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SYSTEM AND METHOD FOR DETERMINING A HEMODYNAMIC INSTABILITY
RISK SCORE FOR PEDIATRIC SUBJECTS

TECHNICAL FIELD

The present disclosure pertains to a system and method for determining a

hemodynamic instability risk score for a pediatric subject.

BACKGROUND

Hemodynamic instability (shock) is a major cause of morbidity and
mortality in the pediatric population. Shock results from inadequate oxygen delivery to
meet metabolic demands, leading to organ dysfunction and death if it is not treated early.
Early recognition of shock and aggressive therapy has been shown to decrease mortality in
children. However, normal vital signs and laboratory values for healthy children have
limited application when detecting clinical deterioration and hemodynamic instability. This
is because many clinical features such as blood pressure, heart rate, and respiratory rate
normally vary as children grow and age such that any baseline value used to detect

deterioration 1s often not accurate.

SUMMARY

Accordingly, one or more aspects of the present disclosure relate to a
system configured to determine a hemodynamic instability risk score for a pediatric subject.
The system comprises one or more hardware processors and/or other components. The
one or more hardware processors are configured by machine-readable instructions to
obtain an age of the subject; obtain feature values for one or more features associated with

physiological characteristics of the subject; and determine one or more feature value
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thresholds for individual features that indicate risk of hemodynamic instability in the
subject. The feature value thresholds are determined based on the age of the subject. The
one or more hardware processors are further configured to determine feature contribution
prediction scores for the individual features based on whether the obtained feature values
breach one or more of the determined feature value thresholds for the individual features;
and aggregate the feature contribution prediction scores to determine the hemodynamic
instability risk score for the subject.

Another aspect of the present disclosure relates to a method for
determining a hemodynamic instability risk score for a pediatric subject with a
determination system. The system comprises one or more hardware processors
configured to execute machine-readable mstructions and/or other components. The
method comprises obtaining an age of the subject; obtaining feature values for one or
more features associated with physiological characteristics of the subject; and determining
one or more feature value thresholds for individual features that indicate risk of
hemodynamic instability in the subject. The feature value thresholds are determined based
on the age of the subject. The method further comprises determining feature contribution
prediction scores for the individual features based on whether the obtained feature values
breach one or more of the determined feature value thresholds for the individual features;
and aggregating the feature contribution prediction scores to determine the hemodynamic
instability risk score for the subject.

Still another aspect of present disclosure relates to a system for
determining a hemodynamic instability risk score for a pediatric subject. The system
comprises means for obtaining an age of the subject; means for obtaining feature values
for one or more features associated with physiological characteristics of the subject; means
for determining one or more feature value thresholds for individual features that indicate
risk of hemodynamic instability in the subject, the feature value thresholds determined
based on the age of the subject; means for determining feature contribution prediction
scores for the individual features based on whether the obtained feature values breach one

or more of the determined feature value thresholds for the individual features; and means
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for aggregating the feature contribution prediction scores to determine the hemodynamic
instability risk score for the subject.

Yet another aspect of the present disclosure relates to a system configured
to determine a hemodynamic instability risk score for a pediatric subject. The system
comprises one or more hardware processors, a user interface, one or more sensors, and/or
other components. The one or more hardware processors are configured by machine-
readable instructions to obtain an age of the subject; obtain feature values for one or more
features associated with physiological characteristics of the subject; and determine one or
more feature value thresholds for individual features that indicate risk of hemodynamic
instability in the subject. The feature value thresholds are determined based on the age of
the subject. The one or more hardware processors are further configured to determine
feature contribution prediction scores for the individual features based on whether the
obtained feature values breach one or more of the determined feature value thresholds for
the individual features; and aggregate the feature contribution prediction scores to
determine the hemodynamic instability risk score for the subject. The user interface is
configured to display the hemodynamic instability risk score to a caregiver associated with
the subject, and visual representations of how the one or more feature value thresholds
change based on the age of the subject. The one or more sensors are configured to
generate output signals conveying information related to the one or more features
associated with physiological characteristics of the subject, wherein the one or more
hardware processors are configured to obtain the one or more feature values via the
output signals.

In some embodiments, the system of this aspect of the present disclosure
further comprises electronic storage and/or other components. The electronic storage
comprises physical electronic storage media that electronically stores information. The
electronic storage may comprise one or more of optically readable storage media (e.g.,
optical disks, etc.), magnetically readable storage media (e.g., magnetic tape, magnetic

hard drive, floppy drive, etc.), electrical charge-based storage media (e.g., EPROM, RAM,
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etc.), solid-state storage media (e.g., flash drive, etc.), and/or other electronically readable
storage media.

These and other objects, features, and characteristics of the present
disclosure, as well as the methods of operation and functions of the related elements of
structure and the combination of parts and economies of manufacture, will become more
apparent upon consideration of the following description and the appended claims with
reference to the accompanying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding parts in the various figures. It is
to be expressly understood, however, that the drawings are for the purpose of illustration

and description only and are not intended as a definition of the limits of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a system configured to determine a
hemodynamic instability risk score for a pediatric subject.

FIG. 2 illustrates determining a hemodynamic instability risk score.

FIG. 3 is a visual illustration of a bivariate classifier including two decision
stumps for noninvasive shock index.

FIG. 4 illustrates a summary of the operations performed by the system.

FIG. 5 illustrates a method for determining a hemodynamic instability risk

score for a pediatric patient.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

€,
a

As used herein, the singular form of “a”, “an”, and “the” include plural
references unless the context clearly dictates otherwise. As used herein, the statement that
two or more parts or components are “coupled” shall mean that the parts are joined or
operate together either directly or indirectly, 1.e., through one or more intermediate parts
or components, so long as a link occurs. As used herein, “directly coupled” means that

two elements are directly in contact with each other. As used herein, “fixedly coupled” or
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“fixed” means that two components are coupled so as to move as one while maintaining a
constant orientation relative to each other.

