a9y United States

US 20150164429A1

12) Patent Application Publication (o) Pub. No.: US 2015/0164429 A1l

Zhang (43) Pub. Date: Jun, 18, 2015
(54) PATIENT SIGNAL ANALYSIS BASED ON AG6IN 1/365 (2006.01)
ACTINIFORM SEGMENTATION A6IB 18/14 (2006.01)
A61B 5/0456 (2006.01)
(71) Applicant: Siemens Medical Solutions USA, Inc., (52) US.CL
Malvern, PA (US) CPC ........... A61B 5/7235 (2013.01); A61B 18/1492
. (2013.01); A61B 5/0456 (2013.01); A61B
(72) Inventor: Hongxuan Zhang, Palatme, 1L (US) 5/4836 (201301), AGIN 1/365 (201301),
AG6IN 1/3906 (2013.01)
(21) Appl. No.: 14/520,378
. (57) ABSTRACT
(22)  Filed: Oct. 22, 2014 Disclosed herein is a framework for facilitating patient signal
Related U.S. Application Data an'fllys.is. In accordance w.ith one aspect, actiniform segmen-
tation is performed on patient signal data waveform based on
(60) Provisional application No. 61/916,330, filedon Dec.  an actiniform shape. The actiniform shape is centered at a
16, 2013. peak of the waveform and includes connection lines extend-
ing from the peak to key time points of the patient signal data
Publication Classification waveform. Actiniform parameters may be extracted from the
segmented patient signal data waveform. Additionally, one or
(51) Imt.ClL more actiniform ratios may be determined based on the
A61B 5/00 (2006.01) actiniform parameters to monitor changes in the patient sig-
A6IN 1/39 (2006.01) nal data waveform.
206 A
CPU
202

.

Non-transitory
computer-readable
media
205

Signal
analysis
unit

22

Database
224

A

A

\d

A

Patient
Monitor

230

A

Network
Controller To

Network

203

Input
Devices

208

Output
Devices
211

Medical
Treatment
Device
232



[ 814

US 2015/0164429 A1

fumary pue uogepawbas
Jof BuLssueg
- = oLt oo »
e uonemp ot e uonemp atun ¥y
3
-
>
2 oy sbejjon oy
)
v J ‘
S T
m 151k L ,.f
= =y
= i
= gy

148!

Patent Application Publication



Patent Application Publication

Jun. 18,2015 Sheet 2 of 6

CPU
-t
)
22 Network
. i Controller
Non-transitory 203
computer-readable
media
205 Input
L Devices
Signal Dl 208
analysis S
unit
Output
222 ‘> Devices
211
|
Database
224

Patient
Monitor

Patient

200

Fig. 2

Medical
Treatment
Device
232

US 2015/0164429 A1




US 2015/0164429 A1

Jun. 18,2015 Sheet 3 of 6

Patent Application Publication

¢ 814

o

4

.

L (Ionmos Shewicne pae sAdepy)
2o ‘gyep "Ioyege
SE YINS *IIASP JUSMILI | EHPIN

ejep
pue jeudis
subis feyn pue
siusuApowssy
ypaoed RO
SC0E

Bjep
239 ‘9301
1903 wened
qz0¢c

aydesHioniop
waged
©zZOE

1€ cie



Patent Application Publication  Jun. 18,2015 Sheet 4 of 6 US 2015/0164429 A1

. 402
Acquire patient signal data
v 404
Pre-process patient signal data 408
y 406 //
T e i Generate |
Baseline Ves
< 288 baseline cardlac
dctermmatlon7 - i
signal
"y No ’
L 410
Determine continuous cardiac cycles !
- 412
) Y ]
L Petform actiniform segmentation ( 494
v 414 . . .
- Adaptively adjust
" Extract actiniform parameters of an ROI 0f /| / i prioety 2] i
=== calculation
segmented waveforn :
: . parameters
) \ 416 A
Determine unilateral actiniform ratios base i
on actiniform parameters ;
v 418 :
-y . . ) i
Determine bilateral actiniform ratios based i
on actiniform parameters ;
: g |
v 420 .
No e T |
. Patho logy or event detectzon’ ;
,,,, S |
7 t
y Yes 422 :
|
i

Perform multi-channel pathology mapping |

and event characterization

Y 426
Generate report ’

400

Fig. 4



Patent Application Publication

US 2015/0164429 A1

Jun. 18,2015 Sheet S of 6

iy
LR
¢ XX
f%\\ L‘\\, :‘.ﬁ
Y >
. Catheter in Right atiom
504 Basket catheter (with atrial fibrillaion poinit)

| Actissiforsy ps smeles

X

N\
e

'><- :
:
H

e

|

,} E Actniform ratioy
w § Abwormadity sovority
U A ablatinn pricdity

J

508

*

" 506

Low actinifonn

Atrial actiniform information mapping for AV analysi

Fig. 5



Patent Application Publication  Jun. 18,2015 Sheet 6 of 6 US 2015/0164429 A1

602 604 606
Noemat Early Ischemia Early infarcion

EP sipnals /
and wavelorm W/M?j N
(ECGACEG ) a
\\
Stsegment /Ao b
elevation e «»'”"""'g 0my
608 Tt Detection time
Actinitorm T pas
_ : S Basaline +20%
Shiipﬂ Rabie e s S { i e e \\\ - Baseline ¥ 10%
BSRyygle 53 e Rt ¥ Detection time Warning threshold
510
AT
T e, A T o g o Bassine + 20%
Acttaiform P e i ~ ;
distance Ratio -~ H Detection i N
ADR gy 5= Lpflp A BEHOR Ime Warting Gesshiold
612

&
is the detection time for 90% confdece  +  is the detection tme for 100% corfidernce

Fig. 6



US 2015/0164429 Al

PATIENT SIGNAL ANALYSIS BASED ON
ACTINIFORM SEGMENTATION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. provi-
sional application No. 61/916,330 filed on Dec. 16, 2013, the
entire contents of which are incorporated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure generally relates to systems
and methods for analyzing and characterizing patient signals.

