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(7) ABSTRACT

A medical device for assessing clinical patient deterioration
in an in-patient hospital environment is provided. The medi-
cal device includes a processor and sensors that couple
externally to a skin of the patient to acquire electrocardio-
gram (ECG) and other physiologic signals. The processor is
configured to receive a medical history of the patient;
generate physiologic data, including ECG data, over a
period of time based on one or more physiologic signals; and
execute a risk assessment process associated with a clinical
condition of the patient. The risk assessment process ana-

Int. Cl. lyzes the physiologic data and the medical history of the
G16H 50/30 (2006.01) patient to generate a risk estimate of deterioration of the
GI16H 10/60 (2006.01) patient’s clinical condition.
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MEDICAL DEVICE FOR ESTIMATING RISK
OF PATIENT DETERIORATION

RELATED APPLICATIONS

[0001] This application claims priority under 35 US.C. §
119 (e) to U.S. Provisional Application Ser. No. 62/686,330,
titled “MEDICAL DEVICE FOR ESTIMATING RISK OF
PATIENT DETERIORATION,” filed Jun. 18, 2018, which
is hereby incorporated herein by reference in its entirety.

BACKGROUND

[0002] The present disclosure is directed to medical
devices that monitor clinical conditions of hospitalized
patients.

[0003] A patient may be admitted for an in-hospital stay
on presenting a variety of clinical conditions. During the
course of the stay, the patient is continuously or periodically
assessed for changes in the presentable clinical conditions
and for development of new conditions. Rapid response
teams or medical emergency response teams or medical
emergency teams (variously called RRT, MERT, or MET)
were introduced in the care of such patients to respond to
unexpected and/or sudden clinical deterioration. Such teams
can be a key component of a hospital’s rapid response
system. Such systems have been put in place hospitals in
view of historical data showing evidence of failure to rescue
with available clinical services, often leading to serious
adverse events.

[0004] There are a wide variety of electronic and mechani-
cal devices for monitoring and treating patients’ medical
conditions during their hospital stay. In some examples,
depending on the underlying medical condition being moni-
tored or treated, such medical devices can include such as
cardiac monitors or external defibrillators. In some cases,
caregivers may use medical devices alone or in combination
with drug therapies to treat cardiac conditions such as
cardiac arrhythmias. Treatable forms of cardiac conditions
include ventricular fibrillation (VF), a deadly form of
arrhythmia where normal, regular electrical impulses dete-
riorate into irregular and rapid impulses that cause the heart
muscle to stop normal contractions. Because the victim has
no perceptible warning of the impending fibrillation, death
often occurs before the necessary medical assistance can
arrive, even in a hospital environment. Other cardiac
arrhythmias can include excessively slow heart rates known
as bradycardia or excessively fast heart rates known as
tachycardia. Cardiac arrest can occur when a patient in
which various arrhythmias of the heart, such as ventricular
fibrillation, ventricular tachycardia, pulseless electrical
activity (PEA), and asystole (heart stops all electrical activ-
ity) result in the heart providing insufficient levels of blood
flow to the brain and other organs vital for the support of life.
The sooner resuscitation efforts begin, the better the
patient’s chances of survival. For example, ventricular fibril-
lation or ventricular tachycardia can be treated by a defi-
brillator, for example, by providing a therapeutic shock to
the heart in an attempt to restore normal rhythm. To treat
conditions such as bradycardia, an implanted or external
pacing device can provide pacing stimuli to the patient’s
heart until intrinsic cardiac electrical activity returns.

[0005] Example external cardiac monitoring and/or treat-
ment devices include cardiac monitors, the ZOLL LifeVest®
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wearable cardioverter defibrillator available from ZOLL
Medical Corporation, and the AED Plus also available from
ZOLL Medical Corporation.

SUMMARY

[0006] In at least one example, a medical device for
assessing patient deterioration in an in-patient hospital envi-
ronment is provided. The medical device includes a
memory, a plurality of sensing electrodes, one or more
physiologic sensors, and at least one processor coupled to
the memory, the plurality sensing electrodes, and the one or
more physiologic sensors. The memory stores data identi-
fying a plurality of presentable clinical conditions, a plural-
ity of risk assessment processes associated with the plurality
of presentable clinical conditions, and a corresponding plu-
rality of clinical criteria associated with the plurality of risk
assessment processes. The plurality of sensing electrodes is
configured to couple externally to a skin of a patient and to
acquire electrocardiogram (ECQG) signals. The one or more
physiologic sensors are configured to couple externally to
the patient and configured to acquire one or more physi-
ologic signals. The at least one processor is configured to
generate ECG data over a predetermined period of time
based on the ECG signals; generate physiologic data over
the predetermined period of time based on the one or more
physiologic signals; receive at least one of medical history
and demographic information of the patient; execute a first
risk assessment process associated with a first clinical con-
dition selected from the plurality of presentable clinical
conditions based the ECG data, the physiologic data, and the
at least one of medical history and demographic information
of the patient to generate a first risk estimate of deterioration
of the patient; and generate a notification in response to the
first risk estimate of deterioration of the patient being
outside a first clinical criterion of the plurality of clinical
criteria, the first clinical criterion being associated with the
first clinical condition.

[0007] Implementations of such a medical device may
include one or more of the following features.

[0008] The medical device may further include a user
interface coupled to the at least one processor, wherein the
at least one processor may be further configured to receive
the at least one of medical history and demographic infor-
mation via the user interface. In the medical device, the at
least one processor may be further configured to receive, via
the user interface, an initial patient assessment and identify
the first clinical condition based on the initial patient assess-
ment. The medical device may further include a network
interface coupled to the at least one processor and the at least
one processor may be further configured to receive the at
least one of medical history and demographic information
via the network interface. The network interface may be
configured to communicate with one or more of a personal
electronic device using near-field communication and a
cloud server using Ethernet communication. In the medical
device, the plurality of presentable clinical conditions may
include one or more of a heart failure condition, a post
syncope condition, a post myocardial infarction condition,
and a breathing disorder condition. In the medical device,
the at least one processor may be further configured to
automatically identify the first clinical condition based on an
initial patient assessment of the ECG data, the physiologic
data, and the at least one of medical history and demo-
graphic information of the patient.
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[0009] In the medical device, the ECG data, the physi-
ologic data, and the at least one of the medical history and
demographic information of the patient may include a
plurality of patient parameters that are input to the first risk
assessment process associated with the first clinical condi-
tion of the patient. In the medical device, the at least one
processor may be further configured to execute the first risk
assessment process by identifying one or more associations
between the first clinical condition and one or more patient
parameters of the plurality of patient parameters and ana-
lyzing the one or more patient parameters of the plurality of
patient parameters to generate the first risk estimate of
deterioration of the patient. The first risk assessment process
may be configured to analyze the one or more patient
parameters of the plurality of patient parameters at least in
part by applying distinct weights to respective patient
parameters of the one or more patient parameters. The
plurality of patient parameters may include one or more of
patient ECG metrics, patient lung fluid level parameters,
patient heart rate parameters, patient heart rate variability
parameters, parameters of one or more arrhythmias experi-
enced by the patient, patient cardio-vibrational parameters,
patient respiratory rate parameters, patient pulse oxygen
parameters, patient motion parameters, patient pallor param-
eters, and patient neurological condition parameters. In the
medical device, the first risk assessment process may be
configured to analyze the one or more patient parameters at
least in part by comparing each patient parameter of the one
or more patient parameters to one or more of a set of patient
baseline parameters and a set of population benchmarks.

[0010] In the medical device, the at least one processor
may be further configured to prompt the caregiver to input
a subsequent patient assessment via the user interface and
generate subsequent patient parameters based on the subse-
quent patient assessment. In the medical device, the subse-
quent patient assessment identifies a second clinical condi-
tion of the plurality of presentable clinical conditions and the
at least one processor may be further configured to identify
an association between the second clinical condition and a
second risk assessment process of the plurality of risk
assessment processes; execute the second risk assessment
process to generate a second risk estimate of patient dete-
rioration; compare the second risk estimate to a second
clinical criterion of the plurality of clinical criteria, the
second clinical criterion being associated with the second
clinical condition; and generate a notification in response to
the second risk estimate being outside the second clinical
criterion. In the medical device, the memory may further
store a model configured to determine a trajectory of a
clinical condition of the patient, and the least one processor
may be further configured to generate updated ECG data
from ECG signals acquired subsequent to execution of the
first risk assessment process; generate updated physiologic
data from the one or more physiologic signals acquired
subsequent to execution of the first risk assessment process;
generate the trajectory of the clinical condition of the patient
at least in part by executing a machine learning model using
the first clinical condition, the first risk estimate of deterio-
ration of the patient, and the updated ECG data and updated
physiologic data; and generate a notification in response to
the trajectory of the clinical condition of the patient indi-
cating a risk of deterioration of the clinical condition of the
patient.

Dec. 19, 2019

[0011] In the medical device, the plurality of clinical
criteria may include one or more of a range, a plurality of
discrete elements, and a plurality of threshold values. In the
medical device, the at least one processor may be further
configured to determine the first clinical criterion at least in
part by determining whether a current time falls within an
established timeframe associated with reduced frequency of
caregiver visits to the patient relative to other timeframes,
and adjusting the first clinical criterion in response to
determining that the current time falls within the established
timeframe. The at least one processor may be further con-
figured to re-execute the first risk assessment process
according to a schedule and decrease a span of time between
scheduled re-executions of the first risk assessment process
in response to the first risk estimate being outside the first
clinical criterion and thereby indicating an increased risk of
deterioration of the patient. The at least one processor may
be further configured to execute a neurologic assessment of
the patient in response to the first risk estimate being outside
the first clinical criterion.

[0012] The medical device may be ambulatory, may be
wearable, and may further include a housing including the at
least one processor. In the medical device, the first risk
estimate may indicate a risk of rapid patient deterioration
within a period of time including one or more of less than 1
hour, 1-2 hours, 2-4 hours, 4-6 hours, 6-8 hours, 8-12 hours,
and 12-24 hours. The period of time of less than 1 hour can
be, for example, 1 minute to 1 hour, S minutes to 1 hour, 10
minutes to 1 hour, or 15 minutes to 1 hour. The rapid patient
deterioration may include one or more of a continuous
decline in patient health spanning the period of time and a
steep decline in patient health falling within the period of
time.

[0013] According to another example, a method of assess-
ing risk of patient deterioration in an in-patient hospital
environment using a medical device is provided. The
method includes acts of storing data identifying a plurality
of presentable clinical conditions, a plurality of risk assess-
ment processes associated with the plurality of presentable
clinical conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes; acquiring electrocardiogram (ECG) signals from
a patient; acquiring one or more physiologic signals from the
patient; generating ECG data over a predetermined period of
time based on the acquired ECG signals; generating physi-
ologic data over the predetermined period of time based on
the acquired one or more physiologic signals; determining at
least one of medical history and demographic information of
the patient; executing, by the medical device, a first risk
assessment process associated with a first clinical condition
selected from the plurality of presentable clinical conditions
based the ECG data, the physiologic data, and the at least
one of medical history and demographic information of the
patient to generate a first risk estimate of deterioration of the
patient; and generating, by the medical device, a notification
in response to the first risk estimate of deterioration of the
patient being outside a first clinical criterion of the plurality
of clinical criteria, the first clinical criterion being associated
with the first clinical condition.

[0014] Implementations of such a method may include one
or more of the following features.

[0015] The method may further include an act of identi-
fying the at least one of medical history and demographic
information via an interface. The method may further
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include acts of determining an initial patient assessment and
identifying the first clinical condition based on the initial
patient assessment. In the method, the act of storing the data
identifying the plurality of presentable clinical conditions
may include an act of storing data identifying one or more
of a heart failure condition, a post syncope condition, a post
myocardial infarction condition, and a breathing disorder
condition. The method may further include an act of iden-
tifying the first clinical condition based on an initial patient
assessment of the ECG data, the physiologic data, and the at
least one of medical history and demographic information of
the patient.

[0016] In the method, the act of executing the first risk
assessment process may include an act of receiving a
plurality of patient parameters including the ECG data, the
physiologic data, and the at least one of the medical history
and demographic information of the patient. The act of
executing the first risk assessment process may include acts
of identifying one or more associations between the first
clinical condition and one or more patient parameters of the
plurality of patient parameters and analyzing the one or
more patient parameters of the plurality of patient param-
eters to generate the first risk estimate of deterioration of the
patient. The act of analyzing the one or more patient
parameters of the plurality of patient parameters may
include an act of applying distinct weights to respective
patient parameters of the one or more patient parameters.
The act of receiving the plurality of patient parameters may
include an act of receiving one or more of patient ECG
metrics, patient lung fluid level parameters, patient heart rate
parameters, patient heart rate variability parameters, param-
eters of one or more arrhythmias experienced by the patient,
patient cardio-vibrational parameters, patient respiratory
rate parameters, patient pulse oxygen parameters, patient
motion parameters, patient pallor parameters, and patient
neurological condition parameters. The act of analyzing the
one or more patient parameters may include an act of
comparing each patient parameter of the one or more patient
parameters to one or more of a set of patient baseline
parameters and a set of population benchmarks

[0017] The method may further include acts of determin-
ing a subsequent patient assessment and identifying subse-
quent patient parameters based on the subsequent patient
assessment. In the method, the act of determining the
subsequent patient assessment may include an act of iden-
tifying a second clinical condition of the plurality of pre-
sentable clinical conditions, and the method may further
include acts of executing a second risk assessment process
associated with the second clinical condition to generate a
second risk estimate of patient deterioration; comparing the
second risk estimate to a second clinical criterion of the
plurality of clinical criteria, the second clinical criterion
being associated with the second clinical condition; and
generating a notification in response to the second risk
estimate being outside the second clinical criterion.

[0018] The method may further include acts of storing a
model configured to determine a trajectory of the clinical
condition of the patient; generating updated ECG data from
ECG signals acquired subsequent to execution of the first
risk assessment process; generating updated physiologic
data from the one or more physiologic signals acquired
subsequent to execution of the first risk assessment process;
generating a trajectory of a clinical condition of the patient
at least in part by executing a machine learning model using
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the first clinical condition, the first risk estimate of deterio-
ration of the patient, and the updated ECG data and updated
physiologic data; and generating a notification in response to
the trajectory of the clinical condition of the patient indi-
cating a risk of deterioration of the clinical condition of the
patient.

[0019] In the method, the act of storing the data identify-
ing the plurality of clinical criteria may include an act of
storing data identifying one or more of a range, a plurality
of discrete elements, and a plurality of threshold values. In
the method, the act of determining the first clinical criterion
may include acts of determining whether a current time falls
within an established timeframe associated with reduced
frequency of caregiver visits to the patient relative to other
timeframes and adjusting the first clinical criterion in
response to determining that the current time falls within the
established timeframe. The method may further include acts
of re-executing the first risk assessment process according to
a schedule and decreasing a span of time between scheduled
re-executions of the first risk assessment process in response
to the first risk estimate being outside the first clinical
criterion and thereby indicating an increased risk of dete-
rioration of the clinical condition of the patient.

[0020] The method may further include an act of perform-
ing a neurologic assessment of the patient in response to the
first risk estimate being outside the first clinical criterion. In
the method, the act of executing the first risk assessment
process may include an act of executing a first risk assess-
ment process that indicates a risk of rapid patient deterio-
ration within a period of time including one or more of less
than 1 hour, 1-2 hours, 2-4 hours, 4-6 hours, 6-8 hours, 8-12
hours, and 12-24 hours. The period of time of less than 1
hour can be, for example, 1 minute to 1 hour, 5 minutes to
1 hour, 10 minutes to 1 hour, or 15 minutes to 1 hour. The
act of executing the first risk assessment process may further
include an act of executing a first risk assessment process
that indicates a risk of rapid patient deterioration including
one or more of a continuous decline in patient health
spanning the period of time and a steep decline in patient
health falling within the period of time.

[0021] In another example, a medical system for assessing
patient deterioration in an in-patient hospital environment is
provided. The system includes an in-hospital medical
device, a server located remotely from the in-hospital medi-
cal device. The in-hospital medical device includes a
memory, a network interface coupled to a network, a plu-
rality of sensing electrodes, one or more physiologic sen-
sors, and at least one processor coupled to the memory, the
network interface, the plurality sensing electrodes, and the
one or more physiologic sensors. The plurality of sensing
electrodes is configured to couple externally to a skin of a
patient and to acquire electrocardiogram (ECG) signals. The
one or more physiologic sensors are configured to couple
externally to the patient and configured to acquire one or
more physiologic signals. The at least one processor is
configured to generate ECG data over a predetermined
period of time based on the ECG signals; generate physi-
ologic data over the predetermined period of time based on
the one or more physiologic signals; and transmit the ECG
data and the physiologic data via the network interface. The
server includes server memory, a server network interface
coupled to the network, and one or more processors coupled
to the server memory and the server network interface. The
server memory stores data identifying a plurality of present-



US 2019/0385744 A1l

able clinical conditions, a plurality of risk assessment pro-
cesses associated with the plurality of presentable clinical
conditions, and a corresponding plurality of clinical criteria
associated with the plurality of risk assessment processes.
The one or more processors coupled to the server memory
and the server network interface are configured to receive
the ECG data and the physiologic data via the server
network interface and the network; receive at least one of
medical history and demographic information of the patient;
execute a first risk assessment process associated with a first
clinical condition based the ECG data, the physiologic data,
and the at least one of medical history and demographic
information of the patient to generate a first risk estimate of
deterioration of the patient; and generate a notification in
response to the first risk estimate of deterioration of the
patient being outside a first clinical criterion of the plurality
of clinical criteria, the first clinical criterion being associated
with the first clinical condition.

[0022] Implementations of such a medical system may
include one or more of the following features.

[0023] The system may further include a user interface
coupled to the one or more processors, wherein the one or
more processors may be further configured to receive the at
least one of medical history and demographic information
via the user interface. In the system, the one or more
processors may be configured to receive, via the user inter-
face, an initial patient assessment and identify the first
clinical condition based on the initial patient assessment.
The one or more processors may be further configured to
receive the at least one of medical history and demographic
information via the server network interface. In the system,
the plurality of presentable clinical conditions may include
one or more of a heart failure condition, a post syncope
condition, a post myocardial infarction condition, and a
breathing disorder condition. In the system, the one or more
processors may be configured to automatically identify the
first clinical condition based on initial patient assessment of
the ECG data, the physiologic data, and the at least one of
medical history and demographic information of the patient.

[0024] In the system, the ECG data, the physiologic data,
and the at least one of the medical history and demographic
information of the patient may include a plurality of patient
parameters that are input to the first risk assessment process
associated with the first clinical condition of the patient. In
the system, the one or more processors may be configured to
execute the first risk assessment process by identifving one
or more associations between the first clinical condition and
one or more patient parameters of the plurality of patient
parameters, and analyzing the one or more patient param-
eters of the plurality of patient parameters to generate the
first risk estimate of the clinical condition of the patient. The
first risk assessment process may be configured to analyze
the one or more patient parameters of the plurality of patient
parameters at least in part by applying distinct weights to
respective patient parameters of the one or more patient
parameters. The plurality of patient parameters may include
one or more of patient ECG metrics, patient lung fluid level
parameters, patient heart rate parameters, patient heart rate
variability parameters, parameters of one or more arrhyth-
mias experienced by the patient, patient cardio-vibrational
parameters, patient respiratory rate parameters, patient pulse
oXygen parameters, patient motion parameters, patient pal-
lor parameters, and patient neurological condition param-
eters. The first risk assessment process may be configured to
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analyze the one or more patient parameters at least in part by
comparing each patient parameter of the one or more patient
parameters to one or more of a set of patient baseline
parameters and a set of population benchmarks.

[0025] The system may further include a user interface
coupled to the one or more processors and the one or more
processors may be further configured to prompt the care-
giver to input a subsequent patient assessment via the user
interface and generate subsequent patient parameters based
on the subsequent patient assessment. The subsequent
patient assessment may identify a second clinical condition
of the plurality of presentable clinical conditions and the one
or more processors may be further configured to identify an
association between the second clinical condition and a
second risk assessment process of the plurality of risk
assessment processes; execute the second risk assessment
process to generate a second risk estimate of patient dete-
rioration; compare the second risk estimate to a second
clinical criterion of the plurality of clinical criteria, the
second clinical criterion being associated with the second
clinical condition; and generate a notification in response to
the second risk estimate being outside the second clinical
criterion.

[0026] In the system, the server memory may further store
a model configured to determine a trajectory of the clinical
condition of the patient, and the one or more processors may
be further configured to generate updated ECG data from
ECG signals acquired subsequent to execution of the first
risk assessment process; generate updated physiologic data
from the one or more physiologic signals acquired subse-
quent to execution of the first risk assessment process;
generate the trajectory of the clinical condition of the patient
at least in part by executing the machine learning model
using the first clinical condition, the first risk estimate of the
clinical condition of the patient, and the updated ECG data
and updated physiologic data; and generate a notification in
response to the trajectory of the clinical condition of the
patient indicating a risk of deterioration of the clinical
condition of the patient.

