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Figure 1: Waveform of a conventional heart beat
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Figure 2: An example of com

present invention.
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Figure 3: a picture showing the invention with the screenshot from the system
performing HRC analysis on pre-acquired representation data from a healthy

human.
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Fig 4: HRV/ PRV Real-time Analysis System
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Fig 5
USER INPUT AND ECG ACQUISITION
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Fig 6: QRS EVENT DETECTION
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Fig 7: HEART RATE RESAMPLING AND
SEQUENCE GENERATION ALGORITHM
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Fig 9 NON-LINEAR ANALYSIS
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Figure 10: An example of the results analyzed from the system performing HRV
analysis on pra-acquired representative data for an electrocardiogram of a
human subjsct with sleep apnsa. N denoiss normal breathing, A denotes apnea.
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Figure 11: An example of the results analyzed from the system performing HRV
analysis on pre-acquired representative data of an epileptic seizure episode
electrocardiogram. SZ denotes time seizure occurs.
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Figure 12: An example of the resuits analyzed from the system performing HRV
analysis on pre-acquired representative data for an electrocardiogram of a
- sedated baboon.
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INSTANTANEOUS AUTONOMIC NERVOUS
FUNCTION AND CARDIAC PREDICTABILITY
BASED ON HEART AND PULSE RATE
VARIABILITY ANALYSIS

GOVERNMENT SUPPORT

[0001] The present invention was made with U.S. Gov-
ernment support from the National Institutes of Health,
National Heart, Lung, and Blood Institute, under Grant No.
HL 67735, and the National Institute of Neurological Dis-
eases and Stroke, under Grant No. NS 37981. The U.S.
Government has certain rights in this invention.

FIELD OF THE INVENTION

[0002] The present invention relates to the provision of
analytical techniques for detecting instantaneous autonomic
nervous function and cardiac predictability using non-inva-
sive measurements, and more particularly to immediate
processing, analysis and display of the time course of the
heart rate variability data and its surrogates using non-
stationary and non-linear heart rate variability analysis.

BACKGROUND

[0003] Measurements of heart rate and its variability are
well known in the art for their usefulness in assessing the
conditions of the cardiac and the autonomic nervous systems
(ANS) in both health and in disease. They are useful for
monitoring many chronic diseases, such as diabetes and
heart failure, as well as for monitoring cardiac status during
exercise. Particularly useful is Heart Rate Variability (HRV)
analysis, which is a non-invasive, clinical tool for assessing
the autonomic regulation of cardiac activity as well as
various autonomic-related conditions. The ANS has sympa-
thetic and parasympathetic components. The separate rhyth-
mic contributions from sympathetic and parasympathetic
autonomic activity modulate heart rate, and thus the R—R
intervals of the QRS complex in the electrocardiogram
(ECG), at distinct frequencies. In humans, sympathetic
activity is associated with the low frequency range (0.04-
0.15 Hz) while parasympathetic activity is associated with
the higher frequency range (0.15-0.4 Hz.) of the heart rate.
This difference in frequency ranges allows HRV analysis to
separate sympathetic and parasympathetic contributions.

[0004] educed HRV has been associated with such prob-
lems as higher long-term risk of post-infarction mortality
while changes in the magnitude of, and balance between the
two major components of the ANS (the sympathetic and the
parasympathetic nervous systems) have been associated
with diabetic neuropathy, sleep apnea, syncope and epilepsy.

[0005] Such HRV analysis has heretofore typically been
performed by monitoring a subject’s heart activity and
storing the data from the monitored heart activity. The heart
activity is monitored for several minutes to several hours.
HRYV analysis is commonly performed by measuring the
beat-to-beat interval between successive heartbeats as col-
lected on an electrocardiogram (ECG). A particularly useful
parameter is the period between succeeding “R” waves (the
RR interval), where “R” is the conventional designation
given the waveform peak of a normal heartbeat as illustrated
in FIG. 1. The data are transferred to a computer in which
they are analyzed to provide the investigator with informa-
tion such as the BPM (beats per minute [ Heart Rate or Pulse
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Rate]), SDNN (standard deviation of RR intervals [or inter-
pulse intervals] derived from the electrocardiogram [or
pulse] data after putative abnormal RR intervals [or inter-
pulse intervals] are removed), and RMSSD (root-mean-
square of the difference between successive RR intervals [or
inter-pulse intervals] derived from the electrocardiogram [or
pulse] data). The generated information is reviewed by the
investigator, typically long after the heart activity which was
used to generate the information has taken place, and the
investigator uses the generated information at that later time
to determine a status or, in the case of a physician, to develop
a treatment procedure for the patient. Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology. Heart Rate Vari-
ability: Standards of Measurement, Physiological Interpre-
tation, and Clinical Use. Circulation, 93(5), pp 1043-1065,
1996; Goldberger A L, Amaral L A N, Glass L, Hausdorff J
M, Ivanov PCh, Mark R G, Mietus J E, Moody G B, Peng
C K, Stanley H E. PhysioBank, PhysioToolkit, and Physio-
net: Components of a New Research Resource for Complex
Physiologic Signals. Circulation 101(23): e€215-e220 and
U.S. Pat. Nos. 5,265,617, 5,437,285, 5,682,901, 5,842,997,
5,957,855, 6,115,629, 6,416,471, 6,480,733, and 6,485,416
variously teach HR monitoring and analysis, and their full
disclosures are hereby incorporated by reference.

[0006] Many analyses of short-term electrocardiograms
use conventional frequency domain HRV techniques (e.g.,
power spectral density) that assume “stationarity” of the
underlying RR interval time series. However, most physi-
ological signals, including heart rate (HR) and pulse rate
(PR), are non-stationary by nature. This non-stationarity is a
result of complex dynamic interactions among multiple
bioregulatory control mechanisms responsible for maintain-
ing homeostasis in the presence of constantly varying physi-
ological and environmental inputs. Additionally, conven-
tional spectral analysis methods are limited by their inability
to assess transient changes in HR and PR associated with
autonomic reflexes and many rapid changes induced by
temporary physical or mental stresses, cardiac, or autonomic
nervous system pathologies.

[0007] Joint time-frequency (t-f) signal processing tech-
niques may be advantageously used over conventional tools
for HRV analysis, given their ability to analyze time-varying
spectral properties of non-stationary signals such as HRV.
Such t-f techniques are ideally suited for time-localized
spectral characteristics of transient cardiac events which
occur as a result of temporal changes in the sympatho-vagal
activities and balance. The common use of the Gabor
spectrogram, where a Fourier transform is calculated for a
short-time window chosen to be appropriate for the data to
be collected, may make it difficult to achieve an appropriate
compromise between frequency resolution and time resolu-
tion, especially at times approaching the period of the
underlying oscillations.

[0008] As noted, physiological systems and their functions
continuously respond to challenges. The heart rate varies
from beat-to-beat. Such variations are due at least in part to
the rhythmiic modulation of the heart rate by the autonomic
nervous system. However, the assessment of the autonomic
nervous system’s behavior from a single analysis of HRV
can be very misleading. Assessment of the behavior of the
autonomic nervous system requires that the HRV data are
not based on just a single measurement, but rather that the
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time course of the behavior of each of the parasympathetic
and sympathetic indices must be calculated within a time
frame small enough to resolve the temporal nature of the
physiological process under investigation.

[0009] Thus, to derive the instantaneous responses of
autonomic function embedded in the spectral contents of the
HRY, the time window needs to be optimal to capture these
transient responses. If the window of observation is too
short, the broad band white noise embedded in the spectral
contents of the HRV will suppress the signals. If the window
of observation is too long, the instantaneous responses will
be buried in the analysis. In humans or large animals such as
primates and dogs, the heart beat averages one to two
beats/second, as compared to smaller animals such as the
mouse, which averages 10 beats/second. Thus, it should be
appreciated that an optimal timing window exists for this
type of nonstationary and nonlinear analyses for different
average heart rates, with the maximum size of the window
dependent on the frequency components of the HRV spec-
trum selected for analysis.