BACKGROUND

[0003] Coronary artery disease (CAD) is one of the top
killer diseases in today’s society, accounting for nearly 500,
000 deaths in America each year. Studies estimate that 50% of
men and 33% of women under the age of 40 will develop
some form of CAD sometime during their lifetimes. Sudden
cardiac death has steadily accounted for approximately 50%
of all heart-related, out-of-hospital deaths and improved
clinical procedures almost entirely ignore this group. The fact
that patients generally fail to recognize their symptoms and
seek prompt medical attention contributes to this tragic sta-
tistic. However, the early stages of CAD are usually non-
symptomatic and even invisible with current clinical cardiac
signal analysis strategies. If fatal cardiac arthythmia events
can be sensitively and accurately detected and captured, the
cardiac functional abnormality frequency and severity can be
earlier detected and characterized. This may greatly help the
doctor to provide early and more effective clinical treatment
and then prevent fatal heart diseases.

[0004] Recognition and characterization of early arrhvth-
mia events, such as ventricular tachycardia, myocardial
ischemia (MI) and infarction, are critical for rhythm manage-
ment of the cardiac disorders and irregularities. Currently,
waveform morphology and time domain parameter analysis
of depolarization and repolarization of cardiac signals, such
as P wave, QRS complex, ST segment and T wave, are used
for monitoring and identifying cardiac arrhythmia. However,
such current clinical methodologies are sometimes subjective
and time-consuming, and require expertise and clinical expe-
rience for accurate interpretation and proper cardiac rhythm
management.

[0005] Recently, some research efforts have started to
apply more sophisticated mathematical theories to interpret
patient signal, such as frequency analysis, symbolic complex-
ity analysis and nonlinear entropy evaluation, focusing pri-
marily on generating a new pathology index for qualitative
cardiac arrhythmia characterization. Although these research
efforts may be able to qualitatively describe the pathology or
event, they cannot provide enough information on cardiac
electrophysiological function/activity interpretation, tissue
mapping, arrhythmia localization, etc.

[0006] Additionally, traditional medical methods usually
focus on changes in the time (amplitude, latency, etc.) or
frequency (power, spectrum, etc.) domain, which may not
efficiently and accurately capture minute signal changes in a
partial portion (P wave, QRS complex, ST segment, etc.) of a
cardiac cycle. Such changes are usually invisible in the signal
wave morphology display or need extensive clinical expertise
to obtain an accurate diagnosis. Consequently, a high failure
rate of arrhythmia diagnosis and false negatives (FN) may
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result. A false negative (FN) wrongly indicates that a person
has disease X (e.g., myocardial ischemia), even though he or
she does not actually have the disease.

[0007] Known clinical approaches for cardiac arrhythmia
identification and analysis based on electrocardiography
(ECG) signals are subjective and require extensive expertise
and clinical experience for accurate interpretation and appro-
priate cardiac rhythm management. More objective analytical
and diagnostic strategies for cardiac signals and activities are
needed. Furthermore, known methods based on amplitude (or
voltage) variation analysis may not be sufficient for cardiac
function evaluation and pathology diagnosis. No quantitative
clinical evaluation and link between myocardial ischemia
event/status and the amplitude and variation index are pro-
vided.

[0008] Known clinical evaluations for cardiac malfunction
detection and characterization (e.g., MI and infarction) are
based on the “golden standard” using ST segment voltage
deviation (e.g., 0.1 mV elevation is the clinical standard for
myocardial ischemia or MI detection). However, there are at
least two shortcomings with the golden standard for this kind
of diagnosis and evaluation: (a) this standard only works for
surface ECG signals, but not for intra-cardiac electrograms
(ICEG); (b) ST segment deviation in voltage cannot be uti-
lized to quantitatively characterize myocardial ischemia
severity. There is a clinical need for both quantitative and
qualitative approaches for cardiac arrhythmia detection and
characterization.

[0009] Further, current clinical methods based on cardiac
pathology information extraction (e.g., atrial fibrillation or
AF detection and MI diagnosis) may not be able to qualita-
tively and quantitatively capture minute changes, and predict
the pathological trend, especially in the early stage of tissue
malfunctioning and acute cardiac arrhythmia. Known current
methods may not efficiently analyze the real-time growing
trend of cardiac arrhythmias, such as the pathology trend
from low risk to medium risk, and then to high risk (severe
and fatal) rhythm (especially for some fatal arrhythmia, such
as VT growing and trend to VF).

[0010] Even further, known clinical methods and strategies
for cardiac pathology event detection and evaluations rely
only on partial portion cardiac waveform and electrophysi-
ological procedure, such as ST segment changes for myocar-
dial ischemia. However, different portions of the cardiac
waveform may provide some additional information of the
events and cardiac diseases.

