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7) ABSTRACT

Systems and methods for monitoring and/or controlling a
cardiovascular system of a subject are disclosed. In some
aspects, the method includes acquiring cardiovascular data
from a subject, analyzing the cardiovascular data to deter-
mine a time trajectory for at least one cardiovascular param-
eter, and determining, using the time trajectory, a likelihood
that the at least one cardiovascular parameter exceeds a
threshold at one or more pre-determined time points. The
method also includes determining a future cardiovascular
state of the subject using the determined likelihood, and
generating a report indicative of the future cardiovascular
state of the subject. The method may also include estimating
a dose response associated with at least one administered
pharmaceutical agent for at least one cardiovascular param-
eter, and controlling the cardiovascular state of the subject at
one or more pre-determined time points using the estimated
dose response.
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SYSTEMS AND METHODS FOR
MONITORING AND CONTROLLING A
CARDIOVASCULAR STATE OF A SUBJECT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on, claims priority to, and
incorporates herein by reference in its entirety U.S. Provi-
sional Application Ser. No. 62/035,177, filed Aug. 8, 2014,
and entitled “METHODS FOR PREDICTION OF SUB-
JECT-SPECIFIC HEMODYNAMIC RESPONSE TO
VASOPRESSORS.”

BACKGROUND OF THE DISCLOSURE

[0002] The field of the invention relates to medical moni-
toring and intervention. More particularly, the invention
relates to systems, device and methods for monitoring and
controlling a cardiovascular (“CV”) state of a subject.
[0003] Critically-ill patients often require therapy using
various pharmacological agents, in the form of acute or
periodic treatment, in order to keep physiological param-
eters, such as blood pressure (“BP”), within a safe range. For
instance, vasopressor infusion is typically performed to raise
dangerously low BP, while treatment for hypertension can
include infusion of nicardipine, or repeated discrete dosing
using hydralazine. Selecting the proper pharmacological
agent dose for optimized treatment often depends on the
specific characteristics of the patient and as such requires
careful assessment of the patient state. In many cases, there
is a risk to insufficient medication, as well as a risk of
excessive treatment.

[0004] Treatment is often made difficult by the fact that the
patient’s state can change over time, either as a result of a
specific medical intervention or a change in the patient’s
condition. For example, the heart or vasculature of the
patient may regain function or may become more unhealthy
as time progresses, or a change in intravascular volume
occurs, while a clinical intervention is being applied to the
patient. As a consequence, the “ideal” dose for a pharma-
cological agent may also change with time. In addition, the
effectiveness of pharmacological agents may wear off or
diminish with time. Furthermore, a patient may also expe-
rience transient events affecting various the physiological
parameters being monitored, such as BP. Such transient
events are unlikely to persist, thus further complicating
decisions on treatment timing and whether a treatment dose
requires adjustment or not. Finally. clinicians may have
multiple clinical obligations, and so minor dose adjustments
that are unlikely to be clinically meaningful can be unde-
sirable. As such, the ability to be selective about impactful
dose-adjustments would be advantageous for a patient’s
clinical outcome.

[0005] As noted above, vasopressor medications are often
infused to maintain BP in an optimal range. Vasopressors
can act through one or more physiological mechanisms,
including increasing resistance to blood exiting the arteries,
which is commonly quantified as the total peripheral resis-
tance (“TPR”), and vasopressor can increase cardiac output
(“CO”) through increased heart rate (“HR™), cardiac con-
tractility and decreased venous capacitance. The ultimate
medical benefit of vasopressors is not increased BP per se,
but increased blood flow to peripheral tissues driven by the
increase in BP. In today’s clinical practice, the infusion rate

Aug. 17,2017

of vasopressor medications is adjusted by human clinicians.
A complicating factor is that vasopressors can either
improve blood flow to hypo-perfused peripheral tissues, via
the increase in BP or, in some cases, can also decrease blood
flow, via excessive increase in blood vessel resistance,
depending on which effect is predominant. In addition, there
is substantial individual variability in the physiological
response to vasopressor therapy.

[0006] Standard clinical practice involves iteratively, and
empirically, adjusting the infusion rate of vasopressors,
seeking to maximize the expected beneficial effects relative
to deleterious effects for the particulars of each patient. For
instance, control of BP as an endpoint has been the focus of
clinical practice guidelines for vasopressor use, where cur-
rent recommendations dictate adjusting infusion rates to
achieve a minimal mean arterial pressure (“MAP”) of at
least 65 mmHg. In practice, clinicians empirically regulate
vasopressor dose levels to achieve this target for MAP.
[0007] Although some analytical tools have been devel-
oped for informing the adjustment process of pharmaceuti-
cal agent dosages, they have not been widely adopted due to
their inherent limitations. For example, existing technolo-
gies cannot predict patient-specific cardiac and vascular
responses only based on non-invasive BP (“NIBP”) mea-
surements. Also, existing technologies cannot provide
patient-specific dose responses from limited hemodynamic
information, but rather require a multitude of parameters and
multiple observations. In addition, previous approaches for
determining the required dose level often included analysis
of the direct relationship between the administered pharma-
ceutical agent and the targeted parameter, such as the MAP,
without taking into consideration the underlying physiology.
This makes it difficult to predict the interactions as a result

of multiple drug infusions and patho-physiological
responses.
[0008] In light of the above, there is a need for improved

systems and methods to accurately monitor and control CV
conditions of a subject.

SUMMARY OF THE DISCLOSURE

[0009] The present disclosure overcomes the aforemen-
tioned drawbacks by providing systems and methods for
monitoring and controlling a cardiovascular state of a sub-
ject. Specifically, a novel approach for determining a current
and/or future cardiovascular state of the subject is described,
utilizing minimal and basic observations from an individual
subject, such as blood pressure and heart rate. Determina-
tions of current and future cardiovascular states may then be
utilized to inform the administration of one or more phar-
maceutical agent.

[0010] Insome aspects of the disclosure, changes in blood
pressure may be utilized to infer changes in the underlying
cardiovascular state of the subject, and then estimate dose
response relationships for the underlying cardinal cardio-
vascular parameters. In this manner, blood pressure as a
function of an administered pharmaceutical agent, such as a
vasopressor, may be predicted based on estimated cardio-
vascular state by extrapolating the dose response relation-
ship.

[0011] Inone aspect of the present disclosure, a system for
monitoring a cardiovascular state of a subject is provided.
The system includes at least one sensor configured to
acquire cardiovascular data from a subject, and at least one
processor configured to analyze the cardiovascular data to
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determine a time trajectory for at least one cardiovascular
parameter, and determine, using the time trajectory, a like-
lihood that the at least one cardiovascular parameter exceeds
a threshold at one or more pre-determined time points. The
at least one processor is also configured to determine a future
cardiovascular state of the subject using the determined
likelihood, and generate a report indicative of the future
cardiovascular state of the subject. The system also includes
an output for displaying the report to a user.

[0012] In another aspect of the present disclosure, a sys-
tem for controlling a cardiovascular state of a subject is
provided. The system includes at least one sensor configured
to acquire cardiovascular data from a subject, and at least
one processor configured to receive the acquired cardiovas-
cular data, and generate a cardiovascular model describing
the cardiovascular state of the subject. The at least one
processor is also configured to estimate a dose response
associated with at least one administered pharmaceutical
agent for at least one cardiovascular parameter defining the
cardiovascular state, and control the cardiovascular state of
the subject at one or more pre-determined time points using
the estimated dose response.

[0013] Inyetanotheraspect of the disclosure, a method for
monitoring a cardiovascular state of a subject is provided.
The method includes acquiring cardiovascular data from a
subject using at least one sensor, and analyzing the cardio-
vascular data to determine a time trajectory for at least one
cardiovascular parameter. The method also includes deter-
mining, using the time trajectory, a likelihood that the at
least one cardiovascular parameter exceeds a threshold at
one or more pre-determined time points, and determining a
future cardiovascular state of the subject using the deter-
mined likelihood. The method further includes generating a
report indicative of the future cardiovascular state of the
subject.

[0014] Inyetanotheraspect of the disclosure, a method for
controlling a cardiovascular state of a subject is provided.
The method includes receiving cardiovascular data acquired
from a subject, and generating a cardiovascular model
describing the cardiovascular state of the subject. The
method also includes estimating a dose response associated
with at least one administered pharmaceutical agent for at
least one cardiovascular parameter defining the cardiovas-
cular state, and controlling the cardiovascular state of the
subject at one or more pre-determined time points using the
estimated dose response.

[0015] The foregoing and other aspects and advantages of
the invention will appear from the following description. In
the description, reference is made to the accompanying
drawings that form a part hereof, and in which there is
shown by way of illustration a preferred embodiment of the
invention. Such embodiment does not necessarily represent
the full scope of the invention, however, and reference is
made therefore to the claims and herein for interpreting the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic diagram of an example
monitoring and control system in accordance with aspects of
the present disclosure.

[0017] FIG. 2 is a flowchart setting forth steps of a process
in accordance with aspects of the present disclosure.
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[0018] FIG. 3 is a schematic diagram describing a cardio-
vascular model in accordance with aspects of the present
disclosure.

[0019] FIG. 4 is a graphical illustration showing hemody-
namic dose responses for different subject groups receiving
epinephrine.

[0020] FIG. 5 is a schematic diagram illustrating training
of phenomenological dose response relationships using
vasopressor dose and blood pressure data.

[0021] FIG. 6 is a schematic diagram illustrating a car-
diovascular model implementing phenomenological rela-
tionships between dose and cardinal cardiovascular param-
eters.

[0022] FIG. 7 is a graphical illustration comparing mea-
sured hemodynamic responses versus responses predicted in
accordance with the present disclosure for different subject
groups.

[0023] FIG. 8 are Bland-Altman plots associated with
measured and predicted cardiovascular parameters, in accor-
dance with the present disclosure.

[0024] FIG. 9 is a schematic diagram describing a cardio-
vascular model in accordance with aspects of the present
disclosure.

[0025] FIG. 10 is a graphical illustration showing example
hemodynamic responses to epinephrine averaged over sev-
eral animal subjects.

[0026] FIG. 11 is another graphical illustration showing
example hemodynamic responses to epinephrine obtained
from an animal subject.

[0027] FIG. 12 is yet another graphical illustration show-
ing intravenous versus hypothetical doses of epinephrine.
[0028] FIG. 13 is yet another graphical illustration com-
paring measured versus model-estimated cardiovascular
parameters.

[0029] FIG. 14 is yet another graphical illustration show-
ing model-estimated trends for different cardiovascular
parameters.