[0010] Techniques such as chaotic analysis have the abil-
ity to assess non-linear, spatio-temporal behavior of such
deterministic systems as cardiac activity. Additionally, cha-
otic analysis has the potential for predictive value in the
screening of patients susceptible to lethal arrhythmias. A
“chaotic Index” (the largest Lyapunov exponent [measure of
degree of chaos] can be calculated using the data represented
by the heart rate [or pulse rate] sequence. This numerical
“chaotic index” can be used to quantify the degree of
non-linear deterministic behavior of cardiac activity. Tech-
niques developed out of chaos theory, such as embedding
methods and estimation of Lyapunov exponents, help to
unravel the original signal underlying an observed single-
variable time series and determine how far into the future it
can be predicted. Chaotic systems comprise a class of
signals that lies between predictable periodic or quasi-
periodic signals and totally irregular stochastic signals
which are completely unpredictable. The Lyapunov expo-
nent measures the sensitivity of the system to initial condi-
tions and thus provides a measure to help predict the
short-term behavior of the system. The computation of the
Lypunov exponent is computationally expensive and time
consuming and, until the advent of the said invention, not
available for such small times.

[0011] As noted, most of the HRV analyses, including
chaotic indices, are performed using prerecorded ECG data.
Although such an approach has value in the treatment of a
patient, the delay in the analyzed data provided to the
investigator has clear disadvantages. For example, the
receipt of analyzed data by a physician may be so delayed
as to cause the initiation of treatment to be disadvanta-
geously delayed. In the worst case, the information may be
generated too late to be of help in treating the patient. Also,
the review of such information by a clinician hours after the
data were collected may make it difficult to correlate the data
with other conditions of the patient for which data were not
being simultaneously recorded or observed. Also, even when
the patient is under observation, the clinician may be unable
to temporally correlate many of those observations with the
corresponding HRV data. Still further, it should be appreci-
ated that prior art HRV information which has been gener-
ated based on a preselected set of data presents only a static
picture of a dynamic situation.
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[0012] The present invention is directed toward overcom-
ing one or more of the problems set forth above.

SUMMARY OF THE INVENTION

[0013] Since HRV is an important measure of the condi-
tion of the heart and the autonomic nervous system, which
could change rapidly, it is particularly important to be able
to perform real-time HRV analysis while the heart rate is
being measured. No current system is able to perform such
detailed HRV analysis and display the time course of each of
the indices in real time every 30 sec. The present invention
relates to a system and method that can simultaneously
acquire electrocardiogram or pulse rate data, dynamically
perform time-frequency (t-f) and chaotic analysis in real-
time, visually display the results in a convenient graphical
format and store the results in a computer file format. The
system and method can provide a real-time automated
system that combines the non-stationary analysis capability
for evaluating cardiac signal histories with the predictive
capabilities of non-linear analysis to better monitor and
categorize autonomic regulation of cardiac function. This
system allows for continuous, real-time monitoring of car-
diac function and enables short-term prediction of the auto-
nomic control of cardiac activity.

[0014] In one embodiment the present invention relates to
a method of determining the details of dynamic autonomic
nervous system function from the measured variability of
heart activity occurring during a time period approximating
the inverse of the lowest frequency component of the heart
rate variability chosen for analysis, comprising the steps of
sequentially receiving data points of heart activity data over
a period of time corresponding to the said time period of the
heart activity; evaluating said data points as sequentially
received to determine QRS events; outputting said QRS
events to a processor as they are sequentially determined;
processing said output QRS events using time-frequency,
nonlinear, nonstationary analysis methods as they are output
to periodically determine autonomic nervous system infor-
mation, wherein said autonomic nervous system information
is based on a selected number of output QRS events corre-
sponding to the said selected time period; periodically
redetermining said autonomic nervous system information
using at least some subsequently output QRS events; and
during said period of time corresponding to the time period
of'the heart activity, displaying the most recently determined
autonomic nervous system information.

[0015] In another embodiment the present invention
relates to a method of determining the details of dynamic
autonomic nervous system function from the measured
variability of heart activity occurring during a time period
approximating the inverse of the lowest frequency compo-
nent of the heart rate variability chosen for analysis, com-
prising the steps of sequentially receiving data points of
heart activity data over a period of time corresponding to the
time period of the heart activity; evaluating said data points
as sequentially received to determine QRS events; output-
ting said QRS events to a processor as they are sequentially
determined; processing said output QRS events using time-
frequency, nonlinear, nonstationary analysis methods as they
are output to repeatedly determine one or more of a sym-
pathetic index, a parasympathetic index and a chaotic index
of a selected group of determined QRS events; and during
said period of time corresponding to the time period of the
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heart activity, displaying the most recently determined one
or more of the sympathetic index, parasympathetic index,
and chaotic index.

[0016] In a further embodiment the present invention
relates to a method of determining the details of dynamic
autonomic nervous system function from the measured
variability of heart activity occurring during a time period
approximating the inverse of the lowest frequency compo-
nent of the heart rate variability chosen for analysis, com-
prising the steps of sequentially receiving data points of
heart activity data over a period of time corresponding to the
time period of the heart activity; evaluating said data points
as sequentially received to determine QRS events; output-
ting said QRS events to a processor as they are sequentially
determined; processing a selected number of QRS events to
determine a time-frequency distribution, wherein said deter-
mined time-frequency distribution is updated using the most
recently output selected number of QRS events; processing
the most recently determined time-frequency distribution to
determine its spectral power in a low frequency range and its
spectral power in a high frequency range of the t-f distri-
bution; and displaying the most recently determined spectral
power in the low frequency range and the spectral power in
the high frequency range.

[0017] In yet a further embodiment the present invention
relates to a method of determining the details of dynamic
autonomic nervous system function from the sympathetic
index, the parasympathetic index, and the chaotic index
determined from the measured variability of heart activity
occurring during a time period approximating the inverse of
the lowest frequency component of the heart rate variability
chosen for analysis, comprising the steps of sequentially
receiving data points of heart activity data over a period of
time corresponding to the time period of the heart activity;
evaluating said data points as sequentially received to deter-
mine QRS events; outputting said QRS events to a processor
as they are sequentially determined; processing said output
QRS events using nonlinear, nonstationary methods as they
are output to repeatedly determine one or more of a sym-
pathetic index, a parasympathetic index, and a chaotic index
of a selected group of determined QRS events; during said
period of time corresponding to the time period of the heart
activity, displaying the most recently determined one or
more sympathetic index, parasympathetic index, and chaotic
index; processing a selected number of QRS events to
determine a time-frequency distribution, wherein said deter-
mined time-frequency distribution is updated using the most
recently output selected number of QRS events; displaying
the most recently determined time-frequency distribution;
processing the most recently determined time-frequency
distribution to determine its spectral power in a low fre-
quency range and its spectral power in a high frequency
range of the t-f distribution; and displaying the most recently
determined spectral power in the low frequency range and
the spectral power in the high frequency range.

[0018] A system for determining the details of dynamic
autonomic nervous system function from the measured
variability of heart activity occurring during a time period
approximating the inverse of the lowest frequency compo-
nent of the heart rate variability chosen for analysis, com-
prising: a heart activity data acquisition device adapted to
acquire sequential data points of heart activity of a patient;
memory adapted to store sequential data points of heart
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activity in pre-acquired data files; a user input for selecting
between said acquisition device and a selected pre-acquired
data file as a data source; a processor adapted to sequentially
receive data points of heart activity data from said selected
data source, over a period of time corresponding to the said
time period of the heart activity, determine QRS events from
said data points as sequentially received, output said QRS
events as they are sequentially determined, utilize nonlinear
nonstationary methods to repeatedly determine one or more
of a sympathetic index, a parasympathetic index, and a
chaotic index of a selected group of determined QRS events
as they are output, determine a time-frequency distribution,
wherein said determined time-frequency distribution is
updated using the most recently output selected number of
QRS events, and for the most recently determined time-
frequency distribution, determine spectral power in a low
frequency range and its spectral power in a high frequency
range; and a display continuously updated during said period
of time corresponding to the time period of the heart activity
to display the most recently determined one or more sym-
pathetic index, parasympathetic index, and chaotic index,
the most recently determined time domain parameters, the
most recently determined time-frequency distribution, the
most recently determined spectral power in the low fre-
quency range, and the most recently determined spectral
power in the high frequency range.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 illustrates a waveform of a conventional
heart beat;