[0027] In the system, the plurality of clinical criteria may
include one or more of a range, a plurality of discrete
elements, and a plurality of threshold values. In the system,
the one or more processors may be configured to determine
the first clinical criterion at least in part by determining
whether a current time falls within an established timeframe
associated with reduced frequency of caregiver visits to the
patient relative to other timeframes, and adjusting the first
clinical criterion in response to determining that the current
time falls within the established timeframe. The one or more
processors may be further configured to re-execute the first
risk assessment process according to a schedule and to
decrease a span of time between scheduled re-executions of
the first risk assessment process in response to the first risk
estimate being outside the first clinical criterion and thereby
indicating an increased risk of deterioration of the clinical
condition of the patient. The one or more processors may be
further configured to execute a neurologic assessment of the
patient in response to the first risk estimate being outside the
first clinical criterion. In the system, the medical device may
be ambulatory, may be wearable and may further include a
housing including the at least one processor.

[0028] In another example, a medical device for assessing
risk of patient deterioration in an in-patient hospital envi-
ronment is provided. The medical device includes a



US 2019/0385744 A1l

memory, a plurality of sensing electrodes, one or more
physiologic sensors, and at least one processor coupled to
the memory, the plurality sensing electrodes, and the one or
more physiologic sensors. The memory stores data identi-
fying a plurality of presentable clinical conditions, a plural-
ity of risk assessment processes associated with the plurality
of presentable clinical conditions, and a corresponding plu-
rality of clinical criteria associated with the plurality of risk
assessment processes. The plurality of sensing electrodes is
configured to couple externally to a skin of a patient and to
acquire electrocardiogram (ECG) signals. The one or more
physiologic sensors are configured to couple externally to
the patient and configured to acquire one or more physi-
ologic signals. The at least one processor is configured to
automatically determine and receive initial patient assess-
ment data identifying a first clinical condition of the patient
from the plurality of presentable clinical conditions; gener-
ate a robust set of patient parameters using the ECG signals,
the physiologic signals and the initial patient assessment
data, the robust set of patient parameters including a)
continuously monitored patient parameters, b) periodically
monitored patient parameters, and c) irregularly monitored
patient parameters; execute a first risk assessment process
associated with the first clinical condition of the patient
using the data descriptive of the robust set of patient
parameters to generate a first risk estimate of the clinical
condition of the patient; re-execute the first risk assessment
process associated with the first clinical condition using a
subset of the robust set of patient parameters to update the
first risk estimate to a second risk estimate of the clinical
condition of the patient; and/or generate a notification in
response to either the first risk estimate or the second risk
estimate being outside a clinical criterion of the plurality of
clinical criteria, the clinical criterion being associated with
the first clinical condition.

[0029] Implementations of such a medical device may
include one or more of the following features.

[0030] The medical device may further include a user
interface coupled to the at least one processor, wherein the
at least one processor may be further configured to receive
at least one of medical history and demographic information
via the user interface. In the medical device, the at least one
processor may be configured to receive, via the user inter-
face, an initial patient assessment and identify the first
clinical condition based on the initial patient assessment.
The medical device may further include a network interface
coupled to the at least one processor and the at least one
processor may be further configured to receive at least one
of medical history and demographic information via the
network interface. The network interface may be configured
to communicate with one or more of a personal electronic
device using near-field communication and a cloud server
using Ethernet communication.

[0031] In the medical device, the plurality of presentable
clinical conditions may include one or more of a heart failure
condition, a post syncope condition, a post myocardial
infarction condition, and a breathing disorder condition. In
the medical device, the at least one processor may be
configured to automatically identify the first clinical condi-
tion based on initial patient assessment of the ECG data, the
physiologic data, and at least one of medical history and
demographic information of the patient. In the medical
device, the ECG data, the physiologic data, and at least one
of medical history and demographic information of the
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patient may include a plurality of patient parameters that are
input to the first risk assessment process associated with the
first clinical condition of the patient.

[0032] In the medical device, the at least one processor
may be configured to execute the first risk assessment
process by identifying one or more associations between the
first clinical condition and one or more patient parameters of
the plurality of patient parameters, and analyzing the one or
more patient parameters of the plurality of patient param-
eters to generate the first risk estimate of the clinical
condition of the patient. The first risk assessment process
may be configured to analyze the one or more patient
parameters of the plurality of patient parameters at least in
part by applying distinct weights to respective patient
parameters of the one or more patient parameters.

[0033] In the medical device, the plurality of patient
parameters may include one or more of patient ECG metrics,
patient lung fluid level parameters, patient heart rate param-
eters, patient heart rate variability parameters, parameters of
one or more arrhythmias experienced by the patient, patient
cardio-vibrational parameters, patient respiratory rate
parameters, patient pulse oxygen parameters, patient motion
parameters, patient pallor parameters, and patient neurologi-
cal condition parameters. In the medical device, the first risk
assessment process may be configured to analyze the one or
more patient parameters at least in part by comparing each
patient parameter of the one or more patient parameters to
one or more of a set of patient baseline parameters and a set
of population benchmarks.

[0034] The medical device may include a user interface
coupled to the at least one processor and the at least one
processor may be further configured to prompt the caregiver
to input a subsequent patient assessment via the user inter-
face and generate subsequent patient parameters based on
the subsequent patient assessment. The subsequent patient
assessment may identify a second clinical condition of the
plurality of presentable clinical conditions and the at least
one processor may be further configured to identify an
association between the second clinical condition and a
second risk assessment process of the plurality of risk
assessment processes; execute the second risk assessment
process to generate a second risk estimate of patient dete-
rioration; compare the second risk estimate to a second
clinical criterion of the plurality of clinical criteria, the
second clinical criterion being associated with the second
clinical condition; and generate a notification in response to
the second risk estimate being outside the second clinical
criterion. The memory may further store a model configured
to determine a trajectory of the clinical condition of the
patient, and the least one processor may be further config-
ured to generate updated ECG data from ECG signals
acquired subsequent to execution of the first risk assessment
process; generate updated physiologic data from the one or
more physiologic signals acquired subsequent to execution
of the first risk assessment process; generate the trajectory of
the clinical condition of the patient at least in part by
executing the machine learning model using the first clinical
condition, the first risk estimate of the clinical condition of
the patient, and the updated ECG data and updated physi-
ologic data; and generate a notification in response to the
trajectory of the clinical condition of the patient indicating
arisk of deterioration of the clinical condition of the patient.
[0035] In the medical device, the plurality of clinical
criteria may include one or more of a range, a plurality of
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discrete elements, and a plurality of threshold values. In the
medical device, the at least one processor may be configured
to determine the first clinical criterion at least in part by
determining whether a current time falls within an estab-
lished timeframe associated with reduced frequency of care-
giver visits to the patient relative to other timeframes, and
adjusting the first clinical criterion in response to determin-
ing that the current time falls within the established time-
frame. In the medical device, the at least one processor may
be further configured to re-execute the first risk assessment
process according to a schedule, and decrease a span of time
between scheduled re-executions of the first risk assessment
process in response to the first risk estimate being outside the
first clinical criterion and thereby indicating an increased
risk of deterioration of the clinical condition of the patient.

[0036] In the medical device, the at least one processor
may be further configured to execute a neurologic assess-
ment of the patient in response to the first risk estimate being
outside the first clinical criterion. The medical device may
be ambulatory, may be wearable, and may further include a
housing including the at least one processor. In the medical
device, the irregularly monitored patient parameters may
include one or more of medical history of the patient,
demographic information about the patient, and discrete
events regarding the patient. In the medical device, the at
least one processor may be configured to re-execute the first
risk assessment process subsequent to generation of the first
risk estimate. In the medical device, the subset may include
continuously monitored patient parameters, periodically
monitored patient parameters, irregularly monitored patient
parameters or combinations of continuously monitored
patient parameters, periodically monitored patient param-
eters, and irregularly monitored patient parameters.

[0037] In another example, a method of assessing risk of
patient deterioration in an in-patient hospital environment
using a medical device is provided. The method includes
acts of storing data identifying a plurality of presentable
clinical conditions, a plurality of risk assessment processes
associated with the plurality of presentable clinical condi-
tions, and a corresponding plurality of clinical criteria asso-
ciated with the plurality of risk assessment processes;
acquiring electrocardiogram (ECG) signals from a patient;
acquiring one or more physiologic signals from the patient;
determining initial patient assessment data identifying a first
clinical condition of the patient from the plurality of pre-
sentable clinical conditions; creating a robust set of patient
parameters using the ECG signals, the physiologic signals
and the initial patient assessment data, the robust set of
patient parameters comprising a) continuously monitored
patient parameters, b) periodically monitored patient param-
eters, and c) irregularly monitored patient parameters;
executing, by the medical device, a first risk assessment
process associated with the first clinical condition of the
patient using the data descriptive of the robust set of patient
parameters to generate a first risk estimate of the clinical
condition of the patient; re-executing, by the medical device,
the first risk assessment process associated with the first
clinical condition using a subset of the robust set of patient
parameters to update the first risk estimate to a second risk
estimate of the clinical condition of the patient; and gener-
ating, by the medical device, a notification in response to
either the first risk estimate or the second risk estimate being
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outside a clinical criterion of the plurality of clinical criteria,
the clinical criterion being associated with the first clinical
condition.

[0038] Implementations of such a method may include one
or more of the following features.

[0039] The method may further include an act of identi-
fying at least one of medical history and demographic
information. The method may further include acts of deter-
mining an initial patient assessment and identifying the first
clinical condition based on the initial patient assessment.
[0040] In the method, the act of storing the data identify-
ing the plurality of presentable clinical conditions may
include an act of storing data identifying one or more of a
heart failure condition, a post syncope condition, a post
myocardial infarction condition, and a breathing disorder
condition.

[0041] The method may further include an act of identi-
fying the first clinical condition based on an initial patient
assessment of the ECG data, the physiologic data, and at
least one of medical history and demographic information of
the patient.

[0042] In the method, the act of executing the first risk
assessment process may include an act of receiving a
plurality of patient parameters comprising the ECG data, the
physiologic data, and at least one of medical history and
demographic information of the patient. The act of executing
the first risk assessment process may include acts of iden-
tifying one or more associations between the first clinical
condition and one or more patient parameters of the plurality
of patient parameters; and analyzing the one or more patient
parameters of the plurality of patient parameters to generate
the first risk estimate of the clinical condition of the patient.
The act of analyzing the one or more patient parameters of
the plurality of patient parameters may include an act of
applying distinct weights to respective patient parameters of
the one or more patient parameters. The act of receiving the
plurality of patient parameters may include an act of receiv-
ing one or more of patient ECG metrics, patient lung fluid
level parameters, patient heart rate parameters, patient heart
rate variability parameters, parameters of one or more
arrhythmias experienced by the patient, patient cardio-vi-
brational parameters, patient respiratory rate parameters,
patient pulse oxygen parameters, patient motion parameters,
patient pallor parameters, and patient neurological condition
parameters. The act of analyzing the one or more patient
parameters may include an act of comparing each patient
parameter of the one or more patient parameters to one or
more of a set of patient baseline parameters and a set of
population benchmarks.

[0043] The method may further include acts of determin-
ing a subsequent patient assessment; and identifying subse-
quent patient parameters based on the subsequent patient
assessment.

[0044] In the method, the act of determining the subse-
quent patient assessment may include an act of identifying
a second clinical condition of the plurality of presentable
clinical conditions.

[0045] The method may further include acts of executing
a second risk assessment process associated with the second
clinical condition to generate a second risk estimate of
patient deterioration; comparing the second risk estimate to
a second clinical criterion of the plurality of clinical criteria,
the second clinical criterion being associated with the sec-
ond clinical condition; and generating a notification in
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response to the second risk estimate being outside the
second clinical criterion. The method may further include
acts of storing a model configured to determine a trajectory
of the clinical condition of the patient; generating updated
ECG data from ECG signals acquired subsequent to execu-
tion of the first risk assessment process; generating updated
physiologic data from the one or more physiologic signals
acquired subsequent to execution of the first risk assessment
process; generating a trajectory of a clinical condition of the
patient at least in part by executing a machine learning
model using the first clinical condition, the first risk estimate
of the clinical condition of the patient, and the updated ECG
data and updated physiologic data; and generating a notifi-
cation in response to the trajectory of the clinical condition
of the patient indicating a risk of deterioration of the clinical
condition of the patient.

[0046] In the method, the act of storing the data identify-
ing the plurality of clinical criteria may include an act of
storing data identifying one or more of a range, a plurality
of discrete elements, and a plurality of threshold values. In
the method, determining the first clinical criterion may
include acts of determining whether a current time falls
within an established timeframe associated with reduced
frequency of caregiver visits to the patient relative to other
timeframes and adjusting the first clinical criterion in
response to determining that the current time falls within the
established timeframe.

[0047] The method may further include acts of re-execut-
ing the first risk assessment process according to a schedule;
and decreasing a span of time between scheduled re-execu-
tions of the first risk assessment process in response to the
first risk estimate being outside the first clinical criterion and
thereby indicating an increased risk of deterioration of the
clinical condition of the patient. The method may further
include an act of performing a neurologic assessment of the
patient in response to the first risk estimate being outside the
first clinical criterion.

[0048] In the method, the act of creating a robust set of
patient parameters may include an act of creating a robust set
of patient parameters comprising a) continuously monitored
patient parameters, b) periodically monitored patient param-
eters, and c) irregularly monitored patient parameters com-
prising one or more of medical history of the patient,
demographic information about the patient, and discrete
events regarding the patient.

[0049] The method may further include acts of re-execut-
ing the first risk assessment process subsequent to genera-
tion of the first risk estimate.

[0050] In the method, the act of re-executing the first risk
assessment process associated with the first clinical condi-
tion may include an act of re-executing the first risk assess-
ment process associated with the first clinical condition
using a subset of the robust set of patient parameters,
consisting of continuously monitored patient parameters,
periodically monitored patient parameters, irregularly moni-
tored patient parameters or combinations of continuously
monitored patient parameters, periodically monitored
patient parameters, and irregularly monitored patient param-
eters, to update the first risk estimate to a second risk
estimate of the clinical condition of the patient.

[0051] In another example, a medical device for assessing
patient deterioration in an in-patient hospital environment is
provided. The medical device includes a memory, a plurality
of sensing electrodes, one or more physiologic sensors, and
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at least one processor coupled to the memory, the plurality
of sensing electrodes, and the one or more physiologic
sensors. The memory stores data identifying a plurality of
presentable clinical conditions, a plurality of risk assessment
processes associated with the plurality of presentable clini-
cal conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes. The plurality of sensing electrodes is configured
to couple externally to a skin of a patient and to acquire
electrocardiogram (ECG) signals. The one or more physi-
ologic sensors are configured to couple externally to the
patient and configured to acquire one or more physiologic
signals. The at least one processor is configured to at least
one of automatically determine and receive initial patient
assessment data identifying a first clinical condition of the
patient from the plurality of presentable clinical conditions;
execute a first risk assessment process associated with the
first clinical condition at predetermined intervals of time
based on the ECG data, the physiologic data, and the initial
patient assessment data to generate a first plurality of risk
estimates of the first clinical condition of the patient; estab-
lish a first trajectory of the first clinical condition of the
patient over time based on all or a portion of the ECG data,
the physiologic data, and the initial patient assessment data;
and execute an action based on a deviation from the estab-
lished first trajectory of the first clinical condition of the
patient.

[0052] Implementations of such a medical device may
include one or more of the following features.

[0053] In the medical device, the action may include
issuing a notification to a caregiver. The action may include
setting a flag stored in memory that indicates the deviation.
[0054] The medical device may further include a user
interface coupled to the at least one processor. The action
may include prompting a user to input data descriptive of at
least one patient parameter.

[0055] In the medical device, the at least one processor
may be configured to establish the first trajectory of the first
clinical condition of the patient based on the first plurality of
risk estimates of the first clinical condition of the patient.
The ECG data, the physiologic data, and the at least one of
the medical history and demographic information of the
patient may include a plurality of patient parameters that are
input to the first risk assessment process associated with the
first clinical condition of the patient. The at least one
processor may be configured to execute the first risk assess-
ment process by identifying one or more associations
between the first clinical condition and one or more patient
parameters of the plurality of patient parameters and ana-
lyzing the one or more patient parameters of the plurality of
patient parameters to generate the first risk estimate of the
clinical condition of the patient. The first risk assessment
process may be configured to analyze the one or more
patient parameters of the plurality of patient parameters at
least in part by applying distinct weights to respective
patient parameters of the one or more patient parameters.
The plurality of patient parameters may include one or more
of patient ECG metrics, patient lung fluid level parameters,
patient heart rate parameters, patient heart rate variability
parameters, parameters of one or more arrhythmias experi-
enced by the patient, patient cardio-vibrational parameters,
patient respiratory rate parameters, patient pulse oxygen
parameters, patient motion parameters, patient pallor param-
eters, and patient neurological condition parameters.
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[0056] In the medical device, the at least one processor
may be further configured to at least one of automatically
determine and receive second patient assessment data iden-
tifying a second clinical condition different from the first
clinical condition of the patient; execute a second risk
assessment process associated with the second clinical con-
dition of the patient at other predetermined intervals of time
based on the on the ECG data, the physiologic data, and the
second patient assessment data to generate a second plurality
of risk estimates of the second clinical condition of the
patient; and establish a second trajectory of the second
clinical condition of the patient over time based on the
second plurality of risk estimates of the second clinical
condition of the patient. The plurality of presentable clinical
conditions may include one or more of a heart failure
condition, a post syncope condition, a post myocardial
infarction condition, and a breathing disorder condition. The
at least one processor may be further configured to execute
the first risk assessment process at least in part by executing
an enhanced Kalman filter. The enhanced Kalman filter may
implement a plurality of loops, each loop of the plurality of
loops tracking and generating actual and predicted values of
a distinct set of patient parameters according to a different
update period. The at least one processor may be configured
to calculate the trajectory using actual and predicted values
of patient parameters. The first trajectory may include an
ensemble trajectory. The at least one processor may be
further configured to store the ECG data, the physiologic
data, and the initial patient assessment data in a vector. The
vector may include a first portion, a second portion, and a
third portion and the at least one processor may be further
configured to update the first portion of the vector continu-
ously; update the second portion of the vector is updated
periodically; and update the third portion of the vector is
update irregularly.

[0057] In another example, a method for assessing risk of
patient deterioration in an in-patient hospital environment
using a medical device is provided. The method includes
acts of storing data identifying a plurality of presentable
clinical conditions, a plurality of risk assessment processes
associated with the plurality of presentable clinical condi-
tions, and a corresponding plurality of clinical criteria asso-
ciated with the plurality of risk assessment processes;
acquiring electrocardiogram (ECG) signals from a patient;
acquiring one or more physiologic signals from the patient;
generating ECG data over a predetermined period of time
based on the acquired ECG signals; generating physiologic
data over the predetermined period of time based on the
acquired one or more physiologic signals; determining ini-
tial patient assessment data identifying a first clinical con-
dition of the patient from the plurality of presentable clinical
conditions; executing, by the medical device, a first risk
assessment process associated with the first clinical condi-
tion at predetermined intervals of time based on the ECG
data, the physiologic data, and the initial patient assessment
data to generate a first plurality of risk estimates of the first
clinical condition of the patient; establishing, by the medical
device, a first trajectory of the first clinical condition of the
patient over time based on all or a portion of the ECG data,
the physiologic data, and the initial patient assessment data;
and executing an action based on a deviation from the
established first trajectory of the first clinical condition of
the patient.
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[0058] Implementations of such a method may include one
or more of the following features.

[0059] In the method, the act of executing the action may
include an act of notifying to a caregiver. The act of
executing the action may include an act of recording the
deviation. The act of executing the action may include an act
of determining at least one patient parameter. The act of
establishing the first trajectory of the first clinical condition
of the patient may include act of establishing the first
trajectory based on the first plurality of risk estimates of the
first clinical condition of the patient. The act of executing the
first risk assessment process may include an act of receiving
a plurality of patient parameters comprising the ECG data,
the physiologic data, and the at least one of the medical
history and demographic information of the patient. The act
of executing the first risk assessment process may include
acts of identifying one or more associations between the first
clinical condition and one or more patient parameters of the
plurality of patient parameters; and analyzing the one or
more patient parameters of the plurality of patient param-
eters to generate the first risk estimate of the clinical
condition of the patient. The act of analyzing the one or more
patient parameters of the plurality of patient parameters may
include an act of applying distinct weights to respective
patient parameters of the one or more patient parameters.
The act of receiving the plurality of patient parameters may
include an act of receiving one or more of patient ECG
metrics, patient lung fluid level parameters, patient heart rate
parameters, patient heart rate variability parameters, param-
eters of one or more arrhythmias experienced by the patient,
patient cardio-vibrational parameters, patient respiratory
rate parameters, patient pulse oxygen parameters, patient
motion parameters, patient pallor parameters, and patient
neurological condition parameters.

