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(7) ABSTRACT

A cardiac monitoring system includes a display, a blood
pressure sensor configured to sense a blood pressure of an
artery of a patient, an analog-to-digital converter (ADC)
configured to convert a blood pressure signal from the blood
pressure sensor to digital blood pressure data, a hardware
processor, and a software code. The hardware processor
executes the software code to identify cardiovascular met-
rics of the patient, including one or more of an aortic
impedance and an aortic compliance of the patient, based on
the blood pressure data, and to determine a stroke volume
(SV) of the patient using a subset of the cardiovascular
metrics including the aortic impedance and/or aortic com-
pliance, as well as an additive factor. The additive factor is
based on a meta-parameter including a weighted sum of
combinatorial parameters, each combinatorial parameter
including another subset of the cardiovascular metrics.
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CARDIAC MONITORING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No.: 62/571,645, filed Oct. 12, 2017, the con-
tents of which are incorporated herein by reference in its
entirety.

BACKGROUND

[0002] Cardiac monitoring can be an important part of
patient care in the hospital setting, particularly for patients
who are seriously ill or undergoing surgery. Many cardiac
parameters of significant clinical importance can be derived
from central arterial blood pressure waveforms obtained
through continuous or periodic blood pressure monitoring.
Examples of such significant cardiac parameters include
cardiac output, stroke volume, and stroke volume variation,
to name a few. Accurately calculating those cardiac param-
eters can be of critical importance for clinicians responsible
for making treatment decisions.

[0003] For patients in a normal hemodynamic condition,
the relationship between arterial blood pressure measured
peripherally and central arterial blood pressure is under-
stood, so that blood pressure measurements taken at the
femoral or radial arteries, for example, can be used to
quickly and accurately determine cardiac output and stroke
volume, as well as other cardiac parameters of interest.
However, for patients in a hyperdynamic condition, periph-
eral arterial blood pressure and central arterial blood pres-
sure may be decoupled, rendering conventional solutions for
determining cardiac parameters based on peripheral arterial
blood pressure measurements unreliable.

SUMMARY

[0004] There are provided systems and methods for per-
forming cardiac monitoring, substantially as shown in and/
or described in connection with at least one of the figures,
and as set forth more completely in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 shows a diagram of an exemplary cardiac
monitoring system, according to one implementation;
[0006] FIG. 2A shows an exemplary diagram comparing
central arterial blood pressure waveforms to peripheral
arterial blood pressure waveforms for a patient in a normal
hemodynamic condition;

[0007] FIG. 2B shows an exemplary diagram comparing
central arterial blood pressure waveforms to peripheral
arterial blood pressure waveforms for a patient in a hyper-
dynamic condition;

[0008] FIG. 3A shows an exemplary diagram comparing a
distribution of systolic areas of arterial blood pressure
waveforms measured in patients in a normal hemodynamic
condition to a distribution of systolic areas of arterial blood
pressure waveforms measured in patients in a hyperdynamic
condition;

[0009] FIG. 3B shows an exemplary diagram comparing a
distribution of systolic time for arterial blood pressure
waveforms measured in patients in a normal hemodynamic
condition to a distribution of systolic time for arterial blood
pressure waveforms measured in patients in a hyperdynamic
condition;
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[0010] FIG. 4A shows an exemplary implementation for
non-invasively detecting peripheral arterial blood pressure
at an extremity of a patient;

[0011] FIG. 4B shows an exemplary implementation for
performing minimally invasive detection of peripheral arte-
rial blood pressure of a patient;

[0012] FIG. 5 shows a diagram depicting transformation
of a peripheral arterial blood pressure waveform of a patient
to a central arterial blood pressure waveform of the patient,
according to one implementation;

[0013] FIG. 6 is a flowchart presenting an exemplary
method for use by a system to perform cardiac monitoring;
and

[0014] FIG. 7 shows a trace of an arterial blood pressure
waveform including exemplary cardiovascular metrics.

DETAILED DESCRIPTION

[0015] The following description contains specific infor-
mation pertaining to implementations in the present disclo-
sure. One skilled in the art will recognize that the present
disclosure may be implemented in a manner different from
that specifically discussed herein. The drawings in the
present disclosure and their accompanying detailed descrip-
tion are directed to merely exemplary implementations.
Unless noted otherwise, like or corresponding elements
among the figures may be indicated by like or corresponding
reference numerals. Moreover, the drawings and illustra-
tions in the present disclosure are generally not to scale, and
are not intended to correspond to actual relative dimensions.
[0016] As stated above, cardiac monitoring can be an
important part of patient care in the hospital setting, par-
ticularly for patients who are seriously ill or undergoing
surgery. Many cardiac parameters of significant clinical
importance can be derived from central arterial blood pres-
sure waveforms obtained through continuous or periodic
blood pressure monitoring. Exaniples of such significant
cardiac parameters include cardiac output, stroke volume,
and stroke volume variation, to name a few. Accurately
calculating those cardiac parameters can be of critical
importance for clinicians responsible for making treatment
decisions.