[0020] FIG. 2 is an example of a computer and data
acquisition device which may be used in accordance with
the present invention;

[0021] FIG. 3 is an example of a monitor screenshot from
the system performing HRV analysis on pre-acquired rep-
resentative data for a normal electrocardiogram;

[0022] FIG. 4 is a flowchart illustrating the overall process
of data acquisition, analysis and display of the real-time
HRYV or pulse rate variability (PRV) analysis system accord-
ing to the present invention, where FIGS. 5-9 are detailed
flowcharts of portions of the FIG. 4 process:

[0023] FIG. 5 is a flowchart illustrating the initiation of
analysis and data acquisition;

[0024] FIG. 6is a flowchart illustrating details of the event
detection step;

[0025] FIG. 7 is a flowchart illustrating details of heart rate
resampling and RR sequence generation;

[0026] FIG. 8 is a flowchart illustrating details in the
determination of time-frequency distribution;

[0027] FIG. 9 is a flowchart illustrating details of non-
linear data analysis;

[0028] FIG. 10 is the results analyzed from the system
performing HRV analysis on pre-acquired representative
data for an electrocardiogram of a subject with sleep apnea;

[0029] FIG. 11 is the results analyzed from the system
performing HRV analysis on pre-acquired data representa-
tive of an epileptic seizure episode electrocardiogram; and
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[0030] FIG. 12 is the results analyzed from the system
performing HRV analysis on pre-acquired data representa-
tive of a sedated, healthy baboon.

[0031] The accompanying drawings, which are incorpo-
rated in and form a part of this specification, illustrate
embodiments of the invention and, together with descrip-
tions, serve to explain the principles of the invention. They
are not intended to limit the scope of the invention to the
embodiments described. It is appreciated that various
changes and modifications can be made without departing
from the spirit and scope of the invention as defined in the
appended claims.

DETAILED DESCRIPTION OF THE
INVENTION

[0032] FIG. 2 illustrates a device which may be used in
accordance with the present invention. As illustrated, the
device comprises a suitable processing unit, such as a
personal computer 12 with a suitable CPU, a user input
device 14 (such as the illustrated keyboard, and/or other
suitable devices such as a mouse, touch-screen, or keypad-
controlled graphic user interface), a suitable display device
such as a CRT monitor 16, and a suitable data acquisition
device 18 which may be attached to a subject to obtain ECG
data from the subject’s heart.

[0033] To facilitate processing of the various elements of
HRV analysis which may be performed in real-time in
accordance with the present invention, a suitable processor
with architecture for performing specific functions may be
advantageously used with the computer 12. For example,
Intel Corporation’s IPP (“Integrated Performance Primi-
tives”) for its Pentium® processors and Itanium® architec-
ture permit a variety of operations which are performed in
connection with the present invention to be quickly per-
formed, and may therefore be advantageously used in the
computer 12 used with the present invention. For example,
where Visual C++ based software code is used to perform
the operations providing the desired HRV analysis, the
following operations may be performed using IPP function
calls: memory allocation and deallocation, array initializa-
tion, freeing of memory, calculating means, absolute values
and exponentials for array elements in multidimensional
arrays, Fast Fourier Transforms (FFT) and Inverse FFTs.
Use of such IPP function calls permits such functions to be
performed with significantly fewer lines of software code
than would be required to perform such functions with
normal processing, and therefore significantly speeds up the
processing functions to allow analysis to stay in real-time as
the processes are continuously updated, as discussed in
further detail below.

[0034] Suitable ECG data acquisition devices 18 acquire
heart beat data such as is known in the art, and are available
from, for example, QRS Diagnostic, LLC of Plymouth,
Minn., U.S.A., which have devices which may be connected
directly to a serial port on a PC processing unit without
requiring special hardware to communicate through the
serial port. However, it should be understood that many
different data acquisition devices may also be advanta-
geously used within the scope of the invention including, for
example, stand alone ECG devices interfaced to a PC via
standard analog and digital converter boards, or devices
which may be directly connected to different computer ports,
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such as PCMCIA ports conventionally found in laptop
computers. In addition, a battery-powered device, such as a
cell phone, PDA, or tablet PC may be used in combination
with an electrocardiogram, blood pressure, or pulse sensor,
for acquisition, transmission and remote monitoring of heart
rate variability or pulse rate variability parameters. Further,
it should be recognized that multiple devices may be used
with a single computer (whether other computer components
or other ECG data acquisition devices), with the connection
to the ECG data acquisition device of interest (connected to
the subject of interest) being selectable by the user. As
another example, it should be appreciated that the present
invention may utilize a battery-powered, Class II biofeed-
back device, such as a PDA or a battery powered computer,
in combination with a pulse sensor or ECG acquisition
system.

[0035] Further, as detailed herein, the data acquisition
device 18 may be used in connection with the present
invention to provide data for real-time analysis simulta-
neously with its collection, or may acquire data which are
suitably stored (e.g., on the hard drive of a personal com-
puter 12) in a form which preserves moment-to-moment
correlative relationships so that they can be retrieved elec-
tronically for later playback or as hard copy for later review
and/or documentation.

[0036] FIG. 3 is an example of a video display on a
monitor 16 of the HRV analysis of a normal ECG in
accordance with the present invention, where the data being
analyzed has been pre-acquired. The video display consists
of 4 quadrants:

[0037] The first quadrant, the ECG and RR interval iden-
tification consists of 4 displays:

[0038] Graphic display element 20 illustrates in wave
form the unprocessed electrocardiogram or pulse data of the
pre-acquired data file;

[0039] Graphic display element 21 is the average heart
rate or pulse rate derived from the corresponding electro-
cardiogram or pulse data each and every 30 sec of ECG data;

[0040] Graphic display element 22 is the corresponding
RR peaks derived from the corresponding electrocardiogram
or pulse data every 30 sec;

[0041] Graphic display element 23 is the corresponding
standard deviation of the normal-to-normal (NN) intervals
(SDNN) and the square root of the mean of the sum of the
squares of differences between successive NN intervals
(RMSSD) derived from the corresponding electrocardio-
gram or pulse data for every 30 sec;

[0042] The second quadrant, containing stationary HRV
analysis of ECG or pulse data for every 5 minutes according
to the European standard, consists of two displays:

[0043] Graphic display element 24 is the SDNN and
RMSSD derived from the electrocardiogram or pulse data
every 5 min;

[0044] Graphic display element 25 is the low frequency
(LF) and the high frequency (HF) powers corresponding to
the SI and PI indexes derived every 5 min, using stationary
power spectrum analysis;
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[0045] The third quadrant, nonstationary time-fre-
quency analysis, consists of three displays:

[0046] Graphic display element 26 is the interpolated RR
interval every 30 sec;

[0047] Graphic display element 27 is the intensity-mapped
time-frequency distribution color contour plot, with its time
axis (the horizontal axis) shared with the time axis of display
element 26;

[0048] Graphic display element 28 is the derived SI, PI
and SI/PI ratio every 30 sec, with its time axis (the horizontal
axis) indicated;

[0049] The fourth quadrant, the nonlinear chaotic analysis,
consists of two displays:

[0050] Graphic display element 29 is the electrocardio-
gram or pulse attractor (“ECG attractor”) derived from the
electrocardiogram or pulse data;

[0051] Graphic display element 30 is the chaotic index
derived every 30 sec.

[0052] There are three displays in addition to the afore-
mentioned four quadrants,:

[0053] Graphic display element 31 is the play button for
pre-acquired data processing (if operated while the data is
being acquired from a patient, element 28 functions as a start
button);

[0054] Graphic display element 32 is the stop button both
for pre-acquired data processing and for the mode of opera-
tion in which the data is processed real-time as it is acquired
from a patient; and

[0055] Graphic display element 33 is the dialog box for
reporting system status.

