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[57] ABSTRACT

A method and apparatus is disclosed for detecting am-
plitude variations in the rhythmic oscillations of a physi-
ological response pattern in a frequency range of inter-
est. A sensor is used to detect an occurrence of an event
in the cycle of a physiological response and the intervals

- between each reoccurring event is timed and placed in

a buffer. The output from the buffer is readout at prede-
termined time intervals and fed to a filter which deter-
mines the aperiodic portion of the signal and subtracts
that aperiodic portion to output a residual data signal.
The residual data signal is fed to a band pass filter which
filters in a region determined by the predetermined

‘ frequency range of interest and which outputs to a

calculation and display device wherein the variance of
the rhythmic oscillation is calculated and displayed.

35 Claims, 8 Drawing Figures

{9 {H

‘ PEAK OUTLINER
SENSOR DETECTOR CLOCK BUFFER COMPENSATOR
20 90 94 96
/ 1
TIME MOVING BAND VARIANCE
WINDOW POLYNOMIAL PASS CALCULATIONS
FILTER FILTER DISPLAY
]
|
r~-— e -1
| COHERENCE 1
ICALCULATION |
L™ DISPLAY
L= J‘ -l
98

Petitioner Ex-1012, 0001



U.S. Patent  Apr. 16, 1985 Sheet1of4 4,510,944
]
.
Loy
g 9001
% _
Q. —
ano
3 -
700-
600
0 " 2 | % 4 " o0 e 0w
SECONDS
FIG. 1a
g900—
=
S
[ —_
= 800
| .
5 -
Lil 700
600+
o ' 2 | 2 4 0 e
SECONDS
FIG.1b

Petitioner Ex-1012, 0002



U.S. Patent  Apr. 16, 1985 Sheet2of4 4,510,944
150
120 '
90 ”
60
30+
O_
30-
60-
o] !
’20 [ i 1 I 1 | | i ] 1 ' 1 | I }
0 8 16 24 32 40 48 56 64 72 80 88 96 104 M2 120
500 mSEC INTERVALS
FIG. Ic
(1 f5 [7 {9 (n
PEAK OUTLINER
SENSOR DETECTOR CLOCK BUFFER COMPENSATOR
20 90 94 96
J / 1
TIME MOVING BAND VARIANCE
WINDOW POLYNOMIAL PASS CALCULATIONS
FILTER FILTER DISPLAY -
i
l'"'—'_l—"'—"l
| COHERENCE |
ICALCULATION |
'L DISPLAY |
FIG. 2a ———f=-

98

Petitioner Ex-1012, 0003



U.S. Patent Apr. 16, 1985 Sheet 30f4 4,510,944
f 14 90 94
/ / e /
©AD MOVING BAND
SENSOR CONV. POLYNOMIAL PASS
. FILTER FILTER
FIG.2b
30,
» }\ : s 00 s 5 T .

0.1

o/

FIG. 3

Petitioner Ex-1012, 0004



4,510,944

Sheet 4 of 4

U.S. Patent  Apr. 16, 1985

a4 9|4
(4) 3NOL Tv VA
S 4 £ 2 l 0
! “ “ } | | | | “ “
N N N SqYy Sa¥y H x0d9 LV
N N N N say «V W
N N . AN
N
N
N
N
0h 94
ALITIGVIYA QOIY3d 14VIH
g 4 ¢ l 0
1 ! | 1 | 1 | 1 ! | |
' . _ _ _ _ _ ' _ _ 1
H s@4 N H H L/ x0d8
Y say AN
N N <
N N
N N
N N
N

Petitioner Ex-1012, 0005



4,510,944

1

METHOD AND APPARATUS FOR EVALUATING
RHYTHMIC OSCILLATIONS IN APERIODIC
PHYSIOLOGICAL RESPONSE SYSTEMS

This invention was made with Government support
under National Institutes of Health grants Nos. KO2-
MH-0054; MH-18909; HD-15968; and HD-05951. The
Government -has certain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the quantification of
the variability of physiological activity and particularly
the quantification of oscillations in physiological re-
sponse patterns such as the heart rate.

2. Description of the Prior Art

The measurement and determination of effective di-
agnostic information from the output of physiological
response systems (e.g., heart period patterns, peripheral
vasomotor activity, electrodermal potentials, electric
potentials from the scalp such as EEGs, blood pressure,
temperature and all other physiological activity which
may be indexed by time) is complicated by the nature of
these response patterns which often are characterized
by rhythmic oscillations superimposed on an aperiodic
baseline. Extremely complex underlying mechanisms of
human physiology underlie the mechanisms which pro-
duce the signals. That is, physiological response systems
tend not to be determined by a single input but are the
result of complex interactions of numerous, often unde-

—
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fined, mechanisms. For example, the nervous system .

has a profound impact on many physiological responses
by modifying “homeostatic” oscillations which repre-
sent, in particular circumstances, known physiological

mechanisms. More specifically, the heart period (the -

time between.successive heart beats) presents oscilla-
tions which are located in frequencies common to other
physiological response systems. The heart period oscil-
lates at the breathing frequency and at the frequency at
which blood pressure and peripheral vasomotor activ-
ity also oscillate. The oscillations in the heart period at
the “respiratory” frequency and at the “vasomotor”
frequency may be interpreted as an indication of spe-
cific physiological mechanisms. (See Sayers, “Analysis
of Heart Rate Variability”, Ergonomics, 1973, Vol. 16,
pp- 17-32; and Kitney et al, “Heart Rate Variability in
the Assessment of Automatic Diabetic Neuropathy”,
Automedica, 1982, Vol. 4, pp. 155-167.)

When studying the measured physiological activity
in terms of oscillations, the parameters of interest in
order to provide information of diagnostic value, in-
clude the amplitude of the oscillation, the phase of the
oscillation relative to other periodic physiological func-
tions at the same frequency and the coupling or coher-
ence between two or more physiological systems at the
same frequency. There are numerous methods used to
separate the signals of interest or to detrend physiolog-
ical data. Many of these on-line devices for monitoring
the physiological response systems include high-pass,
low-pass or bandpass filters. Other methods include
specific statistical analysis which have been developed
for engineering and economics applications but which
are attempted to be used in regard to the detrending of
physiological data. In general, most of these prior art
procedures assumed that the trend which is being re-
moved may be characterized by a linear regression or
the sum of slow sine waves. While these methods ap-
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pear to function well in some areas of physiological
monitoring including respiration and the electrocardio-
gram, they are rather limited to those instances where
the variance associated with the rhythmic oscillations
being studied is large relative to the instability of the
baseline upon which these oscillations are superim-
posed. On the other hand, when the variance associated
with the oscillations of interest is extremely small rela-
tive to the total variance of the physiological response
system, then the above assumptions associated with the
previous methods and apparatus of detrending do not
apply.

An example of an instance where the prior art type of
filtering for purposes of detrending the physiological
data fails is that of the amplitude of fetal heart rate
oscillations which are very small relative to large
changes in the heart rate which have been associated
with uterine contractions. This is especially pertinent
when a compromised hypoxic fetus exhibits massive
heart rate shifts in the baseline in response to the uterine
contractions, thus making it very difficult to accurately
estimate the amplitude of the fast periodic heart rate
activity which is of diagnostic value.