As used herein, the word “unitary” means a component is created as a
single piece or unit. That is, a component that includes pieces that are created separately
and then coupled together as a unit is not a “unitary” component or body. As employed
herein, the statement that two or more parts or components “engage” one another shall
mean that the parts exert a force against one another either directly or through one or
more intermediate parts or components. As employed herein, the term “number” shall
mean one or an integer greater than one (i.e., a plurality).

Directional phrases used herein, such as, for example and without limitation,
top, bottom, left, right, upper, lower, front, back, and derivatives thereof, relate to the
orientation of the elements shown in the drawings and are not limiting upon the claims
unless expressly recited therein.

FIG. 1 is a schematic illustration of a system 10 configured to determine a
hemodynamic instability risk score for a pediatric subject 12. System 10 comprises a
hemodynamic instability indicator algorithm that helps pediatric intensive care unit
clinicians and/or other caregivers (e.g., doctors, nurses, parents, etc.) focus care on
subjects at increased risk of deterioration (e.g., inadequate oxygen delivery by the
respiration system of subject 12 to meet metabolic demands, which may lead to organ
dysfunction and/or death). System 10 receives vital signs along with laboratory data,
patient demographic information, and/or other heath information related to subject 12
(feature values associated with physiological characteristics of subject 12), analyzes the
received information based on the age of subject 12, and outputs a score that quantifies
the risk of hemodynamic instability in subject 12.

Early detection of and/or diagnosis of hemodynamic instability (shock) in
the pediatric population is very difficult and requires a high amount of clinical expertise.
Diagnosis of shock typically requires a physical examination as well as a comprehensive
evaluation and understanding of the feature values (e.g., vital signs, laboratory values)

and/or other heath information related to subject 12. However, the physiology of children
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changes as they grow and age. Clinical features such as heart rate, respiration rate, blood
pressure, and/or other features may change dramatically over the course of a few months
to a year. For example, a normal heart rate for children less than one year old is between
about 100-160 beats per minute. As a child ages, the normal heart rate decreases to about
60-100 beats per minute. System 10 automatically defines age adjusted thresholds for vital
signs, laboratory values, and/or other health information that are used to determine the
hemodynamic instability risk score. Caregivers do not currently have a clinical decision
support tool that integrates this clinical information, considers the age of a subject, and
provides an indicator of the risk of hemodynamic instability (shock) in pediatric subjects.
In some embodiments, system 10 comprises one or more of a processor 20, a user
interface 40, a sensor 50, electronic storage 60, external resources 70, and/or other
components.

Processor(s) 20 are configured to provide information processing
capabilities in system 10. As such, processor 20 may comprise one or more of a digital
processor, an analog processor, a digital circuit designed to process information, an analog
circuit designed to process information, a state machine, and/or other mechanisms for
electronically processing information (including microprocessors, field-programmable gate
arrays, application-specific integrated circuits, and other similar devices). Although
processor 20 is shown in FIG. 1 as a single entity, this is for illustrative purposes only. In
some embodiments, processor 20 may comprise a plurality of processing units. These
processing units may be physically located within the same device (e.g., a server), or
processor 20 may represent processing functionality of a plurality of devices operating in
coordination (e.g., a server, computing devices associated with caregivers, computing
devices associated with subject 12 and/or other users, sensors 50, user interface 40,
devices that are part of external resources 70, and/or other devices.)

As shown in FIG. 1, processor 20 is configured via machine-readable
instructions to execute one or more computer program components. In various
embodiments, such instructions may be stored in a memory device such as L1/L.2/L3 cache,

system memory, or a storage device. As used herein, the term “non-transitory” will be
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understood to apply to both volatile memory (e.g., SRAM and DRAM devices) and non-
volatile memory (e.g., flash, magnetic, and optical memory devices) but to exclude
transitory signals. The one or more computer program components may comprise one or
more of an age component 22, a feature component 24, a threshold component 26, a
contribution component 28, a score component 30, and/or other components. Processor
20 may be configured to execute components 22, 24, 26, 28, and/or 30 by software;
hardware; firmware; some combination of software, hardware, and/or firmware; and/or
other mechanisms for configuring processing capabilities on processor 20.

It should be appreciated that although components 22, 24, 26, 28, and 30
are illustrated in FIG. 1 as being co-located within a single processing unit, in
embodiments in which processor 20 comprises multiple processing units, one or more of
components 22, 24, 26, 28, and/or 30 may be located remotely from the other components.
The description of the functionality provided by the different components 22, 24, 26, 28,
and/or 30 described below is for illustrative purposes, and is not intended to be limiting, as
any of components 22, 24, 26, 28, and/or 30 may provide more or less functionality than
is described. For example, one or more of components 22, 24, 26, 28, and/or 30 may be
eliminated, and some or all of its functionality may be provided by other components 22,
24, 26, 28, and/or 30. As another example, processor 20 may be configured to execute
one or more additional components that may perform some or all of the functionality
attributed below to one of components 22, 24, 26, 28, and/or 30.