[0017] As further stated above, for patients in a normal
hemodynamic condition, the relationship between arterial
blood pressure measured peripherally and central arterial
blood pressure is understood, so that blood pressure mea-
surements taken at the femoral or radial arteries, for
example, can be used to quickly and accurately determine
cardiac output and stroke volume, as well as other cardiac
parameters of interest. However, for patients in a hyperdy-
namic condition, peripheral arterial blood pressure and cen-
tral arterial blood pressure may be decoupled, rendering
conventional solutions for determining cardiac parameters
based on peripheral arterial blood pressure measurements
unreliable.

[0018] The present disclosure provides systems and meth-
ods for performing cardiac monitoring that overcomes the
deficiencies of conventional approaches when applied to
patients in a hyperdynamic condition. By identifying mul-
tiple cardiovascular metrics of a patient based on blood
pressure data for the patient, and using a first subset of those
cardiovascular metrics supplemented by an additive factor,
the present solution enables reliable cardiac monitoring for
patients in a clinical setting. Moreover, by determining the
additive factor based on a meta-parameter including a
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weighted sum of combinatorial parameters that include a
second subset of the cardiovascular metrics, the present
solution advantageously further enables the reliable deter-
mination of cardiac output and/or stroke volume for patients
whether in a normal hemodynamic or hyperdynamic con-
dition.

[0019] It is noted that, as defined for the purposes of the
present disclosure, the expression “normal hemodynamic
condition” refers to a patient condition in which peripheral
arterial blood pressure corresponds to central arterial blood
pressure in a way that is known or predictable in the
conventional art. As a result, for patients in a normal
hemodynamic condition, peripheral arterial blood pressure
measurements may be used to reliably calculate central
arterial blood pressure, as well as cardiac parameters such as
stroke volume and cardiac output that are determined based
on central arterial blood pressure.

[0020] By contrast, and as further defined for the purposes
of the present disclosure, the expression “hyperdynamic
condition” refers to a patient condition in which the normal
correspondence between peripheral arterial blood pressure
and central arterial blood pressure cannot be relied upon. In
other words, in a hyperdynamic condition, central arterial
blood pressure and peripheral arterial blood pressure are
decoupled. Consequently, for patients in a hyperdynamic
condition, peripheral arterial blood pressure measurements
cannot be reliably used to calculate central arterial blood
pressure, nor to determine cardiac parameters such as stroke
volume and cardiac output using conventional techniques.
[0021] FIG. 1 shows a diagram of exemplary cardiac
monitoring system 100, according to one implementation.
Cardiac monitoring system 100 includes hardware processor
102, system memory 104, and blood pressure sensor 120
coupled to analog-to-digital converter (ADC) 106. As shown
in FIG. 1, system memory 104 stores software code 110
including cardiovascular metrics 112. As further shown in
FIG. 1, cardiac monitoring system 100 also includes display
124 providing user interface 126, digital-to-analog converter
(DAC) 108, and sensory alarm 128. Display 124 may take
the form of a liquid crystal display (LCD), a light-emitting
diode (LED) display, an organic light-emitting diode
(OLED) display, or another suitable display screen that
performs a physical transformation of signals to light.
[0022] Referring to FIG. 2A, FIG. 2A shows diagram
200A comparing central arterial blood pressure waveform
246a to peripheral femoral arterial blood pressure waveform
244a1 and peripheral radial arterial blood pressure 244a2 for
a patient when in a normal hemodynamic condition. FIG.
2B, shows diagram 200B comparing central arterial blood
pressure waveform 2464 to peripheral femoral arterial blood
pressure waveform 244b1 and peripheral radial arterial
blood pressure 24452 for a patient when in a hyperdynamic
condition.

[0023] As shown in FIG. 2A, in a normal hemodynamic
condition, the systolic peaks of peripheral femoral arterial
blood pressure waveform 244al and peripheral radial arte-
rial blood pressure 24442 are substantially higher than the
systolic peaks of central arterial blood pressure waveform
246a. By contrast, in a hyperdynamic condition, those
relationships may be inverted, such that the systolic peaks of
peripheral femoral arterial blood pressure waveform 244al
and peripheral radial arterial blood pressure 244a2 are
substantially lower than the systolic peaks of central arterial
blood pressure waveform 246a. Thus, a hyperdynamic con-
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dition may result in a sudden and/or significant reduction in
peripheral arterial blood pressure of a patient.