[0030] FIG. 15 is yet another graphical illustration show-
ing an estimated trend of cardiac output.

[0031] FIG. 16 is yet another graphical comparing mea-
sured versus predicted hemodynamic response for an animal
subject.

[0032] FIG. 17 is a graphical illustration showing a cor-
relation between measured and predicted blood pressure
values.

[0033] FIG. 18 is another flowchart setting forth steps of
a process in accordance with aspects of the present disclo-
sure.

[0034] FIG. 19 is a graphical illustration showing an
example of a determined time trajectory for blood pressure.
[0035] FIG. 20 is a graphical illustration showing a cor-
relation between measured arterial pressure and determined
probability for hypotension, in accordance with aspects of
the present disclosure.

[0036] FIG. 21 is another graphical illustration showing a
correlation between measured arterial pressure and deter-
mined probability for hypotension.

DETAILED DESCRIPTION

[0037] The present disclosure describes a novel approach
for monitoring and/or controlling a cardiovascular (“CV”)
state of a subject using one or more administered pharma-
ceutical agents. In some aspects, the provided systems and
methods are directed to monitoring and determining a pres-
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ent and potential future cardiovascular (“CV”) state of a
subject in order to inform administration of at least one
pharmaceutical agent, such as a vasopressor, by a clinician
or a system suitable to do so. For instance, a time trajectory
for at least one CV parameter, such as blood pressure
(“BP”), may be determined to estimate a likelihood for
exceeding a threshold at one or more pre-determined time
points. As will be appreciated from descriptions below, this
allows determination for the necessity, and/or timing of
pharmaceutical agent administration, as well as possible
benefit from a dose adjustment. This approach can result in
minimized effort and fewer interruptions in clinical settings,
where treatment dose is typically adjusted by a human
clinician.

[0038] In some implementations, the provided systems
and methods utilize a novel approach for selecting or
optimizing the administration of one or more pharmaceutical
agents. In particular, a CV state, or a change thereof, for a
subject can be determined using various CV measurements.
In some aspects, CV parameters describing the CV state of
the subject, such as parameters related to cardiac output
(“CO”) and total peripheral resistance (“TPR”), may be
estimated or inferred, using a CV model, from basic vital
sign measurements, such as heart rate (“HR”) and BP. As
such, measurements or estimates associated with changes in
the CV state of the subject may then be utilized to determine
dose response relationships. Of note is that unlike previous
methods attempting to directly analyze relationships
between a drug and specific clinical endpoints, such as a
particular BP, for example, ignoring underlying physiology,
the present approach relies on estimates of the CV state of
the subject to determine dose response relationships for
controlling the condition of the patient.

[0039] Referring particularly to FIG. 1, an example system
100 for monitoring and/or controlling a CV state of a subject
is shown. In general, the system 100 may be any device,
apparatus or system configured for carrying out instructions
in accordance with the present disclosure. In some imple-
mentations, the system 100 may include an input 102, a
processor 104, a memory 106, an output 108, and a number
of sensors 110 configured to acquire HR, BP, and other
physiological signals from a subject, intermittently or con-
tinuously. In some aspects, the sensors 110 may be config-
ured to acquire data non-invasively from the subject. For
example, the sensors 110 may include attachable or wear-
able sensors, such as oscillometric cuffs. In other aspects, the
sensors 110 may be configured to acquire data from within
a subject’s anatomy, via insertable catheters or other inter-
ventional tools or devices. As shown in FIG. 1, the system
100 may optionally include a treatment module 112 for
controlling a treatment unit 114 configured to deliver one or
more pharmaceutical agents to the subject.

[0040] System 100 may operate independently or as part
of, or in collaboration with, a computer, system, device,
machine, mainframe, or server. In some aspects, the system
100 may be portable, such as a mobile device, smartphone,
tablet, laptop, or other portable device, apparatus or personal
monitoring system. In this regard, the system 100 may be
any system that is designed to integrate with a variety of
software and hardware capabilities and functionalities, in
accordance with the present disclosure, and may be capable
of operating autonomously and/or with instructions from a
user or other system or device.
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[0041] In particular, the input 102 may be configured to
receive a variety of information from a user, a server, a
database, and so forth, via a wired or wireless connection.
The input 102 may include any number of input elements,
for example, in the form of touch screens, buttons, a
keyboard, a mouse, and the like, as well as compact discs,
flash-drives or other computer-readable media. In some
aspects, information provided via input 102 may include
information associated with the subject, such as subject
characteristic, including age, weight, medical condition, and
so forth, as well as treatment type and duration, including
selected pharmaceutical agent(s), dosing, and so forth. In
some implementations, information associated with a popu-
lation may also be provided via input 102. In addition, a user
may provide selections for time range of data analysis, or
one or more desirable thresholds for particular CV param-
eters. In some aspects, reference data associated with pre-
vious measurements obtained from the subject or population
may also be provided via input 102, or alternatively
retrieved from the memory 106 or other storage location.

[0042] In addition to being configured to carry out steps
for operating the system 100 using instructions stored in the
memory 106, the processor 104 may also be configured to
monitor the CV state of a subject by receiving and process-
ing CV data, and other data or information obtained using
sensors 110 or input 102, or both, either continuously or
intermittently. In some aspects, the processor 104 is config-
ured to determine a time trajectory for one or more CV
parameters and apply a statistical model, using the time
trajectory, dosing and other information, to determine a
likelihood that at least one CV parameter, such as BP,
exceeds a threshold at one or more pre-determined time
points. Specifically, the processor 104 may analyze CV data,
acquired at various time points or over a time range, to
determine a present and/or future CV state of the subject
using the determined likelihoods. For instance, the processor
104 may determine the likelihood that a BP is higher, or
lower, than a predetermined value for a certain duration over
a selected analysis period.

[0043] The processor 104 may also determine a confi-
dence interval (“CI”) for the determined time trajectory of
the CV parameter(s), for one or more points in time. This
may include considering information from prior analyses,
such as information obtained from data obtained from a
population, and/or previous observations from the subject.
Also, in conducting a statistical analysis, the processor 104
may utilize a number of statistical techniques including
Monte Carlo simulations, regression model analyses, and
other formulae that provide a statistical result based on
predicted time trajectories, confidence intervals, dose, and
other important clinical factors.

[0044] The processor 104 may also be configured to carry
out steps for controlling the CV state of a subject at one or
more pre-determined time points. In some aspects, the
processor 104 may take into consideration computed like-
lihoods, as described above. Using received or acquired CV
data, as will be described, the processor 104 may also be
configured to generate a CV model describing the CV state
of the subject, and estimate a dose response for at least one
administered pharmaceutical agent using CV parameters
defining the CV state. In some aspects, some CV parameters,
such as parameters related to CO and TPR, may be estimated
or inferred by the processor 104 using basic vital sign
measurements, such as HR, mean arterial pressure (“MAP”),
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systolic BP (“SBP”), and diastolic BP (“DBP”). As will be
described, the processor 104 may then determine dose
response relationships for one or more pharmaceutical
agents using as few as two parameter measurements or
estimates reflecting changes in the CV state of the subject
with dose. Such dose response relationships may then be
used inform a clinician regarding potential hemodynamic
responses to pharmaceutical agents, such as vasopressors, to
be administered to the subject.

[0045] In some implementations, the processor 104 may
be configured to combine various types of information, such
as a determined time trajectory for one or more CV param-
eters, confidence intervals, user selections, dose response
relationships and other information, to determine an opti-
mized treatment for controlling the CV state of the subject
in accordance with clinical requirements. The processor 104
may then communicate with a treatment module 112 to
control the treatment unit 114 for delivering the optimized
treatment to a subject. As described, the condition of a
subject may vary with time, and hence the processor 104
may be configured to determine an optimized treatment
iteratively or periodically to account for changing clinical
conditions. For example, the processor 104 may adapt or
modify an infusion rate or dose of one or more pharmaceu-
tical agents.

[0046] The processor 104 may also be configured to
generate a report provided to a user or clinician via an output
108, in the form of an audio and visual display. The report
may include a variety of information and data associated
with the subject. For instance, the report may include an
indication regarding a present or future CV state of the
subject. In some aspects, the report may display a time
trajectory for one or more CV parameters along with respec-
tive confidence intervals, and provide an alert or notification
related to a likelihood that one or more thresholds are
exceeded at one or more pre-determined time points. In
addition, the report may provide an indication to a clinician
regarding the timing and dosing of one or more pharmaceu-
tical agents for maintaining or achieving a target CV state.
[0047] Turning to FIG. 2, steps of a process 200 for
controlling a CV state of a subject are shown, which may be
carried out for example, using a system as described with
reference to FIG. 1. The process 200 may begin at process
block 202 where CV data, and other physiological data, may
be acquired from a subject. In some aspects, a likelihood that
at least one CV parameter exceeds a selectable threshold or
parameter range at a pre-determined time points may be
optionally determined, as indicated by process block 204. In
addition, a determination can be made whether at least one
CV parameter defining the cardiovascular state of the sub-
ject exceeds one or more thresholds for a selected duration.
This would allow the identification of brief or transient
events which might not require direct intervention. In this
manner, the number of actions or notifications for control-
ling the state of the subject may be minimized or restricted
to those conditions when, statistically-speaking, specific CV
parameters are likely to persist outside pre-determined or
safe values for a certain amount of time, for instance.
[0048] At process block 206, a CV model describing a CV
state of the subject is generated using the acquired CV data.
Parameters defining the CV state can then be utilized to
estimate a dose response for at least one pharmaceutical
agent, as indicated by process block 208 and described
below. Such dose responses can then be utilized to control
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the CV state of a subject, as indicated by process block 210,
either by a clinician or a system configured to do so. In some
aspects, a determination can be made at process block 210
to identify whether action needs to be taken to control the
cardiovascular state of the subject, in accordance with a dose
adjustment computed using the estimated dose response. For
example, it may advantageous to identify whether a com-
puted dose adjustment exceeds a pre-determined threshold,
to ensure that meaningful dose adjustments are performed.
In addition, information associated with prior treatment, or
prior dose adjustment may also be helpful in making such
determination. For example, it would be advantageous to
receive information about a prior dose adjustment in order to
allow sufficient time for the medication to take effect before
making further adjustments. This may result in fewer num-
ber of clinical interventions or interruptions, particularly
when clinicians are involved in the processes for controlling
patient.

