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Windowed signal processing for atrial arrhythmia

Electrophysiological signal in the ROI

Healthy beat

AF beat

1. RR wave interval, HRV, statistical analysis

2. Multi-heart beat (window of ROl ) averaging

3. P wave amplitude and latency analysis

4. Single/multi P wave Max-min analysis
(Peak number and duration)

5. Energy integration of ROI window
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Acquire a cardiac data stream

l

Detect the R-wave in a cardiac signal of
the cardiac data stream

l

in response to detection of the R-wave, a T-wave in the cardiac
signal occurring after the R-wave and Q-wave in a subsequent
cardiac signal of the data stream are detected

A

Filtering the cardiac signal in response to T and Q wave detection
to aobtain a RO defined by a T-Q wave window

y

Detecting characteristics of a P-wave within the T-Q-wave window including. The
detected characteristics include determining at least one of an entropy of the cardiac
signal within the T-Q window, amplitude of the P wave and a latency of the P wave.
Additionally, at least one of Max-min analysis, multi-beat averaging and heart rate
variability (HRV) and RR interval analysis are performed.

Comparing the detected characteristics to a threshold value

Determining whether the patient is in atrial fibrillation in response to the comparison
using the results of the comparisons of at least one of the entropy of the cardiac signal
within the T-Q window, amplitude of the P wave and a latency of the P wave; Max-min
analysis; multi-beat averaging; and heart rate variability (HRV) and RR interval
analysis

y
Transmitting an output signal representative of the comparison to at least one of a

remote unit for viewing and analysis by a user, to a data recorder for recording the
output signal for notifying the user
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SYSTEM FOR CARDIAC MEDICAL
CONDITION DETECTION AND
CHARACTERIZATION

This is a non-provisional application of provisional appli-
cation Ser. No. 60/982,249 filed Oct. 24, 2007, by H. Zhang et
al.

FIELD OF THE INVENTION

This invention concerns a system and method for analyzing
cardiac electrophysiological signals (including Electrocar-
diograms (ECG’s) and internal cardiac electrograms) based
on signal gating techniques and windowed atrial electro-
physiological activity analysis to provide data used in iden-
tifying cardiac disorders, differentiating cardiac arrhythmias,
characterizing pathological severities and prediction of life-
threatening events, for example.

BACKGROUND OF THE INVENTION

Atrial fibrillation (AF) is the most common abnormal heart
rhythm, especially in seniors, with irregular and erratic car-
diac patterns. Usually, surface ECG signal analysis based on
waveform morphology and time domain parameters are uti-
lized for cardiac AF rhythm detection and characterization,
such as P wave morphology changes, R-R-wave time interval,
heart rate variability analysis, etc. However, the waveform
morphologies and time domain parameter analysis are some-
times subjective and time-consuming, and require extensive
expertise and clinical experience for accurate pathology inter-
pretation and proper cardiac rhythm management. Some
sophisticated mathematical theories have been applied to bio-
medical signal interpretation, for example, frequency analy-
sis (such as dominant frequency analysis, frequency singu-
larity, etc), wavelet decomposition analysis, statistical
analysis (such as autocorrelation analysis, coherence analy-
sis, etc), and nonlinear entropy evaluation. Nevertheless,
these applications focus on generating a new pathology index
for qualitative cardiac AF rhythm identification. Until now no
well-accepted methods and algorithms for qualitative and
quantitative characterizing AF, especially the severity quan-
tification of AF pathology, have been developed. Several
shortcomings with current clinical investigation and diagno-
sis strategies for atrial fibrillation exist. For example:

1. Clinical real time and accurate AF diagnosis and char-
acterization need extensive clinical experience and medial
expertise for precise and correct cardiac electrophysiological
signal interpretation. This usually increases the clinical train-
ing cost and the complexity involved in diagnosing a condi-
tion.

2. Time domain parameter based analysis, such as R-R-
wave interval and heart rate variability (HRV), is utilized for
qualitative diagnosis and detection of AF. However, these
methods do not accurately characterize the pathological
severity of the AF pathology.

3. Clinically, most AF diagnosis and evaluation are based
on the whole heart beat. This includes P wave, QRS complex
T-wave, etc. analysis. Some analysis and filtering algorithms
(frequency analysis) employ the whole heart beat for AF
malfunction pattern recognition and characterization. This
unavoidably increases the risk of signal/analysis distortion
caused by noise and artifacts.

4. Algorithm simplicity, accuracy and ease of use are
hurdles that need to be overcome with current AF analysis and
characterization. For example heart rate variability is utilized
for AF recognition. However, there are extensive statistical
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evaluations on the variability threshold which may be differ-
ent from patient to patient. These kinds of medical diagnosis
factors may present more application complexities to the user.
Furthermore, some of current AF research methods and appli-
cations are not stable, time consuming and have a high error
rate (false alarm risk).

The need exists for more reliably and precisely identifying
the cardiac disorders, differentiating cardiac arrhythmias,
characterizing the pathological severities, and even predic-
tion of the life-threatening events. A system according to
invention principles addresses these deficiencies and related
problems.