[0024] Referring to FIG. 3A, FIG. 3A shows diagram
300A comparing distribution 362 of systolic areas of arterial
blood pressure waveforms measured in patients in a normal
hemodynamic condition to distribution 364 of systolic areas
of arterial blood pressure waveforms measured in patients in
a hyperdynamic condition. As may be seen from FI1G. 3A, a
hyperdynamic condition is associated with a significant shift
in systolic area, as well as with a significant change in the
standard deviation of distribution 364 relative to distribution
362. Thus, a hyperdynamic condition may result in a sudden
and/or significant shift in average systolic area, and/or by a
sudden and/or significant increase in the standard deviation
of the systolic area distribution.

[0025] FIG. 3B shows diagram 300B comparing distribu-
tion 366 of systolic time of arterial blood pressure wave-
forms measured in patients in a normal hemodynamic con-
dition to distribution 368 of systolic time of arterial blood
pressure waveforms measured in patients in a hyperdynamic
condition. As may be seen from FIG. 3B, a hyperdynamic
condition is associated with a significant shift in systolic
time, as well as with a significant change in the standard
deviation of distribution 368 relative to distribution 366.
Thus, a hyperdynamic condition may result in a sudden
and/or significant shift in average systolic time, and/or by a
sudden and/or significant decrease in the standard deviation
of the systolic time distribution.

[0026] Turning back to FIG. 1, cardiac monitoring system
100 may be implemented within a patient care environment
such as an intensive care unit (ICU) or operating room (OR),
for example. As shown in FIG. 1, in addition to cardiac
monitoring system 100, the patient care environment
includes patient 130, and healthcare worker 140 (hereinafter
“user 140”) trained to utilize cardiac monitoring system 100
via user interface 126. User interface 126 is configured to
receive inputs 142 from user 140, and can output cardiac
status data and/or provide sensory alarm 128.

[0027] Blood pressure sensor 120 is shown in an exem-
plary implementation in FIG. 1, and is attached to patient
130. It is noted that blood pressure sensor 120 may be an
invasive or non-invasive sensor attached to patient 130. In
one implementation, as represented in FIG. 1, blood pres-
sure sensor 120 may be attached non-invasively so as to
sense a peripheral arterial blood pressure of patient 130,
such as arterial blood pressure measured at a wrist or finger
of patient 130. Although not explicitly shown in FIG. 1, in
other implementations, blood pressure sensor 120 may be
attached non-invasively to measure a peripheral arterial
blood pressure at an ankle or toe of patient 130.

[0028] Alternatively, in some implementations, blood
pressure sensor 120 may be attached invasively or non-
invasively to measure a peripheral arterial blood pressure at
a wrist of patient 130 (i.e., radial blood pressure), or a
peripheral arterial blood pressure at a thigh of patient 130
(i.e., femoral blood pressure). Blood pressure signal 122
received by ADC 106 of cardiac monitoring system 100
from blood pressure sensor 120 may include signals corre-
sponding to the arterial blood pressure of patient 130, and
may include an arterial blood pressure waveform of patient
130.

[0029] According to the exemplary implementation shown
in FIG. 1, system processor 102 is configured to utilize ADC
106 to convert blood pressure signal 122 to blood pressure
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data 144 in digital form, and to identify multiple cardiovas-
cular metrics 112 based on digital blood pressure data 144.
System processor 102 is further configured to determine the
stroke volume (hereinafter “SV”) of patient 130 using a
subset of cardiovascular metrics 112 and an additive factor.
As described in greater detail below, the additive factor is
based on a meta-parameter including a weighted sum of
combinatorial parameters, each combinatorial parameter
including another subset of cardiovascular metrics 112.
[0030] Moreover, system processor 102 may be further
configured to execute software code 110 to invoke sensory
alarm 128 if and it is determined that patient 130 is expe-
riencing a cardiovascular crisis or that such a crisis is
imminent. In various implementations, sensory alarm 128
may include one or more of a visual alarm, an audible alarm,
and a haptic alarm. For example, when implemented to
provide a visual alarm, sensory alarm 128 may be invoked
as flashing and/or colored graphics shown by user interface
126 on display 124. When implemented to provide an
audible alarm, sensory alarm 128 may be invoked as any
suitable warning sound, such as a siren or repeated tone.
Moreover, when implemented to provide a haptic alarm,
sensory alarm 128 may cause one or more components of
system 100 to vibrate or otherwise deliver a physical
impulse perceptible to user 140.

[0031] FIG. 4A shows an exemplary implementation for
sensing peripheral arterial blood pressure non-invasively at
an extremity of a patient. Cardiac monitoring system 4004,
in FIG. 4A, includes ADC 406 and software code 410. As
shown by FIG. 4A, the arterial blood pressure of patient 430
is sensed non-invasively at finger 432 of patient 430 using
blood pressure sensing cuff 420a. Also shown in FIG. 4A are
blood pressure signal 422 received by ADC 406 of cardiac
monitoring system 400A from blood pressure sensing cuff
420a, digital blood pressure data 444 converted from blood
pressure signal 422 by ADC 406, and cardiovascular metrics
412 identified based on digital blood pressure data 444 by
software code 410.