[0056] Inthe example shown, the heart rate is 83 beats per
minute and the chaotic index is 0.72. The SDNN, the
RMSSD, the SI/PI ratio and the chaotic index are dynamic
and vary over time. When it is used in real time or with a file
of pre-acquired data, the analysis and display of the data and
analysis occurs dynamically over time corresponding to the
passage of time which occurred when the data were
acquired. It should also be appreciated that when used as the
data are being acquired, as discussed herein, the analysis and
display of the data and their analysis occur dynamically as
the dynamic event (i.e., subject heart beat) occurs.

[0057] FIG. 4 is a flow chart illustrating the dynamic, real
time HRV analysis which may be performed in accordance
with the present invention. Further details of this operation
illustrated in overview in FIG. 4 are set forth hereinafter,
including in FIGS. 5-9 and in the associated written speci-
fication.

[0058] Specifically, at box 40 the user inputs data param-
eters such as detailed further below. Such data parameters
may be used to control the analysis mode and output
generation, including whether analysis is to be performed
using an external data source (at 42) or a file of pre-acquired
electrocardiogram or pulse waveform data (at 44). Such
parameters can further include, for example, sampling fre-
quency for real time data acquisition, or selection of the file
which has the pre-acquired data of interest. The data to be
used (such as unprocessed ECG or pulse data) and the
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parameters to use in connection with their analysis are then
received at box 46. This process is set forth in greater detail
in FIG. 5 below.

[0059] The unprocessed data at box 46 is sent (as indicated
by arrow 48) to a suitable display such as a CRT monitor as
illustrated in FIG. 3 for graphic display of the waveform in
real time (such as illustrated as graphic display element 20
in FIG. 3).

[0060] The data at box 46 are additionally analyzed using
the user input parameters in accordance with the present
invention. That is, the data may be used at box 52 to generate
an ECG attractor (as set forth in greater detail in FIG. 9
below) and then displayed as graphical display element 26
(FIG. 3). This graphical “attractor” can be derived, in
real-time, from the raw electrocardiogram or pulse rate
signal to visually represent the temporal evolution of cardiac
dynamics in multidimensional space. Chaotic systems
exhibit complex trajectories that do not converge to a fixed
point or cross each other as the trajectories evolve over time,
while periodic trajectories follow a cyclical path. The data at
box 46 may also be analyzed to detect a QRS event at box
54 from which a RR time sequence or inter-pulse sequence
may be generated at box 56 (as set forth in greater detail in
FIG. 6 below).

[0061] The RR time sequence (or inter-pulse sequence)
may be used for further HRV analysis, including determin-
ing a chaotic index at box 60 (as described in greater detail
in FIG. 9 below), and determining time domain parameters
at box 62 such as heart rate or pulse rate, RMSSD and
SDNN (as described in greater detail in FIG. 7). All of these
time domain parameters may be displayed at box 50 such as
illustrated in FIG. 3.

[0062] The RR time sequence (or inter-pulse sequence)
may further be used at box 64 to generate a heart rate (HR)
or pulse rate (PR) time sequence or series (as described in
greater detail in FIG. 7 below), which may be sent (as
indicated by arrow 66) for display as graphical display
element 22 (see FIG. 3). Further, the HR time sequence or
series may be used at box 70 for time-frequency (t-f)
distribution analysis, including generating and displaying an
intensity based color-mapped contour plot (as indicated by
arrow 72) and generating (at box 74) and displaying (at box
50) SI, Pi and SI/PI indexes (as described in greater detail in
FIG. 8 below).

[0063] FIG. 5 illustrates the initiation of the analysis mode
and data acquisition. Specifically, the user first inputs the
analysis mode at box 120, indicating whether operation is to
use data being acquired at the time (real time) from a subject,
or whether or not to use pre-acquired data.

[0064] If pre-acquired data are to be used, decision box
122 proceeds to list the available files of pre-acquired data
at box 124, and the user selects the desired file at box 126.
If the user wishes to perform the analysis using a sampling
frequency which is other than the default sampling fre-
quency indicated at box 138 (e.g., 500 Hz which detects the
electrical signals of the heart 500 times per second), s/he
may do so at box 130, in which case the sampling frequency
may be changed to a different selected value at box 132. This
may be required, for example, when the pre-acquired data of
the selected file were acquired using a different sampling
frequency than the default sampling frequency. Whatever
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sampling frequency is selected, the data from the selected
file of pre-acquired data are then sequentially read at box
134 in time order.

[0065] Alternatively, if analysis is to occur as the data are
being acquired, a determination may first be made by the
user at box 140 as to whether or not the computer port
receiving the data from the ECG data acquisition device is
connected to the default port (e.g., a computer serial port
such as previously described). In that case, if the user does
not indicate at box 140 that a port different than the default
port (e.g., COM Port 4 or the channel number of an
analog-digital converter) is to be used, then processing
continues at box 142 with data acquisition occurring through
the default port. If the user selects a different port, then the
selected different port is set at box 144 to be recognized as
receiving the data. Once the proper port for receiving data is
set, the computer then begins to acquire data at box 146 from
the ECG data acquisition device.

[0066] As those data are acquired, whether from the
computer file of pre-acquired data at a selected sampling
frequency (at box 134) or from the ECG data acquisition
device (at box 146), the data may at box 148 be displayed
on the monitor 16 to show the ECG waveform, which
display may be updated periodically (e.g., every 0.1 sec-
onds).

[0067] As sequential data are acquired according to the
above, processing of the data then proceeds, including event
detection 150 (FIG. 5) and non-linear analysis 152 (FIG. 9,
discussed further below).

[0068] Event detection as illustrated in FIG. 6 involves
determination of a QRS event in a sequential set of data
points in a time series of ECG data, which may be charac-
terized as data(t). As is recognized by those skilled in the art,
the ECG waveform of a standard heartbeat is illustrated in
FIG. 1, with the standard peaks in that waveform having the
conventional designations P, Q, R, S and T. Detection of a
QRS event is the detection of an ECG waveform in the form
of points Q, R and S. Engelse, W. A. H., and Zeelenberg, C.:
A Single Scan Algorithm for QRS-Detection and Feature
Extraction. Computers in Cardiology 6, 3742, 1979 teaches
QRS event detection, and the full disclosure thereof is
hereby incorporated by reference herein.

[0069] Initial filtering of the data first occurs. For example,
a differentiator with a 60 Hz notch filter is applied at box
220,

ECG()=ECG(i)-ECG(i-m) (i=12, . . . N)

Where m is the unit of time delay defined as m=1s/60, fs is
the sampling frequency of the ECG, and N is the number of
data points in the ECG data segment. Such a differentiator
filters out power line noise conventionally found at around
60 Hz, as is explained in Friesen, G. M., Jannett, T. C,,
Jadallah, M. A., Yates, S. L., Quint, S. R., and Nagle, H. T.:
A Comparison of the Noise Sensitivity of Nine QRS Detec-
tion Algorithms. IEEE Transactions on Biomedical Engi-
neering, BME-37 (1), pp 85-98, 1990, the complete disclo-
sure of which is hereby incorporated by reference. In
addition to filtering out power line noise, a low pass filter
may also be applied at box 222 to filter out high frequency
noise, where:

ECG"(i))=ECG(I/+4ECG'(i—1 +6ECG'(i-2)+
4ECG (1-3)+ECG'(i-4)
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Such a suitable filter is also explained, for example, in
Friesen et al.

[0070] To precisely annotate the R wave, we search the
peak values of the QRS wave between a positive and a
negative threshold of equal magnitude. The thresholds are
adaptively adjusted for each ECG segment using the equa-
tion:,

TH=0xECG 3.

[0071] where TH’ is the threshold of the ] ECG segment,
ECG,. is the maximum value of the j'* {ECG"(i), i=1,2, .
.. N} segment, and o has a value between 0.35 to 0.45. The
{ECG"(i), i=1,2, . . . N} data segment is then scanned for an
“onset” point of a QRS wave which is the point where its
amplitude is greater than the positive threshold (box 224).
From the onset point of the QRS wave, the {ECG"(i), i=1,2,
... N} data segment is then continuously scanned for the
next 100 ms of the data segment for the ‘offset’ point of a
QRS wave (box 230) which is the point where its amplitude
is less than the negative threshold (Box 240). The R-wave
ficudial point of the QRS complex is the point of maximum
magnitude between the “onset” and “offset” of a QRS
complex (box 244). Scanning through the complete ECG
segment, all R-wave peaks in the ECG segment are deter-
mined (box 226).