Most of the statistical procedures which are used to
assess the characteristics of periodic processes such as
the amplitude of rhythmic oscillations involve attempts
to detrend the baseline to remove aperiodic components
from the data set. These periodic processes which are
embedded in the complex signal are attempted to be
removed through the use of a sequence involving de-
trending, filtering, and describing the amplitude and
periodicity with spectral analysis such as the fast fourier
transform (FFT). The detrending and filtering produces
a “processed” signal by removing the aperiodic compo-
nent which allows for the use of statistical procedures to
evaluate the amplitude of the rhythmic oscillations.
This “processed” signal is decomposed through the use
of spectral analysis and the variance is partitioned into
constituent frequencies. That is, the variance is de-
scribed as the sum of sine waves of various amplitudes
and frequencies. The problem with this process is that it
may result in faulty interpretations of data if the data set
being processed violates specific statistical assumptions
necessary for proper interpretation.

Spectral analysis may be used to accurately identify
and quantify periodic components in physiological re-
sponse systems when there are only minute baseline .
shifts or when the baseline trend can be easily removed
prior to analysis. Spectral analysis assumes that the data
set being analyzed is weakly stationary. A process is
weakly stationary, if its mean and variance are indepen-
dent of time and its autocovariance function depends
only on lag (C. Chatfield, The Analysis of Time Series:
Theory and Practice, Chapman and Hall, 1975). Spectral
analysis provides reliable and interpretable estimators of
the amplitude of a periodic oscillation only if the data
are at least weakly stationary.

Another of the unfortunate physiological response
system characteristics is that they are not “stationary”.
This means that physiological response systems are not
perfectly sinusoidal and that they have complex shifts in
both the mean level and the variance. Thus, by their
nature, they violate the assumption of stationarity.
Quite obviously then, the spectral analysis to evaluate
the amplitude of rhythmic oscillations will result in
unreliable estimates of the amplitudes of the rhythmic
process at any specific frequency band. By appropri-
ately removing the complex baseline trend, it would be
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possible for.the amplitude of the periodic oscillations to
be accurately measured in the filtered data set; how-
ever, all of the existing filtering methods and devices
which have been used to “detrend” physiological re-
sponse activity in order to remove the shifting baseline
have made faulty assumptions.

Many existing physiological monitoring devices such
as polygraphs, electroencephalographs, and electro-
myographs have hardware filters which function as
high-pass, low-pass, or bandpass filters. As previously
discussed, this reflects an assumption that there are no
aperiodic components in the data and merely that the
filters pass the frequency band of interest to the output.
Unfortunately, since the data of most physiological
systems contain aperiodic trends, the amplitude of the
frequencies passed by the various filters will be partially
a function of the amount of variance passed through the
filters which is, in reality, a portion of the complex
aperiodic trend discussed above. Thus, in essence, the
hardware filters of prior art devices assume that the
baselines are merely the sum of slow sine waves and a
linear trend. If the trend is complex and cannot be de-
scribed by a linear regression or a sum of sine waves
with known periodicities and amplitudes, then the sine
waves necessary to describe the slow complex trend
may include faster periodicities superimposed on the
frequencies of interest. Therefore, the operators of the
device must know beforehand the shape of the trend to
be subtracted from the data set.'In the case of spectral
analysis, it would be necessary to subtract the spectral
densities associated with the trend from the spectral
densities associated with the total data set. This is to-
tally impractical because, with the filters being used, the
operator would never be able to separate what compo-
nent of the variance being passed by the filter is associ-
ated with the trend from that component of the vari-
ance which would be associated with the periodic pro-
cess. Moreover, it would preclude the ability of the
operator to monitor the changing conditions of the
periodic physiological process in an on-line operation.

Other methods of operating a filter for removing
trends include the use of what is called “successive
differencing”. This method consists of successively
subtracting values through the entire data set involving,
for example, the subtraction of data point number 1
from data point number 2 and data number 2 from data
point 3, etc. Due to the transfer function of this filter the
method may result in an underestimate or overestimate
of the spectral densities depending on which frequen-
cies are of interest to the investigator and thus may
result in a contamination of the estimates of the variance
at any specific frequency. Moreover, the “successive
difference” filter is similar to linear detrending and
suffers from the same problem of passing variances in
higher frequency bands which are components of the
aperiodic trend. Other methods include low order poly-
nomial detrending techniques which do not succeed in
removing the trend and which also result in an alter-
ation in the shape of the spectrum by influencing both
the identification of the peak frequency and the estimate
of amplitude at a given frequency.

The clinical and diagnostic value of overcoming the
errors brought about by incorrect or simplified assump-
tions in the prior art devices discussed above can be
particularly seen in a specific situation where the ampli-
tude of the oscillation of a physiological process may
serve as an indexing variable of a specific underlying
mechanism. For example, in the case of heart period, it
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is possible to interpret the amplitude of the oscillation of
heart period at the respiratory frequencies or respira-
tory sinus arrhythmia (RSA) as an index of the influence
of the vagus (10th cranial nerve) on the heart. Briefly
stated, the respiratory system transmits afferent infor-
mation to the brainstem where it “gates” (turns off and
on) the vagal efferents to the heart (i.e., vagal efferent
activity is reduced during inhalation and reinstated
during exhalation). Thus, with regard to heart period
oscillations occurring in the respiratory frequencies, the
amplitude of such heart period oscillations conveys
information regarding the “vagal tone” effect on the
heart. With regard to clinical and diagnostic relevance,
higher order central nervous system disorders such as
intracranial hemorrhage result in a decrease in the vagal
efferent influence on the heart. Therefore, the ampli-
tude of the heart period oscillation in the respiratory
frequency band (RSA) may provide a “window to the
brain” and an early assessment screening of the central
nervous system dysfunction.

One of the more important points concerning the
relationship exhibited by a fetal heart period is that the
heart period pattern exhibits small oscillations at the
periodicities associated with breathing in the newborn
which frequencies are most likely representative of the
RSA in the fetus. Because the periodicities may account
for much less than one percent of the total variance of
the heart period pattern, the above-discussed points
with regard to prior art methods of evaluating and
detecting the amplitude of the periodic function become
more critical and more prone to error because the per-
cent of variance that the specific periodic function ac-
counts for is extremely small relative to the total vari-
ance of the physiological response pattern in the fetal
heart period.

In the fetus, the heart period is mainly influenced by
the feto-maternal movement and the impact of uterine
contractions during labor. Spectral analysis of fetal
heart period utilizing any one of the above-discussed
filtering techniques would mask the presence of the
small oscillations because the percent of variance would
be so low that it would not result in a significant or even
recognizable peak in the spectrum and because the vari-
ance from the complex trends related to either feto-
maternal movement or uterine contractions would pro-
duce more variance in the frequency band of RSA than
the RSA itself. '

In summation then, the spectral analysis provides
interpretable estimates of the variance (amplitude) on
specific frequency bands only when the data do not
violate specific assumptions. Most data sets derived
from physiological systems such as heart period activity
contain aperiodic components and violate the critical
assumption of weak stationarity (i.e., the mean and vari-
ance are independent of time and the autocovariance
function depends only on lag). This is critical when the
amplitude of the oscillations of periodic physiological
activity conveys critical information regarding the con-
dition of the organism as the instance when the reduc-
tion in the amplitude of RSA in the human neonate is
associated with brain damage and/or nérvous system
conditions threatening the viability of the infant. Like-
wise, spectral analysis and most of the filtering tech-
niques which attempt to remove the trends, are not
readily adapted for rapid on-line use.

Petitioner Ex-1012, 0007



S
SUMMARY OF THE INVENTION

It is a primary object of the present invention to pro-
vide a device. which incorporates a filtering system
which “on-line” removes the variance associated with
complex trends and slow sine waves enabling accurate
estimates of more rapid periodic oscillations when-they
are ‘superimposed: on' complex trends and slow sinus-
oids.