[0032] Patient 430, blood pressure signal 422, and digital
blood pressure data 444 correspond respectively in general
to patient 130, blood pressure signal 122, and digital blood
pressure data 144, in FIG. 1, and those corresponding
features may share any of the characteristics attributed to
either corresponding feature by the present disclosure.
Moreover, cardiac monitoring system 400A including blood
pressure sensing cuff 420a, ADC 406, and software code
410 including cardiovascular metrics 412, in FIG. 4A,
corresponds in general to cardiac monitoring system 100
including blood pressure sensor 120, ADC 106, and software
code 110 including cardiovascular metrics 112, in FIG. 1,
and those corresponding features may share any of the
characteristics attributed to either corresponding feature by
the present disclosure. In other words, although not explic-
itly shown in FIG. 4A, cardiac monitoring system 400A
includes features corresponding respectively to hardware
processor 102, DAC 108, display 124, user interface 126,
and sensory alarm 128.

[0033] According to the implementation shown in FIG.
4A, blood pressure sensing cuff 420a is designed to sense a
peripheral arterial blood pressure of patient 130/430 non-
invasively at finger 432 of patient 130/430. Moreover, as
shown in FIG. 4A, blood pressure sensing cuff 420¢ may
take the form of a small, lightweight, and comfortable blood
pressure sensor suitable for extended wear by patient 130/
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430. Tt is noted that although blood pressure sensing cuff
420a is shown as a finger cuff, in FIG. 4A, in other
implementations, blood pressure sensing cuff 420a may be
suitably adapted as a wrist, ankle, or toe cuff for attachment
to patient 130/430.

[0034] Tt is further noted that the advantageous extended
wear capability described above for blood pressure sensing
cuff 420a when implemented as a finger cuff may also be
attributed to wrist, ankle, and toe cuff implementations. As
a result, blood pressure sensing cuff 420a may be configured
to provide substantially continuous beat-to-beat monitoring
of the peripheral arterial blood pressure of patient 130/430
over an extended period of time, such as minutes or hours,
for example.

[0035] FIG. 4B shows an exemplary implementation for
performing minimally invasive detection of peripheral arte-
rial blood pressure of a patient. As shown by FIG. 4B, the
radial arterial blood pressure of patient 130/430 is detected
via minimally invasive blood pressure sensor 42056. It is
noted that the features shown in FIG. 4B and identified by
reference numbers identical to those shown in FIG. 4A
correspond respectively to those previously described fea-
tures, and may share any of the characteristics attributed to
them above. It is further noted that blood pressure sensor
4204 corresponds in general to blood pressure sensor 120, in
FIG. 1, and those corresponding features may share any of
the characteristics attributed to either corresponding feature
by the present disclosure.

[0036] According to the implementation shown in FIG.
4B, blood pressure sensor 4205 is designed to sense a
peripheral arterial blood pressure of patient 130/430 in a
minimally invasive manner For example, blood pressure
sensor 4205 may be attached to patient 130/430 via a radial
arterial catheter inserted into an arm of patient 130/430.
Alternatively, and although not explicitly represented in
FIG. 4B, in another implementation, blood pressure sensor
4205 may be attached to patient 130/430 via a femoral
arterial catheter inserted into a leg of patient 130/430. Like
non-invasive blood pressure sensing cuff 4204, in FIG. 4A,
minimally invasive blood pressure sensor 4204, in FIG. 4B,
may be configured to provide substantially continuous beat-
to-beat monitoring of the peripheral arterial blood pressure
of patient 130/430 over an extended period of time. such as
minutes or hours.

[0037] FIG. 5 shows diagram 500 depicting transforma-
tion of digital blood pressure data 544 converted by ADC
506 from blood pressure signal 522 to central arterial blood
pressure waveform 546, according to one implementation.
Also shown in FIG. 5 are patient 530, blood pressure sensor
520, and software code 310. Blood pressure sensor 320,
blood pressure signal 322, ADC 306, digital blood pressure
data 544, and software code 510 correspond respectively in
general to blood pressure sensor 120/4204/4205, blood
pressure signal 122/422, ADC 106/406, digital blood pres-
sure data 144/444, and software code 110/410, in FIGS. 1,
4A, and 4B, and those corresponding features may share the
characteristics attributed to any corresponding feature by the
present disclosure.

