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FIG. 2B
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FIG. 2D

STROKE VOLUME WAVEFORM
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METHOD - 100

UTILIZE AN ECG UNIT TO OBTAIN A DIGITAL ECG SIGNAL

I 1\ 110
l

STORE THE DIGITAL ECG SIGNAL IN A COMPUTER-
READABLE MEMORY STORAGE

120

CONSTANTLY APPLY AN INTEGRAL FUNCTION TO THE
DIGITAL ECG SIGNAL AND DISPLAY T8 WAVEFORM THAT
HAS A SHAPE OF A PULSE SIGNAL WAVEFORM, THE

INTEGRAL FUNCTION COMPRISING:

t+T
PWF(t)y = A f FECG(u))du
I

s,

?\ 120

HAVING THE SHAPE OF THE PULSE SIGNAL WAVEFORM

"

140

DISPLAY THE WAVEFORM OF THE INTEGRAL FUNCTION
HAVING THE SHAPE OF THE PULSE SIGNAL WAVEFORM OF
THE SUBJECT
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| METHOD - 200

DURING A PERIOD OF TIME

\'\
L i

STORE THE DIGITAL ECG SIGNAL IN A COMPUTER-
READABLE MEMORY STORAGE

>

122()

CONSTANTLY APPLY AN INTEGRAL FUNCTION TO THE
DIGITAL ECG SIGNAL AND DISPLAY ITS WAVEFORM THAT
HAS A SHAPLE OF A PULSE SIGNAL WAVEFORM, THE

INTEGRAL FUNCTION COMPRISING:

T

PWE(t)y = A f FECG(D) ¢ W - Odu
¢

N

‘
(a3

STORE THE WAVEFORM OF THE INTEGRAL FUNCTION
HAVING THE SHAPE OF THE PULSE SIGNAL WAVEFORM

L

240

| DISPLAY THE WAVEFORM OF THE INTEGRAL FUNCTION
HAVING THE SHAPE OF THE PULSE SIGNAL WAVEFORM OF
THE SUBJECT
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APPARATUS AND METHOD FOR USING
ECG TO RECOVER PULSE WAVEFORM
AND OTHER HEMODYNAMICS

FIELD AND BACKGROUND OF THE
INVENTION

[0001] The invention is in the field of medical diagnostic
devices and methods. More particularly, the invention aims
to use an ECG to obtain a pulse waveform and other
hemodynamic parameters.

[0002] An electrocardiograph, commonly called an ECG,
is a graphic recording of the electrical impulses associated
with the heart beat of a subject. It provides very useful
diagnostic information.

SUMMARY OF THE INVENTION

[0003] One aspect of the invention is a medical apparatus
configured to generate from an ECG signal, a signal corre-
sponding to a pulse waveform of a mammalian subject, and
to display a waveform of that signal, the apparatus com-
prising an ECG unit comprising at least one electrode, the
ECG unit configured to obtain and output an ECG signal
from live tissue of a mammalian subject and configured to
generate a digital ECG signal during a period of time if a
waveform of the ECG signal is not already digital; a memory
storage for receiving and storing a waveform of the digital
ECG signal during the period of time; one or more hardware
processors configured to constantly apply an integral func-
tion to the digital ECG signal and initiate a display signal to
a digital display device to display a waveform of the integral
function during the period of time, wherein the waveform of
the integral function has a shape of a pulse signal waveform
of the subject taken during the period of time, wherein the
integral function comprises:

PWF () =Al M F(ECG(u))du

wherein PWF(t) is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant, wherein the memory storage is configured to
constantly store the waveform of the integral function hav-
ing the shape of the pulse signal waveform, the one or more
hardware processors configured to send instructions to dis-
play or print the waveform of the integral function having
the shape of the pulse signal waveform.

[0004] In some embodiments, the integral function com-
prises

PWF(1) = Al TF(ECG(w))- W(u-t)du

wherein W(u) is a weight function.

[0005] In some embodiments, one or more of the ECG
unit, memory storage, one or more hardware processors and
digital display device are situated remotely from at least one
other of the ECG unit, memory storage, one or more
processors and digital display device.

[0006] In some embodiments, the one or more hardware
processors are configured to obtain from the pulse signal
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waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i) a
hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(ii) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of the systolic blood pressure and the
location of the diastolic blood pressure on the recovered
pulse signal waveform, (x) resistance of the blood vessels,
(xi) blood vessel stiffness, (xii) cardiac index and (xiii) a
variation of any of the parameters “(i)” through “(xii)”
obtained by applving a function to any of the parameters
“(1)” through “(xii)”. In some embodiments, the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i)
systolic blood pressure (ii) diastolic blood pressure, and (iii)
stroke volume. In some embodiments, the one or more
hardware processors are configured to obtain resistance of
the blood vessels of the subject during the period of time
from the pulse signal waveform.