[0060] The method may further include an acts of deter-
mining second patient assessment data identifying a second
clinical condition different from the first clinical condition of
the patient; executing a second risk assessment process
associated with the second clinical condition of the patient
at other predetermined intervals of time based on the on the
ECG data, the physiologic data, and the second patient
assessment data to generate a second plurality of risk
estimates of the second clinical condition of the patient; and
establishing a second trajectory of the second clinical con-
dition of the patient over time based on the second plurality
of risk estimates of the second clinical condition of the
patient.

[0061] In the method, the act of storing the data identify-
ing the plurality of presentable clinical conditions may
include an act of storing data identifying one or more of a
heart failure condition, a post syncope condition, a post
myocardial infarction condition, and a breathing disorder
condition. The act of executing the first risk assessment
process may include an act of executing an enhanced
Kalman filter. The act of executing the enhanced Kalman
filter may include an act of executing a plurality of loops,
each loop of the plurality of loops tracking and generating
actual and predicted values of a distinct set of patient
parameters according to a different update period. The act of
establishing the first trajectory may include an act of calcu-
lating a first trajectory using actual and predicted values of
patient parameters. The act of calculating the first trajectory
may include an act of calculating an ensemble trajectory.
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[0062] The method may further include an act of storing
the ECG data, the physiologic data, and the initial patient
assessment data in a vector. The method may further include
acts of updating a first portion of the vector continuously;
updating a second portion of the vector is updated periodi-
cally; and updating a third portion of the vector is update
irregularly.

[0063] In another example, a medical device for assessing
risk of patient deterioration in an in-patient hospital envi-
ronment is provided. The medical device includes a
memory, a plurality of sensing electrodes, one or more
physiologic sensors distinct from the sending electrodes, and
at least one processor coupled to the memory the plurality of
sensing electrodes, and the one or more physiologic sensors.
The memory stores data identifying a plurality of present-
able clinical conditions, an indication, for each presentable
clinical condition of the plurality of presentable clinical
conditions, of whether the presentable clinical condition was
presented at admission to the in-patient hospital environ-
ment or during transfer between departments in the in-
patient hospital environment, a plurality of risk assessment
processes associated with the plurality of presentable clini-
cal conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes. The plurality of sensing electrodes is configured
to couple externally to a skin of an in-hospital patient and to
acquire electrocardiogram (ECG) signals. The one or more
physiologic sensors are configured to couple externally to
the in-hospital patient and to acquire one or more physi-
ologic signals distinct from the ECG signals. The at least one
processor is configured to generate ECG data over a prede-
termined period of time based on the ECG signals, generate
physiologic data over the predetermined period of time
based on the one or more physiologic signals, receive at least
one of medical history and demographic information of the
in-hospital patient, select a first clinical condition from the
plurality of presentable clinical conditions based on the ECG
data, the physiologic data, and the at least one of medical
history and demographic information of the in-hospital
patient, identify a first risk assessment process from the
plurality of risk assessment processes, the first risk assess-
ment process being associated with the first clinical condi-
tion selected from the plurality of presentable clinical con-
ditions, execute the first risk assessment process to generate
a first risk estimate of a rapid deterioration of the in-hospital
patient within an upcoming time period, generate a notifi-
cation comprising a likelihood that the in-hospital patient
will require emergency medical intervention within the
upcoming time period, the notification being generated in
response to the first risk estimate of the rapid deterioration
of the in-hospital patient being outside a first clinical crite-
rion associated with the first clinical condition, and transmit
the notification to at least one emergency responder within
the in-patient hospital environment indicating that the in-
hospital patient will require emergency medical intervention
within the upcoming time period.

[0064] Implementations of such a medical device may
include one or more of the following features.

[0065] In the medical device, the upcoming time period
can include at least one of within less than 1 hour, within 1-2
hours, within 2-4 hours, within 4-6 hours, within 6-8 hours,
within 8-12 hours, and within 12-24 hours. The at least one
emergency responder can include at least one of an in-
hospital medical emergency team (MET), a medical emer-
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gency response team (MERT), and an in-hospital rapid
response team (RRT). The least one processor can be further
configured to generate updated ECG data from ECG signals
acquired subsequent to execution of the first risk assessment
process; generate updated physiologic data from one or
more physiologic signals acquired subsequent to execution
of the first risk assessment process; generate a trajectory of
the clinical condition of the in-hospital patient at least in part
by analyzing the first clinical condition, the first risk esti-
mate of the rapid deterioration of the in-hospital patient, and
the updated ECG data and updated physiologic data; and
generate an updated notification in response to the trajectory
of the clinical condition of the in-hospital patient indicating
an updated risk of rapid deterioration of the clinical condi-
tion of the in-hospital patient.

[0066] Inthe medical device, the at least one processor can
be further configured to receive an initial patient assessment
and identify the first clinical condition based on the initial
patient assessment. The plurality of presentable clinical
conditions can include one or more of a heart failure
condition, a post syncope condition, a post myocardial
infarction condition, and a breathing disorder condition. The
at least one processor can be configured to automatically
identify the first clinical condition based on an initial patient
assessment of the ECG data, the physiologic data, and the at
least one of medical history and demographic information of
the in-hospital patient. The ECG data, the physiologic data,
and the at least one of medical history and demographic
information of the in-hospital patient can include a plurality
of patient parameters that are input to the first risk assess-
ment process associated with the first clinical condition of
the in-hospital patient. The at least one processor can be
further configured to execute the first risk assessment pro-
cess by identifying one or more associations between the
first clinical condition and one or more patient parameters of
the plurality of patient parameters; and analyzing the one or
more patient parameters of the plurality of patient param-
eters to generate the first risk estimate of the rapid deterio-
ration of the in-hospital patient. The plurality of patient
parameters can include one or more of patient ECG metrics,
patient lung fluid level parameters, patient heart rate param-
eters, patient heart rate variability parameters, parameters of
one or more arrhythmias experienced by the in-hospital
patient, patient cardio-vibrational parameters, patient respi-
ratory rate parameters, patient pulse oxygen parameters,
patient motion parameters, patient pallor parameters, and
patient neurological condition parameters.

[0067] Inthe medical device, the at least one processor can
be further configured to re-execute the first risk assessment
process according to a schedule; and decrease a span of time
between scheduled re-executions of the first risk assessment
process in response to the first risk estimate being outside the
first clinical criterion and thereby indicating an increased
risk of rapid deterioration of the in-hospital patient. The first
risk estimate of a rapid deterioration of the in-hospital
patient comprises one or more of a continuous decline in
patient health spanning the upcoming time period and a
steep decline in patient health falling within the upcoming
time period. The medical device can be ambulatory, wear-
able and can further include a housing comprising the at
least one processor.

[0068] In another example, a medical device for assessing
patient deterioration in an in-patient hospital environment is
provided. The medical device includes a memory, a plurality
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of sensing electrodes, one or more physiological sensors
distinct from the plurality of sensing electrodes, and at least
one processor coupled to the memory, the plurality of
sensing electrodes, and the one or more physiologic sensors.
The memory stores data identifying a plurality of present-
able clinical conditions, an indication, for each presentable
clinical condition of the plurality of presentable clinical
conditions, of whether the presentable clinical condition was
presented at admission to the in-patient hospital environ-
ment or during transfer between departments in the in-
patient hospital environment, a plurality of risk assessment
processes associated with the plurality of presentable clini-
cal conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes. The plurality of sensing electrodes is configured
to couple externally to a skin of an in-hospital patient and to
acquire electrocardiogram (ECG) signals. The one or more
physiologic sensors are distinct from the plurality of sensing
electrodes, configured to couple externally to the in-hospital
patient, and configured to acquire one or more physiologic
signals distinct from the ECG signals. The at least one
processor is configured to at least one of automatically
determine and receive initial patient assessment data iden-
tifying a first clinical condition of the in-hospital patient
from the plurality of presentable clinical conditions, execute
a first risk assessment process associated with the first
clinical condition at predetermined intervals of time based
on ECG data generated from the ECG signals, physiologic
data generated from the physiologic signals, and the initial
patient assessment data to generate a first plurality of risk
estimates of the first clinical condition of the in-hospital
patient, establish a first trajectory of the first clinical con-
dition of the in-hospital patient over an upcoming time
period based on all or a portion of the ECG data, the
physiologic data, and the initial patient assessment data, at
least one of automatically determine and receive second
patient assessment data identifying a second clinical condi-
tion of the plurality of presentable clinical conditions dif-
ferent from the first clinical condition of the in-hospital
patient, execute a second risk assessment process associated
with the second clinical condition of the in-hospital patient
at other predetermined intervals of time based on the on the
ECG data, the physiologic data, and the second patient
assessment data to generate a second plurality of risk
estimates of the second clinical condition of the in-hospital
patient, and change from the first trajectory to a second
trajectory of the second clinical condition of the in-hospital
patient over the upcoming time period based on or a portion
of the ECG data, the physiologic data, and the initial patient
assessment data, determine whether the in-hospital patient is
likely to require emergency medical intervention within the
upcoming time period based on one of the first trajectory and
the second trajectory, and if the in-hospital patient is likely
to require emergency medical intervention generate a noti-
fication indicating a likelihood that the in-hospital patient
will require emergency medical intervention within the
upcoming time period, and transmit the notification to at
least one emergency responder.

[0069] Implementations of such a medical device may
include one or more of the following features.

[0070] In the medical device, the at least one emergency
responder can include at least one of an in-hospital medical
emergency team (MET), a medical emergency response
team (MERT), and an in-hospital rapid response team
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(RRT). The at least one processor can be further configured
to set a flag stored in memory that indicates the in-hospital
patient is likely to require emergency medical intervention
within the upcoming time period. The at least one processor
can be configured to establish the first trajectory of the first
clinical condition of the in-hospital patient based on the first
plurality of risk estimates of the first clinical condition of the
in-hospital patient. The FCG data, the physiologic data, and
the at least one of a medical history and demographic
information of the in-hospital patient can include a plurality
of patient parameters that are input to the first risk assess-
ment process associated with the first clinical condition of
the in-hospital patient. The at least one processor can be
further configured to execute the first risk assessment pro-
cess by identifying one or more associations between the
first clinical condition and one or more patient parameters of
the plurality of patient parameters; and analyzing the one or
more patient parameters of the plurality of patient param-
eters to generate the first risk estimate of the clinical
condition of the in-hospital patient. The first risk assessment
process can be configured to analyze the one or more patient
parameters of the plurality of patient parameters at least in
part by applying distinct weights to respective patient
parameters of the one or more patient parameters. The
plurality of patient parameters comprises one or more of
patient ECG metrics, patient lung fluid level parameters,
patient heart rate parameters, patient heart rate variability
parameters, parameters of one or more arrhythmias experi-
enced by the in-hospital patient, patient cardio-vibrational
parameters, patient respiratory rate parameters, patient pulse
oxygen parameters, patient motion parameters, patient pal-
lor parameters, and patient neurological condition param-
eters. The plurality of presentable clinical conditions com-
prises one or more of a heart failure condition, a post
syncope condition, a post myocardial infarction condition,
and a breathing disorder condition, The upcoming time
period comprises within less than 1 hour, within 1-2 hours,
within 2-4 hours, within 4-6 hours, within 6-8 hours, within
8-12 hours, and within 12-24 hours.

[0071] In another example, a medical device for assessing
patient deterioration in an in-patient hospital environment is
provided. The medical device includes a memory and at
least one processor operably coupled to the memory. The
memory stores data identifying a plurality of presentable
clinical conditions, an indication, for each presentable clini-
cal condition of the plurality of presentable clinical condi-
tions, of whether the presentable clinical condition was
presented at admission to the in-patient hospital environ-
ment or during transfer between departments in the in-
patient hospital environment, a plurality of risk assessment
processes associated with the plurality of presentable clini-
cal conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes. The at least one processor is configured to at least
one of automatically determine and receive initial patient
assessment data identifying a first clinical condition of an
in-hospital patient from the plurality of presentable clinical
conditions, receive electrocardiogram (ECG) signals for the
in-hospital patient, receive physiological signals distinct
from the ECG signals for the in-hospital patient, execute a
first risk assessment process associated with the first clinical
condition at predetermined intervals of time based on ECG
data generated from the ECG signals, physiologic data
generated from the physiologic signals, and the initial
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patient assessment data to generate a first plurality of risk
estimates of the first clinical condition of the in-hospital
patient, establish a first trajectory of the first clinical con-
dition of the in-hospital patient over an upcoming time
period based on all or a portion of the ECG data, the
physiologic data, and the initial patient assessment data, the
upcoming time period comprising at least one of within less
than 1 hour, within 1-2 hours, within 2-4 hours, within 4-6
hours, within 6-8 hours, within 8-12 hours, and within 12-24
hours, determine whether the in-hospital patient is likely to
require emergency medical intervention within the upcom-
ing time period, and if the in-hospital patient is likely to
require emergency medical intervention generate a notifica-
tion indicating a likelihood that the in-hospital patient will
require emergency medical intervention within the upcom-
ing time period, and transmit the notification to at least one
emergency responder.

[0072] In the medical device, the at least one emergency
responder can include at least one of an in-hospital medical
emergency team (MET), a medical emergency response
team (MERT), and an in-hospital rapid response team
(RRT).

[0073] Still other aspects, examples, and advantages of
these aspects and examples, are discussed in detail below.
Moreover, it is to be understood that both the foregoing
summary and the following detailed description are merely
illustrations of various aspects and examples and are
intended to provide an overview or framework for under-
standing the nature and character of the claimed aspects and
examples. Any example disclosed herein may be combined
with any other example. References to “an example,” “some
examples,” “an alternate example,” “various examples,”
“one example,” “at least one example,” “this and other
examples” or the like are not necessarily mutually exclusive
and are intended to indicate that a particular feature, struc-
ture, or characteristic described in connection with the
example may be included in at least one example. The
appearances of such terms herein are not necessarily all
referring to the same example.

2 <

BRIEF DESCRIPTION OF THE DRAWINGS

[0074] Various aspects of at least one example are dis-
cussed below with reference to the accompanying figures,
which are not intended to be drawn to scale. The figures are
included to provide an illustration and a further understand-
ing of the various aspects and examples, and are incorpo-
rated in and constitute a part of this specification, but are not
intended to limit the scope of the disclosure. The drawings,
together with the remainder of the specification, serve to
explain principles and operations of the described and
claimed aspects and examples. In the figures, each identical
or nearly identical component that is illustrated in various
figures is represented by a like numeral. For purposes of
clarity, not every component may be labeled in every figure.
[0075] FIG. 1 depicts a wearable, ambulatory, external
medical device in accordance with at least one example
disclosed herein.

[0076] FIG. 2 depicts another wearable, ambulatory, exter-
nal medical device in accordance with at least one example
disclosed herein.

[0077] FIG. 3 depicts an arrangement of components of a
medical device controller in accordance with at least one
example disclosed herein.
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[0078] FIG. 4 depicts a first example of a deterioration risk
assessor within the context of the medical device controller
illustrated in FIG. 3 in accordance with at least one example
disclosed herein.

[0079] FIG. 5 depicts a monitoring and treatment process
executed by a medical device in accordance with at least one
example disclosed herein.

[0080] FIG. 6 depicts a deterioration risk assessment pro-
cess executed by the deterioration risk assessor illustrated in
FIG. 4 in accordance with at least one example disclosed
herein.

[0081] FIG. 7 depicts a second example of a deterioration
risk assessor within the context of the medical device
controller illustrated in FIG. 3 in accordance with at least
one example disclosed herein.

[0082] FIG. 8 depicts a monitoring and treatment process
executed by the deterioration risk assessor illustrated in FIG.
7 in accordance with at least one example disclosed herein.
[0083] FIG. 9 depicts a third example of a deterioration
risk assessor within the context of the medical device
controller illustrated in FIG. 3 in accordance with at least
one example disclosed herein.

[0084] FIG. 10 depicts a monitoring and treatment process
executed by the deterioration risk assessor illustrated in FIG.
9 in accordance with at least one example disclosed herein.
[0085] FIG. 11 depicts a block diagram of a Kalman filter
enhanced to implement the monitoring and treatment pro-
cess illustrated in FIG. 10.

[0086] FIG. 12 graphically depicts results of execution of
the enhanced Kalman filter illustrated in FIG. 11.

DETAILED DESCRIPTION

[0087] Patients presenting at hospitals with serious clini-
cal conditions require substantial monitoring and care. To
help guard against adverse events that may lead to fatal
outcomes for these patients, early warning monitoring regi-
mens can be implemented to generate an early warning score
to alert caregivers to signs of deterioration. For example,
such an early warning score may be a modified early
warning score (MEWS) based on an array of observable
patient parameters (such as the patient’s blood pressure,
heart rate, and temperature). The MEWS can be a periodic
and easily determinable indicator of the patient’s wellness
that can be tracked over time. Where the MEWS trends
unfavorably (indicating a deterioration of a patient’s clinical
condition), caregivers may take additional actions pre-
scribed within the monitoring regimen. These actions may
include observing the patient parameters more frequently
and/or calling for assistance from other caregivers. In
extremely unfavorable cases, actions taken by a monitoring
caregiver may include summoning an emergency response
medical team (MERT) made up of caregivers who are
specially trained to treat a patient’s clinical condition. For
example, patients who go into cardiogenic shock may
receive immediate triage and intervention with the develop-
ment of protocols that stipulate that such patients be taken to
a cardiac intensive care unit within the hospital. For
example, a cardiac intensivist may rapidly evaluate the
patient based on information from the various monitoring
devices prior to activating a paging system calling into
action a critical care cardiologist, an advanced heart disease
specialist, a cardiac surgeon with expertise in extra-corpo-
real life support (ECLS) and ventricular assist device (VAD)
implantation, and an interventional cardiologist who can
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provide short-term catheter-based interventions and
mechanical circulatory support. In this manner, MERTs can
reduce the risk of overt cardiopulmonary arrest and improve
outcomes in patients who progressively and rapidly deterio-
rate or exhibiting clinical instability in the non-emergency
department (non-ED) or non-ICU areas of the hospital by
facilitating rapid, multidisciplinary assessment and interven-
tion.

[0088] Medical devices disclosed herein are designed to
support the in-hospital monitoring regimens while, in some
implementations, providing continuous protection against
an adverse event such as sudden cardiac arrest. More spe-
cifically, these medical devices are configured to monitor
in-hospital patients for deteriorating clinical conditions and
to take any of a variety of actions in response to predicting
and/or detecting a deteriorating clinical condition in a
patient. In some applications, the medical devices herein can
implement and present a MEWS to assist with triage. The
clinical conditions monitored and the responsive actions
taken by these medical devices based on a MEWS and/or
other factors described herein can vary between examples.
For instance, in some examples, the clinical conditions
presentable by a patient and monitored by a medical device
include heart failure conditions, post syncope conditions,
post myocardial infarction conditions, and/or breathing dis-
order conditions. Also, in some examples, the actions taken
by a medical device include alerting the patient or a care-
giver, stimulating the patient, and/or otherwise treating the
patient. In some instances, the caregiver alerted by the
medical device may be a nurse or a member of a MERT,
depending on the identity of the clinical condition and/or the
magnitude and likelihood of the deterioration. Example
benefits of such devices as disclosed herein include auto-
mated diagnostics minimizing human intervention, early
warning for when a patient’s risk of a serious adverse event
rises that allows for closer monitoring of the patient, reduc-
tion of human error during medical examinations, and
application of consistent caregiver standards and processes.

[0089] Insome examples, prior to monitoring a patient for
deteriorating clinical conditions, the medical device receives
(e.g., manually entered via a user interface or in an auto-
mated manner from another device or system) patient
parameters descriptive of the patient and the patient’s medi-
cal history. These patient parameters may include irregularly
generated or monitored parameters. For example, such
irregularly generated or monitored parameters include
patient medical history information, demographic informa-
tion, family medical history information, past illnesses suf-
fered, prior cardiac illnesses, prior arrhythmias, medica-
tions, height, and weight, among other information.
Irregularly monitored parameters may further include a
context in which the patient is being assessed. Examples of
these patient assessment contexts include at admission,
during transfers between locations/departments (e.g., emer-
gency room, surgical room, recovery room, intensive care
unit, etc.), during transfers between procedures (cardiac
catheterization, surgery, etc.), during transfers between
healthcare facilities, and/or other geographic or procedural
contexts.

[0090] The patient parameters may include periodically
generated or monitored parameters. For example, such peri-
odically generated or monitored parameters include patient
current clinical condition, awareness level, neurologic state
parameters, patient pallor parameters, or patient parameters
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that relies on a periodic acquisition by a caregiver. The
patient parameters may include continuously generated or
monitored patient parameters such as body temperature,
blood pressure, heart rate, or other patient parameter that can
be automatically acquired by the medical device via one or
more corresponding sensors disposed on the patient’s body.

[0091] Examples of patient parameters descriptive of the
patient’s medical history may include identifiers of ongoing
conditions (e.g., ischemic heart disease, diabetes, or chronic
renal failure) and/or discrete episodes (angina, atrial tachy-
cardia, ventricular tachycardia, myocardial infarction, etc.).
Examples of patient parameters descriptive of the patient’s
demographics may include identifiers of age, gender, race,
familial history, and the like. Patient parameters may be
collected, for example, by a caregiver as part of the patient
being admitted to a hospital or other healthcare facility. In
some examples, the patient information includes an identi-
fier, input by the caregiver, of a clinical condition presented
by the patient. After receiving the patient parameters and
being fitted to the patient, the medical device monitors the
patient’s clinical condition for predicted and/or actual dete-
rioration.

