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PATIENT SIGNAL FILTERING

TECHNICAL FIELD

[0001] The present disclosure generally relates to systems
and methods for filtering patient signals.

BACKGROUND

[0002] Filter technologies are crucial in yielding high qual-
ity signals, especially in medical patient signal acquisition
where signals are at the millivolt level. Patient signals, such as
surface electrocardiogram (ECG) signals, intra-cardiac elec-
trogram (ICEG) signals or oximetric (e.g., SPO2) signals, are
usually a combination of different patient responses, such as
ECG voltage potentials, respiration potential, blood pressure
signal, patient moving voltage signal, biological noise (e.g.,
due to cough, medicine, etc.), and so forth. Accordingly, the
patient signals acquired from any kind of patient sensors or
transducers are actually an integration of multiple signals and
voltage potentials from different parts or functions of patient
body.

[0003] Theoretically, each of these patient signals can be
captured by using a sensor. However, a lot of patient risk and
clinical procedure complexity may result from using too
many types of sensors and transducers. For example, too
many catheters and wires, such as intra-cardiac catheters for
EP signal, IBP signal, temperature signal, ablation treatment-
measurement, etc., may need to be inserted into the blood
vessels.

[0004] Inaddition,signal acquisition designs typically pro-
cess a gamut of noise sources that are varied in amplitude and
frequency, such as patient moving noise, power line electrical
noise, electrical and magnetic noise from other medical
instruments in hospitals, etc. to resolve a clean signal from the
input source. Current known clinical methods usually focus
on envelop extraction and amplitude analysis, which may not
be able to avoid the different types of noise, such as cough-
respiration noise, electrical clutter noise, etc.

[0005] Known filter systems for clinical signals use fixed
frequency bandwidth control, such as a low pass filter to
eliminate high frequency noise and white noise, a high pass
filter to remove signal shifting due to patient respiration, etc.
However, most patient signals cannot be extracted by such
fixed frequency system. Simple band stop and band pass
filters cannot accurately extract, for example, blood pressure
signal component from patient signals, since the frequency
bandwidth of the blood pressure signal overlaps with other
signals, such as ECG signal, patient moving signal, patient
evoked potentials, motor evoked potential signals, etc.

[0006] The frequency bandwidth of blood pressure signals
is typically between 5 to 50 Hz. However, blood pressure
signal bandwidth may vary from case to case and from time to
time during an on-going clinical case, depending on, for
example, the heart rate. Blood pressure signal frequency
bandwidth changes are usually nonlinear, and may present
dynamic shifting and fluctuations. Known technologies can-
not accommodate such nonlinear changes. In addition,
known clinical methods for blood pressure acquisition and
diagnosis are not able to reliably eliminate dynamic voltage
offset noise and shifting effects from ablation and other elec-
trical devices’ noise on the patient body, which may affect the
blood pressure waveform characterization.
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SUMMARY

[0007] The present disclosure relates to a framework for
facilitating patient signal filtering. In accordance with one
aspect, the framework performs a signature cycle matching
pursuit method to remove a first signal component from a
combination patient signal and generate a first output signal.
Sub-bandwidth filtering of the first output signal may be
performed to remove a second signal component and generate
a second output signal. The framework may further remove a
third signal component from the second output signal to gen-
erate a third output signal. A signal of interest may then be
reconstructed based on the third output signal.

[0008] This summary is provided to introduce a selection of
concepts in a simplified form that are further described below
in the following detailed description. It is not intended to
identify features or essential features of the claimed subject
matter, nor is it intended that it be used to limit the scope of the
claimed subject matter. Furthermore, the claimed subject
matter is not limited to implementations that solve any or all
disadvantages noted in any part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] A more complete appreciation of the present disclo-
sure and many of the attendant aspects thereof will be readily
obtained as the same becomes better understood by reference
to the following detailed description when considered in con-
nection with the accompanying drawings. Furthermore, it
should be noted that the same numbers are used throughout
the drawings to reference like elements and features.

[0010] FIG. 1a shows an exemplary system;

[0011] FIG. 15 illustrates an exemplary method of extract-
ing blood pressure signals;

[0012] FIG. 2illustrates an exemplary method of extracting
a signal of interest from a combination patient signal;
[0013] FIG. 3illustrates an exemplary ECG signature cycle
matching pursuit method,

[0014] FIG. 4 shows a computer simulation of an ECG
signal and corresponding time-frequency (T-F) distribution;
[0015] FIG. Sillustrates an exemplary method of nonlinear
frequency bandwidth control;

[0016] FIG. 6 shows an exemplary artificial neural network
(ANN) module;
[0017] FIG. 7 illustrates an exemplary method of blood

pressure signal reconstruction from nonlinear frequency sub-
bands; and

[0018] FIG. 8 illustrates an exemplary computer data simu-
lation of one implementation of the present method of blood
pressure signal extraction from electrophysiological (EP) sig-
nals.

