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Systems, methods, and computer-readable media for provid-
ing a decision support solution to medical professionals to
optimize medical care through data monitoring and feedback
treatment are provided herein. In another embodiment, a
computer-implemented method for modeling patient out-
comes resulting from treatment in a specific medical area
includes receiving patient-specific data associated with a
patient, determining a plurality of possible patient states
under which the patient can be categorized, a current patient
state under which the patient can be categorized and deter-
mining probabilities of the patient transitioning from any of
the possible patient states to every other possible patient state.
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SYSTEMS AND METHODS FOR OPTIMIZING
MEDICAL CARE THROUGH DATA
MONITORING AND FEEDBACK
TREATMENT

BACKGROUND

[0001] Practicing medicine is becoming increasingly more
complicated due to the introduction of new sensors and treat-
ments. As a result, clinicians are confronted with an ava-
lanche of information, which needs to be evaluated and well
understood in order to prescribe the optimal treatment from
the multitude of available options, while reducing patient
risks. One environment where this avalanche of information
has become increasingly problematic is the Intensive Care
Unit (ICU). There, the experience of the attending physician
and the physician’s ability to assimilate the available physi-
ologic information have a strong impact on the clinical out-
come. It has been determined that hospitals which do not
maintain trained intensivists around the clock experience a
14.4% mortality rate as opposed to a 6.0% rate for fully
staffed centers. It is estimated that raising the level of care to
that of average trained physicians across all ICUs can save
160,000 lives and $4.3Bn annually. As of 2012, there is a
shortage of intensivists, and projections estimate the shortage
will only worsen, reaching a level of 35% by 2020.

[0002] Therefore, there is a clear need for decision support
systems in the ICU which can raise the level of care in facili-
ties which lack trained intensivists.

BRIEF SUMMARY

[0003] Technologies are provided herein for providing a
decision support solution to medical professionals to opti-
mize medical care through data monitoring and feedback
treatment. In one aspect the invention is directed to a system
for modeling patient outcomes resulting from treatment in a
specific medical area, includes a processor coupled to a
memory having computer-executable instructions stored
thereon, which when executed by the processor, cause the
processor to receive patient-specific data associated with a
patient. The system can determine possible patient states for
the patient based on the data received, determine a current
patient state under which the patient can be categorized, and
determine probabilities of the patient transitioning from any
of the possible patient states to every other possible patient
state.

[0004] Inanother aspect, the invention is directed to a com-
puter-implemented method for modeling patient outcomes
resulting from treatment in a specific medical area includes
receiving patient-specific data associated with a patient,
determining a plurality of possible patient states under which
the patient can be categorized, a current patient state under
which the patient can be categorized and determining prob-
abilities of the patient transitioning from any of the possible
patient states to every other possible patient state.

[0005] In yet another aspect, the invention is directed to a
computer-readable medium having computer-executable
instructions stored thereon, which when executed by a com-
puter, cause the computer to receive patient-specific data
associated with a patient, determine possible patient states
under which the patient may be categorized and a current
patient state under which the patient can be categorized, and
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determine probabilities of the patient transitioning from any
of the possible patient states to every other possible patient
state.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] It should be understood at the outset that although
illustrative implementations of one or more embodiments of
the present disclosure are provided below, the disclosed sys-
tems and/or methods may be implemented using any number
of techniques, whether currently known or in existence. The
disclosure should in no way be limited to the illustrative
implementations, drawings, and techniques illustrated below,
including the exemplary designs and implementations illus-
trated and described herein, but may be modified within the
scope of the appended claims along with their full scope of
equivalents.

[0007] FIG. 1 illustrates a medical care optimization envi-
ronment for providing health providers assistance in clinical
decision making in accordance with various embodiments of
the present disclosure;

[0008] FIG. 2 illustrates a patient model workflow in accor-
dance with various embodiments of the present disclosure;
[0009] FIG. 3illustrates an exemplary condition network of
possible patient states for patients undergoing intensive care
after first stage palliation of hypoplastic left heart syndrome
in accordance with various embodiments of the present dis-
closure;

[0010] FIGS. 4A-D illustrate a subset of the exemplary
condition network of FIG. 3 at various time intervals without
exposing the patient to treatment in accordance with various
embodiments of the present disclosure;

[0011] FIGS. 5A-C illustrate a subset of the exemplary
condition network of FIG. 3 after exposing a patient to vari-
ous treatment plans in accordance with various embodiments
of the present disclosure;

[0012] FIG. 6 is a graph illustrating a sample trajectory of
the physiologic variables that can cause a transition from one
patient state to another in accordance with various embodi-
ments of the present disclosure; and

[0013] FIG. 7illustrates an exemplary condition network of
possible patient states for patients associated with hemor-
rhaging trauma in accordance with various embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0014] Technologies are provided herein for providing a
decision support solution to medical professionals to opti-
mize medical care through data monitoring and feedback
treatment. The technologies described herein can be embod-
ied as a method of optimizing medical care or as decision
support tool configured to operate with real-time monitoring
systems that are capable of collecting patient information
available from a wide range of sources, such as bedside moni-
tors, lab work, medical records, prescribed treatments,
amongst others. This information, along with historical data
of'similar types of patients, can be used to achieve a paradigm
shift from a signal-driven monitoring system to an event-
driven monitoring system. That is, instead of the physician
being confronted with various physiologic signals and test
results, the physician is presented with a qualitative descrip-
tion of the patient’s clinical state, the possible clinical states
to which the patient may transition, and the probabilities
associated with the patient transitioning to each of the pos-
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sible clinical states from each of the other possible clinical
states. The occurrence of a patient transitioning from one
possible clinical state to another may be referred to as an event
and in an event-driven monitoring system, the physician is
focusing on the patient’s clinical state as a whole and the
possible clinical states to which the patient can transition,
instead of focusing on individual signals associated with the
multitude of physiological measurements. In this way, the
physician may be able to better gauge the risks associated
with the patient and formulate a treatment plan based on such
risks.