[0038] Thus, blood pressure signal 522 and digital blood
pressure data 544 correspond to a peripheral arterial blood
pressure waveform of patient 130/430/530 detected using
blood pressure sensor 120/420a/4205/520. As shown in FIG.
5, digital blood pressure data 144/444/544, converted from
blood pressure signal 122/422/522 by ADC 106/406/506,
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may be transformed to central arterial blood pressure wave-
form 546 corresponding to an aortic blood pressure wave-
form or a brachial blood pressure waveform of patient
130/430/530. As further shown by FIG. 8, such a transfor-
mation may be performed by software code 110/410/510
through application of a transfer function to digital blood
pressure data 144/444/544. That is to say, application of such
a transfer function may be performed by software code
110/410/510, executed by hardware processor 102.

[0039] Example implementations of the present disclosure
will be further described below with reference to FIGS. 6
and 7. FIG. 6 presents flowchart 650 outlining an exemplary
method for use by a system to perform cardiac monitoring.
FIG. 7 shows a trace of a central arterial blood pressure
waveform including exemplary cardiovascular metrics.
[0040] Referring to FIG. 6 in combination with FIGS. 1,
4A, 4B, and 5, flowchart 650 begins with converting blood
pressure signal 122/422/522 corresponding to a blood pres-
sure of an artery of patient 130/430/530 to blood pressure
data 144/444/544 in digital form (action 652). As discussed
above, digital blood pressure data 144/444/544 may be
converted from blood pressure signal 122/422/522 sensed
using blood pressure sensor 120/4204/42056/520 by ADC
106/406/506 of cardiac monitoring system 100/400A/400B.
In one implementation, for example, blood pressure sensor
120/420a/4205/520 may be used to sense a peripheral arte-
rial blood pressure of patient 130/430/530, and to generate
blood pressure signal 122/422/522 as an analog signal
corresponding to that peripheral arterial blood pressure. In
such an implementation, ADC 106/406/506 can be used to
convert blood pressure signal 122/422/522 into blood pres-
sure data 144/444/544 in digital form.

[0041] Flowchart 650 continues with identifying cardio-
vascular metrics 112/412 of patient 130/430/530 based on
digital blood pressure data 144/444/544 of patient 130/430/
530 (action 654). As noted above by reference to FIG. 5,
digital blood pressure data 144/444/544 may be transformed
to central arterial blood pressure waveform 546 of patient
130/430/530 by software code 110/410/510, executed by
hardware processor 102.

[0042] Referring to trace 700 of central arterial blood
pressure waveform 746, in FIG. 7, it is noted that central
arterial blood pressure waveform 746 corresponds in general
to central arterial blood pressure waveform 546, in FIG. 5,
and those corresponding features may share any of the
characteristics attributed to either corresponding feature by
the present disclosure. As shown in FIG. 7, central arterial
blood pressure waveform 546/746 may be used to identify
various cardiovascular metrics important for performing
cardiac monitoring.

[0043] For example, trace 700 shows cardiovascular met-
rics 712 including exemplary cardiovascular metrics 712aq,
712b, 712¢, and 7124, corresponding respectively to the
start of a heartbeat, the maximum systolic blood pressure
marking the end of systolic rise, the presence of the dicrotic
notch marking the end of systolic decay, and the diastole of
the heartbeat of patient 130/430/530. Also included among
cardiovascular metrics 712 is exemplary slope 712¢ of
central arterial blood pressure waveform 546/746. It is noted
that slope 712¢ is merely representative of multiple slopes
that may be measured at multiple locations along central
arterial blood pressure waveform 546/746. It is further noted
that cardiovascular metrics 712 correspond in general to
cardiovascular metrics 112/412, in FIGS. 1, 4A, and 4B.
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Consequently, those corresponding features may share the
characteristics attributed to any corresponding feature by the
present disclosure.

[0044] In addition to cardiovascular metrics 712a, 7125,
T12¢, and 7124, the behavior of central arterial blood
pressure waveform 546/746 during the intervals between
those events may also be used as cardiovascular metrics for
use in cardiac monitoring. For example, the interval between
the start of the heartbeat at cardiovascular metric 712a and
the maximum systolic pressure at cardiovascular metric
712b marks the duration of the systolic rise (hereinafter
“systolic rise 712a-7125”). The systolic decay of central
arterial blood pressure waveform 546/746 is marked by the
interval between the maximum systolic pressure at cardio-
vascular metric 7124 and the dicrotic notch at cardiovascular
metric 712¢ (hereinafter “systolic decay 7125-712¢”).
Together, systolic rise 712a-712b and systolic decay 712b-
712¢ mark the entire systolic phase (hereinafter “systolic
phase 712a-712¢”), while the interval between the dicrotic
notch at cardiovascular metric 712¢ and the diastole at
cardiovascular metric 7124 mark the diastolic phase of
central arterial blood pressure waveform 546/746 (herein-
after “diastolic phase 712¢-712d”).

