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7) ABSTRACT

A system having a processor obtain a digital hemodynamic
data from a hemodynamic sensor, obtain one or more vital
sign parameters characterizing vital sign data from the
digital hemodynamic data, derive differential parameters
based on the one or more vital sign parameters, generate
combinatorial parameters using the one or more vital sign
parameters and the differential parameters, determine a risk
score corresponding to a probability of a future hypotension
event for the living subject based on a weighted combination
of a plurality of hypotension profiling parameters including
the one or more vital sigh parameters characterizing vital
sign data, the differential parameters and the combinatorial
parameters, and invoke a sensory alarm if the risk score
satisfies a predetermined risk criterion.
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PREDICTIVE WEIGHTING OF
HYPOTENSION PROFILING PARAMETERS

BACKGROUND

[0001] Hypotension, or low blood pressure, can be a
harbinger of serious medical complications, and even motr-
tality, for patients undergoing surgery and those acutely or
critically ill patients receiving treatment in an intensive care
unit (ICU). The dangers associated with the occurrence of
hypotension in a patient are due both to the potential injury
caused by the hypotension itself and to the many serious
underlying medical disorders that the occurrence of
hypotension may signify.

[0002] In and of itself, hypotension in surgical patients or
critically ill patients is a serious medical condition. For
example, in the operating room (OR) setting, hypotension
during surgery is associated with increased mortality and
organ injury. Even short durations of extreme hypotension
during surgery are associated with acute kidney injury and
myocardial injury. Among critically ill patients, in-hospital
mortality may be nearly doubled for patients experiencing
hypotension after emergency intubation. For surgical
patients and seriously ill patients alike, hypotension, if not
corrected, can impair organ perfusion, resulting in irrevers-
ible ischemic damage, neurological deficit, cardiomyopathy,
and renal impairment.

[0003] In addition to posing serious risks to surgical
patients and critically il patients in its own right, hypoten-
sion can be a symptom of one or more other serious
underlying medical conditions. Examples of underlying
conditions for which hypotension may serve as an acute
symptom include sepsis, myocardial infarction, cardiac
arrhythmia, pulmonary embolism, hemorrhage, dehydra-
tion, anaphylaxis, acute reaction to medication, hypov-
olemia, insufficient cardiac output, and vasodilatory shock.
Due to its association with such a variety of serious medical
conditions, hypotension is relatively common, and is often
seen as one of the first signs of patient deterioration in the
OR and ICU. For instance, hypotension is seen in up to
approximately thirty-three percent of surgeries overall, and
up to eighty-five percent in high risk surgeries. Among ICU
patients, hypotension occurs in from approximately twenty-
four percent to approximately eighty-five percent of all
patients, with the eighty-five petcent occurrence being seen
among critically ill patients.

[0004] Conventional patient monitoring for hypotension
in the OR and ICU settings can include continuous or
periodic blood pressure measurement. However, such moni-
toring, whether continuous or periodic, typically provides no
more than a real-time assessment. As a result, hypotension
in a surgical patient or critically ill patient is usually detected
only after it begins to occur, so that remedial measures and
interventions cannot be initiated until the patient has entered
a hypotensive state. Although, as noted above, extreme
hypotension can have potentially devastating medical con-
sequences quite quickly, even relatively mild levels of
hypotension can herald or precipitate cardiac arrest in
patients with limited cardiac reserve.

[0005] In view of the frequency with which hypotension is
observed to occur in the OR and ICU settings, and due to the
serious and sometimes immediate medical consequences
that can result when it does occurs, a solution enabling
prediction of a future hypotension event, before its occur-
rence, is highly desirable.
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SUMMARY

[0006] There are provided systems and methods for per-
forming predictive weighting of hypotension profiling
parameters, 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

[0007] FIG. 1 shows a diagram of an exemplary system for
performing predictive weighting of hypotension profiling
parameters, according to one implementation;

[0008] FIG. 2A shows an exemplary implementation for
non-invasively detecting arterial pressure at an extremity of
a living subject;

[0009] FIG. 2B shows an exemplary implementation for
performing minimally invasive detection of arterial pressure
of a living subject;

[0010] FIG. 3 shows an exemplary system and a com-
puter-readable non-transitory medium including instructions
enabling performance of predictive weighting of hypoten-
sion profiling parameters;

[0011] FIG. 4 is a flowchart presenting an exemplary
method for use by a health monitoring system to perform
predictive weighting of hypotension profiling parameters;
and

[0012] FIG. 5 shows a trace of an arterial pressure wave-
form including exemplary indicia corresponding to the prob-
ability of future hypotension in a living subject.

DETAILED DESCRIPTION

[0013] 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 application and their accompanying detailed
description are directed to merely exemplary implementa-
tions. Unless noted otherwise, like or corresponding ele-
ments among the figures may be indicated by like or
corresponding reference numerals. Moreover, the drawings
and illustrations in the present application are generally not
to scale, and are not intended to correspond to actual relative
dimensions.

[0014] The present application discloses systems and
methods for performing predictive weighting of hypotension
profiling parameters. By converting data received from a
hemodynamic sensor to digital hemodynamic data of a
living subject, and by transforming the digital hemodynamic
data to multiple hypotension profiling parameters, the pres-
ent solution employs a powerful multivariate model for
predicting future hypotension.