[0015] The technologies described herein provide for
mathematical models of patient physiology to be merged with
expert knowledge of the qualitative behavior of patients in
different conditions and under different treatments. The
resulting solution allows for the prediction of probable evo-
Iutions of the patient’s clinical course given the available
treatments, and for this information to be presented to physi-
cians in an easily understandable clinical language with
which they are comfortable. This also assures that all avail-
able information is accounted for by the physicians, indepen-
dent of their level of training, thereby raising the level of care.
[0016] Besides presenting the acquired physiologic infor-
mation and the consequences of the available treatments in an
intuitive way, the technologies described herein enable addi-
tional benefits for optimizing medical care. First, the ability to
calculate the probabilities for various possible evolutions of
the clinical course enables context dependent alerts. In this
case, an alert can be triggered when the probability for a
specific adverse event is higher than a pre-specified accept-
able threshold. Additionally, acuity metrics can be derived
based on the calculated likelihood a patient’s condition dete-
riorates.

[0017] Second, the technologies described herein enable
the utility of these treatments to be quantified by calculating
probable future clinical courses under the various available
treatments. As a result, the technologies described herein can
estimate the optimal treatment and either recommend it to the
clinician or render the optimal treatment automatically via the
use of infusion pumps, ventilators or any other peripheral
medical devices.

[0018] The present disclosure will be more completely
understood through the following description, which should
be read in conjunction with the drawings. In this description,
like numbers refer to similar elements within various embodi-
ments of the present disclosure. Within this description, the
claims will be explained with respect to embodiments. The
skilled artisan will readily appreciate that the methods, appa-
ratus and systems described herein are merely exemplary and
that variations can be made without departing from the spirit
and scope of the disclosure.

[0019] S, is a particular patient state that is recognizable by
a clinician from collected physiological data. Examples of
particular patient states include hypotension with sinus tachy-
cardia, hypoxia with myocardial depression, amongst others.
[0020] A particular patient population can exhibit a finite
number of possible patient states, 2={S,,S,,S;,...,S,},in
which patients from the patient population can be categorized
during their clinical course. Therefore, the clinical course of
an individual patient can be described as a sequence of states,
S,—Sz—=S~>S,...,whereS_, Sg, S, and S, may repre-
sent any one of the possible patient states S, S,, S5, ... Sy A
patient from the particular patient population can only be
categorized in only one patient state at any given time. Given
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that a patient is in a state S,, the marginal probability that the
patient transitions to anew state S; in a particular time horizon
is given by p,;.

[0021] The treatment applied to a patient can be described
by an input vector U={b,.b,, . . . byd;,ds, . . . ,d;}, which
contains effect site medication concentrations B={b b, .. .,
b,} (as a non-limiting example, for cardiac medications, the
effect site may be the myocardium), and inputs from bedside
medical devices D={d,,d,, . . . ,d;} (as a non-limiting
example, ventilators, extracorporeal membrane oxygenation
machine, heaters, dialysis machine, and others).

[0022] It is assumed that the patient physiology is com-
pletely described by a vector of physiologic variables, ®={¢;,
¢s, - - - 5P, }, which can be directly measured or estimated
from a combination of different physiologic sensors. For
example, the physiologic variable Cardiac Output can be
estimated by the Fick’s equation by sensing mixed venous
oxygenation, arterial oxygenation, and oxygen consumption.

[0023] Referring now to the figures, FIG. 1 illustrates a
medical care optimization environment 100 for providing
health providers, such as physicians, nurses, or other medical
care providers, assistance in making clinical decisions about
a patient 102 in accordance with various embodiments of the
present disclosure. A patient 102 may be coupled to one or
more physiological sensors 104 that may monitor various
physiological parameters of the patient. These physiological
sensors 104 may include but are not limited to, a blood oxime-
ter, a blood pressure measurement device, a pulse measure-
ment device, a glucose measuring device, one or more analyte
measuring devices, an electrocardiogram recording device,
amongst others. In addition, the patient may be coupled to one
or more treatment devices 106 that are configured to admin-
ister treatments to the patient 102. In various embodiments,
the treatments 106 may be administered in one or more ways,
including but not limited to oral, intravenous, and topical
medications, therapy, exposure, amongst others. In addition,
the patient 102 may further be treated with medications 108,
which may also be administered to the patient in one or more
ways, including but not limited to orally, intravenously, or
topically.

[0024] By way of the present disclosure, the patient 102
may be afforded improved medical care over existing meth-
ods. A medical care optimization system 120, generally
referred to herein as the system 120, may be configured to
receive patient related information, including real-time infor-
mation related to the patient’s physiology, treatments being
provided to the patient, medications being administered to the
patient, and other patient related information 110, which may
include the patient’s medical history, previous treatment
plans, results from previous and present lab work, allergy
information, predispositions to various conditions, and any
other information that may be deemed relevant to make
informed decisions regarding the patient’s condition and
risks, or any combination thereof. For the sake of simplicity,
the various types of information listed above will generally be
referred to hereinafter as “patient-specific information”. In
addition, the system 120 may be configured to utilize the
received information, determine possible patient states, deter-
mine a patient state from the possible patient states in which
the patient is currently categorized, determine the probabili-
ties of transitioning into each of the possible patient states, as
well as determine various treatment options and the risks
associated with such treatment options, which can then be
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presented to a medical care provider, including but not limited
to a physician, nurse, or other type of clinician.

[0025] The system 120, in various embodiments, includes
one or more of the following: a processor 122, a memory 124
coupled to the processor 122, and a network interface 126
configured to enable the system 120 to communicate with
other devices over anetwork. In addition, the system 120 may
include a medical care optimization application 130 that may
include computer-executable instructions, which when
executed by the processor 122, cause the system 120 to be
able to afford improved medical care to patients, such as the
patient 102.