[0049] Although descriptions provided herein are directed
to prediction of hemodynamic responses of vasopressors, it
may be appreciated that the approach described may be
readily extended to a variety of pharmaceutical agents and
conditions. By way of non-limiting examples, pharmaceu-
tical agents for use in accordance with the present disclosure
can include medications for increasing blood pressure and/or
heart rate, such as Epinephrine, Noradrenaline, Phenyleph-
rine, Dobutamine, Dopamine, FEphedrine, Midodrine,
Digoxin, Amrinone, Milrinone, Isoproterenol, Vasopressin,
and others, as well as medications for lowering blood
pressure and/or heart rate, such as Diltiazem, Verapamil (and
other calcium channel blockers), Clonidine, Hydralazine,
Nitroprusside, Nitroglycerine, Esmolol, Nifedipine, Nicar-
dipine, Labetolol (and other alpha and beta mixed blockers),
Esmolol (and other beta-blockers), Clonidine, as well as
other pharmaceutical agents known for treating hypotensive
or hypertensive conditions.

[0050] Clinicians typically titrate the vasopressor drug
levels based on BP, even though changes in BP actually
reflect changes in CO and TPR, the underlying cardinal CV
parameters. The present disclosure recognizes that relation-
ships between vasopressor dose level and cardinal param-
eters are more consistent than those between vasopressor
dose and BP. As such, the present approach is directed to
estimating dose response relationships for underlying car-
dinal parameters. In some aspects, CO and TPR are not
directly measured, then the effects of the vasopressor agent
on the cardinal parameters can be estimated or inferred.
Herein, a specific algorithm that uses non-continuous mea-
surements of SBP, MAP, DBP, and HR are used to infer
cardinal parameters related to CO and TPR. For example,
HR and BP measurements may be obtained using non-
invasive oscillometric cuffs, which are typical of the sparse
vital signs available during the early stabilization (i.e.,
resuscitation) of patients with circulatory shock, before
continuous BP data (via indwelling arterial catheterization)
or direct CO measurements are available.

[0051] As such, given sparse data, a simple CV model,
such as the WK model, may be adequate. In such approach,
the aortic flow may be approximated as a train of impulses,
and a resistor and capacitor may be utilized to represent TPR
and arterial compliance (“AC”), respectively, as shown in
FIG. 3. This may be mathematically expressed as follows:
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[0052] where O<t<T, P(t) represents BP, R, C and §V
represent TPR, AC, and stroke volume (“SV”), respectively,
and T is the heart period. In Eqn. 1, 8(t) is the direct Delta
function. Using the SV index (“SVI”), Eqn. 1 becomes

[0053] where 8V is the SVI, R (in mmHg min-m*/1) and C
(in mV/mmHg/m?) are defined as the TPR index (“TPRI”),
computed by dividing MAP by SVI and HR, and AC index
(“ACT”), respectively. Solving Eqn. 2 for BP using a con-
volution integral yields

LI S P LV L &)
P(t) = Pge RC +f RV 6V . §(1)dr = Pge W+ —e KC
=0 C C

[0054] which is valid for each heart period, as in FIG. 3.
From Eqn. 3, the following relationships between BP, TPRI
and SVI, scaled by ACI, may be obtained:

_ gV (4a)
P, =R-HR-6V = RC-HR—
c
_IN v (4b)
P = (1 -e FT] —
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v (4c)
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C
[0055] where P, P, . P, are SBP, MAP and DBP. respec-

tively, and P, is the pulse pressure (“PP”). Given measure-
ments of SBP, MAP and PP, as well as HR for a given
vasopressor dose level, the corresponding values of RC and

ﬁ\l 3‘:‘

can be determined using Eqns. 4. For this purpose, the
following multi-objective optimization problem may be
formulated based on the relationship between BP versus RC
and
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[0056] where RC* and
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are the optimal scaled TPRI and SVI associated with a
particular vasopressor dose, and F, i=1, 2, 3 are specified as
follows:
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[0057] which are derived from Eqns. 4. From

. oV
{d, HR, Py P,y Ps) i=1, ... N{RC", =

can be obtained, where {*}, denotes dose (“d”) and CV
responses (HR and BP as well as scaled TPRI and SVI)
corresponding to the i-th dose, while N is the number of dose
levels at which BP measurements are taken to train the
model. Using the approach described above, a subject’s
complete CV state may be estimated.

[0058] To estimate dose responses, as described with
regard to FIG. 2, a set of phenomenological models may be
estimated between a pharmaceutical dose level, such as a
vasopressor, and the cardinal CV parameters. Advanta-
geously, this approach permits the estimation of individual-
ized dose responses using observations from as few as two
dose levels. In particular, because different vasopressors
affect the cardinal CV parameters differently, specific phe-
nomenological models may be used to reproduce phenom-
ena that are vasopressor-dependent. For instance, a different
specific model might be employed for epinephrine as
opposed to norepinephrine. In addition, as discussed below,
it may also be appropriate to modify the methodology for
low dose epinephrine (where beta effects are more signifi-
cant than alpha effects) versus high-dose epinephrine (where
alpha effects are more significant than beta effects).

[0059] By way of example, the above-described phenom-
enological approach was applied to a dataset including
hemodynamic dose response relationships for epinephrine.
The dataset included hemodynamic responses of 14 normo-
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tensive young (“NY’; 304/-2 yr) and 18 normotensive old
(“NQO7”; 60+/-2 yr) subjects as well as 10 hypertensive young
(“HY”; 364/-1 yr) and 17 hypertensive old (“HO”; 59+/-1
yr) subjects. As per the original report, normotensive and
hypertensive BP was defined as having values less than 130
mmHg SBP/85 mmHg DBP and greater than 140 mmHg
SBP/95 mmHg DBP, respectively. The dataset provided BP
data as a function of epinephrine dose (SBP, MAP and
DBP), measured using an oscillometric arm BP cuff. The
dataset also included measurements of HR and SVI, mea-
sured using echocardiography, wherein the SVI data were
used to provide the gold-standard measurements against
which the accuracy of the prediction of the present approach
was evaluated. In the original experimental protocol, fol-
lowing a rest period of at least 60 min, epinephrine was
administered in consecutive 8 min intervals, at 20 ng/kg/
min, 40 ng/kg/min, 80 ng/kg/min, 120 ng/kg/min and 160
ng/kg/min. Typically, the beta effects of epinephrine are
dominant when the dose is less than about 50 ng/kg/min,
while its alpha effects do not dominate until doses of about
100 ng/kg/min. In this dataset. hemodynamic measurements
were performed at steady state before epinephrine adminis-
tration and then during the last 2-3 min of each consecutive
epinephrine dosing interval.

[0060] FIG. 4 shows the pooled hemodynamic responses
from the four sets of subjects to different epinephrine doses,
including SBP, MAP and PP as well as TPRI, SVI and HR.
Their ranges are summarized in Table 1. Note that inter-
individual variability was not considered in this study.

TABLE 1

Physiologic range of epinephrine dose-
dependent hemodynamic responses.

SVI

HR SBP MAP DBP [ml/
[bpm]  [mmHg] ~[nmHg]  [mmHg] m’]
Baseline Value 60-63  111-151 87-112 75-92  51-61
Hemo- 020 ng/  64-69  112-153 83-110 69-88  54-65
dynamic  kg/min
Responses
040 ng/ 6873 114-153 82-106 66-83  55-68
kg/min
080 ng/  71-76  124-158 83-105 62-79  58-71
kg/min
120 ng/  72-81  132-168 84-109 61-79  59-74
kg/min
160 ng/  75-79  136-170 86-109 61-80  59-77
kg/min

[0061] The challenge of estimating an individualized dose
response relationship with only two observations resides the
complexity of effects caused by pharmaceutical agents like
epinephrine. Lower doses of epinephrine (e.g. <50 ng/kg/
min) decrease TPR over its baseline value (beta agonist
effect), whereas higher doses (e.g., >100 ng/kg/min) activate
alpha receptors and increase TPR. Values for HR and
inotropy (affecting SV) are primarily increased by beta
agonist action. To reproduce the anticipated responses of
HR, TPRI and SVI accurately while minimizing the amount
of a priori data required to train the models, the following
phenomenological models dictating the dose dependence of
HR, RC and
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were developed:
HR = fid, 01) = tkind + ko)™, 01 = {kun, ko) (7a)
RC=f(d, 6) = ! kspd + k. d, dy) (76)

= fld, z)—m+[3k +kyglo(d, do),

02 = {k1g kar}
oV ) (Te)
z = f3(d, 8) =kyd + ko = lksyd +kaylo(d, do),
0 = {kiy, koy}

[0062] where d is the drug dose level, k, ., Kopy, k2, Ko,

k,;, k,, are empirical constants that quantify the beta
agonist effect, whereas kiz, kKiz, K35, k4p are constants
dictating the alpha agonist effects. The function o(d, d,) in
Eqns. 7b and 7c is intended to activate the alpha agonist
action in the high dose region and is defined as follows:

0, d<dy (7d)
U—(d’dO):{l, dzdo'
[0063] These phenomenological models are able to cap-

ture dose-dependent behavior of the cardinal CV param-
eters. That is, the phenomenological models can capture an
increasing HR with increased d, which tapers off at higher
dose levels, an increasing SVI with increasing d, which also
tapers off at higher levels, as well as a decreasing TPRI with
increasing d due to beta agonist effects, until alpha agonist
effects become evident.