[0015] The solution disclosed by the present application
utilizes the multivariate model to determine a risk score
corresponding to the probability of a future hypotension
event for the living subject based on a weighed combination
of the multiple hypotension profiling parameters. In addi-
tion, by invoking a sensory alarm if the risk score satisfies
a predetermined risk criterion, the present application dis-
closes a solution that provides an early warning of a future
hypotension event for the living subject, thereby advanta-
geously enabling health care workers to prepare a timely and
effective intervention.
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[0016] FIG.1 shows a diagram of an exemplary system for
performing predictive weighting of hypotension profiling
parameters, according to one implementation. Health moni-
toring system 100 includes hardware unit 102, which may be
an integrated hardware unit, for example, including system
processor 104, implemented as a hardware processor, ana-
log-to-digital converter (ADC) 122, and system memory
106. As shown in FIG. 1, health monitoring system 100 also
includes hypotension prediction software code 110 includ-
ing predictive weighting module 116, stored in system
memory 106. System memory 106 is further shown to store
hypotension profiling parameters 112 including one or more
vital sign parameters characterizing vital sign data, which
will be described in greater detail below.

[0017] As further shown in FIG. 1, health monitoring
system 100 also includes hemodynamic sensor 140 coupled
to hardware unit 102, and display 126 providing user inter-
face 120. In addition, health monitoring system 100 includes
digital-to-analog converter 124 (hereinafter “DAC 124”),
digital hemodynamic data 144 generated by ADC 122 from
signal 142 received from hemodynamic sensor 140, and
sensory alarm 128.

[0018] Health monitoring system 100 may be imple-
mented within a patient care environment such as an inten-
sive care unit (ICU) or operating room (OR), for example.
As shown in FIG. 1, in addition to health monitoring system
100, the patient care environment includes patient 130
(hereinafter “living subject 130”), and healthcare worker
150 (hereinafter “user 150”) trained to utilize health moni-
toring system 100. As will be discussed in greater detail
below, user interface 120 is configured to receive inputs 152
from user 150, and to provide sensory alarm 128 if a risk
score predictive of a future hypotension event for living
subject 130 satisfles a predetermined risk criterion.

[0019] Hemodynamic sensor 140 is shown in an exem-
plary implementation in FIG. 1, and is attached to living
subject 130. It is noted that hemodynamic sensor 140 may
be a non-invasive or minimally invasive sensor attached to
living subject 130. In one implementation, as represented in
FIG. 1, hemodynamic sensor 140 may be attached non-
invasively at an extremity of living subject 130, such as a
wrist or finger of living subject 130. Although not explicitly
shown in FIG. 1, in other implementations, hemodynamic
sensor 140 may be attached non-invasively at an ankle or toe
of living subject 130. Signal 142 received by health moni-
toring system 100 from hemodynamic sensor 140 may
include signals corresponding to the arterial pressure of
living subject 130, such as an arterial pressure waveform of
living subject 130. Health monitoring system 100 and hemo-
dynamic sensor 140 may be configured such that signal 142
may be received by health monitoring system 100 wire-
lessly, or via a wired connection with hemodynamic sensor
140.

[0020] According to the exemplary implementation shown
in FIG. 1, system processor 104 is configured to utilize ADC
122 to convert signal 142 to digital hemodynamic data 144.
System processor 104 is further configured to execute
hypotension prediction software code 110 to transform digi-
tal hemodynamic data 144 to multiple hypotension profiling
parameters 112. It is noted that hypotension profiling param-
eters 112 include one or more vital sign parameters charac-
terizing vital sign data, as well as differential and combina-
torial parameters derived from the one or more vital sign
parameters.
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[0021] System processor 104 is further configured to
execute hypotension prediction software code 110 to use
predictive weighting module 116 to determine a risk score
corresponding to the probability of a future hypotension
event for living subject 130 based on a weighted combina-
tion of hypotension profiling parameters 112. In addition,
system processor 104 is configured to execute hypotension
prediction software code 110 to invoke sensory alarm 128 if
the risk score satisfies a predetermined risk criterion. For
example, hypotension prediction software code 110 may
invoke sensory alarm 128 to warn of a hypotension event for
living subject 130 predicted to occur approximately one to
five minutes in the future, or up to approximately thirty
minutes in the future.

[0022] In various implementations, sensory alarm 128
may be implemented as 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 120 on display 126, and/or may include
displaying the risk score via user interface 120 on display
126. When implemented to provide an audible alarm, sen-
sory 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 hardware unit 102 to vibrate or otherwise deliver
a physical impulse perceptible to user 150.

[0023] It is noted that the risk score of living subject 130
is determined based on a weighted combination of hypoten-
sion profiling parameters 112, which are derived from signal
142 of living subject 130 received from hemodynamic
sensor 140. Consequently, according to the inventive con-
cepts disclosed by the present application, system processor
104 of health monitoring system 100 is configured to
execute hypotension prediction software code 110 to deter-
mine the risk score of living subject 130 without comparison
with data corresponding to hypotension in other living
subjects. In other words, hypotension prediction software
code 110 determines the risk score of living subject 130
based on quantities derived from the one or more vital sign
parameters characterizing vital sign data, without reference
to a hypotension patient database storing information
regarding hypotension in patients other than living subject
130.