SUMMARY OF THE INVENTION

A system provides monitoring and analysis of ECG signals
by evaluating the P wave of the signal. A system monitors
atrial fibrillation by analyzing a cardiac signal acquired by a
data acquisition processor. The data acquisition processor
acquires a cardiac signal data stream from a patient. A wave
detector detects an R-wave in a cardiac signal of the data
stream. The wave detector then detects a T-wave in the cardiac
signal occurring after the detected R-wave and a Q-wave in a
subsequent cardiac signal of the data stream. A filter provides
signal gating and extraction of data representing a Region of
Interest (ROT) time window from the detected T-wave to the
Q-wave. An integration processor detects characteristics of a
P wave signal occurring within the ROI time window. At least
one of the detected P wave characteristics is compared to
characteristics derived from data representing at least one P
wave signal and an output signal is generated in response to
the comparison for use in determining if the patient is in atrial
fibrillation.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 shows a typical one-cycle ECG tracing.

FIG. 2 shows a system for ECG signal extraction.

FIG. 3 shows a system for Atrial Fibrillation monitoring,
according to invention principles.

FIGS. 4a-d4e show a cardiac electrophysiological signal
and signal gating and Region of interest window extraction
strategies, according to invention principles.

FIG. 5 shows a comparison of amplitude and latency P
wave analysis for a healthy heart beat and an arterial fibrilla-
tion heart beat, according to invention principles.

FIG. 6 shows a comparison of energy/entropy for a healthy
heart beat and an arterial fibrillation heart beat, according to
invention principles.

FIG. 7 is a flow diagram showing signal gating techniques
and windowed analysis based methods and strategies for
acquiring arterial fibrillation data, according to invention
principles.

FIG. 8 shows a sequence of windowed signal processing
based methods and strategies for atrial arrhythmia analysis
and identification, according to invention principles.

FIG.9isa flow diagram illustrating a method of analysis of
cardiac electrophysiological signals and detection of atrial
arrhythmia according to invention principles.

DETAILED DESCRIPTION OF THE INVENTION

A medical electrophysiological signal analysis system pro-
vides improved signal/noise ratio (SNR) and accuracy. A
method according to invention principles analyzes cardiac
electrophysiological signals (including ECG and internal car-
diac electrograms) based on signal gating techniques and
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windowed atrial electrophysiological activity analysis. The
system advantageously provides a stable, accurate, and effi-
cient method and strategy for monitoring and diagnosing
cardiac arrhythmia, especially atrial fibrillation. The signal
gating and windowed signal processing based cardiac pathol-
ogy and malfunction diagnosis and characterization provide a
precise approach for identifying cardiac disorders, predicting
the cardiac pathology occurrence, and diagnosis of cardiac
malfunction characteristics. This provides better input with
medical decision and clinical treatment, such as drug delivery
and long term cardiac care. The system provides the follow-
ing features:

Signal gating achieved in real time cardiac signhal monitor-
ing, recording and analyzing. A signal gating system
uses multi synchronization signals to extract the electro-
physiological signals and activities of the atrium. For
example, from the end of a T-wave to the beginning of a
QRS complex. The precision of atrial signal capture
greatly improves the accuracy of the atrial pathology
analysis.

Signal gating system and windowed atrial electrophysi-
ological activity analysis may employ microcontroller
and DSP calculations, for example. This technology is
utilized for automatic online analysis and detection of
atrial fibrillation and hence provides more convenient
and reliable data analysis results to clinical doctors,
qualitatively (arrhythmia type) and quantitatively (ar-
rhythmia severity).

The gating system facilitates precise extraction of an atrial
activities portion (Region of Interest (ROI)) and win-
dowed signal analysis combines the heart activity aver-
aging (HRV), filtering and quantitative calculations for
AF capture and characterization. The methods and strat-
egies according to invention principles provide more
stable and reliable diagnosis and accurate pathology
feedback to clinical doctors in the presence of bio-noise
and electrical artifacts.

The adaptive AF pathology analysis in the system utilizes
both cardiac signal amplitude (P wave voltage poten-
tials) and time/latency (distance/duration from P wave to
Q-wave) for monitoring and calculating atrial electro-
physiological activity, which improves capturing atrial
arrhythmias, such as atrial flutter and AV block, with
better noise immunity.

The analysis, strategy and diagnosis method according to
invention principles is applied to both surface ECG sig-
nals and intra-cardiac electrograms, unipolar and bipo-
lar.

The AF diagnosis methods according to invention prin-
ciples requires low computation power and is able to be
accomplished in the portable cardiac monitoring and
function devices, such as an implantable cardiac device,
pacemaker and cardioverter.

The signal gating system and windowed atrial electro-
physiological activity analysis predicts AF arrhythmia
during cardiosurgical operations, even drug administra-
tions.

The signal gating system and windowed signal analysis for
AF analysis and characterization is extended to analyzing
other portions of the cardiac electrophysiological signals and
activities. The system monitors and diagnoses the pathologies
and malfunctions of the heart and cardiac circulation system
during other cardiac arrhythmias, such as cardiac arrhythmia
analysis and discrimination of different cardiac pathological
rhythms, for example, atrial tachycardia and ventricle
arrhythmias.
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Certain embodiments employ arrhythmia analysis and sig-
nal gating for atrial electrophysiological activities and win-
dowed cardiac signal analysis for AF detection and charac-
terization.