DETAILED DESCRIPTION

[0019] In the following description, numerous specific
details are set forth such as examples of specific components,
devices, methods, etc., in order to provide a thorough under-
standing of embodiments of the present invention. It will be
apparent, however, to one skilled in the art that these specific
details need not be employed to practice embodiments of the
present invention. In other instances, well-known materials or
methods have not been described in detail in order to avoid
unnecessarily obscuring embodiments of the present inven-
tion. While the invention is susceptible to various modifica-
tions and alternative forms, specific embodiments thereof are
shown by way of example in the drawings and will herein be
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described in detail. It should be understood, however, that
there is no intent to limit the invention to the particular forms
disclosed, but on the contrary, the invention is to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the invention.

[0020] It is to be understood that the system and methods
described herein may be implemented in various forms of
hardware, software, firmware, special purpose processors, or
a combination thereof. Preferably, the present invention is
implemented in software as an application (e.g., n-tier appli-
cation) comprising program instructions that are tangibly
embodied on one or more program storage devices (e.g.,
magnetic floppy disk, RAM, CD ROM, ROM, etc.), and
executable by any device or machine comprising suitable
architecture. If written in a programming language conform-
ing to a recognized standard, sequences of instructions
designed to implement the methods can be compiled for
execution on a variety of hardware platforms and for interface
to avariety of operating systems. In addition, embodiments of
the present framework are not described with reference to any
particular programming language. It will be appreciated that
a variety of programming languages may be used to imple-
ment embodiments of the present invention.

[0021] Inaccordance with one aspect, an adaptive and gen-
eral-purpose multi-bandwidth filtering system is provided for
automatically identifying a signal of interest (e.g., blood pres-
sure signal) from a time-varying combination of patient sig-
nals. The system may advantageously adapt to changes in
both signal and noise frequencies and amplitudes, such as
heart rate, coughing noise, stimulation pacing noise, etc., with
improved signal-to-noise ratios. The present framework may
be applied to filter noisy signals and adapt to shifting noise
frequencies. For example, in power line noise filtering, if the
mains frequency drifts to 60.1 or 59.9 Hz, the filters that cut
out mains noise and its harmonics can change their center
frequencies to completely filter the noise. Many filters today
cannot adapt to such changes, and therefore allows noise to
pass under such circumstances. The present framework may
use real time closed-loop signal component diagnosis to
adaptively filter out noise and unwanted signals. Improve-
ments in quality and reliability in medical signal acquisition
may be achieved to facilitate medical professionals in provid-
ing more accurate diagnosis and treatment.

[0022] Some implementations of the present framework
provide a methodology to extract a blood pressure signal
component from electrophysiological (EP) patient signals.
The framework removes unwanted signals (e.g., respiration
signal, noise, ECG signal, etc.) from the EP patient signals.
Although there are many methods to acquire and extract
blood pressure signals from the patient’s body, such as by
using dedicated blood pressure cuffs, blood pressure catheter
and transducers, etc., most of these clinical approaches need
some hardware and additional device support (e.g., sensors,
transducers, converters, etc.). The present framework may be
applied to extract a blood pressure signal component from
patient signals acquired by a single EP lead or signal channel
sensor. This framework may also be implemented as a hemo-
leadless or cuffless system for blood pressure (BP) measure-
ment and real time BP signal monitoring.

[0023] For purposes of illustration, the present framework
is described in the context of extracting blood pressure signals
from patient signals. However, it should be appreciated that
other signals of interest may also be extracted from a combi-
nation of patient signals. For example, ECG signals may be
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extracted from invasive blood pressure signals, respiration
signals may be extracted from oximetric (or SPO2) signals,
and so forth. These and other features, applications and
advantages will be described in more details herein.

[0024] FIG. 1a shows an exemplary system 100 for imple-
menting a method and system of the present disclosure. Itis to
be understood that, because some of the constituent system
components and method steps depicted in the accompanying
figures can be implemented in software, the actual connec-
tions between the system components (or the process steps)
may differ depending upon the manner in which the present
framework is programmed. For example, the system 100 may
be implemented in a client-server, peer-to-peer (P2P) or mas-
ter/slave configuration. In such configurations, the system
100 may be communicatively coupled to other systems or
components via a network, such as an Intranet, a local area
network (LAN), a wide area network (WAN), a P2P network,
a global computer network (e.g., Internet), a wireless com-
munications network, or any combination thereof. Given the
teachings of the present framework provided herein, one of
ordinary skill in the related art will be able to contemplate
these and similar implementations or configurations.