Age component 22 is configured to obtain the age of subject 12. In some
embodiments, the age of subject 12 is measured in years, months, weeks, days, and/or
other increments. In some embodiments, the obtained age of subject 12 is the age of
subject 12 at a time when feature values (described below) for subject 12 are obtaned.
This may include the current age of subject 12 and/or a past age of subject 12 that
corresponds to a time when the feature values were obtained. For example, for lab results
obtained days and/or weeks prior to a current day, the obtained age for subject 12 may
correspond to a date of the lab test. As another example, for a current heart rate

measurement, the obtained age for subject 12 may be the current age of subject 12.
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In some embodiments, age component 22 is configured to obtain the age of
subject 12 by facilitating entry and/or selection of the age of subject 12 via user interface
40 (described below) and/or other interfaces. For example, age component 22 may be
configured such that a caregiver of subject 12 enters the age of subject 12 via an age entry
field of a graphical user interface presented to the caregiver via user interface 40. In some
embodiments, the age of subject 12 is obtained by age component 22 from one or more
external clinical databases that include medical information indicating the age of subject 12
and/or other information. The one or more external clinical databases may be included in,
for example, electronic storage 60, external resources 70, and/or in other locations. In
some embodiments, the medical information in the external clinical databases is collected
by one or more of a caregiver in outpatient or inpatient settings, collected during previous
visits to a doctor’s office and/or the hospital, collected during a current doctor’s office
and/or hospital visit, and/or collected at other times. In some embodiments, age
component 22 is configured such that obtaining the age of subject 12 includes determining
the age of subject 12 based on information entered and/or selected via user interface 40
and/or information obtained from an external database. For example, age component 22
may obtain the birth date of subject 12, compare the birth date to a current date, and then
determine the age of subject 12 based on this comparison.

Feature component 24 is configured to obtain feature values for one or
more features associated with physiological characteristics of subject 12. The one or more
features include invasive shock index (bpm/mmHg), mean airway pressure (cmH,0),
arterial base excess (mEq/L), noninvasive shock index (bpm/mmHg), partial
thromboplastin (sec), arterial pH, total protein (g/dL), urine output (cc/kg/hr), hemoglobin
amount (g/dL), noninvasive systolic blood pressure (mmHg), oxygen saturation index,
height (cm), lactic acid amount (mg/dL), heart rate (bpm), noninvasive mean blood
pressure (mmHg), invasive diastolic blood pressure (mmHg), Fi0, Set percentage (%),
daily weight (kg), invasive mean blood pressure (mmHg), invasive systolic blood pressure
(mmHg), noninvasive diastolic blood pressure (mmHg), and/or other features. Feature

component 24 is configured to obtain the one or more feature values based on information
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entered and/or selected via user interface 40, information stored in electronic storage
and/or external resources 70 (e.g., the external clinical databases described above), the
output signals of sensors 50 (described below), and/or other information. In some
embodiments, feature component 24 is configured to obtain feature values in substantially
real time as the feature values are being generated (e.g., by sensors included in system 10
and/or in external systems), as feature values become available to be obtained by feature
component 24 (e.g., as feature values are stored in a database and/or entered via user
interface 40), and/or at other times.

In some embodiments, obtaining feature values includes obtaining feature
values directly. For example, a heart rate value may be stored in electronic storage 60 and
directly obtained by feature component 24. As another example, feature component 24
may obtain a heart rate value directly from the output signals of a heart rate sensor (e.g.,
sensor 50). As a third example, feature component may directly obtain a heart rate value
entered by a caregiver via user interface 40. In some embodiments, feature values are
obtained indirectly. Indirectly obtaining feature values may include performing one or
more calculations to determine feature values, and/or other methods for indirectly
obtaining feature values. For example, an oxygen saturation index may be determined
based on a combination of SpO, and FiO, values. As another example, noninvasive and
invasive shock indices (nSI, 1SI) may be derived from heart rate and noninvasive or
invasive systolic blood pressure (nSBP, iSBP).

In some embodiments, obtaining feature values includes determining
plausibility of values and/or other information and/or data obtained for the individual
features. Determining plausibility includes filtering obtained values and/or other
information based on predetermined value and/or information criteria, and retaining only
the values and/or information that meets the predetermined criteria. This may reduce and
and/or eliminate the inclusion of maccurate information and/or values that do not reflect
the physiological condition of subject 12. For example, feature component 24 may be
configured to filter heart rate data to exclude any obtained heart rate values outside

physiological ranges of 20-300 (these ranges are only examples and is not intended to be
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limiting) beats per minute (bpm). If feature component 24 obtains a heart rate value of 5
bpm, for example because there was an error in the heart rate measurement process, the 5
bpm heart rate is excluded by feature component 24. In some embodiments, the filtering
is based on normal physiological ranges for the different features (e.g., the 20-300bpm
range for heart rate).

In some embodiments, obtaining feature values includes learning which
clinical features (e.g., the features described above) are relevant to and/or discriminative of
hemodynamic instability in subject 12. In some embodiments, feature component 24 is
configured to analyze a group of possible features using a training dataset and one or more
machine learning algorithms (e.g., AdaBoost-abstain, linear discriminant analysis (LDA),
and logistic/linear regression) to determine which features are relevant to and/or
discriminative of hemodynamic instability. The training dataset may be clinical data for
pediatric patients representative of subject 12. For example, system 10 was trained and
tested using information from about 10,000 patients admitted to the pediatric intensive
care unit, whose ages were between about 1 month and about 19 years old. During the
training, system 10 received as inputs 61 chinical features from which it selected the most
discriminative features (e.g., the 21 features described below). In addition, system 10
learned age-dependent thresholds (described below) for the individual clinical features. In
some embodiments, feature component 24 is configured to determine that the relevant
and/or discriminative features for hemodynamic instability in subject 12 include invasive
shock index, mean airway pressure, arterial base excess, noninvasive shock index, partial
thromboplastin, arterial pH, total protein, urine output, hemoglobin amount, noninvasive
systolic blood pressure, oxygen saturation index, height, lactic acid amount, heart rate,
noninvasive mean blood pressure, invasive diastolic blood pressure, Fi0, Set percentage,
daily weight, invasive mean blood pressure, invasive systolic blood pressure, noninvasive
diastolic blood pressure, and/or other features.