A processor as used herein is a device for executing stored
machine-readable instructions for performing tasks and may
comprise any one or combination of, hardware and firmware.
A processor may also comprise memory storing machine-
readable instructions executable for performing tasks. A pro-
cessor acts upon information by manipulating, analyzing,
modifying, converting or transmitting information for use by
an executable procedure or an information device, and/or by
routing the information to an output device. A processor may
use or comprise the capabilities of a controller or micropro-
cessor, for example. A processor may be coupled (electrically
and/or as comprising executable components) with any other
processor enabling interaction and/or communication there-
between. A user interface processor or generator is a known
element comprising electronic circuitry or software or a com-
bination of both for generating display images or portions
thereof. A user interface comprises one or more display
images enabling user interaction with a processor or other
device.

An executable application, as used herein, comprises code
or machine readable instructions for conditioning the proces-
sor to implement predetermined functions, such as those of an
operating system, a context data acquisition system or other
information processing system, for example, in response to
user command or input. An executable procedure is a segment
of code or machine readable instruction, sub-routine, or other
distinct section of code or portion of an executable applica-
tion for performing one or more particular processes. These
processes may include receiving input data and/or param-
eters, performing operations on received input data and/or
performing functions in response to received input param-
eters, and providing resulting output data and/or parameters.

A user interface (Ul), as used herein, comprises one or
more display images, generated by a user interface processor
and enabling user interaction with a processor or other device
and associated data acquisition and processing functions. The
Ul also includes an executable procedure or executable appli-
cation. The executable procedure or executable application
conditions the user interface processor to generate signals
representing the Ul display images. These signals are sup-
plied to a display device which displays the image for viewing
by the user. The executable procedure or executable applica-
tion further receives signals from user input devices, such as
akeyboard, mouse, light pen, touch screen or any other means
allowing a user to provide data to a processor. The processor,
under control of an executable procedure or executable appli-
cation, manipulates the UI display images in response to
signals received from the input devices. In this way, the user
interacts with the display image using the input devices,
enabling user interaction with the processor or other device.
The functions and process steps herein may be performed
automatically or wholly or partially in response to user com-
mand. An activity (including a step) performed automatically
is performed in response to executable instruction or device
operation without user direct initiation of the activity. Work-
flow comprises a sequence of tasks performed by a device or
worker or both. An object or data object comprises a grouping
of data, executable instructions or a combination of both or an
executable procedure.

FIG. 1 illustrates a typical one-cycle ECG trace. The elec-
trocardiogram (ECG) is a system of recording bioelectric
currents generated by the heart. Clinicians use the ECG to
evaluate the condition of a patient’s heart and perform further
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diagnosis. An ECG tracing is obtained by sampling bioelec-
tric currents sensed by several electrodes, known as leads.
The electrocardiogram (ECG) is a time-varying signal
reflecting the ionic current flow which causes the cardiac
muscles to contract and relax. A surface ECG is obtained by
recording the potential difference between two electrodes
placed on the surface of the skin. A single normal cycle of the
ECG represents the successive atrial depolarization/repolat-
ization and ventricular depolarization/repolarization which
occurs with each heart beat. These are approximately associ-
ated with the peaks and troughs of the ECG waveform as
shown in FIG. 1. A typical ECG tracing of a normal heartbeat
(or cardiac cycle) consists of a P wave, a QRS interval and a
T-wave. A small U wave is normally visible in 50 to 75% of
ECGs. The baseline voltage of the electrocardiogram is
known as the isoelectric line, measured as the portion of the
ECG tracing following the T-wave and preceding the next P
wave.

During normal atrial depolarization, the main electrical
vector spreads from the right atrium to the left atrium. This is
identified as the P wave on the ECG. The QRS interval cor-
responds to the depolarization of the ventricles. Because the
ventricles contain more muscle mass than the atria, the QRS
interval is larger than the P wave. In addition, the QRS inter-
val tends to look “spiked” rather than rounded due to the
increase in conduction velocity. A normal QRS interval is
0.06 to 0.10 sec (60 to 100 ms) in duration, but any abnor-
mality of conduction takes longer, and causes widened QRS
intervals. The PR interval is measured from the beginning of
the P wave to the beginning of the QRS interval, usually 120
to 200 ms in duration. When a Q-wave is measured with an
ECG, the PR interval may be called the PQ interval instead.
The ST segment connects the QRS interval and the T-wave
and has a duration of 0.08 to 0.12 sec (80 to 120 ms). The ST
segment starts at the end of the QRS interval and ends at the
beginning of the T-wave. However, since it is usually difficult
to determine exactly where the ST segment ends and the
T-wave begins, the relationship between the ST segment and
T-wave should be examined together (ST interval). The typi-
cal ST segment duration is usually around 0.08 sec (80 ms). It
should be essentially level with the PR segment. The T-wave
represents the repolarization (or recovery) of the ventricles.
The interval from the beginning of the QRS interval to the
apex of the T-wave is referred to as the absolute refractory
period. The last half of the T-wave is referred to as the relative
refractory period (or vulnerable period).

Extracting useful clinical information from the real (noisy)
ECG requires reliable signal processing systems. Conven-
tional systems include R-peak detection, QT-interval detec-
tion and the derivation of heart rate and respiration rate from
the ECG. The RR-interval is the time between successive
R-peaks, the inverse of this time interval gives the instanta-
neous heart rate. A series of RR-intervals is known as a RR
tachogram and variability of these RR-intervals reveals
important information about the physiological state of the
subject.