[0025] Exemplary system 100 may include a signal source
102, signal devices 104, filter module 106 and various func-
tional components (112, 113, 114 and 120). Signal source 102
may include an analog or digital sensor and transducer system
(e.g., asingle EP lead and signal channel sensor) that acquires
a combination of patient signal components (or combination
patient signal), such as blood pressure, respiration, ECG,
ICEG signal components, etc. Such patient signal compo-
nents may be combined with patient movement noise, elec-
trical noise, artifacts from the power line and/or other signal
devices 104, etc. Signal devices 104 may include a patient
stimulator, ablator, electrical cutter, etc. For purposes of illus-
tration, the combination patient signal is described herein as
being composed of three signal components: blood pressure
signal component, ECG signal component (>90% of the
whole acquired signal) and respiration signal component.
However, it should be appreciated that other types or number
of signal components may also be included in the combina-
tion patient signal. The combination patient signal may be
acquired via, for example, a single surface ECG lead.
[0026] Filter module 106 includes adjustable filters 108 and
filter controller 110 that are used to filter the combination
patient signal data from the signal source 102. An adjustable
filter 108 may be one or more hardware, software and/or
firmware components configured to remove from the combi-
nation patient signal data some unwanted components or
features. The overall characteristics of the adjustable filters
108 may be modified by filter controller 110. Filter controller
110 may include various writable registers (analogue or digi-
tal) that store data that can be quickly retrieved to modify the
parameter (e.g., frequency bandwidth, amplitude, etc.) of
adjustable filters 108. In addition, filter controller 110 may
adapt the adjustable filters 108 to new conditions by using, for
example, a field-programmable gate array (FPGA) or a
microprocessor capable of receiving filter feedback and send-
ing data to the filter controller 110.

[0027] Adaptive control module 112 includes a control unit
116 and a user controller 118 for controlling the functioning
of the filter module 106, the cleanup filter controller 120 and
the unwanted signal estimator 113. The control unit 116 may
provide real-time control parameter and/or noise evaluation.
The user controller 118 may provide a user interface that
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enables a user to manually adjust the filter control parameters.
Control unit 116 may continually check to determine if the
conditions to switch the control parameters of the filters 108
are met. If they are met, filter control parameters are adjusted
to modify the relevant filter’s parameters (e.g., center fre-
quency, bandwidth, spectrum amplitude, etc.). Alternatively,
the user may manually control the filter parameters via a user
interface provided by user controller 118.

[0028] A closed-loop feedback system may be provided for
signal extraction. The filter module 106 and the various func-
tional modules (112,113, 114 and 120) may be implemented
by one or more computer systems that are communicatively
coupled to the signal source 102 and signal devices 104. Each
computer system may include a processor device, non-tran-
sitory computer-readable media, one or more output devices
(e.g., printer, display monitor, projector, speaker, etc.), a net-
work controller and one or more input devices (e.g., key-
board, mouse, touch screen, gesture and/or voice recognition
module, etc.). Non-transitory computer-readable media may
include random access memory (RAM), read only memory
(ROM), magnetic floppy disk, flash memory, and other types
of memories, or a combination thereof. Other support cir-
cuits, such as a cache, a power supply, clock circuits and a
communications bus, may also be provided in the computer
system.

[0029] The present technology may be implemented in
various forms of hardware, software, firmware, special pur-
pose processors, or a combination thereof, either as part of the
microinstruction code or as part of an application program or
software product, or a combination thereof, which is executed
via the operating system. In one implementation, the tech-
niques described herein may be implemented as computer-
readable program code tangibly embodied in non-transitory
computer-readable media of the computer system. As such,
the computer system is a general-purpose computer system
that becomes a specific-purpose computer system when
executing the computer-readable program code.

[0030] FIG. 15 illustrates an exemplary method of extract-
ing blood pressure signal components 150 that may be imple-
mented by exemplary system 100. The blood pressure signal
components may be extracted from an original surface ECG
signal 152 acquired from a single lead ECG EP response. At
154, signal diagnosis and property control is performed. For
example, filter module 106 may perform frequency analysis
for each heartbeat, waveform shape matching, corresponding
frequency bandwidth separation and nonlinear bandwidth
suppression.

[0031] At 158, filter module 106 extracts the real-time res-
piration impedance signal from the lead impedance measure-
ment, so as to eliminate the respiration signal component
from the patient signals. The respiration impedance signal
may be estimated by unwanted signal estimator 113. At 160,
filter module 106 may further extract the R wave peak envelop
from the acquired patient signal to highlight the potential
blood pressure signal categorization.

[0032] At 156, intermediate signal extraction module 114
may then perform frequency analysis and waveform segmen-
tation in the frequency domain to generate an intermediate
signal, such as an intermediate blood pressure (BP) signal.
The intermediate BP signal may be derived by using data
waveform matching and nonlinear signal reconstruction from
preferred signal frequency sub-bands that do not have
unwanted ECG signal components as well as other biological
noises estimated by unwanted signal estimator 113. In some
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clinical cases, clean-up filter 120 may apply a smoothing and
cleanup filtering to the intermediate BP signal to generate the
final BP signal.