[0007] Another aspect of the invention is a method of
generating from an ECG signal, a signal corresponding to a
pulse waveform of a mammalian subject, and to display a
waveform of that signal, the method comprising utilizing an
ECG unit comprising at least one electrode to obtain and
output an ECG signal from live tissue of a mammalian
subject and to generate a digital ECG signal during a period
of time if a waveform of the ECG signal is not already
digital; storing a waveform of the digital ECG signal in a
computer-readable memory storage; utilizing one or more
hardware processors to constantly apply an integral function
to the digital ECG signal and initiate a display signal to a
digital display device to display a waveform of the integral
fanction during the period of time, wherein the waveform of
the integral function has a shape of a pulse signal waveform
of the subject taken during the period of time, wherein the
integral function comprises:

PWE() ;= Al TF(ECG (1)) du

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant, wherein the memory storage constantly stores the
waveform of the integral function having the shape of the
pulse signal waveform; and initiating a display signal to a
digital display device to constantly display the waveform of
the integral function having the shape of the pulse signal
waveform of the subject.
[0008] In some embodiments, the integral function com-
prises

PWF()) ;=Al  TF(ECG(u)) Wu—t)du
wherein W(u) is a weight function.
[0009] In some embodiments, one or more of the ECG

unit, memory storage, one or more hardware processors and
digital display device are situated remotely from at least one
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other of the ECG unit, memory storage., one or more
processors and digital display device.

[0010] In some embodiments, the one or more hardware
processors are configured to obtain from the pulse signal
waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i) a
hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(ii) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of systolic blood pressure and the
location of diastolic blood pressure on the recovered pulse
signal waveform, (x) resistance of the blood vessels, (xi)
blood vessel stiffness, (xii) cardiac index and (xiii) a varia-
tion of any of the parameters “(i)” through “(xii)” obtained
by applying a function to any of the parameters “(i)” through
“(xii)”. In one or more embodiments, the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject: (i) systolic blood pressure (ii)
diastolic blood pressure, and (ii1) stroke volume during the
period of time. In one or more embodiments, the one or more
hardware processors are configured to obtain resistance of
the blood vessels of the subject during the period of time
from the pulse signal waveform.

[0011] A still further aspect of the invention is a non-
transitory computer-readable storage medium having stored
thereon an application executable by one or more hardware
processors, the execution performing: using an ECG signal
that was obtained from live tissue of a mammalian subject
to generate a digital ECG signal during a period of time if
a waveform of the ECG signal is not already digital; storing
awaveform of the digital ECG signal in a computer-readable
memory storage; utilizing the one or more hardware pro-
cessors to constantly apply an integral function to the digital
ECG signal and initiate a display signal to a digital display
device to display a waveform of the integral function during
the period of time, wherein the waveform of the integral
function has a shape of a pulse signal waveform of the
subject taken during the period of time, wherein the integral
function comprises:

PWF() Al TF(RCG(u))du

wherein PWE(t) is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant; and constantly storing on the memory storage the
waveform of the integral function having the shape of the
pulse signal waveform, initiating a display signal to a digital
display device to constantly display the waveform of the
integral function having the shape of the pulse signal wave-
form of the subject.

[0012] In some embodiments, the integral function com-
prises

PWF() =Al " TF(ECG(w)) W(u-1)du

wherein W(u) is a weight function.

Jun. 4, 2020

[0013] In some embodiments, the execution of the stored
application performs utilizing the one or more hardware
processors to obtain from the pulse signal waveform at least
one of the following hemodynamic parameters of the subject
during the period of time: (i) a hemodynamic blood pressure
parameter that is at least one of (a) systolic blood pressure,
(b) diastolic blood pressure, (ii) stroke volume, (iii) cardiac
output, (iv) blood velocity, (v) blood viscosity, (vi) presence
of congestive heart failure, (vii) presence of heart failure,
(viil) peripheral blood perfusion, (ix) the location of systolic
blood pressure and the location of diastolic blood pressure
on the recovered pulse signal waveform, (x) resistance of the
blood vessels, (xi) blood vessel stiffness, (xii) cardiac index
and (xiii) a variation of any of the parameters “(i)” through
“(xii)” obtained by applying a function to any of the param-
eters “(1)” through “(xii)”. In some embodiments, the execu-
tion of the stored application performs utilizing the one or
more hardware processors to obtain from the pulse signal
waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i)
systolic blood pressure (i) diastolic blood pressure, and (iii)
stroke volume. In some embodiments, execution of the
stored application performs utilizing the one or more hard-
ware processors to obtain resistance of the blood vessels of
the subject during the period of time from the pulse signal
waveform.