[0011] Inaddition, there are many cardiac arrhythmia (such
as ischemia and fibrillation) analysis methods for detecting
and treating heart pathology, such as heart rate variability,
medicine, implantable cardioverter, etc. However, the effi-
ciency and reliability of these kinds of clinical approaches
may not be sufficient, especially in a noisy environment since
atrial activities may be buried in noise and artifacts. It would
be achallenge to efficiently and reliably extract atrial arrhyth-
mia information from the electrophysiological signals (e.g.,
surface ECG and intra-cardiac electrograms). Current medi-
cal applications also need better methods to detect cardiac
pathology events in a more reliable and timely manner, and
particularly to provide early warning and treatment options
for fatal heart arrhythmia, which can be used in implantable
cardioverter defibrillator (ICD) patients.
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SUMMARY

[0012] The present disclosure relates to a framework for
facilitating patient signal analysis. In accordance with one
aspect, actiniform segmentation is performed on patient sig-
nal data waveform based on an actiniform shape. The actini-
form shape is centered at a peak of the waveform and includes
connection lines extending from the peak to key time points
of the patient signal data waveform. Actiniform parameters
may be extracted from the segmented patient signal data
waveform. Additionally, one or more actiniform ratios may
be determined based on the actiniform parameters to monitor
changes in the patient signal data waveform.

[0013] 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, noris 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

[0014] 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.

[0015] FIG. 1illustrates an exemplary actiniform segmen-
tation of an electrophysiological signal waveform;

[0016] FIG. 2 shows an exemplary system;

[0017] FIG. 3 shows an exemplary implementation of a
closed loop feedback control system;

[0018] FIG. 4 shows an exemplary method of analyzing
patient signals based on actiniform segmentation;

[0019] FIG. 5 illustrates an exemplary multi-channel
pathology mapping; and

[0020] FIG. 6 shows exemplary computer simulation data
for myocardial ischemia event detection and characterization.

DETAILED DESCRIPTION

[0021] 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
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.

[0022] 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
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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.

[0023] Itis to be further understood that since the constitu-
ent system modules and method steps depicted in the accom-
panying Figures are preferably implemented in software, the
actual connections between the system components (or the
flow of the process steps) may differ depending upon the
manner in which the present invention is programmed Given
the teachings herein, one of ordinary skill in the related art
will be able to contemplate these and similar implementations
or configurations of the present invention.

[0024] The present framework provides a methodology to
analyze patient signals. In accordance with one aspect, the
framework characterizes cardiac electrophysiological func-
tion signals (e.g., surface ECG signals, intra-cardiac electro-
grams, etc.) by segmenting or categorizing the signal wave-
forms into several different portions based on an actiniform
(i.e., radiated) distribution pattern. Different portions of the
cardiac electrophysiological signals represent activities of
different cardiac tissue and circulation system. Based on such
actiniform segmented cardiac activity, heart electrophysi-
ological response and signal abnormality may advanta-
geously be detected much earlier. The segmented electro-
physiological signal analysis may be used to continuously
monitor and capture minute changes of early stages of the
CAD (especially for MI, AF, VT, etc.), which may help medi-
cal doctors to save time and reduce risk to cardiac patients by
providing on-time treatment and drug delivery. Cardiac func-
tionality and electrophysiological activities may be more reli-
ably characterized to, for example, identify heart function
disorders, differentiate cardiac arrhythmias, characterize
myocardial pathological severities and tissue location, pre-
dict life-threatening events, evaluate drug delivery and
effects, and so forth.

[0025] FIG. 1 illustrates an exemplary actiniform segmen-
tation of an electrophysiological signal waveform 101. Dif-
ferent kinds of actiniform segmentations and different defi-
nitions of actiniform parameters, ratios and/or indices may be
derived from the segmented waveform. As shown, the elec-
trophysiological signal waveform 101 is segmented (or cat-
egorized) into different portions by an actiniform shape (or
distribution) 104. In accordance with some implementations,
the actiniform shape 104 is a non-uniform radiated form
centered at an R wave peak. The actiniform shape 104 may
also be centered at other time points or amplitude, depending
on the clinical application or purpose. The actiniform shape
104 may be isotropic in different directions, speeds, strength,
shapes and/or lengths.

[0026] The actiniform shape 104 includes connection lines
extending from the center towards key time points of the
signal waveform 101. The key time points may be defined
based on different waves that occur within a cardiac cycle
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(e.g., P, Q,R. S, T waves, etc.). As shown, the cardiac cycle
may be divided by the actiniform lines into six portions (S1 to
S6) by using the time points corresponding to the P wave
maximum amplitude (or peak), Q wave minimum amplitude,
R wave maximum amplitude, S wave minimum amplitude, T
wave maximum amplitude, T, , and T, time points. T, 4 is
a time point defined before the occurrence of the P wave,
while T, is a time point defined after the occurrence of the
T wave. The T, ; and T, ,,, time durations may be measured
from the R time point corresponding to the maximum ampli-
tude (or mid-point) of the R wave to the T, ;and T, ,, time
points respectively. T, and T,,.,, time points may be pre-
defined or determined by clinical users. Alternatively, they
may be adaptively and automatically controlled by an algo-
rithm. For example, when the heart rate is 60-80 beats per
minute (BPM), T, and T, time durations may be set to
150 mS and 200 mS respectively. When the heart rate is
higher, the corresponding T, , and T, ,, time durations may
be proportionally decreased to adapt to cardiac cycle changes.
By using R wave peak connection with every key time point,
different actiniform line series [, may be derived: L4, L,
Lo, Lg, L, Ly and L, ... Different actiniform areas Sx may
be defined based on these actiniform lines. For example, S3 is
the area defined by L5, Lz, and Q,;, lines. Bach area Sx may be
represented by a set of data points within and/or around the
actiniform area.