The recorded ECG signal is contaminated by noise and
artifacts that is within the frequency band of interest and
manifest with similar characteristics as the ECG signal itself.
FIG. 2 provides an exemplary ECG processing system used in
obtaining and producing measurable ECG signal data. In
order to extract useful information from the noisy ECG sig-
nals, the raw ECG signals are processed in an ECG processor
10. ECG signal processing employs a preprocessing stage 12
and a feature extraction stage 14 as shown in FIG. 2. The
preprocessing stage 12 removes or suppresses noise from the
raw BCG signal and the feature extraction stage 14 extracts
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diagnostic information such as power line interference, elec-
trode pop or contact noise, patient-electrode motion artifacts,
electromyographic (EMG) noise and baseline wandering
from the ECG signals. Among these noises, the power line
interference and the baseline wandering are the most signifi-
cant and can strongly affect ECG signal analysis. The elec-
trocardiogram (ECG) is a time-varying signal reflecting the
ionic current flow which causes the cardiac fibers to contract
and subsequently relax. The surface ECG is obtained by
recording the potential difference between two electrodes
placed on the surface of the skin. A single normal cycle of the
ECG represents the successive atrial depolarization/repolar-
ization and ventricular depolarization/repolarization which
occurs with each heart beat.

FIG. 3 isablock diagram showing a system for monitoring,
diagnosing and characterizing AF according to invention
principles. The system uses signal gating and window analy-
sis for AF data acquisition, diagnosis, characterization and
warning generation. A cardiac signal data stream 22 is
received by the system 20 and is provided to filtering, ampli-
fication and data acquisition circuitry 24. An example of such
circuitry is shown and described above with respect to FIG. 2.
The filtered and amplified cardiac signal data stream as shown
in FIG. 4a is provided from the data acquisition circuitry 24 to
a data buffer 26 as well as to both an R-wave detector 28 and
a T and Q wave detector 30. The R-wave detector 28 uses
adaptive threshold detection on the received cardiac signal
data stream to perform the R-wave peak detection. The
R-wave has a larger amplitude than any other portion of the
cardiac signal data stream. A threshold signal between the
normal peak of the R-wave and any other portion of the
cardiac signal data stream may be selected for comparison
with the cardiac signal data stream to detect the R-wave peak.
Detection of the R-wave is depicted in FIG. 4b. The R-wave
detector 28 transmits a signal to the T and Q wave detector 30
upon detection of an R-wave. After detection of the R-wave,
the next peak of the cardiac signal data stream is the T-wave.
Detection of the T-wave in each cardiac signal data stream is
illustrated in FIG. d¢. The cardiac signal data stream is pro-
vided to the T and Q-wave detector 30 for detecting the next
peak (T-wave) after detection of the R-wave. Once the T-wave
is detected, the T and Q-wave detector 30 senses for a mini-
mum in the cardiac signal data stream. The minimum in the
cardiac signal data stream represents the Q-wave of a subse-
quent signal as illustrated in FIG. 4d. Once the T and Q-waves
are detected, a filter and integration circuit 32 uses the
detected cardiac signal waveform peaks to detect the ROI
portion gating, identification and extraction, such as P wave,
Q-wave, R-wave, etc. The data buffer 26 provides the buff-
ered cardiac signal data stream to a reverse filter 42. The
reverse filter 42 filters the cardiac signal data stream in a
reverse time sequence. The change in filtering direction
reduces any phase distortion thus improving the signal qual-
ity. Through the synchronization of the T-wave and Q-wave
(with some time adjustment), the atrial activities ROl window
series (the T-Q window) is derived, AT,, for analysis purposes
as identified in FIG. 4e.

Signal gating systems and windowed analysis are applied
to the detected T-Q interval to detect characteristics of the
signal. The signal gating systems and windowed analysis
include determining an amplitude and latency of the P-wave
within the T-Q interval as well as determining an energy or
entropy of the P-wave within the T-Q interval. The amplitude
is determined by measuring the area under the signal within
the window. The latency of the P-wave indicates the position
within the window at which the P-wave is detected. For
amplitude and latency analysis, these characteristics are com-
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pared with characteristics derived from data representing at
least one P wave signal and generating an output signal in
response to the comparison for use in determining if the
patient is in atrial fibrillation.

A comparison of amplitude and latency for a healthy heart
beat and an AF beat is shown in FIG. 5. FIG. 5 identifies the
T-Q window encompassing the P wave therein for both the
healthy beat and the AF beat. The amplitude of each P wave is
measured as shown by the dashed line and the latency, the
time within each window that the P wave occurs, is identified
by T, and T,. The latency measures the distance of the P wave
from both the T-wave and the Q-wave within the window. At
the early stage of atrial arthythmia, such as AF, the pathologi-
cal changes within the electrophysiological activities of a P
wave portion (windowed ROI signal) are not significant and
may not be easily captured or detected by a clinical user.
Extensive clinical expertise and knowledge of atrial arrhyth-
mias is also required to detect the pathological changes. How-
ever, with the gated windowed ROI signal (P wave portion),
computer based signal processing can readily capture the P
wave aniplitude and latency change, to 10 uV and 10 mS, for
example. Amplitude and latency changes of the P wave are
utilized as a reliable and sensitive measure for atrial fibrilla-
tion detection, diagnosis and especially the severity of the AF
stages.

P wave latency may be determined according to the following
formula:

In which, N is the number of P wave windows for averaging.