[0026] The medical care optimization application 130
includes, for example, a data reception module 132, a physi-
ological variable estimation module 134, a patient state deter-
mination module 136, a patient state probability module 138,
and a treatment recommendation module 140 or any combi-
nation of the above. In an exemplary embodiment, the data
reception module 132 may be configured to receive physi-
ological data from the physiological sensors 104, treatment
administration information from the treatment devices 106,
medication administering information, and other patient
related information, including information collected from the
medical devices 104, treatment information from treatments
106, and any other information that may be deemed relevant
to make informed decisions regarding the patient’s condition
and risks, and any combination thereof of the preceding ele-
ments. Treatment information may be defined as any infor-
mation that is related to any treatment that is or has been
rendered to a patient.

[0027] The physiological variable estimation module 134
may, for example, be configured to utilize the information
received by the data reception module 132 and estimate vari-
ous physiological variables based on the information
received. For instance, the variable oxygen delivery cannot be
measured through a physiological sensor, but is determined
by measuring cardiac output. Possible methods of measuring
cardiac output, include but are not limited to, direct measure-
ment through thermodilution, or indirect estimation by sub-
stituting mixed venous oxygen content, arterial oxygen con-
tent, and oxygen consumption in the Fick equation. It should
be appreciated that physiological variables also include
physiological variable that can be directly measured by one or
more physiologic sensors.

[0028] The patient state determination module 136 may, for
example, be configured to determine the possible patient
states under which the patient may be categorized. Examples
of particular patient states include hypotension with sinus
tachycardia, hypoxia with myocardial depression, compen-
sated circulatory shock, cardiac arrest, hemorhage, amongst
others. In addition, these patient states may be specific to a
particular medical condition, and the bounds of each of the
patient states may be defined by threshold values of various
physiological variables and data. In various embodiments,
patient state determination module 136 may determine all
possible patient states using one or more of the following:
information gathered from reference materials, information
provided by health care providers, physiological data of the
patient, other patient-specific information, amongst others.
The references materials may be stored in a database 150 or
other storage device that is accessible to the medical care
optimization application 130. These reference materials may
include material synthesized from reference books, medical
literature, surveys of experts, physician provided informa-
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tion, and any other material that may be used as a reference for
providing medical care to patients. In some embodiments, the
patient state determination module 136 may first identify a
patient population that is similar to the patient. By doing so,
the patient state determination module 136 may be able to use
relevant historical data based on the identified patient popu-
lation to determine the possible patient states.

[0029] The patient state determination module 136 is
capable of also determining the patient state under which the
patient is currently categorized, referred to herein as the cur-
rent patient state. The current patient state of the patient can
be determined by analyzing, amongst other things, recent
patient-specific information from the patient, including but
not limited to real-time physiological data. In some embodi-
ments, the patient state determination module 136 can deter-
mine all possible patient states for a patient population and
can determine the current patient state of the patient. Addi-
tional details related to the patient state determination module
136 will be provided below during a discussion of FIGS. 3-7.
[0030] Once the patient state determination module 136
determines the possible patient states under which the patient
can be categorized, the patient state probability module 138 is
able to determine probabilities associated with the patient
transitioning from any patient state to any other patient state
or remaining in any particular patient state. The patient state
probability module 138 may do so by analyzing the patient-
specific information, analyzing historical evidence generated
from other patients’ patient-specific information, and other
information available from the reference material 150. In
addition, the patient state probability module 138 may also
utilize information received from physicians, medical profes-
sionals, scientists, and the like to provide hypothetical risk
assessments on patients with particular patient profiles. This
information can then be generalized and applied algorithmi-
cally to determine the probabilities associated with the patient
transitioning from one patient state to any other patient state
or remaining in a particular patient state. Additional details
related to the patient state probability module 138 will also be
provided below during a discussion of FIGS. 3-7.

[0031] Invarious embodiments, if the patient’s physiology
is changing, either due to treatment being received, or due to
the natural changes in the patient’s physiology over time, the
patient state probability module 138 may be configured to
determine updated probabilities of a patient transitioning
from one patient state to any other patient state based on the
changes in the patient’s physiology, or based on other infor-
mation being provided that may influence the probabilities
associated with transitions between the patient states. Insome
embodiments, the patient state probability module 138 may
be configured to determine hypothetical updated probabilities
of a patient transitioning from one patient state to any other
patient state based on hypothetical assumptions. For
example, to determine hypothetical probabilities of a patient
transitioning from one patient state to another patient state
based on providing a hypothetical treatment, the patient state
probability module 138 may utilize historical data to hypoth-
esize how the patient’s physiology will change over time
based on rendering a particular treatment option to the
patient. The patient state probability module 138 may then
determine probabilities associated with rendering the hypo-
thetical treatment using the hypothesized changes in patient
physiology.

[0032] Based on the probabilities determined for each pos-
sible transition between patient states, the treatment recom-
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mendation module 140 may be configured to provide treat-
ment recommendations. Treatment recommendations are
treatment options that may be provided to a patient to
improve, for example, the patient’s health, quality of life,
optimize the cost of care, and other resources, or any combi-
nation thereof. In various embodiments, the treatment recom-
mendations may be provided to a health care provider via one
or more output devices 160. These output devices include but
are not limited to, display units, audio output devices, a
printer, or any combination thereof. The treatment recom-
mendation module 140 may also utilize information stored in
the reference material 150, and alone or in combination with
the patient-specific information, and the probabilities deter-
mined for each possible transition between patient states,
determine one or more treatment options. Upon determining
the treatment options, the treatment recommendation module
140 may be configured to determine which of the treatments
appears to be the optimal treatment for the patient at that
specific time.

[0033] In various embodiments, the treatment recommen-
dation module 140 may be configured to assign a risk index
which indicates how likely the patient is to transition from the
current patient state to one or more patient states designated
as specific morbidity states or a mortality state. Based on this
risk index, recommended treatment options may vary. Other
types of risks that are considered for determining the recom-
mended treatment include, but are not limited to, morbidity
risks, mortality risks, the risks of transitioning into an adverse
patient state, the risks associated with transitioning into an
improved patient state, and the risks of significantly altering
one or more of the physiological variables, risks associated
with prolonged hospital stay, or any other risks associated
with increased treatment costs to the patient, and the like.