[0024] In addition to the functionality described above, in
some implementations, system processor 104 may be con-
figured to execute hypotension prediction software code 110
to identify a most probable cause of the future hypotension
event for living subject 130. For example, based on indicia
included in digital hemodynamic data 144, hypotension
prediction software code 110 may be able to identify poor
vascular tone, low blood volume, or reduced cardiac con-
tractility, to name a few exemplary causes, as a most
probable cause of a predicted future hypotension event.
Furthermore, in some implementations, system processor
104 may be configured to execute hypotension prediction
software code 110 to recommend a medical intervention for
preventing the future hypotension event for living subject
130. With respect to the first and second example causes of
hypotension identified above, administration of a vasocon-
strictor may be recommended if poor vascular tone is
detected, while administration of saline or whole blood may
be recommend if low blood volume is identified as a most
probable cause of the predicted future hypotension event.
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[0025] Referring to FIG. 2A, FIG. 2A shows an exemplary
implementation for sensing arterial pressure non-invasively
at an extremity of a living subject. Health monitoring system
2004, in FIG. 24, includes hardware unit 202 having ADC
222 and hypotension prediction software code 210 including
predictive weighting module 216. As shown by FIG. 2A, the
arterial pressure of living subject 230 is detected non-
invasively at finger 232 of living subject 230 using hemo-
dynamic sensing cuff’ 240a. Also shown in FIG. 2A are
signal 242 received by health monitoring system 200A from
hemodynamic sensing cufl’ 240q, digital hemodynamic data
244 generated by ADC 222 from signal 242, and hypoten-
sion profiling parameters 212 including one or more vital
sign parameters characterizing vital sign data, obtained
through transformation of digital hemodynamic data 244 by
hypotension prediction software code 210.

[0026] Living subject 230, signal 242, and hemodynamic
sensing cufl’ 240a correspond respectively in general to
living subject 130, signal 142, and hemodynamic sensor
140, in FIG. 1, and may share any of the characteristics
attributed to those corresponding features in the present
application. Moreover, hardware unit 202 having ADC 222
and hypotension prediction software code 210 including
predictive weighting module 216, in FIG. 2A, corresponds
in general to hardware unit 102 having ADC 122 and
hypotension prediction software code 110 including predic-
tive weighting module 116, in FIG. 1, and may share any of
the characteristics attributed to that corresponding feature in
the present application.

[0027] According to the implementation shown in FIG.
2A, hemodynamic sensing cuff 240q is designed to sense an
arterial pressure of living subject 230 non-invasively at
finger 232 ofliving subject 230. Moreover, as shown in FIG.
2A, hemodynamic sensing cuff 240a may take the form of
a small, lightweight, and comfortable hemodynamic sensor
suitable for extended wear by living subject 230. It is noted
that although hemodynamic sensing cuff 240q is shown as a
finger cuff, in FIG. 2A, in other implementations, hemody-
namic sensing cuff 240a may be suitably adapted as a wrist,
ankle, or toe cuff for attachment to living subject 230.
[0028] It is further noted that the advantageous extended
wear capability described above for hemodynamic sensing
cuff 240a when implemented as a finger cuff may also be
attributed to wrist, ankle, and toe cuff implementations. As
a result, hemodynamic sensing cuftf 240a may be configured
to provide substantially continuous beat-to-beat monitoring
of the arterial pressure of living subject 230 over an
extended period of time, such as minutes or hours, for
example.

[0029] Continuing to FIG. 2B, FIG. 2B shows an exem-
plary implementation for performing minimally invasive
detection of arterial pressure of a living subject. As shown
by FIG. 2B, the arterial pressure of living subject 230 is
detected via minimally invasive hemodynamic sensor 2405.
It is noted that the features shown in FIG. 2B and identified
by reference numbers identical to those shown in FIG. 2A
correspond respectively to those previously described fea-
tures, and may share any of the characteristics attributed to
them above. It is further noted that hemodynamic sensor
240b corresponds in general to hemodynamic sensor 140, in
FIG. 1, and may share any of the characteristics attributed to
that corresponding feature in the present application.
[0030] According to the implementation shown in FIG.
2B, hemodynamic sensor 2405 is designed to sense an
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arterial pressure of living subject 230 in a minimally inva-
sive manner. For example, hemodynamic sensor 2405 may
be attached to living subject 230 via a radial arterial catheter
inserted into an arm of living subject 230. Alternatively, and
although not explicitly represented in FIG. 2B, in another
implementation, hemodynamic sensor 2405 may be attached
to living subject 230 via a femoral arterial catheter inserted
into a leg of living subject 230. Like non-invasive hemo-
dynamic sensing cuff 240a, in FIG. 2A, minimally invasive
hemodynamic sensor 2405, in FIG. 2B, may be configured
to provide substantially continuous beat-to-beat monitoring
of the arterial pressure of living subject 230 over an
extended period of time, such as minutes or hours, for
example.

[0031] Moving now to FIG. 3, FIG. 3 shows an exemplary
system and a computer-readable non-transitory medium
including instructions enabling performance of predictive
weighting of hypotension profiling parameters. System 300,
in FIG. 3, includes hardware unit 302 including system
processor 304, system memory 306, and display 326. Dis-
play 326 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. System 300 including hardware unit 302
having system processor 304 and system memory 306
corresponds in general to health monitoring system 100
including hardware unit 102 having system processor 104
and system memory 106, and may share any of the charac-
teristics attributed to that corresponding feature in the pres-
ent application. That is to say, system 302 may be configured
to provide user interface 120 and/or sensory alarm 128 using
display 326.