Variability (variance, S) of the P wave time duration between
ECG signals may be determined according to the following
formula:

I
§= \/ % (AT, -AT)/(N - 1)
i=1

In which, N is the data sample number for variability calcu-
lation, (for example N=10); AT, is the size of the P wave
duration windows. The statistical analysis in the preferred
embodiment is utilized adaptively for real time diagnosis and
AF characterization.

The averaging time duration and variability are utilized as
a signature of the P wave/atrial activities and some further
statistical application may be used for the analysis and char-
acterization of the severities ofthe AF pathology, such as high
order statistics (HOS). At the same time, the detection thresh-
old of the analysis index may be decided and adjusted based
on the noise level, patients and heart/pacing rate.

A comparison of energy or entropy calculation for a
healthy heart beat and an AF beat is shown in FIG. 6. FIG. 6
identifies the T-Q window encompassing the P wave therein
for both the healthy beat and the AF beat. According to
information theory, entropy or energy of the system is a
significant signature of the irregularity, harmony and organiz-
ing level. In this preferred embodiment, the energy or entropy
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within the ROI window is utilized to characterize and diag-
nosis the AF severity. For example, Shannon entropy is deter-
mined according to the following formula:

H(P)= =" P(s)-logP(s)

se§

(S is the ROI window) and is utilized for energy integration.
Additionally, the energy is determined by using time or fre-
quency integration of the ROI atrial electrophysiological
activity window.

The data representing at least one P wave signal, e.g. the
healthy beat, is retrieved from storage from a data repository.
The repository stores a plurality of data sets which represent
at least one P wave signal associated with respective physi-
ological characteristics. The data to be used for comparison is
either automatically selected based on data input regarding
the patient from which the ECG is taken or by a user through
auserinterface connected to the system. These characteristics
may include but are not limited to at least one of age, weight,
gender, sex and ethnicity, etc. and any combination thereof.
The results of the comparison are provided as an output signal
for presenting to a user for analysis.

The output signal may be provided to any of a data trans-
mission device, a data recording device, an alarm generator
and a display. The data transmitter 34 transmits the output
signal to a network to which the system is connected. A
remote unit may be connected to the network via a LAN or
WAN for viewing and analysis by a user at a remote location.
The data recording device or buffer 36 records the output
signal generated by the integration circuit for creating a
patient history. The alarm 38 receives the output signal from
the integration processor and generates at least one of an
audible and visual alarm in response to a determination the
patient is in atrial arrhythmia such as AF. The display 40 is
connected directly to the system 20 for providing a display of
the cardiac signal to the user of the system.

FIG. 7 is a flow chart illustrating signal gating and ROI
window extraction of atrial electrophysiological activities
using waveform diagrams. By using adaptive filtering and
signal threshold setting as discussed above with respect to
FIG. 3, the R-wave, T-wave and Q-wave is precisely identi-
fied and localized.

Compared with a known method of analysis which utilizes
the whole heart beat for AF information extraction, the gating
system provides more reliable and precise atrial signal por-
tion without any distortion and artifacts from depolarization
or ventricular activities. Additionally, signal gating systems
according to invention principles provide a new and easy
method for atrial pathology detection (P wave duration is a
signature for atrial activities and the time length of the dura-
tion is utilized for pathology detection and diagnosis, such as
AF, AV block, etc.) through analysis of characteristics of a
P-wave within the T-Q window. Based on the atrial electro-
physiological signal gating, the time duration and size of the
atrial signal window (ROI) is derived. The cardiac signal data
stream within the ROI is analyzed and detected characteris-
tics of the cardiac signal data stream is compared with char-
acteristics of a reference data stream to detect atrial arrhyth-
mias. The analysis of the ROI may include any of averaging
time duration, time variability, standard deviation, etc.

Signal gating systems are the basis of windowed cardiac
signal processing and analysis. Precise and stable extractions
of the ROI portion of the cardiac signal for atrial electrophysi-
ological activities are essential to AF event detection and
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severity characterization. For AF analysis, the signal gating
system is achieved by P wave port extraction. There are
several steps for the procedure:

Step 1: Cardiac signal R-wave detection

Step 2: T-wave and Q-wave detection

Step 3: Signal gating and ROI extraction from T-wave to
Q-wave

FIG. 7 is a flow chart 700 showing signal gating and win-
dowed analysis based methods and strategies for AF data
acquisition, diagnosis, characterization and warning. The
electrophysiological signal is sensed and filtered to remove
noise therefrom in step 702. The filtered signal is then ana-
lyzed to detect and identify the P wave, QRS complex and
T-wave in step 704. Adaptive signal gating and windowing is
performed to extract the T-Q interval as the ROI in step 706.
The atrial signal in the ROI window is analyzed and charac-
terized in step 708. The sequence of the windowed cardiac
signal analysis and characterization includes ROI signal port
reverse filtering, Max-min peak analysis, etc. instep 710. The
reverse filtering of the windowed ROI signals avoids the
signal fluctuations and distortions from the noise and arti-
facts, such as R-wave. The windowed signal analysis and
characterization strategies according to invention principles
are utilized for atrial arrhythmia diagnosis. Amplitude and
latency of P wave analysis 712 is utilized for characterizing
severity and level of AF pathology and reoccurrence predic-
tion and energy integration 714 within the ROI window is
utilized to characterize and diagnosis the AF severity by com-
paring the atrial signal within the ROI with a reference signal
and detecting a deviation of the atrial signal within the ROI
from the reference signal.