It is also an object of the present invention to incorpo-
rate a procedure which provides an accurate evaluation
of the amplitude of a rhythmic oscillation on a fre-
quency band when the rhythmic oscillation is superim-
posed on an aperiodic response pattern. The procedure
involves the removal of the effect of baseline drift by

detrending the baseline activity with a “moving polyno--

mial filter” (MPF). The moving polynomial filter con-
sists of two stages: first, it smooths the baseline pattern
by fitting a piece-wise polynomial to the baseline; sec-
ond the smoothed baseline pattern is subtracted from
the original data set. The residuals represent a filtered
data set with a low frequency cutoff. The output of this
procedure is then bandpassed to allow only the variance
of the data set associated with the frequency of interest
to pass. The output of these two filtering devices and
methods provides the component of variance associated
with rhythmic oscillation of interest.

It is also an object of the present invention to provide
a moving polynomial filter (MPF) which provides an
ability to assess on-line the continuous shifting ampli-
tude of the oscillation of interest during situations when
the periodic process being monitored is not weakly
stationary and which functions to-assess the amplitude
of oscillations on-line without the collection of data for
an entire session prior to detrending.

Itis also an object of the present invention to provide
an apparatus and method for detecting central nervous
system dysfunction in humans by providing an arrange-
ment of detectors and filters which output a clinically
usable signal providing an indication of disorders in the
central nervous system through the monitoring of the
heart rate.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and
many of the attendant advantages thereof will be
readily obtained as the same becomes better understood
by reference to the following detailed description when
considered in connection with the accompanying draw-
ings where:

FIG. 1z is a representation of a physiological re-
sponse pattern characterized by with a rhythmic oscilla-
tion superimposed on an aperiodic response pattern.

FIG. 1b is a representation of the smoothed baseline
template to be removed from FIG. la

FIG. 1c is the residual from resulting subtracting of
the template of FIG. 15 from the pattern FIG. 1a.

FIG. 2is a block diagram of the device for evaluating
the amplitude of the rhythmic oscillations superimposed
on the aperiodic response patterns.

FIG. 3 is a graphic illustration of the moving polyno-
mial filter of FIG. 2.

FIG. 4 is an illustration of the clinical importance of
the method and apparatus of the present invention of
FIG. 2.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring now to the drawings, wherein like refer-
ence numerals designate identical or corresponding
parts throughout the several views, and more particu-
larly to FIG. 1a thereof, there is shown a superimposi-
tion of the amplitude of a rhythmic oscillation of a
known frequency band on an aperiodic response pat-
tern. This complex signal serves as a model for physio-
logical response patterns.

A specific example of the type of complex system
illustrated in FIG. 1« is that associated with the oscilla-
tion of heart period which must be “separated” in order
to provide the measurement of the vagal tone which, as
previously discussed, is the spectral representation of
the amplitude of periodic heart period activity associ-
ated with the “gating” by respiratory activity of the
vagal efferents to the heart. The accumulation of spec-
tral density estimates of heart period activity associated
with the respiratory frequency band provides an accu-’
rate measurement of respiratory sinus arrhythmia
(RSA). The vagal tone, as measured by the amplitude of
the RSA, provides a key to the link between the heart
rate response and an underlying physiological dysfunc-
tion. More particularly, the amplitude of the RSA may
be employed as an index of central nervous system
dysfunction or influence.

In order to provide clinically reliable information for
use as a diagnostic tool, the rhythmic oscillation of FIG.
1a must be separated from the underlying aperiodic
signal. ‘

Thus, if the heart period activity is filtered to pass
only the frequencies associated with respiration, the
new heart period series would represent the RSA. Be-
cause the amplitude of any sinusoid is monotonically
related to its variance, the amplitude of the sinusoid
resulting from the bandpass filtered heart period activ-
ity would represent a sort of breath-by-breath RSA. An
instantaneous estimate of the vagal tone could be de-
rived by linear interpolation connecting the peaks of the
adjacent filtered heart period oscillations.

In physiological response patterns, non-sinusoidal
processes distort the estimates of the underlying rhyth-
mic processes. Thus, it is necessary to remove these
aperiodic influences prior to estimating the variance or
amplitude associated with specific rhythmic processes. -
Generally, the methods used to detrend the baseline
drift have assumed that aperiodic influences may be
removed by detrending with a linear regression or fit-
ting the entire data set to a Jow-order polynomial. How-
ever, most baseline trends in physiological response
patterns are aperiodic so that neither a polynomial fit
nor a sum of slow sine waves can adequately represent
the trend. For example, in the human fetus, there is a
relatively fast frequency (25 to 75 cycles per minute) in
the fluctuation of the heart period pattern. This pattern
is difficult to evaluate because it may be superimposed
on slower shifts in the heart period. One source of the
slow shifts is the mother’s uterine contractions. Thus,
the rhythmicity of the fetal heart period pattern, which
at specific times is stationary, is superimposed on a slow
complex trend.

The complex trend in the fetal heart period pattern as
related to the uterine contractions cannot be removed
by linear detrending nor by detrending low-order poly-
nomials. However, a local cubic polynomial moving
average may be stepped through the data to produce
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the desired series. The moving average is a weighted -

sum applied locally along the curve to obtain a smooth
curve or template as shown in FIG. 15. This template of
slow activity is then subtracted from the raw data and’
the residual series of FIG. 1¢ contains the rhythmic
process which is free from the influences of the aperi-
odic component and is stationary over short segments.
In the case of the fetal heart period pattern, the residuals
are a time series consisting of the fast fluctuations.
These fast fluctuations may not be stationary over long
periods of time, because the amplitude of the oscilla-
tions may change as the condition of the fetus’s central
nervous system changes.

The FIG. 2a, 2b details an apparatus which functions
to remove the rhythmic oscillation of interest from a
physiological response pattern as shown in FIG. 1q, 15,
1c. The sensors 1 are provided by pickups which sense
physiological activity from the body to include elec-
trodes to detect endogeneous bioelectric potential as the
beating of the heart in an EKG as well as the volumetric
and plethysmographic sensors to assess response sys-
tems such as respiration and blood flow. The output
from the sensors may be either seen to be a point pro-
cess (FIG. 2a) which is manifested as events in time
such as the beating of the heart or a continuous process
(FIG. 2b) which is manifested as continuous changes
over time such as the changing of the circumference of

20 .

the chest during respiration and the electrical potential

of the finger or scalp. In using a measurement of a point
process as shown in FIG. 24, the component of the
sensor device which is called the “event or peak detec-
tor” 5 detects the time of occurrence of specific events
in a point process. In the instance of heart periods this
could be the detecting of an occurrence of a R-wave in
the EKG representing the contraction of the ventricles
of the heart. The occurrence of the peak of the R-wave
is detected with an accuracy of one msec with a pattern
recogmtlon algorithm. The output of the peak detector
is fed to a clock 7 which times the intervals between
successive events in msec.

The values of the clock are stored in a buffer 9 for
later use and the output of this buffer 9 is fed to an
outlier compensator 11 which monitors the timing be-
tween events of interest such as the occurrence of the
R-waves. The compensator contains information con-
cerning the expected range of time intervals between
the R waves based upon a knowlege of the subject being
tested. This outlier compensator maintains a specific
interval between event occurrences which are later to
- be analyzed by the remainder of the circuitry.