[0032] Also shown in FIG. 3 is computer-readable non-
transitory medium 318 having hypotension prediction soft-
ware code 310 including predictive weighting module 316
stored thereon. The expression “computer-readable non-
transitory medium,” as used in the present application, refers
to any medium, excluding a carrier wave or other transitory
signal, that provides instructions to system processor 304 of
hardware unit 302. Thus, a computer-readable non-transi-
tory medium may correspond to various types of media,
such as volatile media and non-volatile media, for example.
Volatile media may include dynamic memory, such as
dynamic random access memory (dynamic RAM), while
non-volatile memory may include optical, magnetic, or
electrostatic storage devices. Common forms of computer-
readable non-transitory media include, for example, optical
discs, RAM, programmable read-only memory (PROM),
erasable PROM (EPROM), and FLASH memory.

[0033] According to the implementation shown in FIG. 3,
computer-readable non-transitory medium 318 provides
hypotension prediction software code 310 including predic-
tive weighting module 316 for execution by system proces-
sor 304. Hypotension prediction software code 310, when
executed by system processor 304, instantiates a hypoten-
sion prediction software code corresponding to hypotension
prediction software code 110/210 including predictive
weighting module 116/216, in FIG. 1/2, and capable of
performing all of the operations performed by that corre-
sponding feature and described in the present application.
[0034] Example implementations of the present inventive
concepts will be further described below with reference to
FIG. 4 and FIG. 5. FIG. 4 presents flowchart 460 outlining
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an exemplary method for use by a health monitoring system
to perform predictive weighting of hypotension profiling
parameters, while FIG. 5 shows a trace of an arterial
pressure waveform including exemplary indicia correspond-
ing to the probability of future hypotension in a living
subject. The method outlined in flowchart 460 can be
performed using hypotension prediction software code 110/
210/310 including predictive weighting module 116/216/
316 described above.

[0035] Flowchart 460 begins with obtaining by hypoten-
sion prediction sofiware code 110/210/310 executed by
system processor 104/304, digital hemodynamic data 144/
244 converted, by ADC 122/222, from signal 142/242
received from hemodynamic sensor 140/240a/2405 (action
461). In one implementation, for example, hemodynamic
sensor 140/2404/240b may be used to sense an arterial
pressure of living subject 130/230 at an extremity of living
subject 130/230, and to determine a central arterial pressure
of living subject 130/230 based on the sensed arterial
pressure.

[0036] Hardware unit 102/202/302 of system 100/200A/
200B/300 may be configured to receive the determined
central arterial pressure of living subject 130/230 as signal
142/242, which may be received as analog signals. In such
an implementation, ADC 122/222 is used to convert signal
142/242 into digital hemodynamic data 144/244. It is noted
that in other implementations, hardware unit 102/202/302
can be configured to determine the central arterial pressure
of living subject 130/230 based on a peripheral or brachial
arterial pressure, for example, sensed by hemodynamic
sensor 140/240a/2405 and received by hardware unit 102/
202/302 as signal 142/242.

[0037] Referring to diagram 500, in FIG. 5, digital hemo-
dynamic data 144/244 may include various indicia predic-
tive of a future hypotension event for living subject 130/230
and extracted from arterial pressure waveform 580, which
may be a central arterial pressure waveform of living subject
130/230. Diagram 500 shows exemplary indicia 582, 584,
586, and 588, corresponding respectively to the start of a
heartbeat, the maximum systolic 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
living subject 130/230. Also shown by diagram 500 is
exemplary slope 590 of arterial pressure waveform 580. It is
noted that slope 590 is merely representative of multiple
slopes that may be measured at multiple locations along
arterial pressure waveform 580.

[0038] In addition to the indicia 582, 584, 586, and 588 of
arterial pressure waveform 580 per se, the behavior of
arterial pressure waveform 580 during the intervals between
those indicia may also be used as indicia predictive of future
hypotension for living subject 130/240. For example, the
interval between the start of the heartbeat at indicia 582 and
the maximum systolic pressure at indicia 584 marks the
duration of the systolic rise (hereinafter “systolic rise 582-
584”). The systolic decay of arterial pressure waveform 580
is marked by the interval between the maximum systolic
pressure at indicia 584 and the dicrotic notch at indicia 586
(hereinafter “systolic decay 584-5867). Together, systolic
rise 582-584 and systolic decay 584-586 mark the entire
systolic phase (hereinafter “systolic phase 582-586”), while
the interval between the dicrotic notch at indicia 586 and the
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diastole at indicia 588 mark the diastolic phase of arterial
pressure waveform 580 (hereinafter “diastolic phase 586-
588”).

[0039] Also of potential diagnostic interest is the behavior
of arterial pressure waveform 580 in the interval from the
maximum systolic pressure at indicia 584 to the diastole at
indicia 588 (hereinafter “interval 584-588”), as well as the
behavior of arterial pressure waveform 580 from the start of
the heartbeat at indicia 582 to the diastole at indicia 588
(hereinafter “heartbeat interval 582-588”). The behavior of
arterial pressure waveform 580 during intervals: 1) systolic
rise 582-584, 2) systolic decay 584-586, 3) systolic phase
582-586, 4) diastolic phase 586-588, 5) interval 584-588,
and 6) heartbeat interval 582-588 may be determined by
measuring the area under the curve of arterial pressure
waveform 580 and the standard deviation of arterial pressure
waveform 580 in each of those intervals, for example. The
respective areas and standard deviations measured for inter-
vals 1, 2, 3, 4, 5, and 6 above (hereinafter “intervals 1-6”)
may serve as additional indicia predictive of future hypoten-
sion for living subject 130/240.