[0034] Upon determining the treatment options, the treat-
ment options are then ranked based on the risks described
above. The treatment recommendation module 140 may then
present, via the output devices 160, the recommended treat-
ment option along with other possible treatment options to the
health care provider from which the health care provider can
make an informed decision regarding the treatment plan. In
some embodiments, the treatment recommendation module
may also present additional information, including but not
limited to possible complications associated with each treat-
ment option, most likely recovery path and risks associated
with the treatment plan. In one embodiment, the treatment
recommendation module 140 may be configured to execute
the recommended treatment option automatically. As such,
the recommended treatment option may send commands to
the medical devices and infusion pumps to implement the
recommended treatment option, thereby closing the loop
between medical sensors and medical treatment.

[0035] Itshould beappreciated that the system is a dynamic
system that receives updated patient-specific information
periodically. The length of time between receiving updated
patient-specific information varies based on the source of the
information. Some information may be updated in real-time
as it is coming in through a device. In some cases, patient data
that is obtained through lab work is updated when the lab
work report is entered into the system. The data reception
module may provide the information to the remaining mod-
ules as the data is received by the data reception module, and
the remaining modules may utilize the updated data to per-
form the functionality associated with the respective mod-
ules. This includes updating the current patient state and the
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probabilities associated with the transitions from each patient
state to every other possible patient state upon receiving the
updated physiological variable data received.

[0036] Invarious embodiments, the medical care optimiza-
tion application 130 may include one or more modules that
may be configured to perform additional functions. For
instance, a context alarm module may be configured to alert
the medical provider of changes that may lead to one or more
events, including changes in a patient state, changes in risk
levels, or probabilities exceeding or falling below threshold
values, amongst others. In some embodiments, the medical
care optimization application 130 may be configured to auto-
matically alter changes to the treatment being provided to the
patient by sending control signals to a particular treatment
device 106 causing the treatment device 106 to alter the
treatment being provided in accordance with the control sig-
nal.

[0037] FIG. 2 illustrates a patient model workflow 200 in
accordance with various embodiments of the present disclo-
sure. There are three interacting mathematical models within
this architecture. The Patient Course block 202 represents the
first component, which is modeled as a connected graph
describing all possible patient states for any given patient
population. Each of these patient states is represented by a
node. Connections between nodes represent potential transi-
tions between patient states which occur as the clinical course
progresses. The links in the patient states graph are endowed
with probabilities indicating the likelihood of each one-step
transition. These probabilities, and respectively the patient’s
clinical course, may be affected by specific medical interven-
tions, which may then be viewed as mechanisms for control.
This evokes similarities between the described model and a
Markov Decision Process.

[0038] The second component is a mathematical model of
the patient’s underlying physiology 204, referred to herein-
after as physiology model 204. It is assumed that each patient
state or groups of patient states can have different mathemati-
cal models. The inputs to the physiology model 204 include
medication effect site concentrations (i.e. similar to a phar-
macodynamic model which abstracts the relationship
between the effect site concentration and particular physi-
ologic variables), ventilator settings, which include every-
thing listed in reference to U in the definitions provided
above, and other external stimuli. The outputs correspond to
the physiologic variables, which in some embodiments, may
include arterial blood pressure, systemic or pulmonary resis-
tance, cardiac output, amongst others.

[0039] The third component is a pharmacokinetic model
206 which is used to translate medication infusion rates to
effect site (e.g. myocardium) concentration levels. It should
be appreciated that the pharmacokinetic model 206 may be
configured to receive information associated with electrolyte
intake, fluid intake, nutritional intake, and medication intake,
amongst others.

[0040] AsshowninFIG. 2, the three mathematical modules
connected together form a dynamic system. The dynamic
system incorporates a feedback system to account for
changes that alter the patient’s physiological variables. A
patient may exist in a particular patient state based on the
current physiological variables of the patient. As the patient
undergoes some treatment, for instance, medications being
administered to the patient via the pharmacokinetic model
206 alter the patient’s physiological variables. Similarly,
medical devices coupled to the patient that are also providing
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treatment of the patient may also alter the treatment being
provided to the patient, thereby causing the physiological
variables to alter even more. As such, the physiological model
204 experiences changes, which may lead to a transition from
the patient’s current patient state to another patient state, or
may lead to a change in probabilities associated with the
possible patient states, which alters the graph of the patient
course block 202. Over time, one or more of the patient’s
physiological variables are continuously changing, thereby
altering the probabilities associated with transitioning to
other states. This continuous change results in a real-time
dynamic system that allows health care providers to render
improved medical care to patients.

[0041] The following illustrates how the described inven-
tion can be applied to the modeling of the clinical course of a
specific patient population under intensive care—post-opera-
tively recovering Hypoplastic Left Heart Syndrome patients
after stage one palliation.

[0042] Hypoplastic Left Hear Syndrome is a congenital
heart defect, which is manifested by an underdeveloped left
ventricle and left atrium. As a result, patients suffering from
this condition do not have separated systemic and pulmonary
blood flows, but instead the right ventricle is responsible for
pumping blood to both the body and the lungs. Therefore, the
hemodynamic optimization during intensive care involves
managing the fractions of the blood flow that pass through the
lungs (pulmonary flow Q) and the body (systemic flow Q,).
The optimal hemodynamic is reached when, adequate tissue
oxygen delivery, DO,, is achieved for a pulmonary to sys-
temic blood flow ratio, denoted Q,/Q,, of 1. Often to reach
this optimal state the patient physiology passes through other
less beneficial states, and the correct identification of these
states and the application of proper treatment strategy for
each one of them define the quality of the post-operative care.
The collection of all these states constitutes the condition
network describing this specific population.

[0043] FIG. 3 illustrates an exemplary condition network
300 of possible patient states for patients undergoing inten-
sive care after first stage palliation of hypoplastic left heart
syndrome in accordance with various embodiments of the
present disclosure. It should be appreciated that although
these states may not include all possible states in a real-life
setting, the following states have been shown for the sake of
simplicity and explanation. Additional information regarding
these patient states can be found in Moss and Adams’ heart
disease in infants, children, and adolescents: including the
fetus and young adult, Volume 1 (7th ed., pp. 1005-1038).