[0064] In accordance with some aspects, as few as two
observations could be utilized. As such, even the simplified
dose response models described above include too many
unknowns. Accordingly, the model parameters driving the
most inter-subject variability can be solved while popula-
tion-based values may be utilized for the others, in order to
reduce the number of unknowns. For instance, examining
FIG. 4 it is apparent that alpha agonist effects did not drive
the subject’s CV responses, and given this dosing regime
(less than 160 ng/kg/min) most of the inter-subject CV
variability was driven by the beta agonist effects (namely
Kin Ko Kip Kors ki3 Kop). As such, the parameters
associated with beta agonist effects can be estimated, while
relying on population-averaged values for the alpha effects,
namely Kig, Kiz, Kay, kyp- and dy. As such, the phenomeno-
logical models of Eqns. 7 would then have two unknowns,
which can be solved using data from two observations.
[0065] For example, the beta agonist component of the
phenomenological models of Eqns. 7b and 7c¢c may be
modeled using the epinephrine dose and BP response data by
first calculating RC* and

3
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corresponding to 0 ng/kg/min and 20 ng/kg/min. As such,

__ 1
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may then be fitted to RC* and
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at the two dose levels using Eqns. 8b and 8c, respectively.
In addition, RC and

=
~J

Al

associated with high epinephrine dose levels, namely 80,
120 and 160 ng/kg/min) may then be predicted using the
beta agonist model thus obtained. Also, RC* and

*

=
=3

ol

may be directly calculated using Eqns. 6 for high epineph-
rine dose levels using experimental data. The discrepancy
between direct versus model-predicted RC and

Sl

may also be calculated for all subject groups, regarded as the
contribution from the alpha agonist action. Furthermore, the
alpha agonist components of Eqns. 7b and 7c, namely k,p,
Kip k35, and k, ;- may then be optimized to minimize the
discrepancy in RC and

<
<

Al

[0066] Once the alpha agonist parameters are determined
as described above, the phenomenological model may then
be trained by first fixing the optimal population values in
Eqns. 7b and 7c. Then, the optimization Eqn. 5 may be
solved to obtain RC* and

*

<
=3

ol

for each dose level, such as a baseline and one dose value.
Values for RC* and
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together with HR measurements, may then be used to train
the phenomenological models of Eqns. 7 via Eqns. 8. The
phenomenological dose response models may then be used
to predict hemodynamic responses for various CV param-
eters including SBP, MAP and DPB as well as the trends of
TPR, SVI, and COL

[0067] Quantitatively, the phenomenological models of
Eqns. 7 dictating the reliance of HR, RC and

("l\| 3':‘

on vasopressor dose level can be fitted to the acquired data.
For instance, given pairs of data,

},i:l,... N,
i

the optimal parameters 0,, 1, and 0, may be determined
using a least-squares optimization process as follows:

§
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v , (8b)
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[0068] where [¢], is the expression evaluated using

__, &
{d, HR,RC', — }
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This process of training to an individuals® data is shown in
FIG. 5, whereby basic vital signs, such as HR, SBP, MAP
and DBP measured at two or more doses, are utilized to
determine CV parameters defining a CV state of the subject.
[0069] Using the WK model with the phenomenological
dose response relationships, as described by Eqns. 7 indi-
vidualized with 0%, i=1, . . . 3 obtained using Eqns. 8, the
hemodynamic responses for vasopressor dose levels can be
predicted solely based on the vasopressor dose as follows
(illustrated in FIG. 6). Values obtained for HR, RC and

("l\| 3':‘
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may be extrapolated using individualized phenomenological
models in accordance with Eqns. 7 with the new vasopressor
dose as input. Next, HR, RC and

ﬁ\l 3‘:‘

thus extrapolated may be substituted in Eqns. 4 to predict
SBP, MAP and PP associated with the vasopressor dose.
Further, assuming that the short-term variability of AC is
small and it an essentially be regarded as constant over short
time window, RC and

ﬁ\| 3:‘

predicted from the phenomenological models in Eqns. 7 can
be regarded as predictions of TPRI and SVI (with unknown
scale). Finally, the CO index (“COI”) can be predicted as the
product of HR and

o

predicted with the phenomenological models of Eqns. 7.

[0070] By way of example, the above framework was used
to demonstrate the prediction of dose responses to epineph-
rine infusion. Specifically, discrete BP measurements,
namely SBP, MAP, DBP, and HR measures from only two
different epinephrine dose levels were used to train the
phenomenological dose response models of Eqns. 7. The
measurements obtained at zero and a finite dose value may
be utilized. The models were then used to predict cardinal
CV parameters, namely TPRI, SVI and HR for dose levels
not used in the training phase. This approach was applied to
each set of subjects described with respect to FIG. 4,
whereby predicted hemodynamic responses were compared
with in-vivo experimental data, namely reported MAP and
HR data, and RC and SVI/C estimated from reported BP
data using Eqns. 6.

[0071] For each set of subjects, different ways of training
were studied. In particular, to explore the performance for a
patient requiring a vasopressor wean (i.e. prediction for a
reduced dosage), BP and HR data from 0 ng/kg/min and 160
ng/kg/min dose values were used to predict TPRI, SVI, HR
and BP responses to 20, 40, 80 and 120 ng/kg/min. To
explore the performance for a patient in flux (i.e. prediction
required for both increasing and decreasing doses), BP and
HR data from 0 ng/kg/min and 80 ng/kg/min was used to
predict TPRI, SVI, HR and BP responses to 20, 40, 120 and
160 ng/kg/min. In addition, to explore the performance for
a patient receiving an inadequate vasopressor dose, BP and
HR data using 0 ng/kg/min and 20 ng/kg/min was used to
predict TPRI, SVI, HR and BP responses to 40, 80, 120 and
160 ng/kg/min. The approach was assessed in terms of
prediction errors on SBP, MAP and PP, as well as the
goodness of fits between measured versus model-predicted
TPRI, SVI and COI in terms of the coeflicient of determi-
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nation (CoD); r* value) and the Bland-Altman statistics (i.e.,
the limits of agreement). A linear regression analysis was
conducted on RC* and

ru\|33
1

to calibrate them against measured TPRI and SVI before
quantifying the goodness of fits, thereby eliminating the
effect of unknown AC.

[0072] As appreciated from FIG. 7, showing predicted and
measured hemodynamic responses for each group of sub-
jects, the framework utilized was able to accurately predict
absolute responses of BP and HR. In addition, the phenom-
enological dose response models could reproduce the bipha-
sic behavior of MAP expected in response to epinephrine
infusion, namely a decrease in MAP at lower dose levels and
an increase at high dose levels. In terms of RMSE, the
difference between the actual and model-predicted SBP,
MAP and PP values, aggregated across the four sets of
subjects, were less than 6% of the respective underlying
values when trained with {0 ng/kg/min, 20 ng/kg/min}, less
than 4% when trained with {0 ng/kg/min, 80 ng/kg/min},
and less than 4% when trained with {0 ng/kg/min, 160
ng/kg/min}, respectively. The ability to estimate cardinal
CV parameters’ responses was also compared to new doses,
as shown in FIG. 7. The correlation between the actual and
model-predicted cardinal CV parameters (TPRI, SVI, and
COl as calculated by the product of SVI and HR) were high,
namely the r* values aggregated across the four sets of
subjects, were higher than 0.96 regardless of the training
doses used. These results also support the strategy utilized
wherein individualized beta agonist parameters were used,
while fixing alpha agonist parameters to population-aver-
aged values. Finally, the Bland-Altman analysis performed
indicated that the model-predicted hemodynamic responses
were in good agreement with their measured counterparts, as
shown in FIG. 8. The biases were observed to be very small,
indicated by the solid horizontal lines in FIG. 8. In addition,
the limits of agreement were also tight, namely the confi-
dence intervals associated with SBP, MAP and PP as well as
TPRI, SVI and COI were consistently less than 8% of the
respective underlying values (calculated as the average
between actual versus model-predicted values).

[0073] As described, rather than directly obtaining a dose
response relationship between BP and vasopressor dose, the
complete CV state of the subject was determined using basic
HR and BP measurements and unmeasured cardinal CV
parameters inferred therefrom. This approach offers two
potential advantages. First, the estimation of multiple CV
parameters defining the CV state allows for more sophisti-
cated dose adjustment. Second, this approach allows for
more accurate predictions. For instance, relationships
between vasopressor dose level and the unmeasured, cardi-
nal parameters, such as SVI and TPRI, may in fact be more
consistent than the relationship between vasopressor dose
and the measured parameters, such as BP.

[0074] As appreciated from the above, the present frame-
work can accurately predict how different individual patients
may respond to various doses of administered pharmaceu-
tical agents. For instance, consider how the present approach
was able to extrapolate reliably beyond its training region.
Specifically, given training data during low-to-medium dose
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(beta-receptor agonist) infusion, this approach was able to
anticipate that medium-dose infusion would lead to further
reduction in MAP (due to maximum beta agonist effect)
whereas high-dose infusion would then increase MAP (since
alpha agonist effect becomes dominant). This effect was
observed consistently for each of the three studies involving
the NY, HO, and HY groups, and two of the studies
involving the NO group, with only in one of sixteen trials
where the anticipated trend of MAP was not seen, namely in
the isolated NO group study with training data from {0
ng/kg/min and 20 ng/kg/min} likely due to limited accuracy
in SVI prediction for higher epinephrine doses. It must be
emphasized that reproduction of this physiologically rel-
evant dose-dependent MAP behavior was not trivial, since
the present model was not fitted directly to the pair of
epinephrine dose and MAP, and only two sets of observa-
tions were used to train the model. Specifically, MAP was
inferred via the model-based relationship of Eqns. 4 from
HR, TPRI and SVI, which were predicted from the phe-
nomenological models of Eqns. 7. This demonstrates how
the combination of the CV model and phenomenological
dose response relationships for cardinal CV parameters can
yield advantageous performance.

[0075] Analyzing a dataset consisting of non-continuous
measurements of SBP, MAP, DBP, and HR, as described, the
complete CV state was determined. Given such rudimentary
measurements, the WK model was deemed sufficient to infer
the underlying CV state in terms of the cardinal CV param-
eters related to CO and TPR. However, more advanced
models and methods to infer the CV state may be possible
given more profound and richer data, such as BP and flow
waveforms, for example. In particular, given a BP wave-
form, the current WK model could be replaced by the
long-time interval analysis or the improved WK-model-
based method, to better estimate TPR and SV. For patients
with a Swann-Ganz catheter, direct CO and TPR measure-
ments could be used. In some populations, the WK model
may not account for certain effects leading to poor perfor-
mance. For instance, AC changes as a function of BP. In the
presently analyzed dataset, the range of BP was small, and
s0, presumably, was the range of compliance. This may not
be the case for patients with drastic BP changes, as might be
observed in circulatory shock. In such cases, modifications
of the methodology may need to be considered, including
use of population-based model of pressure-dependent AC,
and direct measurement of CO and TPR rather than model-
based estimation, as is clinically available for some critically
ill patients. In addition, measurements of a parameter cor-
related with AC, such as pulse-transit time, may also be
utilized.

[0076] Presently, given that there is appreciable variability
between how different patients respond to administered
pharmaceutical agents, a novel approach for generating
individualized dose response relationships was imple-
mented. In some aspects, a minimal number of individual-
ized observations may be utilized, with as few as two, which
can be useful even during the earliest stages of critical care.
To determine dose response relationships given just two
observations, the number of unknown parameters utilized in
the phenomenological models was reduced by relying on
prior knowledge regarding the biggest drivers of inter-
subject variability. As described, population-averaged val-
ues for the alpha agonist effects were utilized, because they
were less dominant than their beta counterparts. The result
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was encouraging performance as indicated in FIGS. 7 and 8.
In some aspects, this strategy could be modified, for
instance, by modifying the phenomenological models uti-
lized according to the effects of the different pharmaceutical
agents as well as the specific dosing employed. For instance,
the decision to solve for individual beta effects or alpha
effects would likely be a function of the dosing regime. As
such, for patients receiving high-dose epinephrine, for
example, it is quite likely that inter-subject variability will
be driven more by alpha effects, and hence it may be
preferable to individualize the alpha effect models and
employ population-based coeflicients for the beta effects, or
to require additional observations, which would allow for
solving for additional unknowns. In some aspects, reference
datasets may also be examined to evaluate how to employ
any such a priori knowledge.