[0033] FIG. 2 illustrates an exemplary method 200 of
extracting a signal of interest (e.g., blood pressure signal)
from a combination patient signal. The steps of the method
200 may be performed in the order shown or a different order.
Additional, different, or fewer steps may be provided. Fur-
ther, the method 200 may be implemented with the system
100 of FIG. 1a, a different system, or a combination thereof.
[0034] At 202, filter module 106 receives a combination
patient signal from signal source 102. As discussed previ-
ously, the combination patient signal may include multiple
patient signal and/or noise components from which process
200 may extract a signal of interest. The signal of interest is
any signal component that has been identified for further
analysis, such as a blood pressure signal component. Exem-
plary signal components include, but are not limited to,
responses from different parts of the body, such as ECG signal
from heart and muscle system, blood pressure signal from the
blood flow force in the blood vessel, respiration signal from
lung and muscle contraction, etc. An exemplary combination
patient signal may be described by the following equation:

signal=BPOECGODRESPD+noised o)

wherein signal denotes the combination patient signal, BP
denotes the blood pressure signal component, ECG denotes
the electrocardiogram (ECG) signal component, RESP
denotes the respiration signhal component, and noise denotes a
noise component.

[0035] In most clinical cases, the amplitude and energy of
each signal component in the acquired patient signal data
depend on the type and position of the sensor used to acquire
the patient signal data. This means that the ratio of the signal
component amplitudes may vary due to the sensor type and
position. For example, the electrophysiological activity
response amplitude is much bigger than the amplitude of the
respiration signal acquired from the electrical lead system,
while the blood pressure signal amplitude is more dominant
than the amplitude of the bipolar intra-cardiac EP response in
an invasive cardiac signal acquired by using cardiac hemo-
dynamic catheters and transducers.

[0036] At 204, filter module 106 performs a signature cycle
matching pursuit method to eliminate a first signal compo-
nent from the combination patient signal and generate a first
output signal. The signature cycle matching pursuit method
includes deriving a signature cycle (e.g., ECG signature
cycle) from the combination patient signal, and removing the
signal component associated with the signature cycle (e.g,,
ECG signal component) from the combination patient signal
to generate a first output signal. In some implementations, an
ECG signal component is removed to more accurately and
reliably extract the signal of interest (e.g., blood pressure
signal component) from the ongoing combination patient
signal. However, it may be a challenge to efficiently eliminate
the ECG signal component due to at least two reasons: (a) the
ECG signal amplitude is larger than amplitudes of other sig-
nals, especially those acquired from the surface lead system;
and (b) ECG signal component usually has a pretty broad
frequency bandwidth (e.g., 3 Hz to 250 Hz) compared to the
blood pressure bandwidth (0.5 Hz to 50 Hz), which means
normal bandwidth filters (e.g.. low pass, high pass and band
pass filters) may not be able to effectively separate the blood
pressure signal from ECG activity and response.
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[0037] Insome implementations, unwanted signal estima-
tor 113 derives the signature cycle from the combination
patient signal by selecting the reference portion episode (e.g.,
typical part in the ECG signal recording) and using an average
heart beat cycle as the signature cycle. Filter module 106 then
filters out or eliminates the signal component associated with
the signature cycle from the combination patient signal by
synchronizing the timing of the signature cycle in the
acquired patient signals to generate the first signal.

[0038] FIG.3illustrates an exemplary ECG signature cycle
matching pursuit method 204 for deriving and eliminating the
ECG signal component from the ongoing combination
patient signal 304 acquired from a patient surface lead sys-
tem. At step 302, reference cycles of the combination patient
signal 304 may be selected within a calculation window 306.
The average size of the calculation window 306 may be, for
example, 10to 20 heart beat cycles. At 308, averaging may be
performed on the reference cycles within the calculation win-
dow 306 to remove white noise (e.g., environmental noise)
and periodic signal components (e.g., respiration signal com-
ponents) to generate averaged signal cycles 310. Averaging
may be performed by RR wave detection, which facilitates
cycle segmentation. The detected R waves may be used for
cycle averaging, selection of different signal portions, etc.
[0039] The ECG and blood pressure signal components are
usually at the same rate and cannot be separated by averaging.
Fortunately, ECG and blood pressure signal components
occur at different timing stamps, even though the spectral
frequencies are sometimes in the same frequency bandwidth.
Therefore, the ECG signature cycle may be calculated by
performing a time-frequency matching pursuit and recon-
struction method at step 312. Wavelet-based time-frequency
(T-F) distribution analysis may be used to reconstruct the
ECG signature cycle 316. It should be appreciated that other
methods may also be used to identify the ECG signal signa-
ture cycle.