[0044] Patient state S1 refers to Adequate DO,, Normal
Q,/Q,—This is the optimal state, in which good tissue oxy-
gen perfusion is achieved with minimum work of the heart. A
patient in this state is usually weaned from medication and
other treatment support.

[0045] Patient state S2 refers to Inadequate DO,, Normal
Q,/Q,—In this state, the patient has optimized pulmonary to
systemic flow, but not sufficient tissue oxygenation. This is
due to inadequate total cardiac output, which is given by
CO=Q,+Q,. A possible treatment in this case is the adminis-
tration of chronotropic medications, which can raise the heart
rate and respectively the total cardiac output.

[0046] Patient state S3 refers to Inadequate DO, due to low
Q,/Q,—In this case, the systemic oxygen delivery is prohib-
ited by the fact that there is not enough blood flow oxygen-
ating through the lungs. This can be corrected by raising the
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systemic vascular resistance with vasoconstrictor medica-
tions, re-directing flow towards the lungs.

[0047] Patient state S4 refers to Inadequate DO, due to
ultra-low Q,/Q—In this case, even smaller fraction of the
blood flow passes through the lungs, e.g. only ¥4 of the total
cardiac output is oxygenated. In this extreme case, in addition
to increasing systemic vascular resistance, the clinician
should consider reducing the pulmonary vascular resistance
by administering Nitric Oxide. Alternative, more invasive
treatment is to further restrict the shunt through surgical
means.

[0048] Patient state S5 refers to Adequate DO,, High
Q,/Q,—In this case, although the body is receiving adequate
oxygenation, this is achieved in the expense of increased
work of the heart. To correct for this, the clinician should
lower systemic vascular resistance either through vasodilator
medications or through additional sedation.

[0049] Patient state S6 refers to Inadequate DO,, High
Q,/Q,—1In this case, both the tissue oxygenation is insuffi-
cient and the pulmonary to systemic blood flow unbalanced.
This should be treated by an increase of cardiac output (e.g.
chronotropic medication to increase heart rate) and by
decrease of systemic vascular resistance.

[0050] Patient state S7 refers to cardiac arrest, which rep-
resents a major adverse event from untreated inadequate oxy-
genation or overworked heart, resulting in a cardiac arrest.
[0051] Still referring to FIG. 3, the probabilities P, and P4
signity, respectively, the probabilities for the patient develop-
ing a cardiac arrest in a particular time interval, given
adequate oxygen delivery and pulmonary to systemic blood
flow ratio close to one, and given compromised hemody-
namic with small pulmonary to systemic flow ratio. These
probabilities can be calculated by the patient state probability
module 138. It should be appreciated that P, should be much
smaller than Py, i.e. given optimized hemodynamic there is a
much smaller probability for the patient encountering cardiac
arrest. On the other hand, P signifies the probability that the
patient remains in the same state within the same time inter-
val, i.e. the probability that the patient remains with opti-
mized hemodynamic. Similarly, all arches from the figure can
be endowed with probabilities ranging from 0 to 1 or 0% to
100%.

[0052] When the system 120 is initialized and no treatment
has begun to be administered, the probabilities may be
derived from static information, such as medical records,
literature, physician inputs, and the like. However, as patient-
specific information, such as physiological information and
treatment information are provided, the probabilities may be
updated based on the patient-specific information being fed to
the system 120. The probabilities may be dynamically
updated by estimating how the patient is influenced by addi-
tional parameters, such as time, as described below with
respect to FIGS. 4A-D, and treatments, as described below
with respect to FIGS. 5A-C. As described above, the patient
state probability determination module 138 may be config-
ured to estimate the probabilities and update the probabilities
as changes to the patient’s physiology are observed.

[0053] FIGS. 4A-D illustrate a subset of the exemplary
condition network 300 of FIG. 3 at various time intervals
without exposing the patient to treatment in accordance with
various embodiments of the present disclosure. The simplest
influence is the time the patient spends at a particular state,
such as patient state S4. After the patient transitions to the
patient state S4 with inadequate DO, due to ultra-low pulmo-
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nary to systemic flow ratio, the chances that the patient tran-
sitions to a cardiac arrest state increases with time. This is due
to the gradual exhaustion of the patient metabolic reserves,
consequent acidosis and hypoxia, which increase the chances
for cardiac arrest.

[0054] FIGS. 5A-C illustrate a subset of the exemplary
condition network 300 of FIG. 3 after exposing a patient to
various treatment plans in accordance with various embodi-
ments of the present disclosure. As described above, another
way that the transition probabilities can be influenced is
through administering treatment. When a patient is in patient
state 53, representing an inadequate DO, State due to ultra-
low pulmonary to systemic flow ratio, there are several treat-
ment options. I[f nothing is done, the patient will remain in the
same state with high probability as indicated in FIG. 5A. If the
patient is administered Nitric Oxide, as represented by FIG.
SB, the pulmonary vascular resistance will decrease and
therefore there is high probability of transition to a state closer
to optimal hemodynamic properties.

[0055] Another treatment option is to surgically alter the
apex of the shunt, which is represented by FIG. 5C. Although
this procedure may have a higher probability for cardiac
arrest, there is a zero probability that the patient remains in the
same state after it, and high probabilities that the patient
transitions to more beneficial hemodynamic states.

[0056] Referring now to FIG. 6, a graph 600 illustrating a
sample trajectory of the physiologic variables that can cause
a transition from one patient state to another in accordance
with various embodiments of the present disclosure is shown.
In some embodiments, the probabilities can be further refined
and made into functions of measurable physiologic param-
eters in the following way: first assume that the guiding
variables DO, and Q,/Q, form a state space that can be par-
titioned in the same way as shown in FIG. 6. Assume that for
each possible state of the patient there is a set of dynamic
equations of the type:

X= fiy o u
[ DO,

=h
Qp/QJ ®

[0057] where f and h are known functions, x is a set of
internal state variables describing the patient physiology, u is
the set of treatment inputs, and | is a random variable under-
scoring the stochastic nature of the dynamics.