[0014] These and other features, aspects and advantages of
the invention will become better understood with reference
to the following drawings, descriptions and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Various embodiments are herein described, by way
of example only, with reference to the accompanying draw-
ings, wherein:

[0016] FIG. 1 is a schematic illustration of an ECG unit
displaying an ECG and a pulse waveform and other hemo-
dynamic parameters, in accordance with one embodiment of
the invention;

[0017] FIG. 2Ais a graph of a patient’s ECG downloaded
from www.physionet.org;

[0018] FIG. 2B is a graph of a pulse waveform derived
from the ECG of FIG. 2A by applying a method and
apparatus in accordance with an embodiment of the inven-
tion;

[0019] FIG. 2C is a graph of the pulse waveform of FIG.
2B designating locations indicating momentary systolic and
diastolic blood pressure in accordance with an embodiment
of he invention;

[0020] FIG. 2D is a graph of the pulse waveform of FIG.
2B showing stroke volume waveform in accordance with an
embodiment of the invention;

[0021] FIG. 2E is a graph of the pulse waveform of FIG.
2B showing cardiac output waveform in accordance with an
embodiment of the invention;

[0022] FIG. 3 is a schematic illustration of a system in
which the memory storage and one or more processors are
and remote from the ECG unit and display or printer device
and accessible by telecommunications network, in accor-
dance with one embodiment of the invention;

[0023] FIG. 4 is a flowchart showing a method of the
invention;
[0024] FIG. 5 is a flowchart showing a further method of

the invention; and
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[0025] FIG. 6 is a schematic illustration of modules of an
application stored on a non-transitory computer-readable
medium and executed by one or more processors in accor-
dance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0026] The following detailed description is of the best
currently contemplated modes of carrying out the invention.
The description is not to be taken in a limiting sense, but is
made merely for the purpose of illustrating the general
principles of the invention, since the scope of the invention
is best defined by the appended claims.

[0027] The invention generally provides a medical appa-
ratus and method configured to generate, from an ECG
signal of a mammalian subject during a certain time period,
a signal corresponding to a pulse waveform of a mammalian
subject and to display a waveform of that signal. In some
embodiments, the apparatus or method obtains a further
signal from the pulse signal. In some embodiments (of each
of the apparatus, method(s) and computer-readable medium)
a pulse waveform is a blood pressure waveform if the
systolic and diastolic values appear on the pulse signal
waveform indicating the momentary blood pressure. In that
regard, as shown in FIG. 2C, usually the pulse signal
waveform’s peaks represents the momentary systolic blood
pressure values and a point along the slope of the waveform
between the current peak and the next major minimum
represents the momentary diastolic blood pressure.. In other
embodiments the pulse signal waveform is a stroke volume
waveform if the stroke volume values appear on the pulse
signal waveform indicating the blood volume per heart
stroke, as seen in FIG. 2D and is a cardiac output waveform
(see FIG. 2E) showing the total cardiac output per minute
(stroke volume times pulse times a positive constant). The
recovered signal from ECG is a signal representing hemo-
dynamic physiological status of the mammalian subject
during that time period, and displays a waveform of that
further signal. The hemodynamic status is a set of biopa-
rameters that includes at least one of (a) systolic blood
pressure, (b) diastolic blood pressure, (ii) stroke volume,
(iii) cardiac output, (iv) blood velocity, (v) blood viscosity,
(vi) presence of congestive heart failure, (vii) presence of
heart failure, (viii) peripheral blood perfusion, (ix) the
location of systolic blood pressure and the location of
diastolic blood pressure on the recovered pulse signal wave-
form, (x) resistance of the blood vessels, (xi) blood vessel
stiffness, (xii) cardiac index and (xiii) a variation of any of
the parameters “(i)” through “(xii)”” obtained by applying a
function to any of the parameters “(i)” through “(xii)”.
[0028] In one example, the apparatus includes an ECG
unit. The ECG unit comprises at least one electrode for
obtaining and outputting an ECG signal from live tissue of
a mammalian subject and for generating a digital ECG
signal during a period of time if the ECG signal waveform
is not already digital. The apparatus also has in some
embodiments a memory storage for receiving and storing
real time digital ECG data from the digital ECG signal
during the period of time.

[0029] The apparatus 10 also has a processing unit which
may include one or more hardware processors 40 configured
to constantly apply an integral function to the digital ECG
signal and initiate a display signal to a digital display device
to display a waveform of the integral function during the
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period of time, wherein (in the case where the hemodynamic
parameter is the pulse) the waveform of the integral function
has a shape of a pulse signal waveform of the subject taken
during the period of time, wherein the integral function
comprises:

PWF(1) = Al TECG(u)du

wherein PWF(1),-is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time such as a
second or a minute or another time interval, wherein T
(which is the length of the integral) is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
(frequency of the peaks in the ECG signal) in which T
satisfies the Nyquist sampling theory, wherein t, u are each
time variables and wherein A is a positive constant.

[0030] In some embodiments a mathematical F operation
in the form

PWE()) 7= Al TF(ECG (1)) dut

is first performed on the ECG. The outcome of the F
operation in one non-limiting example is a convolution
operation resulting in smoothing the ECG by various low
pass filter or alternatively the convolution operation results
in sharpening the ECG by using a high pass filter or any
other filter. Another example of the F operation is a noise
reduction or noise elimination.

[0031] The memory storage stores the pulse waveform
outcomes (i.e. the waveform of the integral function having
the shape of the pulse signal waveform). The one or more
hardware processors 40 may also be configured to send
instructions to display or print the waveform of the integral
fanction having the shape of the pulse signal waveform.
[0032] Optionally, the integral function comprises

PWE() ;= Al TF(ECG(u)) W(u-t)du

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein W(u) is a windows weight function,
for example a smoothing weight function which may be
Gaussian or non-Gaussian.