[0040] Flowchart 460 continues with obtaining, by
hypotension prediction software code 110/210/310 executed
by system processor 104/304, one or more vital sign param-
eters characterizing vital sign data, i.e., characterizing vital
sign data of living subject 130/230, from digital hemody-
namic data 144/244 (action 462). As noted above, digital
hemodynamic data 144/244 may include any or all of indicia
582, 584, 586, 588, and 590. In addition, digital hemody-
namic data 144/244 may further include the respective areas
and standard deviations measured for intervals 1-6 of arterial
pressure waveform 580, as discussed above. According to
the exemplary implementations shown in FIGS. 1, 2A, and
2B, digital hemodynamic data 144/244 is received by
hypotension prediction software code 110/210/310 from
ADC 122/222.

[0041] The one or more vital sign parameters character-
izing vital sign data may include stroke volume, heart rate,
respiration, and cardiac contractility, to cite a few examples.
Moreover, the one or more vital sign parameters character-
izing vital sign data may include a variety of different types
of parameters found to be predictive of future hypotension.
For instance, the one or more vital sign parameters charac-
terizing vital sign data may include any or all of mean
arterial pressure (MAP), baroreflex sensitivity measures,
hemodynamic complexity measures, and frequency domain
hemodynamic features.

[0042] Baroreflex sensitivity measures quantify the rela-
tionship between complementary physiological processes.
For example, a decrease in blood pressure in a healthy living
subject is typically compensated by an increase in heart rate
and/or an increase in peripheral resistance. The baroreflex
sensitivity measures that may be included in the one or more
vital sign parameters characterizing vital sign data corre-
spond to the degree to which living subject 130/230 is
responding appropriately to normal physiological variations.
[0043] Hemodynamic complexity measures quantify the
amount of regularity in cardiac measurements over time, as
well as the entropy, i.e., the unpredictability of fluctuations
in cardiac measurements over time. For example, the present
inventors have realized that unpredictable cardiac fluctua-
tions are a normal phenomenon associated with health.
Perhaps counterintuitively, very low entropy, in other words
a high degree of regularity in cardiac measurements over
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time and the substantial absence of unpredictable fluctua-
tions, can be a significant warning sign of an impending
hypotension event. Frequency domain hemodynamic fea-
tures quantify various measures of cardiac performance as a
function of frequency rather than time.

[0044] Flowchart 460 continues with deriving differential
parameters based on the one or more vital sign parameters
characterizing vital sign data (action 463). Obtaining differ-
ential parameters based on the one or more vital sign
parameters (hereinafter “the differential parameters”) may
be performed by hypotension prediction software code 110/
210/310 executed by system processor 104/304. The differ-
ential parameters may be derived by determining the varia-
tions of one or more vital sign parameters with respect to
time, with respect to frequency, or with respect to other
parameters from among one or more vital sign parameters,
for example. As a result, each of one or more vital sign
parameters may give rise to one, two, or several differential
parameters included among hypotension profiling param-
eters 112/212.

[0045] For example, the differential parameter stroke vol-
ume variation (SVV) may be derived based on changes in
the parameter stroke volume (SV) as a function of time
and/or as a function of sampling frequency. Analogously,
changes in mean arterial pressure (AMAP) can be derived as
a differential parameter with respect to time and/or sampling
frequency, and so forth. As a further example, changes in
mean arterial pressure with respect to time can be derived by
subtracting the average of the mean arterial pressure over the
past 5 minutes, over the past 10 minutes, and so on from the
current value of the mean arterial pressure.

[0046] Flowchart 460 continues with generating combi-
natorial parameters using the one or more vital sign param-
eters and the differential parameters (action 464). Genera-
tion of such combinatorial parameters (hereinafter “the
combinatorial parameters™) may be performed by hypoten-
sion prediction sofiware code 110/210/310 executed by
system processor 104/304. For example, the combinatorial
parameters may be generated using the one or more vital
sign parameters and the differential parameters by generat-
ing a power combination of a subset of the one or more vital
sign parameters and the differential parameters. It is noted
that, as used in the present application, the characterization
“a subset of the one or more vital sign parameters and the
differential parameters” refers to a subset that includes at
least one of the one or more vital sign parameters and/or at
least one of the differential parameters.

[0047] As a specific example, each of the combinatorial
parameters may be generated as a power combination of
three parameters, which may be randomly or purposefully
selected, from among the one or more vital sign parameters
characterizing vital sign data and/or the differential param-
eters. Each of those three parameters selected from among
the one or more vital sign parameters and/or the differential
parameters can be raised to an exponential power and can be
multiplied with, or added to, the other two parameters
analogously raised to an exponential power. The exponential
power to which each of the three parameters selected from
the one or more vital sign parameters and/or the differential
parameters is raised may be, but need not be, the same.
[0048] In some implementations, for example, generation
of the combinatorial parameters may be performed using a
predetermined and limited integer range of exponential
powers. For instance, in one such implementation, the
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exponential powers used to generate the combinatorial
parameters may be integer powers selected from among
negative two, negative one, zero, one, and two (=2, -1, 0, 1,
2). Thus, each combinatorial parameter may take the form:

X=Ya*¥p* . . Ve

[0049] where each Y is one of one or more vital sign
parameters characterizing vital sign data or one of the
differential parameters, n is any integer greater than two, and
each of a, b, and ¢ may be any one of -2, -1, 0, 1, and 2, for
example. In one implementation, Equation 1 may be applied
to substantially all possible power combinations of the one
or more vital sign parameters, the differential parameters,
and the one or more vital sign parameters with the differ-
ential parameters, subject to the predetermined constraints
discussed above, such as the value of n and the numerical
range from which the exponential powers may be selected.
[0050] Hypotension profiling parameters 112/212 include
one or more vital sign parameters characterizing vital sign
data, the differential parameters and the combinatorial
parameters. Thus, actions 462, 463, and 464 result in trans-
formation of digital hemodynamic data 144/244 to hypoten-
sion profiling parameters 112/212. That is to say, digital
hemodynamic data 144/244 is transformed to hypotension
profiling parameters 112/212 using hypotension prediction
software code 110/210/310, executed by system processor
104/304, by identifying one or more vital sign parameters
characterizing vital sign data, based on digital hemodynamic
data 144/244, obtaining the differential parameters based on
one or more vital sign parameters, and generating the
combinatorial parameters using one or more of vital sign
parameters and the differential parameters. An exemplary
but non-exhaustive table of hypotension profiling param-
eters 112/212, as well as exemplary sampling criteria asso-
ciated with their determination, is provided as Appendix A
of the present application.

[0051] Flowchart 460 continues with determining, by
hypotension prediction software code 110/210/310 using
predictive weighting module 116/216/316 and executed by
system processor 104/304, a risk score corresponding to the
probability of a future hypotension event for living subject
130/230 based on a weighted combination of hypotension
profiling parameters 112/212 (action 465). In other words,
the risk score corresponding to the probability of a future
hypotension event for living subject 130/230 is determined
based on the one or more vital sign parameters character-
izing vital sign data, the differential parameters and the
combinatorial parameters.

[0052] It is noted that in implementations in which one or
more vital sign parameters characterizing vital sign data
includes the MAP of living subject 130/230, the weighting
applied to the MAP may depend on the value of the MAP
itself. Where the MAP is very high, the MAP may be a
relatively unreliable predictor of hypotension and may con-
sequently be very lightly weighted. That is to say, where the
MAP exceeds a predetermined upper limit threshold, for
example, the weighting applied to the MAP may be such that
the weighted combination of hypotension profiling param-
eters 112/212 results in the MAP being substantially disre-
garded in determination of the risk score. By contrast, in
other cases, the MAP may dominate the determination of the
risk score.

[0053] Itis emphasized that the risk score of living subject
130/230 is determined based on a weighted combination of

(Equation 1)
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hypotension profiling parameters 112/212, which in turn are
derived from signal 142/242 of living subject 130/230
received from hemodynamic sensor 140/2404/2405. Conse-
quently, according to the inventive concepts disclosed by the
present application, system processor 104/304 of health
monitoring system 100/200A/200B/300 is configured to
execute hypotension prediction software code 110/210/310
to determine the risk score of living subject 130/230 without
comparison with data corresponding to hypotension in other
living subjects. In other words, hypotension prediction soft-
ware code 110/210/310 determines the risk score of living
subject 130/230 based on quantities derived from digital
hemodynamic data 144/244, i.e., hypotension profiling
parameters 112/212, without reference to a hypotension
patient database storing information regarding hypotension
in patients other than living subject 130/230. By way merely
of example, the risk score may be expressed as:

Risk Score=1/(1+¢™) (Equation 2)

Where:

A:C‘O+C‘1X'V1+C‘ZX'VZ+C3X'V3+C‘4><'V4XC5X'V5+C‘6X'V6+C7X
V7Z><V82x\/9’2+08x\/22xvlox\/u’l+chA(V122x
V132XV14);010XA(V152W1XV1671)+011XA(V172><
Vig XVig *)

And where:
[0054] v,=CWI, the cardiac work indexed by patient’s
body surface area;

[0055] v,=MAPavg, the averaged mean arterial pres-
sure;
[0056] v,=AMAPavg, the change of averaged mean

arterial pressure when compared to initial values;

[0057] v,=avgSysDec, the averaged pressure at the
decay portion of the systolic phase;

[0058] v =ASys, the change of systolic pressure when
compared to initial values;

[0059] v =ppAreallor, the normalized area under the
arterial pressure waveform;

[0060] v,=biasDia, the bias of the diastolic slope;
[0061] v =CW, the cardiac work;
[0062] v,=mapDnlocArea, the area under the arterial

pressure waveform, between first instance of MAP and
the dicrotic notch;

[0063] v,,=SWcomb, the stroke work;

[0064] v, ,=ppArea, the area under the arterial pressure
waveform;

[0065] v ,=decAreallor, the normalized area of the

decay phase;

[0066] v, ;=slopeSys, the slope of the systolic phase;
[0067] v, ,=Cwk, the Windkessel compliance;
[0068] v, =vis=sys_rise_area_nor, the normalized area

under the systolic rise phase;
[0069] v, =pulsepres, the pulse pressure;
[0070] v ,=avg_sys, the averaged pressure of the sys-
tolic phase;
[0071] v, =dpdi2, the maximum value of the second
order derivative of the pressure waveform;
[0072] v, o=dpdt, the maximum value of the first order
derivative of the pressure waveform; and
[0073] A=the change of the value when compared to its
initial value ¢, ¢, . . . , ¢;, are constant coeflicients.
[0074] In some implementations, the risk score may be
expressed as a fraction, as represented by Equation 2.
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However, in other implementations, the risk score may be
converted to a percentage risk score between zero percent
and one hundred percent.