[0072] The difference in time between two adjacent
R-wave ficudial points, Ty, is defined as

Ngp(n+ 1)~ Ngp(n)
—_— )

Tre(n) = T

where Ty (n) is the n'™ RR-interval data in second, £, is the
sampling rate of ECG, Ngp(n+1) and Ngp(n) are the indices
of the sampling points of the (n+1)™ and n™ R-wave peaks,
respectively.

[0073] Once all of the current ECG data has been analyzed
as determined at box 226 so that a QRS event has been
detected, heart rate resampling and RR sequence generation
(of the RR time series) proceeds at box 250. The RR time
series may then be used in non-linear analysis at box 152 as
discussed further below in connection with FIG. 9.

[0074] Heart rate resampling and RR sequence generation
is illustrated in FIG. 7.

[0075] The uneven sampled RR intervals sequence are
converted to a continuous time series for frequency domain
analysis using a cubic spline interpolation. Briefly, for a RR
interval sequence, {[Tgz(n), T ], n=1,2, ...}, where N is the
number of data points of RR interval sequence of a 30-sec
ECG segment, and Tyy(n) and T, are the n™ RR-interval
value and its corresponding time index, respectively. For
each RR interval sequence, the following cubic spline inter-
polation is applied:

S()=, (=T, +b,(t-T, ) +c, (=T, ) +d,, for te[T,,T,,
1]
where {a,, b, c,, d,} are the 4 coeflicients between the time

interval [T, T,,,]. These are governed by 4 independent
conditions:

So(t)=Trr(1);  Spltnr)=Trr(B1+1); S’ ;(1)=S"n(tn);
and ", (6)=5"4(tn)
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where S'(t,) and S"(t,,) are the first and second derivatives of
the cubic spline interpolation derived from the above equa-
tion. For all [N-1] time intervals, there are 4N linear
conditions for 4N unknown coeflicients. Expressing them in
linear matrix notation, we have

[AIXHB]

where [X] is the coefficient matrix containing {a,, b,, c,,
d,}, [A] is a sparse, diagonally dominant and tri-diagonal
matrix contains the time indices and the RR intervals and [B]
is the matrix contains the corresponding 1° and 2™ deriva-
tives. Using L.U-decomposition, the solution for [X] of the
linear matrix shown in the equation for the coefficients {a,,
b,, c,, d,} is obtained.

[0076] To resample the RR interval sequence, the new
time indices with an identical interval are derived from a
given resampling rate. For a new time index ", with an
assumption of t;"%€[t,,t,,, ], the RR interval value at the new
time index is determined by the equation above. Note that
the spline interpolation also fills in the missing RR interval
data, if any, in the original RR-interval sequence. To adopt
the FFT for frequency transforms and joint-time frequency
distribution analysis (described below), 256 equal samples
of the interpolated RR interval sequence are obtained
between each time interval [T, Ty] for each 30-sec data
segment.

[0077] At box 320, the locations of R peaks as data points
are identified (based on where QRS events were identified
during event detection described above in connection with
FIG. 6). With the R peak data points identified, a sampling
rate is chosen at box 322 for the heart rate signal (e.g.,
sampling frequency/100), such as is shown in Berger, R. D.,
Akselrod, S., Gordon, D., and Cohen, R. 1., Arn Efficient
Algorithm for Spectral Analysis of Heart Rate Variability.
IEEE Transactions on Biomedical Engineering, BME-33
(9), pp 900-904, 1986, the full disclosure of which is hereby
incorporated by reference. The number of RR intervals (i.e.,
the interval from one R peak to the next R peak of a
waveform) contained within a local window of the heart rate
signal (for every 30 sec) is then generated with identical time
interval index (box 324). It is then used to calculate the
corresponding interpolated RR interval values at box 326.
The RR intervals are then resampled with equal time inter-
vals at box 328 (as displayed element 26 in FIG. 3) and
processing of a time-frequency distribution may proceed at
box 340.

[0078] Two conventional statistical time domain analyses
are implemented: the standard deviation of the normal-to-
normal (NN) intervals (SDNN) and the square root of the
mean of the sum of the squares of differences between
successive NN intervals (RMSSD). The SDNN and RMSSD
of the RR intervals of each 30 sec are:

1 N
SDNN()) = — / 71(TRR(n)—#)2

1 N-L
RMSSD(j) = | =1 2 (Tar(n+1)= Trr(m))?

where SDNN(j) and RMSSD(j) are the SDNN and RMSSD
of the RR interval sequence of the j™ 30-sec ECG segment,
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respectively, N is number of data points of the RR interval
sequence, Tr (1) is the n™ RR interval, and p is the mean of
the RR interval sequence. Intuitively, SDNN, the square root
of the variance, reflects the cyclic components responsible
for the variability in that data segment. Variance is also
related to the total power of the spectrum. Thus, the RMSSD
also reflects the high-frequency variation components in the
heart rate.

[0079] After SDNN and RMSSD have been calculated at
box 354 for 30 sec and 5 min, they are displayed at box 356.

[0080] Determination of time-frequency distribution is
shown in FIG. 8. Joint time-frequency distributions may be
used to depict the time-varying behavior of signals of which
the frequency content is of interest. Use of one of the
Wigner-Ville family of time-frequency distributions makes
it possible to achieve an appropriate compromise between
frequency resolution and time resolution. As illustrated in
FIG. 8, a uniformly sampled HR time series is obtained at
box 420 such as previously described in connection with
boxes 320-340 (FIG. 7).

[0081] The time-frequency distribution for the RR time
series is then calculated at box 426 using the kernel function
which is empirically determined to be optimal, such as
described in Pola, S., Macerata, A., Emdin, M., and
Marchesi, C., Estimation of the Power Spectral Density in
Nonstationary CardioVascular Time Series: Assessing the
Role of the Time-Frequency Representations (TFR). IEEE
Transactions on Biomedical Engineering, Vol. 43, No. 1, pp
46-49, the complete disclosure of which is hereby incorpo-
rated by reference.

[0082] The Choi and Williams (Choi, H. 1., and Williams,
W. 1.: Improved Time-Frequency Representation of Multi-
component Signals Using Exponential Kernels. IEEE Trans-
actions on Acoustics, Speech, and Signal Processing 37(6),
862-871, 1989, the complete disclosure of which is hereby
incorporated by reference.) joint time-frequency reduced
interference exponent distribution (ED) was developed to
estimate the spectral contents of the HRV. The exponent
kernel

VZTZ
(so(v, 0= e*T]

minimizes the effect of the cross-components without vio-
lating the properties of mathematical constraints of the
joint-time frequency distribution. For a given RR interval
sequence {Trr(n),n=1,2, ... N} derived from a 30 sec ECG
segment, its ED time-frequency distribution is denoted by:

Mj2—-1
EDre(n, w)=2 W, (k) x eI
k=—M[2
& o o’
Z Wa(l) x ,W e W2 XTrp(l+ k)Thr(l- k)
=—Nj2

where o is the scaling factor for suppressing the cross-
components, Tr*(n) is the complex conjugate of Tyz(n),
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W, (k) and W,(1) are the frequency-domain and the time-
domain window functions, respectively. In the implementa-
tion described herein, the scaling factor is fixed to 1.5, the
value of both W, (k) and W, (1) rectangle windows is 1. The
ranges of the rectangle windows, W, (k) and W, (1), are
-M/2=k=M/2 and -N/2=1=N/2, respectively. To utilize
the FFT subroutine to efficiently compute the time-fre-
quency ED of RR interval sequence, the equation is re-
arranged by setting w=mv/M and re-written as follows:

NJ2 »
Mj2-1 o ai=n)”
) ——z e # X
EDrp(n, v) =2 E g ITHIM gy = Ark

7S .
Tre(L+K)Trp (I = k)

where n and v are the time and frequency indices of the ED.
From the equation, the time-frequency ED of RR interval
sequence is implemented according to the following steps
(box 426).