[0058] Then, assuming thatx can be measured at some time
t=0, shown as the initial condition 602 in FIG. 5), possible
trajectories x(t) 604 can be simulated for different realizations
of the random variable p and the probabilities for various
transitions can be calculated. The transitions can be shown in
FIG. 6 as the trajectory crosses the boundaries of the partition
of the state space 606.

[0059] Consider the following example dynamic equation
for the patient being in patient state S6 represented by an
Inadequate DO,, High Q,/Q, State, and receiving a treatment
of chronotropic medication and vasodilators:
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[0060] where:
[0061] x, cardiac output defined as x,=Q,+Q,
[0062] x, is the pulmonary to systemic blood flow ratio,
Q,/Q,
[0063] a is known constant
[0064] b is known constant
[0065] CO, is desired cardiac output which is function of

the target site concentration of chronotropes

[0066] PVR is pulmonary vascular resistance

[0067] SVR,is desired systemic vascular resistance which
is function of the target site concentration of vasodilatation
drugs, u,.

[0068] (t) is vector Gaussian white noise with known
parameters.

[0069] CpvO, is pulmonary venous oxygen content which

is assumed to be known and constant.

[0070] CvO, is the oxygen consumption which is also
known.

[0071] wul is the target site concentration of chronotropes
[0072] wu2 is the target site concentration of vasodilation
medications

[0073] The equation set forth above has been reported to be

used to derive DO, as function of x,, X,, CpvO, and CvO, is
cited by Bamea, O., Santamore, W. P., Rossi, A., Salloum, E.,
Chien, S., & Austin, E. H. (1998), “Estimation of oxygen
delivery in newborns with a univentricular circulation”. Cir-
culation, 98(14), 1407-1413.

[0074] Using this equation, the treatment recommendation
module 140 of the medical care optimization system 120 can
automatically calculate the probabilities of various patient
state transitions, given various medication concentrations (u,,
u2) and given the patient current cardiac output and pulmo-
nary to systemic flow ratio (x,(0),x,(0)).

[0075] The following illustrates another example of how
the described invention can be applied to the optimization of
pre-hospital care of hemorrhaging trauma victims. In the
pre-hospital care of this patient population, there are two
major treatment choices differentiating the outcome:

[0076] The first treatment choice is the choice of a center
where the patient should be driven. In this choice, there is a
trade-off between the distance to the center and the center
capabilities. Ideally all patients with significant injuries will
be delivered to a Trauma I level center, which has optimal
capabilities. However, especially in a rural set-up, delivering
the patient alive to such a center may not be possible, and
therefore the patient may have to be triaged to a non-trauma
center.

[0077] Thesecond treatment choice is the infusion of resus-
citative fluid. It has been increasingly appreciated by the
medical community that the choice of whether fluid infusion
should be initiated and the choice of infusion rate should
depend on the transportation time. If the patient is close to a
hospital no infusion therapy is recommended. As such, by
way of the present disclosure, a health care provider debating
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these treatment choices can make a more informed decision,
which results in optimizing the level of health care being
provided to patients.

[0078] FIG. 7 illustrates an exemplary condition network
700 of possible patient states for patients associated with
hemorrhaging trauma in accordance with various embodi-
ments of the present disclosure. It should be appreciated that
although these states may not include all possible states in a
real-life setting, the following states have been shown for the
sake of simplicity and explanation. The major variable guid-
ing the objective identification of the states illustrated in FIG.
7 is the cumulative oxygen deficit (COD). It is defined as the
integrated difference between the nominal oxygen consump-
tion (NvO,), and the oxygen consumption (vO,) that can be
accommodated by the increasingly depleting oxygen caring
capacity of the blood:

T max[0, NvO, —vO,
COD = — "~ dr
o w

where W is the weight of the patient.

[0079] Still referring to FIG. 7 the following states are
illustrated in the condition network 700:

[0080] Patient state S1 refers to stable circulation. In this
case, homeostasis has been achieved and the remaining blood
can assure nominal oxygen consumption.

[0081] Patient state S2 refers to hemorrhaging with uncom-
promised oxygen consumption. In this state, although the
patient is losing blood, the patient fluids still have enough
oxygen carrying capacity to assure normal oxygen balance.
[0082] Patient state S3 refers to initial shock. This state can
be quantitatively identified as the COD greater than 0. At this
point, the oxygen balance is compromised and the anaerobic
metabolism is initiated.

[0083] Patient state S4 refers to compensatory shock. This
state may, for example, be quantitatively identified as COD
between 50 to 120 mI/kg. When in compensatory shock, the
physiology of the patient tries to compensate for the compro-
mised oxygen balance by controlling different physiologic
variables, such as increasing heart rate to assure sufficient
cardiac output, peripheral vasorestriction to assure perfusion
of'vital organs, increased respiratory rate to counter the ensu-
ing acidosis by faster removal of CO,, etc.

[0084] Patient state S5 refers to progressive shock. This
state may, for example, be quantitatively identified as COD
greater than 120 ml/kg. At this point, the compensatory
mechanisms of the physiology start failing, which leads to
consequent failure of vital organs.

[0085] Patient state S6 refers to cardiac arrest, which simi-
larly to the previous example is the major adverse effect of the
compromised oxygen balance.

[0086] Still referring to FIG. 7, the probabilities P, P, P
and P, signify, respectively, the probabilities for the patient
developing a cardiac arrest in a particular time interval, given
hemorrhaging, initial shock, compensatory shock and pro-
gressive shock. The patient state probability module 138 can
calculate these probabilities. It should be appreciated that
P >P>P>P, i.e.the probability for cardiac arrest grows as
the oxygen deficit increases. On the other hand, P, P, P,
and P, signify the probabilities of return to spontaneous cir-
culation after cardiac arrest. Again it should be appreciated
that P >P>P>P,, i.e. that the higher the oxygen deficit, the
lower is the probability that the patient’s heart rate returns to
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normal rhythm. Similar to FIG. 3, all arches shown in FIG. 7
can be endowed with probabilities ranging from, for example,
0 to 1 or 0% to 100%.