Threshold component 26 is configured to determine one or more feature
value thresholds for individual features that indicate risk of hemodynamic instability in

subject 12. The determined feature value thresholds depend on the age of subject 12. In
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some embodiments, the one or more feature value thresholds for individual features
including heart rate, blood pressure, and shock index are quadratic functions of the age of
subject 12. Other feature value thresholds for other features may be linear functions of the
age of subject 12. For example, if a feature is heart rate, blood pressure, or shock index,
the one or more feature value thresholds for an individual one of heart rate, blood pressure,
or shock index are quadratic functions of the age of subject 12 determined using Equation

1.

Bi + Pauge + pruge’ [1]

If the feature 1s one of the other features described above and/or other features, the one or
more feature value thresholds for an individual feature are linear functions of age

determined using Equation 2.

51 + ﬁldge [2]
During training (e.g., as described above), feature component 24 and/or threshold
component 26 are configured to learn the parameters By, B, and 5 by fitting a linear
and/or quadratic function to the thresholds found for the individual clinical features for
various age groups. In some embodiments, the thresholds determined by threshold
component 26 are and/or are used to provide a final risk score of hemodynamic instability
(described below). During training, system 10 may select a clinical feature more than once.
Every time a feature is selected, system 10 has learned an age-dependent threshold (7), a
bias (b), and a scaling factor (o) for that selected feature. These parameters are then used
in a bivariate classifier to determine the risk score of hemodynamic instability for that
specific feature (described below).

Contribution component 28 is configured to determine feature contribution
prediction scores for individual features. Individual feature contribution scores are
aggregated (e.g., as described below) to determine the hemodynamic instability risk score.
The feature contribution prediction scores are determined for the individual features based
on whether the obtained feature values breach one or more of the determined feature value
thresholds for the individual features. In some embodiments, contribution component 28
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is configured such that the age of subject 12 and a given feature value are inputs for a
bivariate classifier configured to output a corresponding feature contribution prediction
score for the given feature. An individual bivariate classifier is composed of one or more
decision stumps. In some embodiments, a decision stump u at threshold T denoted u(x-T)
is given by Equation 3, where x is an obtained feature value and T is a corresponding

feature value threshold determined by threshold component 26 as described above.

X>7
Y — T) =
lm ) X<T
[3]

Using Equation 3, a positive value (e.g., 1, when a feature value breaches its
corresponding threshold) increases the feature contribution score for that feature and is
indicative of (e.g., “votes” for) hemodynamic instability. A negative value (e.g., -1, when
the feature value does not breach its corresponding threshold) decreases the feature
contribution score and is indicative of (e.g., “votes for”) stability. With Equation 3 as
described above, the individual bivariate classifiers for the individual features are of the
form described by Equation 4.

F)y=b+amx—r)+auly —1a)+ ... "
In Equation 4, b is a bias (constant value), a; are scaling factors, and T ; are age-dependent
decision stump thresholds for an individual feature. As noted above, the thresholds T;
may be learned using a machine learning algorithm and training data set. Similarly, the
scaling factors o; and bias b may also be learned using machine learning algorithms (which
may be the same as that used to learn the threshold equations) and the clinical training data
set (or another data set).

By way of a non-limiting example, Table I and Equations 5-9 show an

example of using the bias (b), scaling factors (), and the parameters (B, B2, Bs) to
determine the age-dependent decision stump thresholds (7) and the feature contribution

prediction scores f{(x) for noninvasive shock index (nSI) and pH (the bivariate classifier for
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nSI has two decision stumps with two corresponding alpha values and two corresponding

thresholds, and the bivariate classifier for pH has one decision stump).

Feature b P1 B2 Bs a
nSI 0.0117 0.0022 -0.0616 1.5463 0.2432
nSI 0.0519 0.0049 -0.1161 1.6565 -0.0102
pH 0.0856 0.0023 7.3212 - -0.1071
Table I
For nSI:
T, =0.0022 — 0.0616 - age + 1.5463 - age’ [5]
T,=0.0049 — 0.1161 - age + 1.6565 * age’ [6]
Sas)) =0.0117 + 0.2432 * u(Xys1 - T1) — 0.0102 * u(xys1 — T>) [7]
For pH:
T, =0.0023 + 7.3212 - age [8]
Sn) =0.0856 —0.1071 - u(xpu - T1) [9]

Score component 30 is configured to aggregate the feature contribution
prediction scores f{x) for the individual features (e.g., f(nSI) + f(pH) + ...) to determine
the hemodynamic instability risk score. The aggregation may comprise a summation of
the feature contribution scores and/or other aggregations utilizing other mathematical
operations performed using the feature contribution prediction scores. In some
embodiments, the hemodynamic instability risk score for the subject is a single value from
0 to 1, wherein a value of 1 indicates relative hemodynamic instability and O indicates
relative hemodynamic stability. In some embodiments, the hemodynamic instability risk
score is a percentage on a 0-100 percentage point scale, wherein a value of 100%
indicates relative hemodynamic instability and 0% indicates relative hemodynamic stability.
These score formats are not intended to be limiting. The present application contemplates
any score format configured to communicate relative hemodynamic stability and/or
instability.
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In some embodiments, score component 30 is configured to cause display
of the hemodynamic instability risk score to a caregiver (e.g., doctor, nurse, parent, etc.)
and/or other people associated with subject 12. In some embodiments, score component
30 is configured to cause display of the hemodynamic instability risk score over time for
subject 12. In some embodiments, score component 30 is configured to overlay the
hemodynamic instability risk score on a color coded background (e.g., red, yellow green)
to indicate a severity of the hemodynamic instability risk based on the determined score
and/or display the hemodynamic instability risk score in other ways. In some embodiments,
score component 30 is configured to cause display of visual representations of how the
one or more feature value thresholds change based on the age of subject 12. Score
component 30 may cause display of the score, the visual representations, and/or other
information via user interface 40, via a computing device associated with a caregiver, via a
computing device associated with a care facility, and/or other devices.