[0033] Non-limiting examples of a window function are:
[0034] W(t)=1 for any -1<t<l; otherwise W(t)=0.
[0035] W(t)=k*exp(-a*Itl) for any real number t, “a” is a

positive real number where “||” means absolute value.
[0036] W(t)=k*exp(-a*t2) for any real number t, “a” is a

positive number. W in this case is a Gaussian weighting

function. In the last two examples, k is a real constant.
[0037] Applicant discovered that the waveform of the
integral function of the ECG has a shape of a pulse signal
waveform of the subject that was taken during the period of
time. A digital display device or printer device is configured
to receive the display signal and display or print the wave-
form of the integral function having the shape of the
hemodynamic signal waveform. The memory and one or
more processors can be integrated into one physical device
or they can be remote from the ECG unit. Anyone can obtain
a waveform that has the shape of a pulse or other hemody-
namic parameter from an ECG device without any other
device or technical assistance. A doctor can see the patient’s
pulse from the display of the apparatus and from the output
of the method.
[0038] Typically, to obtain hemodynamic parameters,
including but not limited to pulse, would require a separate
device. The invention generates a display or printout of these

“H”
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hemodynamic parameters in some embodiments from the
same ECG unit that produces the ECG signal.

[0039] The principles and operation of Apparatus and
Method for Using ECG to Recover Pulse Waveform and
Other Hemodynamics may be better understood with refer-
ence to the drawings and the accompanying description.

[0040] As seen from FIGS. 1-3, the invention, in one
embodiment, is a medical apparatus 10 configured to gen-
erate, from an ECG signal, a signal corresponding to a pulse
waveform of a mammalian subject, and to display a wave-
form of'that signal. The apparatus 10 comprises an ECG unit
20 which may comprise at least one electrode 21 and is
configured to obtain and output an ECG signal from live
tissue of a mammalian subject during a time period. The
ECG unit is configured to generate a digital ECG signal
during the period of time if the waveform of the ECG signal
is not already digital.

[0041] Apparatus 10 may comprise a memory storage 30
configured to receive and store (for example constantly or
continuously store) the waveform of the digital ECG signal
during the period of time. Apparatus 10 may also comprise
one or more hardware processors 40 configured to con-
stantly apply an integral function to the digital ECG signal
and initiate a display signal(s) to a digital display device 50
to display (for example to constantly or continuously dis-
play) a waveform of the integral function during the period
of time, wherein the waveform of the integral function has
a shape of a pulse signal waveform of the subject taken
during the period of time, wherein the integral function
comprises:

PWF () =4l F(ECG(u))du

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time such as a
second, minute or other time interval, where F is a pre-
processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables and wherein A is a positive constant. Common non-
limiting examples of a time interval are seconds or minutes.

[0042] In any embodiment herein, the time resolution
means the number of sampling point per time interval (the
most common time interval being a second). For example, a
resolution of 250 hz means 250 sampling points for each
second. Although computing T according to Nyquist sam-
pling theory for 250 hz is well known in some embodiments
one should also consider the number of beats within T. For
example, if T does not contain any beats in some embodi-
ments one would increase T so that each time one performs
integration over T at least one beat is incorporated. In some
cases, therefore, we may need more than a single beat.

[0043] The number of beats per minute can be determined
from the frequency of the peaks in the ECG signal. For
example, if the ECG unit 20 records the ECG of the
mammalian subject for 10 seconds, and if the one or more
hardware processors 40 counts and determines that there are
12 peaks during the 10 seconds, then the one or more
hardware processors 40 may determine that there are 1.2
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beats per second or that there are 72 beats per minute. This
is commonly call “pulse rate”.

[0044] “Pulse” means the number of beats per time inter-
val. In some embodiments, the invention utilizes either the
pulse or the number of peaks in the ECG signal per time
interval to help determine T. Accordingly, in this patent
application the phrase “from a pulse or ECG peak rate”
means from the pulse of the mammalian subject or from the
number of peaks in the ECG signal of the mammalian
subject per time interval.

[0045] The memory storage 30 may store the pulse wave-
form outcome, which is the waveform of the integral func-
tion having a shape of the pulse signal waveform. The one
or more hardware processors 40 may be configured to send
an instruction to display or print the waveform of the integral
fanction having the shape of the pulse signal waveform.
[0046] Optionally, the integral function comprises

PWE(t) ;= Al TF(ECG(u)) W(u—t)du

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time such as a
second, minute or other time interval, where F is a pre-
processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables and wherein A is a positive constant, and wherein W(u)
is a weight function, for example a smoothing weight
function, for example a Gaussian window function provid-
ing focal points on the location of t.

[0047] Non-limiting examples of a window function are:

[0048] W(t)=1 for any -1<t<1; otherwise W(t)=0.

[0049] W(t)=k*exp(-a*Itl) for any real number t, “a” is a
positive real number where *||” means absolute value.

[0050] W(t)=k*exp(-a*t"2) for any real number t, “a” is a

positive number. W in this case is a Gaussian weighting
function. In the last two examples, k is a real constant.