[0045] Also of potential clinical interest is the behavior of
central arterial blood pressure waveform 546/746 in the
interval from the maximum systolic pressure at cardiovas-
cular metric 7125 to the diastole at cardiovascular metric
712d (hereinafter “interval 7125-712d), as well as the
behavior of central arterial blood pressure waveform 546/
746 from the start of the heartbeat at cardiovascular metric
712a to the diastole at cardiovascular metric 712d (herein-
after “heartbeat interval 7124-7124”). The behavior of cen-
tral arterial blood pressure waveform 546/746 during inter-
vals: 1) systolic rise 712a-712b, 2) systolic decay 7124-
712¢, 3) systolic phase 712a-712¢, 4) diastolic phase 712¢-
712d, 5) interval 7125-712d, and 6) heartbeat interval 712a-
712d may be identified by measuring the area under the
curve of central arterial blood pressure waveform 546/746
and the standard deviation of central arterial blood pressure
waveform 546/746 in each of those intervals, for example.
The respective areas and standard deviations measured for
intervals 1, 2, 3, 4, 5, and 6 above may serve as additional
cardiac parameters for use in cardiac monitoring.

[0046] It is noted that the standard deviation of central
arterial waveform 546/746 across heartbeat interval 712a-
712, 1.e., interval 6 above, will hereinafter be represented by
the lower case Greek letter sigma as “0.” It is further noted
that the area under the curve of central arterial blood and
referred to as the pulsatile systolic area in the art will
hereinafter be referred to as “PSA.”

[0047] Inaddition to the exemplary cardiovascular metrics
described above by reference to trace 700, cardiovascular
metrics 312/412/712 may include many other metrics. Some
examples of those other cardiovascular metrics include the
input impedance of the aorta (hereinafter “aortic impedance”
or “Z”), as well as a compliance factor corresponding to the
compliance of the aorta (hereinafter “aortic compliance” or
“C”). It is noted that aortic impedance “Z” and aortic
compliance “C” can be determined using various techniques
known in the art. For example, a technique for determining
7 and/or C using a non-linear model and based on at least
one measurement of blood pressure is disclosed in U.S.
patent application Ser. No. 13/896,873 titled “Method, a
System and a Computer Program Product for Determining a
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Beat-to-Beat Stroke Volume and/or a Cardiac Output”, filed
on May 17, 2013 and published as U.S. Patent Application
Publication Number 2014/0163401 Al on Jun. 12, 2014.
This patent application is hereby incorporated fully by
reference into the present application.

[0048] Additional examples of cardiovascular metrics
include the pulse rate (hereinafter “PR”), mean arterial blood
pressure (hereinafter “MAP”), skewness of the arterial blood
pressure (hereinafter “SKU™), and kurtosis of the arterial
blood pressure (hereinafter “KURT”). Yet other additional
examples of cardiovascular metrics include the whole sys-
tolic area (hereinafter “SYS_AREA”), the systolic time
(hereinafter “SYS_T”), and the diastolic time (hereinafter
“DIA_T”) of arterial blood pressure waveform 546/746 of
patient 130/430/530. Identification of cardiovascular metrics
112/412/712 may be performed by software code 110/410/
510, executed by hardware processor 102.

[0049] Flowchart 650 can conclude with determining the
SV of patient 130/430/530 when in the hyperdynamic con-
dition using a first subset of cardiovascular metrics 112/412/
712 and an additive factor that is based on a meta-parameter
including a weighted sum of combinatorial parameters, each
combinatorial parameter including a second subset of car-
diovascular metrics 112/412/712 (action 656). For example,
the SV of patient 130/430/530 can be determined using the
cardiovascular metrics PSA and Z discussed above as fol-
lows:

SV=PSA/Z+¥

[0050] Where the additive factor is represented by W.
Thus, in one implementation, the first subset of cardiovas-
cular metrics 112/412/712 includes PSA and 7 (i.e., pulsatile
systolic area and impedance of the aorta, respectively).
[0051] The additive factor ¥ may be expressed as a
function of a meta-parameter represented by ®, wherein:

(Equation 1)

W=(0*®)/(MAP-T)

[0052] Where ois the standard deviation of central arterial
blood pressure waveform 546/746, the symbol * indicates
multiplication, MAP is the mean arterial blood pressure of
patient 130/430/530, and I is an integer less than 10, such as
5, for example. Thus, in one implementation, additive factor
¥ includes a numerator including meta-parameter ®, and a
denominator including the MAP of patient 130/430/530.
Moreover, as shown by Equation 2, in some implementa-
tions the numerator of additive factor W is a product of
meta-parameter @ and o.