" Some of the problem overcome by the outlier com-
pensator include the problem which occurs with regard
to specific ventricular arrhythmias which result in an
out-of-place event detection. For example, ventricular
extrasystoles are followed by a compensatory pause.
Ventricular extrasystoles do not interrupt the regular
discharge of the sinoatrial node. The duration of the
beat with the ventricular extrasystole plus the beat fol-
lowing with the compensatory pause are equwalent to
the duration of 2 normal beats. Of importance is the fact
that centrally mediated rhythms, such as RSA, which
are manifested in the heart period pattern are naturally
occurring arrhythmias of the sinoatrial node. Ventricu-
lar extrasystoles do not interrupt or influence these
rhythms Thus, to provide an accurate estimate of the
variances associated with heart period rhythms such as
RSA, it is necessary to correct for ventricular extrasys-
toles and compensatory pauses. The outlier compensa-
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" tor would adjust for the ventricular extrasystole and

compensatory pause by adding the two time periods
together and dividing by two. Thus the outlier compen-
sator is no more than an adder and a divider circuit
arrangement programmed to operate when the duration
between events fed from the buffer 9 is outside of a
range of expected event intervals based upon the sub-
ject being tested. In this instance, the outlier compensa-
tor removes this event by adjusting the space between
the events in accordance with its expected spacing in-
terval. Other areas where the outlier compensator 11 is
functionally important include the instance where there
is a missing beat due to the failure of the components of
the “event detector” to be triggered or in the instance
where it is triggered prematurely resulting in too many
beats. In each of these instances the outlier compensator
checks and maintains a proper predetermined interval
range between the beats by either adding together the
intervals or dividing an interval by two.

The output from the compensator is fed to the time
window 20. This time window 20 measures the time
interval between the event being detected such as the
R-wave within a specific time frame or window. For
example, if a time window operates every 500 msec then
the data set is transformed into an estimation of heart
period for each 500 msec time window and is outputted
to the moving polynomial filter 90. The determination
of the time interval is in cooperation with the frequency
characteristics of the underlying process and the mov-
ing polynomial filter 90. The timing or the duration of
the time window is critical to prevent aliasing. As is
known in the art of signal processing aliasing occurs
when there are variances associated with frequencies
which are faster than those frequencies being detected
and those variances from outside the frequency band of
interest are folded back (i.e., added to) onto those fre-
quencies of interest. In order to protect against this
aliasing in the heart rate example the time window is set
to be such that the time window samples are approxi-
mately twice as fast as the R-wave events which iden-
tify each heartbeat. Thus if the normal heart rate is
assumed to be 60 beats per minute the sample or time
window is set at twice the speed or 2 events per second.
In other words, the window operates every 500 msec to
dump its data output to the filter. The use of a sampling
rate set at twice the frequency of interest is based upon
a statistical rule set down by Blackman and Tukey (R.
B. Blackman & J. W. Tukey, The Measurement of Power
Spectra, 1959, New York: Dover) which basically real-
izes that if the sampling is twice as fast as the event in
being detected it is sufficient to provide all of the details
of the event without any aliasing from frequencies not
of interest. In other words it prevents the folding back
phenomena. Quite obviously the time window could be
set to smaller intervals (i.e., faster sampling rate) as long
as it obeys the basic rule of sampling at at least twice the
frequency of the event of interest.

To adequately employ a moving polynomial filter
(MPF), the data must be sampled at appropriate time
intervals. Since the moving polynomial filter (MPF)
functions in the time domain and assumes that the data
are sampled at equal time intervals, it is important that
those of the processes which are called “continuous
processes” must be sampled at a rate to generate dis-
crete processes containing the variance associated with
the fastest oscillations in the process. The choice of the
sampling interval is critical because it is not possible to
identify rhythms whose period is less than twice the
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time between observations. It can be mathematically
demonstrated that faster frequencies (i.e., faster than
twice the duration of the sampling interval) will be
“folded back” or “aliased” on the slower frequencies.
This may result in an overestimate of variances in the
frequency band of interest (P. Bloomfield, Fourier Anal-
ysis of Time Series: An Introduction, Wiley, 1976). The
" FIG. 2b details the apparatus necessary for a continuous
process wherein the same numbers represent identical
apparatus in FIG. 2a. Basically, the Analog-to-Digital
(A/D) converter 14 is used instead of the Peak detector
5, the clock 7, the Buffer 9, the compensator 11 and the
time window 20 due to the above discussed nature of a
continuous process. The sampling rate of the A/D con-
verter 14 is analogous to the time window 20 of the
Point Process because of the need to sample a “Continu-
ous Process™” at a rate so that the variance associated
with the fastest oscillations are contained in the “dis-
crete processes” from the A/D converter 14. It also
should be noted that continuous processes must be sam-
pled at equal time intervals while point processes de-
scribed by interevent time intervals (e.g., heart period:
the time between successive heartbeats) must be trans-
formed by appropriate weighting or sampling into equal
time intervals. The prior art does not provide for filter-
ing point processes in the time domain. Accordingly,
the device of the present invention transforms the point
process 10 a discrete process sampled at equal time
intervals. This enables the application of time domain
filters to point processes. With regard to continuous
processes, it is necessary to have prior knowledge of the
physiological system being evaluated. If it is not known
what the periodic components embedded in the physio-
logical process are, aliasing may result in the estimates
of variance being uninterpretable. The moving polyno-
mial filtér (MPF) provides furthermore a facilitation in
the ability to assess the amplitude of oscillations on-line

15

10

A polynomial is fit to the first 2m+1 data points to
determine the “trend” value at data point m+1 (i.e., the
middle of the range of the data points which are fit with
the polynomial). To determine the trend value at data
point m+2 the same order polynomial is fit to another
2m+1 data points moved one time point forward. This
process is continued through the data set until the poly-
nomial is fit to the last 2m-+1 data points. The filter is
created when the trend values determined by the mov-
ing polynomial are subtracted from the original data.
Thus, the name “moving polynomial filter”. Note that
m data points at the beginning and end of the data set
are forfeited. Since the procedure is equivalent to taking
linear combinations of observations of physiological
activity with coefficients, the coefficients need to be
calculated only once for a polynomial of a specified
order and number of points and the coefficients may be

. used in all subsequent applications (see M. G. Kendall,

20

25

30

because it does not necessitate the collection of data for

the entire session prior to detrending. The MPF also
functions in situations in which the rhythmic process
being studied is not stationary and provides the ability
to assess on-line the continuous shifting amplitude of the
oscillation of interest.

The moving polynomial filter functions as a high-pass
filter when the smooth template is subtracted from the
data set. The frequencies passed by the filter are a func-
tion of the duration of the polynomial which is defined
by the number of data points incorporated into the
moving polynomial with each data point representing a
time-sampled measure. In physiological applications a
third order polynomial is most appropriate because it
enables the removal of cubic dips in the trend.

The moving polynomial filter 90 which is fed with
the time windowed data set includes a digital filter
which is stepped through the data set. A low order
polynomial is fit on a “local” level to describe the aperi-
odic trend. Although a polynomial fit of trend over the
entire data set suffers from many practical and statistical
problems, any smooth function can, under very general
conditions, be represented locally by a polynomial to a
fairly high degree of accuracy. By stepping a localized
polynomial through the data, it is possible to smooth the
data set and to describe the complex aperiodic trend.
When the “smoothed” trend is subtracted from the
original data, the residuals represent a filtered data set
which contains accurate representations of the faster
rhythmic activity uncontaminated by the complex ape-
riodic processes.
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Time Series, 1973, Griffin).

