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7) ABSTRACT

Disclosed herein is a framework for facilitating thermal
patient signal analysis. In accordance with one aspect, the
framework receives patient signal data including thermal sig-
nal data. The framework then segments a region of interest
from the thermal signal data. One or more cardiac output
indices may be determined based on one or more parameters
extracted from the segmented region of interest to character-
ize cardiac output or stroke volume. A report may then be
generated based at least in part on the one or more cardiac
output indices.
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THERMAL PATIENT SIGNAL ANALYSIS

TECHNICAL FIELD

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

BACKGROUND

[0002] The cardiovascular system has five main compo-
nents: (1) a pump (i.e., heart); (2) a carrier fluid (i.e., blood);
(3) a distribution system (i.e., arteries); (4) an exchange sys-
tem (i.e., capillary network); and (5) a collection system (i.e.,
veins). Blood pressure is the driving force that propels blood
through the distribution network. Stroke volume (SV) is the
volume of blood pumped by the right or left ventricle of the
heart in one contraction. Specifically, it is the volume of blood
ejected from one of the ventricles during systole. The stroke
volume is not all of the blood contained in the ventricle.
Normally, only about two-thirds of the blood in the ventricle
is ejected with each beat. The volume of blood that is actually
pumped from the ventricle is the stroke volume (SV).
[0003] Cardiac output (CO) is determined by stroke vol-
ume (SV) and heart rate (HR) as follows:

CO=HRxSV %)

Typically, ventricular stroke volume (SV) is the difference
between the ventricular end-diastolic volume (EDV) and the
end-systolic volume (ESV).

SV=EDV-ESV 2

The EDV is the filled volume of the ventricle prior to con-
traction, and the ESV is the residual volume of blood remain-
ing in the ventricle after ¢jection. In a typical heart, the EDV
is about 120 ml of blood and the ESV about 50 ml of blood.
The difference in these two volumes, 70 ml, represents the
SV. Therefore, any factor that alters either the EDV or the
ESV will change SV.

[0004] CO/SV measurement may provide a useful
approach for characterizing cardiac pathology and predicting
life-threatening events. Currently, there are three methods for
CO and SV measurement and cardiac health status index
calculation: (1) Fick method; (2) thermodilution method; and
(3) angiographic image method. The Fick method is an inva-
sive method that needs at least two blood samples and
requires knowledge of oxygen consumption or VO2. Ther-
modilution is another invasive method that involves the injec-
tion of saline into the central venous pressure CVP/right atrial
(RA) port. The saline flows through the right ventricle (RV)
and cools the thermistor in the pulmonary artery (PA), at
which the rate and degree can be utilized for CO and SV
calculation. Angiographic method can also be utilized for CO
and SV calculation, by estimating cardiac image volume at
FoD (end of diastolic) and EoS (end of systolic) times. Such
method usually requires extensive clinical experience and
generates estimations with tremendous deviations.

[0005] These approaches have several shortcomings, such
as requiring blood samples in the Fick cardiac output mea-
surement, subjective and inaccurate cardiac output calcula-
tion based on images of EoD and EoS points in angiographic
images, analysis deviation of measuring data and calculation
in thermodilution-based cardiac output monitoring, etc. Fur-
ther, current CO and SV calculation methods are based on
complicated clinical devices and systems, such as invasive
blood pressure catheters, X-ray image system, etc., which
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may increase patient risk due to tissue damage, radioactivity
dose, complicated medical procedure, timing, sensitivity,
false alarm, etc.

[0006] Mostknown CO/SV analyses are not accurate, since
the corresponding data acquisition is not precise. For
example, blood pressure measured in a noisy environment
does not yield accurate data. Current image-based CO and SV
calculations, such as those based on fluoroscopic and ultra-
sound images, calculate volume by measuring the size of the
heart captured in the images in two or three dimensions. Such
measurements are typically not accurate, especially for EoD
and EoS stages, due to imprecise timing or gating. Current
thermodilution methods typically use an injection waveform,
which is invasive. So far, there are no known efficient quan-
titative and qualitative non-invasive clinical approaches for
estimating CO and SV with good accuracy, sensitivity and
stability.

[0007] Known less-invasive or non-invasive methods for
estimating SV utilize blood stroke volume within local ves-
sels to proportionally estimate the heart SV. The non-linear
relationship between measured and actual heart SVs may
result in huge calculation errors and subsequent false alarms,
especially in critical care monitoring. There are no known
accurate non-linear methods to bridge the local calculation
index and true heart cardiac output.

[0008] Known methods for CO calculation do not fully or
efficiently use vital sign signals (e.g., blood pressure), which
are closely related to hemodynamic signals. Recently, some
studies have been made on least invasive sensing of blood
pressure to estimate CO. However, such methods also rely on
catheter technologies, which limit the clinical applications. In
addition, known clinical methods for CO/SV estimation
require extensive clinical experience and knowledge to, for
example, interpret parameters and evaluate calculation accu-
racy. This may impose some limitations for certain medical
users. Some cardiac output determination methods rely on the
quality of the sensor and acquired signals. Noisy environment
or noisy data acquisition may cause false calculations and
unreliable cardiac function estimation. Such noise may come
from the power line, patient movement, or patient treatment
process, such as pacing and drug delivery.