[0053] Thus, substituting Equation 2 into Equation 1, in
one implementation:

(Equation 2)

SV=(PSA/Z)+((6*D)/(MAP-T))

[0054] As stated above, the meta-parameter & includes a

weighted sum of combinatorial parameters, each combina-

torial parameter including a second subset of cardiovascular

metrics 112/412/712. In one exemplary implementation, the

second subset of cardiovascular metrics 112/412/712 may

include the following enumerated subset of 10 metrics:
[0055] 1. 0/10

(Equation 3)

[0056] 2. 600/PR

[0057] 3. MAP/100
[0058] 4. SKU

[0059] 5. KURT+3

[0060] 6. (100*C)/BSA
[0061] 7. BSA

[0062] 8. SYS_AREA/1000
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[0063] 9. SYS_T*10
[0064] 10. DIA_T*10
[0065] It is noted that the cardiovascular metrics included

in the combinatorial parameters of meta-parameter ® may
be directly proportional to or inversely proportional to one
or more of the cardiovascular metrics identified above prior
to the introduction of Equation 1. For example, metric 7
above is directly proportional to the BSA of patient 130/
430/530, while metric 6 is inversely proportional to the BSA
of patient 130/430/530.

[0066] The combinatorial parameters included in ® may
be obtained from the enumerated subset of cardiovascular
metrics 112/412/712 listed above though use of the operator
O on that subset. The operator O may be expressed in tabular
form as:

my, my; my; Expy; Bxpyy Expys
My My, Mp3 Expsy Expy; Exps;
=0

mj3) m3p m33 Expsy Exps; Exps;

My My My3 Expay Expyy Expas (Equation 4)

[0067] Where each row represents a combinatorial param-
eter. The first three columns of O are an index to the
cardiovascular metrics enumerated above, and the last three
columns are the exponential power of each cardiovascular
metric as it appears in the combinatorial parameter, with the
fourth column being the power of the cardiovascular metrics
listed in the first column, the fifth column being the power
of the cardiovascular metrics listed in the second column,
and the sixth column being the power of the cardiovascular
metrics listed in the third column.

[0068] As a specific example, in one implementation, O
may be expressed as:

379122
678122
=0
179-1-2-1
278-122

[0069] Equation 5 identifies 4 combinatorial parameters,
P,, P,, P,, and P,, corresponding respectively to the first
through fourth rows of O. Referring to Equation 5 in
combination with the enumerated list of cardiovascular
metrics above, P, P,, P;, and P, may be expressed as:

1= _ quation 5-
P,=(MAP/100)*BSA%*(SYS_T*10)? Equation 5-1

P,=(100*C)/BSA*BSA2*(SYS_AREA/1000)2 (Equation 5-2)

Py=(0/10) H*BSA™2*(SYS_T*10) ™ (Equation 5-3)

P,=(600/PR)™“*BSAZ*(SYS_AREA/1000)? (Equation 5-4)

[0070] That is to say, the cardiovascular metrics included
in one or more of the combinatorial parameters may be
raised to an exponential power greater than 1, to a negative
exponential power, or to an exponential power more nega-
tive than -1 (e.g.. -2).
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[0071] Meta-parameter @ may be expressed in terms of
P, Py, P;, and P, as:

4 (Equation 6)
d=C, +Z(cn*P,,)

n=1

[0072] Where C, and the C, are coeflicients that may be
determined experimentally. Determination of the SV of
patient 130/430/530 using the first subset of cardiovascular
metrics 112/412/712 and additive factor ¥ based on meta-
parameter @ may be performed by software code 110/410/
510, executed by hardware processor 102. Moreover, in
some implementations, hardware processor 102 is config-
ured to execute software code 110/410/510 to determine the
SV of patient 130/430/530 based on the first subset of
cardiovascular metrics 112/412/712, additive factor ¥, and
using a pulse contour method, as known in the art and
disclosed in U.S. patent application Ser. No. 13/896,873
incorporated by reference above.

[0073] In some implementations, the method outlined by
flowchart 650 can include invoking, by software code 110/
410/510 executed by hardware processor 102, sensory alarm
128 when and if and it is determined that patient 130/430/
530 is experiencing a cardiovascular crisis or that such a
crisis is imminent. As shown in FIG. 3, for example,
software code 110/410/510 may be configured to output a
cardiac status data to display 324. As further shown in FIG.
1, in some implementations, the output of software code
110/410/510 may be processed using DAC 108 to convert
digital signals into analog signals for presentation via dis-
play 124 and user interface 126.

[0074] In addition, in some implementations, the present
method may include determining, by software code 110/
410/510 executed by hardware processor 102, the cardiac
output (hereinafter “CO”) of patient 130/430/530 based on
the SV. For example, and as known in the art, the CO of a
patient in a normal hemodynamic condition may be deter-
mined based on the SV of the patient as:

CO=SV*PR

[0075] Where PR is the pulse rate of the patient.