In some embodiments, system 10 is configured to output a valid risk score
of hemodynamic instability even if a clinical feature is missing (e.g., maybe that feature
value was not measured by the nurse). Ifthere is a missing feature value, system 10 does
not take the contribution (e.g., f(x,age)) of that feature to produce a final score.

By way of a non-limiting example, FIG. 2 illustrates determining a
hemodynamic instability risk score 200. Score 200 is displayed over time 201 on a color
coded background 202 which indicates severity 204 (least severe), 206, 208 (most severe)
of hemodynamic instability risk. In FIG. 2, score 200 is a summation 210 of feature
contribution prediction scores 212 determined for individual features 214. FIG. 2
illustrates features 214 by category 216 (vital signs), 218 (lab values), 220 (ventilator
parameters), 222 (demographics), 224 (other). FIG. 2 also visually illustrates bivariate
classifiers including decision stumps for selected features noninvasive systolic blood
pressure (nSBP) 226, noninvasive shock index (nSI) 228, heart rate (HR) 230, and
invasive shock index (1SI) 232. Illustrations 226, 228, 230, and 232 show 240 how the
thresholds for the individual features vary with the age 242 of the subject. This is further
illustrated in FIG. 3
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FIG. 3 is a visual illustration 300 of a bivariate classifier including two
decision stumps (e.g., nSI was selected twice) for noninvasive shock index 301 (nSI). As
described above, individual decision stumps are defined by an age dependent threshold
302, 304 (one threshold per decision stump), a bias (not shown in FIG. 3), and a scaling
factor (not shown in FIG. 3). FIG. 3 also illustrates possible feature contribution
prediction scores 306 for nSI (depending on the nSI value and the age of the subject) and
is color coded 308, 310 to indicate the relative risk (e.g., the area noted by 308 is low risk
and the area noted by 310 is high risk) of hemodynamic instability for different nSI values
301 for subjects of different ages 312.

FIG. 4 illustrates a summary of the operations 400 performed by system 10
(shown in FIG. 1). As shown in FIG. 4, system 10 obtains 402 feature values 403 from
one or more systems 404 (e.g., system 10 and/or external systems as described above)
generating the feature values and/or information related to the feature values. System 10
determines 406 whether the obtained feature values are plausible and then uses 408 the
plausible features 411 and the age of the subject as inputs for bivariate classifiers 410 for
the individual features. In some embodiments, after determining that the obtained feature
values are plausible, system 10 determines one or more feature values 412 based on
previously obtained feature values and/or information related to the feature values. Feature
contribution prediction scores output by bivariate classifiers 410 for the individual features
are aggregated 414 to determine the hemodynamic instability risk score (HII score) 416,
which may be displayed on a color coded risk scale (e.g., as described above) and/or by
other methods.

Returning to FIG. 1, user interface 40 is configured to receive information
from and/or provide information to one or more users (e.g., subject 12, caregivers, etc.) of
system 10. User interface 40 is configured to provide an interface between system 10 and
caregivers, subject 12, and/or other users through which caregivers, subject 12, and/or
other users may provide information to and receive information from system 10. This
enables data, cues, results, and/or instructions and any other communicable items,

collectively referred to as "information,” to be communicated between a user (e.g., a
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caregiver, subject 12, and/or other users) and processor 20, and/or other components of
system 10. For example, the hemodynamic instability risk score may be communicated to
caregiver, subject 12, and/or other users via user interface 40.

Examples of interface devices suitable for inclusion in user interface 40
comprise a graphical user interface, a display, a touchscreen, a keypad, buttons, switches,
a keyboard, knobs, levers, speakers, a microphone, an indicator light, an audible alarm, a
printer, a haptic feedback device, and/or other interface devices. In some embodiments,
user interface 40 comprises a plurality of separate interfaces. For example, user interface
40 may comprise a plurality of different interfaces associated with a plurality of computing
devices associated with different caregivers; an interface that is part of a computing device
associated with a care facility; an interface associated with processor 20, electronic
storage 60, external resources 70, sensors 50, and/or other components of system 10; an
interface included in a server that also includes processor 20 and/or electronic storage 60;
and/or other interfaces. User interface 40 is configured such that a plurality of caregivers,
subject 12, and/or other users may provide information to and receive information from
system 10 via the individual ones of the plurality of user interfaces. In some embodiments,
user interface 40 comprises at least one interface that is provided integrally with processor
20 and/or other components of system 10.

It is to be understood that other communication techniques, either hard-
wired or wireless, are also contemplated by the present disclosure as user interface 40.

For example, the present disclosure contemplates that user interface 40 may be integrated
with a removable storage interface provided by electronic storage 60. In this example,
information may be loaded into system 10 from removable storage (e.g., a smart card, a
flash drive, a removable disk, etc.) that enables the user(s) to customize the
implementation of system 10. Other exemplary input devices and techniques adapted for
use with system 10 as user interface 40 comprise, but are not limited to, an RS-232 port,
RF link, an IR link, modem (telephone, cable or other). In short, any technique for
communicating information with system 10 is contemplated by the present disclosure as