SUMMARY

[0009] The present disclosure relates to a framework for
facilitating thermal patient signal analysis. In accordance
with one aspect, the framework receives patient signal data
including thermal signal data. The framework then segments
aregion of interest from the thermal signal data. One or more
cardiac output indices may be determined based on one or
more parameters extracted from the segmented region of
interest to characterize cardiac output or stroke volume. A
report may then be generated based at least in part on the one
or more cardiac output indices.

[0010] 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

[0011] A more complete appreciation of the present disclo-
sure and many of the attendant aspects thereof will be readily
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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.

[0012] FIG. 1 shows an exemplary system;

[0013] FIG.2illustrates an exemplary closed-loop adaptive
control method:;

[0014] FIG. 3 shows an exemplary method of analyzing

patient signal data;

[0015] FIG. 4 shows various exemplary positions on a sub-
ject’s body that may be used to non-invasively acquire patient
signal data;

[0016] FIG. 5 shows multiple types of exemplary patient
signal waveforms and an exemplary segmentation of the ther-
mal signal cycle waveform;

[0017] FIG. 6 shows an exemplary artificial neural network
(ANN) module for multi-data fusion; and

[0018] FIG. 7 illustrates two computer simulated episodes
of cardiac status.

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 disclosure. 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 disclosure. In other instances, well-known materials
or methods have not been described in detail in order to avoid
unnecessarily obscuring embodiments of the present disclo-
sure. While the disclosure 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 disclosure to the particular forms
disclosed, but on the contrary, the disclosure is to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the disclosure.

[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 disclosure 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 a variety 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 disclosure.

[0021] The present framework provides a link between car-
diac output (CO) and blood flow in small blood vessels (or
capillaries). Blood flow in any artery branches of the human
body may be measured by temperature or heat pattern. More
particularly, the present framework builds a bridge between
non-invasive blood temperature (or thermal) signals in circu-
lation arteries (e.g., blood heat monitoring on wrist, fingertip,
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forehead, etc.) and cardiac output (or stroke volume) pumped
from the heart chambers (e.g., left ventricle).

[0022] One aspect of the present framework characterizes
cardiac output (or stroke volume) by analyzing non-invasive
blood circulation thermal (or temperature) waveform signals.
A thermal (or heat or temperature) sensor system may be
provided for non-invasive signal data acquisition. The non-
invasive blood thermal measurements and data calculation
may be utilized to qualitatively and quantitatively capture
heart function and blood flow characteristics. By using linear
and/or nonlinear calculation models based on blood flow
thermal mode and pattern (e.g., thermal energy, thermal vari-
ability, variation, etc.), cardiac output may be accurately
derived with better sensitivity and stability, especially in
noisy conditions. The present framework may also provide a
new approach for cardiac tissues and functions monitoring,
diagnosis and evaluation, such as identifying cardiac disor-
ders, differentiating cardiac arrhythmias, characterizing
pathological severities, predicting life-threatening events,
and even evaluating drug delivery and effects. These and
other exemplary features and advantages will be described in
the following.

[0023] In the following description, the terms “stroke vol-
ume” and “cardiac output” are used interchangeably in the
context of the present framework. It should also be appreci-
ated that the terms “temperature”, “heat” and “thermal” may
also be used interchangeably in the context of the present
framework.

[0024] FIG. 1 shows an exemplary system 100 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 system components (or the method 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-
munication network, or any combination thereof. Given the
teachings of the present disclosure provided herein, one of
ordinary skill in the related art will be able to contemplate
these and similar implementations or configurations of the
present disclosure.

[0025] As shown in FIG. 1, the system 100 may include a
computer system 101, a patient monitor 130 and a patient
treatment device 140. The computer system 101 may include,
inter alia, a central processing unit (CPU) or processor device
102, a non-transitory computer-readable media 105, one or
more output devices 111 (e.g., printer, display monitor, pro-
jector, speaker, etc.), a network controller 103, an internal bus
106 and one or more input devices 108 such as, for example,
akeyboard, mouse, touch screen, gesture and/or voice recog-
nition module, etc. Computer system 101 may further include
support circuits such as a cache, apower supply, clock circuits
and a communication bus. Various other peripheral devices,
such as additional data storage devices and printing devices,
may also be connected to the computer system 101.

[0026] 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 a
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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 are as computer-readable program
code tangibly embodied in non-transitory computer-readable
media 105. Non-transitory computer-readable media or
memory device 105 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 sig-
nal monitoring unit 122 that is stored in computer-readable
media 105. As such, the computer system 101 is a general-
purpose computer system that becomes a specific-purpose
computer system when executing the computer-readable pro-
gram code.

[0027] Thesame or different computer-readable media 105
may be used for storing a database 124. Database 124 may
include a repository of determined parameters, indices and/or
ratios, selectable predetermined functions, patient signal data
(e.g., temperature, heat, thermal, non-invasive blood pressure
(NIBP) signal data, oximetric (SPO2) signal data, electro-
physiological signal data such as electrocardiograms (ECG),
intra-cardiac electrograms (ICEG), respiration signal data,
hemodynamic or vital sign data, etc.), patient data (e.g.,
demographic data, pathology history, etc.), other input data
and/or other derived output parameters.