The cubic polynomial may be expressed in the gen-
eral form: ap+at+ast2+ast? where t is time and the
constants “a” are determined by the principle of least
squares to minimize

m
S (Y- ay,— ayt — a? — a3
I=—m

where Y, represents the raw untransformed data point

at time t, m is the number of time windows on each side
of the midpoint of the polynomial. In our 21 point exam-
ple, m would be ten 500 mséc time windows on each
side of the midpoint. Since we are only interested in
generating a transformed “trend” value at time t=0

. (i.e., the midpoint of the polynomial) using the informa-

tion of —m and + m data points, we need solve only for
a, which represents the weighting coefficients to be
applied to each of the 2m+ 1 data points to produce the
best cubic polynomial fit, i.e., the least squares differ-
ence between the raw data and the smoothed “trend” at
time t=0. Note that apis a set of weighting coefficients,
one for each of the 2m+-1 data points. Through a series
of mathematical calculations the constant ap is calcu-
lated for a specific polynomial defined by a given order,
n, and number of points, 2m+ 1 M. G. Kendall in chap-
ter 3 of Time Series, 1973, Griffin, provides the mathe-
matical examples for calculating the set of coefficients
defining “ag”. The generalized expression to minimize
the least squares difference for any polynomial of order
n and number of time points 2m+1 is presented below.

g 2
S (Yr—ap— ayf — ... aut")
I~—m

The moving polynomial has two important properties.
First, the weights of the coefficients sum to unity. This
is easily seen if the coefficients are applied to a series
consisting simply of a constant which is repeated, since
the average must be that same constant. Second, the
weights are symmetric about the middle value.

As stated above, the weighting coefficients used in
the moving polynomial filter, are those which minimize"
the least squares difference between the “real” observed
data set, Y,, and the polynomial of order “n”” and 2m--1
data points. In the above example, n=3 (i.e.,.cubic) and
2m+1=21. Once the weighting coefficients are calcu-
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lated for a polynomial fit on any data set (real or hypo-
thetical) it is not necessary to generate new coefficients.
The following is a computer program which gener-
ates the coefficients for any polynomial of 5th order or

12
FIG. 3 shows a graphical representation of the mov-
ing polynomial filter as it acts on the data sets 30 output
from the time window 20 of FIG. 2a. The filter 90 of
FIG. 2 is constructed so as to present to the data 30 a set

lower with no limitations on the number of points. 5 of 21 coefficients derived from a least squares cubic
polynomial fit. The coefficients for each of 21 (2m+1)
points are plotted in the curve shown in the FIG. 3.
PROGRAM TRY(INPUT, OUTPUD Thus the actual construction of the curve shown in the
DIMENSION A(100)
READ *,N1,N2 FIG. 3.
CALL POLMOV (NI,N2,A) 10 Once the coefficients have been calculated the data
PRINT 50, (A(D),I=1,N2) set is multiplied by its corresponding calculated coeffi-
;0 FORMAT (10F3.5) cients to produce a template which is the smoothed
TOP . . .
END trend as shown in FIG. 1B. The template of signals is
SUBROUTINE POLMOV (N1,N2,A) then substracted from the original data set of FIG. 1A
COMPUTES MOVING POLYNOMIAL FILTER t5 which includes the data set outputs from the time win-
g%gilggﬁf’(’gsfgilc{%P;%ngg“g 8§ A TOTAL dow in order to obtain !:he signal sh(_)wn in FIG. 1C as
OF N2 POINTS. an output from the moving polynomial filter. The value
DIMENSION A(N2) for the template associated with point 11 is determined
IF(NLLT.2 .OR. N1.GT.5) RETURN by multiplying each of the points 1 through 21 by its
{E(NH'I ‘GT. N2) RETURN 20 corresponding normalized coefficient and adding the
(2*(N2/2) .EQ: N2) N2=N2—1
N3I=N2/2 values together to obtain the value for the template
A0=N2 point corresponding to the point 11. It is to be noted
A2=0. that because the polynomial coefficients sum to unity
ﬁgfg' the normalization is automatically taken into account so
AS—0. 25 that the value for the smooth template which corre-
DO 1 1=1,N3 sponds to the raw data point 11 is obtained by merely
:£=IA 242 eAD) adding together all of the multiplied values of the raw
Ade 412:* N data points 1 through 21 with their corresponding coef-
Ab=AG+ 2 A6 fients from the curve. After the summation has taken
1 AB=AB+2.*AI**8 30 place to establish a corresponding template point for the
IF(N1.GT. 3) GOTO 45 raw data point 11 then the filter, so to speak, moves to
gi;;i%;i 4 A% A2 data point 12 and the calculation for the data point 12 is
DEN=1/DEN determined by multiplying the values of the data points
DO 21=1,N2 2 through 22 by the corresponding coefficients which
AT=AJ+ L. 35 are now centered at data point 12. Thus the nomencla-
ZA;Z(I:)QJD’EL,( Ad—AJ2*AD) ture “moving polynomial.” It can also be seen that if a
RETURN 21 point polynomial filter is used then there is no calcu-
DEN= lation for the points 1 through 10 nor for the last 10
AO*AGTAB+2.*A2*A4PAS— A6 3~ AD*AG*A6— A2*A2*A8 points of the data set because the calculation for each
gf‘:;‘],,‘g??:& " 40 particular point of raw data requires 10 information
C2=A4*A6—A2*AS points from the past and 10 information points from the
C3=A2*A6—Ad*A4 future data points. The construction of a filtering device
g—(’) =3—I §-’i N 12 in accordance with the generalized polynomial equation
AT=AJ+1. and its corresponding calculated coefficients based
3A(D)=DEN*(C1+C2*AJ*AJ + C3*AJ**4) 45 upon the number of data points can be a hardware im-
RETURN plementation once the values of the coefficients are
END determined, since they are constants for polynomials of
a specific order and number of points.
Examples are provided for 7, 21 and 35, point polyno- One of the key areas in this polynomial filter which
mials of the third order. Note that the sum of the coeffi- 50 provides for a passage of useful information is the
cients approxunate unlty They do not exactly sum to ChOOSiﬂg of the number of data points which are to be
one since the computer approximates a fraction as a fit by the polynomial. For instance in the heart rate
decimal. . embodiment if the respiration frequency which is the
3rd order. 7 points
—.09524  .14286 28571 133333 28571 14286 — 09524
3rd order. 35 points
—.03707 02548  —.01460  —.00442 00505  .01383 02190
02927 0359 04191 :
04717 05174 05560 05876 06121 .06297 06402
06437 06402 06297 06121 05876 05560 05174
04717 04191 03594 02927 02190 01383 00505
—.00442 01460  —.02548  —.03707
3rd order. 21 points.
~.05590  —.02484 00294 02746 04871 .06669 08140
.09284 .10101 .10592 .10755 1092 .10101 09284
08140 06669 04871 02746 00294 —.02484  —.05590
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frequency of interest with regard to its effect on the
heart rate is approximately 0.25 Hertz or a breath every
4 seconds, then in order to insure that the variance of
the breathing process of interest is passed unattenuated
the “twice duration rule” comes into effect. This rule
basically states that in order to deal with both the shape
of the transfer function of the filter which determines
the shape of the frequency cut-off of the filter and the
fact that the frequency of physiological processes are
not constant but vary within a predictable range the use
of a polynomial having a duration fitted locally at ap-
proximately twice the modal duration of the periodic
process being studied insures that the variance of the
periodic process of interest in is passed unatienuated or
unembellished. Using this rule then the time duration of
the polynomial filter necessary to insure the passage of
all points of interest in a respiratory frequency band
which is characterized by’ a modal breathing frequency
of 15 breaths per minute is 8 seconds.. The breathing
frquency may not be constant at 0.25 Hz but may vary
from approximately 0.15-0.40 Hertz. The modal fre-
quency (i.e., dominant periodicity) may vary among
subjects, but most adults breathe with a modal fre-
quency between 0.15 and 0.40. Therefore, it can be seen
that a 21 point polynomial filter generally satisfies this
requirement as each point taken from the time window
is separated by 500 msec and therefore the 21 points
encompass a time frame of 10.5 seconds which is suffi-
cient to pass those events of interest occurring because
of the respiration. It should also be noted that in some
instances depending upon the application of the filtering
device it is not advantageous to increase the number of
points too broadly because this would effectively pass
the variance associated with slower periodic and aperi-
odic processes. Since physiological processes are not
perfect sine waves, passing lower frequency physiolog-
ical activity will always result in the passing of higher
frequency harmonics which may be superimposed on
the variance of the frequency band of interest.