[0083] Step 1: Compute the product Ty (1+k)Trg*(1-k)
from a given RR interval sequence, {Txz(n), n=1,2, . . .
N}. This results in a matrix [V ]y

[0084] Step 2: Perform a 1-dimensional (1D) FFT of the
product [ V] for each time sequence. This results in [W, ].

[0085] Step 3: Implement a 2-dimensional (2D) FFT on
the 2D matrix [W,] to obtain the real components of the
complex analysis. This results in a 2D matrix, [W,].

[0086] Step 4: Multiply the matrix [W,] by the exponent
kernel,

This results in a matrix [W,].

[0087] Step 5: Take a 2D inverse FFT of the 2D matrix,
[W5], and compute the real components of the complex
analysis. This results in a time-frequency ED of the
RR-interval sequence.

[0088] Joint t-f distribution analysis mathematically
decomposes the RR time series into time-varying compo-
nents of the frequency spectra. These frequency-domain
calculations result in three main HRV spectral components:
very low frequency (VLF), low frequency (LF), and high
frequency (HF). The LF component (0.04 to 0.15 Hz) has
been associated mainly with sympathetic activity while the
HF component (0.15 to 0.40 Hz) has been correlated with
parasympathetic activity. There is a constant interplay
between these autonomic stimuli to influence HR. The
resulting sympatho-vagal balance can be quantified by using
the ratio of LF to HF spectral power. In this context, analysis
using frequency methods has been found to be a better
predictor of physiological changes than time-domain meth-
ods.

[0089] The low-frequency (LF) and high-frequency (HF)
components, as well as their ratio, are derived from the
time-frequency ED of each RR interval sequence. The
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default frequency ranges of LF and HF components for
humans are 0.04 to 0.15 Hz and 0.15 to 0.40 Hz, respec-
tively. To be consistent with the measures of the LF and HF
power that are usually defined as the absolute values of the
power (square of milliseconds), the LF and HF power of the
time-frequency distribution of RR interval sequence are
computed using the following equations:

N_LFmax

She=)" > (EDpe(n,v)?
n=1 w=LF

and
N Hbpax

Pl =" >, (EDpe(n,v)?

n=1 v=HFp,

where SI;, is the power of the LF component with a
frequency range of [LF ., ,LF_..], Pl is the power of the
HF component with a frequency range of [HF .., HF ..],
ED+(n, v) is the time-frequency distribution of RR interval
sequence, and N is the length of the window.

[0090] An SI index, PI index and SI/PI ratio may be
calculated (and displayed) at boxes 430, 432 and 436. The
SI index is the spectral power in the 0.04 Hz to 0.15 Hz low
frequency range of the t-f distribution integrated over the
entire time duration of the t-f distribution displayed on the
computer screen, the PI index is the spectral power in the
0.15 Hz to 0.40 Hz high frequency range of the t-f distri-
bution integrated over the entire time duration of the t-f
distribution displayed on the computer screen, and the SI/PI
ratio is the ratio of SI spectral power to Pi spectral power.
The SI/PI ratio is a quantification of the above mentioned
sympatho-vagal balance. The SI index, PI index and SI/PI
ratio correspond to the moment by moment predominantly
sympathetic tone, parasympathetic tone, and sympatho-va-
gal balance, respectively.

[0091] The time-frequency distribution for the RR time
series calculated at box 426 may also be color mapped
according to spectral power intensities at box 450, and the
intensity-mapped color display representing that distribution
may be displayed at box 452. The color mapping consists of
converting the time-frequency (t-f) distribution values to
color-coded intensity maps which have been found to visu-
ally illustrate certain data conditions which an investigator
may find useful. This color mapping may be accomplished
by determining the maximum value (global max) of the t-f
distribution for the entire time and frequency range for the
RR interval sequence being analyzed. The frequency range
may be fixed to limits corresponding to the ranges used for
computing SI and Pi, namely:

Hf max=0.4 Hz

Hf min=0.15 Hz

Lf max=0.15 Hz

Lf min=0.04 Hz
[0092] These frequency ranges are commonly utilized
when analyzing human data. Other frequency ranges may be

chosen, especially in animals with faster or slower heart
rates.

[0093] For the analysis of HRV from 5 min ECG record-
ings based on the European Standard, both statistical and
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power spectral analysis algorithms are developed. Both
statistical parameters, SDNN and RMSSD, are derived from
the RR interval sequence of 5 min recording by the equa-
tions presented above. Unlike the power spectral analysis of
RR interval sequences of 30 sec recording that is performed
with the time-frequency distribution, the power spectral
analysis of RR interval sequences of 5 min recording is
carried out with the traditional Fourier transform. Given a
RR interval sequence {Tyr(n), n=1,2, . . . N} of 5 min
recording, a one dimensional FFT of the sequence is taken,
and then, the LF and HF power are computed from the
Fourier transform of the RR interval sequence, as illustrated
in display element 25 in FIG. 3.

[0094] Non-linear analysis may also be performed using
the RR time series (from box 250, FIG. 6) and data wave-
form displayed (from box 148, F1G. 5) as illustrated in FIG.
9.

[0095] The largest Lyapunov exponent of the RR interval
is used as the chaotic index of the cardiac dynamics. Given
a 30 sec ECG RR interval sequence {Txp(n), n=1,2, ... N},
the largest Lyapunov exponent, L, .., is determined based
on the Wolf’s algorithm described as follows:

Step 1: The RR interval sequence {Trg(n), n=1,2, ... N} is
normalized to its mean and standard deviation,

Trr(n) — p
a

XRr(1) = n=1,2,...N)

where L and o are the mean and standard deviation of the RR
interval sequence, respectively.

Step 2: An m-dimensional ‘phase’ vector is reconstructed
with delay coordinates. With the delay time set to r, the
phase vector, a point on the attractor of the RR interval
sequence is defined as:

Xrr ™) xgr (), Xrr®147), . . ., xpr(H(m-1)]

where m and T are 3 and 1, respectively.
Step 1 and 2 are performed at box 530.

Step 3: The minimum Euclidean distance of the nearest
neighbor to its first point Xz ™™(1) is then located. The
Euclidean distance between these two points is denoted as
L,. A pair of points, Xz ™™(1) and its nearest neighbor of
Xer™™(t,), is established as the “points of beginning” for
the search procedure of L.

Step 4: A pair of evolved points {Xg,™"(1+EVOLV),
Xpr™™(t,+EVOLV)} are determined from the points of
beginning, { Xz (1), X5 ™™ ¢))}, where EVOLV is the
time propagated between the beginning points and the
evolved points. The Euclidean distance between the pair of
the evolved points is computed and denoted as L', . These are
the fiducial points.

Step 5: The search procedure is then repeated from the
fiducial points Xy ™ (1+4EVOLV) to the previous phase
vector Xy ™P(N) until a point that satisfies the following
two criteria has been found:

[0096] (i) a>L,>P, where L, is the distance between the
“newly found point” and the fiducial point, ce and 3 are the
constants of the boundary values of L,.
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[0097] (ii)) 6<0, where O is the angle between the line
joining the 2 previous fiducial-point and the line joining
the fiducial point to the “newly found point”, and 0, is the
upper boundary value of 0.

Step 6: The “newly found point” that satisfies these 2 criteria
is defined as the nearest point of the next point (Xgz ™
o(1+2*EVOLV)) on the fiducial trajectory. The searching
procedure (from step 4 onwards) is repeated until the
fiducial trajectory has traversed the entire data set of the
RR interval sequence.

Step 7: L., 1s then computed as

where M is the totally iterative number of the researching
procedure.

Steps 4, 5, and 7 are performed at boxes 532, 534, 536, 538
and 540. The derived chaotic index for every 30 sec is
plotted as the time axis of the time series data at box 542.