[0028] One or more components of system 100 (e.g., com-
puter system 101 and patient monitor 130) may be imple-
mented in a critical care, medical recording or monitoring
device, which may be a stationary (e.g., bedside), mobile or
portable system, or implemented on the patient’s body. In
some implementations, computer system 101 filters and/or
converts patient signal data measured or acquired by patient
monitor 130. Exemplary types of patient signal data include,
but are not limited to, non-invasive temperature signal, tem-
perature variation signal, heat (or thermal) signal, ECG sig-
nal, NIBP signal, SPO2 signal, and so forth. System 101 may
further condition, filter and/or convert temperature and ther-
mal signals, and transmit such signals to other systems. Fur-
ther, system 101 may determine and display cardiac output
(CO) or stroke volume (SV) and other associated parameters,
ratios, indices and/or diagnoses (e.g., health status) based on
the patient signal data. System 101 may be further used to
capture all disease-related patient signal distortions and pre-
dict life-threatening events. In some implementations, tem-
perature and heat-based calculations may be performed to
diagnose CO malfunctions, which can help to determine car-
diac arrhythmia and other pathologies. It should be appreci-
ated that one or more functions of computer system 101 may
also be performed by patient monitor 130.

[0029] As shown in FIG. 1, system 101 may be communi-
catively coupled to patient monitor 130 via communication
channel 132 (e.g., wireless or wired) to receive patient signal
data. Patient monitor 130 may include a sensor module 134
and controllers 136. Patient monitor 130 may further include
an indicator, internal power supply (e.g., battery) or an intet-
face device to receive power from an external power supply
(e.g., wired interface or wireless power-voltage converter), as
well as other components (e.g., display, memory, etc.).
[0030] Sensor module 134 may include one or more differ-
ent kinds of thermal sensors with different size, resolution,
etc. Thermal sensors may also be herein referred to as tem-
perature or heat sensors. Thermal sensors may be contact or
non-contact sensors. Different sensors and/or probes may be
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utilized for different positions and clinical applications. Sen-
sor module 134 may include, for example, an infrared heat-
sensitive sensor, temperature-sensitive impedance sensor,
chemical action temperature-sensitive heat sensor, semicon-
ductor temperature-sensitive sensor, etc. In some implemen-
tations, high resolution and sensitivity sensors and/or probes
are used to capture thermal modes (or patterns) for the main
working temperature range (e.g., 30 to 50 degrees) of human
body temperature. Other data ranges may also be used. Sen-
sor module 134 may further include non-thermal sensors,
such as an electrocardiogram sensor, a non-invasive blood
pressure sensor or an oximetric (e.g., SPO2) sensor, to
acquire other types vital signs and/or hemodynamic signals.

[0031] System 101 may further be communicatively
coupled to patient treatment device 140 via communication
channel 142 (e.g., wireless or wired) to provide closed loop
treatment in response to determined parameters, ratios and/or
indices. Patient treatment device 140 may include, but is not
limited to, an intravenous (IV) device, pacing device,
implantable cardiac defibrillator (ICD) system or other
implantable device, hyperthermia device, and so forth. Sys-
tem 101 may serve to generate control parameters (e.g., [V
control, pacing-stim control, energy duration pacing site,
drug delivery speed, ICD parameter control, hyperthermia
control, etc.) to control the patient treatment device 140 in
response to determined parameters, ratios and/or indices
(e.g., CO indices).

[0032] FIG.2illustrates an exemplary closed-loop adaptive
control method 200 that processes thermal signal data from a
thermal sensor module 134. Hardware parameter control,
temperature noise cancellation and heat compensation may
be achieved in real time by patient monitor 130 or remotely by
system 101 via wired or wireless communication and com-
mand control. Thermal sensor module 134 may include dif-
ferent kinds of patient signal sensors for simultaneously
recording thermal signals with different types of vital signs
and/or hemodynamic signals (e.g., ECG, SPO2, NIBP, etc.) to
further facilitate segmentation, categorization and character-
ization of thermal signal data.

[0033] In some implementations, patient monitor 130
includes a thermal sensor module 134 (e.g., contact sensors,
thermistors, etc.) and four controllers 136: (1) pre-processing
controller or front electronics for pre-processing (e.g., condi-
tioning, filtering, converting, etc.) thermal signals; (2) central
controller which may include a data transmission module for
facilitating communications of data, commands, power, etc.,
via wired or wireless channels; (3) feedback controller for
adjusting bandwidth, coeflicients, etc., used in signal condi-
tioning and filtering in real time; (4) noise controller for
adaptive closed-loop thermal noise cancellation in real time.
The noise may arise from, for example, environmental noise,
drug delivery, treatment procedure, such as hyperthermia, etc.

[0034] In some implementations, thermal sensor module
134 includes a high resolution thermistor used for tracking,
capturing, converting, recording and diagnosing thermal pat-
tern changes, which can help to characterize cardiac func-
tions, such as cardiac output, cardiac arrhythmia and patho-
logical events, etc. Thermal sensor module 134 may include
different kinds of thermistors for various temperature sensi-
tive ranges, thermal noise levels, heat converting accuracies,
etc. Such thermistors may be adaptively and automatically
adjusted. Thermal sensor module 134 may be configured to
be removably attached to different positions on the patient’s



US 2016/0287096 A1l

body (e.g., wrist, arm, forehead, etc.). In addition, thermal
sensor module 134 may be disposable or reusable.