The selection of the cubic order for the polynomial
‘considerably enhances the ability of the filter to respond
to and “fit” cubic trends. Higher order polynomials
may, on the local level, start to map into the faster
periodic activity, while lower order polynomials may
not “bend” with the baseline trend. In summation then,
the cubic order polynomial is chosen because it maps
the dips in the response pattern without mapping into
the faster periodic component.

A bandpass filter 94 is added to the output of the
MPF in order to reduce the output variance to only
periodicities of interest. This necessitates prior knowl-
edge of the physiological rhythms which are being
studied. For instance, with regard to respiratory sinus
arrhythmia (RSA), it is determined by the natural range
of breathing for the age for the human being tested. The
output of the bandpass filter is equivalent to the vari-
ance of the frequency band of interest and is output to a
variance calculator and Display 96. Because all physio-
logical oscillations are not perfect sine waves, the peri-
odicities are manifested across a band of frequencies.
Thus, the sum of the variances associated with this band
of frequencies is desired. This sum may be calculated
per time period with spectral analysis and by summing
the spectral densities associated with the frequencies of
interest. Likewise, in situations in which rapid and con-
tinuous estimates are required, the variance may be
calculated with traditional descriptive statistics from
the output of the bandpass filter. When the rhythmic

—_

0

20

25

30

35

40

45

60

65

14
oscillation in heart period is clearly distinguished from
the background activity through the above processes,
the variance which is calculated by either of the above
two methods provides an estimate of the vagal tone.

In the above analysis the bandpass filter 94 which
takes the output of the MPF passes only the frequencies
of interest which in the case of RSA with adults re-
quires a bandpass of 0.15-0.40 cycles per second in
order to allow only the periodicities associated with
breathing to pass.

When the coupling of two or more physiological
processes needs to be evaluated, the simultaneous out-
put of two series fed through the filtering procedure
may be analyzed with cross-spectral analysis and a
weighted coherence may be calculated. This is shown
in FIG. 2 as block 98. Since the weighted coherence
(see Porges ete al., “New time-series statistic for detect-
ing rhythmic co-occurrence in the frequency domain:
The weighted coherence and its application to psycho-
physiological research,” Pspchological Bulletin, 1980, 88,
580-587) is derived by weighting the coherence func-
tion across a-band of frequencies by the spectral densi-
ties, accurate estimates of the spectral densities pro-
vided by the above procedures are necessary to gener-
ate an appropriate estimate of the weighted coherence.

The FIGS. 44,6 shows a clinical application of the
results of the analysis detailed above by the structure of
FIG. 2. The detection and evaluation of the component
of the heart rate pattern which is directly influenced by
the central nervous system, called the vagal tone, is
detected by the output of the FIG. 2. An evaluation of
the vagal tone in a group of normal infants and a group
containing a variety of clinical pathologies including
severe brain damage is detailed in the FIG. 4b. The total
heart period variability was also collected. There is an
apparent monotonic relationship between the vagal
tone detected by the embodiment employing the struc-
ture of FIG. 3 and the severity of clinical dysfunction.
When the same infants were ranked in terms of their
heart period variability as in FIG. 44, there was a clear
distinction only between those who died and all other
infants. While heart period variability clearly distin-
guished between brain death infants, with their charac-
teristic absence of neural influence on the heart, and all
other infants, it did not distinguish among the various
infants having neural tube defects, respiratory distress
syndrome, and normal infants. The letters on the Scale
of FIGS. 4a,b represent the diagnosis or insult associ-
ated with individual infants (A =asphyxia;
BPD=bronchio-pulmonary dysplasia; CA =cardiac
arrest; H=hydrocephalic; M =microcephalic; N=nor-
mal; RDS=respiratory-distress syndrome; *=denotes
infants who subsequently expired). Heart period did not
reliably discriminate among.the various pathologies
although there was a tendency among the severely
brain damaged to have short heart periods. Categoriza-
tion with the heart period variability of FIG. 44 parti-
tioned the infants into two global categories while clas-
sification by vagal tone in FIG. 4b as measured with the
FIG. 2 embodiment allowed for a continuum of severity
of neuropathology. Thus, although the heart period
variability of FIG. 44, which was used previously as an
indicator in this type of diagnosis, is sensitive to gross
dysfunction, it is quite clear that the vagal tone used in
FIG. 4b is a more sensitive index to individual differ-
ences in central dysfunction.

Obviously, numerous modifications and variations of
the present invention are possible in light of the above -
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teachings. It is therefore to be understood that within
.the scope of the appended claims, the invention may be
practiced otherwise than as specifically described
herein.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A system for detecting amplitude variations in the
rhythmic oscillations of heart period in a predetermined
frequency band of interest, comprising:

sensor means for detecting an.occurrence of an event

in the cycle of a heartbeat;

timing means for determining time intervals between

the occurrence of said event in successive heart-
beats;

buffer means for storing said time intervals between
the occurrence of said event in successive heart-
beats;

means for reading out said intervals stored in said
buffer means at predetermined time intervals;

first filter means responsive to the intervals read out
from said buffer means, including a means for de-
termining an aperiodic portion of said intervals
read out from said buffer means and a subtraction
means for subtracting said aperiodic portion from
said intervals read out from said buffer means and
for producing a corresponding output;

second filter means for receiving and filtering the
output of said first filter means and for outputting a
signal 'in a band-pass region ‘determined by said
predetermined frequency band of interest; and

output means for calculating the variance of .rhyth-
mic oscillations in the signal outputted by said
second filter means.

2. The system according to claim 1 wherein said
predetermined frequency band of interest is associated
with respiratory activity.

3. The system according to claim 1 further compris-
ing:

a compensator means for receiving the intervals read
out from said buffer means and adjusting said inter-
vals between said event in successive heartbeats to
within a predetermined range.

4. A system according to claim 1 wherein said first

filter means comprises:

a moving polynomial filter constructed on the basxs of
2 2m+-1 point polynomial of order n whereby said
aperiodic portion of said intervals read out is deter-
mined and subtracted from said intervals read out
to produce a residual signal to be outputted as said
output of said first filter means to said second filter
means.

5. The system according to claim 4 wherein m= 10

and n=3.

6. The system according to claim 4 wherein m=25
and n=3.

7. The system according to claim 4, wherein n=3 and
2m-1 samples occur over a time period of approxi-
mately twice the interval between respiratory cycles.

8. The system according to claim 4; wherein n=3 and
2m+1 samples occur over a time period of approxi-
mately twice the interval between oscillations.

9. The system according to claim 1, wherein said
predetermined frequency band of interest is associated
with oscillations in blood pressure, vasomotor activity,
electrodermal activity or electroencephalographic ac-
tivity.