[0027] Segmentation may be based on other key time
points, such as the U wave point, zero voltage cross point, etc.
Accordingly, any portion of the cardiac signal may be accu-
rately and reliably monitored and visualized. Based on the
clinical application and diagnosis needs, the segmentation
may be simplified by selecting certain connection lines or
areas of interest, such as S1, S2, and S3 for atrial chamber
abnormality and pathology detection. Similarly, the angles
(al, 02, etc.) between the actiniform lines may be adaptively
and automatically measured. The angle values may be uti-
lized for monitoring and calculating cardiac signal waveform
shape distortion and changes.

[0028] FIG. 2 shows an exemplary system 200 for imple-
menting a method and system of the present disclosure. It is 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 systems components (or the process steps)
may differ depending upon the manner in which the present
framework is programmed. For example, the system 200 may
be implemented in a client-server, peer-to-peer (P2P) or mas-
ter/slave configuration. In such configurations, the system
200 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 invention provided herein, one of
ordinary skill in the related art will be able to contemplate
these and similar implementations or configurations of the
present invention.

[0029] As shown in FIG. 2, the system 200 may include a
computer system 201, a patient monitor 230 and a medical
treatment device 232. The computer system 201 may include,
inter alia, a central processing unit (CPU) 202, a non-transi-
tory computer-readable media 205, one or more output
devices 211 (e.g., printer, display monitor, projector, speaker,
etc.), a network controller 203, an internal bus 206 and one or
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more input devices 208, for example, a keyboard, mouse,
touch screen, gesture and/or voice recognition module, etc.
Computer system 201 may further include support circuits
such as a cache, a power supply, clock circuits and a commu-
nications bus. Various other peripheral devices, such as addi-
tional data storage devices and printing devices, may also be
connected to the computer system 201.

[0030] 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 205. Non-transitory computer-
readable media 205 may include random access memory
(RAM), read only memory (ROM), magnetic floppy disk,
flash memory, and other types of memories, or a combination
thereof. The present techniques may be implemented by
patient signal analysis unit 222 that is stored in computer-
readable media 205. As such, the computer system 201 is a
general-purpose computer system that becomes a specific
purpose computer system when executing the computer-
readable program code.

[0031] Thesame or different computer-readable media 205
may be used for storing a database 224. Database 224 may
include a repository of determined parameters and ratios,
selectable predetermined functions, patient signal data (e.g,,
electrophysiological, ECG, ICEG, respiration signal data,
other hemodynamic or vital sign data, etc.), patient data (e.g,,
demographic data, pathology history, etc.), other input data
and/or other derived output parameters. Patient signal data
may be provided by a patient monitor 230 that is communi-
catively coupled to the computer system 201.

[0032] Patient monitor 230 may be used to acquire various
types of patient biometric or electrophysiological signal
information for monitoring the patient. For example, the
monitoring information may include, but is not limited to,
electrophysiological signal data (e.g., ECG, ICEG, etc.), oxi-
metric or SPO2 signal data, respiration signal data, blood
pressure, temperature and/or other patient biometric, physi-
ological, hemodynamic, vital sign or medical parameter
information. The patient monitor 230 may include appropri-
ate biometric sensors (e.g., leads for surface ECG and basket
catheter for intra-cardiac electrographic signal data) for
acquiring the monitoring patient signals. Implementations of
the present framework provide parameters to detect, diagnose
and quantify such patient signals.

[0033] Medical treatment device 232 may be automatically
and adaptively controlled by the computer system 201 in a
closed loop feedback control system. Medical treatment
device 232 may include, but are not limited to, a pacing
device, ablator, cardioverter, defibrillator, and so forth. Con-
trol parameters of the medical treatment device 232, such as
the pacing parameter, ablation energy control, etc., may be
automatically determined by computer system 201.

[0034] FIG. 3 shows an exemplary implementation of a
closed loop feedback control system 300. As shown, different
kinds of patient information, such as demographic informa-
tion 3024, patient weight, pathology history 312, pathology
treatment history 314, other patient hemodynamic or vital
sign data 302¢, blood pressure, oximetric (or SPO2) data,
respiration signal data 316, hemodynamic factors derived
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from such signal data 318, etc. may be integrated with actini-
form calculation and characterization to provide better accu-
racy and reliability in characterizing cardiac arrhythmia loca-
tion, severity, treatment priority, controlling external medical
treatment, etc.