[0035] As shown by the exemplary method 200 illustrated
in FIG. 2, at 202, thermal sensor module 134 may first be used
to acquire thermal (or heat or temperature) signal data. At
204, pre-processing controller may then perform condition-
ing, filtering, amplification, conversion, etc., of the thermal
signal data. At 206, central controller may process the pre-
processed signal data and determine diagnosis, control
parameters, warning parameters, etc. At 208, data transmis-
sion module may perform data transmission via, for example,
a wired or wireless communications channel. At 210, feed-
back controller may perform various types of HW control,
such as adjusting bandwidth, ratio, filtering parameters, etc.,
based on the processed results from the central controller. At
212, noise controller may perform real-time temperature
noise cancellation, heat compensation, sensor control param-
eters adjustment, etc., based on processed results from the
central controller.

[0036] FIG. 3 shows an exemplary method 300 of analyz-
ing patient signal data. The steps of the method 300 may be
performed in the order shown or a different order. Additional,
different, or fewer steps may be provided. Further, the method
300 may be implemented with the system 100 of FIG. 1, a
different system, or a combination thereof.

[0037] At 302, patient signal data is acquired. Such patient
signal data may be represented by a waveform or graph with,
for example, time represented on the x-axis and voltage or
amplitude represented on the y-axis. Such patient signal data
includes thermal signal data that is non-invasively acquired
from a surface of a patient’s body. Thermal signal data may
include any type of signal data that is generated in response to
heat from blood flowing in the blood vessels. Such thermal
signal data may include, for example, temperature signals,
temperature speed signals, temperature acceleration signals,
thermal pulse, heat pulse, temperature variation pulse wave-
forms from different locations of the body (e.g., wrist, arm,
leg, forehead, etc.), and so forth. Such thermal signal data
may be acquired by, for example, sensor module 134, as
previously described with reference to FIGS. 1 and 2.
[0038] In some implementations, the patient signal data
includes cardiac electrophysiological signal data, such as
electrocardiogram (ECQG) data, surface ECG data, etc. Alter-
natively, or additionally, other types of electrophysiological
signal data, such as hemodynamic (HEMO) signal data (e.g.,
invasive blood pressure (IBP) signal data, non-invasive blood
pressure signal data, cardiac output signals, etc.), respiration
(or capnographic) signal data, blood pressure data, oximetric
(SPO2) signal data, capnographic signal data, temperature,
and/or other vital sign signal data, other measurable patient
biometric, 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.

[0039] Thermal signal data and/or other types of patient
signal data may be acquired from different parts of the body.
FIG. 4 shows various exemplary positions on a subject’s body
402 that may be used to non-invasively acquire patient signal
data. As shown, the different positions may include, but are
not limited to, the forehead, neck, heart position, arm, wrist,
finger (capillary system), thigh, ankle, and so forth. Accord-
ing to the different positions, different kinds of thermal sen-
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sors and heat converters may be utilized. For example, for the
wrist position, a thermistor and high resolution thermocouple
may be used for recoding heat and temperature mode data,
such as temperature variations and instant heat changing
speeds.

[0040] Returning to FIG. 3, at 304, the patient signal data is
pre-processed. As discussed previously, system 101 or pre-
processing controller may perform the pre-processing by
conditioning, filtering, converting, amplifying, digitizing,
buffering, etc., patient signal data acquired by sensor module
134. For example, the patient signal data may be pre-filtered
and amplified for display on, for instance, computer system
101. The patient signal data may be filtered to remove
unwanted 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, converted, amplified,
buffered, filtered and/or digitized to produce a continuous
stream of digitized samples.

[0041] At 306, patient signal monitoring unit 122 segments
the waveform of the thermal signal data and extracts one or
more thermal parameters from the segmented waveform. The
thermal parameters may be extracted from a region of interest
(ROI), which is any portion of the waveform that is identified
for further analysis. The region of interest may include, for
example, one or more thermal cycles. The region of interest
may be selected based on the occurrence of one or more key
points (e.g., peak or maximum point) in another patient signal
(e.g., ECG).

[0042] As discussed previously, multiplekinds of non-ther-
mal patient signals (e.g., body surface ECG, SPO2, etc.) may
be simultaneously recorded and converted together with ther-
mal signal data. FIG. 5 shows multiple types of exemplary
patient signal waveforms (502, 504, 506, 508) and an exem-
plary segmentation of the thermal signal cycle waveform 510.
More particularly, the patient signal waveforms may include
an ECG signal waveform 502, an NIBP signal waveform 504,
a non-invasive oximetric (SPO2) signal waveform 506 and a
temperature (or thermal) signal waveform 508. Such patient
signal data may be simultaneously acquired by, for example,
the sensor module 134 from the same position on a patient’s
body. Different patient signals may be used for gating and
synchronizing the temperature signal waveform 508. For
example, as shown in FIG. 5, the temperature signal 508 is
synchronized with R wave peaks 512 of the ECG signal
waveform 502. The region of interest may be extracted from
the temperature signal waveform 508 based on the occurrence
of one or more R wave peaks 512.