Additionally, Max-min peak analysis as discussed in step
716 is utilized for atrial flutter (usually multi semi-P waves),
multi-heart beat (window ROI) averaging as discussed in step
718 indicates AF or atrial arrhythmias and RR-wave internal
and HRV analysis as discussed in step 720 is utilized for
qualitative detection and analysis for the atrial arrhythmia.
The X of step 722 represents combining the signal calculation
and processing results for a comprehensive conclusion of the
current cardiac electrophysiological monitoring. (The pro-
cess in other embodiments may use artificial neural network,
expert systen, fuzzy evaluation, for example) Combining the
signal calculation and processing results for analyzing atrial
arrhythmia and identification discussed in step 722 is illus-
trated in FIG. 8. This figure illustrates the sequence of win-
dowed signal processing based methods and strategies for
atrial arthythmia analysis and identification, especially for
AF. By using signal gating systems, electrophysiological
activities in atrium is extracted with ROI window and win-
dowed signal processing is applied for analysis, detection and
characterization of the atrial arrhythmias.

In the windowed signal processing system, there are inde-

pendent methods which are combined and utilized:

1. RR-wave interval, HRV and statistical analysis. Rate
variability is an intrinsic signal signature of the cardiac
activities. Big variability indicates pathology and inhar-
monic changes of the tissue. It uses time interval to
detect the malfunctions along a cardiac excitation path-
way. For example, the shortened and prolonged excita-
tion time (like R-wave in the depolarization and repo-
larization) may indicate the tissue pathology and
arrhythmia. In the preferred embodiment, RR-wave
internal and HRV analysis is utilized for qualitative
detection and analysis for the atrial arrhythmia. More
specific diagnosis and severity characterization is
achieved in following methods.
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ii. Multi-heart beat (window ROT) averaging. During atrial
arrhythmias, especially fibrillation, the atrium falls into
adisorganized inharmonic electrophysiological activity.
According to the random theory, the more unorganized
irregularity of the atrium, the higher degree of the AF
severity heart has. Hence multi-beat averaging with the
windowed ROT signal portion can reflect the severity of
the atrial fibrillation is in the heart. For example the peak
value of multi-beat averaging window is 50% lower than
that of P wave in the healthy heart beat may definitely
indicates the AF or atrial arrhythmias.

iil. P wave amplitude and latency analysis. At the early
stage of atrial arrhythmia, such as AF, the pathological
changes within the electrophysiological activities of P
wave portion (windowed ROI signal) is not significant
and may not be easily captured or detected by clinical
user. This also requires extensive clinical expertise and
knowledge on the atrial arrhythmias. However with the
gated windowed ROI signal (P wave portion), computer
based signal processing can easily capture the P wave
amplitude and latency change, evento 10uV and 10 mS.
Amplitude and latency changes of the P wave is utilized
as reliable and sensitive measure for atrial fibrillation
detection, diagnosis and especially the severity of the AF
stages.

iv. Single and multi P wave max-min analysis (peak num-
ber and duration). Different kinds of atrial arrhythmia
have different symptoms and electrophysiological sig-
nal responses. Peaks and number and duration of the
ROI (P wave) portion are used for arrhythmia character-
ization. For example, compared with normal healthy
heart beats, the atrial flutter has more small peaks. Max-
min (Peak and valley analysis) of the ROI portion pro-
vides additional information of the arrhythmia type and
severity (un-organized degree).

v. Energy integration of ROI window. According to infor-
mation theory, entropy and energy of the system is a
significant signature of the irregularity, harmony and
organizing level. In this preferred embodiment, the
energy or entropy within the ROI window is utilized to
characterize and diagnosis the AF severity.

The methods work together by combining and integrating
the calculation results and each one of the processing algo-
rithm is utilized alone for AF event detection, diagnosis and
characterization. There are several methods for the analysis
combination and integration, such as using artificial neural
network, expert system, fuzzy evaluation, etc.

The combination of the information obtained from each
analysis is used to detect Atrial arrhythmia such as AF as
discussed in step 724. If Atrial arrhythmia is detected, a
warning is provided to the user in step 726. Otherwise, the
system comtinues to monitor the electrophysiological signal.

FIG. 9 illustrates a method of analysis of cardiac electro-
physiological signals and detection of atrial arrhythmia
according to invention principles. A cardiac signal data
stream is acquired in step 902. The R-wave in a cardiac signal
of the cardiac signal data stream is detected in step 904. In
response to detection of the R-wave, a T-wave in the cardiac
signal occurring after the R-wave and a Q-wave in a subse-
quent cardiac signal of the data stream are detected in step
906. Inresponse to detection of the T and Q waves, the cardiac
signal is filtered to obtain a ROI defined by a T-Q-wave
window in step 908. Characteristics of a P-wave within the
T-Q-wave window are detected in step 910. The detected
characteristics include determining at least one of an entropy
of the cardiac signal within the T-Q window, amplitude of the
P wave and a latency of the P wave. Additionally, at least one
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of Max-min analysis, multi-beat averaging and heart rate
variability (HRV) and RR interval analysis are performed.
The detected characteristics are compared to a threshold
value in step 912. A determination whether a patient is in
atrial fibrillation is made in response to the comparison as in
step 914. The determination is made using the results of the
comparisons of at least one of the entropy ofthe cardiac signal
within the T-Q window, amplitude of the P wave and a latency
of the P wave; Max-min analysis; multi-beat averaging; and
heart rate variability (HRV) and RR interval analysis. An
output signal representative of the comparison is transmitted
to at least one of a remote unit for viewing and analysis by a
user, to a data recorder for recording the output signal for
notifying the user in step 916. Determining an entropy of the
signal within the T-Q wave window is performed according
to:

H(P)==)" P(s)-logP(s)

se§

wherein s is the ROI window.