[0035] In accordance with some implementations, com-
puter system 201 samples patient electrophysiological signal
data 3024 (e.g., surface ECG or intra-cardiac electrographic
data after signal filtering and conditioning at 304). Signal
analysis unit 222 detects the waves within the signal data
(e.g., P wave, R wave, Q wave, S wave, T wave, etc.) at 306.
Signal analysis unit 222 further performs R wave-centered
actiniform segmentation for patient signal timing (peaks and
valleys) and derives different kinds of actiniform parameters,
ratios, indices, etc., at 308. Different kinds of actiniform
ratios may be derived for same or cross cardiac cycle wave-
form diagnosis, such as unilateral and bilateral actiniform
ratios, as will be discussed in more detail in the following
description. The actiniform ratios may be calculated sequen-
tially for statistical verification of cardiac status pattern and
mode monitoring. Such computations may be executed by a
field-programmable gate array (FPGA) or microcontroller
310. The derived actiniform parameters, ratios and/or indices
may be used in characterizing the severity, type, location,
treatment priority, etc., of cardiac arrhythmia. FPGA or
microcontroller 310 or patient monitoring and recording sys-
tem 319 may send control parameters or power transmission
320 to external medical treatment devices 232 (e.g., pacing
device, ablator, cardioverter, defibrillator, etc.) and/or other
medical devices or equipment in real-time. In addition, a
closed-loop feedback may be provided to adaptively adjust
calculation control parameters for the different steps 304, 306
and 308.

[0036] FIG. 4 shows an exemplary method 400 of analyz-
ing patient signals based on actiniform segmentation. The
steps of the method 400 may be performed in the order shown
or a different order. Additional, different, or fewer steps may
be provided. Further, the method 400 may be implemented
with the system 200 of FIG. 2, system 300 of FIG. 3, a
different system, or a combination thereof.

[0037] At 402, patient monitor 230 acquires patient signal
data from a current patient. In some implementations, the
patient signal data comprises cardiac electrophysiological
signal data, such as intra-cardiac electrographic (ICEG) data,
surface ECG data, etc. The cardiac electrophysiological sig-
nal data may be acquired by multiple channels connected to
an intra-cardiac basket catheter placed into, for example, the
right atrium of the heart. Alternatively, or additionally, other
types of electrophysiological signal data, such as hemody-
namic (HEMO) signal data, respiration (or capnographic)
signal data, blood pressure data, oximetric (SPO2) data, and/
or other vital sign signal data, other measurable patient bio-
metric, physiological or medical signals, may also be
acquired. In addition, other patient information, such as
demographic data, clinical application and patient status,
including, but not limited to, weight, height, gender, age,
allergies, medications, pathology history, pathology treat-
ment history, etc., may also be acquired.

[0038] At 404, the patient signal data is pre-processed. The
patient signal data may be pre-processed by conditioning,
filtering, amplification, digitization and/or buffering. For
example, the patient signal data may be pre-filtered and
amplified for display on, for instance, patient monitor 230.
The patient signal data may be filtered to remove unwanted
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patient movement and respiratory artifacts, as well as power
line noise. The filter may be adaptively selected in response to
data indicating clinical application (e.g. ischemia detection
application, rhythm analysis application). The patient signal
data may be conditioned, amplified, buffered, filtered and/or
digitized to produce a continuous stream of digitized samples.
[0039] At 406, patient signal analysis unit 222 may deter-
mine whether a baseline value or signal is to be automatically
extracted from the digitized patient signal data. The baseline
value (or signal) generally refers to a known threshold value
(or benign signal) with which an unknown value (e.g., ampli-
tude) is compared when measured or assessed. The baseline
value may be used in, for example, threshold determination,
computation of actiniform parameters (e.g., cross ratios), and
so forth.

[0040] Ifthe baseline value or signal is to be automatically
determined, at 408, patient signal analysis unit 222 automati-
cally generates the baseline cardiac value or signal. The base-
line value may comprise a zero voltage line if a static (DC)
voltage signal component is filtered out from the signal. The
baseline value may be adaptively adjusted according to the
current application and clinical requirements. Alternatively,
if the value is not to be automatically determined, the user
may manually select it via, for example, a user interface.
[0041] At 410, patient signal analysis unit 222 determines
continuous cardiac cycles. Continuous cardiac cycles may be
determined by, forexample, R wave detection using an ampli-
tude threshold for R waves.

[0042] At 412, patient signal analysis unit 222 performs
actiniform segmentation. Actiniform segmentation may be
performed by first detecting an R wave in the continuous
cardiac cycles. The R wave peak time is also known as the
intrinsicoid deflection, which represents the time taken for
excitation to spread from the endocardial to the epicardial
surface of the left ventricle of the heart. The R wave may be
determined by, for example, a peak detector.

[0043] The actiniform segmentation is performed based on
an actiniform shape 104 (or distribution), as previously
described with reference to FIG. 1. In some implementations,
the actiniform shape 104 is defined as a non-uniform radiated
form centered at an R wave peak. The actiniform shape 104
may include lines radiating from the center towards key time
points of the signal waveform 101. The key time points may
be defined based on different waves that occur within a car-
diac cycle (e.g., P, Q, R, S, T waves, etc.). Each cardiac cycle
may be segmented by the actiniform lines into different por-
tions.

[0044] At 414, patient signal analysis unit 222 extracts one
or more actiniform parameters of a region of interest (ROT) of
the segmented waveform. The region of interest (ROI) may be
any portion (e.g., single cardiac cycle forunilateral ratios, two
different cycles for bilateral ratios, etc.) of the segmented
waveform that is identified for analysis. The one or more
actiniform parameters may include any values that may be
measured based on the segmented waveform. Types of actini-
form parameters include, but are not limited to, angles (e.g.,
al, a2, etc.) between actiniform lines, distances between the
R-wave peak and the key time points (e.g., L, L;,4, Lg, etc.),
areas (e.g., S1, S2, etc.) between adjacent actiniform lines,
and so forth.