[0051] Optionally, as seen in FIG. 3, the one or more of the
ECG unit, memory storage, one or more hardware proces-
sors and digital display device are situated remotely from at
least one other of the pulse unit, memory storage, one or
more processors and digital display device. In that case
apparatus 10 would be described as a system.

[0052] Pulse is not the only hemodynamic parameter
obtainable from the ECG signal using the invention. In some
embodiments, the one or more hardware processors 40 are
configured to obtain (for example constantly obtain) from
the pulse signal waveform at least one of the following
hemodynamic parameters of the subject (e.g. during the
period of time): (i) a hemodynamic blood pressure param-
eter that is at least one of (a) systolic blood pressure, (b)
diastolic blood pressure, (ii) stroke volume, (iii) cardiac
output, (iv) blood velocity, (v) blood viscosity, (vi) presence
of congestive heart failure, (vii) presence of heart failure,
(viii) resistance of the blood vessels, (ix) the location of
systolic blood pressure and the location of diastolic blood
pressure on the recovered pulse waveform, (x) peripheral
blood perfusion, (xi) blood vessel stiffness, (xii) cardiac
index and (xiii) a variation of any of the parameters “(i)”
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through “(xii)” obtained by applying hemodynamic algo-
rithm(s) to any of the parameters “(i)” through “(xii)”.
[0053] In some embodiments, the one or more hardware
processors 40 are configured to obtain (for example con-
stantly obtain) from the pulse signal waveform at least one
of the following hemodynamic parameters of the subject
(e.g. during the period of time): (i) systolic blood pressure
(ii) diastolic blood pressure, and (iii) stroke volume. In some
embodiments, the one or more hardware processors 40 are
configured to obtain resistance of the blood vessels of the
subject (e.g. during the period of time) from the pulse signal
waveform.

[0054] A memory storage component of a computer sys-
tem, such as a memory storage 30 of a computer system, is
configured to receive and store the waveform of the digital
ECG signal (for example in real time) during the period of
time. In general, the computer system, in all embodiments,
includes all necessary hardware 40 and software 42 to
perform the functions described herein.

[0055] The apparatus 10 in some embodiments includes a
digital display device 50 or printer device 50 configured to
receive the display signal and display or print the waveform
of the integral function having the shape of the pulse signal
waveform (or other hemodynamic parameter of the subject).
In some embodiments, the digital display device 50 is a
digital display screen or is otherwise integrated with the
ECG unit 20, memory storage 30 and/or hardware processor
(s) 40 as a single device. In other embodiments, the digital
display device 50 is separate.

[0056] An example of the application of an embodiment of
the invention is as follows. FIG. 2A shows a graph of a live
human patient’s ECG downloaded from www.physionet.
org. FIG. 2B is a graph of a pulse waveform derived from
the ECG of FIG. 2A by applying a method and apparatus in
accordance with an embodiment of the invention. In order to
vield the pulse signal waveform of FIG. 2B, Applicant
downloaded the ECG from physionet.org which was already
in digital form and sampled the ECG waveform at 360 hz,
namely 360 sampling points per second. Other sampling
rates consistent with Nyquist sampling theory could have
been used consistent with the invention provided they were
consistent with Nyquist sampling theory. Applicant utilized
the ECG unit, memory storage 30 and one or more proces-
sors 40 as described in apparatus 10 and method 100. For
example memory storage 30 was used so that one or more
hardware processors 40 could compute the T interval
according to the Nyquist sampling theory since T is deter-
mined from the ECG(u) time resolution and from a pulse or
ECG peak rate in which T satisfies the Nyquist sampling
theory. As a result of using apparatus 10 or method 100,
Applicant obtained the pulse waveform displayed in FIG.
2B after applying the integral function on the ECG wave-
form of FIG. 2A.

[0057] As seen in FIG. 4, a further embodiment of the
invention is a method 100 of generating from an ECG signal,
a signal corresponding to a pulse waveform of a mammalian
subject, and to display a waveform of that signal. In some
embodiments, method 100 comprises a step 110 of utilizing
an ECG unit 20 comprising at least one electrode to obtain
and output an ECG signal from live tissue of a mammalian
subject and to generate a digital ECG signal during a period
of time if the waveform of the ECG signal is not already
digital.
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[0058] Method 100 may also comprise a step 120 of
storing the waveform of the digital ECG signal in a com-
puter-readable memory storage.

[0059] Method 100 in some embodiments includes a step
130 of utilizing one or more hardware processors 40 to
constantly apply an integral function to the digital ECG
signal and in some embodiments also initiate a display
signal(s) to a digital display device to display (for example
constantly or continuously) a waveform of the integral
function during the period of time. In some embodiments of
method 100, the digital display device 50 is simply a digital
display screen or is otherwise integrated with the ECG unit
20, memory storage 30 and/or hardware processor(s) 40 as
a single device. In other embodiments, the digital display
device 50 is separate.

[0060] The waveform of the integral function has a shape
of a pulse signal waveform of the subject taken during the
period of time, wherein the integral function comprises:

PWE()) 7= Al TF(ECG (1)) dut

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time such as a
second, minute or other time interval, where F is a pre-
processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables and wherein A is a positive constant.