[0043] In some implementations, a cycle 510 of the tem-
perature signal waveform 508 is segmented into different ROI
portions. Parameters may be extracted from the segmented
waveform for use in determining indices that characterize CO
(or SV). Such parameters may include, for example, time
durations, time lengths, waveform areas (S(t1), S(12), etc.),
temperature amplitude, temperature dynamic amplitude
range, etc.

[0044] Referring back to FIG. 3, at 310, patient signal
monitoring unit 122 determines one or more cardiac output
(CO) indices based on the extracted thermal parameters.
Based on clinical application requirements and environmen-
tal factors (e.g., noise), different kinds of indices may be used
to characterize CO. In some implementations, the CO indices
include an amplitude index, an amplitude range index, a
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waveform area index, a time-based index, a delay timing
index, a variation index and a dynamic change index. Other
types of CO indices are also useful. In the following descrip-
tion, reference may be made to the parameters extracted from
segmented thermal signal cycle 510 as illustrated in FIG. 5.

[0045] Amplitude CO indices may be determined based on
temperature amplitude parameters, as follows:
COL_gpp1 (170, () (Max(n)-Minn)) &)
COf_sympo()=05(1) Average(4(n),cycle(n)) 4

wherein COz ., (n) and COy. ,,, »(n) are first and second
amplitude CO indices; Max(n) and Min(n) are maximum and
minimum amplitude values of the n™ thermal signal cycle;
Average(A(n), cycle(n)) is the average amplitude value for
the n™ thermal signal cycle; o, (t) and a,(t) are calculation
coeflicients or ratios between the temperature amplitude
parameter sand CO indices, which are usually dynamic for
different patients and can be adaptively updated by a coeffi-
cient estimation module. For a specific patient and a stable
situation, a, (t) and a, (t) are usually stable and treated as
constant factors.

[0046] An amplitude range CO index may be determined
based on at least one temperature amplitude statistical param-
eter as follows:

Average(A(n), cycle(n)) 5

COR iy sart) = 0 — 2=

wherein CO; 4, ..,(n) is the amplitude range CO index;
Average(A(n), cycle(n)) is the average amplitude value for
the n™ thermal signal cycle; (A(n), cycle(n)) is the standard
deviation value of the amplitude for the n” thermal signal
cycle; B(t) is the calculation coeflicient or ratio between the
temperature amplitude variation parameter and CO index.
B is usually dynamic for different patients and can be
adaptively updated by a coeflicient estimation module. For a
specific patient and a stable situation, p(t) is usually stable
and treated as a constant factor. In equation (5), first order
statistical variation of the temperature amplitude is utilized
for CO index determination. However, it should be appreci-
ated that higher order statistical parameters may also be used
for CO estimation to achieve higher accuracy and stability.
[0047] Waveform area CO indices may be determined
based on temperature waveform area, as follows:

6
CO e =20 | 1A ©

JreS(n)

COT area () = A1)+ AW @

V1eS(n)

wherein CO; ..., (@) and CO; _,...(n) are first and second
waveform area CO indices; A(t) is a thermal signal waveform
amplitude value at timing t; S(n) denotes a whole time length
of the n” thermal signal cycle;

f |A()] and f A0
teS(n) teS(n)
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are integrals of the thermal signal waveform covering area
size |A(t) and energy |A(t)1*; A1) is a calculation coefficient
or ratio between the temperature area or volume parameter
and CO index. A(1) is usually dynamic for different patients
and can be adaptively updated by a coeflicient estimation
module. For a specific patient and a stable situation, A(t) is
usually stable and treated as a constant factor.

[0048] Time-based CO indices may be determined based
on temperature ROI time lengths or durations as follows:

COL_gur_o(I=Yo(1) AT(R) ®
COL_gur 1=y, £y AT1() ©)
COL_gur 2RIV, (£)AT2(r) (10)
COL_rime_olm)=00(t) T2(r) (11)
COL_sime_1(1)=0,(t) T1() (12)
COL_sime o(1)=0x(t)- T2() (13)

wherein COy 4, (n) and COy ... . (1) denote time-based
CO indices that are calculated based on time length and time
duration of ROT portions from the nth thermal signal cycle; y,
(t) and o, (t) are coeflicients or ratios between temperature
ROI time length or duration and the CO index; ATx(n)
denotes the time duration of the ROI signal portion in the
segmented n” thermal signal cycle; Tx(n) represents the time
length of the ROI signal portion in the segmented n™ thermal
signal cycle. As used herein, time lengths refer to time inter-
vals measured from a common key time point (e.g., corre-
sponding to R wave peak ECG value or other synchronizing
signal value), while each time duration refers to a time inter-
val measured between time points corresponding to a particu-
lar temperature amplitude (e.g., ROI Temp2, ROI Templ,
Average base Temp, etc.). See, for example, segmented ther-
mal signal cycle 510 in F1G. 5. As shown by the equations (8)
to (13), three types of time lengths (AT, AT1, AT2) and three
types of time durations (T, T1, T2) of the segmented thermal
signal waveform are used to estimate the time-based CO
indices. It should be appreciated, however, that other different
kinds of time lengths and/or durations may also be used.