[0045] At 416, patient signal analysis unit 222 determines
one or more unilateral actiniform ratios based on the actini-
form parameters. Each unilateral actiniform ratio compares
actiniform parameters associated with at least two different
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portions of a single cardiac cycle (or heart beat) to character-
ize morphology and detect changes in the waveform of the
patient signal. The unilateral actiniform ratios may include an
actiniform shape ratio (ASR), an actiniform distance ratio
(ADR) and/or an actiniform area or energy ratio (AAER).
[0046] An actiniform shape ratio (ASR) may be determined
based on angles (e.g., a1, 02, etc.) between actiniform lines
that connect the R wave peak to key time points of the signal
waveform. In some implementations, the ASR may be deter-
mined as follows:

Tan(a;) m
ASRangle calculation-ij = m

&; 2

ASR g = — v

wherein ASR,,_;. . denotes the actiniform shape ratio of
angles o, and oy, and ASR .. corcutasion.; denotes the actini-
form shape ratio of values derived from trigonometric tangent
functions Tan(c,) and Tan (et). It should be appreciated that
other types of trigonometric functions, such as Sine (or Sin),
Cosine (or Cos), etc., may also be used to compare the angles.
@, and a; denote two different angles in the actiniform seg-
mented waveform, and may be automatically selected by a
software algorithm or manually determined by a clinical user
according to the clinical application and user preference. For
example, as shown in FIG. 1, 1 and j may be a pair of different
values from 1 to 6.

[0047] An actiniform distance ratio (ADR) of actiniform
line distances L, and I, may be determined as follows:

L ©)

ADRy = -
&

By comparing the actiniform distances, the waveform shape
and latency changes of the ROI peaks in the patient signal
may be more sensitively and accurately quantified. L, and L,
denote distances of two different lines in the actiniform seg-
mented waveform, and may be automatically selected by a
software algorithm or manually determined by a clinical user
according to the clinical application and user preference. For
example, as shown in FIG. 1, the actiniform distance can be
Lo, Lip Lg, ete.

[0048] The actiniform distance may also be defined as a
differential value centered at the distance (Lg) from the R
wave peak to the zero voltage line, which may highlight and
amplify waveform distortions due to cardiac pathologies. The
differential version of the ADR may be defined as follows:

IL; = Lgl “
ADR =
differential-ij — |Lj _ LRl

wherein ADR ;4. 0,101, tepresents the differential ratio of the
ROI actiniform distances L, and L, centering at R wave

actiniform distance L.

[0049] The Actiniform Area and Energy Ratio (AAER)
may be used to compare the area size and energy integration
within actiniform segmented portions of the signal wave-
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form. In some implementations, the actiniform area and
energy ratios are defined as following:

. )
f” A JAG)
VYo . B—
Suiges, b 1AG

6

[ A ©
AAER, = CADES

2
fA(j)eSnA” Al

wherein AAER | and AAER, denote the actiniform area and
energy ratios respectively between two segmented area data
sets, S, and S, ; A(i) and A(j) denote amplitude values of the
corresponding waveform portions; and A, and A, denote
coefficients. Theoretically, the signal time durations of car-
diac ROI portions are dependent on the cardiac heart rate;
however, it may not be proportional. The coefficients A, and
A, may be used to compensate for these changes due to dif-
ferent heart rates (e.g., 60 or 120 BPM). The actiniform area
and energy ratios AAER, and AAER, describe waveform
changes or distortions, especially in the energy of electro-
physiological excitation and transmission in the heart system.
[0050] The different unilateral actiniform ratios may be
combined to generate a Unilateral Actiniform Integrating
Ratio (UAIR) to facilitate monitoring and diagnosis of patient
status. The UAIR may be determined as a weighted sum of
different unilateral actiniform ratios as follows:

Unilateral Actiniform [ntegrating Ratio (UAIR) = M

é; - Ratio;

icunilateral_ratios

wherein UAIR denotes the integrated ratio of multiple uni-
lateral ratios; i is an index selected from 1 to the total number
of unilateral ratios (unilateral ratios) and 9, is a weighting
coefficient for each unilateral actiniform ratio Ratio,.

[0051] Further, a statistical index may be generated based
on the unilateral actiniform ratios or parameters. The statis-
tical index may include, for example, a Single Actiniform
Index Variation (SAIV) or a Single Actiniform Ratio Varia-
tion (SARV) that may be determined as follows:

mean(Actiniform_index) 8)
SAV = — ———————
STD(Actiniform_index)
mean(Ratio;) ©
SARV = STD(Ratio;)

wherein Actiniform_index, is any defined actiniform param-
eter in the segmented waveform (e.g., angles, distances,
areas, etc., as shown in FIG. 1); Ratio, is any new calculated
actiniform unilateral ratio (e.g., ASR, ADR, AAER, efc.);
mean(*) and STD(*) denote averaging and standard deviation
operations.

[0052] At 418, patient signal analysis unit 222 determines
bilateral actiniform ratios based on the actiniform param-
eters. Each bilateral actiniform ratio compares actiniform
parameters associated with portions of at least two different
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cardiac cycles (or heart beats) to characterize morphology
and detect changes in the waveform of the patient signal. In
order to obtain stable and accurate sequential time data analy-
sis, a time shifting window may be utilized to cover different
sequential cardiac cycles (e.g., 5-10heart beats). The bilateral
actiniform ratios may include, but are not limited to, a Cross
Actiniform Index Variation (CAIV) and a Cross Actiniform
Ratio Variation (CARV).