[0061] Method 100 in some embodiments includes a step
of 140 of having the memory storage store (for example
constantly store) the waveform of the integral function that
has a shape of the pulse signal waveform.

[0062] Method 100 may include a step 150 of initiating a
display signal(s) to a digital display device to display (for
example constantly display) the waveform of the integral
function having the shape of the pulse signal waveform of
the subject.

[0063] Optionally, as seen in FIG. 5, a weight function
such as a smoothing weight function is included in the
integral function. For example, in some embodiments, the
integral function comprises

PWF (1) =Al* TFECG(w)) W(u-t)du

wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables and wherein A is a positive constant and wherein W(u)
is a weight function such as a smoothing weight function, for
example a Gaussian weight function (which may be a
Gaussian window function) providing focal points on the
location of t.
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[0064] Non-limiting examples of a window function are:
[0065] W(t)=1 for any -1st<l; otherwise (W(t)=0.
[0066] W (t)=k*exp(-a*Itl) for any real number t, “a” is a

“H”

positive real number where “||” means absolute value.
[0067] W(t)=k*exp(-a*t"2) for any real number t, “a” is a
positive number. W in this case is a Gaussian weighting
function. In the last two examples, k is a real constant.
FIG. 5 shows a flow chart for a method 200 having steps
210, 220, 230, 240 and 250 similar to the steps 110, 120,
130, 140, 150 of method 100 except that step 230 utilizes the

integral function having the weight function
PWF() ;=Al TFECG () W(u—t)du

[0068] Optionally, as with apparatus 10, one or more of the
ECG unit 20, memory storage 30, one or more hardware
processors 40 and digital display device 50 are situated
remotely from at least one other of the ECG unit, memory
storage, one or more hardware processors 40 and digital
display device 50.

[0069] As with apparatus 10, in method 100, the one or
more hardware processors 40 are configured to obtain (for
example constantly) from the pulse signal waveform at least
one of the following hemodynamic parameters of the subject
(e.g. during the period of time): (i) a hemodynamic blood
pressure parameter that is at least one of (a) systolic blood
pressure, (b) diastolic blood pressure, (ii) stroke volume,
(iil) cardiac output, (iv) blood velocity, (v) blood viscosity,
(vi) presence of congestive heart failure, (vii) presence of
heart failure, (viii) peripheral blood perfusion, (ix) the
location of systolic blood pressure and the location of
diastolic blood pressure on the recovered pulse signal wave-
form, (x) resistance of the blood vessels, (xi) blood vessel
stiffness, (xii) cardiac index and (xiii) a variation of any of
the parameters “(1)” through “(xii)” obtained by applying a
function to any of the parameters “(i)” through “(xii)”. In
some embodiments, the one or more hardware processors
are configured to obtain from the pulse signal waveform at
least one of the following hemodynamic parameters of the
subject (e.g. during the period of time): (i) systolic blood
pressure (i) diastolic blood pressure, and (iii) stroke vol-
ume. In some embodiments, the one or more hardware
processors 40 are configured to obtain (for example con-
stantly) resistance of the blood vessels of the subject (e.g.
during the period of time) from the pulse signal waveform.
[0070] In general, the components used in the methods
100, 200 of the invention are the same as in the apparatus 10
of the invention. Accordingly, the variations in the embodi-
ments of apparatus 10 may be used to vary the embodiments
of method 100 or method 200.

[0071] As seen from FIG. 6, a further embodiment of the
invention is a non-transitory computer-readable storage
medium 300 having stored thereon an application 310 (for
example software) executable by one or more hardware
processors, the execution of the application (for example
software) performing the following steps:

[0072] wusing an ECG signal that was obtained from live
tissue of a mammalian subject to generate a digital ECG
signal during a period of time if the ECG signal waveform
is not already digital,

[0073] storing the digital ECG signal waveform in a
computer-readable memory storage,

[0074] utilizing the one or more hardware processors to
constantly apply an integral function to the digital ECG
signal and initiate a display signal to a digital display device
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to display a waveform of the integral function during the
period of time, wherein the waveform of the integral func-
tion has a shape of a pulse signal waveform of the subject
taken during the period of time. wherein the integral func-
tion comprises:

PUF() =4 TFECG(u))du

wherein PWF(1),-is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables, wherein t, u are each time variables and wherein A is
a positive constant; and

[0075] storing (for example constantly) on the memory
storage the waveform of the integral function having the
shape of the pulse signal waveform. In some embodiments,
a further executed step is initiating a display signal(s) to a
digital display device to display (for example to constantly
display) the waveform of the integral function having the
shape of the pulse signal waveform of the subject.

[0076] Optionally, the integral function also includes a
weight function such as in the following function:

PWF(1) = Al TF(ECG(w))- W(u-t)du

wherein PWF (1) is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time such as a
second, minute or other time interval, where F is a pre-
processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T (which is the length of
the integral) is determined from the ECG(u) time resolution
and from a pulse or ECG peak rate in which T satisfies the
Nyquist sampling theory, wherein t, u are each time vari-
ables and wherein A is a positive constant and wherein W(u)
is a weight function such as a smoothing weight function, for
example a Gaussian weight function (which may be a
Gaussian window function) providing focal points on the
location of t.