[0049] Delay timing CO indices may be determined based
on temperature gating parameters derived from other non-
thermal patient signals (e.g., ECG, NIBP, etc.) as follows:

COT_detay o) = 0(1)- TDL(n) (14)
TDL(n) (15)

=61 ——

COT ety 1) = 61(1) AT
COT detay 2(n) = 62(¢)- Var(TDL(n))|, (16)

whereinCOy 4, . (n)isthe delay timing CO index; TDL(n)
is the gating time delay between the ECG R wave peak time
(or other patient signal peak time) and peak time of the ther-
mal signal waveform for the nth cycle; Var(TDL(n))l,, is the
variation value of TDL(n); M is the averaging time window
size for delay variation calculation; and 0,(t) is the calculation
coeflicient or ratio between the temperature gating parameter
value and delay timing CO index. 0,(t) is usually dynamic for
different patients and can be adaptively updated by the coef-
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ficient estimation module. For a specific patient and stable
situation, 0.(t) is usually stable and is treated as a constant
factor.

[0050] A variation CO index may be determined based on
the ROI temperature range variation (or thermal variation) as
follows:

ROITempl(n) — ROITemp2 (n) %))
ATL(n) - AT2(n)

COr_goi(n) = &(1)-

wherein CO, /(1) is the variation CO index; ROITemp1(n)
and ROITemp2(n) are pre-selected ROI temperatures of the
nth thermal signal cycle; AT1(n) and AT2(n) are correspond-
ing time durations for the pre-selected ROI temperatures; and
K(t) is a calculation coeflicient or ratio between the thermal
variation parameter and CO index. k(t) is usually dynamic for
different patients and can be adaptively updated by the coef-
ficient estimation module. For a specific patient and stable
situation, K(t)1is usually stable and treated as a constant factor.

[0051] The CO index may also be determined based on
thermal speed or acceleration. Thermal speed or acceleration
signals may be directly derived from special-purpose tem-
perature speed/acceleration sensors and probes, which means
that the CO index may also be derived directly from the sensor
module. Dynamic change CO indices may be determined
based on thermal speed or acceleration parameters, as fol-
lows:

(18)
COT speed_max() = o

{7
max] —
dr TeS(n)
dTy  (dT
{3l 7)
{#)
max] —
2
a1 TeS(n)

'dzT AdT
N e | T E

(n), CO

19

COT speed_rangel) = 1 -

T=S(n)

(20)
COT _geceleration_max() = 2

2n
COTfacceleralionjange (n) = lpf\ -

Tesin)

wherein COTfspeedfmax Tfspeedfrange(n)a COTfacceIera’
0 _ppe() A0 COy terasion rang() denote CO indices
based on maximum thermal speed amplitude, amplitude
range of thermal speed, maximum thermal acceleration
amplitude and thermal amplitude range of thermal accelera-

tion respectively;

dr &*T
dr an d*r

denote speed and acceleration signals respectively of the ther-
mal signal waveform; max(*) and min(*) are calculation
functions for maximum and minimum values of the thermal
cycle S(n); T represents temperature data values in thermal
cycle S(n), which is the set of all temperature data in nth
cycle; . is a calculation coeflicient or ratio between the
thermal speed or acceleration parameter and the CO index.
may be dynamic for different patients and can be adaptively

Oct. 6, 2016

updated by the coefficient estimation module. For a specific
patient and stable situation, 1), is usually stable and treated as
a constant factor.

[0052] At312, patient signal monitoring unit 122 integrates
different types of patient data, including parameters, ratios
and/or indices generated by the present framework, to genet-
ate calculation coefficients (e.g., o, (1), a(t), f(t), ML), v.(1),
w, (1), 0,(t), k(t), 4, etc.). Such calculation coeflicients may
be used to determine CO indices in further iterations. The
integration of the different types of patient data may be per-
formed linearly or non-linearly (e.g., by artificial neural net-
work or a fuzzy algorithm). The precision of CO index deter-
mination may be increased as more data is derived and
employed in a closed-loop adaptive control, in which calcu-
lation coeflicients are adjusted according to the clinical
patient situation and health events.

[0053] FIG. 6 shows an exemplary artificial neural network
(ANN) module 602 for multi-data fusion. There are 3 layers
in the ANN module 602: input layer, hidden layer and output
layer. A denote weights between the input layer and the
hidden layer, while B,,, denote weights between the hidden
layer and the output layer. The weights A;; and B,,, can be
adaptively adjusted with training data set.

[0054] The ANN module 602 has self-learning capability
with new input data 604, which can increase the accuracy of
calculated results 606. The ANN module 602 combines direct
patient signal data and parameter measurements 604a (e.g.,
ECG, NIBP, CO values from other methods, etc.), param-
eters, indices or ratios 604 derived by the present framework
(e.g., maximum/minimum/dynamic range parameters, CO
indices, etc.), and patient data, clinical application and patient
status 604¢ to generate output results 606 for detecting and
treating emerging pathological events and arrhythmia. The
output results 606 may include patient demographic indices,
calculation coefficients for subsequent temperature-based
CO index determination, patient status and health index, and
so forth.