[0053] A Cross Actiniform Index Variation (CAIV) and a
Cross Actiniform Ratio Variation (CARV) may be deter-
mined as follows:

CAIV = mean(Actiniform_indey) (10
T STD(Actiniform_index)
mean(Ratio;) (11
CARV = STD{Ratio;)

wherein Actiniform_index; and Actiniform_index; denote
any defined actiniform parameters in different cycles of the
segmented waveform (e.g., angles, distances, areas, etc. as
shown in FIG. 1); Ratio, and Ratio, represent any calculated
unilateral actiniform ratios associated with different cycles of
the segmented waveform (e.g., ASR, ADR, AAER, etc.) and
mean(*) and STD(*) denote averaging and standard deviation
calculation operations. CAIV and CARV characterizes
mutual variation between two actiniform parameters and
ratios.

[0054] At420, patient signal analysis unit 222 determines if
pathology or cardiac event detection is to be performed. If
not, the method 400 returns to step 410. If yes, the method 400
proceeds to step 422.

[0055] At 422, patient signal analysis unit 222 performs
multiple-channel pathology mapping. The generated actini-
form parameters, ratios, and/or indices may be mapped to
corresponding sites of the heart where multi-channel patient
signals were acquired. Cardiac events may be detected and
characterized based on such pathology mapping. FIG. 5 illus-
trates an exemplary multi-channel pathology mapping. Atrial
fibrillation may be detected based on analysis of multi-chan-
nel electrophysiological signals. Actiniform information
analysis and mapping is performed based on electrophysi-
ological signals acquired by a multi-channel intra-cardiac
electrographic lead system. In this example, a basket catheter
502 with multiple leads 504 is placed in the right atrium of the
heart 506. Data from each available lead or site 507 in the
atrial chamber is filtered, decomposed and processed to gen-
erate output parameters 508, such as actiniform parameters
and ratios, location and severity of an abnormality, AF abla-
tion priority, etc. The output parameters may be mapped to a
particular local site 510 in the atrial chamber. Sites associated
with low actiniform index (e.g., parameter or ratio) values are
determined to be less abnormal than sites with high actini-
form index values. The mapped sites may be graphically
presented as an image at a user interface with colors or shad-
ings 512 that are indicative of the severity of the abnormality.
Such actiniform function mapping may be performed in two
or three dimensions (2D or 3D). The mapping may be updated
in real time based on calculation intervals and timing steps.
By using 2D or 3D image technologies with high speed com-
puter systems, actiniform function mapping may be derived
in real time and may greatly facilitate clinical doctors in
finding abnormalities in cardiac function.
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[0056] Every atrial chamber site 510 may be characterized
by varying the signal position or lead location of the basket
catheter 502. Any abnormal atrial rotor or changes in atrial
rotor activities may be accurately and precisely scanned,
characterized and mapped into the heart structure. The loca-
tion, timing, severity, type, prediction, etc., of cardiac
pathologies and diseases can advantageously be derived ear-
lier and more accurately based on such detailed analysis of
waveform distortions in selected ROI areas of actiniform
segmented signals. Color (or shading) coded abnormality
severity associated with the continuous calculated actiniform
ratios may be presented to help the clinical doctor in the
clinical evaluation of the cardiac arrhythmia and in determin-
ing the correct treatment, such as ablation priority, ablation
energy, ablation timing, ablation location, drug delivery, etc.
[0057] At 424, patient signal analysis unit 222 may option-
ally adaptively adjust calculation parameters used for calcu-
lating the afore-mentioned actiniform parameters, ratios and/
or indices. The adaptive adjustment may be performed
automatically, semi-automatically or manually by the clinical
user based on clinical experience and knowledge. Such cal-
culation parameters may include, but are not limited to, cal-
culation window size, signal portion, ROI area, time steps,
severity thresholds, and so forth.

[0058] At 426, patient signal analysis unit 222 generates a
patient report. The patient report may record the abnormality,
associated characteristics (e.g., location, type, severity, tim-
ing, etc.) and other information (e.g., suggested treatment
options). The patient report may be in the form of, for
example, an alert message presented at patient monitor 230.
The patient report may also be stored in database 224 for
future retrieval, transmitted or shared with other client com-
puters, and/or printed in physical form for viewing.

[0059] There may be many kinds of clinical usages and
applications that can employ the actiniform segmented
patient signals (e.g., surface ECG, intra-cardiac electro-
grams, etc.) for cardiac abnormality detection and pathology
characterization (e.g., myocardial ischemia or infarction).
FIG. 6 shows exemplary computer simulation data for myo-
cardial ischemia event detection and characterization. Three
episodes of cardiac events are simulated: normal (or healthy)
event 602, early stage of myocardial ischemia event 604, and
mature myocardial ischemia (or early infarction) event 606.
In the three-episode diagnosis, three methods were applied
and compared. For effective validation, actiniform shape and
distance ratio diagnoses were compared with the traditional
ST segment elevation evaluation (clinical gold standard).
Since this example is for myocardial ischemia detection,
angles a5 and a4 (as defined in FIG. 1) were used in deter-
mining the actiniform shape ratio (ASR) and L and L (as
defined in FIG. 1) were selected for determining the actini-
form distance ratio (ADR). The ST segment elevation evalu-
ationused a 0.1 mV detection threshold, while 10% and 20%
change thresholds were utilized for the actiniform ratio cal-
culation and comparison.