[0098] Specifically, one analysis which may be performed
is to use the data point time series for the waveform, whether
received from the ECG device or a pre-acquired data file
(from box 148, FIG. 5), to generate at box 522 an XY scatter
plot conventionally known as an “ECG attractor”. As is
known to those skilled in the art, the original ECG time
series (i.e., data(t)) is used as the Y-coordinate and its
time-embedded equivalent time series (i.e., data(t-tau)) is
used as the X-coordinate, where tau equals two ECG sample
intervals. That is, a delay filter is used to generate the nth
dimension of data from the (n-1) dimension. In the illus-
trated example, a static delay of two sample intervals is used
to generate the second dimension, although it should be
understood that this can be extended to more dimensions and
different delays. The XY scatter plot of the ECG attractor is
displayed at box 524.

[0099] In another similar non-linear analysis (using the
RR time series from box 250, FIG. 6, whereas the graphical
representation of the ECG attractor of box 522 uses the raw
ECG waveform from box 148, FIG. 5), a two-dimensional
XY time series characterized as an RR attractor is generated
at box 530 using the RR time series as the Y-coordinate and
its time embedded equivalent time series as the X-coordi-
nate, with a time delay equal to two RR sample intervals.
The nearest neighbor and its separation from the initial point
is then determined at box 532. If the spatial separation is
determined at box 534 to be greater than a selected thresh-
old, then Gram-Schmidt reorthonormalization is performed
at box 536 on the vector defined by the two points and then
the step of box 532 is repeated until the separation does not
exceed the threshold for renormalization (as determined at
box 536), at which point the principal axis vector can be
obtained at box 538. The principal axis vector may then be
used at box 540 to estimate the largest Lyapunov exponent,
conventionally known as the “chaotic index”, which is a
measure of the degree of chaos. Algorithms for calculating
chaotic index are known in the art, such as shown in Wolf
M M, Varigos G A, Hunt D, Sloman, ] G. Sinus arrhythmia
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in acute myocardial infarction. Med. J. Aust., 2 pp 52-53,
1978, the complete disclosure of which is hereby incorpo-
rated by reference.

[0100] The chaotic index may then be displayed at box
542. Determining and periodically monitoring the Lyapunov
exponent for a physiological system over an extended length
of time could reveal additional trends towards less or more
chaotic behavior which may be indicative of a progressive
disease requiring pharmaceutical or therapeutic intervention
or an adjustment to a treatment regimen.

[0101] Inaccordance with the present invention, the above
data analysis may be performed in a dynamic manner by
refreshing the analysis in real-time (where real-time is used
herein as referring not only to analysis occurring while
external data are being received but also to dynamic analysis
of pre-acquired data as those data are played back over a
time period essentially corresponding to the time period for
which the data were previously acquired).

[0102] More specifically, as indicated in FIG. 4, the ECG
or pulse waveform may be continuously updated to display
a waveform at box 50 based on, as an example, the batch of
30 sec data received at box 46. At a 500 Hz sampling
frequency (comprising 500 samples per second), those data
points are also XY plotted at box 52 and displayed at box 29
and box 524 as the ECG attractor.

[0103] Those same data points are also processed for event
detection (see FIG. 6) at box 54 of FIG. 4, with a continuous
output of detected QRS events used to generate a continuous
RR sequence (RR time series) at box 56 of FIG. 4 (see box
250, FIG. 6). With event detection being accomplished
within the time frame of the batch of data points being
processed (e.g., approximately eight seconds for 4,096 data
points at a 500 Hz sampling frequency), receipt and event
detection for the next batch of 4,096 data points may be
accomplished in real-time (i.e., in keeping with the time
element of the data points).

[0104] While the event detection may be accomplished
with a batch of data points, each detected RR interval may
nevertheless be output to box 56 of FIG. 4 (generating the
RR time series) as it is detected (i.e., before event detection
is completed for all 4,096 data points). Therefore, it should
be appreciated that at this point in the continuous processing
after box 56 of FIG. 4, analysis will occur using RR intervals
as “points” rather than raw data points as used in box 54.

[0105] Specifically, the chaotic index may be determined
atbox 60 of FIG. 4 for every 128 RR intervals as determined
at box 56 of FIG. 4. Therefore, once a first 128 RR intervals
have been determined, the chaotic index will be calculated
(see box 540, FIG. 9) and displayed until another group of
128 RR intervals have been determined, at which point a
new chaotic index will be similarly calculated and the
displayed chaotic index will change to the newly calculated
chaotic index.

[0106] The time domain parameters (HR or PR, RMSSD,
SDNN) determined at box 62 of FIG. 4 are also calculated
using RR intervals as data points. These parameters are first
calculated and displayed when 30 sec or five min worth of
RR interval data have been accumulated, and then may be
recalculated and displayed thereafter every time when every
30 sec or five min of RR interval data point is received.
Thus, the SDNN parameter is the standard deviation of RR
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intervals (or inter-pulse intervals) derived from either a 30
sec or 5 min time segment of electrocardiogram (or pulse)
data, and the RMSSD parameter is the root-mean-square of
the difference between successive RR intervals (or inter-
pulse intervals) from the same 30 sec or 5 min segment of
electrocardiogram (or pulse) data.

[0107] Processing beyond box 64 of FIG. 4 uses the HR
sequence (HR time series), which is a conversion of the RR
time series to a time series having a uniform interval (see
box 420, FIG. 8). Those data may then be displayed (per
arrow 66) to display 256 uniform interval points accumu-
lated in every 30 sec. The data may similarly be used in such
256 point groupings for time-frequency (t-f) distribution
analysis, from which the SI, PI and SI/PI indexes may be
calculated at box 72 (see boxes 426-436 of FIG. 8) and then
displayed and the t-f distribution spectral power intensities
color mapped and displayed (boxes 450-452 of FIG. 8).

[0108] It should be recognized that the present invention is
not limited to the above details relating to suitable process-
ing of data points, including the particular numbers of points
used in individual calculations. However, it should be appre-
ciated that the above described manner of processing the
received heart beat data has been found to be suitable in
providing the desired real-time analysis, with the attendant
advantages to physician knowledge and patient care. It
should also be appreciated that instead of patient treatment,
the method and system of the present invention could be
used for alternative purposes, such as research into the
properties of the autonomic nervous system and the conse-
quences resulting from its behavior in both humans and
animals.

[0109] Tt should also be appreciated that much of the
above may be accomplished using suitable software per-
forming the described processing and display using, for
example, the Visual C++ programming language or similar
language with comparable power.

[0110] FIG. 10 illustrates the results of the HRV analysis
performed on pre-acquired representative data for an ECG
of'a human subject with sleep apnea. During apneic breath-
ing, the RR intervals are increased by 50% with the corre-
sponding SI and Pi indexes increased two to three fold,
compared to normal breathing. The corresponding 30 sec
SDNN and RMSSD followed a similar oscillatory pattern.
During normal breathing, the SI and PI indexes are low.
There is a marked increase in SI and PI during apneic
breathing which returns to basal levels on cessation of
apneic breathing. It is notable that the corresponding chaotic
index decreased during the series of apneic breathing com-
pared to normal breathing. The 5 minute data analysis of the
RR intervals followed a similar trend as the 30 sec data
analysis. However, due to the limited temporal resolution of
the SDNN, RMSSD, SI and PI indexes when calculated in
5 minute intervals do not conform to the timing of the
episodes of apneic breathing, i.e. when it actually occurred
and ended.

[0111] FIG. 11 illustrates the results of the HRV analysis
performed on pre-acquired representative data of an epilep-
tic seizure episode ECG. During normal breathing, the SI
and PI indexes gradually decreased to some threshold values
where epileptic seizure suddenly occurred. Immediately
following the seizure, the RR intervals decreased. The
corresponding SI and PI indexes also decreased. These
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parameters did not return to baseline (pre-seizure time)
during the ECG recording session. The corresponding 30 sec
SDNN and RMSSD and the chaotic index did not reveal any
obvious changes before or after the seizure. Any changes in
the 5 minute SDNN, RMSSD, SI and PI indexes did not
coincide with the epileptic episode.