[0055] Returning to FIG. 3, at 314, patient signal monitor-
ing unit 122 determines if further patient signal analysis is to
be performed. If yes, the method 300 returns to step 304 to
generate additional one or more CQO indices using the calcu-
lation coeflicients. Ifno, the method 300 proceeds to next step
316.

[0056] At 316, patient signal monitoring unit 122 evaluates
the final cardiac output based on the determined CO indices.
The final CO index may be derived by linearly or nonlinearly
combining multiple types of CO indices. Although each
index, ratio and/or defined parameter generated by the present
framework may be independently utilized to evaluate cardiac
output, accuracy and reliability may be improved by combin-
ing different CO indices, parameters and/or ratios. A linear or
non-linear combination method may be used.

[0057] A linear combination of CO indices may be deter-
mined as follows:

CO/SV(n) = 6(1)- Z ;- CO;(n) (22)
ieN

wherein CO/SV(n) is the combinational cardiac output and
stroke volume index; CO,(n) denotes multiple CO indices
determined from the nth thermal signal cycle by using the
present framework; 7, is the integration ratio that determines
the contribution of each CO calculation index (t; may be
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linear and fixed, or adaptively adjusted); 8(t) is the ratio
between the real cardiac output and the CO index, which may
depend on the patient size, gender, weight and location of the
temperature sensors. In some clinical applications, the inte-
gration ratio T, and 8(t) ratio may be affected by the procedure
or medicine delivery, such as hyperthermia, blood injection,
environment air flow, etc.

[0058] In addition to the linear or non-linear combination
of different kinds of CO indices, different types of statistical
analysis may also be performed using the thermal signal
waveform and associated parameters (e.g., temperature
energy variability, temperature waveform entropy, etc.),
which may further be linked to the cardiac output of the heart.

[0059] At 318, patient signal monitoring unit 122 may
optionally adaptively adjust calculation parameters used for
calculating the aforementioned parameters, ratios and/or
indices. The adaptive adjustment may be performed auto-
matically, 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, coef-
ficients, calculation window size, signal portion, ROI area,
time steps, severity thresholds, and so forth. Such calculation
parameters may be re-input into the ANN module 602 so as to
improve stability and sensitivity (true positive and false posi-
tive rate) of the output results.

[0060] At 320, patient signal monitoring unit 122 generates
a patient report. The patient report may present any cardiac
abnormality, associated characteristics (e.g., location, type,
severity, timing, etc.) and other information (e.g., suggested
treatment options). The patient report may be in the form of,
for example, an alert message, warning or indicator. The
patient report may also be stored in database 124 for future
retrieval, transmitted or shared with other client computers,
and/or printed in physical form for viewing.

[0061] TheCO indices derived from the thermal signal data
can be used in many clinical applications, such as operating
room clinical monitoring, ICU/CCU critical monitoring, EM
(emergency room) patient status and health monitoring, etc.
CO/SV is a key factor for patient monitoring, whereby any
kind of deviation may help to facilitate early detection of
patient abnormality and predict patient pathology and suit-
able treatment.

[0062] FIG. 7 illustrates two computer simulated episodes
of cardiac status. More particularly, a wrist thermal signal
waveform 702 for a normal healthy patient status (at rest) and
a wrist thermal signal waveform 704 for an early myocardial
ischemia event (during exercise) are simulated. CO values
calculated by conventional X-ray image technology may be
compared with the waveform area CO indices 706 deter-
mined by the present framework. In the normal healthy stage,
the coefficient (A(t)) is set to 15 while the coeflicient for the
early ischemia event is set to 11, which is based on the
simulation data and pre-clinical knowledge of the computer
simulation model.

[0063] The heart rate of the normal situation is 70 and the
early ischemia heart rate is about 85. The dynamic amplitude
range of the early ischemia episode is smaller than that of the
normal episode. The thermal waveform area COindex (SV)is
calculated for both situations: SV for the healthy status is 80
ml, while the SV for the early ischemia event is about 58 ml.
The CO ratio of the two episodes may then be determined:
80x70 (5600) vs 58x85 (4930). It is clear that during the
ischemia stage, the heart pumps less blood.
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[0064] Inthe example, different kinds or locations of ther-
mal waveform analysis may facilitate the estimation of car-
diac output and health status of the patient. Additionally, the
thermal coeflicient can be adaptively adjusted to track the
cardiac function. For example, by using the database, CO/SV
value of different kinds of condition can be derived to com-
pare to a specific patient heart output.

[0065] While the present disclosure 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 disclosure 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:

asensor module including one or more thermal sensors that

non-invasively acquire thermal signal data from a
patient; and

a computer system communicatively coupled to the sensor

module, 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
segmenting the thermal signal data into a region of
interest and extracting one or more parameters
from the region of interest;
determining one or more cardiac output indices based
on the one or more parameters to characterize car-
diac output or stroke volume; and
generating a report based at least in part on the one or
more cardiac output indices.

2. The system of claim 1 wherein the one or more thermal
sensors comprise an infrared heat-sensitive sensor, a tempera-
ture-sensitive impedance sensor, a chemical action tempera-
ture-sensitive heat sensor, a semiconductor temperature-sen-
sitive sensor, or a combination thereof.