Signal gating identifies and extracts the atrial electrophysi-
ological activities. Certain embodiments according to inven-
tion principles provide a series independent calculation
(which means the calculation is utilized alone for the atrial
pathology evaluation and diagnosis) and analysis methods
and strategies for AF detection and characterization, such as
Max-min analysis, beat averaging, amplitude/latency analy-
sis, HRV-RR-wave analysis, Energy evaluation, etc.

Compared with normal (healthy) atrial activity, AF elec-
trophysiological signals usually present disorders and irregu-
larities. From a low level tissue evaluation point, AF patho-
logical activities are a statistical combination of action
potentials of the cardiac cells in atrium. During atrial arrhyth-
mia, such as AF, the atrial cell can not work in the normal
excitation sequence and most of the cells are working in chaos
which will reduce the P wave power (amplitude and energy)
and postpones the P wave excitation (latency) and time dura-
tion. In some cases, such as atrial flutter, the excitation is
conducting in different pathways (there might be different
atrial excitation rotors in atrium) which may result in several
different small electrophysiological potential peaks and
multi-P wave rhythms. In the atrial flutter case, the energy and
morphology may be used together to characterize the pathol-
ogy and severities. In some severe cases of atrial fibrillation,
most tissue and cells are in random working and un-organized
excitations status, the multi-window (multi-heart beat) aver-
aging is utilized to track and capture the maximum of P wave
potential for pathology detection.

The signal gating system and windowed signal processing
is utilized for both surface ECG signals and intra-cardiac
signals. The preferred methods and calculation is applied to
both unipolar and bipolar signals for atrial fibrillation char-
acterization.

The analysis and methods can not only be utilized for
qualitative and quantitative characterization (type and sever-
ity) of the atrial arrhythmias, but be used for cardiac pathol-
ogy prediction, especially for the persistent atrial fibrillation.

The methods and strategies using signal gating systems
and windowed atrial electrophysiological activity analysis is
modified based on the medical application, such as ROI signal
portion from P wave to QRS complex, and even late cardiac
potential portion analysis. The preferred methods are not
limited to diagnosis and characterization of atrial fibrillation
but also is used for identifying the cardiac disorders, differ-
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entiating cardiac arrhythmias, characterizing the pathological
severities, and even prediction of the life-threatening events,
such as ventricular arrhythmia (tachycardia and fibrillation).
The systems and processes of FIGS. 1-9 are not exclusive.
Other systems, processes and menus may be derived in accor-
dance with the principles of the invention to accomplish the
same objectives. Although this invention has been described
with reference to particular embodiments, it is to be under-
stood that the embodiments and variations shown and
described herein are for illustration purposes only. Modifica-
tions to the current design may be implemented by those
skilled in the art, without departing from the scope of the
invention. The inventive principles involved in the system for
monitoring and characterization for atrial fibrillation are
applicable to other medical and non-cardiac conditions. The
processes and applications may, in alternative embodiments,
be located on one or more (e.g., distributed) processing
devices accessing a network linking the elements of FIG. 3.
Further, any of the functions and steps provided in FIGS. 1-8
may be implemented in hardware, software or a combination
of both and may reside on one or more processing devices
located at any location of a network linking the elements of
FIG. 3 or another linked network, including the Internet.

What is claimed is:

1. A system for monitoring atrial fibrillation comprising:

a data acquisition processor for acquiring a cardiac signal

data stream from a patient;

awave detector for detecting an R-wave in a cardiac signal

of the data stream, said wave detector detecting a T-wave
in the cardiac signal occurring after the detected R-wave
and a Q point in a successive subsequent cardiac signal
of the data stream;

a filter for signal gating and extraction of data representing

a Region of Interest (ROI) time window from substan-
tially the end of the detected T-wave to the detected
successive subsequent Q point;

an integration processor for detecting characteristics ofaP

wave signal occurring within the ROl time window,
comparing a latency of the P wave comprising a time
duration within the ROI time window that the P wave
occurs relative to both the T-wave and the Q-wave within
the ROT time window, to corresponding characteristics
derived from data representing atleast one P wave signal
and generating an output signal in response to the com-
parison for use in determining if the patient is in atrial
fibrillation.

2. The system as claimed in claim 1, wherein the detected
characteristics include an amplitude of the P wave and an
entropy of the cardiac signal.

3. The system of claim 2, wherein the entropy of the cardiac
signal is determined according to:

H(P)= =" P(s)-logP(s)

se§

wherein s is the ROI window.

4. The system of claim 2, further comprising a processor
for performing Max-min analysis; multi-beat averaging; and
heart rate variability (HRV) and RR interval analysis.

5. The system of claim 4, wherein said integration proces-
sor generates the output signal in response to any combination
of detecting the entropy of the cardiac signal within the T-Q
window; Max-min analysis; multi-beat averaging; and heart
rate variability (HRV) and RR interval analysis.
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6. The system of claim 1, further including a repository for
storing a plurality of data sets from which the data represent-
ing at least one P wave signal is selected.

