segments, each of the segments having a 
respective frequency spectrum; 

computing respective levels of membership of the seg 
ments in a plurality of frequency states responsively to 
the respective frequency spectrum; 

responsively to the respective levels of membership, 
assigning each of at least some of the segments to one of 
a Waking state and a sleep state responsively to the 
frequency spectrum; and 

displaying an accumulation plot shoWing a cumulative 
assignment of the segments to the Waking and sleep 
states over time. 

29. The method according to claim 28, Wherein computing 
the respective levels comprises applying fuZZy clustering to 
the segments so as to de?ne the states. 

30. The method according to claim 28, and comprising 
determining and comparing respective accumulation rates of 
the Waking and sleep states. 

31. The method according to claim 28, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

32. Diagnostic apparatus, comprising: 
a sensor, Which is adapted to acquire a physiological signal 

from a patient during a period of sleep; and 
a diagnostic processor, Which is adapted to segment the 

signal to de?ne a time sequence of quasi-stationary seg 
ments, each of the segments having a respective fre 
quency spectrum, to compute respective levels of mem 
bership of the segments in a plurality of frequency states 
responsively to the respective frequency spectrum, and 
to display a plot indicative of the levels of membership 
of the segments in the sequence over time. 

33. The apparatus according to claim 32, Wherein the pro 
cessor is adapted to apply fuZZy clustering to the segments so 
as to de?ne the states. 

34. The apparatus according to claim 32, Wherein the plot 
comprises a density plot, in Which the levels of membership 
are represented by color variations. 

35. The apparatus according to claim 32, Wherein the plot 
comprises an accumulation plot, shoWing cumulative levels 
of membership of the segments in the plurality of frequency 
states over the sequence. 

36. The apparatus according to claim 32, Wherein the plot 
comprises an accumulation plot shoWing cumulative dura 
tions of the segments in each of the plurality of frequency 
states. 

37. The apparatus according to claim 36, Wherein the pro 
cessor is adapted to determine and output respective accumu 
lation rates of the cumulative durations in at least tWo of the 
frequency states. 
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38. The apparatus according to claim 32, Wherein the pro 
cessor is adapted to assign each of at least some of the seg 
ments to one of a Waking state and a sleep state responsively 
to the frequency spectrum, and to display an accumulation 
plot shoWing a cumulative assignment of the segments to the 
Waking and sleep states over time. 

39. The apparatus according to claim 32, Wherein the sen 
sor comprises at least one electrode, and Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

40. Diagnostic apparatus, comprising: 
a sensor, Which is adapted to acquire a physiological signal 

from a patient during a period of sleep; and 
a diagnostic processor, Which is adapted to segment the 

signal to de?ne a time sequence of quasi-stationary seg 
ments, each of the segments having a respective fre 
quency spectrum, to compute a fundamental frequency 
of each segment in the time sequence responsively to a 
moment of the respective frequency spectrum of the 
segment, and to display a plot shoWing the fundamental 
frequency of the segments in the sequence over time. 

41. The apparatus according to claim 40, Wherein the pro 
cessor is adapted to display in the plot at least one of a trend 
and a variance of the fundamental frequency. 

42. The apparatus according to claim 40, Wherein the pro 
cessor is adapted to apply fuZZy clustering to the segments so 
as to de?ne the states. 

43. The apparatus according to claim 40, Wherein the sen 
sor comprises at least one electrode, and Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

44. Diagnostic apparatus, comprising: 
a sensor, Which is adapted to acquire a physiological signal 

from a patient during a period of sleep; and 
a diagnostic processor, Which is adapted to segment the 

signal to de?ne a time sequence of quasi-stationary seg 
ments, each of the segments having a respective fre 
quency spectrum, to compute respective levels of mem 
bership of the segments in a plurality of frequency states 
responsively to the respective frequency spectrum, to 
determine, based on the respective levels of member 
ship, a sleep quality indicator responsively to a statistical 
characteristic of the segments, and to display the sleep 
quality indicator. 

45. The apparatus according to claim 44, Wherein the pro 
cessor is adapted to apply fuZZy clustering to the segments so 
as to de?ne the states. 

46. The apparatus according to claim 44, Wherein the sta 
tistical characteristic comprises at least one duration measure 
selected from a group of duration measures consisting of: 

a cumulative duration of the segments associated With each 
of the frequency clusters; 

a relative duration of the segments associated With each of 
the frequency clusters; 

a mean duration of the segments associated With each of the 
frequency clusters; 

a variance of a duration of the segments associated With 
each of the frequency clusters; 

a total number of the segments associated With each of the 
frequency clusters; and 

a relative duration of the segments associated With each of 
the frequency clusters. 

47. The apparatus according to claim 44, Wherein the pro 
cessor is adapted to assign the segments to prede?ned sleep 
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stages responsively to the frequency spectrum, and to com 
pute the statistical characteristic With respect to each of the 
sleep stages. 