[0077] Non-limiting examples of a window function are:
[0078] W(t)=1 for any -1<t<l; otherwise W(t)=0.
[0079] W(t)=k*exp(-a*Itl) for any real number t, “a” is a

positive real number where “||” means absolute value.
[0080] W(t)=k*exp(-a*t"2) for any real number t, “a” is a

positive number. W in this case is a Gaussian weighting

function. In the last two examples, k is a real constant.
[0081] As with apparatus 10 and methods 100, 200, the
non-transitory computer-readable storage medium 300 is
configured to perform utilizing the one or more hardware
processors to obtain (for example constantly) from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject (e.g. during the period of time): (i)
a hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(ii) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of the systolic blood pressure and the

“H”
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location of the diastolic blood pressure on the recovered
pulse signal waveform, (x) resistance of the blood vessels,
(xi) blood vessel stiffness, (xii) cardiac index and (xiii) a
variation of any of the parameters “(i)” through “(xii)”
obtained by applying a function to any of the parameters
“(1)” through “(xii)”. In some embodiments, the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject (e.g. during the period of time): (i)
systolic blood pressure (ii) diastolic blood pressure, and (iii)
stroke volume. In some embodiments, the one or more
hardware processors are configured to obtain (for example
constantly) resistance of the blood vessels of the subject
(e.g. during the period of time) from the pulse signal
waveform.

[0082] Insome embodiments of medium 300, as shown in
FIG. 6, one or more of the above steps performed by
executing the application 310 stored on medium 300 may be
performed by executing different modules of application
310. For example, executing module 311 may perform using
the ECG signal to generate the digital ECG signal, executing
module 312 may perform storing the digital ECG signal
waveform in the computer-readable memory storage,
executing module 313 may perform utilizing the one or
more hardware processors to constantly apply the integral
function to the digital ECG signal and initiate a display
signal to a digital display device to display a waveform of
the integral function during the period of time, executing
module 314 may perform storing on the memory storage the
waveform of the integral function having the shape of the
pulse signal waveform. In some embodiments, executing a
module 315 may perform initiating a display signal to a
digital display device to display the waveform of the integral
function having the shape of the pulse signal waveform of
the subject.

[0083] While the invention has been described with
respect to a limited number of embodiments, it will be
appreciated that many variations, modifications and other
applications of the invention may be made. Therefore, the
claimed invention as recited in the claims that follow is not
limited to the embodiments described herein.

What is claimed is:

1. A medical apparatus configured to generate from an
ECG signal, a signal corresponding to a pulse waveform of
a mammalian subject, and to display a waveform of that
signal, the apparatus comprising:

an ECG unit comprising at least one electrode, the ECG
unit configured to obtain and output an ECG signal
from live tissue of a mammalian subject and configured
to generate a digital ECG signal during a period of time
if a waveform of the ECG signal is not already digital;

amemory storage for receiving and storing a waveform of
the digital ECG signal during the period of time;

one or more hardware processors configured to constantly
apply an integral function to the digital ECG signal and
initiate a display signal to a digital display device to
display a waveform of the integral function during the
period of time, wherein the waveform of the integral
function has a shape of a pulse signal waveform of the
subject taken during the period of time, wherein the
integral function comprises:

PWF() =4l TF(ECG(w))du
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wherein PWE(t), is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant,
wherein the memory storage is configured to constantly
store the waveform of the integral function having the
shape of the pulse signal waveform,
the one or more hardware processors configured to send
instructions to display or print the waveform of the
integral function having the shape of the pulse signal
waveform.
2. The apparatus of claim 1, wherein the integral function
comprises

PWE(t) =Al TF(ECG(u)) W(u-t)du

wherein W(u) is a weight function.

3. The apparatus of claim 1, wherein one or more of the
ECG unit, memory storage, one or more hardware proces-
sors and digital display device are situated remotely from at
least one other of the ECG unit, memory storage, one or
more processors and digital display device.

4. The apparatus of claim 1, wherein the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i) a
hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(i1) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of the systolic blood pressure and the
location of the diastolic blood pressure on the recovered
pulse signal waveform, (x) resistance of the blood vessels,
(x1) blood vessel stiffness, (xii) cardiac index and (xiii) a
variation of any of the parameters “(i)” through “(xii)”
obtained by applying a function to any of the parameters
“(1)” through “(xii)”.

5. The apparatus of claim 1, wherein the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i)
systolic blood pressure (ii) diastolic blood pressure, and (iii)
stroke volume.

6. The apparatus of claim 1, wherein the one or more
hardware processors are configured to obtain resistance of
the blood vessels of the subject during the period of time
from the pulse signal waveform.