[0077] In particular, vasopressor-inotropes are medica-
tions used to increase arterial BP and CO in critically ill
patients presenting with CV compromise/shock. Vasopres-
sor-inotropes can operate through different physiological
intermediate mechanisms, such as (i) increasing resistance
to blood distributing to the body (TPR), (ii) increasing CO
through enhanced cardiac contractility and HR, and (iii)
reduced venous capacitance. Raising BP is not the only
medical advantage behind the use of vasopressor-inotropes.
In fact, increased blood flow and oxygen delivery to periph-
eral tissues can in some situations be more important out-
comes that can be attained by the raised BP and cardiac
fanction.

[0078] Nowadays, vasopressor-inotropes are used rou-
tinely in the management of various types of shock. Gen-
eralized vasoconstriction effects of these medications usu-
ally result in an increase in BP and therefore improve blood
flow to hypo-perfused organs, but they may also cause a
localized reduction in blood flow (peripheral ischemia) via
excessive increase in blood vessel resistance, depending on
which intermediate mechanism is predominant. Further-
more, there is considerable inter-individual variation in
response to vasopressor-inotrope therapy. For instance,
some patients can respond intensely even at low infusion
rates. Therefore, all treatment related decisions in patients
with CV compromise or shock necessitate an individualized
approach to maximize the health benefit and minimize the
risk for each patient.

[0079] Clinically, individualized treatment involves itera-
tively and empirically adjusting the infusion rate of an
administered drug for each patient. In vasopressor-inotrope
therapy, clinical guidelines include controlling BP as a
measurable endpoint, with the goal of restoring effective
tissue perfusion, namely volumetric blood flow. Therefore, it
would be desirable to identify dose-response relationships in
terms of both BP as well as blood flow, such that CO would
designate the level of total blood delivery to the tissue, while
BP would indicate when perfusion pressure is so low that
even the vital organs, such as the heart, brain and adrenal
glands, are likely hypo-perfused. Conversely, it would be
desirable to identify BP values raising the risk of undue
physiologic stress on the heart, resulting in decreased CO
and organ blood flow. Such information would then be used
to optimize the rate of vasopressor-inotrope infusion.
Indeed, some techniques have been proposed to identify
patient-specific dose-responses based on CO measured
directly during vasopressor-inotrope dose changes. Such
individualized approaches are helpful in light of substantial
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inter-individual dose response variability. However, these
approaches are not truly viable in clinical practice since they
rely on CO measurements which, at least during the early
stabilization of patients with circulatory shock, are not
readily available to infer complete CV state and individu-
alized dose response relationships, in accordance with the
present disclosure.

[0080] Vasoactive medications are used to treat hemody-
namic compromise caused by CV pathology, e.g. shock (in
which case the drugs are administered to restore tissue
perfusion). These drugs are typically classified into three
broad categories depending on the predominant pathway of
action: vasopressor-inotropes, inotropes and lusitropes,
although strict distinction between them is often difficult due
to multiple effects associated with some drugs. Vasopressor-
inotropes increase BP primarily by modulating vasoconstric-
tion, namely TPR, and enhancing myocardial function.
Specifically, inotropes improve myocardial contractility
(and thus SV) and HR, resulting in an increase in CO and BP
in most types of cardiogenic shock, while lusitropes cause
vasodilation and improve cardiac function, especially in
diastole period of the cardiac cycle. Most of these drugs
function through stimulating the CV adrenergic receptors.
The common adrenergic receptors associated with vasoac-
tive drugs are alpha-adrenergic, beta-adrenergic, and dop-
aminergic receptors.

[0081] In particular, alpha-adrenergic receptors can be
classified into two categories, namely o, and a,. The o,
receptors are found within the pre and post-synaptic regions
in the sympathetic nerve endings on smooth muscle cells,
and are also scarcely located on the myocardial cells. These
receptors elicit several CV responses, including vasocon-
striction of arteries and veins. Stimulation of the o, recep-
tors in the vascular smooth muscle leads to vasoconstriction,
resulting in an increase in BP via an increase in TPR. Also,
these receptors are known to be responsible for an increase
in the cardiac contractility at lower HR, although the rel-
evant mechanism is still not clearly understood. On the other
hand, beta-adrenergic receptors, namely p, and f3,, are
located within the myocardium, although {3, receptors are
also found in the vascular and bronchial smooth muscles.
The activation of f§; adrenergic receptors exerts positive
inotropic (increase in SV) and chrono- and dromotropic
(increase in HR and conduction velocity, respectively)
effects, both resulting in an increase in CO under appropriate
conditions. The activation of 3, receptors mediates smooth
muscle relaxation so that a decrease in TPR occurs through
the vasodilation of arteries. The hemodynamic effects of
different vasoactive drugs depend on the subtypes and
locations of the receptors it acts upon and the status of
dynamic regulation of receptor expression in the CV system.
For example, in the case of epinephrine, the a,, B, and £,
receptors are most relevant.

[0082] In some implementations, the hemodynamic
responses to vasopressor-inotropes may be modeled in two
layers. In the first layer, the relationships between the
vasopressor-inotrope dose and the cardinal CV parameters
(SV and TPR) and HR may be constructed using phenom-
enological models. In the second layer, the dependence of
the BP on the cardinal CV parameters may be represented by
the two-parameter model. This way, the cardinal CV param-
eters and HR included in the WK model can reproduce the
inotropic, vasoactive and chronotropic effects of vasopres-
sor-inotropes via their dependence on the dose of the medi-
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cation. As described with reference to Eqn. 4, SBP and MAP
can be fully characterized by two parameters, namely RC
and

oV
ok

Therefore, SBP and MAP response to vasopressor-inotrope
dose can be predicted if the drug dependences of RC and

oV

are known. Conversely, RC and

5V
T

can be inferred from the observations of SBP and MAP
values, although these cardinal CV parameters cannot be
directly measured. It is well known that AC is inversely
proportional to BP, and significantly correlated with age,
SBP, PP, SV and CO. In some aspects, AC may be modeled
as a function of SBP, namely

1 ®
Cz ——.
kiP5 +ka

[0083] When the vasopressor-inotrope dose is adminis-
tered, a quick increase in the drug’s plasma concentration
occurs initially. As the administration continues, the plasma
concentration stabilizes at an equilibrium value through the
balance between drug uptake, distribution and excretion.
The medication thus distributed in the plasma is also dis-
tributed to the sites of action, namely the adrenergic receptor
sites, with a phase lag.

[0084] Traditional approaches to modeling the drug dis-
tribution and equilibration process involves using the multi-
compartmental model, where the body is divided into dis-
tinct “compartments” representing different classes of
tissues. The equilibration of the drug between the plasma
and the site of action has been modeled as a first-order phase
lag or a first-order time-delayed system. More recently, a
new direct dynamic dose-response model was proposed to
describe the dose-dependent endpoint responses in case the
measurement of the plasma drug concentration is not readily
available. In some implementations, this approach can be
used to model the dynamics related to the distribution and
equilibration of vasopressor-inotrope in the plasma and the
site of action as a first-order time-delayed system:

To0(0)+0()=u(t~1p,0) (10)

[0085] where Be{6, 6, 6} is the hypothetical vasopres-
sor-inotrope dose at the site of action responsible for the
changes in TPR (85), SV (05, and HR (0,,), where T, and
tp,o are the time constant and the delay, respectively, dic-
tating the phase lag associated with the distribution and
equilibration of the vasopressor-inotrope, and u denotes the
vasopressor-inotrope dose administered intravenously.
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[0086] Insome aspects, endpoints, or cardinal CV param-
eters, relevant to a vasopressor-inotrope may be assumed to
be affected essentially by the hypothetical vasopressor-
inotrope dose at the sites of action, namely the adrenergic
receptor sites responsible for the respective CV parameters.
As mentioned, the inotropic, chronotropic and vaso-con-
strictive effects of a vasopressor-inotrope are subject to
actions from multiple receptors. Specifically, SV is affected
by the o, and B, receptors, TPR is affected by the ., and f3,
receptors, and HR is affected by the §, receptor, represented
generally as follows:

DY=0F 8V ; 48V,

R=RytRls,+Rl,
H=Hy+Hl (&8
[0087] where 8V, R, and H,, are baseline values of the

respective CV parameters. The model dictating the effect of
each receptor subtype on the cardinal CV parameters in Eqn.
11 is vasopressor-dependent.

[0088] By way of example, phenomenological models
may be used to reproduce the responses of cardinal CV
parameters in Eqn. 11 to the vasopressor-inotrope drug
epinephrine, although it may be appreciated that other
models, in dependence of the selected drug and mechanisms
involved may also be utilized. Specifically,

oV =Wy +6V|ﬁl+6V|a1 (12a)
=0V +loglkyy 0y + 1) +

{—(kzvev v g (9':/5‘/ +k6v)71}

Via

R=Ro+Rls +K|, (12b)

= ———— + (ko +kap) 4R 'HQSR(H,;QSR +k6R)71
0

Rlay

(12¢)

[0089] Epinephrine is a potent stimulant of both o and f3
adrenergic receptors, and its effect on MAP may be different
depending on the administered dose. For sufficiently high
epinephrine doses, an increase in MAP can be observed
based on the following mechanisms: (i) increase in SV via
positive inotropic action (f;), which also results in an
increase in SBP, (ii) increase in HR via positive chronotropic
action (f3,), which, together with the increase in SV, results
in an increase in CO, and (iii) increase in TPR via vasocon-
striction (c,), which then primarily increases DBP. Nor-
mally, the increase in SBP is greater than its DBP counter-
part, and as a consequence, an increase in PP in proportion
to the epinephrine dose can be observed. On the other hand,
the effect is quite distinct if low doses of epinephrine are
administered. For low epinephrine doses, the effect of £,
action is more predominant than its o, counterpart, thereby
resulting in peripheral vasodilation (primarily in the
muscles). This, in turn, reduces DBP. Therefore, the MAP
response may be subject to the changes in SBP and DBP.
That is, MAP may increase, decrease, or remain constant. In
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addition, the effect on CO may further modify the BP
response to low doses of epinephrine.