user interface 40.
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Sensor(s) 50 are configured to generate output signals conveying
information related to one or more physiological characteristics of subject 12, and/or other
information indicative of the health status of subject 12. In some embodiments, the output
signals are received by processor 20, stored in electronic storage 60, received and stored
by one or more servers included in external resources 70, and/or communicated to other
devices. The physiological characteristics of subject 12 include vital signs and/or
physiological parameters including and/or related to weight of subject 12, blood pressure
of subject 12, heart rate of subject 12, respiration rate of subject 12, blood chemistry of
subject 12, hydration of subject 12, a respiration rate/output of subject 12, a blood oxygen
level of subject 12, skin conductance and/or skin temperature of subject 12, body
temperature of subject 12, the joint/muscular flexibility of subject 12, the blood circulation
of subject 12, the cardiac output of subject 12, the relative health and/or sickness of
subject 12, brain activity of subject 12, cardiovascular activity of subject 12, and/or other
parameters. Sensors 50 may comprise one or more sensors that measure such parameters
directly. For example, sensors 50 may be and/or include a heart rate sensor located on the
chest of subject 12. Sensors 50 may comprise one or more sensors that generate output
signals conveying information related to physiological characteristics of subject 12
indirectly. For example, one or more sensors 50 may generate an output with vital signs
information based on movement of subject 12 (e.g. movement detected via actigraphy
signals from a bracelet on a wrist of subject 12 may indicate a higher heart rate). In some
embodiments, sensors S0 may be and/or include one or more of a heart rate monitor, a
blood pressure monitor, a weight scale, blood glucose meter, oxygen saturation
measurement, and/or other sensors.

Although sensors 50 are illustrated at a single location near subject 12, this
is not intended to be limiting. Sensors 50 may include sensors disposed in a plurality of
locations, such as for example, coupled (in a removable manner) with clothing of subject
12, worn by subject 12 (e.g., as a headband, wristband, etc.), positioned to point at subject
12 (e.g., a camera that conveys output signals related to heart rate of subject 12), and/or

in other locations. In some embodiments, sensors 50 are associated with a hospital and/or
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other care facility (e.g., a doctor’s office), a caregiver (e.g., sensors 14 may be included in
equipment used by a doctor, nurse, a caregiving family member, etc.), medical
transportation services (e.g., sensors 14 may be included in an ambulance), subject 12 (e.g.,
sensors in a smartphone associated with subject 12 and/or the parent of subject 12), and/or
include other sensors. Sensors 50 may generate output signals continuously, at
predetermined intervals, responsive to presence of and/or interaction with subject 12,
and/or at other times. In some embodiments, system 10 may not include sensors 50.

Electronic storage 60 comprises electronic storage media that electronically
stores information. The electronic storage media of electronic storage 60 may comprise
one or both of system storage that is provided integrally (i.e., substantially non-removable)
with system 10 and/or removable storage that is removably connectable to system 10 via,
for example, a port (e.g., a USB port, a firewire port, etc.) or a drive (e.g., a disk drive,
etc.). Electronic storage 60 may be (in whole or in part) a separate component within
system 10, or electronic storage 60 may be provided (in whole or in part) integrally with
one or more other components of system 10 (e.g., user interface 40, processor 20, etc.).
In some embodiments, electronic storage may be located in a server together with
processor 20, in a server that is part of external resources 70, in a computing device
associated with one or more caregivers, subject 12, and/or other users, and/or in other
locations. Electronic storage 60 may comprise one or more of optically readable storage
media (e.g., optical disks, etc.), magnetically readable storage media (e.g., magnetic tape,
magnetic hard drive, floppy drive, etc.), electrical charge-based storage media (e.g.,
EPROM, RAM, etc.), solid-state storage media (e.g., flash drive, etc.), and/or other
electronically readable storage media. Electronic storage 60 may store software
algorithms, information determined by processor 20, information received via user
interface 40 and/or external computing systems, information received from external
resources 70, information received from sensors 50, and/or other information that enables
system 10 to function as described herein.

External resources 70 includes sources of information (e.g., databases,

websites, etc.), external entities participating with system 10 (e.g., a medical records
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system of a health care provider), medical equipment configured to communicate with
external systems, one or more servers outside of system 10, a network (e.g., the internet),
electronic storage, equipment related to Wi-Fi technology, equipment related to
Bluetooth® technology, data entry devices, sensors, scanners, computing devices
associated with individual users, and/or other resources. For example, in some
embodiments, external resources 70 include one or more external patient medical
information databases that include the age of subject 12, feature values associated with
subject 12, and/or other information. In some implementations, some or all of the
functionality attributed herein to external resources 70 may be provided by resources
included in system 10. External resources 70 may be configured to communicate with
processors 20, user interface 40, sensors 50, electronic storage 60, and/or other
components of system 10 via wired and/or wireless connections, via a network (e.g., a
local area network and/or the internet), via cellular technology, via Wi-F1 technology,
and/or via other resources.

FIG. 5 illustrates a method 500 for determining a hemodynamic instability
risk score for a pediatric patient with a determimation system. The system comprises one
or more hardware processors and/or other components. The one or more hardware
processors are configured by machine readable instructions to execute computer program
components. The computer program components comprise an age component, a feature
component, a threshold component, a contribution component, a score component, and/or
other components. The operations of method 500 presented below are intended to be
illustrative. In some embodiments, method 500 may be accomplished with one or more
additional operations not described, and/or without one or more of the operations
discussed. Additionally, the order in which the operations of method 500 are illustrated in
FIG. 5 and described below is not intended to be limiting.

In some embodiments, method 500 may be implemented in one or more
processing devices (e.g., a digital processor, an analog processor, a digital circuit designed
to process information, an analog circuit designed to process information, a state machine,

and/or other mechanisms for electronically processing information). The one or more
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processing devices may include one or more devices executing some or all of the
operations of method 500 in response to instructions stored electronically on an electronic
storage medium. The one or more processing devices may include one or more devices
configured through hardware, firmware, and/or software to be specifically designed for
execution of one or more of the operations of method 500.

At an operation 502, an age of the subject is obtained. In some
embodiments, operation 502 is performed by a processor component the same as or
similar to age component 22 (shown in FIG. 1 and described herein).