[0092] Insome examples, the medical device includes one
or more sensors configured to acquire physiologic signals
from the patient and uses these signals to monitor for
predicted and/or actual deterioration. The sensors included
and physiologic signals acquired vary between examples.
For instance, in some examples, the sensors include elec-
trodes, accelerometers, and photodetectors, among other
sensors. Also, in some examples, the signals acquired
include ECG signals, cardio-vibrational signals, and blood
oxygenation signals, among other signals. In some
instances, the medical device monitors for predicted and/or
actual deterioration by continuously generating or monitor-
ing patient parameters using the acquired signals. The
patient parameters that may be continuously generated or
monitored include ECG metrics, heart rate parameters, heart
rate variability parameters, ectopic activation or contraction
parameters, respiration rate parameters, blood oxygenation
parameters, cardio-vibrational parameters, patient pallor
parameters, muscle oxygenation parameters, cerebral oxy-
genation parameters, and lung fluid level parameters. For
example, the ECG information may be combined with other
non-ECG information as described herein to provide addi-
tional insight about the patient’s condition. For instance,
where the patient parameters include ectopy contraction
parameters, information from an ultrasound sensor coupled
to the patient can be considered for analyzing heart wall
motion. Additionally or alternatively, cardio-vibrational
analysis from one or more cardio-vibration sensors can be
used to provide information regarding such parameters.

[0093] Insome examples, the medical device is configured
to execute periodic neurologic examinations of the patient
and to generate at least one patient parameter based on the
patient’s performance. Subtle changes in neurologic func-
tion can be indicative of poor cerebral perfusion and/or early
stage neurologic injury. If detected early, these transient
decrements in function can be easily reversed. If not
detected, decrements in perfusion can lead to permanent
brain damage leading to incremental health-care costs within
and outside of the hospital. As such, automated neurologic
examinations by a wearable medical device are advanta-
geous.
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[0094] In some examples, to predict and/or detect dete-
rioration, the medical device executes a risk assessment
process that is initially tailored to the patient’s current
clinical condition. In these examples, the risk assessment
process accesses a data structure that specifies an argument
set of patient parameters, weights, and scoring criteria that
the risk assessment process uses to generate a risk estimate
of patient deterioration. The set of patient parameters may
include one or more of the continuously generated or
monitored parameters listed above, or other patient param-
eters.

[0095] In some examples, to predict and/or detect dete-
rioration the medical device first executes a risk assessment
process using a robust set of patient parameters. This robust
set of patient parameters may include all or a majority of the
patient parameters described above. For instance, the robust
set of patient parameters may include irregularly updated
parameters, periodically updated parameters, and/or con-
tinuously monitored parameters. In these examples, the
medical device iteratively execute subsequent risk assess-
ment processes using a subset of the robust set of patient
parameters. This subset may include, for example, only
patient parameters with values that have been updated since
the previous iteration of the risk assessment process. Alter-
natively or additionally, the subset may include, for
example, only patient parameters that fall within a specific
frequency update (e.g., only the continuously monitored
parameters, the periodically updated parameters, and/or the
irregularly updated parameters).

[0096] In some examples, to predict and/or detect dete-
rioration the medical device executes a risk assessment
process that identifies a trajectory of a patient’s clinical
condition. Such a device can be advantageous in monitoring
and/or treating in-hospital patients. For example, a busy
emergency room hospital staff may initially assess a patient
presenting with a syncope event as potentially having a
cardiac-related condition that may have caused the syncope
event. Such an initial assessment may be made at patient
admission to the hospital. In some examples, the initial
assessment may be made during transfer between hospital
departments. For instance, the assessment can be made after
surgery and prior to transfer of the patient to a post-surgical
monitoring ward. For instance, the assessment may be made
when the patient is moved from an intensive care unit (ICU)
to a step down unit.

[0097] Inimplementations, the systems, device, and meth-
ods herein can prompt the caregiver to indicate the patient
assessment context of the initial assessment of the patient.
For example, the caregiver may be prompted to indicate, via
auser interface on the device, when/where the assessment is
being done: “When is this assessment being performed?”
The caregiver may then be asked to select one of the
following options via a user interface of the medical device:
a) at admission, b) transfer from surgical ward, c) transfer
from intensive care unit, d) other. After the caregiver enters
this information, the device can prompt the patient to input
other initial assessment information as described in further
detail below. The response to such queries can be stored in
a memory of the device.

[0098] Based on such an initial assessment, a caregiver
can cause the medical device to assess a trajectory of the
patient. For example, such trajectory includes an expected
change in the patient’s condition during an upcoming time
period (e.g., over the next 8 hours). For example, the
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trajectory can be based on a plurality of predicted values of
patient parameters that are updated when actual values of
patient parameters are calculated at predetermined intervals
over the duration of the upcoming time period. Thus, in
some examples, the trajectory can be a plurality of predicted
risk estimates based on the predicted values of the patient
parameters. In addition, the trajectory can be updated as
actual values of patient parameters become available to
calculate actual risk estimates. In an example, a caregiver
can cause the medical device to execute a risk assessment of
the patient experiencing another syncope event in an upcom-
ing time period. In certain implementations, the trajectory of
the patient’s clinical condition can include an analysis of the
risk of a sudden or rapid patient deterioration that may
require emergency medical intervention over an upcoming
time period. For example, the trajectory can provide an
indication of a rapid deterioration of the patient’s condition
within the next hour or within the next two hours. For
example, the determination of the rapid deterioration can be
made based on identifying that that trajectory of the patient
is outside the clinical criteria associated with the initial
clinical condition (in this example, syncope). Upon such an
indication, the medical device can alert one or more emer-
gency medical responders of the likelihood of the patient
experiencing a rapid deterioration.

[0099] In some examples, the deviation from an expected
trajectory may be due to a second, different underlying
clinical condition and/or a misdiagnosis of the patient’s
initial condition at admission. For example, the patient
admitted after experiencing a syncope event as described
above can further experience respiratory distress six hours
after being admitted. This respiratory distress can be directly
input by a caregiver or can be detected by the device as a
significant change in respiration rate (e.g., greater than 50%
increase in respiration rate). In such an example, the medical
device can automatically switch the patient to being moni-
tored based on a different and/or updated set of parameters,
e.g. parameters designed to assess the risk of rapid deterio-
ration of the patient in regard to the respiratory distress. In
some implementations, the device can provide an alert to a
caregiver that the patient should also be monitored and
assessed using the different set of parameters. Once
approved by the caregiver, the device can begin to monitor
the patient for potential deterioration in accordance with a
second trajectory of the patient associated with respiratory
distress. In examples, in response to such an alert, the
caregiver may also cause the medical device to execute a
risk assessment for the patient experiencing more severe
respiratory distress in addition to executing the risk assess-
ment for another syncope event as described above. In both
assessments, trajectories for the patient’s clinical conditions
can be identified and analyzed to determine the likelihood
that the patient will experience a rapid deterioration and
require emergency medical intervention for either an
adverse cardiac event or for respiratory distress.

[0100] Such devices, systems, and methods can be clini-
cally advantageous by providing further support to a busy
hospital staff in an automated manner. With minimal to no
human intervention, such devices, systems, and methods can
quickly update based on the latest available physiological
and medical history information to provide life-critical noti-
fications, alerts, and plans of action to caregivers and
emergency teams. For example, the techniques, devices and
systems herein can cut down the time it takes for an
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emergency team or caregiver to respond to rapid patient
deterioration. In certain example scenarios, patients who are
expected to rapidly deteriorate based on their current tra-
jectories may be moved to specialized area(s) of the hospital.
Rapid response teams or emergency personnel may be in a
better position to rapidly respond within such area(s). In
other example scenarios, hospital administration may assess
the deployment of their personnel and resources to better
provide care for patient’s that are already admitted, and
further, determine where newly admitted patients may be
located. Hospital administration can use the concepts herein
to assess how many of their patients’ conditions are at a
higher level of criticality compared to those that are rela-
tively stable. When a patient’s condition changes rapidly
and/or their trajectory is updated to indicate worsening
condition, hospital staff can quickly respond by deploying
additional personnel and resources as appropriate in order to
allow for timely intervention before the patient’s condition
deteriorates further. In some cases, hospital administrators
may use such information to assess a level of use of its
personnel capacity and resources in deciding whether to
admit new patients based on their initial clinical condition
and associated trajectory.

[0101] In at least some of these prediction examples, the
risk assessment process executes a tracking and prediction
process that uses previous predictions and observations of
patient parameters to increase its accuracy in predicting
future observations. Further, these future observations are
used to generate a risk estimate of patient deterioration in the
future. For instance, in one example, the tracking and
prediction process is based on an enhanced Kalman filter
that corrects predictions of patient parameters in a manner
that accounts for differences between previous predictions
and actual observations corresponding to the previous pre-
dictions. Over several iterations, the risk assessment process
generates a trajectory of a patient’s clinical condition that
includes past, present, and future risk estimates of patient
deterioration. In some instances, the medical device may
adjust the clinical condition of the patient based on this
trajectory, and thereby alter the underlying set of patient
parameters, weights, and scoring criteria used to generate
the risk estimates of patient deterioration.

[0102] Examples of the medical device and processes
discussed herein are not limited in application to the details
of construction and the arrangement of components set forth
in the following description or illustrated in the accompa-
nying drawings. The medical device and processes are
capable of implementation in other examples and of being
practiced or of being carried out in various ways. Examples
of specific implementations are provided herein for illustra-
tive purposes only and are not intended to be limiting. In
particular, acts, components, elements, and features dis-
cussed in connection with any one or more examples are not
intended to be excluded from a similar role in any other
examples.

[0103] Also, the phraseology and terminology used herein
is for the purpose of description and should not be regarded
as limiting. Any references to examples, embodiments,
components, elements or acts of the systems and methods
herein referred to in the singular may also embrace embodi-
ments including a plurality, and any references in plural to
any embodiment, component, element or act herein may also
embrace embodiments including only a singularity. Refer-
ences in the singular or plural form are not intended to limit
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the presently disclosed systems or methods, their compo-
nents, acts, or elements. The use herein of “including,”
“comprising,” “having,” “containing,” “involving,” and
variations thereof is meant to encompass the items listed
thereafter and equivalents thereof as well as additional
items. References to “or” may be construed as inclusive so
that any terms described using “or” may indicate any of a
single, more than one, and all of the described terms. In
addition, in the event of inconsistent usages of terms
between this document and documents incorporated herein
by reference, the term usage in the incorporated refererces
is supplementary to that of this document; for irreconcilable
inconsistencies, the term usage in this document controls.

[0104] The teachings of the present disclosure can be
generally applied to external medical monitoring and/or
treatment devices (e.g., devices that are not completely
implanted within the patient’s body). External medical
devices can include, for example, ambulatory medical
devices that are capable of and designed for moving with the
patient as the patient goes about his or her daily routine. An
example ambulatory medical device can be a wearable
medical device (WMD) such as a wearable cardioverter
defibrillator (WCD) or a wearable cardiac monitoring device
configured for an in-patient hospital use. For example, such
an in-hospital device may be an in-hospital wearable defi-
brillator, a short-term wearable cardiac monitoring and/or
therapeutic device, mobile telemetry devices, and other
similar wearable medical devices adapted for in-patient
hospital use.

[0105] The wearable medical device is capable of con-
tinuous (e.g., substantially or nearly continuous) use by the
patient. In some implementations, the continuous use may
be substantially or nearly continuous in nature. That is, the
wearable medical device may be continuously used, except
for sporadic periods during which the use temporarily ceases
(e.g., while the patient bathes, while the patient is refit with
a new and/or a different garment, while the battery is
charged/changed, while the garment is laundered, etc.). Such
substantially or nearly continuous use as described herein
may nonetheless qualify as continuous use. For example, the
wearable medical device can be configured to be worn by a
patient for as many as 24 hours a day. In some implemen-
tations, the patient may remove the wearable medical device
for a short portion of the day (e.g., for half an hour to bathe).

[0106] Further, the wearable medical device can be con-
figured as a long term or extended use medical device. Such
devices can be configured to be used by the patient for an
extended period of several days, weeks, months, or even
years. In some examples, the wearable medical device can
be used by a patient for an extended period of at least one
week. In some examples, the wearable medical device can
be used by a patient for an extended period of at least 30
days. In some examples, the wearable medical device can be
used by a patient for an extended period of at least one
month. In some examples, the wearable medical device can
be used by a patient for an extended period of at least two
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least three
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least six
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least one
year. In some implementations, the extended use can be
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uninterrupted until a physician or other caregiver provides
specific instruction to the patient to stop use of the wearable
medical device.

[0107] Regardless of the extended period of wear, the use
of the wearable medical device can include continuous or
nearly continuous wear by the patient as described above.
For example, the continuous use can include continuous
wear or attachment of the wearable medical device to the
patient, e.g., through one or more of the electrodes as
described herein, during both periods of monitoring and
periods when the device may not be monitoring the patient
but is otherwise still worn by or otherwise attached to the
patient. The wearable medical device can be configured to
continuously monitor the patient for cardiac-related infor-
mation (e.g., ECG information, including arrhythmia infor-
mation, cardio-vibrational information, etc.) and/or non-
cardiac information (e.g., blood oxygen, the patient’s
temperature, glucose levels, tissue fluid levels, and/or lung
sounds). The wearable medical device can carry out its
monitoring in periodic or aperiodic time intervals or times.
For example, the monitoring during intervals or times can be
triggered by a user action or another event.

[0108] As noted above, the wearable medical device can
be configured to monitor other physiologic parameters of the
patient in addition to cardiac related parameters. For
example, the wearable medical device can be configured to
monitor, for example, lung sounds (e.g., using microphones
and/or accelerometers), breath sounds, sleep related param-
eters (e.g., snoring, sleep apnea), tissue fluids (e.g., using
radio-frequency transmitters and sensors), among others.
[0109] Other example wearable medical devices include
automated cardiac monitors and/or defibrillators for use in
certain specialized conditions and/or environments such as
in combat zones or within emergency vehicles. Such devices
can be configured so that they can be used immediately (or
substantially immediately) in a life-saving emergency. In
some examples, the wearable medical devices described
herein can be pacing-enabled, e.g., capable of providing
therapeutic pacing pulses to the patient.

[0110] In implementations, an example therapeutic medi-
cal device can include an in-hospital continuous monitoring
defibrillator and/or pacing device, for example, an in-hos-
pital wearable defibrillator. In such an example, the elec-
trodes can be adhesively attached to the patient’s skin. For
example, the electrodes can include disposable adhesive
electrodes. For example, the electrodes can include sensing
and therapy components disposed on separate sensing and
therapy electrode adhesive patches. In some implementa-
tions, both sensing and therapy components can be inte-
grated and disposed on a same electrode adhesive patch that
is then attached to the patient. In an example implementa-
tion, the electrodes can include a front adhesively attachable
therapy electrode, a back adhesively attachable therapy
electrode, and a plurality of adhesively attachable sensing
electrodes. For example, the front adhesively attachable
therapy electrode attaches to the front of the patient’s torso
to deliver pacing or defibrillating therapy. Similarly, the
back adhesively attachable therapy electrode attaches to the
back of the patient’s torso. In an example scenario, at least
three ECG adhesively attachable sensing electrodes can be
attached to at least above the patient’s chest near the right
arm, above the patient’s chest near the left arm, and towards
the bottom of the patient’s chest in a manner prescribed by
a trained professional.
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[0111] A patient being monitored by an in-hospital defi-
brillator and/or pacing device may be confined to a hospital
bed or room for a significant amount of time (e.g., 90% or
more of the patient’s stay in the hospital). As a result, a user
interface can be configured to interact with a user other than
the patient, e.g., a nurse, for device-related functions such as
initial device baselining, setting and adjusting patient
parameters, and changing the device batteries.

[0112] In implementations, an example of a therapeutic
medical device can include a short-term continuous moni-
toring defibrillator and/or pacing device, for example, a
short-term outpatient wearable defibrillator. For example,
such a short-term outpatient wearable defibrillator can be
prescribed by a physician for patients presenting with syn-
cope. A wearable defibrillator can be configured to monitor
patients presenting with syncope by, e.g., analyzing the
patient’s cardiac activity for aberrant patterns that can
indicate abnormal physiologic function. For example, such
aberrant patterns can occur prior to, during, or after the onset
of symptoms. In such an example implementation of the
short-term wearable defibrillator, the electrode assembly can
be adhesively attached to the patient’s skin and have a
similar configuration as the in-hospital defibrillator
described above.

[0113] In some implementations, the medical device may
be a patient monitoring device with no treatment or therapy
functions. For example, such a patient monitoring device
can include a cardiac monitoring device or a cardiac monitor
that is configured to monitor one or more cardiac physi-
ologic parameters of a patient, e.g., for remotely monitoring
and/or diagnosing a condition of the patient. For example,
such cardiac physiologic parameters may include a patient’s
electrocardiogram (ECG) information, cardio-vibrational
(e.g., using accelerometers or microphones), and other
related cardiac information. A cardiac monitoring device is
a portable device that the patient can carry around as he or
she goes about their routine within the hospital. The cardiac
monitor may be configured to detect the patient’s ECG
through a plurality of cardiac sensing electrodes. For
example, a cardiac monitor may be attached to a patient via
at least three adhesive cardiac sensing electrodes disposed
about the patient’s torso. Such cardiac monitors are used in
mobile cardiac telemetry (MCT) and/or continuous cardiac
event monitoring applications, e.g., in patient populations
reporting irregular cardiac symptoms and/or conditions.
Example cardiac conditions can include atrial fibrillation,
bradycardia, tachycardia, atrio-ventricular block, Lown-
Ganong-Levine syndrome, atrial flutter, sino-atrial node
dysfunction, cerebral ischemia, syncope, atrial pause, and/or
heart palpitations. For example, such patients may be pre-
scribed a cardiac monitor for an extended period of time,
e.g., 10 to 30 days, or more. In some mobile cardiac
telemetry applications, a portable cardiac monitor can be
configured to substantially continuously monitor the patient
for a cardiac anomaly, and when such an anomaly is
detected, the monitor may automatically send data relating
to the anomaly to a remote server. The remote server may be
located within a 24-hour manned monitoring center, where
the data is interpreted by qualified, cardiac-trained reviewers
and/or caregivers, and feedback provided to the patient
and/or a designated caregiver via detailed periodic or event-
triggered reports. In certain cardiac event monitoring appli-
cations, the cardiac monitor is configured to allow the
patient to manually press a button on the cardiac monitor to
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report a symptom. For example, a patient may report symp-
toms such as a skipped beat, shortness of breath, light
headedness, racing heart rate, fatigue, fainting, chest dis-
comfort, weakness, dizziness, and/or giddiness. The cardiac
monitor can record predetermined physiologic parameters of
the patient (e.g., ECG information) for a predetermined
amount of time (e.g., 1-30 minutes before and 1-30 minutes
after a reported symptom). The cardiac monitor can be
configured to monitor physiologic parameters of the patient
other than cardiac related parameters. For example, the
cardiac monitor can be configured to monitor, for example,
cardio-vibrational (e.g., using accelerometers or micro-
phones), lung sounds, breath sounds, sleep related param-
eters (e.g., snoring, sleep apnea), tissue fluids, among others.
[0114] FIG. 1 illustrates an example medical device 100
that is external, ambulatory, and wearable by a patient 102
and configured to monitor the patient for indications of rapid
deterioration. For example, the medical device 100 can be a
non-invasive medical device configured to be located sub-
stantially external to the patient. Such a medical device 100
can be, for example, an ambulatory medical device that is
capable of and designed for moving with the patient as the
patient goes about his or her daily routine. For example, the
medical device 100 as described herein can be bodily-
attached to the patient such as the LifeVest® wearable
cardioverter defibrillator available from ZOLL® Medical
Corporation. Such wearable defibrillators typically are worn
nearly continuously or substantially continuously for two to
three months at a time. During the period of time in which
they are worn by the patient, the wearable defibrillator can
be configured to continuously or substantially continuously
monitor the vital signs of the patient and, upon determina-
tion that treatment is required, can be configured to deliver
one or more therapeutic stimulation pulses to the patient. For
example, such therapeutic shocks can be pacing, defibrilla-
tion, or transcutaneous electrical nerve stimulation (TENS)
pulses.

[0115] The medical device 100 can include one or more of
the following: a garment 110, one or more sensing electrodes
112 (e.g., anterior/posterior ECG electrodes 1124 and side/
side ECG electrodes 1125), one or more therapy electrodes
114 (e.g. anterior therapy electrode 114a and posterior
electrodes 1145), a medical device controller 120, a con-
nection pod 130, a patient interface pod 140, a belt 150, or
any combination of these. In some examples, at least some
of the components of the medical device 100 can be con-
figured to be affixed to the garment 110 (or in some
examples, permanently integrated into the garment 110),
which can be worn about the patient’s torso.