[0090] Based on the mechanisms of action with which
epinephrine affects hemodynamic response, the phenomeno-
logical model associated with Eqns. 12 may be utilized to
reproduce the effects of epinephrine on the various CV
parameters (i.e., SV and TPR) and HR, where 6, 6,-and 6,,
are the hypothetical vasopressor-inotrope doses at the sites
of action (Eqn. 10), and k,,, k5, and k,, (i=1, . . ., 6) are
unknowns to be determined. In order to reproduce the
peripheral o, adrenergic effects on SV (i.e., decrease in SV
due to excessively large afterload) and TPR (i.e., vasocon-
striction) at high epinephrine doses, the Hill equation model
may be introduced in the phenomenological models of SV
and TPR to limit the ¢, adrenergic effects to the high-dose
epinephrine region, with **%/K, and % 1/Kzbeing the level
of epinephrine doses where the o, adrenergic effects on SV
and TPR attain 50% of the maximum effects. Overall, the
phenomenological models of Eqns. 12 are able to faithfully
reproduce the critical behaviors of the cardinal CV param-
eters, as described below. Specifically, this approach can
account for increase in SV in proportion to 8, according to
the P, adrenergic effect, with the rate of increase tapering
off, or even decrease, in the high-dose region due to the large
afterload caused by the ., adrenergic effect. Also a decrease
in TPR in proportion to 85 according to the f§, adrenergic
effect in the low-dose region, followed by the o, adrenergic
effect which, when combined with its 3, counterpart, can
result in a further decrease in TPR with slower rate, a
constant TPR (through the balance between f, and «;
effects), or an increase in TPR (due to a strong vasocon-
striction) can be achieved. Furthermore, an increase in HR
in proportion to 0, through the p, adrenergic effect, with the
saturation occurring in the high-dose region, can also be
achieved. The combined CV plus phenomenological model
is visually shown in FIG. 9, where the dynamics of drug
distribution are given by Eqn. 10, namely:

Gals) = e D&
o) =¢ Tgs + 1

[0091] and the dose-response relationships are given by
Eqns. 11 and Egns. 12, and the WK model given by Eqns.
4.

[0092] To examine the validity of the above-described
phenomenological model, experimental epinephrine dose-
response data were collected from animal subjects. Five
neonatal Yorkshire Duroc piglets of 10+/-3 d of age weight-
ing 2.4+4/-0.6 kg were pre-anesthetized with ketamine (33
mg/kg) and atropine (0.05 mg/kg), intubated, and anesthe-
tized using 1.5-3.0% isoflurane while mechanically venti-
lated. Core body temperature was kept at 38+/-0.5° C. BP,
HR, arterial O, saturation, end-tidal CO,, fraction of
inspired O,, and pulmonary compliance were continuously
monitored. HR beyond 250 bpm was captured using the
PC-Vet wireless ECG system or direct counting. The ani-
mals received intravenous heparin (200 units/kg/h), physi-
ologic saline (10 ml/kg/h), and 10 g/dL of dextrose-water to
adjust serum glucose levels using Genie Plus syringe pumps
validated for stability of infusion rate. Serum electrolytes,
base excess (-6 to +6), pH (7.20-7.45), partial arterial O,
pressure (80-120 mmHg) and partial arterial CO, pressure
(35-45 mmHg), and arterial O, saturation (90-100%) were
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maintained in the target ranges using sodium bicarbonate,
potassium chloride, lactated Ringer’s solution, and ventila-
tory changes, respectively. Both femoral veins and left
femoral artery were cannulated for fluid and drug adminis-
tration, and arterial BP measurements and blood sampling,
respectively. Changes in the hemodynamic parameters and
serum electrolyte, lactate, and glucose and Hb concentration
were followed while the dose of epinephrine was escalated.
The baseline measurements were recorded after a 15-min
postsurgical stabilization period, followed by the escalation
of dose, and a 15-min washout period after the discontinu-
ation of the medication. Each epinephrine dose was given
for 15 min, where the last 5 min of each dose block yielded
the equilibrium of the effects at each dose most accurately.
To deduce the rate of change of the hemodynamic param-
eters, the data obtained were subdivided into baseline, low
dose (0.25 meg/kg/min), medium dose (0.5 and 0.75 mcg/
kg/min) and high dose (1, 1.5 and 2 meg/kg/min). BP and
HR were collected in real time at a sampling rate of 0.2 Hz.

[0093] As described, the cardinal CV parameters (i.e., SV
and TPR) were inferred from the BP, and the phenomeno-
logical models in Eqns. 12a and 12b together with the AC in
Eqn. 9 were then tuned to the inferred responses of the
cardinal CV parameters. In addition, the model of HR of
Eqn. 12¢ was tuned directly based on acquired measure-
ments. Specifically, the epinephrine dose and the associated
BP (SBP and MAP) and HR were extracted from the
experimental data. Then the estimates of the cardinal CV
parameters (SV and TPR) were derived as follows. First, the
estimates of

2%
C

and RC were derived according to Equs. 4 using the mea-
surements of SBP, MAP and HR. Second, the phenomeno-
logical models in Eqns. 12a and 12b were combined with the
AC given by Eqn. 9 to construct the following models:

oV (l4a)
= ={ovor vl v, |- tP+k

{Ro +Rls, +R|al} (14b)

RC =
(k1 Ps +k2)

[0094] where 8VI,, 8V, , Rlg and Rl are defined in
Eqns. 12a and 12b. Third, the phenomenological models
were fitted to the estimates of

2%

and RC derived from the experimental BP and HR response
data as follows:

K =acgmin J (s, P, Py H. K) 13
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[0095] where K2 {To, 1,0, Vo Ro, How iy ki K K/}
denotes the set of unknown parameters, 6e{6z, 8, 04}, =1,

oo 6,571, 3,11, 2, =T 4 4], and
oV (16a)
o P K) =m)| 5 = {avo + 5V|ﬂ1+5\/|al}.(k1ps +k2)||
{RO n Rlﬁ2+Rla1} (16b)
Jy(u, P, K) = wg||RC - @GP iE
Iy, K)=wyllH = Ho - H g |l (16¢c)
[0096] In formulating Eqns. 16 in each iteration of the

optimization, the endpoints

sV
c’

RC and H were predicted using the epinephrine dose and
SBP as inputs for a set of assumed model parameters, and
the Euclidean norm of the difference between the observed
and the predicted endpoints was calculated to evaluate the
cost function J. The weights w,, w, and w,; were chosen so
that the magnitudes of J,, I and I,; were comparable. The
optimization problem in Eqn. 15 was solved by the Differ-
ential Evolution algorithm, which is a derivative-free opti-
mization method suited for problems with real-valued,
multi-modal and continuous-valued cost functions.

[0097] In solving the optimization in Eqn. 15, the unique-
ness in the scales of 8V, R and C was secured by assigning
the baseline observations to 8V, and R, in Eqns. 14. In
addition, some of the parameters in K were constrained
according to the physiologic relevance. First, all the param-
eters were constrained to assume positive values. Also,
0<k,, k,p<I was assumed to prevent the unboundedness of
the o, adrenergic effects on SV and TPR in the high
epinephrine dose region. Once the optimization was com-
pleted, the phenomenological expressions for 8V, R and C
were obtained using Eqns. 14.

[0098] Noting that the current dosing strategy for vasoac-
tive drug therapy involves titrating the drug to keep the MAP
above a pre-specified minimum, the ability to predict the BP
response to vasoactive drugs can be extremely important to
optimize the therapy. Using the model described, (FIG. 9)
the BP (SBP and MAP) response to epinephrine adminis-
tration can be predicted in the following way once the
models are tuned to an individual. First, the hypothetical
epinephrine doses at the sites of action can be predicted
using Eqn. 10, using the epinephrine dose as input. Second,
the cardinal CV parameters (SV and TPR) and HR can be
predicted by the phenomenological models in Eqns. 12 with
the dose at the sites of action as input. Third, AC can then
be predicted by the SBP, which can be predicted from the
SV, TPR and AC in the previous time step, where the initial
value of SBP can be assumed to be available. Fourth,

sV
C
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and RC are calculated. Fifth, the WK model in Eqns. 4 may
then be used to predict BP.

[0099] The hemodynamic responses averaged over the
five piglets are illustrated in FIG. 10, which includes SBP,
MAP, DBP and HR, as well as

oV

and RC. It can be observed that BP (especially MAP)
increases even in the low-dose region of epinephrine. In
general, DBP decreases due to the vasodilatory effects of the
[, adrenergic receptors at low epinephrine doses. It also
appears that in the piglets studied, the vasodilatory effect
may have been compensated by the increase in CO (through
the significant increase in HR) and, to a minor extent, the
decrease in AC. In addition, in the immature CV system, o
receptor expression predominates and f§ receptor expression
lags behind.

[0100] Similarly for MAP, a visible increase in MAP can
be typically seen in the high epinephrine dose range where
TPR starts to significantly increase via the «, adrenergic
effect (vasoconstriction). By contrast, MAP persistently
increases from the low-dose range in the data, as appreciated
from FIG. 10. This can also be attributed to the increase in
CO (again, through HR) that occurs in the relatively low and
medium dose ranges, which appears to dominate the
decrease in TPR in these dose ranges. In fact, HR increase
is so significant that it attains 55% of its maximum response
after the first dose escalation (0.25 mcg/kg/min). It appears
that this large initial rise in HR leads to the rise in MAP
through CO in the relatively low and medium epinephrine
dose regions, even in the presence of vasodilation.

[0101] Inregards to the cardinal CV parameters of SV and
TPR, their trends cannot be clearly inferred from FIG. 10
since they are lumped with the effect of AC. In theory, RC
is expected to decrease in the low dose range (since both
TPR and AC are supposed to decrease), with the rate of
decrease tapering off in the high dose range as the o,
adrenergic effect (vasoconstriction) emerges, whereas

is expected to keep increasing (since SV is known to
increase with epinephrine, and AC is known to decrease with
the increase in SBP). The trends of RC and

are indeed consistent with the theoretical expectation, which
supports the validity of using the CV model to infer cardinal
CV parameters. Below, the eflicacy of the implemented
CV-phenomenological model to reproduce vasopressor-ino-
trope responses is illustrated using the results of system
identification and prediction of BP responses associated with
individual subjects.