At an operation 504, feature values are obtained. Obtaining feature values
may include obtaining feature values for one or more features associated with
physiological characteristics of the subject. The one or more features include invasive
shock index, mean airway pressure, arterial base excess, noninvasive shock index, partial
thromboplastin, arterial pH, total protein, urine output, hemoglobin amount, noninvasive
systolic blood pressure, oxygen saturation index, height, lactic acid amount, heart rate,
noninvasive mean blood pressure, invasive diastolic blood pressure, Fi0, Set percentage,
daily weight, invasive mean blood pressure, invasive systolic blood pressure, noninvasive
diastolic blood pressure, and/or other features. In some embodiments, responsive to not
obtaining a given feature value, the system is configured to exclude the given feature when
(as described below) determining the one or more feature value thresholds for individual
features, determining the feature contribution prediction scores for the individual features,
and aggregating the feature contribution prediction scores (for the features that were
available) to determine the hemodynamic instability risk score for the subject. In some
embodiments, operation 504 includes generating, with one or more sensors, output signals
conveying information related to the one or more features associated with physiological
characteristics of the subject. In such embodiments, the one or more feature values may at
least in part be obtained via the output signals. In some embodiments, operation 504 is
performed by a processor component the same as or similar to feature component 24

(shown in FIG. 1 and described herein).
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At an operation 506, feature value thresholds that depend on the age of the
subject are determined. Operation 506 includes determining one or more feature value
thresholds for individual features that indicate risk of hemodynamic instability in the
subject. In some embodiments, the one or more feature value thresholds for individual
features including heart rate, blood pressure, and shock index are quadratic functions of
the age of the subject. Other feature value thresholds for other features may be linear
functions of the age of the subject. In some embodiments, operation 506 is performed by
a processor component the same as or similar to threshold component 26 (shown in FIG.
1 and described herein).

At an operation 508, feature contribution prediction scores are determined.
The feature contribution prediction scores are determined for the individual features based
on whether the obtained feature values breach one or more of the determined feature value
thresholds for the individual features. In some embodiments, the age of the subject and a
given feature value are nputs for a bivariate classifier configured to output a
corresponding feature contribution prediction score for the given feature. In some
embodiments, operation 508 is performed by a processor component the same as or
similar to contribution component 28 (shown n FIG. 1 and described herein).

At an operation 510, the feature contribution scores are aggregated to
determine the hemodynamic instability risk score. In some embodiments, the
hemodynamic instability risk score for the subject is a single value from O to 1, wherein a
value of 1 indicates relative hemodynamic instability and O indicates relative hemodynamic
stability. In some embodiments, the hemodynamic instability risk score is a percentage on
a 0-100 percentage point scale, wherein a value of 100% indicates relative hemodynamic
instability and 0% indicates relative hemodynamic stability. These score formats are not
intended to be limiting. The present application contemplates any score format configured
to communicate relative hemodynamic stability and/or instability. In some embodiments,
operation 510 includes displaying (and/or causing display of) the hemodynamic instability
risk score to a caregiver associated with the subject, and displaying visual representations

of how the one or more feature value thresholds change based on the age of the subject
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with a user interface. In some embodiments, operation 510 is performed by a processor
component the same as or similar to score component 30 (shown in FIG. 1 and described
herein).

In the claims, any reference signs placed between parentheses shall not be
construed as limiting the claim. The word “comprising” or “including” does not exclude
the presence of elements or steps other than those listed in a claim. In a device claim
enumerating several means, several of these means may be embodied by one and the same
item of hardware. The word “a” or “an” preceding an element does not exclude the
presence of a plurality of such elements. In any device claim enumerating several means,
several of these means may be embodied by one and the same item of hardware. The mere
fact that certain elements are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.

Although the description provided above provides detail for the purpose of
illustration based on what is currently considered to be the most practical and preferred
embodiments, it is to be understood that such detail is solely for that purpose and that the
disclosure is not limited to the expressly disclosed embodiments, but, on the contrary, is
intended to cover modifications and equivalent arrangements that are within the spirit and
scope of the appended claims. For example, it is to be understood that the present
disclosure contemplates that, to the extent possible, one or more features of any

embodiment can be combined with one or more features of any other embodiment.
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What is claimed is:

1. A system (10) configured to determine a hemodynamic instability risk
score for a pediatric subject (12), the system comprising;
one or more hardware processors (20) configured by machine-readable
instructions to:
obtain an age of the subject;
obtain feature values for one or more features associated
with physiological characteristics of the subject;
determine one or more feature value thresholds for
individual features that indicate risk of hemodynamic instability in the subject, the feature
value thresholds determined based on the age of the subject;
determine feature contribution prediction scores for the
individual features based on whether the obtained feature values breach one or more of the
determined feature value thresholds for the individual features; and
aggregate the feature contribution prediction scores to

determine the hemodynamic instability risk score for the subject.

2. The system of claim 1, wherein the one or more hardware processors
are further configured such that the one or more features include one or more of invasive
shock index, mean airway pressure, arterial base excess, noninvasive shock index, partial
thromboplastin, arterial pH, total protein, urine output, hemoglobin amount, noninvasive
systolic blood pressure, oxygen saturation index, height, lactic acid amount, heart rate,
noninvasive mean blood pressure, invasive diastolic blood pressure, Fi0, Set percentage,
daily weight, invasive mean blood pressure, invasive systolic blood pressure, or

noninvasive diastolic blood pressure.

3. The system of claim 1, wherein the one or more hardware processors

are configured such that the one or more feature value thresholds for individual features
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including heart rate, blood pressure, and shock index are quadratic functions of the age of

the subject.

4. The system of claim 1, wherein the one or more hardware processors
are configured such that the hemodynamic instability risk score for the subject is a single
value from O to 1, wherein a value of 1 indicates relative hemodynamic instability and O

indicates relative hemodynamic stability.