[0116] The medical device controller 120 can be opera-
tively coupled to the sensing electrodes 112, which can be
affixed to the garment 110, e.g., assembled into the garment
110 or removably attached to the garment, e.g., using hook
and loop fasteners. In some implementations, the sensing
electrodes 112 can be permanently integrated into the gar-
ment 110. The medical device controller 120 can be opera-
tively coupled to the therapy electrodes 114. For example,
the therapy electrodes 114 can also be assembled into the
garment 110, or, in some implementations, the therapy
electrodes 114 can be permanently integrated into the gar-
ment 110.

[0117] Component configurations other than those shown
in FIG. 1 are possible. For example, the sensing electrodes
112 can be configured to be attached at various positions
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about the body of the patient 102. The sensing electrodes 112
can be operatively coupled to the medical device controller
120 through the connection pod 130. In some implementa-
tions, the sensing electrodes 112 can be adhesively attached
to the patient 102. In some implementations, the sensing
electrodes 112 and therapy electrodes 114 can be included
on a single integrated patch and adhesively applied to the
patient’s body.

[0118] Example sensing electrodes 112 can include dry
electrodes or conductive electrodes as described in further
detail below. In some examples, the therapy electrodes 114
can also be configured to include sensors configured to
detect ECG signals as well as other physiologic signals of
the patient. The connection pod 130 can, in some examples,
include a signal processor configured to amplify, filter, and
digitize these cardiac signals prior to transmitting the cardiac
signals to the medical device controller 120. One or more
therapy electrodes 114 can be configured to deliver one or
more therapeutic defibrillating shocks to the body of the
patient 102 when the medical device 100 determines that
such treatment is warranted based on the signals detected by
the sensing electrodes 112 and processed by the medical
device controller 120. Example therapy electrodes 114 can
include conductive metal electrodes such as stainless-steel
electrodes that include, in certain implementations, one or
more conductive gel deployment devices configured to
deliver conductive gel to the metal electrode prior to deliv-
ery of a therapeutic shock.

[0119] In some implementations, medical devices as
described herein can be configured to switch between a
therapeutic medical device and a monitoring medical device
that is configured to only monitor a patient (e.g., not provide
or perform any therapeutic functions). For example, thera-
peutic components such as the therapy electrodes 114 and
associated circuitry can be optionally decoupled from (or
coupled to) or switched out of (or switched in to) the medical
device. For example, a medical device can have optional
therapeutic elements (e.g., defibrillation and/or pacing elec-
trodes, components, and associated circuitry) that are con-
figured to operate in a therapeutic mode. The optional
therapeutic elements can be physically decoupled from the
medical device as a means to convert the therapeutic medi-
cal device into a monitoring medical device for a specific use
(e.g., for operating in a monitoring-only mode) or a patient.
Alternatively, the optional therapeutic elements can be deac-
tivated (e.g., by means or a physical or a software switch),
essentially rendering the therapeutic medical device as a
monitoring medical device for a specific physiologic pur-
pose or a particular patient. As an example of a software
switch, an authorized person can access a protected user
interface of the medical device and select a preconfigured
option or perform some other user action via the user
interface to deactivate the therapeutic elements of the medi-
cal device 100.

[0120] FIG. 2 illustrates an example medical device 200
that is external, ambulatory, and wearable by a patient 102
and configured to monitor the patient for indications of rapid
deterioration. For example, the medical device 200 can be a
non-invasive medical device configured to be located sub-
stantially external to the patient. Such a medical device 200
can be, for example, an ambulatory medical device that is
capable of and designed for moving with the patient. For
example, the medical device 200 as described herein can be
bodily-attached to the patient such as a hospital wearable
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defibrillator (HWD) available from ZOLL® Medical Cor-
poration. Such HWDs typically are worn nearly continu-
ously or substantially continuously for during a patient’s
stay in a hospital. During the period of time in which they
are worn by the patient, the HWD can be configured to
continuously or substantially continuously monitor the vital
signs of the patient and, upon determination that treatment
is required, can be configured to deliver one or more
therapeutic stimulation pulses to the patient. For example,
such therapeutic shocks can be pacing, defibrillation, or
transcutaneous electrical nerve stimulation (TENS) pulses.

[0121] The medical device 200 can include one or more of
the following: one or more sensing electrodes 112 (e.g.,
anterior/posterior ECG electrodes 1124 and side/side ECG
electrodes), one or more therapy electrodes 114 (e.g. anterior
therapy electrode 114a and posterior electrodes), a medical
device controller 120 and a connection pod 130. Each of
these components are structured and function do the like
number components of the medical device 100.

[0122] FIG. 3 illustrates a sample component-level view
of the medical device controller 120. As shown in FIG. 3, the
medical device controller 120 can include a therapy delivery
circuit 302, a data storage 304, a network interface 306, a
user interface 308, at least one battery 310, a sensor interface
312, a cardiac monitor 314, a treatment controller 316, a
deterioration risk assessor 320 and least one processor 318.
A patient monitoring medical device can include a medical
device controller 120 that includes like components as those
described above but does not include the therapy delivery
circuit 302 (shown in dotted lines).

[0123] The therapy delivery circuit 302 can be coupled to
one or more therapy electrodes 330 configured to provide
therapy to the patient (e.g., similar to therapy electrodes
114a-b as described above in connection with FIG. 1). For
example, the therapy delivery circuit 302 can include, or be
operably connected to, circuitry components that are con-
figured to generate and provide the therapeutic electrical
pulse or shock. The circuitry components can include, for
example, resistors, capacitors, relays and/or switches, elec-
trical bridges such as an h-bridge (e.g., including a plurality
of insulated gate bipolar transistors or IGBTs), voltage
and/or current measuring components, and other similar
circuitry components arranged and connected such that the
circuitry components work in concert with the therapy
delivery circuit and under control of one or more processors
(e.g., processor 318) to provide, for example, one or more
pacing or defibrillation therapeutic pulses.

[0124] Pacing pulses can be used to treat cardiac arrhyth-
mias such as bradycardia (e.g., less than 30 beats per minute)
and tachycardia (e.g., more than 150 beats per minute)
using, for example, fixed rate pacing, demand pacing, anti-
tachycardia pacing, and the like. Defibrillation pulses can be
used to treat ventricular tachycardia and/or ventricular fibril-
lation.

[0125] The capacitors can include a parallel-connected
capacitor bark consisting of a plurality of capacitors (e.g.,
two, three, four or more capacitors). These capacitors can be
switched into a series connection during discharge for a
defibrillation pulse. For example, four capacitors of approxi-
mately 650 uF can be used. The capacitors can have between
350 to 500-volt surge rating and can be charged in approxi-
mately 15 to 30 seconds from a battery pack, such as the at
least one battery 310.
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[0126] For example, each defibrillation pulse can deliver
between 60 to 180 joules of energy. In some implementa-
tions, the defibrillating pulse can be a biphasic truncated
exponential waveform, whereby the signal can switch
between a positive and a negative portion (e.g., charge
directions). This type of waveform can be effective at
defibrillating patients at lower energy levels when compared
to other types of defibrillation pulses (e.g., such as mono-
phasic pulses). For example, an amplitude and a width of the
two phases of the energy waveform can be automatically
adjusted to deliver a precise energy amount (e.g., 150 joules)
regardless of the patient’s body impedance. The therapy
delivery circuit 302 can be configured to perform the switch-
ing and pulse delivery operations, e.g., under control of the
processor 318. As the energy is delivered to the patient, the
amount of energy being delivered can be tracked. For
example, the amount of energy can be kept to a predeter-
mined constant value even as the pulse waveform is dynami-
cally controlled based on factors such as the patient’s body
impedance which the pulse is being delivered.

[0127] The data storage 304 can include one or more of
non-transitory computer readable media, such as flash
memory, solid state memory, magnetic memory, optical
memory, cache memory, combinations thereof, and others.
The data storage 304 can be configured to store executable
instructions and data used for operation of the medical
device controller 120. In certain implementations, the data
storage can include executable instructions that, when
executed, are configured to cause the processor 318 to
perform one or more functions.

[0128] In some examples, the network interface 306 can
facilitate the communication of information between the
medical device controller 120 and one or more other devices
or entities over a communications network. For example,
where the medical device controller 120 is included in an
ambulatory medical device (such as medical device 100), the
network interface 306 can be configured to communicate
with a remote computing device such as a remote server or
other similar computing device. As shown in FIG. 3, the
network interface 306 is configured to communicate with a
remote device 328, such as a personal electronic device (via
near-field communication) or a cloud server (via Ethernet
communication). Example personal electronic devices that
may be implemented as the remote device 328 can include
hand-held devices, tablets, smartphones, watches, electronic
bracelet devices, earpieces, and/or electronic pendants worn
about the patient’s neck.

[0129] Inexamples, the remote device 328 is implemented
as a computer server. In some examples, the network inter-
face 306 can facilitate the communication of information
between the medical device controller 120 and the remote
device 328 over a communications network. For example,
where the medical device controller 120 is included in an
ambulatory medical device, the network interface 306 can be
configured to communicate with a remote computing device
such as a remote computer server or other similar networked
computing device. The network interface 306 can include
communications circuitry for transmitting data in accor-
dance with a Bluetooth® wireless standard for exchanging
such data over short distances to an intermediary device(s),
e.g., a base station, a “hotspot” device, a smartphone, tablet,
a portable computing device, and/or other devices in prox-
imity of the wearable medical device. The intermediary
device(s) may in turn communicate the data to a remote
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server over a broadband cellular network communications
link. The communications link may implement broadband
cellular technology (e.g., 2.5G, 2.75G, 3G, 4G, 5G cellular
standards) and/or Long-Term Evolution (LTE) technology
or GSM/EDGE and UMTS/HSPA technologies for high-
speed wireless communication. In some implementations,
the intermediary device(s) may communicate with a remote
server over a Wi-Fi™ communications link based on the
IEEE 802.11 standard.

[0130] In some examples, the remote device 328 exposes
an interface (e.g., an application program interface) to an
electronic health records (EHR) system, such as any of the
HER systems provided by Epic Systems, AthenaHealth,
Allscripts, and Cerner. In these examples, the medical
device controller 120 is configured to exchange information
regarding a patient’s medical history with the remote device
328 via the network interface 306. In these examples, the
medical device controller 120 can request a patient’s medi-
cal history from the remote device 328, receive the patient’s
medical history from the device 328, and store the patient’s
medical history in the data storage 304. Subsequently, a
clinician can review and/or confirm the patient’s medical
history prior to its use in additional processing executed by
the medical device controller 120.

[0131] In certain implementations, the user interface 208
can include one or more physical interface devices such as
input devices, output devices, and combination input/output
devices and a software stack configured to drive operation of
the devices. These user interface elements may render
visual, audio, and/or tactile content. Thus, the user interface
208 may receive input or provide output, thereby enabling a
user to interact with the medical device controller 120.
[0132] In certain implementations, the user interface 308
can include one or more physical interface devices such as
input devices, output devices, and combination input/output
devices and a software stack configured to drive operation of
the devices. These user interface elements may render
visual, audio, and/or tactile content, including content relat-
ing to location-specific processing. Thus, the user interface
308 may receive input or provide output, thereby enabling a
user to interact with the medical device controller 120.
[0133] The medical device controller 120 can also include
at least one battery 310 configured to provide power to one
or more components integrated in the medical device con-
troller 120. The battery 310 can include a rechargeable
multi-cell battery pack. In one example implementation, the
battery 310 can include three or more 2200 mAh lithium ion
cells that provide electrical power to the other device
components within the medical device controller 120. For
example, the battery 310 can provide its power output in a
range of between 20 mA to 1000 mA (e.g., 40 mA) output
and can support 24 hours, 48 hours, 72 hours, or more, of
runtime between charges. In certain implementations, the
battery capacity, runtime, and type (e.g., lithium ion, nickel-
cadmium, or nickel-metal hydride) can be changed to best fit
the specific application of the medical device controller 120.
[0134] The sensor interface 312 can be coupled to one or
more sensors configured to monitor one or more physiologic
parameters of the patient. As shown, the sensors may be
coupled to the medical device controller 120 via a wired or
wireless connection. The sensors can include one or more
electrocardiogram (ECG) electrodes 322 (e.g., similar to
sensing electrodes 112 as described above in connection
with FIG. 1), cardio-vibrational sensors 324, and tissue fluid
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monitors 326 (e.g., based on ultra-wide band radiofrequency
devices). As such, the sensor interface 312 may include
amplifiers and analog to digital converters to condition and
digitize signals acquired by the sensors.

[0135] The ECG electrodes 322 can monitor a patient’s
ECG information. For example, the ECG electrodes 322 can
be conductive and/or dry electrodes configured to measure
changes in a patient’s electrophysiology to measure the
patient’s ECG information. The ECG electrodes 322 can
transmit information descriptive of the ECG signals to the
sensor interface 312 for subsequent analysis.

[0136] The cardio-vibrational sensors 324 can detect a
patient’s heart sound information. For example, the cardio-
vibrational sensors 324 can be configured to detect heart
sound values including any one or all of S1, S2, S3, and S4.
From these heart sound values, certain cardio-vibrational
information may be calculated, including any one or more of
electromechanical activation time (EMAT), percentage of
EMAT (% EMAT), systolic dysfunction index (SDI), and
left ventricular systolic time (LVST). The cardio-vibrational
sensors 324 can include an acoustic sensor configured to
detect sounds from a subject’s cardiac system and provide
an output signal responsive to the detected cardio-vibra-
tional signals. The cardio-vibrational sensors 324 can also
include a multi-channel accelerometer, for example, a three-
channel accelerometer configured to sense movement in
each of three orthogonal axes such that patient movement/
body position can be detected and correlated to detected
cardio-vibrational information. The cardio-vibrational sen-
sors 324 can transmit information descriptive of the cardio-
vibrational information to the sensor interface 312 for sub-
sequent analysis.

[0137] The tissue fluid monitors 326 can use radio fre-
quency (RF) based techniques to assess fluid levels and
accumulation in a patient’s body tissue. For example, the
tissue fluid monitors 326 can be configured to measure fluid
content in the lungs, typically for diagnosis and follow-up of
pulmonary edema or lung congestion in heart failure
patients. The tissue fluid monitors 326 can include one or
more antennas configured to direct RF waves through a
patient’s tissue and measure output RF signals in response to
the waves that have passed through the tissue. In certain
implementations, the output RF signals include parameters
indicative of a fluid level in the patient’s tissue. The tissue
fluid monitors 326 can transmit information descriptive of
the tissue fluid levels to the sensor interface 312 for subse-
quent analysis.

[0138] The sensor interface 312 can be coupled to any one
or combination of sensing electrodes/other sensors to
receive other patient data indicative of patient parameters.
Once data from the sensors has been received by the sensor
interface 312, the data can be directed by the processor 318
to an appropriate component within the medical device
controller 120. For example, if heart data is acquired by
cardio-vibrational sensor 324 and transmitted to the sensor
interface 312, the sensor interface 312 can transmit the data
to the processor 318 which, in turn, relays the data to the
cardiac monitor 314 and/or the treatment controller 316.
This data can also be stored on the data storage 304.
[0139] In some implementations, the processor 318
includes one or more processors (or one or more processor
cores) that each are configured to perform a series of
instructions that result in manipulated data and/or control the
operation of the other components of the medical device
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controller 120. In some implementations, when executing a
specific process (e.g., patient monitoring, treatment, dete-
rioration risk assessment, etc.), the processor 318 can be
configured to make specific logic-based determinations
based on input data received, and be further configured to
provide one or more outputs that can be used to control or
otherwise inform subsequent processing to be carried out by
the processor 318 and/or other processors or circuitry with
which processor 318 is communicatively coupled. Thus, the
processor 318 reacts to specific input stimulus in a specific
way and generates a corresponding output based on that
input stimulus. In some example cases, the processor 318
can proceed through a sequence of logical transitions in
which various internal register states and/or other bit cell
states internal or external to the processor 318 may be set to
logic high or logic low. As referred to herein, the processor
318 can be configured to execute a function where software
is stored in a data store coupled to the processor 318, the
software being configured to cause the processor 318 to
proceed through a sequence of various logic decisions that
result in the function being executed. The various compo-
nents that are described herein as being executable by the
processor 318 can be implemented in various forms of
specialized hardware, software, or a combination thereof.
For example, the processor can be a digital signal processor
(DSP) such as a 24-bit DSP processor. The processor can be
a multi-core processor, €.g., having two or more processing
cores. The processor can be an Advanced RISC Machine
(ARM) processor such as a 32-bit ARM processor. The
processor can execute an embedded operating system, and
include services provided by the operating system that can
be used for file system manipulation, display & audio
generation, basic networking, firewalling, data encryption,
and communications.

[0140] Inanimplementation, the processor 318 can imple-
ment the deterioration risk assessor 320 in the form of a
series of instructions that operate on patient physiological
data retrieved from the patient and stored in the data storage
304. In some implementations, the deterioration risk asses-
sor 320 may be implemented by a second processor separate
from the main processor 318 of the controller 120. The
processor 318 can implement the steps shown in FIGS. 5, 6,
8, and 10.

[0141] According to some examples illustrated by FIG. 3,
the cardiac monitor 314 is configured to initiate and control
monitoring of a patient’s cardiac function and identification
of arrhythmias experienced by the patient. When executing
according to this configuration, in some examples, the
cardiac monitor 314 detects arrhythmias by scanning ECG
data received from the sensor interface 312 for patterns (e.g.
heart rates) indicative of arrhythmias. Responsive to iden-
tifying a data pattern indicative of an arrhythmia, the cardiac
monitor 314 initiates the treatment controller 316.

[0142] According to some examples illustrated by FIG. 3,
the treatment controller 316 is configured to initiate and
control treatment of an arrhythmia identified by the cardiac
monitor 314. When executing according to this configura-
tion, in some examples, the treatment controller 316
executes a treatment protocol specific to the particular
identified arrhythmia. For instance, the treatment controller
316 may pace a patient experiencing bradycardia or ven-
tricular tachycardia or may defibrillate a patient experienc-
ing atrial or ventricular fibrillation. In some examples, the
treatment controller 316 initiates deployment of electrically
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conductive gel as part of the treatment protocol. Also, in
some examples, the treatment controller 316 monitors the
reaction of the patient’s heart to the treatment protocol and
takes further action based on the reaction of the patient’s
heart. This further action may include altering the treatment
protocol and/or escalating notifications to external parties.

[0143] A MERT may be implemented within a hospital
environment in a variety of ways. For example, a MERT
may be implemented to respond to all emergencies occur-
ring within a hospital. In some implementations, the MERT
may be employed as a critical care outreach team to respond
to emergencies and also follow-up on a patient’s post-ICU
discharge, or a rapid response team to proactively evaluate
high-risk patients. Table 1 shows example compositions of
an MERT within a hospital environment. The device and
system embodiments described herein may be used by any
level of MERT implementation to assist in the execution of
their responsibilities.

TABLE 1

Example MERT team
staffing

Example actions and/or MERT
responsibilities

Respond to all emergencies to perform one
or more of; assess the situation, stabilize
the patient, assist with communication of
physiological status and information with
patient, ward staff, and relatives as
appropriate, and assist with transfer to

a different wing or region of hospital.
Respond to emergencies as described above
Follow up on patients discharged from ICU
Educate staff

Respond to emergencies as described above
Follow up on patients discharged from ICU
Proactively evaluate high-risk ward patients,
and educate andact as liaison to ward staff

Critical care nurse,
respiratory therapist, and
physician (critical care
physicians or hospitalists),
anesthesiologists, and
backup specialists

Critical care physicians
and nurses

Physicians (critical care
physicians or hospitalists),
nurses, and/or other
specialists

[0144] Example criteria for involving a MERT may be
predetermined and configured in advance. In some
examples, the criteria may be determined on a patient-by-
patient basis. For example, such criteria may be set during
admission to the hospital. Each hospital organization may
determine criteria to be used to escalate a call to a MERT and
educate the staff accordingly. Example criteria may include
the following:

[0145] Acute change in heart rate 130 bpm

[0146] Acute change in systolic blood pressure, 28 per
min

[0147] Acute change in saturation, <90% despite O,
[0148] Acute change in conscious state and/or neurologi-
cal state

[0149] Acute change inurinary output to <50 ml in 4 hours
[0150] According to some examples illustrated by FIG. 3,

the deterioration risk assessor 320 (e.g., as implemented by
processor 318 or a stand-alone processor separate from
processor 318) is configured to collect and monitor patient
parameters, to generate a risk estimate of patient deteriora-
tion, and to take further action where warranted by the risk
estimate. When executing according to this configuration in
some examples, the deterioration risk assessor 320 executes
a deterioration risk assessment process. The specific actions
executed as part of the deterioration risk assessment process
vary between examples, some of which are described further
below with reference to FIGS. 5, 6, 8, and 10-12. In some
examples, the deterioration risk assessment process is a part
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of an overall patient monitoring and treatment process
executed by the medical device, such as the monitoring and
treatment process described further below with reference to
FIG. 9.