[0075] Flowchart 460 can conclude with invoking, by
hypotension prediction software code 110/210/310 executed
by system processor 104/304, sensory alarm 128 if the risk
score satisfies a predetermined risk criterion (action 466). As
shown in FIG. 1, for example, hypotension prediction soft-
ware code 110/210/310 may be configured to provide an
output to user interface 120 on display 126/326 for display-
ing the risk score, and/or for invoking sensory alarm 128. As
farther shown in FIG. 1, in some implementations, the
output of hypotension prediction software code 110/210/310
may be processed using DAC 124 to convert digital signals
into analog signals for presentation via user interface 120.

[0076] The predetermined risk criterion may be based on
the value of the risk score, on the trend of the risk score over
a time interval, or both. For example, where the risk score
is expressed as a percentage between zero and one hundred,
having the risk score exceed a threshold of eighty-five
percent, for instance, may cause sensory alarm 128 to be
invoked immediately. Alternatively, or in addition, a lower
risk score may cause sensory alarm 128 to be invoked if it
exceeds a predetermined threshold over the entirety of a
predetermined time period.

[0077] Thus, for example, while a risk score of eighty five
percent may cause sensory alarm 128 to be invoked imme-
diately, a risk score of eighty percent may cause sensory
alarm 128 to be invoked after several seconds at that level,
such as ten to thirty seconds in which the risk score is
continuously between eighty and eighty five percent, for
example. By analogy, a still lower risk score may cause
sensory alarm 128 to be invoked if that risk score is
maintained continuously for one or more minutes. In yet
another implementation, the risk score may cause sensory
alarm 128 to be invoked if it meets or exceeds a predeter-
mined value a predetermined number of times over a pre-
determined time period. For example, having the risk score
exceed seventy five percent three times over a five minute
interval may cause sensory alarm 128 to be invoked.

[0078] As noted above by reference to FIG. 1, sensory
alarm 128 may be implemented as 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 120 on display 126, and/or may
include displaying the risk score via user interface 120 on
display 126/326. 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 hardware unit 102/302 to vibrate or other-
wise deliver a physical impulse perceptible to user 150.

[0079] Although not included among the actions outlined
by flowchart 460, in some implementations, the present
method may include identifying, by hypotension prediction
software code 110/210/310 executed by system processor
104/304, a most probable cause of the future hypotension
event of living subject 130/230. For example, and as noted
above, based on indicia included in digital hemodynamic
data 144/244, hypotension prediction software code 110/
210/310 may be used to identify poor vascular tone, low
blood volume, or reduced cardiac contractility, to name a
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few exemplary causes, as a most probable cause of a
predicted future hypotension event.
[0080] In addition, in some implementations, the present
method may include recommending, by hypotension pre-
diction software code 110/210/310 executed by system
processor 104/304, a medical intervention for preventing the
future hypotension event of living subject 130/230. With
respect to poor vascular tone or low blood volume, for
example, administration of a vasoconstrictor may be recom-
mended if poor vascular tone is detected, while administra-
tion of saline or whole blood may be recommend if low
blood volume is identified as a most probable cause of the
predicted future hypotension event.
[0081] Thus, by converting data received from a hemo-
dynamic sensor to digital hemodynamic data of a living
subject, and by transforming the digital hemodynamic data
to multiple hypotension profiling parameters, the present
solution employs a powerful multivariate model for predict-
ing future hypotension. The solution disclosed by the present
application then determines a risk score corresponding to the
probability of a future hypotension event for the living
subject based on a weighed combination of the multiple
hypotension profiling parameters. In addition, by invoking a
sensory alarm if the risk score satisfies a predetermined risk
criterion, the present application discloses a solution that
provides an early warning of a future hypotension event for
the living subject, thereby advantageously enabling health
care workers to prepare a timely and effective intervention.
[0082] From the above description it is manifest that
various techniques can be used for implementing the con-
cepts described in the present application 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 application 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 system for monitoring health of a living subject, the
system comprising:
a hardware unit including a hardware processor, an ana-
log-to-digital converter (ADC), and a system memory;
a hypotension prediction software code including a pre-
dictive weighting module stored in the system memory;
a hemodynamic sensor coupled to the hardware unit; and
a sensory alarm;
wherein the hardware processor is configured to execute
the hypotension prediction software code to:
obtain a digital hemodynamic data converted, by the
ADC, from a signal received from the hemodynamic
sensor;
obtain one or more vital sign parameters characterizing
vital sign data from the digital hemodynamic data;
derive differential parameters based on the one or more
vital sign parameters characterizing the vital sign
data;
generate combinatorial parameters using the one or
more vital sign parameters characterizing the vital
sign data and the differential parameters;
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determine, using the predictive weighting module, a
risk score corresponding to a probability of a future
hypotension event for the living subject based on a
weighted combination of a plurality of hypotension
profiling parameters including the one or more vital
sign parameters characterizing vital sign data, the
differential parameters and the combinatorial param-
eters; and

invoke the sensory alarm if the risk score satisfies a
predetermined risk criterion.

2. The system of claim 1, wherein the predetermined risk
criterion is based on at least one of a value of the risk score
and a trend of the risk score over a time interval.