48. The apparatus according to claim 44, Wherein the pro 
cessor is adapted to display a plot indicative of the levels of 
membership of the segments in the sequence over time. 

49. The apparatus according to claim 44, Wherein the pro 
cessor is adapted to display a plot showing a fundamental 
frequency of the segments in the sequence over time. 

50. The apparatus according to claim 44, Wherein the pro 
cessor is adapted to assign the segments in the time sequence 
to respective frequency states, and to compute probabilities of 
transition among the frequency states. 

51. The apparatus according to claim 44, Wherein the sen 
sor comprises at least one electrode, and Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

52. The apparatus according to claim 51, Wherein the pro 
cessor is adapted to identify transient phenomena in the EEG 
signal, and to compute an index quantifying a frequency of 
occurrence of the transient phenomena. 

53. The apparatus according to claim 52, Wherein the tran 
sient phenomena comprise one or more of K-complexes and 
spindles. 

54. The apparatus according to claim 44, Wherein the sen 
sor comprises a respiration sensor, and Wherein the physi 
ological signal comprises a respiration signal. 

55. The apparatus according to claim 54, Wherein the pro 
cessor is adapted to identify respiratory events occurring dur 
ing the period of sleep, and to compute statistical character 
istics of the respiratory events. 

56. The apparatus according to claim 55, Wherein the pro 
cessor is adapted to compute and display a respiratory event 
histogram. 

57. The apparatus according to claim 54, Wherein the pro 
cessor is adapted to determine a heart rate of the patient, and 
to compute a relative heart rate index indicative of changes in 
the heart rate associated With the respiratory events. 

58. The apparatus according to claim 54, Wherein the pro 
cessor is adapted to assign respective con?dence levels to the 
respiratory events, and to display the con?dence levels as a 
function of respiration state. 

59. Diagnostic apparatus, comprising: 
a sensor, Which is adapted to acquire a physiological signal 

from a patient during a period of sleep; and 
a diagnostic processor, Which is adapted to segment the 

signal to de?ne a time sequence of quasi-stationary seg 
ments, each of the segments having a respective fre 
quency spectrum, to compute respective levels of mem 
bership of the segments in a plurality of frequency states 
responsively to the respective frequency spectrum, to 
assign each of at least some of the segments, respon 
sively to the respective levels of membership, to one of a 
Waking state and a sleep state responsively to the fre 
quency spectrum, and to display an accumulation plot 
shoWing a cumulative assignment ofthe segments to the 
Waking and sleep states over time. 

60. The apparatus according to claim 59, Wherein the pro 
cessor is adapted to apply fuZZy clustering to the segments so 
as to de?ne the states. 

61. The apparatus according to claim 59, and Wherein the 
processor is adapted to determine and output respective accu 
mulation rates of the Waking and sleep states. 
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62. The apparatus according to claim 59, Wherein the sen 
sor comprises at least one electrode, and Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

63. A computer softWare product, comprising a computer 
readable medium in Which program instructions are stored, 
Which instructions, When read by a computer, cause the com 
puter to acquire a physiological signal from a patient during a 
period of sleep, to segment the signal to de?ne a time 
sequence of quasi-stationary segments, each of the segments 
having a respective frequency spectrum, to compute respec 
tive levels of membership of the segments in a plurality of 
frequency states responsively to the respective frequency 
spectrum, and to display a plot indicative of the levels of 
membership of the segments in the sequence over time. 

64. The product according to claim 63, Wherein the instruc 
tions cause the computer to apply fuZZy clustering to the 
segments so as to de?ne the states. 

65. The product according to claim 63, Wherein the plot 
comprises a density plot, in Which the levels of membership 
are represented by color variations. 

66. The product according to claim 63, Wherein the plot 
comprises an accumulation plot, shoWing cumulative levels 
of membership of the segments in the plurality of frequency 
states over the sequence. 

67. The product according to claim 63, Wherein the plot 
comprises an accumulation plot shoWing cumulative dura 
tions of the segments in each of the plurality of frequency 
states. 

68. The product according to claim 67, Wherein the instruc 
tions cause the computer to determine and output respective 
accumulation rates of the cumulative durations in at least tWo 
of the frequency states. 

69. The product according to claim 63, Wherein the instruc 
tions cause the computer to assign each of at least some of the 
segments to one of a Waking state and a sleep state respon 
sively to the frequency spectrum, and to display an accumu 
lation plot shoWing a cumulative assignment of the segments 
to the Waking and sleep states over time. 

70. The product according to claim 63, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 

71. A computer softWare product, comprising a computer 
readable medium in Which program instructions are stored, 
Which instructions, When read by a computer, cause the com 
puter to acquire a physiological signal from a patient during a 
period of sleep, to segment the signal to de?ne a time 
sequence of quasi-stationary segments, each of the segments 
having a respective frequency spectrum, to compute a funda 
mental frequency of each segment in the time sequence 
responsively to a moment of the respective frequency spec 
trum of the segment, and to display a plot shoWing the fun 
damental frequency of the segments in the sequence over 
time. 