[0151] In some examples, the deterioration risk assessor
320 is configured to interoperate with other components of
the medical device controller 120 to implement particular
features. For instance, in at least one example, the deterio-
ration risk assessor 320 is configured to source patient
parameters from the sensor interface 312, the user interface
308, the network interface 306, and/or the data storage 304.
In this example, the deterioration risk assessor 320 is con-
figured to interoperate with the sensor interface 312 to
receive sensor data descriptive of patient parameters. This
sensor data may be generated, by one or more processors,
from physiologic signals acquired from the patient. In this
situation, the deterioration risk assessor 320 generates the
patient parameters from the sensor data. In some examples,
the deterioration risk assessor 320 is configured to interop-
erate with the user interface 308 to receive patient param-
eters collected and entered by a user (e.g., the patient 102 or
a caregiver). In these examples, the deterioration risk asses-
sor 320 is configured to display, via the user interface 308,
prompts for the patient parameters to the user. In some
examples, the deterioration risk assessor 320 is configured to
receive patient parameters from another device via the
network interface 306. For instance, in at least one example,
the deterioration risk assessor 320 is configured to receive
patient parameters via a near field communication connec-
tion with another device. Devices from which the deterio-
ration risk assessor 320 may receive patient parameters
include electronic medical records systems, other medical
devices, personal electronics, remotely located cloud serv-
ers, and the like. In some examples, the deterioration risk
assessor 320 may store patient parameters received via these
various sources in the data storage 304 for subsequent
retrieval and processing. For example, patient parameters
can include vital signs data such as temperature, pulse,
respiratory rate, and blood pressure. The patient parameters
can include ECG metrics, such as PR interval (PR), P-wave
duration, QRS duration, RR interval (RR), QT interval (QT),
T-wave complexity (T Complex), ST segment levels for
different leads, such as leads I, II, V (ST I, ST II, ST V), and
a plurality of different heart rate variability (HRV) param-
eters. The patient parameters can include cardio-vibrational
parameters such as cardio-vibrational S1, S2, S3, and S4
intensities, EMAT, % EMAT, LUST, % LVST, and the like.
The parameters can include pulmonary-vibrational param-
eters such as vibrations of the patient’s lungs and chest.

[0152] In some examples, the deterioration risk assessor
320 is configured to periodically interoperate with the user
interface 308 to execute a neurologic examination or assess-
ment of the patient. This neurologic examination may gen-
erate a patient parameter that indicates whether the patient is
alert, not alert but reacting to voice, not alert and not reacting
to voice but reacting to pain, or none of the abovefunre-
sponsive. For instance, this patient neurological parameter
may be a score on the Glascow Coma scale parameter.

[0153] The content of the neurologic examination may
vary between examples and may include prompts, survey
questions, and/or games. For instance, in some examples,
the deterioration risk assessor 320 is configured conduct the
neurologic examination by prompting the patient via, for
example, a vibration or audio signal to respond by pressing
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a physical or soft button that is a part of the user interface
308. When executing according to this configuration, where
the deterioration risk assessor 320 detects a patient response
via actuation of the button within a target time frame (e.g.,
0-1 second, 0-2 seconds, or 0-3 seconds), the deterioration
risk assessor 320 generates a patient parameter that indicates
that patient is alert and fully responsive. For example, the
patient parameter may include a score of 16 on the Glascow
Coma Scale (GCS). A GCS score of 16 indicates no brain
injury. In contrast, where the deterioration risk assessor 320
fails to detect a patient response within the target time frame,
the deterioration risk assessor 320 escalates the prompt by,
for example, issuing a human language audio prompt, such
as “Are you awake?” or “Are you ok?”. Where the deterio-
ration risk assessor 320 detects a patient response (e.g., by
detecting physical movement or a verbal response via car-
diography sensors and/or accelerometers within the user
interface 308) within a target time frame (e.g., 0-6 seconds),
the deterioration risk assessor 320 generates a patient param-
eter that indicates that patient is semi-responsive. For
example, the patient parameter may include a GCS score of
13-15 (indicating mild brain injury) where the patient
response is received before a first target time frame (e.g., 0-1
second, 0-2 seconds, or 0-3 seconds) or a GGS score of 9-12
(indicating moderate brain injury) where the patient is
received before a second target time frame (e.g., 1-6 sec-
onds, 2-6 seconds, or 3-6 seconds). In contrast, where the
deterioration risk assessor 320 fails to detect a patient
response within the target time frame, the deterioration risk
assessor 320 escalates the prompt by, for example, providing
noxious stimulation to the patient in the form of a low-level
shock delivered to the patient via the therapy delivery circuit
302. Where the deterioration risk assessor 320 detects a
patient response (e.g., by detecting physical movement or a
verbal response via cardiography sensors and/or accelerom-
eters within the user interface 308) within a target time
frame (e.g., 0-1 second, 0-2 seconds, or 0-3 seconds), the
deterioration risk assessor 320 generates a patient parameter
that indicates that patient is nominally responsive. For
example, the patient parameter may include a GCS score of
less than 8 (indicating severe brain injury). In contrast,
where the deterioration risk assessor 320 fails to detect a
patient response within the target time frame, the deterio-
ration risk assessor 320 generates a patient parameter that
indicates that patient is non-responsive. For example, the
patient parameter may include a GCS score of 1.

[0154] In some examples, the deterioration risk assessor
320 is configured conduct the neurologic examination to
assess various types of patient memory. For instance, in
some examples, the deterioration risk assessor 320 is con-
figured to assess immediate memory of the patient by
displaying (e.g., via a screen that is a part of the user
interface 308) a first set of words having a predefined,
configurable cardinality (e.g., 3) to the patient. This first set
of words may include, for example, “apple,” “car,” and
“tree.” In these examples, the deterioration risk assessor 320
is configured to wait a predefined, configurable time period
(e.g., 5 minutes) before prompting the patient to identify the
words in the first set from a second set of words having a
cardinality (e.g., 6) greater than the first set.

[0155] In some examples, the deterioration risk assessor
320 is configured conduct the neurologic examination to
assess response time (combination of motor and neurologic
function). For instance, in some examples, the deterioration
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risk assessor 320 is configured to prompt the patient to press
a button that is a part of the user interface 308 when a circle
appears on a screen that is also part of the user interface 308.
In these examples, the deterioration risk assessor 320 is
configured record the amount of time between display of the
circle and actuation of the button and to generate a patient
parameter that indicates the amount of time. In some
examples, the deterioration risk assessor 320 is configured to
store patient parameters generated by neurologic examina-
tion along with other patient parameters in the data storage
304 for subsequent processing.

[0156] With respect to patient pallor parameters, a clini-
cian such as nurse or other caregiver can provide input via
the user interface 308 indicating their assessment of the
patient’s pallor. For example, the clinician may assess the
patient’s pallor based on the patient’s appearance. For
example, appearance of skin cyanosis, e.g., a blue or pur-
plish discoloration of the patient’s skin or nucous mem-
branes due to tissues near the skin having low oxygen
saturation. In implementations, the patient’s appearance can
be graded, for example, using a numerical scale. For
example, a pallor parameter scale may range from zero (0)
to five (5). As an illustration, a pallor parameter value of zero
(0) may indicate that the patient’s skin does not exhibit any
signs of abnormal discoloration or change. A pallor param-
eter of one (1) may indicate apparent mild pallor, three (3)
may indicate apparent moderate pallor, and five (5) may
indicate apparent severe pallor. For example, visible bluish
or purplish coloration of the fingers or other limbs may be
graded as a four (4) or a five (5).

[0157] As stated above, in some examples, the deteriora-
tion risk assessor 320 is configured to take further action
where warranted by a risk estimate of patient deterioration.
This further action may include notifying a caregiver or the
patient of the risk estimate, prompting the caregiver or the
patient for information, and/or adjusting the frequency with
which the deterioration risk assessor 320 updates risk esti-
mates. The criterion or criteria used by the deterioration risk
assessor 320 to determine whether further action is war-
ranted varies between examples. For instance, in some
examples, the deterioration risk assessor is configured to
determine that further action is warranted by comparing a
risk estimate or a series of risk estimates to benchmark
criteria established at the time of patient admission (or a
subsequent re-assessment of the patient). For instance, in
some examples, the deterioration risk assessor 320 is con-
figured to determine that further action is warranted where
a risk estimate transgresses a configurable, predefined
threshold value. Alternatively or additionally, in some
examples, the deterioration risk assessor 320 is configured to
determine that further action is warranted where a series of
risk estimates is trending downward with a slope that
transgresses a configurable, predefined threshold value.
Either of these transgressions could indicate, for example, a
lack of patient responsiveness to pain or a progressively
worsening patient memory. In some examples, the deterio-
ration risk assessor 320 is configured to adjust the criteria to
increase the likelihood of taking further action where, for
example, caregiver visits to the patient are less likely (e.g.,
during night hours). In these examples, the deterioration risk
assessor 320 is configured to determine whether the current
time falls within a time period associated with a reduced
frequency of caregiver visits to the patient. If so, the
deterioration risk assessor 320 adjusts the criteria appropri-
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ately (e.g., decreases the risk estimate of patient deteriora-
tion score required to initiate further action). Additional
examples of criteria used to determine whether additional
action is warranted are described further below.

[0158] In some examples, the deterioration risk assessor
320 is configured to interoperate with the user interface 308
and the data storage 304 to implement elements that allow
a user (e.g., the patient, a caregiver, etc.) to adjust a schedule
stored in the data storage 304 according to which the
deterioration risk assessor 320 executes is various monitor-
ing and assessment processes. For instance, in some
examples, the patient may adjust a frequency with which the
monitoring and assessment processes are executed before
sleeping, or a caregiver may adjust this frequency based on
a recent patient assessment. In some examples, the deterio-
ration risk assessor 320 is configured to determine a default
frequency that is dependent upon an assessment of the
patient by the caregiver. For example, if the clinician enters,
(e.g., during a neurologic assessment) neurologic parameters
such as level of consciousness, pupillary reactions, Glasgow
Coma Scale values, ete. and those values indicated a lower
level of consciousness, the device might be configured to
test more frequently to ensure that there wasn’t further
negative progression. Likewise, if the clinician enters values
for pallor parameters and those values indicated moderate to
severe pallor (and, optionally, other abnormal parameters)
the device might be configured to test more frequently. In
some examples, the deterioration risk assessor 320 is con-
figured to adjust the frequency of monitoring and assessment
processes where, for example, caregiver visits to the patient
are less likely (e.g., during night hours). In these examples,
the deterioration risk assessor 320 is configured to determine
whether the current time falls within a time period associ-
ated with a reduced frequency of caregiver visits to the
patient. If so, the deterioration risk assessor 320 adjusts the
criteria appropriately (e.g., decreases a span of time between
re-executions/iteration of the monitoring and assessment
processes).

[0159] The cardiac monitor 314, the treatment controller
316, and the deterioration risk assessor 320 can be imple-
mented using hardware or a combination of hardware and
software. For instance, in some examples, the cardiac moni-
tor 314, the treatment controller 316, and/or the deterioration
risk assessor 320 are implemented as software components
that are stored within the data storage 304 and executed by
the processor 318. In these examples, the instructions
included in the cardiac monitor 314, the treatment controller
316, and/or the deterioration risk assessor 320 can cause the
processor 318 to monitor for, detect, and treat arrhythmias,
as well as detect and/or predict deterioration of a patient’s
clinical condition. In other examples, the cardiac monitor
314, the treatment controller 316, and/or the deterioration
risk assessor 320 are application-specific integrated circuits
(ASICs) that are coupled to the processor 318 and config-
ured to monitor for, detect, and treat arrhythmias as well as
detect and/or predict deterioration of a patient’s clinical
condition. In at least one example, the deterioration risk
assessor 320 (and/or its components as described further
below) is implemented as a cloud service (e.g., a Web
Service) that securely receives patient parameters and
responds with a risk estimate of patient deterioration. Thus,
examples the cardiac monitor 314, the treatment controller
316, and the deterioration risk assessor 320 are not limited
to a particular hardware or software implementation.
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[0160] While examples illustrated in FIG. 3 include the
deterioration risk assessor 320 as a component of the medi-
cal device controller 120, the examples disclosed herein are
not limited to this architecture. For instance, in some
examples directed to distributed architectures, the deterio-
ration risk assessor 320, or portions thereof (e.g., the various
risk assessment engines described below) reside on the
remote device 328. In these examples, signals and/or data
descriptive of patient parameters (e.g., continuously moni-
tored patient parameters) are transmitted to the remote
device 328 where these signals and/or data are processed by
the deterioration risk assessor 320.

[0161] Some example medical devices disclosed herein
include a deterioration risk assessor that incorporates and
further refines the deterioration risk assessor 320. In these
examples, the deterioration risk assessor 320 is further
configured to execute deterioration risk assessment pro-
cesses tailored to a clinical condition presented by a patient,
a presentable clinical condition of the patient (e.g., the
patient 102, FIGS. 1-2). Initially, data identifying a plurality
of presentable clinical conditions, a plurality of risk assess-
ment processes associated with the plurality of presentable
clinical conditions, and a corresponding plurality of clinical
criteria associated with the plurality of risk assessment
processes are stored in a memory of the device, e.g., data
storage 304 of FIG. 3. When executing according to this
configuration, the deterioration risk assessor 320 generates a
risk estimate of patient deterioration via execution of these
deterioration risk assessment processes. In some examples,
the deterioration risk assessor 320 is also further configured
to compare the risk estimate to one or more clinical criterion
associated with the clinical condition to determine whether
further action is warranted. This further action may include
notifying a user (e.g., a caregiver and/or the patient) of the
risk estimate and/or prompting the patient to respond, for
example via a neurologic test. FIG. 4 illustrates an example
medical device controller (e.g., the medical device controller
120) that includes a deterioration risk assessor 420 config-
ured in accord with these examples. As shown, the deterio-
ration risk assessor 420 includes a risk assessment engine
400 and a clinical condition data store 402. For example,
clinical condition data store 402 can be implemented within
the data storage 304 of the device or be implemented as a
separate physical memory device. For example, the clinical
condition data 402 store may be implemented as a remov-
able or unremovable memory device such as a solid-state
memory, flash memory, a secure digital non-volatile
memory card, magnetic memory, optical memory, cache
memory, or combinations thereof.

[0162] In some examples, the deterioration risk assessor
420 illustrated in FIG. 4 is configured to identify a present-
able clinical condition of the patient prior to executing the
deterioration risk assessment process. To identify the pre-
sentable clinical condition of the patient in some examples,
the deterioration risk assessor 420 is configured to retrieve
(e.g., from the data store 304 or elsewhere) an identifier of
the clinical condition of the patient based on an initial
assessment of the patient at admission to the hospital. In
these examples, the deterioration risk assessor 420 is also
configured to generate (e.g., calculate and/or predict, as will
be described further below with reference to FIGS. 5 and 6)
patient parameters other than the identifier. In some
examples, the deterioration risk assessor 420 is configured to
provide the patient parameters, including the identifier, to
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the risk assessment engine 400. The risk assessment engine
400 is configured to determine a risk estimate of patient
deterioration based on the patient parameters as described
further below with reference to FIG. 6. Further, in these
examples, the deterioration risk assessor 420 is configured to
receive, from the risk assessment engine 400, the risk
estimate of patient deterioration.

[0163] In some examples, the deterioration risk assessor
420 is configured to determine whether the risk estimate of
patient deterioration received from the risk assessment
engine 400 falls outside one or more clinical criterion
associated with the clinical condition of the patient. For
instance, in some examples, the deterioration risk assessor
420 is configured to access a cross-reference data structure
(e.g., alook-up table, array, or a similar data structure) stored
in the clinical condition data store 402 that includes asso-
ciations between a presentable clinical condition, a deterio-
ration risk assessment process, and the one or more clinical
criterion. These one or more clinical criterion may include
ranges, threshold values, and/or a plurality of discrete ele-
ments. In some examples, the deterioration risk assessor 420
is configured to identify the one or more clinical criterion via
the cross-reference and to compare the one or more clinical
criterion to the risk estimate of patient deterioration received
from the risk assessment engine 400. Where this comparison
indicates that the risk estimate of patient deterioration falls
outside the one or more clinical criterion, the deterioration
risk assessor 420 is configured to take additional action (e.g.,
notify the patient or a caregiver of the risk).

[0164] In some examples, to execute a deterioration risk
assessment process specific to a clinical condition, the
deterioration risk assessor 420 is configured to initiate the
risk assessment engine 400 and provide the risk assessment
engine 400 with patient parameters. In these examples, the
risk assessment engine 400 is configured to receive the
patient parameters from the deterioration risk assessor 420
and/or the clinical data store 402 and to retrieve, from the
clinical condition data store 402, an argument set of patient
parameters, weights, and scoring criteria associated with the
identified clinical condition. For instance, in some examples,
the risk assessment engine 400 is configured to access a
cross-reference data structure stored in the clinical condition
data store 402. This cross-reference data structure includes
associations between a presentable clinical condition and an
argument set. In these examples, the risk assessment engine
400 is configured to identify an argument set associated with
the clinical condition and to process the argument set to
tailor a deterioration risk assessment process to the clinical
condition identified in the patient parameters.

[0165] Tables 2-5 illustrate arguments sets that are asso-
ciated with various clinical conditions that may be stored
within the clinical condition data store 402. As shown in
Tables 2-5, the argument sets specify that a common set of
patient parameters to be monitored. This common set of
patient parameters includes heart rate, heart rate variability,
ectopic activation or contractions (e.g., premature ventricu-
lar complexes), respiration rate, SpO2, blood pressure, neu-
rological state, SMO2, and cerebral oxygenation parameters.
As further shown in Tables 2-5, each patient parameter is
associated with a weight and a scoring scale. The scoring
scale maps particular values of each parameter to a score
between 0 and 5. The scoring scales may be based on
population benchmark values or baseline values specific to
the patient that are established during the initial fitting of the



US 2019/0385744 A1l

medical device. The weight specifies an importance of each
patient parameter to an overall score and is used by the
deterioration risk assessor 320 to weight the score of each
parameter value. As shown, Table 2 illustrates an argument
set associated with a heart failure clinical condition. Table 3
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illustrates an argument set associated with a post-syncope
clinical condition. Table 4 illustrates an argument set asso-
ciated with a post-myocardial infarction (MI) clinical con-
dition. Table 5 illustrates an argument set associated with a
breathing disorders clinical condition.