7. The system of claim 6, wherein the data of each of the
plurality of data sets represent at least one P wave signal
associated with a respective physiological characteristic.

8. The system of claim 7, wherein the associated physi-
ological characteristics include at least one of age, weight,
gender, sex and ethnicity.

9. The system of claim 1, further comprising a transmitter
for automatically transmitting the output signal to a remote
unit for viewing and analysis by a user.

10. The system of claim 1, further comprising a buffer for
recording the output signal generated by the integration pro-
Cessor.

11. The system of claim 1, further comprising an alarm for
notifying a user in response to a determination the patient is in
atrial fibrillation.

12. The system of claim 11, wherein said alarm receives the
output signal from said integration processor and generates at
least one of an audible and visual alarm in response to a
determination the patient is in atrial fibrillation.

13. A method for detecting atrial fibrillation, said method
comprising the activities of:

acquiring a cardiac signal data stream;

detecting an R-wave in a cardiac signal of the cardiac signal

data stream;
detecting a T-wave in the cardiac signal and a Q point in a
successive subsequent cardiac signal of the data stream;

filtering the cardiac signal to obtain a T-Q window from
substantially the end of the detected T-wave to the
detected successive subsequent Q point;

detecting characteristics of a P wave within the T-Q win-

dow; and

comparing the detected P wave characteristics including a

latency of the P wave comprising a time duration within
the T-Q time window that the P wave occurs relative to
both the T-wave and the Q-wave within the T-Q time
window, to a threshold value; and

determining ifa patient is in atrial fibrillation in response to

the comparison.

14. The method as claimed in claim 13, wherein the activity
of detecting characteristics includes determining an ampli-
tude of the P wave and an entropy of the cardiac signal within
the T-Q window.

10

15

20

25

30

35

40

45

14

15. The method as claimed in claim 13, wherein said activ-
ity of determining entropy is performed according to:

H(P) = =" P(s)-logP(s)

se§

wherein s is the ROI window.

16. The method as claimed in claim 13, further comprising
the activity of transmitting the output signal to a remote unit
for viewing and analysis by a user.

17. The method as claimed in claim 13, further comprising
the activity of recording the output signal generated by the
integration processor.

18. The method as claimed in claim 13, further comprising
the activity of determining the patient is in atrial fibrillation in
response to the comparison and notifying a user.

19. The method as claimed in claim 13, further comprising
the activities of:

performing at least one of Max-min analysis, multi-beat

averaging and heart rate variability (HRV) and RR inter-
val analysis; and

determining if atrial fibrillation has occurred in response to

both said activities of comparing and performing.

20. A method for detecting atrial fibrillation, said method
comprising the activities of:

acquiring a cardiac signal data stream;

detecting an R-wave in a cardiac signal of the cardiac signal

data stream;
detecting a T-wave in the cardiac signal and a Q point in a
successive subsequent cardiac signal of the data stream;

filtering the cardiac signal to obtain a T-Q window from
substantially the end of the detected T-wave to the
detected successive subsequent Q point;

detecting characteristics of a P wave within the T-Q win-

dow; and

comparing the detected P wave characteristics including a

latency of the P wave comprising a time duration within
the T-Q time window that the P wave occurs relative to
both the T-wave and the Q-wave within the T-Q time
window, to a threshold value; and

determining if a patient is in atrial fibrillation in response to

the comparison.

21. The method as claimed in claim 20, further comprising
the activities of’

comparing the detected P wave characteristics including an

amplitude of the P wave, to said threshold value.

* #* * #* #®



EREH(F) AT OBRFERZRURMRENRE
NI (BE)S US8666483
RiES US12/250141

FRIRB(ERFR)AGE) ZEEFETBRLF
RF(EFR)AGE) A FEST IR RUSA |, INC.

HARBEEAR)AGE) AIFEIIHERERUSA , INC.

R & B A ZHANG HONGXUAN

RHAA ZHANG, HONGXUAN

IPCHEE AB1B5/00

CPCH#E AB1B5/7242 A61B5/04017 A61B5/046 A61B5/7203
£ £4X 60/982249 2007-10-24 US

H At 40 FF 3Rk US20090112110A1

IEheE Espacenet USPTO

BEGR)

—RRENFEREN DB EETAOEN . BERXELEENEE

REVDEESBER | 3 BRENBRENBERN OREESPHRK. 8

NBWRKE ZERENVEESHHTRABBERNELOEESHHQ
RBBRAR M BRI E, IRRERRAE S EBNMEN TN TREIQKR
RARBNBXE (ROI) BEEAMNBIENRE, EREEJ[LNEROI
FEEARRENPRESHEE. HEUBNPRBILEFNED -5

MERED —APRESHEES HNBERTILR , ABMTHR>E

WMEES  UATHEERERELT UEE,

Electrophysiological signal i the ROI

gy

patsnap

2014-03-04

2008-10-13

Windowed signal processing for atrial arrhythmia

1. RR wave interval, HRV, staistical analysis
2, Multi-heart beat (window of ROI ) averaging
3. P wave amplitude and latency analysis

4, Single/multi P wave Max-min analysis
{Peak number and duration)

. 5. Energy integration of ROI window
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