[0112] FIG. 12 illustrates the results of the HRV analysis
performed on pre-acquired representative data for an ECG
of a sedated healthy baboon. The RR-series of a sedated
baboon exhibited periodic oscillations every 5 minutes. The
30 sec data analysis in terms of the SDNN, RMSSD, SI and
PI reveal that they are in phase with the RR oscillations.
However, the chaotic indexes, as a predictor of cardiac
events, are about 180 degrees out of phase. The 5 minute
interval data analysis did not reveal any oscillatory patterns.

[0113] The differences in the displayed information
between the normal condition of FIG. 3 and the different
abnormal conditions of FIGS. 10-11 (the various displayed
indexes, as well as the displayed plots [e.g., electrocardio-
gram, heart rate, intensity-mapped time-frequency distribu-
tion color contour plot, electrocardiogram attractor]) and
FIG. 12 of a sedated primate provide an important new tool
for the development of a detailed understanding of the
dynamic mechanisms underlying the conditions represented,
and may provide distinct and valuable data to a researcher
into the autonomic nervous system or to a treating physician
who, when provided in real-time as the patient undergoes the
abnormal condition, can be assured of having the most up to
date information for evaluation as s’/he evaluates possible
treatments.

[0114] The system and method of the present invention
provide a new tool for real-time automated analysis of heart
rate variability and its adjuncts, that combines the non-
stationary analysis capability for evaluating cardiac signal
histories with the predictive capability of non-linear analysis
to better monitor and categorize autonomic regulation of
cardiac function.

[0115] Still other aspects, objects, and advantages of the
present invention can be obtained from a study of the
specification and the drawings. It should be understood,
however, that the present invention could be used in alter-
nate forms where less than all of the objects and advantages
of the present invention and preferred embodiment as
described above would be obtained.

1. A method of determining the details of dynamic auto-
nomic nervous system function from the measured variabil-
ity of heart activity occurring during a time period approxi-
mating the inverse of the lowest frequency component of the
heart rate variability chosen for analysis, comprising the
steps of:

sequentially receiving data points of heart activity data
over a period of time corresponding to the said time
period of the heart activity;

evaluating said data points as sequentially received to
determine QRS events;

outputting said QRS events to a processor as they are
sequentially determined;

processing said output QRS events using time-frequency,
nonlinear, nonstationary analysis methods as they are
output to periodically determine autonomic nervous
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system information, wherein said autonomic nervous
system information is based on a selected number of
output QRS events corresponding to the said selected
time period; and

periodically redetermining said autonomic nervous sys-
tem information using at least some subsequently out-
put QRS events; and

during said period of time corresponding to the time
period of the heart activity, displaying the most
recently determined autonomic nervous system
information.

2. The method of claim 1, wherein the said period of time
selected is 30 seconds for humans.

3. A method of determining the details of dynamic auto-
nomic nervous system function from the measured variabil-
ity of heart activity occurring during a time period approxi-
mating the inverse of the lowest frequency component of the
heart rate variability chosen for analysis, comprising the
steps of:

sequentially receiving data points of heart activity data
over a period of time corresponding to the said time
period of the heart activity;

evaluating said data points as sequentially received to
determine QRS events;

outputting said QRS events to a processor as they are
sequentially determined,

processing said output QRS events using time-frequency,
nonlinear, nonstationary analysis methods as they are
output to repeatedly determine one or more of a sym-
pathetic index, a parasympathetic index, and a chaotic
index of a selected group of determined QRS events;
and

during said period of time corresponding to the time
period of the heart activity, displaying the most
recently determined one or more of the sympathetic
index, parasympathetic index, and chaotic index.

4. The method of claim 3, wherein the said period of time
selected is 30 seconds for humans.

5. A method of determining the details of dynamic auto-
nomic nervous system function from the measured variabil-
ity of heart activity occurring during a time period approxi-
mating the inverse of the lowest frequency component of the
heart rate variability chosen for analysis, comprising the
steps of:

sequentially receiving data points of heart activity data
over a period of time corresponding to the time period
of the heart activity;

evaluating said data points as sequentially received to
determine QRS events;

outputting said QRS events to a processor as they are
sequentially determined,

processing a selected number of QRS events to determine
a time-frequency distribution, wherein said determined
time-frequency distribution is updated using the most
recently output selected number of QRS events;

processing the most recently determined time-frequency
distribution to determine its spectral power in a low
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frequency range and its spectral power in a high
frequency range of the t-f distribution; and

displaying the most recently determined spectral power in
the low frequency range and the spectral power in the
high frequency range.

6. The method of claim 5, wherein said period of time
selected is 30 seconds for humans.

7. The method of claim 5, displaying the ratio of the most
recently determined spectral power in the low frequency
range to the most recently determined spectral power in the
high frequency range.

8. The method of claim 5, wherein the low frequency
range is 0.04 Hz to 0.15 Hz for humans

9. The method of claim 5, wherein the high frequency
range is 0.15 Hz to 0.4 Hz for humans

10. A method of determining the details of dynamic
autonomic nervous system function from the sympathetic
index, the parasympathetic index, and the chaotic index
determined from the measured variability of heart activity
occurring during a time period approximating the inverse of
the lowest frequency component of the heart rate variability
chosen for analysis, comprising the steps of:

sequentially receiving data points of heart activity data
over a period of time corresponding to the time period
of the heart activity;

evaluating said data points as sequentially received to
determine QRS events;

outputting said QRS events to a processor as they are
sequentially determined;

processing said output QRS events using nonlinear, non-
stationary methods as they are output to repeatedly
determine one or more of a sympathetic index, a
parasympathetic index, and a chaotic index of a
selected group of determined QRS events;

during said period of time corresponding to the time
period of the heart activity, displaying the most recently
determined one or more sympathetic index, parasym-
pathetic index, and chaotic index;

processing a selected number of QRS events to determine
a time-frequency distribution, wherein said determined
time-frequency distribution is updated using the most
recently output selected number of QRS events;

displaying the most recently determined time-frequency
distribution;

processing the most recently determined time-frequency
distribution to determine its spectral power in a low
frequency range and its spectral power in a high
frequency range of the t-f distribution; and

displaying the most recently determined spectral power in
the low frequency range and the spectral power in the
high frequency range.
11. The method of claim 10, wherein said data points of
heart activity data are received during the heart activity.
12. The method of claim 10, wherein said data points of
heart activity data are received from a pre-acquired file of
data points of the heart activity.
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13. The method of claim 11, wherein said period of time
selected is 30 seconds for humans.

14. A system for determining the details of dynamic
autonomic nervous system function from the measured
variability of heart activity occurring during a time period
approximating the inverse of the lowest frequency compo-
nent of the heart rate variability chosen for analysis, com-
prising:

a heart activity data acquisition device adapted to acquire
sequential data points of heart activity of a patient;

memory adapted to store sequential data points of heart
activity in pre-acquired data files;

a user input for selecting between said acquisition device
and a selected pre-acquired data file as a data source;

a processor adapted to

sequentially receive data points of heart activity data
from said selected data source, over a period of time
corresponding to the said time period of the heart
activity,

determine QRS events from said data points as sequen-
tially received,

output said QRS events as they are sequentially deter-
mined,

utilize nonlinear nonstationary methods to repeatedly
determine one or more of a sympathetic index, a
parasympathetic index, and a chaotic index of a
selected group of determined QRS events as they are
output,

determine a time-frequency distribution, wherein said
determined time-frequency distribution is updated
using the most recently output selected number of
QRS events, and

for the most recently determined time-frequency dis-
tribution, determine spectral power in a low fre-
quency range and its spectral power in a high fre-
quency range; and

a display continuously updated during said period of time
corresponding to the time period of the heart activity to
display the most recently determined one or more
sympathetic index, parasympathetic index, and chaotic
index, the most recently determined time domain
parameters, the most recently determined time-fre-
quency distribution, the most recently determined spec-
tral power in the low frequency range, and the most
recently determined spectral power in the high fre-
quency range.

15. The system of claim 14, wherein processor includes

function calls for Fast Fourier Transforms and Inverse Fast
Fourier Transforms.

16. The system of claim 14, wherein said period of time
selected is 30 seconds for humans.
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