TABLE 2

Heart Failure Argument Set

Parameter Weight 5 4 3 2 1 0 1 2 3 4 5
Heart Rate 1.0 <40 40-50 50-55  55-60 60-70  70-80 80-90 90-100  100-120  120-140 >140
(beats per minute)
Heart Rate Variability 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from
baseline)
Ectopic Contractions 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
Respiration 0.5 <5 BPM 5-6 6-8 9-14 14-20 20-25 25-29 >29
(breaths per minute)
SpO2 (oxygenation) 0.5 85% 85%-90% 95%-100%
Bloed pressure 0.25 70-80/ 80-90/  100-120/ 120/80 150-180/  180-200/ >200/>120
(systolic/diastolic) 50-60 60-70 70-80 95-100 100-120
Neurological State 0.25 <§ 8-12 12-15
(Glascow Coma score)
Electromechanical 0.5 >40% 10%-20% <10% 10%-20% >40%
parameters (deviation
from baseline)
SMO?2 (deviation from 0.5 >40% 10%-20% <10% 10%-20% >40%
baseline)
Cerebral oxygenation 0.5 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
TABLE 3
Post-Syncope Argument Set
Parameter Weight 5 4 3 2 1 0 1 2 3 4 5
Heart Rate 1.0 <40 40-50 50-55  55-60 60-70 70-80 80-90 90-100  100-120  120-140 >140
(beats per minute)
Heart Rate Variability 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
Fetopic Contractions 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
Respiration 1.0 <5 BPM 5-6 6-8 9-14 14-20 20-25 25-29 >29
(breaths per minute)
SpO2 (oxygenation) 1.0 85% 85%-90% 95%-100%
Bloed pressure 1.0 70-80/ 80-90/  100-120/ 120/80 150-180/  180-200/ >200/>120
(systolic/diastolic) 30-60 60-70 70-80 95-100 100-120
Neurological State 1.0 <8 8-12 12-15
(Glascow Coma score)
FElectromechanical 1.0 >40% 10%-20% <10% 10%-20% >40%
parameters
(deviation from baseline)
SMO2 (deviation 1.0 >40% 10%-20% <10% 10%-20% >40%
from baseline)
Cerebral oxygenation 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
TABLE 4
Post-MI Argument Set
Parameter Weight 5 4 3 2 1 0 1 2 3 4 5
Heart Rate 1.0 <40 40-50 50-55  55-60 60-70 70-80 80-90 90-100  100-120  120-140 >140
(beats per minute)
Heart Rate 1.0 >40% 10%-20% <10% 10%-20% >40%

Variability (deviation
from baseline)
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TABLE 4-continued

Post-MI Argument Set

Parameter Welght 5 4 3 2 1 0 1 2 3 4 5
Ectopic Contractions 1.0 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
Respiration 05 <5 BPM 5-6 6-8 9-14 14-20 20-25 25-29 >29
(breaths per minute)
SpO2 (oxygenation) 1.0 85% 85%-90% 95%-100%
Blood pressure 1.0 70-80/ 80-90/  100-120/ 120/80 150-180/  180-200/ >200/>120
(systolic/diastolic) 50-60 60-70 70-80 95-100 100-120
Neurological State 0.8 <8 8-12 12-15
(Glascow Coma score)
Electromechanical 1.0 >40% 10%-20% <10% 10%-20% >40%
parameters (deviation
from baseline)
SMO?2 (deviation 0.5 >40% 10%-20% <10% 10%-20% >40%
from baseline)
Cerebral oxygenation 0.5 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
TABLE 5

Breathing Disorders Argument Set
Parameter Weight 5 4 3 2 1 0 1 2 3 4 5
Heart Rate 0.5 <40 40-50 50-55  55-60 60-70  70-80 80-90 90-100  100-120  120-140 >140
(beats per minute)
Heart Rate 0.5 >40% 10%-20% <10% 10%-20% >40%
Variability (deviation
from baseline)
Ectopic Contractions 0.5 >40% 10%-20% <10% 10%-20% >40%
(deviation from baseline)
Respiration 1.0 <5 BPM 5-6 6-8 9-14 14-20 20-25 25-29 >29
(breaths per minute)
SpO2 (oxygenation) 1.0 85% 85%-90% 95%-100%
Blood pressure 0.8 70-80/  80-90/  100-120/ 120/80 150-180/  180-200/ >200/>120
(systolic/diastolic) 50-60 60-70 70-80 95-100 100-120
Neurological State 0.25 <8 8-12 12-15
(Glascow Coma score)
Electromechanical 0.5 >40% 10%-20% <10% 10%-20% >40%
parameters (deviation
from baseline)
SMO?2 (deviation 1.0 >40% 10%-20% <10% 10%-20% >40%
from baseline)
Cerebral oxygenation 1.0 >40% 10%-20% <10% 10%-20% >40%
[0166] In oneexample illustrated by Table 2, the heart rate per minute to a score of 2. In this example, the risk

patient parameter has a weight of 1. Also, in this example,
the risk assessment engine 400 is configured (via the argu-
ment set) to map a heart rate value of less than 40 beats per
minute to a score of 5. In this example, the risk assessment
engine 400 is also configured to map a heart rate value
between 40 and 50 beats per minute to a score of 4. In this
example, the risk assessment engine 400 is also configured
to map a heart rate value between 50 and 55 beats per minute
to a score of 3. In this example, the risk assessment engine
400 is also configured to map a heart rate value between 55
and 60 beats per minute to a score of 2. In this example, the
risk assessment engine 400 is also configured to map a heart
rate value between 60 and 70 beats per minute to a score of
1. In this example, the risk assessment engine 400 is also
configured to map a heart rate value between 70 and 80 beats
per minute to a score of 0. In this example, the risk
assessment engine 400 is also configured to map a heart rate
value between 80 and 90 beats per minute to a score of 1. In
this example, the risk assessment engine 400 is also con-
figured to map a heart rate value between 90 and 100 beats

assessment engine 400 is also configured to map a heart rate
value between 100 and 120 beats per minute to a score of 3.
In this example, the risk assessment engine 400 is also
configured to map a heart rate value between 120 and 140
beats per minute to a score of 4. In this example, the risk
assessment engine 400 is also configured to map a heart rate
value greater than 140 beats per minute to a score of 5.

[0167] While Tables 2-5 illustrate particular clinical con-
ditions, parameter values, weights, and scoring scales, the
examples disclosed herein are not limited to these particu-
larities. For instance, in some examples, one or more of the
argument sets includes patient parameters different from the
patient parameters of other argument sets. In addition, some
examples include argument sets associated with clinical
conditions other than those specified in Tables 2-5. More-
over, some examples use different weight mechanisms, such
as individual and non-uniform scoring scales per parameter.
Other variations will be apparent to one of ordinary skill in
view of the teachings of this specification.
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[0168] In some examples, after identifying the argument
set associated with the clinical condition of the patient, the
risk assessment engine 400 is configured to execute the
remainder of the deterioration risk assessment process using
the argument set. In some examples, in executing the dete-
rioration risk assessment process, the risk assessment engine
iterates through each patient parameter specified in the
argument set, determines a score (e.g., 0-5) and a weight for
the patient parameter, multiplies the score by the weight to
generate a weighted score, and adds the weighted score to
previously calculated weighted scores of other parameters to
generate a total weighted score.

[0169] In some examples, the risk assessment engine 400
is configurable (e.g., via configuration information stored in
the data storage 304) to operate in either a predictive total
mode or a non-predictive total mode. When operating in the
predictive total mode, the risk assessment engine 400 gen-
erates a risk estimate of patient deterioration by predicting a
future value of the total weighted score based on previously
calculated weighted total scores (e.g., via extrapolation,
regression, time series methods, etc.). When operating in a
non-predictive total mode, the risk assessment engine 400
generates a risk estimate of patient deterioration by simply
returning the currently calculated total weighted score. The
non-predictive total mode may be particularly useful where
the patient parameter values used to determine a score for
the patient parameters are predictions rather than actual
observations.

[0170] FIG. 5 illustrates a monitoring and treatment pro-
cess 500 that medical devices including the deterioration
risk assessor 420, the risk assessment engine 400, and the
clinical condition data store 402 are configured to execute,
in some examples. As shown, the monitoring and treatment
process 500 starts in act 502 with a deterioration risk
assessor (e.g., the deterioration risk assessor 420) receiving
patient parameters. Within the act 502, the deterioration risk
assessor receives patient parameters from, for example, a
user interface (e.g., the user interface 308), although any of
the sources described above may provide the patient param-
eters to the deterioration risk assessor in the act 502. The
patient parameters received in the act 502 may include any
of the irregularly monitored parameters and the periodically
monitored parameters described above, although the con-
tinuously monitored parameters may be received in the act
502 in some examples. For instance, the deterioration risk
assessor may prompt a caregiver for the patient’s medical
history, demographic information, and the patient assess-
ment context (at admission, during transfers, etc.). In some
examples of the act 502 directed to distributed architectures,
the patient parameters are received by a user interface
provided by the remote device 328 and stored in a memory
local to the remote device 328. In some examples, the
deterioration risk assessor further stores received patient
parameters in a clinical condition data store (e.g., the clinical
data store 402).

[0171] In act 504, the deterioration risk assessor generates
patient parameters from data (e.g., sensor data) descriptive
of the patient parameters. Within the act 504, the deteriora-
tion risk assessor receives patient parameters from, for
example, a sensor interface (e.g., the sensor interface 312),
although any of the sources described above may provide
the patient parameters to the deterioration risk assessor in
the act 504. The patient parameters received in the act 504
may include any of the continuously monitored parameters
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described above, although the irregularly monitored param-
eters and the periodically monitored parameters may be
received in the act 504 in some examples. In some examples,
the acts 502 and 504 are combined during an initial patient
assessment or a subsequent patient assessment in which all
of the patient parameters described in the acts 502 and 504
are received and/or generated. In some examples, the dete-
rioration risk assessor further stores generated patient
parameters in the clinical data store.

[0172] Further, in some examples of the act 504, in
generating the patient parameters, the deterioration risk
assessor executes a prediction process that generates pre-
dicted values for the patient parameters that are based on the
observations reported in the sensor data and observations
reported in previously received sensor data. The prediction
process executed by the deterioration risk assessor may vary
between examples. For instance, in some examples, the
prediction process is a simple extrapolation or linear regres-
sion process designed to identify an overall time trend latent
within the sensor data. In some examples, more sophisti-
cated time series analysis of the past and current sensor data
may be employed within the prediction process. In some
examples, the deterioration risk assessor further stores the
predicted values for the patient parameters in the clinical
data store.

[0173] In act 506, the deterioration risk assessor initiates
a risk assessment engine (e.g., the risk assessment engine
400) and passes the patient parameters received and genet-
ated in the acts 502 and 504 to the risk assessment engine.
Within the act 506, the risk assessment engine identifies and
executes a deterioration risk assessment process. The par-
ticular deterioration risk assessment process executed by the
risk assessment engine may vary between examples. Some
examples of deterioration risk assessment processes identi-
fied and executed by the risk assessment engine within the
act 506 are illustrated in FIG. 6.

[0174] As shown in FIG. 6, a deterioration risk assessment
process 600 starts in act 602 with the risk assessment engine
identifying the clinical condition of the patient. In some
examples, the clinical condition of the patient is identified
via manual entry by a caregiver via the user interface and
received by the deterioration risk assessor in the act 502. In
some examples, the risk assessment engine automatically
determines the clinical condition of the patient by analyzing
the patient parameters. The patient parametets analyzed may
include sensor data (e.g., ECG data), additional physiologic
data (e.g., respiration rate), medical history data, and/or
demographic data.

[0175] For instance, in some examples, the risk assess-
ment engine analyzes the common set of patient parameters
listed in the argument sets illustrated in FIGS. 5-8. In these
examples, the risk assessment engine identifies any abnor-
mal patient parameters. These abnormal patient parameters
may include any patient parameter that has a value falling
outside a predefined range of values corresponding to the
patient parameter and indicative of a patient at low risk of
deterioration. Thus, abnormal patient parameters may
include any patient parameter with a value that maps to a
non-zero score as shown in FIGS. 5-8.

[0176] Continuing with this example, the risk assessment
engine next identifies a clinical condition of the patient by
identifying a clinical condition to which the abnormal
patient parameters are important. For instance, the risk
assessment engine may match the abnormal patient param-
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eters to an argument set that weighs the abnormal patient
parameters more heavily. For example, where the abnormal
patient parameters include heart rate, heart rate variability,
and ectopic activation or contractions, the risk assessment
engine may identify the clinical condition of the patient as
heart failure. In another example, where the abnormal
patient parameters include all of the common patient param-
eters, the risk assessment engine may identify the clinical
condition of the patient as post-syncope. In another example,
where the abnormal patient parameters include heart rate,
heart rate variability, ectopic activation or contractions,
oxygenation, blood pressure, and electromechanical param-
eters, the risk assessment engine may identify the clinical
condition of the patient as post-MI. In another example,
where the abnormal patient parameters include respiration,
oxygenation, SMO2, and cerebral oxygenation, the risk
assessment engine may identify the clinical condition of the
patient as breathing disorders. In some examples, after
automatically identifying the clinical condition of the
patient, within the act 602 the risk assessment engine
prompts the caregiver to confirm the clinical condition of the
patient via the user interface.

[0177] In certain implementations, for patients identified
as heart failure patients, the device may further identify a
heart failure classification. For example, a heart failure
parameter may be used to indicate a category or classifica-
tion of the patient’s heart failure status. Table 6 below
provides an example set of heart failure patient categories,
threshold ranges, and current patient condition information.

TABLE 6

Heart failure
parameter

Heart failure

category Sample patient current condition

Category 1 1 Stable, good condition - No
concerns about patient
condition. Patients at risk for
heart failure who have not yet
developed structural heart
changes (e.g., those with
diabetes and/or coronary
disease)

Stable but certain metrics
appear elevated - patient under
observation; Patients with
structural heart disease (e.g.,
reduced ejection fraction or
chamber enlargement)

Patient condition is concerning
- close/more frequent
observations and response to
treatment plan warranted
Overnight hospital stay in non-
ED has been recommended to
bring certain parameters under
control; Patients who have
developed clinical heart
failure. Close/more frequent
observations and response to
treatment plan warranted
Admit to hospital ED; Patients
with refractory heart failure
requiring e.g., biventricular
pacemakers, left ventricular
assist device, transplantation

Category 2 2

Category 3 3

Category 4 4

Category 5 5

[0178] In some implementations, the above heart failure
parameters may be based on a proprietary scoring scheme
for implementation in a proprietary device in accordance
with the embodiments described herein. In certain other
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implementations, processes may automatically classify or
score patients in accordance with heart failure classifications
adopted by a physician’s or hospital group, association, or
other regulatory authority. For instance, based on the
patient’s medical history and current physiological param-
eters, the device may automatically classify the patient as a
category 2 or a category 3 in accordance with predetermined
criteria stored in clinical condition data store 402. For
example, the device may implement heart failure classifi-
cation standards prescribed by authorities such as the Ameri-
can College of Cardiology (ACC), the American Heart
Association (AHA), and the New York heart Association
(NYHA). In this regard, the device may automatically
classify the patients based on similar scoring schemes as
noted above into the appropriate classes and/or stages of
heart failure. In some implementations, a user may configure
in advance via a user set parameter which classification
scheme the device is to implement. For example, a user may
be prompted at set up to indicate a classification scheme in
accordance with one or more the below options. The user
may indicate their option via a user interface (e.g., either
locally, on the device, or via a remote configuration param-
eter on a server that is then transmitted to the device).
[0179] 1. Proprietary scoring scheme (as described
above)
[0180]

[0181]

2. ACC/AHA scheme

3. NYHA scheme

[0182] ACC/AHA scheme can be implemented as follows:
[0183] Stage A: Patients at risk for heart failure who have
not yet developed structural heart changes (i.e. those with
diabetes, those with coronary disease without prior infarct)
[0184] Stage B: Patients with structural heart disease (i.e.
reduced ejection fraction, left ventricular hypertrophy,
chamber enlargement) who have not yet developed symp-
toms of heart failure

[0185] Stage C: Patients who have developed clinical
heart failure
[0186] Stage D: Patients with refractory heart failure

requiring advanced intervention (i.e. biventricular pacemak-
ers, left ventricular assist device, transplantation)

[0187] In act 604, the risk assessment engine identifies an
argument set associated with the clinical condition identified
in the act 602 for implanting a risk assessment process
related to the clinical condition. For instance, in some
examples, the risk assessment engine finds an identifier of
the clinical condition within a cross-reference data structure
stored within a clinical condition data store (e.g., the clinical
condition data store 402) and retrieves an identifier of the
argument set stored in association with the identifier of the
clinical condition within the cross-reference data structure.
This argument set identified may be any of the argument sets
described above with reference to FIGS. 5-8. Also, within
the act 604, the risk assessment engine parses the argument
set to identify the patient parameters, weights, and scoring
criteria referenced therein.

[0188] In act 606, the risk assessment engine determines
whether its processing has reached the end of the identifiers
of the patient parameters listed in the argument set identified
and parsed in the act 604. If so, no listed parameter identifier
remains unprocessed, and the risk assessment engine
executes act 616. Otherwise, at least one listed parameter
identifier remains unprocessed, and the risk assessment
engine executes act 608.
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[0189] Inthe act 608, the risk assessment engine identifies
the next, unprocessed parameter identifier in the argument
set. In act 610, the risk assessment engine determines a value
of the patient parameter identified by the unprocessed
parameter identifier. In some examples, the risk assessment
engine determines this value by accessing the patient param-
eters provided to the risk assessment engine by the deterio-
ration risk assessor. In act 612, the risk assessment engine
scores the value with reference to the scoring criteria asso-
ciated with the unprocessed parameter identifier in the
argument set. For instance, the risk assessment engine may
determine a score associated with the value within a scoring
scale listed within the scoring criteria.

[0190] In act 614, the risk assessment engine weights the
score generated in the act 612 by, for example, multiplying
the score by a weight associated with the unprocessed
parameter identifier in the argument set. In act 624, the risk
assessment engine adds the weighted score to a running total
of scores determined for each patient parameter identifier
listed in the argument set and returns to the act 606.
[0191] In act 616, the risk assessment engine determines
whether it has been configured to execute in predictive total
mode. If so, the risk assessment engine executes act 618. If
the risk assessment engine has been configured to execute in
non-predictive total mode, the risk assessment engine
executes act 622.

[0192] In the act 618, the risk assessment engine predicts
a future total based on the total calculated on the last
iteration of the act 616 and previously calculated totals for
the patient. The prediction process executed by the risk
assessment engine may vary between examples. For
instance, in some examples, the prediction process is a
simple extrapolation or linear regression process designed to
surface an overall time trend evident within the totals. In
some examples, more sophisticated time series analysis of
the past and current totals may be employed within the
prediction process.

[0193] 1In act 620, the risk assessment engine returns the
predicted total as a deterioration risk estimate, and the
deterioration risk assessment process 600 ends. The predic-
tive total mode of operation and acts 618 and 620 may be
particularly useful, for example, where the underlying
patient parameters received by the risk assessment engine
include actual observations rather than predicted values.
[0194] In act 622, the risk assessment engine returns the
total calculated on the last iteration of the act 616 as a
deterioration risk estimate, and the deterioration risk assess-
ment process 600 ends. The non-predictive total mode of
operation and act 622 may be particularly useful, for
example, where the underlying patient parameters received
by the risk assessment engine include predicted values rather
than actual observations.

[0195] Insome examples, prior to returning a deterioration
risk assessment, the risk assessment engine further adjusts
the risk estimate based on patient medical history and
demographic data. In these examples, the risk assessment
engine increases (e.g., 5%, 10%, or 15%) the deterioration
risk estimate in the presence of advanced age (e.g. 70 years)
and other information (e.g., patient reports shortness of
breath) and/or a history of heart ailments (MI’s, fibrillation,
etc.).

[0196] In certain examples, the deterioration risk estimate
generated by the risk assessment engine indicates a risk of
rapid patient deterioration. For instance, patient deteriora-
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tion may be rapid where intervention by a MERT will be
required within a specified upcoming period of time. The
specified upcoming period of time may include, for
example, less than 1 hour, 1-2 hours, 2-4 hours, 4-6 hours,
6-8 hours, 8-12 hours, and/or 12-24 hours. The period of
time of less than 1 hour can be, for example, 1 minute to 1
hour, 5 minutes to 1 hour, 10 minutes to 1 hour, or 15
minutes to 1 hour. Alternatively or additionally, patient
deterioration may be rapid where the overall health of the
patient (as reflected in one or more patient parameters) is in
continuous decline during one of the periods of time speci-
fied above or where the overall health of the patient declines
steeply (e.g., 5%-10% decline, 10%-20% decline, etc.)
within one of the periods of time specified above.

[0197] While the deterioration risk assessment process
600 described with reference to FIG. 6 returns a risk
estimate of patient deterioration in the form of a numerical
value, not all deterioration risk assessment processes in
accordance with this disclosure are formed of a numerical
value. For instance, some deterioration risk assessments
processes may return name value pairs, ranges of numerical
values, vectors, or other data indicative of a patient’s risk of
deterioration.

[0198] Returning to the monitoring and treatment process
500 illustrated in FIG. 5, in act 508 the deterioration risk
assessor determines whether the risk estimate of patient
deterioration returned by the risk assessment engine falls
outside one or more clinical criterion associated with the
clinical condition of the patient. Within the act 508, the
deterioration risk assessor may identify the one or more
clinical criterion via a cross-reference data structure stored
in the clinical condition data store that includes associations
between a presentable clinical condition, a deterioration risk
assessment process, and one or more clinical criterion. In
some examples of the act 508, the deterioration risk assessor
compares the one or more clinical criterion to the risk
estimate of patient deterioration. For instance, the deterio-
ration risk accessor may compare a threshold value to the
risk estimate of patient deterioration and determine that the
risk estimate falls outside the one or more clinical criterion
where a value in the risk estimate exceeds the threshold
value. In another example, the deterioration risk assessor
may compare a range of values to a slope calculated for a
series of risk estimates and determine that the risk estimate
falls outside the one or more clinical ctiterion where the
slope falls outside the range of values. In another example,
the deterioration risk assessor may compare a set of ele-
ments to the risk estimate and determine that a value in the
risk estimate is not present within the set of elements.
Regardless of the comparison made, where the comparison
indicates that the risk estimate falls outside the one or more
clinical criterion, the deterioration risk assessor executes act
510. Where the comparison indicates that the risk estimate
does not fall outside the one or more clinical criterion, the
deterioration risk assessor returns to the act 502.

[0199] In act 510, the deterioration risk assessor executes
a predefined, configurable action such as notifying a care-
giver, prompting the patient for information and/or to con-
duct a neurologic test of the patient. Subsequent to the act
510, the monitoring and treatment process 500 returns to the
act 502 and continues to monitor the patient’s parameters.
[0200] The monitoring and treatment process 500 enables
medical devices to monitor in-hospital patients at risk for
deterioration including rapid deterioration and, in at least
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some instances, take preventive measures before an adverse
event occurs and/or when the risk becomes unacceptable
according to an appropriate standard of care. While the
monitoring and treatment process 500 is illustrated in FIG.
5 as starting with the act 502, in some examples, subsequent
iterations of the monitoring and treatment process 500 start
with the act 504. Further, in some examples, the deteriora-
tion risk assessor 420 is configured to initiate these subse-
quent iterations according to a schedule that may be modi-
fied via the user interface 308. Additionally or alternatively,
in some examples. The deterioration risk assessor 420 is
configured to initiate a complete iteration of the monitoring
and treatment process 500 “on demand” upon receiving an
express request to do so via the user interface 308 or in
response to receiving an update to patient parameters via the
user interface 308. It is appreciated that the clinical condi-
tion of the patient may change between the first iteration and
subsequent iterations, in which case the deterioration risk
assessment process executed by the risk assessment process
would change as well.