3. The system of claim 1 further comprising a treatment
device communicatively coupled to the computer system,
wherein the processor is further operative with the computer
readable program code to generate one or more control
parameters that control the treatment device in response to the
one or more cardiac output indices.

4. The system of claim 3 wherein the treatment device
comprises an intravenous device, a pacing device, an implant-
able cardiac defibrillator system, a hyperthermia device, or a
combination thereof.

5. The system of claim 1 wherein the sensor module further
comprises an electrocardiogram sensor, a blood pressure sen-
SOr Or an oximetric sensot.

6. The system of claim 1 wherein the one or more sensors
are configured to be removably attached to different positions
on the patient.

7. A method of patient signal analysis, comprising:

receiving, from a sensor module, patient signal data includ-

ing thermal signal data;

segmenting, by a processor device, a region of interest

from the thermal signal data;

determining, by the processor device, one or more cardiac

output indices based on one or more parameters
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extracted from the segmented region of interest to char-
acterize cardiac output or stroke volume; and

generating, by the processor device, a report based at least
in part on the one or more cardiac output indices.

8. The method of claim 7 wherein segmenting the region of
interest from the thermal signal data comprises synchronizing
the thermal signal data with another non-thermal patient sig-
nal data.

9. The method of claim 8 wherein the non-thermal patient
signal data comprises electrocardiogram signal data, blood
pressure signal data or oximetric signal data.

10. The method of claim 7 wherein the one or more param-
eters extracted from the segmented region of interest com-
prise at least one of time duration, time length, waveform
area, amplitude, amplitude range or a combination thereof.

11. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining an ampli-
tude cardiac output index based on at least one temperature
amplitude parameter.

12. The method of claim 11 wherein the at least one tem-
perature amplitude parameter comprises a maximum ampli-
tude and a minimum amplitude.

13. The method of claim 11 wherein the at least one tem-
perature amplitude parameter comprises an average ampli-
tude.

14. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining an ampli-
tude range cardiac output index based on at least one tem-
perature amplitude statistical parameter.

15. The method of claim 14 wherein the at least one tem-
perature amplitude statistical parameter comprises an ampli-
tude standard deviation.

16. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a wave-
form area cardiac output index based on a temperature wave-
form area.

17. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a time-
based cardiac output index based on a time length or a time
duration.
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18. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a delay
timing cardiac output index based on a temperature gating
parameter derived from another non-thermal signal data.

19. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a varia-
tion cardiac output index based on thermal variation.

20. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a
dynamic change output index based on a thermal speed
parameter.

21. The method of claim 7 wherein determining the one or
more cardiac output indices comprises determining a
dynamic change output index based on a thermal acceleration
parameter.

22. The method of claim 7 further comprising adaptively
adjusting calculation coeflicients that are used in determining
the one or more cardiac output indices based on further
patient signal data received from the sensor module.

23. The method of claim 22 wherein adaptively adjusting
the calculation coefficients comprises integrating the one or
more determined cardiac output indices with the further
patient signal data to generate the calculation coefficients.

24. The method of claim 7 further comprising combining
multiple types of cardiac output indices to generate a final
cardiac output index.

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

receiving patient signal data including thermal signal data;

segmenting a region of interest from the thermal signal
data;

determining one or more cardiac output indices based on

one or more parameters extracted from the segmented
region of interest to characterize cardiac output or stroke
volume; and

generating a report based at least in part on the one or more

cardiac output indices.

* ok % % ¥



[FRIER 1 (TR A (i)
B (E RN A (i)

54 B R (BRI A (F)
[FRIRE A

REA

IPCHEF

CPCH¥S

H AT SOk
S EREEEE

BEX)

AUAFT—HMATRAERBEESINWER, RE-IFE , ER
BEROEAGSHENSEGSHE. AR, ERMRGESHEHSE
HESEBRE X, ATUETMNRBNEBH 2 B X SRIN - RSN SH
REE-—I RS MBHEER , URECRHERNSERHE, RF
AUELB BT MRS MR HBERERRS

MEBEEFTOW
US20160287096A1 K (2E)R
US14/674547 iR

ZEANTFETHRAT
AT FET#ERFRUSA | INC.

7] FESTGMBH

ZHANG HONGXUAN

ZHANG, HONGXUAN

patsnap

2016-10-06

2015-03-31

A61B5/0205 A61N1/365 A61M5/172 A61B5/0402 A61B5/00 A61N1/39 A61B5/1455

A61B5/02055 A61N1/3962 A61N1/3655 A61B5/14551 A61M2230/04 A61B5/7278 A61M5/1723 A61B5
/029 A61M2230/005 A61B5/0402 A61B5/015 A61B5/6813 A61B5/7285 A61N1/3925 A61N1/403

US10251564

Espacenet USPTO

Networle
Controller To
Network



https://share-analytics.zhihuiya.com/view/aac84588-6d06-4d54-aa16-4ef78ae0a552
https://worldwide.espacenet.com/patent/search/family/057016445/publication/US2016287096A1?q=US2016287096A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220160287096%22.PGNR.&OS=DN/20160287096&RS=DN/20160287096