[0060] In the ST Segment evaluation 608, there were no
obvious changes in the ST segment for early ischemia while
ST segment increases more than 0.1 mV after T1 (time for
100% confidence detection). In the actiniform shape ratio
diagnosis 610, ASR,, ;. s, value showed that myocardial
event can be detected with 100% confidence at T2 (T2 is 10
seconds earlier than T1). In the actiniform distance ratio
diagnosis 612, ADR,, detected the myocardial ischemia
event at T3, which was 7 seconds earlier than T2. Accord-
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ingly, it can be concluded that actiniform ratio analysis is
more sensitive and accurate in detecting cardiac arrhythmia
detection much earlier than current clinical methods, which
may help to detect cardiac events and pathology trend,
thereby avoiding fatal cardiac arrhythmia.

[0061] 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
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 system for patient signal analysis, comprising:

apatient monitor configured to acquire a patient signal data

waveform from a patient;

amedical treatment device configured to provide treatment

to the patient; and

acomputer system communicatively coupled to the patient

monitor and the medical treatment device, wherein the
computer system includes

anon-transitory memory device for storing computer read-

able program code, and

aprocessor in communication with the memory device, the

processor being operative with the computer readable
program code to perform steps including

performing actiniform segmentation on the patient signal

data waveform based on an actiniform shape centered at
a peak of the waveform,

extracting actiniform parameters from the segmented

patient signal data waveform,

determining one or more actiniform ratios based on the

actiniform parameters,

determining control parameters based on the one or more

actiniform ratios, and

controlling the medical treatment device by applying the

control parameters.

2. The system of claim 1 wherein the medical treatment
device comprises a pacing device, an ablator, a cardioverter or
a defibrillator.

3. The system of claim 1 wherein the actiniform shape is
centered at an R wave peak of the patient signal data wave-
form.

4. The system of claim 1 wherein the actiniform shape
comprises connection lines extending from the peak to key
time points of the patient signal data waveform.

5. The system of claim 4 wherein at least one of the key
time points is defined by a P wave, Q wave, R wave, S wave
or T wave.

6. The system of claim 4 wherein at least one of the key
time points is defined at a time point before a P wave or after
a'T wave.

7. The system of claim 1 wherein the patient monitor com-
prises a multi-channel intra-cardiac electrographic lead sys-
tem.

8. A computer-implemented method of patient signal
analysis, comprising;

performing, by a processor, actiniform segmentation on

patient signal data waveform based on an actiniform
shape centered at a peak of the waveform, wherein the
actiniform shape includes connection lines extending
from the peak to key time points of the patient signal data
waveform;
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extracting, by the processor, actiniform parameters from
the segmented patient signal data waveform; and

determining, by the processor, one or more actiniform
ratios based on the actiniform parameters to monitor
changes in the patient signal data waveform.

9. The method of claim 8 wherein performing the actini-
form segmentation comprises:

detecting an R wave peak in the patient signal data wave-

form;

defining the actiniform shape centered at the R wave peak;

and

segmenting the patient signal data waveform into multiple

different portions using the actiniform shape.

10. The method of claim 8 wherein at least one of the key
time points is defined by a P wave, Q wave, R wave, S wave
or T wave.

11. The method of claim 8 wherein at least one of the key
time points is defined at a time point before a P wave and/or
after a T wave.

12. The method of claim 8 wherein the actiniform param-
eters comprise angles, distances or areas.

13. The method of claim 8 wherein the one or more actini-
form ratios comprise a unilateral actiniform ratio.

14. The method of claim 13 wherein the unilateral actini-
form ratio comprises an actiniform shape ratio.

15. The method of claim 13 wherein the unilateral actini-
form ratio comprises an actiniform distance ratio.

16. The method of claim 13 wherein the unilateral actini-
form ratio comprises an actiniform area ratio.

17. The method of claim 13 wherein the unilateral actini-
form ratio comprises an actiniform energy ratio.

18. The method of claim 8 wherein the one or more actini-
form ratios comprise a unilateral actiniform integrating ratio
that includes a weighted sum of different unilateral actini-
form ratios.

19. The method of claim 8 wherein the one or more actini-
form ratios comprise a single actiniform index variation.

20. The method of claim 8 wherein the one or more actini-
form ratios comprise a single actiniform ratio variation.

21. The method of claim 8 wherein the one or more actini-
form ratios comprise a bilateral actiniform ratio.

22. The method of claim 21 wherein the bilateral actini-
form ratio comprises a cross actiniform index variation.

23. The method of claim 21 wherein the bilateral actini-
form ratio comprises a cross actiniform ratio variation.

24. The method of claim 8 further comprises mapping the
one or more actiniform ratios to corresponding sites of a
heart.

25. A non-transitory computer readable medium embody-
ing a program of instructions executable by machine to per-
form steps for cardiac function characterization, the steps
comprising:

detecting an R wave peak of a patient signal data wave-

form;
performing actiniform segmentation on the patient signal
data waveform based on an actiniform shape centered at
the R wave peak, wherein the actiniform shape includes
connection lines extending from the R wave peak to key
time points of the patient signal data waveforni;

extracting actiniform parameters from the segmented
patient signal data waveform; and
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determining one or more actiniform ratios based on the
actiniform parameters to monitor changes in the patient
signal data waveform.
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