[0102] Overall, the optimization problem in Eqn. 15 was
feasible to solve, and the resulting CV and phenomenologi-
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cal models were able to reproduce the hemodynamic
responses adequately. FIG. 11 shows an example of BP and
HR responses from a piglet for escalating epinephrine doses.
BP and HR were used to carry out system identification in
order to derive the phenomenological models in Eqns. 15
and the model of AC in Eqn. 12. Tuming to FIG. 12, the
intravenous versus hypothetical doses (at the sites of action)
of epinephrine are shown. It can be found that for this
particular piglet, the §§, adrenergic effects (SV and HR) were
determined to be slower than their f,/ct; counterparts, which
is somewhat consistent with the endpoint observations in
FIG. 13. Indeed, this may be appreciated by comparing the
speed of responses of TPR and HR at the time instants when
the epinephrine dose changes. In contrast, the speed of
responses between TPR and SV was not clearly discernible,
perhaps due to the fact that both RC and

8V
T

involve AC, which was assumed to be a function of SBP in
this study, and SBP is subject to change once any of SV, TPR
or HR is altered. Therefore, the behavior of

sV

was dominated by both the relatively slow response due to
the 8, adrenergic effect (i.e., increased cardiac contractility)
and the relatively fast response due to the changes in SBP
caused by the increase in TPR.

[0103] The models of the endpoints of interest (SV, TPR
and HR) in Eqns. 12 and the AC in Eqn. 9 could faithfully
reproduce the respective observations, as appreciated from
FIG. 13. It is noted that the sudden drop in the HR response
and the associated transients shown in SV and TPR
responses at around 65 min is likely an artifact. Since the
model of AC is available, the models of SV and TPR can be
easily extracted from Eqns. 14 to obtain Equs. 12a and 12b.
It is, therefore, possible to estimate SV and TPR directly
from the measurements of epinephrine dose and SBP. Alter-
natively, SV and TPR can also be estimated indirectly via the
WK model, in which Eqn. 14a and Eqn. 9 are substituted
into Eqn. 4a to estimate TPR, and Eqn. 14b and Eqn. 9 are
substituted into Eqn. 4a to estimate SV. FIG. 14 is a
graphical illustration comparing direct versus indirect esti-
mates of SV and TPR, which are highly consistent with each
other except for the fluctuations involved in the indirect
estimate due to MAP, as appreciated from Eqn. 4a.

[0104] The response of TPR shown in FIG. 14 is consis-
tent with the general knowledge that there is a decrease at
low epinephrine doses due to vasodilation (i.e., f, adrener-
gic effect) but increases as the ¢, adrenergic effect starts to
overcome its i, counterpart in the high epinephrine dose
range. Considering the response of SV, this parameter is
expected to increase as the afterload is reduced by the
decrease in TPR. However, it appears that in this particular
piglet, the initial HR increase is large enough to prevent SV
from increasing by decreasing ventricular filling time. The
result is the relatively constant SV in the low to medium
epinephrine dose range. For higher doses of epinephrine, on
the other hand, SV is reduced by the increase in TPR, which
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increases the afterload acting on the heart. Together with the
saturating trend of HR response in the high dose range (FIG.
13), where for doses of 1-2 mcg/kg/min, HR starts to
saturate at around 400 bpm, a decrease in CO is anticipated.
In fact, this model-based inference is highly consistent with
the previously performed direct analysis of the same data.
[0105] The CO estimated by the identified models indeed
predicts that CO would decrease at higher doses of epineph-
rine, as shown in FIG. 15. It should also be mentioned that
the initial increase in CO in the low to medium epinephrine
dose range, responsible for the increase in MAP, is also
predicted by the models accurately, as shown in FIG. 15. The
aforementioned findings on the behavior of the proposed CV
and phenomenological models were also valid for all the
piglets studied to a large extent, further supporting the
validity of the present approach to reproduce the hemody-
namic responses to vasopressor-inotropes. The identified
model parameters are summarized in terms of mean and
standard deviation in Tables 2 and 3.
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in FIG. 13, whereas in FIG. 16, the only input to the CV plus
phenomenological models was the dose of epinephrine. The
large transient prediction errors at 65 min were likely due to
the artifact in the observations.

[0108] The prediction of hemodynamic responses was
also carried out with the averaged model parameters listed in
Tables 2 and 3. Although not shown, the predicted BP
responses were divergent with large errors. This reassures
the importance of the individualization in the prediction of
hemodynamic responses to vasopressor-inotropes. The
validity of the CV plus phenomenological models was
quantified in terms of the r* value between actual and
predicted SBP and MAP values. Table 4 shows that the r*
values are consistently higher than 0.89 for predicting MAP
and 0.85 for predicting SBP, respectively, strongly suggest-
ing the efficacy of the present approach to modeling of
vasopressor-inotrope responses, as illustrated in FI1G. 17.

TABLE 2

Pharmacokinetic and pharmacodynamic parameters of cardiovascular parameters.

X 1@ t® [sec] Xo kix Koy ksy kax ksx kex
v 0.01 +£0.02 29.1 £26.1 334 +£691 2.3e3 + 2.5¢3 0.64 = 1.60 4.3e3 £ 8.8e3 049 £0.28 251 +£31.9 143 =350
R 0.03 £0 05 486 £17.6 764567 968+£339 7Te-4+1le-3 4.0e-3x3.1e-3 096=0.07 31.1 £36.2 147 £34.8
H 4.1le-3 £4.5¢-3 251248 155243 239 £553 4.05 £ 3.70 @18 £0.27 — — —

@ indicates text missing or illegible when filed

[0106] It can be readily observed that the parameters TABLE 4

exhibit significantly large inter-individual variability, which
in turn suggests the necessity to make individuvalized pre-
dictions of vasopressor-inotrope resporises.

TABLE 3

Arterial compliance parameters.

ky ky

1.3e-2 = 7.8e-2 2.2e-3 = 1.8e-1

[0107] FIG. 16 shows the hemodynamics predicted using
the CV and phenomenological model, individualized for the
piglet of FIG. 11. It is clear that the BP (both SBP and MAP)
were predicted with remarkable accuracy. In addition, the
trends of RC and

could also be well predicted, although the details of the
fluctuation were not resolved, due to the smoothly predicted
SBP. Of note is that the actual SBP observation was used as
input when estimating RC and

sV
C

R2 values of blood pressure prediction.

Subject
1 2 3 4 5
MAP 0.92 0.94 0.89 0.89 091
SBP 0.90 0.91 0.83 0.85 0.86

[0109] In the above-described studies, CV and phenom-
enological models were used to reproduce the dose
responses to the administration of pharmaceutical agents for
treatment. As described, the uniqueness of the approach
described lies in the capability of inferring cardinal CV
parameters defining the CV state of a subject, which in many
cases are unavailable from direct observations, in addition to
the various clinical endpoints, such as BP responses. The
feasibility of the models was illustrated using the experi-
mental epinephrine response data, demonstrating potential
for predicting responses for optimized therapy.

[0110] Turning now to FIG. 18, steps of another process
1800 for monitoring and/or controlling a CV state of a
subject are shown. The process 1800 may begin at process
block 1802 where CV data, and other physiological data
associated with a subject may be received or acquired using
a system, for example, as described with reference to FIG.
1, either continuously or intermittently using various sen-
sors, such as BP sensors. Optionally, at process block 1804,
a variety of information may also be provided. For example,
dosing information associated with administration of at least
one pharmaceutical agent, such as vasopressor data, as well
as dose change event data may be provided. Such informa-
tion may be provided by direct input by a user, such as via
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buttons, touch screens or other input elements, or may be
obtained by communicating with various systems or
devices, or treatment units, such as a programmable infusion
pump. In some aspects, information may be retrieved from
amemory or other storage location. For example, a subject’s
reference data, such as dose response data, and other data
associated with the patient may be provided. Also, certain
information associated with a subject may be determined
automatically using changes in various measured quantities,
such as BP or heart rate. In addition, dose responses,
confidence intervals, and other data obtained from a popu-
lation of subjects, may also be retrieved or provided.
[0111] At process block 1806, a time trajectory for at least
one CV parameter may be determined, by analyzing CV data
and other information provided. Then, at process block
1808, may be performed to determine a future CV state of
a subject using a variety of inputted or determined informa-
tion. In some aspects, a statistical analysis may be performed
to determine the future CV. For example, various Monte
Carlo simulations, regression model analyses, and other
formulae that provide a statistical result based on predicted
time trajectories, confidence intervals, dosing information,
and other important clinical factors, may be utilized. In some
aspects, a statistical model may be applied to determine
probabilities or likelihoods that one or more CV parameters,
such as BP, exceeds predetermined thresholds or ranges of
values at one or more pre-determined time points. By way
of example, FIG. 19 shows an example of time traces for
MAP, illustrating predictors for determining a future BP,
such as recent or long-term BP trends, as well as confidence
intervals. In some aspects, recent trends or information may
be weighed more heavily in performing the analysis.
[0112] As such, a future CV state or condition of the
subject may be determined, using such determined likeli-
hoods or probabilities, as indicated by process block 1810.
In some aspects, a determination of a future CV state may
include identifying whether a subject’s BP will exceed one
or more thresholds at particular points in time, or whether
BP will persist outside of a selected range longer than a
specified duration of time.

[0113] In some aspects, the future CV state may inform a
determination for adjusting a dose of at least one adminis-
tered pharmaceutical agent. This may include using a variety
of information, such as dosing information, as well as user
input. For example, information associated with a recent
dose change would be informative in that a pharmacological
effect would not have a change to take place, and hence a
delay in adapting treatment may be desirable. As may be
appreciated from the above description, this approach may
be fully configurable. For instance, in managing BP, precise
control may be achieved by selecting a narrow range for
allowable BP values, while permissive control would imply
wider goal range, with tolerance for brief excursions outside
the range. In this manner, a number of clinician notifications
may be minimized, resulting in fewer interruptions to cli-
nician in the typical clinical setting.

[0114] Then, at process block 1812 a report indicative of
the future CV state of the subject may be generated. The
report may be in any form, and include any information. In
some aspects, the report may be in the form of an audio or
visual notification provided to a clinician, for instance,
indicating when particular CV parameters exceed selected
ranges or thresholds. In addition, the report may indicate a
risk or probability for a future CV state, such as an imminent

Aug. 17,2017

or sustained risk for hypotension, hypertension, and so forth.
By way of example, FIGS. 20 and 21 indicate examples of
time traces for MAP, identifying high probability of immi-
nent hypotension, correlated with measurements of lower
MAP. In some aspects, a notification may be provided via a
remote communication, such as a text message, or central
display station.