[0076] Consequently, the CO of patient 130/430/530 may
be obtained through substitution of Equation 3 into Equation
7 as:

(Equation 7)

CO=[PSA/Z+((0*®)/(MAP-I))]*PR

[0077] Thus, the present disclosure provides systems and
methods for performing cardiac monitoring that overcome
the deficiencies of conventional approaches when applied to
patients in a hyperdynamic condition. By identifying mul-
tiple cardiovascular metrics including an aortic impedance
and/or aortic compliance of a patient based on blood pres-
sure data for the patient, and using a first subset of those
cardiovascular metrics supplemented by an additive factor,
the present solution enables reliable cardiac monitoring for
patients in a clinical setting. Moreover, by determining the
additive factor based on a meta-parameter including a
weighted sum of combinatorial parameters that include a
second subset of the cardiovascular metrics, the present
solution advantageously further enables the reliable deter-
mination of CO and/or SV for patients whether in a normal
hemodynamic or hyperdynamic condition.

(Equation 8)
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[0078] From the above description it is manifest that
various techniques can be used for implementing the con-
cepts described in the present disclosure without departing
from the scope of those concepts. Moreover, while the
concepts have been described with specific reference to
certain implementations, a person of ordinary skill in the art
would recognize that changes can be made in form and detail
without departing from the scope of those concepts. As such,
the described implementations are to be considered in all
respects as illustrative and not restrictive. It should also be
understood that the present disclosure is not limited to the
particular implementations described herein, but many rear-
rangements, modifications, and substitutions are possible
without departing from the scope of the present disclosure.

What is claimed is:

1. A cardiac monitoring system for cardiac monitoring of
a patient, the cardiac monitoring system comprising:

a display;

a blood pressure sensor configured to sense a blood
pressure of an artery of the patient and generate a blood
pressure signal;

an analog-to-digital converter (ADC) configured to
receive the blood pressure signal and convert the blood
pressure signal to blood pressure data in digital form;
and

a hardware processor configured to execute a software
code to:

identify a plurality of cardiovascular metrics of the patient
based on the blood pressure data, the plurality of
cardiovascular metrics including at least one of an
aortic impedance and an aortic compliance of the
patient; and

determine a stroke volume (SV) of the patient using a first
subset of the plurality of cardiovascular metrics and an
additive factor, the first subset of the plurality of
cardiovascular metrics including the at least one of the
aortic impedance and the aortic compliance of the
patient;

wherein the additive factor is based on a meta-parameter
including a weighted sum of combinatorial parameters,
each combinatorial parameter including a second sub-
set of the plurality of cardiovascular metrics.

2. The cardiac monitoring system of claim 1, wherein the
hardware processor is configured to execute the software
code to identify the at least one of the aortic impedance and
the aortic compliance using a non-linear model and based on
at least one measurement of the blood pressure.

3. The cardiac monitoring system of claim 1, wherein the
hardware processor is configured to execute the software
code to determine the SV of the patient using a pulse contour
method.

4. The cardiac monitoring system of claim 1, wherein the
additive factor comprises a numerator including the meta-
parameter, and a denominator including a mean arterial
blood pressure (MAP) of the patient.

5. The cardiac monitoring system of claim 4, wherein the
numerator of the additive factor is a product of the meta-
parameter and a standard deviation of an arterial blood
pressure waveform (o) of the patient.

6. The cardiac monitoring system of claim 4, wherein the
denominator of the additive factor is expressed as (MAP-I),
where I is an integer less than 10.

7. The cardiac monitoring system of claim 1, further
comprising a sensory alarm, and wherein the hardware
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processor is further configured to execute the software code
to invoke the sensory alarm when the hyperdynamic con-
dition of the patient is detected.

8. The cardiac monitoring system of claim 1, wherein the
hardware processor is further configured to execute the
software code to output a cardiac status data to the display.

9. The cardiac monitoring system of claim 1, wherein the
hardware processor is further configured to execute the
software code to determine a cardiac output (CO) of the
patient based on the SV.

10. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter is raised to an
exponential power greater than 1.

11. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter is raised to a
negative exponential power.

12. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter is raised to a
negative exponential power more negative than -1.

13. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
standard deviation of an arterial blood pressure waveform
(0) of the patient.

14. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
pulse rate (PR) of the patient.

15. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
MAP of the patient.
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16. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
skewness of an arterial blood pressure (SKU) of the patient.

17. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
kurtosis of an arterial blood pressure (KURT) of the patient.

18. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter is directly pro-
portional to a body surface area (BSA) of the patient.

19. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter is inversely
proportional to a BSA of the patient.

20. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
systolic area of an arterial blood pressure waveform (SYS_
AREA) of the patient.

21. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
systolic time of an arterial blood pressure waveform (SYS_
T) of the patient.

22. The cardiac monitoring system of claim 1, wherein a
cardiovascular metric included in at least one of the com-
binatorial parameters of the meta-parameter comprises a
diastolic time of an arterial blood pressure waveform (DIA_
T) of the patient.
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