[0087] When the system 120 is initialized and no treatment
has begun to be administered, the probabilities may be
derived from static information, such as medical records,
literature, physician inputs, and the like. However, as patient-
specific information, such as physiological information and
treatment information are provided, the probabilities may be
updated based on the patient-specific information being fed to
the system 120. As described above, the patient state prob-
ability determination module 138 may be configured to esti-
mate the probabilities and update the probabilities as changes
to the patient’s physiology are observed. The probabilities
may be dynamically updated by estimating how the patient is
influenced by additional parameters, such as the resuscitative
fluid infusion rate as described below:

[0088] The stated equations below employ the following

notation:

[0089] x, is the cumulative oxygen deficit, COD

[0090] x2 is the hemoglobin also denoted as Hgb

[0091] x, is the heart’s stroke volume

[0092] x, is the total blood loss

[0093] vO, is current oxygen consumption

[0094] NvO, is a constant denoting nominal oxygen con-
sumption

[0095] HR is the current heart rate

[0096] CO is cardiac output

[0097] W is the patient weight

[0098] SaO, is the arterial oxygen saturation

[0099] SvO, is the mixed venous oxygen saturation

[0100] CaO, is the arterial oxygen content

[0101] CvO, is the mixed venous oxygen content

[0102] U is the rate of fluid infusion which is a treatment
variable

[0103] NV is a constant denoting the nominal volume of

blood (the volume of blood before the injury).
[0104] ¢, are constants describing the model, which are
specific for each state.
[0105] p, White zero-mean Gaussian noises with different
standard deviations.
[0106] Then, illustrative dynamic equations describing the
evolution of the COD variable outside of the cardiac arrest
state can be derived under the following assumptions and
dependencies.

 NvOy —vO, M
X = —w

[0107] where the oxygen consumption vO, can be derived
from the Fick principle as:

10,=CO-(Ca0,-CvO,)=HRx%3-1.36 %, (Sa0,-Sv0,).

[0108] In shock, the heart rate is a compensatory mecha-
nism and can be assumed to be a function of the cumulative
oxygen deficit. Therefore,

HR=cx+1,.

[0109] Also, Sa0, can be assumed to be constant equal to
0.99 (or 99% arterial oxygen saturation), and SvO, can be
assumed to be a function of the oxygen deficit that can be
written as:
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NV02 - V02

SvO; =c; —¢3 W

[0110] When substituted back to equation (1) these
assumptions and dependencies make x, a function of the
constants ¢, and the model variables x,.

[0111] The next equation shows that the hemoglobin
decreases as more fluid is infused to the patient:

Xp=—cyX, Utpls (2).

[0112] Similarly the next equation shows that the stroke
volume is decreased by the blood loss and increased by the
infusion of fluids:

Xa=-csxa-Utps 3)
[0113] And the final equation shows that the rate of bleed-

ing is a function of the fluid volume (the more the volume the
faster is the bleeding rate):
Xy==Co(V=x4+U)+py. @
[0114] where the constant ¢, characterizes the injury.
[0115] By employing these equations, the system can esti-
mate the infusion rate U that will maximize the probability of
the patient being in the least possible harmful state at the
estimated time of arrival at the admitting hospital, given the
current values of the variables x,(0), x,(0), x5(0), x,(0).
[0116] Moreover, the system can simulate different sce-
narios of admitting centers and fluid infusion therapies. This
will allow the system to identify the risks associate with each
of the available triage and fluid therapy options, and identify
the least risky pair of an admitting location and fluid therapy.
[0117] While the foregoing includes the best mode and,
where appropriate, other modes of performing the disclosure,
the disclosure should not be limited to specific apparatus
configurations or method steps disclosed in this description of
the preferred embodiment. Those skilled in the art will also
recognize that the disclosure has a broad range of applica-
tions, and that the embodiments admit of a wide range of
modifications without departing from the inventive concepts.
1. A system for modeling patient outcomes resulting from
medical treatment, comprising:
a processor;
a memory coupled to the processor, the memory having
computer-executable instructions stored thereon, which
when executed by the processor, cause the processor to:
receive patient-specific data associated with a patient;
determine a plurality of possible patient states under
which the patient can be categorized;

determine a current patient state under which the patient
can be categorized; and

determine, for each possible patient state, corresponding
probabilities associated with transitioning from a
respective patient state to every other possible patient
state.

2. The system of claim 1, wherein the patient-specific data
comprises medical conditions associated with the patient and
physiological data associated with the patient’s physiology.

3. The system of claim 1, wherein the processor is further
configured to receive treatment information associated with
treatments being provided to the patient; and

wherein the processor is configured to determine, for each
possible patient state, corresponding probabilities asso-
ciated with transitioning from the respective patient state
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to every other possible patient state is based on treatment
information associated with the treatments being pro-
vided to the patient.

4. The system of claim 3, wherein the processor is further
configured to provide a treatment recommendation based on
the current patient state of the patient and the corresponding
probabilities associated with transitioning from the current
patient state to every other possible patient state.

5. The system of claim 3, wherein the processor is further
configured to assign a risk index which indicates how likely
the patient is going to transition from the current patient state
to a patient state designated as a specific morbidity state or a
mortality state.

6. The system of claim 3, wherein receiving patient-spe-
cific data associated with a patient comprises periodically
receiving updated patient-specific data associated with the
patient; and wherein the processor is further configured to:

automatically determine, for each possible patient state,

corresponding updated probabilities associated with
transitioning from the respective patient state to every
other possible patient state based on treatment informa-
tion associated with the treatments being provided to the
patient and the updated patient-specific data received.