[0115] In some aspects, the report may provide an indi-
cation to a clinician for modifying a treatment. Alternatively,
or additionally, the report may generate an output for con-
trolling a treatment unit dispensing one or more pharma-
ceutical agents. In this regard, steps may be carried out at
process block 1812 for controlling the CV state of the
subject at one or more time points, either by a clinician or
a system configured to do so. This can include generating a
CV model describing the CV state of the subject, and
estimating dose responses associated with at least one
administered pharmaceutical agent for one or more CV
parameter. As described, this may include inferring param-
eter values using the BP data or the HR data, or both,
acquired at two or more time points. Examples of CV
parameters include BP, CO, TPR, AC, SV, and others.
[0116] In summary, the present disclosure provides sys-
tems and methods for monitoring and/or controlling a CV
state of a subject using one or more administered pharma-
ceutical agent. In some aspects, present and potential future
CV state of a subject are predicted in order to inform
administration of at least one pharmaceutical agent. such as
a vasopressor, by a clinician or a system suitable to do so.
These can facilitate treatment in today’s busy clinics, par-
ticularly for critically ill patients.

[0117] In particular, since current clinical practice
involves manual dosage adjustments, there are times when
inevitably dosage is not optimal and consequently the CV
state of the patient is suboptimal. Using systems and meth-
ods described, optimized dosage changes may be provided,
with minimal or no clinician input, in a way that can quickly
move a patient to an optimal CV state, with minimal
inadequate or excessive adjustments. Rapidly adapting to an
optimal infusion rate would then lead to superior outcomes
for critically-ill patients, because their organs will be spared
from intervals of hypo-perfusion (i.e.. infusion rate too low),
and of excessive vasoconstriction with reduced perfusion
(i.e., infusion rate too high). As such, the benefit of the
present approach, over the subjective judgment of the cli-
nician, might be especially pronounced for patients being
managed by clinicians without extensive critical care exper-
tise.

[0118] Also, it is envisioned that the present approach will
enable a new generation of more sophisticated and more
effective strategies for optimizing vasopressor dosages, as
suggested by recent investigations. For instance, present
guidelines for dose adjustment are quite vague. For example,
the Surviving Sepsis campaign advises that, for patients with
septic shock, clinicians infuse vasopressors to a MAP of at
least 65 mmHg. This broad hemodynamic target has the
advantage of its simplicity. However, there are varieties of
CV states that satisfy such general criterion, creating situ-
ations when an improper or inadequate treatment is admin-
istered. For instance, in a patient with shock, the MAP could
be elevated by organ vasoconstriction alone, which would
improve essential perfusion to the brain and heart (these
specific organs are relatively insensitive to vasopressors),
but at the expense of perfusion to other vasoconstricted
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organs. In addition, in many cases, it might be preferable to
optimize CO, and not just MAP, since improved CO could
translate to improved blood flow to all the organs of the
body. Moreover, excessive increases in MAP can cause
strain on the heart, namely an increased oxygen requirement
for the cardiac muscle tissues and the risk of reduced pump
function. Increasing doses of vasopressors can likewise raise
HR, which can also strain the heart. As such, it is envisioned
that the present approach would be superior to today’s
coarse management strategies in that dose response relation-
ships for various CV parameters allow for more sophisti-
cated therapeutic strategies. In this manner, the trade-offs
between various clinical goals or endpoints can be balanced.
For example, optimized perfusion of the heart and brain (i.e.,
adequate MAP) can be achieved, while also obtaining pet-
fusion of other organs (i.e., adequate CO) and cardiac work
(i.e., non-excessive MAP and HR). An analytic tool or
approach, as provided herein, that adapts to the individual
patient and can accurately predicts the proper vasopressor
infusion rate to achieve tight optimized targets for MAP and
CO will make it practical to employ such more sophisticated
therapeutic strategies. By contrast, today’s clinician simply
lacks the capability to do much more than adjust, and
re-adjust the dose, to hit broad cardiac targets.

[0119] The present invention has been described in terms
of one or more embodiments, including preferred embodi-
ments, and it should be appreciated that many equivalents,
alternatives, variations, and modifications, aside from those
expressly stated, are possible and within the scope of the
invention. As used in the claims, the phrase “at least one of
A, B, and C” means at least one of A, at least one of B,
and/or at least one of C, or any one of A, B, or C or
combination of A, B, or C. A, B, and C are elements of a list,
and A, B, and C may be anything contained in the Specifi-
cation.

1. A system for monitoring a cardiovascular state of a
subject, the system comprising:

at least one sensor configured to acquire cardiovascular

data from a subject;

at least one processor configured to:

analyze the cardiovascular data to determine a time
trajectory for at least one cardiovascular parameter;

determine, using the time trajectory, a likelihood that
the at least one cardiovascular parameter exceeds a
threshold at one or more pre-determined time points;

determine a future cardiovascular state of the subject
using the determined likelihood,;

generate a report indicative of the future cardiovascular
state of the subject; and

an output for displaying the report to a user.

2. The system of claim 1, wherein the at least one
processor is further configured to determine the likelihood
using dosing information associated with administration of
at least one pharmaceutical agent.

3. The system of claim 1, wherein the at least one
processor is further configured to generate a cardiovascular
model describing a cardiovascular state of the subject.

4. The system of claim 1, wherein the at least one
processor is further configured to make a determination for
adjusting a dose of the at least one administered pharma-
ceutical agent.

5. The system of claim 4, wherein the at least one
processor is further configured to, based on the determina-

Aug. 17,2017

tion, estimate a dose response associated with at least one
administered pharmaceutical agent for the at least one
cardiovascular parameter.

6. The system of claim 4, wherein the at least one
processor is further configured to control the future cardio-
vascular state of the subject at the one or more pre-deter-
mined time points using the estimated dose response.

7. The system of claim 1, wherein the at least one
cardiovascular parameter includes at least one of a blood
pressure, a pulse pressure, a systolic blood pressure, a
diastolic blood pressure, and a mean arterial pressure.

8. A system for controlling a cardiovascular state of a
subject, the system comprising:

at least one sensor configured to acquire cardiovascular

data from a subject; and

at least one processor configured to:

receive the acquired cardiovascular data;

generate a cardiovascular model describing the cardio-
vascular state of the subject;

estimate a dose response associated with at least one
administered pharmaceutical agent for at least one
cardiovascular parameter defining the cardiovascular
state;

control the cardiovascular state of the subject at one or
more pre-determined time points using the estimated
dose response.

9. The system of claim 8, wherein the cardiovascular data
includes blood pressure data and heart rate data.

10. The system of claim 9, wherein the at least one
processor is further configured to infer values for at least one
cardiovascular parameter using the blood pressure data or
the heart rate data, or both.

11. The system of claim 8, wherein the cardiovascular
data is acquired at two or more time points.

12. The system of claim 8, wherein the at least one
processor is further configured to determine, using the
acquired cardiovascular data, a likelihood that at least one
cardiovascular parameter defining the cardiovascular state
of the subject exceeds a threshold at the one or more
pre-determined time points.

13. The system of claim 8, wherein the processor is
further configured to receive dosing information associated
with administration of at least one pharmaceutical agent.

14. The system of claim 8, wherein the at least one
cardiovascular parameter includes at least one of a blood
pressure, a cardiac output, a total peripheral resistance, an
arterial compliance, and a stroke volume.

15. A method for monitoring a cardiovascular state of a
subject, the method comprising:

acquiring cardiovascular data from a subject using at least

one sensor;

analyzing the cardiovascular data to determine a time

trajectory for at least one cardiovascular parameter;
determining, using the time trajectory, a likelihood that
the at least one cardiovascular parameter exceeds a
threshold at one or more pre-determined time points;
determining a future cardiovascular state of the subject
using the determined likelihood; and

generating a report indicative of the future cardiovascular

state of the subject.

16. The method of claim 15, wherein the method further
comprises determining the likelihood using dosing informa-
tion associated with administration of at least one pharma-
ceutical agent.
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17. The method of claim 15, wherein the method further
comptrises generating a cardiovascular model describing a
cardiovascular state of the subject.

18. The method of claim 15, wherein the method further
comprises making a determination for adjusting a dose of
the at least one administered pharmaceutical agent based on
the determined future cardiovascular state.

19. The method of claim 18, wherein the determination
includes identifying whether a dose adjustment exceeds a
pre-determined threshold.

20. The method of claim 18, wherein the method further
comprises to estimating, based on the determination, a dose
response associated with at least one administered pharma-
ceutical agent for the at least one cardiovascular parameter.

21. The method of claim 20, wherein the method further
comprises controlling the future cardiovascular state of the
subject at the one or more pre-determined time points using
the dose response estimated.

22. The method of claim 15, wherein the at least one
cardiovascular parameter includes at least one of a blood
pressure, a pulse pressure, a systolic blood pressure, a
diastolic blood pressure, and a mean arterial pressure.

23. A method for controlling a cardiovascular state of a
subject, the method comprising:

receiving cardiovascular data acquired from a subject;

generating a cardiovascular model describing the cardio-

vascular state of the subject;

estimating a dose response associated with at least one

administered pharmaceutical agent for at least one
cardiovascular parameter defining the cardiovascular
state; and

Aug. 17,2017

controlling the cardiovascular state of the subject at one or
more pre-determined time points using the estimated
dose response.

24. The method of claim 23, wherein the cardiovascular
data includes blood pressure data and heart rate data.

25. The method of claim 24, wherein the method further
comprises inferring values for at least one cardiovascular
parameter using the blood pressure data or the heart rate
data, or both.

26. The method of claim 23, wherein the cardiovascular
data is acquired at two or more time points.

27. The method of claim 24, wherein the method further
comprises determining, using the acquired cardiovascular
data, a likelihood that at least one cardiovascular parameter
defining the cardiovascular state of the subject exceeds one
or more thresholds at the one or more pre-determined time
points.

28. The method of claim 23, wherein the method further
comprises making a determination whether at least one
cardiovascular parameter defining the cardiovascular state
of the subject exceeds the one or more thresholds for a
selected duration.

29. The method of claim 27, wherein controlling the
cardiovascular state of the subject includes adjusting a dose
of the at least one administered pharmaceutical agent based
on the determination.

30. The method of claim 23, wherein the method further
comprises receiving dosing information associated with
administration of at least one pharmaceutical agent.

31. The method of claim 23, wherein the at least one
cardiovascular parameter includes at least one of a blood
pressure, a cardiac output, a total peripheral resistance, an
arterial compliance, and a stroke volume.
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