10. A system for detecting amplitude variations in the
rhythmic oscillations of a physiological response pat-
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tern occurring in a predetermined frequency band of
interest, comprising:

sensor means for detecting said physmloglcal re-
sponse pattern and outputting a signal based on said
response pattern;

analog-to-digital converting means for converting
said output signal of said sensor means into.a digital
output, wherein a sampling frequency of said ana-
log-to-digital converting means is determined by
said frequency band of interest;

first filter means responsive to the output of said
analog-to-digital converting means, including means for
determining an aperiodic portion of said physiological
response pattern from said output of said analog-to-digi-
tal converting means and a subtraction means for sub-
tracting said aperiodic portion from said output of said
analog-to-digital converting means and producing a
corresponding output;

second filter means for receiving and filtering the
output of said first filter means and for outputting a
signal in a band-pass region determined by said
predetermined frequency band of interest; and

output means for calculating the variance of rhyth-
mic oscillations in the signal outputted by said
second filter means.

11. The system according to claim 10 wherein a plu-
rality of physiological response patterns are detected
and wherein said output means further includes a coher-
ence measurement means for providing a weighted
coherence between the calculated variance of each of
said response patterns occurring in said predetermined
frequency band of interest.

12. The system according to claim 10 wherein said
predetermined frequency band of mterest is associated
with respiratory activity.

13. The system according to claim 10 further com-
prising:

a compensator means for recexvmg the output of said
analog-to-digital converting means and adjusting
said analog-to-digital converting means output to
within a predetermined range.

14. A system according to claim 10 wherein said first
filter means comprises a moving polynomial filter con-
structed on the basis of a 2m+1 point polynomial of
order n whereby said aperiodic portion of said physio-
logical response pattern is determined and subtracted
from said physiological response pattern to produce a
residual signal to be outputted as said output of said first
filter means to said second filter means.

15. The system according to claim 14 wherein m=10
and n=3.

16. The Ssystem according to claim 14 wherein m=25
and n=3. _ .

17. The system according to claim 14, wherein n=3
and 2m+ 1 samples occur over a time period of approxi-
mately twice the interval between respiratory cycles.

18. The system according to claim 14 wherein n=3
and 2m+ 1 samples occur over a time petiod of approxi-
mately twice the interval between oscillations associ-
ated with blood pressure, vasomotor activity, electrod-
ermal activity or electroencephalographic activity.

19. The system according to claim 10, wherein said
predetermined frequency band of interest is associated
with oscillations in blood pressure, intracranial pres-
sure, vasomotor activity, electrodermal activity or elec-
troencephalographic activity.

20. A method for detecting amplitude variations in
the rhythmic oscillations of heart period in a predeter-
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mined frequency band of interest, comprising the steps
of:

detecting the occurrence of an event in a cycle of a

heartbeat;

determining the time intervals between the occur-

rence of said event in successive heartbeats;

-storing said determined time intervals;

reading - out said stored intervals at predetermined

time intervals;

performing a first filtering function on said intervals

read out including removing an aperiodic portion
of said read out intervals;
receiving and filtering said first filtered read out inter-
vals with said aperiodic portion removed there-
from and outputting 4 signal in a band-pass region
determined by said predetermined frequency band
of interest; and ‘ :

calculating’ the variance of rhythmic oscillations in
said signal outputted in said receiving and filtering
step.

21. The method according to claim 20 wherein the
step of storing said determined intervals includes the
" step. of compensating for said determined intervals
which are outside of a predetermined range so that all
intervals are within said predetermined range.

22. The method according to claim 20 wherein the
step of performing a first filtering function includes the
step of determining the aperiodic portion of said read
out interval through the use of a moving polynomial
filter based upon a polynomial equation having 2m -1
points and being of the nth order.

23. The method according to claim 22 where m=10
and n==3.

24. The method according to claim 22 where m=25
and n=3.

25. A method for detecting amplitude variations in
the rhythmic oscillations of a physiological response
pattern occurring in a predetermined frequency band of
interest, comprising the steps of:

detecting said physiological response pattern;

converting said Tesponse pattern into a digital output

by sampling said response pattern at a frequency
determined by said predetermined frequency band
of interest;

performing a first filtering function on said digital

output indicative of said response pattern, includ-
ing removing an aperiodic portion of said digital
output of said response pattern;
receiving and filtering said first filtered digital output
with said aperiodic portion removed therefrom and
outputting a signal in a band-pass region deter-
mined by said predetermined frequency band of
interest; and '

calculating the variance of rhythmic oscillations in
said signal outputted in said receiving and filtering
step.

26. The method according to claim 25 wherein:

the step of converting said response pattern into a

digital output includes the step of compensating
said digital output to ‘be within.a predetermined
range.

27. The method according to claim 25 wherein the
step of performing a first filtering function includes the
step of determining the aperiodic portion of said digital
output of said response pattern through the use of a
moving polynomial filter based upon a polynomial
equation having 2m+1 points and being of the nth
order.
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28. The method according to claim 27 where m=10
and n=3.

29. The method according to claim 27 where m=25
and n=3.

30. A system for detecting amplitude variations in
rhythmic oscillations of a point process in a predeter-
mined frequency band of interest, comprising:

sensor means for detecting an occurrence of an event

in the cycle of each of said rhythmic oscillations;
timing means for determining time intervals between
the occurrence of said events;

buffer means for storing said intervals determined by

said timing means; )
means for reading out said intervals stored in said
buffer means at predetermined time intervals;
first filter means responsive to the stored intervals
read out from said buffer means, including a means
for determining an aperiodic portion of said inter-
vals read out from said buffer means and a subtrac-
tion means for subtracting said aperiodic portion
from said intervals read out from said buffer means
and for producing a corresponding output;
second filter means for receiving and filtering the
output of said first filter means and for outputting a
signal in a band-pass region determined by said
predetermined frequency band of interest; and

output means for calculating the variance of rhyth-
mic oscillations in the signal outputted by said
second filter means. :

31. A system for detecting amplitude variations in the
rhythmic oscillations of a continuous process in a prede-
termined frequency band of interest, comprising:

sensor means for detecting said continuous process

and outputting a signal based on the detected con-
tinuous process;
analog-to-digital converting means for converting
said output signal of said sensor means into a digital
output, wherein a sampling frequency of said ana-
log-to-digital converting means is determined by
said frequency band of interest;
first filter means responsive to the output of said
analog-to-digital converting means, including an
aperiodic portion determining means for determin-
ing an aperiodic portion of said output of said ana-
log-to-digital converting means and a subtraction
means for subtracting said aperiodic portion from
said output of said analog-to-digital converting:
means and for producing a corresponding output;

second filter means for receiving and filtering the
output of said first filter means and for outputting a
signal in a band-pass region determined by said
predetermined frequency band of interest; and

output means for calculating the variance of rhyth-
mic oscillations in the signal outputted by said
second filter means.
32. A method for detecting amplitude variations in
the rhythmic oscillations of a continuous process in a
predetermined frequency band of interest, comprising
the steps of:
detecting said continuous process;
converting said detected process into a digital output
by sampling said process at a frequency determined
by said predetermined frequency band of interest;

performing a first filtering function on said digital
output of said converting step, including removing
an aperiodic portion of said digital output of said
continuous process;

Petitioner Ex-1012, 0014



19
receiving and filtering said first filtered digital output
with said aperiodic portion removed therefrom and
outputting a signal in a band-pass region deter-
mined by said predetermined frequency band of
interest; and i
calculating the variance of rhythmic oscillations in
said signal outputted in said receiving and filtering
step.
33. A method for detecting amplitude variations in

the rhythmic oscillations of a point process in a prede-

termined frequency band of interest, comprising the
steps of:

detecting the occurrence of events in said point pro-

cess; ‘

determining the time intervals between the occur-

rence of successive events in said point process;
storing said determined time intervals;

reading out said stored intervals at predetermined

time intervals;

performing a first filtering function on.said intervals

read out including removing an aperiodic portion
of said read out intervals to produce a first filtered
signal;

receiving and filtering the first filtered signal and

outputting a signal in a band-pass region deter-
mined by said predetermined frequency band of
interest; and

calculating the variance of rhythmic oscillations in

said signal outpuited in said receiving and filtering
step.