[0040] More particularly, the wavelet-based T-F matching
pursuit method may be used to select ECG signature cycle
sub-components, which are also used for reconstructing ECG
signature cycle 316. FIG. 4 shows a computer simulation of
an ECG signal 402 and corresponding time-frequency (T-F)
distribution 404. Various clinically significant sub-compo-
nents (#1 to #7) of the T-F distribution 404 may be segmented
based on T-F distribution analysis. The sub-components (#1
to #7) may be segmented based on, for example, prior knowl-
edge of the ECG signal (e.g., energy and waveform distribu-
tion of the P wave, QRS wave, etc.).

[0041] Insome implementations, a 6-layer wavelet decom-
position is applied to generate the ECG signature cycle sub-
components. According to the position and clinical signifi-
cance, the sub-components may be marked #1 to #6 to be used
for ECG signature component reconstruction. Sub-compo-
nent #7 may be eliminated and not used for reconstructing the
ECG signature component. Clinically significant sub-com-
ponents #1 to #6 may be adaptively selected by a clinical user
or software program, such as a timing-duration and frequency
range determination algorithm. The selected sub-components
#1 to #6 may then be used to reconstruct a new ECG signal
component (i.e., ECG signature cycle), which can be used in
the matching pursuit analysis in the blood pressure signal
extraction and unwanted signal/noise removal step 318 as
shown in FIG. 3.

[0042] Returning to FIG. 3, at step 318, signal 310 is
denoised by removing the ECG signature signal cycle 316 to
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generate intermediate blood pressure signal component 324
(or first output signal). This may be performed by comparing
and synchronizing the ECG signature cycle with each cardiac
cycle. In some implementations, the ECG signature cycle is
synchronized with the R wave of each cardiac cycle. The
resulting intermediate blood pressure signal component 324
(or first output signal) may still include some biological and/
or electrical noise.

[0043] Returning to FIG. 2, at 208, filter module 106 per-
forms frequency sub-bandwidth filtering of the first output
signal to generate a second output signal. Such sub-band-
width filtering may be linear or non-linear. Linear filtering
generally involves processing an input signal to produce an
output signal subject to a linearity constraint (i.e., straight line
relationship), while nonlinear filtering generally involves
producing an output signal that is not a linear function of the
input signal. In nonlinear filtering, the filter parameters (e.g.,
bandwidth, amplitude threshold, coefficients, etc.) may be
non-uniformly segmented based on signal characteristics,
and nonlinearly controlled and adaptively adjusted by soft-
ware or the clinical user.

[0044] Filter parameters may be adaptively adjusted to
remove one or more unwanted signal components (e.g.,
noise) in response to changes in the second output signal. As
discussed previously, the ECG signature component can be
eliminated by using the signature cycle matching pursuit
method on the ongoing acquired combination patient signal
(or from a pre-defined benign signal episode or reference
signal portion). However, due to resolution and signal accu-
racy limitations, it may not be possible to completely elimi-
nate remaining noise and unwanted artifacts. In addition,
blood pressure signal components, in addition to other patient
signal components, may sometimes show time-varying
changes. Therefore, a varying signal frequency bandwidth
control based on ongoing signal characteristics for filtering
may be needed.

[0045] FIG. 5illustrates an exemplary method of nonlinear
frequency bandwidth control. More particularly, an adaptive
nonlinear sub-bandwidth (or sub-band) filter system 106 and
a corresponding amplitude-frequency graph 504 are shown.
The filter system 106 may include a nonlinear frequency
bandwidth controlunit 506 for controlling filters 1 to n (510).
Nonlinear frequency bandwidth control unit 506 may include
signal characterization algorithms implemented in software,
hardware and/or firmware (e.g., FPGA and microcontroller)
for controlling filter parameters. Exemplary filter parameters
may include, for instance, size of frequency sub-bands,
amplitude threshold of each sub-band, filter shape (e.g., filter
order, rising-falling edge, etc.) of each sub-band, and so forth.
Such filter parameters (frequency band size, cut-off fre-
quency, amplitude threshold, filter order, etc.) may be auto-
matically and adaptively tuned via signal calculation and
diagnosis. These filter parameters and associated sub-band
categorization may be nonlinear (or non-uniform) due to the
nonlinear characteristics of the patient signal, such as IBP
signal, ECG signals, etc.

[0046] Filters 1 to n (510) separates (or categorizes) the
frequency bandwidth of the ongoing patient signal (or first
output signal) into several frequency sub-bandwidths for
various clinical purposes, as shown in the amplitude-fre-
quency graph 504. The frequency sub-bandwidths may
include, but are not limited to, low dynamic range for IBP
signal component, middle range for ECG signal component,
high range for ICEG signal component, etc. Each filter may
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separate the frequency bandwidth into a default frequency
bandwidth, such as 0-5 Hz for filter 1, 5-10 Hz for filter 2,
10-16 Hz band filter 3, and so forth.