5. The system of claim 1, wherein the one or more hardware processors
are configured such that the age of the subject and a given feature value are inputs for a
bivariate classifier configured to output a corresponding feature contribution prediction

score for the given feature.

6. The system of claim 1, wherein the one or more hardware processors
are further configured to, responsive to not obtamning a given feature value in the one or
more obtained feature values, exclude the given feature when determining the one or more
feature value thresholds for individual features, determining the feature contribution
prediction scores for the individual features, and aggregating the feature contribution

prediction scores to determine the hemodynamic instability risk score for the subject.

7. The system of claim 1, further comprising;

a user interface (40) configured to display the hemodynamic instability risk
score to a caregiver associated with the subject, and visual representations of how the one
or more feature value thresholds change based on the age of the subject; and

one or more sensors (50) configured to generate output signals conveying
information related to the one or more features associated with physiological
characteristics of the subject, wherein the one or more hardware processors are configured

to obtain the one or more feature values via the output signals.
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8. A method for determining a hemodynamic instability risk score for a
pediatric subject (12) with a determination system (10), the system comprising one or
more hardware processors (20) configured to execute machine-readable instructions, the
method comprising:

obtaining an age of the subject;

obtaining feature values for one or more features associated with
physiological characteristics of the subject;

determining one or more feature value thresholds for individual features
that indicate risk of hemodynamic instability in the subject, the feature value thresholds
determined based on the age of the subject;

determining feature contribution prediction scores for the individual
features based on whether the obtained feature values breach one or more of the
determined feature value thresholds for the individual features; and

aggregating the feature contribution prediction scores to determine the

hemodynamic instability risk score for the subject.

9. The method of claim 8, wherein the one or more features include one or
more of invasive shock index, mean airway pressure, arterial base excess, noninvasive
shock index, partial thromboplastin, arterial pH, total protein, urine output, hemoglobin
amount, noninvasive systolic blood pressure, oxygen saturation index, height, lactic acid
amount, heart rate, noninvasive mean blood pressure, invasive diastolic blood pressure,
Fi0, Set percentage, daily weight, invasive mean blood pressure, invasive systolic blood

pressure, or noninvasive diastolic blood pressure.
10. The method of claim 8, wherein the one or more feature value

thresholds for individual features including heart rate, blood pressure, and shock index are

quadratic functions of the age of the subject.
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11. The method of claim 8, wherein the hemodynamic instability risk score
for the subject is a single value from O to 1, wherein a value of 1 indicates relative

hemodynamic instability and O indicates relative hemodynamic stability.

12. The method of claim 8, wherein the age of the subject and a given
feature value are inputs for a bivariate classifier configured to output a corresponding

feature contribution prediction score for the given feature.

13. The method of claim 8, further comprising, responsive to not obtaining
a given feature value in the one or more obtained feature values, excluding the given
feature when determining the one or more feature value thresholds for individual features,
determining the feature contribution prediction scores for the individual features, and
aggregating the feature contribution prediction scores to determine the hemodynamic

instability risk score for the subject.

14. The method of claim 8, further comprising:

displaying the hemodynamic instability risk score to a caregiver associated
with the subject, and displaying visual representations of how the one or more feature
value thresholds change based on the age of the subject with a user interface (40); and

generating, with one or more sensors (50), output signals conveying
information related to the one or more features associated with physiological
characteristics of the subject, wherein the one or more feature values are obtained via the

output signals.

15. A system (10) configured to determine a hemodynamic instability risk
score for a pediatric subject (12), the system comprising;
means (20) for obtaining an age of the subject;
means (20) for obtaining feature values for one or more

features associated with physiological characteristics of the subject;
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means (20) for determining one or more feature value
thresholds for individual features that indicate risk of hemodynamic instability in the
subject, the feature value thresholds determined based on the age of the subject;

means (20) for determining feature contribution prediction
scores for the individual features based on whether the obtained feature values breach one
or more of the determined feature value thresholds for the individual features; and

means (20) for aggregating the feature contribution

prediction scores to determine the hemodynamic instability risk score for the subject.

16. The system of claim 15, wherein the one or more features include one
or more of invasive shock index, mean airway pressure, arterial base excess, noninvasive
shock index, partial thromboplastin, arterial pH, total protein, urine output, hemoglobin
amount, noninvasive systolic blood pressure, oxygen saturation index, height, lactic acid
amount, heart rate, noninvasive mean blood pressure, invasive diastolic blood pressure,
Fi0, Set percentage, daily weight, invasive mean blood pressure, invasive systolic blood

pressure, or noninvasive diastolic blood pressure.

17. The system of claim 15, wherein the one or more feature value
thresholds for individual features including heart rate, blood pressure, and shock index are

quadratic functions of the age of the subject.

18. The system of claim 15, wherein the hemodynamic instability risk
score for the subject is a single value from O to 1, wherein a value of 1 indicates relative

hemodynamic instability and O indicates relative hemodynamic stability.
19. The system of claim 15, wherein the age of the subject and a given

feature value are inputs for a bivariate classifier configured to output a corresponding

feature contribution prediction score for the given feature.
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20. The system of claim 15, further comprising means (20) for, responsive
to not obtaining a given feature value in the one or more obtained feature values,
excluding the given feature when determining the one or more feature value thresholds for
individual features, determining the feature contribution prediction scores for the
individual features, and aggregating the feature contribution prediction scores to

determine the hemodynamic instability risk score for the subject.

21. The system of claim 15, further comprising:

means (40) for displaying the hemodynamic instability risk score to a
caregiver associated with the subject, and visual representations of how the one or more
feature value thresholds change based on the age of the subject; and

means (50) for generating output signals conveying information related to
the one or more features associated with physiological characteristics of the subject,
wherein the one or more hardware processors are configured to obtain the one or more

feature values via the output signals.
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