34. A system for detecting amplitude variations in
thythmic oscillations of a plurality of signals in a prede-
termined frequency band of interest, wherein each of
said rhythmic oscillations occurs in one of a point pro-
. cess and a continuous process which are represented by
respective signals, comprising:

first sensor means for detecting an occurrence of a

plurality of events in the cycle of each of said
rhythmic oscillations occurring in said point pro-
cess;

second sensor means for detecting and evaluating said

continuous process of each of said rhythmic oscil-
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lations occurring in said continuous process and for
outputting an output signal based thereon;

timing means responsive to the occurrence of each

event detected by said first sensor means for deter-
mining time intervals between the occurrence of
successive of said events;

buffer means for storing said intervals determined by

said timing means;

means for reading out said intervals stored in said

buffer means at predetermined time intervals;

-analog-to-digital converting means for .converting

said output signal of said second sensor means into
a digital output, wherein a sampling frequency of
said analog-to-digital converting means is deter-
mined by said frequency band of interest;

first filter means responsive to the output of said

analog-to-digital converting means and said inter-
vals read out from said buffer means, including
means for determining an aperiodic portion of at
least one of said intervals read out and the output of
said analog-to-digital converting means and sub-
traction means for subtracting said aperiodic por-
tion of at least one of said intervals read out and
said output of said analog-to-digital converting
means from at least one of said intervals read out of
said buffer means and said output of said analog-to-
digital converting means and for producing a cor-
responding output;

second filter means for receiving and filtering the

output of said first filter means and for outputting a
signal in a band-pass region. determined by said
predetermined frequency band of interest;

output means for calculating the variance of rhyth-

mic oscillations in the signal outputted by said
second filter means; and

a coherence measurement means for providing a

weighted coherence between the calculated vari-
ance of any two of said rhythmic oscillations.

35. A system according to claim 34, wherein said
predetermined frequency band of interest is associated
with respiratory activity and the point process signal is
a heartbeat period signal and the continuous process

signal is a respiration signal.
* * * * *
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 4,510,944 . Page 1 of 6
DATED . April 16, 1985 '
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

On page 1, [76], delete "1407 Grandview Champaign,
I11. 61820" and insert therefor --4805 Enfield Road,
Bethesda, MD 2081l4--;

On page 1, column 2, line 12, delete "Kitney et al.,"
line 13, after "Neuropathy" delete ";" and insert therefor
--Kitney et al.,--;

On page 1, column 2, line 15, delete "Sayers;" and
after "Variability" delete ";" and insert therefor
--Sayers--;

On page 1, in the diagram below, block 11, delete
"OUTLINER" and insert therefor --OUTLIER--;

On page 1, in the diagram below, block 96, second
line, delete "CALCULATIONS" and insert therefor
--CALCULATION--;
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 4,510,944 Page 2 of 6

DATED - : Aapril 16, 1985
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

On page 1, line 32 (i.e., line 11 of the ABSTRACT)
delete "band pass" and insert therefor --bandpass--;

On sheet 2 of 4, in FIG. 2a, block 11, delete "OUTLINER"
and insert therefor --OQUTLIER--;

On sheet 2 of 4, in FIG. 2a, block 96, second line,
delete "CALCULATIONS" and insert therefor --CALCULATION--;

In column 1, line 8, change "MH-0054" to --MH-00054--;

In column 3, line 34, delete "what" and insert therefor
--which--;

In column 3, line 36, delete "that" and insert therefor
--the--;

In column 5, line 54, delete "with";
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 4,510,944 Page 3 of 6
DATED . April 16, 1985
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above—identified patent and that said Letters Patent
is hereby corrected as shown below: .

In column 5, line 59, delete "from resulting" and
insert therefore --resulting from-- and after "subtracting"
delete "of";

In column 5, line 61, delete "FIG. 2 is a" and insert
therefore ~--FIGS. 2a and 2b are-- and after "block" delete
"diagram" and insert therefore --diagrams--;

In column 7, line 18, delete "to" and insert therefore
--which--;

In column 7, line 51, delete "problem" and insert
therefore --problems--;

In column 8, line 50, delete "in";

In column 10, line 21, delete "

ap" and insert therefore

In column 10, line 41, delete "ap" and insert therefore
——a prenp— )
0 1
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 4,510,944 Page 4 of ©
DATED : April 16, 1985
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:
In column 10, line 43, delete "ap" and insert therefore

In column 10, line 48, delete "an" and insert therefore

In column 11, delete lines 8-47 and insert therefore

PROGRAM TRY (INPUT,OUTPUT)

DIMENSION A(100)

READ *,N1,N2

CALL POLMOV(N1,N2,A)

PRINT 50,(A(I),I=1,N2)

50 FORMAT(10F8.5)

STOP

END

SUBROUTINE POLMOV(N1,N2,A)
COMPUTES MOVING POLYNOMIAL FILTER COEFFICIENTS FOR
C POLYNOMIALS OF DEGREE Nl (2 .LE. N1 .LE. 5) BASED
C ON A TOTAL OF N2 POINTS.

DIMENSION A(N2)

IF(N1.LT.2 .OR. N1.GT.5) RETURN

IF(N1+1 .GT. N2) RETURN

IF{2*(N2/2) .EQ. N2} N2= N2-1

N3= N2/2

AQ= N2

A2= 0.

A4= 0.

A6= 0.

A8= 0.

DO 1 I= 1,N3

_AI=1
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENTNO. : 4,510,944 . Page 5 of 6
DATED : April 16, 1985
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below: :

A2= A2+ 2.* AI**2
Ad= A4+ 2.* AI**4
A6= A6+ 2.* AI**6

1 A8= A8+ 2.* AI**8
IF{Nl .GT. 3) GOTO 45
AJ= -N3-1
DEN= AQ*A4-A2*A2
DEN= 1./DEN
DO 2 I= 1,N2
AJ= AJ+1.
AJ2= AJ*AJ

2 A{I)= DEN*(A4-AJ2*A2)
RETURN

DEN= AQ*A4*A8+2.*A2*A4*A6-A4**3-A0*A6*A6~A2*A2¥A8
45 pEN= 1./DEN Ny
Cl= AL*A8-AG*A6
C2= A4*A6-A2*A8
C3= A2*A6-AL*A4
AJ= -N3-1
DO 3 I= 1,N2
AJ= AJ+l.
3 A(I)= DEN*(Cl+C2*AJ*AJ+C3*AT**4)
RETURN
END —

In column 12, line 42, delete *"data points"

~e

In column 13, line 14, delete "in";
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DATED . April 16, 1985
INVENTOR(S) : STEPHEN W. PORGES

It is certified that error appears in the above—identified patent and that said Letters Patent
is hereby corrected as shown below:

In column 14, line 17, delete "ete" and insert therefore
—-—et--;

In column 16, line 50, delete "10" and insert therefore
--10--.

Signcd and Secaled this

Eighh  Day of Juty 1986
[SEAL]
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