[0047] Insomeimplementations, software control and cali-
bration unit 508 is communicatively coupled to nonlinear
frequency bandwidth control unit 506 for adaptively control-
ling the filters 1 to n (510) in substantially real-time. The
filters 510 are adaptively controlled in response to changes in
the output signal (Signal out) communicated via hardware
(HW)/software(SW) based feedback control unit 512. Soft-
ware control and calibration unit 508 may, for example,
modify the number of filters, sub-bandwidth size (e.g., 1. {2,
etc. frequency values) and other filter parameters (e.g., order,
shape. amplification ratio, cut-off frequency, feedback coef-
ficient 3, etc.) associated with the filters 1 to n. Such adaptive
controlling is responsive to the dynamic shifting and minute
changes in the output signal, and is particularly useful in
removing unwanted signals and/or noise that are located in
frequency bandwidths that are different from preferred sig-
nals (or signals of interest) that need to be admitted. The filter
parameters may be modified to best fit the current patient
situation and/or clinical application requirements. When pre-
ferred signals and unwanted signals and/or noise have over-
lapping frequency bandwidths, partial signals may help
increase the signal-to-noise ratio. However, admitting some
unwanted signal or noise may help to retain most of preferred
signals, and signal smooth filtering may be employed to
eliminate the unwanted noise from the overlap of frequency
bandwidths.

[0048] The filter parameters may be automatically adjusted
by using different approaches, such as fuzzy algorithms,
expert algorithm, etc. In some implementations, an artificial
neural network (ANN)-based method is used to determine the
filter parameters. In addition, the ANN-based method may
also derive other control parameters, such as a reference-
benign signal, size of shifting window, etc.

[0049] FIG. 6 shows an exemplary ANN module 602 for
nonlinearly estimating filter parameters and associated con-
trol parameters. The exemplary ANN module 602 includes
three layers: input layer 603, hidden layer 604 and output
layer 605. A, are weights applied between the input layer 603
and hidden layer 604, while B, are weights applied between
the hidden layer 604 and output layer 605. A, weightsand B |
weights can be adaptively adjusted with a training data set.
ANN unit 602 may incorporate a self-learning function that
processes new input data 606, 608 and 610 to increase the
precision and accuracy of calculated results 612.

[0050] ANN module 602 combines and maps input data
606, 608 and 610 to output parameters 612. Exemplary input
data includes data associated with acquired ECG signal cat-
egorization 606 (e.g., RR wave analysis results, frequency
map, etc.), data associated with pre-knowledge of signal
analysis 608 (e.g., amplitude, frequency, etc.) and data asso-
ciate with other methods and patient history (e.g., method 1 to
N). Depending on the application and clinical usage (e.g.,
convenience, precision, etc.), methods 1 to N may correspond
to different stages, different frequency bandwidths, different
parameters, etc. Exemplary output parameters may include,
but are not limited to, filter sub-band categories, filter cut-off
frequency series, filter order of each band pass filter, filter
shape, filter amplification ratio (or attenuation), calculation
shifting window size, feedback coefficient 8, and so forth.
[0051] Returning to FIG. 2, at 210, filter module 106
removes same and/or off sub-bandwidth signal components
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from second output signal to generate a third output signal.
Such signal components are within the same frequency sub-
bandwidth and/or outside the frequency sub-bandwidth of the
signal of interest (e.g., blood pressure signal component). Off
frequency sub-band signal components may include a respi-
ration signal component, while same frequency sub-band-
width signal components may include other unwanted noise
(e.g., power line or electrical noise).

[0052] The respiration signal component may be extracted
by RR waveform peak envelop diagnosis. Typically, the res-
piration signal component is much slower than the ECG
signal component, and actually continuously and dynami-
cally shift the signal base. When the signal source 102 records
an ECG signal, it is actually recording a modulated ECG
signal with a low frequency waveform shifting respiration
signal component. By tracking the amplitudes and positions
of the R waves, the respiration signal component may be
extracted from the R waves. For simplification, the respira-
tion signal component can be eliminated by adaptive low pass
filtering, such as 0.5 to 3 Hz, which corresponds to the respi-
ration rate of 2 to 180 per minute. By defining the frequency
range, the respiration signal component can be separated.
[0053] Same frequency bandwidth signal separation may
be performed to eliminate power line and electrical noise
from other medical devices (via Electromagnetic compatibil-
ity or EMC and electromagnetic interference or EMI) from
the patient signal. Such noise components may be within the
frequency range of 50-60 Hz and their harmonics, such as 100
Hz, 120 Hz, etc. These unwanted noise frequency ranges are
within the signal bandwidth as the blood pressure signal
component, and some sharp notch filtering may be needed.
These notch filters may have high Q value and adaptive center
peak frequency tracking, such as from 59 to 61 Hz (for 60 Hz
power line noise).