7. A method of generating from an ECG signal, a signal
corresponding to a pulse waveform of a mammalian subject,
and to display a waveform of that signal, the method
comprising:

utilizing an ECG unit comprising at least one electrode to

obtain and output an ECG signal from live tissue of a
mammalian subject and to generate a digital ECG
signal during a period of time if a waveform of the ECG
signal is not already digital,
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storing a waveform of the digital ECG signal in a com-
puter-readable memory storage;

utilizing one or more hardware processors to constantly
apply an integral function to the digital ECG signal and
initiate a display signal to a digital display device to
display a waveform of the integral function during the
period of time, wherein the waveform of the integral
function has a shape of a pulse signal waveform of the
subject taken during the period of time, wherein the
integral function comprises:

PWF ()= Af TF(ECG(1))du

wherein PWF(1),-is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant,
wherein the memory storage constantly stores the wave-
form of the integral function having the shape of the
pulse signal waveform; and
initiating a display signal to a digital display device to
constantly display the waveform of the integral func-
tion having the shape of the pulse signal waveform of
the subject.
8. The method of claim 7, wherein the integral function
comprises

PWE() 74 FTRECG(u)) W(u-t)du

wherein W(u) is a weight function.

9. The method of claim 7, wherein one or more of the
ECG unit, memory storage, one or more hardware proces-
sors and digital display device are situated remotely from at
least one other of the ECG unit, memory storage, one or
more processors and digital display device.

10. The method of claim 7, wherein the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i) a
hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(i1) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of systolic blood pressure and the
location of diastolic blood pressure on the recovered pulse
signal waveform, (x) resistance of the blood vessels, (xi)
blood vessel stiffness, (xii) cardiac index and (xiii) a varia-
tion of any of the parameters “(i)” through “(xii)” obtained
by applying a function to any of the parameters “(1)” through
“(xii)”.

11. The method of claim 7, wherein the one or more
hardware processors are configured to obtain from the pulse
signal waveform at least one of the following hemodynamic
parameters of the subject: (i) systolic blood pressure (ii)
diastolic blood pressure, and (iii) stroke volume during the
period of time.

12. The method of claim 7, wherein the one or more
hardware processors are configured to obtain resistance of
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the blood vessels of the subject during the period of time
from the pulse signal waveform.

13. A non-transitory computer-readable storage medium
having stored thereon an application executable by one or
more hardware processors, the execution performing:

using an ECG signal that was obtained from live tissue of

a mammalian subject to generate a digital ECG signal
during a period of time if a waveform of the ECG signal
is not already digital;

storing a waveform of the digital ECG signal in a com-

puter-readable memory storage;

utilizing the one or more hardware processors to con-

stantly apply an integral function to the digital ECG
signal and initiate a display signal to a digital display
device to display a waveform of the integral function
during the period of time, wherein the waveform of the
integral function has a shape of a pulse signal wave-
form of the subject taken during the period of time,
wherein the integral function comprises:

PUF(t) =4 TFECG(u))du

wherein PWF (1) is the recovered pulse waveform from the
ECG signal and wherein ECG(u) represents an ECG over a
specific time period using a specific time resolution defined
by a number of sampling points per unit time, where F is a
pre-processing operator on ECG to reduce or eliminate noise
before integration or to smooth or sharpen the digital ECG
signal before integration, wherein T is determined from the
ECG(u) time resolution and from a pulse or ECG peak rate
in which T satisfies the Nyquist sampling theory, wherein t,
u are each time variables and wherein A is a positive
constant; and
constantly storing on the memory storage the waveform
of the integral function having the shape of the pulse
signal waveform,
initiating a display signal to a digital display device to
constantly display the waveform of the integral func-
tion having the shape of the pulse signal waveform of
the subject.
14. The non-transitory computer-readable
medium of claim 13, wherein the

storage

PWE() =Al P TF(ECG(u)) Wu—t)du

integral function comprises

wherein W(u) is a weight function.

15. The non-transitory computer-readable storage
medium of claim 13, further comprising utilizing the one or
more hardware processors to obtain from the pulse signal
waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i) a
hemodynamic blood pressure parameter that is at least one
of (a) systolic blood pressure, (b) diastolic blood pressure,
(i1) stroke volume, (iii) cardiac output, (iv) blood velocity,
(v) blood viscosity, (vi) presence of congestive heart failure,
(vii) presence of heart failure, (viii) peripheral blood perfu-
sion, (ix) the location of systolic blood pressure and the
location of diastolic blood pressure on the recovered pulse
signal waveform, (x) resistance of the blood vessels, (xi)
blood vessel stiffness, (xi1) cardiac index and (xiii) a varia-
tion of any of the parameters “(i)” through “(xii)” obtained
by applying a function to any of the parameters “(1)” through
“(xii)”.

16. The non-transitory computer-readable storage
medium of claim 13, further comprising utilizing the one or
more hardware processors to obtain from the pulse signal
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waveform at least one of the following hemodynamic
parameters of the subject during the period of time: (i)
systolic blood pressure (ii) diastolic blood pressure, and (iii)
stroke volume.

17. The non-transitory computer-readable storage
medium of claim 13, further comprising utilizing the one or
more hardware processors to obtain resistance of the blood
vessels of the subject during the period of time from the
pulse signal waveform.

® 0% % % %
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