3. The system of claim 1, wherein the weighted combi-
nation of the plurality of hypotension profiling parameters
results in a mean arterial pressure (MAP) of the living
subject being substantially disregarded in determination of
the risk score.

4. The system of claim 1, wherein the weighted combi-
nation of the plurality of hypotension profiling parameters
results in a MAP of the living subject substantially domi-
nating determination of the risk score.

5. The system of claim 1, wherein the plurality of
hypotension profiling parameters comprise at least one of:

baroreflex sensitivity measures;

hemodynamic complexity measures;

frequency domain hemodynamic features;

nonlinear combinations of hemodynamic features; and

variations in hemodynamic features.

6. The system of claim 1, wherein the hardware processor
is further configured to execute the hypotension prediction
software code to identify a most probable cause of the future
hypotension event.

7. The system of claim 6, wherein the hardware processor
1s further configured to execute the hypotension prediction
software code to recommend a medical intervention for
preventing the future hypotension event.

8. A method for use by a system for monitoring health of
a living subject, the system comprising a hemodynamic
sensor, a sensory alarm, and a hardware unit including a
hardware processor, an analog-to-digital converter (ADC),
and a hypotension prediction software code including a
predictive weighting module stored in a system memory, the
method comprising:

obtaining, by the hypotension prediction software code

executed by the hardware processor, a digital hemody-

namic data converted, by the ADC, from a signal
received from the hemodynamic sensor;

obtaining, by the hypotension prediction software code

executed by the hardware processor, one or more vital

sign parameters characterizing vital sign data from the
digital hemodynamic data;

deriving, by the hypotension prediction software code

executed by the hardware processor, differential param-

eters based on the one or more vital sign parameters
characterizing vital sign data;

generating, by the hypotension prediction software code

executed by the hardware processor, combinatorial

parameters using the one or more vital sign parameters
characterizing vital sign data and the differential
parameters;

determining, by the hypotension prediction software code

using the predictive weighting module and executed by

the hardware processor, a risk score corresponding to
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the probability of a future hypotension event for the
living subject based on a weighted combination of a
plurality of hypotension profiling parameters including
the one or more vital sign parameters characterizing
vital sign data, the differential parameters and the
combinatorial parameters; and

invoking, by the hypotension prediction software code

executed by the hardware processor, the sensory alarm
if the risk score satisfies a predetermined risk criterion.

9. The method of claim 8, wherein the predetermined risk
criterion is based on at least one of a value of the risk score
and a trend of the risk score over a time interval.

10. The method of claim 8, wherein the weighted com-
bination of the plurality of hypotension profiling parameters
results in a mean arterial pressure (MAP) of the living
subject being substantially disregarded in determination of
the risk score.

11. The method of claim 8, wherein the weighted com-
bination of the plurality of hypotension profiling parameters
results in a MAP of the living subject substantially domi-
nating determination of the risk score.

12. The method of claim 8, wherein the plurality of
hypotension profiling parameters comprise at least one of:

baroreflex sensitivity measures;

hemodynamic complexity measures;

frequency domain hemodynamic features;

nonlinear combinations of hemodynamic features; and

variations in hemodynamic features.

13. The method of claim 8, further comprising identify-
ing, by the hypotension prediction software code executed
by the hardware processor, a most probable cause of the
future hypotension event.

14. The method of claim 13, further comprising recom-
mending, by the hypotension prediction software code
executed by the hardware processor, a medical intervention
for preventing the future hypotension event.

15. A computer-readable non-transitory medium having
stored thereon instructions, which when executed by a
hardware processor, instantiate a method comprising:

obtaining a digital hemodynamic data converted, by an

analog-to-digital converter (ADC), from a signal
received from the hemodynamic sensor;

obtaining one or more vital sign parameters characterizing

vital sign data from the digital hemodynamic data;
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deriving differential parameters based on the one or more
vital sign parameters characterizing vital sign data;

generating, by the hypotension prediction software code
executed by the hardware processor, combinatorial
parameters using the one or more vital sign parameters
characterizing vital sign data and the differential
parameters;

determining a risk score corresponding to the probability

of a future hypotension event for a living subject based
on a weighted combination of a plurality of hypoten-
sion profiling parameters including the one or more
vital sign parameters characterizing vital sign data, the
differential parameters and the combinatorial param-
eters; and

invoking a sensory alarm if the risk score satisfies a

predetermined risk criterion.

16. The computer-readable non-transitory medium of
claim 15, wherein the predetermined risk criterion is based
on at least one of a value of the risk score and a trend of the
risk score over a time interval.

17. The computer-readable non-transitory medium of
claim 15, wherein the weighted combination of the plurality
of hypotension profiling parameters results in a mean arterial
pressure (MAP) of the living subject being substantially
disregarded in determination of the risk score.

18. The computer-readable non-transitory medium of
claim 15, wherein the weighted combination of the plurality
of hypotension profiling parameters results in a MAP of the
living subject substantially dominating determination of the
risk score.

19. The computer-readable non-transitory medium of
claim 15, wherein the plurality of hypotension profiling
parameters comprise at least one of:

baroreflex sensitivity measures;

hemodynamic complexity measures;

frequency domain hemodynamic features;

nonlinear combinations of hemodynamic features; and

variations in hemodynamic features.

20. The computer-readable non-transitory medium of
claim 15, further comprising identifying a most probable
cause of the future hypotension event.
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