[0054] At 212, intermediate signal extraction module 114
performs reconstruction of the signal of interest (e.g., blood
pressure signal component) from the third output signal to
generate an intermediate signal of interest. After removing
the first signal component (e.g., ECG signal component), the
same and/or off frequency sub-bandwidth signals (e.g., res-
piration signal component, noise, etc.), the resulting third
output signal may still be categorized into different predeter-
mined sub-bands by using adaptive frequency bandwidth fil-
tering. A time-varying weighted signal reconstruction
approach may be used to integrate the sub-band components
which have been filtered in step 208.

[0055] FIG. 7 illustrates an exemplary method of blood
pressure signal reconstruction from nonlinear frequency sub-
bands. A unified frequency amplitude versus frequency graph
702 is shown to illustrate the re-integration (or addition) of
different filter sub-bands in the frequency domain. A unified
frequency amplitude versus time graph 704 is shown to illus-
trate the reconstruction of a blood pressure signal in the time
domain by performing inverse fast Fourier transform (IFFT)
on the integrated frequency components. Due to the gap
between the integrated frequency sub-components, the recon-
structed blood pressure signal may show some unexpected
peaks or artifacts 706. These nonlinear gap noise or artifacts
may be eliminated by signal smooth filtering, as will be
described with reference to step 214. In some implementa-
tions, the nonlinear gaps or non-smooth frequency connec-
tion points between different filter frequency bands are inter-
polated, especially at the cut-off frequency points. By using
interpolation to bridge the gap points, the whole frequency
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spectrum waveform may be much smoother with all the
unwanted fast changing points removed to generate an intet-
mediate blood pressure signal.

[0056] At 214, cleanup filter 120 cleans up the intermediate
signal of interest to remove artifacts and generate the final
signal of interest. Signal shape clean-up or smooth filtering
may be used as a denoising method for reconstructed blood
pressure waveforms, which still contain a lot of fast changing
signal components due to noise or artifact accumulation.
Shape cleanup or smooth filtering method is based on the
assumption that biological signals do not change too fast. If
there is any fast change within the patient signal, it is consid-
ered to be some kind of noise that should be discarded.
[0057] Insome implementations, Savitzky-Go lay smooth-
ing filters are used. Such smoothing filter may also be referred
to as digital smoothing polynomial filters or least-squares
smoothing filters. Compared with standard averaging infinite
impulse response (IIR) and finite impulse response (FIR)
filters. Savitzky-Golay smoothing filters perform much better
by filtering out a significant portion of the signal’s high fre-
quency content along with the noise. Savitzky-Golay smooth-
ing filters are optimal in the sense that they minimize the
least-squares error in fitting a polynomial to each frame of
noisy data. The signal-to-noise ratio (SNR) may be improved
from 1:10 to final 20:1 after the signal cleanup and smooth
filtering. Usually, when the signal to noise is 1:10, the blood
pressure signal is not clearly visible, while the blood pressure
signal has very good shape and resolution once the SNR is
20:1.

[0058] One aspect of the present framework provides an
indirect approach to extract blood pressure signal component
that is buried inside the EP signal data. FIG. 8 illustrates an
exemplary computer data simulation of one implementation
of the present method of blood pressure signal extraction
from EP signals. This example may provide evidence that it is
possible to extract blood pressure signal from any patient
signal recording. This may save a lot of clinical effort, analy-
sis and patient risk, advantageously removing the need to use
multiple transducers and medical equipment.

[0059] The data simulation example shows blood pressure
signal extraction from real-time LA lead electrophysiological
signal data 802 acquired from an intra-cardiac catheter. The
blood flow and myocardium electrical characteristics varied
with heart cycles, which resulted in intra-cardiac myocardial
and blood fluid impedance changes. The blood pressure
changes corresponded to the impedance changing rate and
mode. In the original EP signal data 802, there was nearly no
way to visualize the blood pressure signal component. After
applying the present techniques 804 (e.g., matching pursuit
method, sub-bandwidth filtering, adaptive frequency control
and nonlinear filter parameter control and feedback), as well
as signal clean-up and smooth filtering 806, the resulting BP
signal 808 was very obvious. An adaptive feedback and con-
trol system 810 was used to control the filter parameters in
response to changes in the resulting BP signal 808, thereby
optimizing the SNR to meet the requirements of the applica-
tion. In the resulting BP signal 808, all ECG signal compo-
nents, power line noise and other biological noise, were elimi-
nated and signal-to-noise ratio (SNR) was roughly 23:1.
[0060] While the present invention has been described in
detail with reference to exemplary embodiments, those
skilled in the art will appreciate that various modifications
and substitutions can be made thereto without departing from
the spirit and scope of the invention as set forth in the
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appended claims. For example, elements and/or features of
different exemplary embodiments may be combined with
each other and/or substituted for each other within the scope
of this disclosure and appended claims.