72. The product according to claim 71, Wherein the instruc 
tions cause the computer to display in the plot at least one of 
a trend and a variance of the fundamental frequency. 

73. The product according to claim 71, Wherein the instruc 
tions cause the computer to apply fuZZy clustering to the 
segments so as to de?ne the states. 

74. The product according to claim 71, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 
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75. A computer software product, comprising a computer 
readable medium in Which program instructions are stored, 
Which instructions, When read by a computer, cause the com 
puter to acquire a physiological signal from a patient during a 
period of sleep, to segment the signal to de?ne a time 
sequence of quasi-stationary segments, each of the segments 
having a respective frequency spectrum, to compute respec 
tive levels of membership of the segments in a plurality of 
frequency states responsively to the respective frequency 
spectrum, to determine, based on the respective levels of 
membership, a sleep quality indicator responsively to a sta 
tistical characteristic of the segments, and to display the sleep 
quality indicator. 

76. The product according to claim 75, Wherein the instruc 
tions cause the computer to apply fuZZy clustering to the 
segments so as to de?ne the states. 

77. The product according to claim 75, Wherein the statis 
tical characteristic comprises at least one duration measure 
selected from a group of duration measures consisting of: 

a cumulative duration of the segments associated With each 
of the frequency clusters; 

a relative duration of the segments associated With each of 
the frequency clusters; 

a mean duration of the segments associated With each of the 
frequency clusters; 

a variance of a duration of the segments associated With 
each of the frequency clusters; 

a total number of the segments associated With each of the 
frequency clusters; and 

a relative duration of the segments associated With each of 
the frequency clusters. 

78. The product according to claim 75, Wherein the instruc 
tions cause the computer to assign the segments to prede?ned 
sleep stages responsively to the frequency spectrum, and to 
compute the statistical characteristic With respect to each of 
the sleep stages. 

79. The product according to claim 75, Wherein the instruc 
tions cause the computer to display a plot indicative of the 
levels of membership of the segments in the sequence over 
time. 

80. The product according to claim 75, Wherein the instruc 
tions cause the computer to display a plot shoWing a funda 
mental frequency of the segments in the sequence over time. 

81. The product according to claim 75, Wherein the instruc 
tions cause the computer to assign the segments in the time 
sequence to respective frequency states, and to compute prob 
abilities of transition among the frequency states. 

82. The product according to claim 75, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 
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83. The product according to claim 82, Wherein the instruc 
tions cause the computer to identify transient phenomena in 
the EEG signal, and to compute an index quantifying a fre 
quency of occurrence of the transient phenomena. 

84. The product according to claim 83, Wherein the tran 
sient phenomena comprise one or more of K-complexes and 
spindles. 

85. The product according to claim 75, Wherein the sensor 
comprises a respiration sensor, and Wherein the physiological 
signal comprises a respiration signal. 

86. The product according to claim 85, Wherein the instruc 
tions cause the computer to identify respiratory events occur 
ring during the period of sleep, and to compute statistical 
characteristics of the respiratory events. 

87. The product according to claim 86, Wherein the instruc 
tions cause the computer to compute and display a respiratory 
event histogram. 

88. The product according to claim 85, Wherein the instruc 
tions cause the computer to determine a heart rate of the 
patient, and to compute a relative heart rate index indicative of 
changes in the heart rate associated With the respiratory 
events. 

89. The product according to claim 85, Wherein the instruc 
tions cause the computer to assign respective con?dence lev 
els to the respiratory events, and to display the con?dence 
levels as a function of respiration state. 

90. A computer softWare product, comprising a computer 
readable medium in Which program instructions are stored, 
Which instructions, When read by a computer, cause the com 
puter to acquire a physiological signal from a patient during a 
period of sleep, to segment the signal to de?ne a time 
sequence of quasi-stationary segments, each of the segments 
having a respective frequency spectrum, to compute respec 
tive levels of membership of the segments in a plurality of 
frequency states responsively to the respective frequency 
spectrum, to assign each of at least some of the segments, 
responsively to the respective levels of membership, to one of 
a Waking state and a sleep state responsively to the frequency 
spectrum, and to display an accumulation plot shoWing a 
cumulative assignment of the segments to the Waking and 
sleep states over time. 

91. The product according to claim 90, Wherein the instruc 
tions cause the computer to apply fuZZy clustering to the 
segments so as to de?ne the states. 

92. The product according to claim 90, and Wherein the 
instructions cause the computer to determine and output 
respective accumulation rates of the Waking and sleep states. 

93. The product according to claim 90, Wherein the physi 
ological signal comprises an electroencephalogram (EEG) 
signal. 