7. A computer-implemented method for modeling patient
outcomes resulting from medical treatment, comprising:

receiving patient-specific data associated with a patient;

determining, by a computer, a plurality of possible patient
states under which the patient can be categorized;

determining, by the computer, a current patient state under
which the patient can be categorized; and

determining, for each possible patient state, corresponding

probabilities associated with transitioning from a
respective patient state to every other possible patient
state.

8. The method of claim 7, wherein the patient-specific data
comprises medical conditions associated with the patient and
physiological data associated with the patient’s physiology.

9. The method of claim 7, wherein patient-specific data
comprises information associated with treatments being pro-
vided to the patient; and

wherein determining, for each possible patient state, cor-

responding probabilities associated with transitioning
from the respective patient state to every other possible
patient state is based on treatment information associ-
ated with the treatments being provided to the patient.

10. The method of claim 9, further comprising providing a
treatment recommendation based on the current patient state
of the patient and the corresponding probabilities associated
with transitioning from the current patient state to every other
possible patient state.

11. The method of claim 9, further comprising assigning a
risk index which indicates how likely the patient is going to
transition from the current patient state to a patient state
designated as a specific morbidity state or a mortality state.

12. The method of claim 9, wherein receiving patient-
specific data associated with a patient comprises periodically
receiving updated patient-specific data associated with the
patient; and wherein determining a current patient state under
which the patient can be categorized comprises automatically
determining an updated current patient state under which the
patient can be categorized based on the updated patient-spe-
cific data associated with the patient.

13. The method of claim 12, wherein determining, for each
possible patient state, corresponding probabilities associated
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with transitioning from the respective patient state to every
other possible patient state comprises automatically deter-
mining, for each possible patient state, corresponding
updated probabilities associated with transitioning from the
respective patient state to every other possible patient state
based on treatment information associated with the treat-
ments being provided to the patient and the updated patient-
specific data received.

14. A computer-readable medium having computer-ex-
ecutable instructions stored thereon, which when executed by
a computer, cause the computer to:

receive patient-specific data associated with a patient;

determine, by a computer, a plurality of possible patient

states under which the patient can be categorized;
determine, by the computer, a current patient state under
which the patient can be categorized; and

determine, for each possible patient state, corresponding

probabilities associated with transitioning from a
respective patient state to every other possible patient
state.

15. The computer-readable medium of claim 14, wherein
the patient-specific data comprises medical conditions asso-
ciated with the patient and physiological data associated with
the patient’s physiology.

16. The computer-readable medium of claim 14, wherein
patient-specific data comprises information associated with
treatments being provided to the patient; and

wherein determining, for each possible patient state, cor-

responding probabilities associated with transitioning
from the respective patient state to every other possible
patient state is based on treatment information associ-
ated with the treatments being provided to the patient.

17. The computer-readable medium of claim 16, having
additional computer-executable instructions, which when
executed by the computer, cause the computer to provide a
treatment recommendation based on the current patient state
of the patient and the corresponding probabilities associated
with transitioning from the current patient state to every other
possible patient state.

18. The computer-readable medium of claim 16, having
additional computer-executable instructions, which when
executed by the computer, cause the computer to assign a risk
index which indicates how likely the patient is going to tran-
sition from the current patient state to a patient state desig-
nated as a specific morbidity state or a mortality state.

19. The computer-readable medium of claim 16, wherein
receiving patient-specific data associated with a patient com-
prises repeatedly receiving updated patient-specific data
associated with the patient; and wherein determining a cur-
rent patient state under which the patient can be categorized
comprises automatically determining an updated current
patient state under which the patient can be categorized based
on the updated patient-specific data associated with the
patient.

20. The computer-readable medium of claim 19, wherein
determining, for each possible patient state, corresponding
probabilities associated with transitioning from the respec-
tive patient state to every other possible patient state com-
prises automatically determining, for each possible patient
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state, corresponding updated probabilities associated with
transitioning from the respective patient state to every other
possible patient state based on treatment information associ-
ated with the treatments being provided to the patient and the
updated patient-specific data received.

21. A system for modeling patient outcomes resulting from
medical treatment, comprising:

a processor;

memory coupled to the processor;

a patient course engine, storable in the memory and execut-
able by the processor, for maintaining a plurality of
patient state models;

a pharmacokinetic engine, storable in the memory and
executable by the processor, for translating medication
infusion rates to concentration levels at an affected site
of a patient; and

a patient physiology engine, storable in the memory and
executable by the processor, responsive to data from the
pharmacokinetic engine and for providing to the patient
course engine data identifying a current patient model
under which the patient can be categorized.

22. The system of claim 21, wherein each patient state
model maintained by the patient course engine represents a
possible current patient state under which a patient may be
categorized, and wherein each patient state and correspond-
ing patient state model can transition to at least one other
patient state and corresponding patient state model.

23. The system of claim 22, wherein the patient course
engine is configured to determine, for each possible patient
state, corresponding probabilities associated with transition-
ing from a respective patient state to other possible patient
states based on treatment information associated with the
treatments being provided to the patient.

24. The system of claim 23, wherein the patient course
engine is further configured to provide a treatment recom-
mendation based on the current state of the patient and the
corresponding probabilities associated with transitioning
from the current patient state to other possible patient states.

25. The system of claim 22, wherein the patient course
engine is further configured to assign a risk index which
indicates how likely the patient is going to transition from the
current patient state to a patient state designated as a specific
morbidity state or a mortality state.

26. The system of claim 21, wherein the patient physiology
engine is further configured to receive treatment information
associated with treatments being provided to the patient.

27. The system of claim 21, wherein the patient physiology
engine is further configured to receive patient-specific data,

28. The system of claim 27, wherein the patient-specific
data comprises data identifying medical conditions associ-
ated with the patient.

29. The system of claim 27, wherein the patient-specific
data comprises physiological data associated with the
patient’s physiology.

30. The system of claim 21, wherein the pharmacokinetic
engine is further configured to receive data identifying any of
medications, medication infusion rates or medication con-
centration levels associated with the current patient state.
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