1. A non-transitory computer readable medium embodying
a program of instructions executable by machine to perform
steps for signal filtering, the steps comprising:

receiving an electrophysiological signal;

removing an electrocardiogram signal component from the

electrophysiological signal by performing an electrocar-
diogram signature cycle matching pursuit method to
generate a first output signal;

eliminating noise from the first output signal to generate a

second output signal by performing sub-bandwidth fil-
tering of the first output signal;

removing a respiration signal component from the second

output signal to generate a third output signal; and
reconstructing a blood pressure signal based on the third
output signal.

2. The non-transitory computer readable medium of claim
1 embodying further instructions executable by the machine
to perform the electrocardiogram signature cycle matching
pursuit method by deriving a signature cycle from the elec-
trophysiological signal and removing the electrocardiogram
signal component associated with the signature cycle from
the electrophysiological signal.

3. The non-transitory computer readable medium of claim
2 embodying further instructions executable by the machine
to perform the sub-bandwidth filtering of the first output
signal by performing steps comprising:

separating, via multiple filters, the first output signal into

multiple frequency sub-bandwidths to generate the sec-
ond output signal; and

adaptively adjusting, in response to changes in the second

output signal, filter parameters associated with the filters
to remove the second unwanted signal component.

4. The non-transitory computer readable medium of claim
1 embodying further instructions executable by the machine
to remove the respiration signal component by low pass fil-
tering.

5. The non-transitory computer readable medium of claim
1 embodying further instructions executable by the machine
to clean up the blood pressure signal by applying a smoothing
filter.

6. A method of signal filtering, comprising:

receiving a combination patient signal;

removing a first signal component from the combination

patient signal to generate a first output signal by per-
forming a signature cycle matching pursuit method
based on the combination patient signal;

removing a second signal component from the first output

signal to generate a second output signal by performing
sub-bandwidth filtering of the first output signal;
removing a third signal component from the second output
signal to generate a third output signal; and
reconstructing a signal of interest based on the third output
signal.

7. The method of claim 6 wherein the combination patient
signal comprises a blood pressure signal component, an elec-
trocardiogram signal component, a respiration signal compo-
nent and a noise component.

8. The method of claim 7 wherein the signal of interest is a
blood pressure signal component.
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9. The method of claim 6 wherein the sub-bandwidth fil-
tering is linear.

10. The method of claim 6 wherein the sub-bandwidth
filtering is nonlinear.

11. The method of claim 6 wherein performing the signa-
ture cycle matching pursuit method comprises deriving a
signature cycle from the combination patient signal and
removing the first signal component associated with the sig-
nature cycle from the combination patient signal.

12. The method of claim 11 wherein the signature cycle
comprises an electrocardiogram signature cycle.

13. The method of claim 11 wherein deriving the signature
cycle comprises:

selecting multiple reference cycles of the combination

patient signal;

averaging the reference cycles to generate averaged signal

cycles; and

performing a wavelet-based time-frequency distribution

analysis to reconstruct the signature cycle.
14. The method of claim 13 wherein performing the wave-
let-based time-frequency distribution analysis comprises:
segmenting a time-frequency distribution of the signal
component into a set of sub-components; and

reconstructing the signature cycle based on clinically sig-
nificant sub-components selected from the set of sub-
components.

15. The method of claim 6 wherein performing the sub-
bandwidth filtering of the first output signal comprises:

separating, via multiple filters, the first output signal into

multiple frequency sub-bandwidths to generate the sec-
ond output signal; and

adaptively adjusting, in response to changes in the second

output signal, filter parameters associated with the filters
to remove the second signal component.
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16. The method of claim 15 wherein the filter parameters
comprise a number of filters, bandwidth size, order, shape,
amplification ratio, cut-off frequency, or a combination
thereof.

17. The method of claim 15 wherein adaptively adjusting
the filter parameters comprises performing an artificial neural
network-based method.

18. The method of claim 6 wherein removing the third
signal component from the second output signal comprises
removing a respiration signal component by performing low
pass filtering.

19. The method of claim 6 further comprises cleaning up
the signal of interest by applying a smoothing filter.

20. A system for signal filtering, comprising;

a signal source that acquires a combination patient signal,

a computer system communicatively coupled to the signal

source, wherein the computer system includes
a non-transitory memory device for storing computer
readable program code, and
a processor in communication with the memory device,
the processor being operative with the computer read-
able program code to perform steps including
removing a first signal component from the combina-
tion patient signal to generate a first output signal
by performing a signature cycle matching pursuit
method based on the combination patient signal,
removing a second signal component from the first
output signal to generate a second output signal by
performing sub-bandwidth filtering of the first out-
put signal,
removing a third signal component from the second
output signal to generate a third output signal, and
reconstructing a signal of interest based on the third
output signal.
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