[0201] Some example medical devices disclosed herein
include a deterioration risk assessor that incorporates and
further refines the deterioration risk assessor 420. In these
examples, the deterioration risk assessor is further config-
ured to receive and/or generate a robust initial set of patient
parameters, use the robust initial set to execute an initial
iteration of a deterioration risk assessment process, receive
and/or generate a subset of the robust initial set, and use the
subset to execute subsequent iterations of the deterioration
risk assessment process. FIG. 7 illustrates an example medi-
cal device controller (e.g., the medical device controller 120)
that includes a deterioration risk assessor 720 configured in
accord with these examples. As shown, the deterioration risk
assessor 720 includes a risk assessment engine 700, and the
clinical condition data store 402. In at least some embodi-
ments, the risk assessment engine 700 incorporates and
further refines the risk assessment engine 400.

[0202] In some examples, to execute a deterioration risk
assessment process, the deterioration risk assessor 720 is
configured to initiate the risk assessment engine 700 and
provide the risk assessment engine 700 with a set of patient
parameters. The patient parameters included in the set may
vary from a robust set to some subset of the robust set. For
instance, a robust set of patient parameters may include
continuously monitored patient parameters, periodically
monitored patient parameters, and irregularly monitored
patient parameters. A subset of the robust set may be a
proper subset and may include parameters from any one of
these groups and/or individual parameters from one or more
of these groups. In some examples, the deterioration risk
assessor 720 is configured to initiate the risk assessment
engine 700 and provide the risk assessment engine 700 with
a robust set of patient parameters and to subsequently
re-initiate the risk assessment engine 700 with a subset of the
robust set. Subsequent re-initiations may be in response to a
predefined, configurable schedule (e.g., every 4-8 hours) or
in response to an event (e.g. availability of new values of
patient parameters).

[0203] In some examples, medical devices including a
deterioration risk assessor (e.g., the deterioration risk asses-
sor 720) may execute the processes illustrated above with
reference to FIGS. 5 and 6. Alternatively or additionally,
some example medical devices including the deterioration
risk assessor are configured to execute a monitoring and
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treatment process 800 illustrated in FIG. 8. As shown in FIG.
8, the monitoring and treatment process 800 starts in act 802
with the deterioration risk assessor identifying a clinical
condition of a patient. This clinical condition may be, for
example, heart failure condition, a post syncope condition,
a post myocardial infarction condition, or a breathing dis-
order condition, among the clinical conditions. In some
examples of the act 802, the deterioration risk assessor
identifies the clinical condition of the patient by analyzing a
set of patient parameters provided within initial patient
assessment data. This initial patient assessment data may be
received via a user interface (e.g., the user interface 308)
and/or automatically determined from other sources (e.g.,
the sensor interface 312). The analysis performed by the
deterioration risk assessor may range from simply parsing
the initial patient assessment data to locate an identifier of
the clinical condition of the patient (e.g., as input by a
caregiver via the user interface) to processing other patient
parameters within the initial assessment data to classify the
clinical condition of the patient (e.g., as described above
with reference to the act 602).

[0204] In act 804, the deterioration risk assessor generates
a robust set of patient parameters from the initial assessment
data and other data (e.g., sensor data) descriptive of the
patient parameters. In some examples, within the act 804,
the robust set is generated by parsing and processing the
initial assessment and other data. The patient parameters
generated within the act 804 include continuously moni-
tored, periodically monitored, and continuously monitored
parameters described above.

[0205] In some examples, the patient parameters are col-
lected from a caregiver and/or a variety of specialized
medical devices as part of triaging a patient at a healthcare
facility. For instance, some parameters (neurologic state,
pallor, etc.) of the robust set of patient parameters generated
in the act 804 may originate from a scripted patient assess-
ment conducted by a caregiver. Other parameters (resting
heart rate, blood pressure, respiration rate, body tempera-
ture, etc.) of the robust set of patient parameters generated
in the act 804 may originate from specialized and dedicated
ECG monitors, blood pressure monitors, and the like. Many
of these specialized devices may be unattached and with-
drawn over time, eventually being replaced by a single
wearable, ambulatory, external medical device as monitor-
ing of the patient progresses.

[0206] Further, in some examples of the act 804, in
generating the patient parameters, the deterioration risk
assessor executes a prediction process that generates pre-
dicted values for the patient parameters that are based on the
observations reported in the sensor data and observations
reported in previously received sensor data. The prediction
process executed by the deterioration risk assessor may vary
between examples. For instance, in some examples, the
prediction process is a simple extrapolation or linear regres-
sion process designed to identify an overall time trend latent
within the sensor data. In some examples, more sophisti-
cated time series analysis of the past and current sensor data
may be employed within the prediction process.

[0207] In act 806, the deterioration risk assessor initiates
a risk assessment engine (e.g., the risk assessment engine
700) and passes the patient parameters generated in the acts
804 to the risk assessment engine. Within the act 806, the
risk assessment engine executes a deterioration risk assess-
ment process. The particular deterioration risk assessment
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process executed by the risk assessment engine may vary
between examples. Some examples of deterioration risk
assessment processes executed by the risk assessment
engine within the act 806 are illustrated in FIG. 6.

[0208] In act 808 the deterioration risk assessor deter-
mines whether the risk estimate of patient deterioration
returned by the risk assessment engine falls outside one or
more clinical criterion associated with the clinical condition
of the patient. If the risk estimate does not fall outside the
one or more clinical criterion, the deterioration risk assessor
executes act 812. If the risk estimate falls outside the one or
more clinical criterion, the deterioration risk assessor
executes act 810.

[0209] In act 810, the deterioration risk assessor executes
a predefined, configurable action such as notifying a care-
giver, prompting the patient for information and/or to con-
duct a neurologic test of the patient. Subsequent to the act
810, the monitoring and treatment process 800 ends.
[0210] In act 812, the deterioration risk assessor generates
a subset of the robust set of patient parameters. This subset
of the robust set may be a proper subset and may include
parameters from any of the continuously monitored, peri-
odically monitored, and continuously monitored parameters
described above. This subset of the robust set may be
generated by a single wearable, ambulatory, external medi-
cal device such as the illustrated in FIG. 2 above. In some
examples of the act 812, the deterioration risk assessor
delays generation of the subset according to a predefined,
configurable schedule (e.g., every 4-8 hours) or until detec-
tion of to an event (e.g. availability of new values of patient
parameters).

[0211] The monitoring and treatment process 800 enables
medical devices to monitor in-hospital patients at risk for
deterioration and, in at least some instances, take preventive
measures when the risk becomes unacceptable according to
an appropriate standard of care.

[0212] Some example medical devices disclosed herein
include a deterioration risk assessor that incorporates and
further refines the deterioration risk assessor 420 to generate
a trajectory of a patient’s clinical condition. In these
examples, the deterioration risk assessor is further config-
ured to construct (e.g., receive and/or generate) an initial set
of patient parameters and to use the initial set to execute a
patient deterioration risk tracking and prediction process that
generates a risk estimate of patient deterioration that
includes the trajectory of the patient’s clinical condition. In
these examples, the criterion or criteria used by the deterio-
ration risk assessor to determine whether further action is
warranted includes one or more benchmark trajectories. In
these examples, the deterioration risk assessor compares the
trajectory of the patient’s clinical condition to the one or
more benchmark trajectories to determine a degree of simi-
larity (e.g., cosine similarity) between them. These bench-
mark trajectories may include trajectories having an unac-
ceptable level of risk of patient deterioration. The
deterioration risk assessor is also further configured to
execute an action associated with the benchmark trajectory
(e.g., within a cross-reference data structure) where the
degree of similarity is sufficient (e.g., transgresses a thresh-
old value). The actions associated with the benchmark
trajectories may be any of the further actions described
herein. FIG. 9 illustrates an example medical device con-
troller (e.g., the medical device controller 120) that includes
a deterioration risk assessor 920 configured in accord with
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these examples. As shown, the deterioration risk assessor
920 includes a risk tracking and prediction engine 900, and
the clinical condition data store 402.

[0213] In some examples, to execute a patient deteriora-
tion risk tracking and prediction process, the deterioration
risk assessor 920 is configured to initiate the risk tracking
and prediction engine 900 and provide the risk tracking and
prediction engine 900 with a set of patient parameters. The
set of parameters may be provided in the form of a multi-
dimensional vector. The patient parameters included in the
set may vary between initiations of the risk tracking and
prediction engine 900. For instance, an initial set may
include continuously monitored patient parameters, periodi-
cally monitored patient parameters, and irregularly moni-
tored patient parameters. A subsequent set may include a
subset of the initial set. In some examples, the deterioration
risk assessor 920 is configured to initiate the risk tracking
and prediction engine 900 as new values of patient param-
eters become available.

[0214] In some examples, medical devices including a
deterioration risk assessor (e.g., the deterioration risk asses-
sor 920) may execute the processes illustrated above with
reference to FIGS. 5 and 6. Alternatively or additionally,
some example medical devices including the deterioration
risk assessor are configured to execute a monitoring and
treatment process 1000 illustrated in FIG. 10. As shown in
FIG. 10, the monitoring and treatment process 1000 starts in
act 1002 with the deterioration risk assessor identifying a
clinical condition of a patient. This clinical condition may
be, for example, heart failure condition, a post syncope
condition, a post myocardial infarction condition, or a
breathing disorder condition, among the clinical conditions.
In some examples of the act 1002, the deterioration risk
assessor identifies the clinical condition of the patient by
analyzing a set of patient parameters provided within initial
patient assessment data. This initial patient assessment data
may be received via a user interface (e.g., the user interface
308) and/or automatically determined from other sources
(e.g., the sensor interface 312). The analysis performed by
the deterioration risk assessor may range from simply pars-
ing the initial patient assessment data to locate an identifier
of the clinical condition of the patient (e.g., as input by a
caregiver via the user interface) to processing other patient
parameters within the initial assessment data to classify the
clinical condition of the patient (e.g., as described above
with reference to the act 602).

[0215] Insome examples of the act 1002, the deterioration
risk assessor receives a previously generated risk estimate of
patient deterioration that includes a trajectory of the
patient’s clinical condition. This trajectory may be
expressed as an ensemble of trajectories, as will be described
further below. In these examples of the act 1002, the
deterioration risk assessor processes the received trajectory
to determine whether a change to the clinical condition of
the patient is warranted. For instance, in some examples, the
received trajectory is compared to one or more benchmark
trajectories to determine a degree of similarity (e.g., cosine
similarity) between them. These benchmark trajectories may
include trajectories representative of various clinical condi-
tions. Where the degree of similarity between the received
trajectory and a benchmark trajectory (e.g., associated with
a clinical condition different from the recorded clinical
condition of the patient) is sufficient (e.g., 0.4, 0.5, 0.6, 0.7,
or 0.8 in some examples), the deterioration risk assessor is
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also further configured to change the recorded clinical
condition of the patient to the clinical condition associated
with the benchmark trajectory. Alternatively or additionally,
the deterioration risk assessor may prompt a caregiver to
confirm this change via the user interface.

[0216] In act 1004, the deterioration risk assessor initiates
a risk tracking and prediction engine (e.g., the risk tracking
and prediction engine 900) and passes patient parameters
generated from the initial patient assessment data, or from
other data sources described herein as data becomes avail-
able, to the risk tracking and prediction engine. Also within
the act 1004, the risk tracking and prediction engine
executes a deterioration risk tracking and prediction process.
The particular deterioration risk tracking and prediction
processes executed by the risk assessment engine may vary
between examples. Some examples of deterioration risk
tracking and prediction processes executed by the risk
tracking and prediction engine within the act 1004 are
illustrated in FIGS. 11 and 12, which are described further
below.

[0217] As described above, in some examples, there are
patient parameters that are continuously monitored, such as
T-wave measurements, heart rate, QRS width, pulse oxim-
etry saturation, or other physiologic parameter measure-
ments. These patient parameters may be contrasted with
patient parameters of events that are of discrete occurrences,
such as ectopic beats. Therefore, in some examples, patient
parameters that are measured and monitored on a more
continuous basis may be used to increase the accuracy of the
risk estimate of patient deterioration. In these examples, the
risk tracking and prediction engine models a multidimen-
sional patient parameter space this is M-dimensional, where
M=J+K=+[,, where ] is a number of elements of subject
history and demographics; K is a number of physiologic
parameters, such as vital sign measures, ECG, SpO2, res-
piration rate, etc.; and L is a number of different event types.
Within this model, a 1xM dimensional vector traces a
trajectory in space, where the rate of update of the individual
patient parameters may be: 1) regular and continuous, such
as with a machine-sampled sensor input, e.g.. ECG; 2)
semi-regular and periodic, such as with a vital signs param-
eter measured and input manually by a nurse or other
caregiver; or 3) irregular events.

[0218] Using the M-dimensional patient parameter space,
a tracking process used for such applications as missile and
satellite tracking, for example, a Kalman filter or a particle
filter, may be used for estimation and prediction of the vector
loop path. The location of the most recent event along with
the estimate of the trajectory’s direction and path are used to
estimate the risk and degree of certainty (e.g. the confidence
band) of deterioration of a patient’s clinical condition occur-
ring at some point in the future. As more events of various
types occur, the trajectory path and the estimate of the
trajectory path into the future may be better estimated, and
the confidence band on the estimate may be narrowed for
more certainty in the risk estimate.

[0219] A Kalman filter estimates a process by using a form
of feedback control. The Kalman filter estimates the process
state at some time and then obtains feedback in the form of
(noisy) measurements. As such, the equations for the Kal-
man filter fall into two groups: time update equations and
measurement update equations. The time update equations
are responsible for projecting forward (in time) the current
state and error covariance estimates to obtain the a priori

Dec. 19, 2019

estimates for the next time stage. The measurement update
equations are responsible for the feedback, i.e., for incor-
porating a new measurement into the a priori estimate to
obtain an improved a posteriori estimate. The time update
equations may also be thought of as predictor equations,
while the measurement update equations may be thought of
as corrector equations. Indeed, the final estimation process
resembles that of a predictor-corrector process for solving
numerical problems.

[0220] In some examples, to use an enhanced Kalman
filter to estimate the internal state of a process, the risk
tracking and prediction engine maintains the following
matrices: F,, which is a state-transition model; H,, which is
an observation model; Q,, which models covariance of
process noise; R,, which models covariance of observation
noise; and sometimes B, which is a control-input model, for
each time-step, k. The enhanced Kalman filter model
assumes a true state at time k is derived from a state at time
(k-1) according to Equation (1):

5 =Fip (+Bjaytwy M

wherein F, is a state transition model applied to the previous
state x,_,; B, is the control-input model which is applied to
the control vector u,; W, is the process noise model which
assumes a zero mean multivariate normal distribution with
covariance Q,, i.e., w,~N(0, Q,).

[0221] At time k an observation value (or measurement) z,
of the true state x, is made according to Equation (2):

o =H+v @
wherein H, is the observation model which maps the true
state space into the observed space and v, is the observation
noise model which assumes zero mean Gaussian white noise
with covariance R, i.e., v,~N(O,R,)v,. The initial state, and
the noise vectors at each step {Xy, Wy, ... W, v, ...V, are
all assumed to be mutually independent.

[0222] Kalman filters are recursive in that the estimated
state from the previous time step and the current measure-
ment are used to compute an estimate of the current state. In
contrast to other estimation processes, no historical data is
required.

[0223] In some examples, states of the enhanced Kalman
filter are represented by two variables. The first of these two
variables is X, which is a posteriori state estimate at time
k given observations up to and including at time k. Please
note that the notation X,,,, represents an estimate of x at time
n given observations up to, and including at time m=n. The
second of these two variables is P, ,, which is a posteriori
error covariance matrix. The posteriori error covariance
matrix is a measure of the estimated accuracy of the state
estimate.

[0224] The enhanced Kalman filter can be understood as
having two distinct phases: a predict phase and an update
phase. The predict phase processes the state estimate from
the previous time-step to generate an estimate of the state at
the current time-step. This predicted state estimate is also
known as the a priori state estimate. This is so because the
a priori state estimate does not include observation infor-
mation from the current time-step. In the update phase, the
current a priori estimate is combined with current observa-
tion information to generate the a posteriori state estimate.
[0225] In some examples, the two phases alternate, with
the prediction phase generating a state estimate until the next
observation, and with the update phase incorporating the
next observation to generate another state estimate. How-
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ever, where an observation is unavailable, some examples
omit the update phase and, instead, execute multiple con-
secutive prediction phases. Similarly, where multiple inde-
pendent observations are available contemporaneously,
some examples execute multiple update phases using dif-
ferent observation matrices.

[0226] The predicted (a priori) state estimate may be
represented by the following Equation (3):

o1 =Fafe 1 1+Bity (©)
[0227] The predicted (a priori) estimate covariance may be
represented by the following Equation (4):

Prosr=FiProriar Fe +0s 4
[0228] The innovation or measurement residual may be
represented by the following Equation (5):

I nHif (©)
[0229] The innovation (or residual) covariance may be
represented by the following Equation (6):

Si=HiPrp 1 Hi +Ry (6)
[0230] The optimal Kalman gain may be represented by
the following Equation (7):

K= P S M
[0231] The updated (a posteriori) state estimate may be
represented by the following Equation (8):

Brr=Fp-1 P (8)
[0232] Theupdated (a posteriori) estimate covariance may
be represented by the following Equation (9):

Pry=(-KuH) Py ®
[0233] In some examples, an initial act during the update

phase is to compute the enhanced Kalman gain K,, and a
next act is to actually measure the process to obtain and
generate an a posteriori state estimate by incorporating the
measurement z,. A final act is to obtain an a posteriori error
covariance estimate P,. After each time and measurement
update pair, the process is repeated with the previous a
posteriori estimates used to project or predict the new a
priori estimates. This recursive nature is one of the very
appealing features of the enhanced Kalman filter, and it
makes practical implementations much more feasible than,
for example, an implementation of a Wiener filter which is
designed to operate on all of the data directly for each
estimate. The enhanced Kalman filter instead recursively
conditions the current estimate on all of the past measure-
ments. Equation (8) is thus termed the predictor equation.

[0234] Some examples of the risk tracking and prediction
engine execute other risk tracking and prediction processes.
One limitation of a Kalman filter is that it models a linear
system with Gaussian distribution, which is not often
encountered in the physiologic setting. Thus at least one
example of the risk tracking and prediction engine executes
an extended Kalman filter (EKF) to solve the problem of
non-Gaussian, nonlinear filtering. The EKF is based upon
the principle of linearizing the measurements and evolution
models using Taylor series expansions. The series approxi-
mations in the EKF process may, however, lead to poor
representations of the nonlinear functions and probability
distributions of interest. As a result, the EKF may diverge.
[0235] Therefore, at least one example of the risk tracking
and prediction engine executes an unscented Kalman filter
(UKF) based on the hypothesis that it is easier to approxi-

Dec. 19, 2019

mate a Gaussian distribution than it is to approximate
arbitrary nonlinear functions. It has been shown that the
UKEF leads to more accurate results than the EKF and that it
generates much better estimates of the covariance of the
states (the EKF often seems to underestimate this quantity).
The UKF, however, has a limitation in that it does not apply
to general non-Gaussian distributions, as is often the case
with ECG spectral distributions.

[0236] Consequently at least one example of the risk
tracking and prediction engine executes Sequential Monte
Carlo processes, also known as particle filters, overcome this
limitation and allow for a complete representation of the
posterior distribution of the states, so that any statistical
estimates, such as the mean, modes, kurtosis and variance,
may be easily computed. Particle filters may, therefore, deal
with any nonlinearities or distributions. Particle filters rely
on importance sampling and, as a result, require the design
of proposal distributions that can approximate the posterior
distribution reasonably well. In general, it is hard to design
such proposals. The most common strategy is to sample
from the probabilistic model of the state evolution (transi-
tion prior). This strategy, however, may fail if the new
measurements appear in the tail of the prior or if the
likelihood is too peaked in comparison to the prior.

[0237] Some other example risk tracking and prediction
processes executed by the risk tracking and prediction
engine include an estimator/predictor trajectory tracking
technique known as the Unscented Particle Filter (UPF)
which is disclosed by Wan, Eric A. and van der Merwe,
Rudolph in “The Unscented Kalman Filter for Nonlinear
Estimation” (2000). For example, the following Table 7
provides Unscented Kalman Filter (UKF) equations that
may be used to track and predict patient parameters and/or
risk estimates in some examples.

TABLE 7

Initialize with:
Xg = E[%o] ) r
Py =E[(x = X0)(Xg = Xo)]
%¢" = B[x] = [%70 0"

P, 0 0
P= -3 -%)1=| 0 P, 0]
0 0 P,

Fork € {1,..., ®},
Calculate sigma points:

Xl = [’?ZA’A‘ZA 4 (L+ 0P ]

Time update:
Xk\k—lx = Flxe_ 1" %'l
X = 21'702; W('“Y;)Xuﬂkflx R R
by =2 "W Kot — X 1™ — Xe 17
Yrwe-1 = H[Xk\kil; s X1l
Vi =Zig” WY et
Measurement update equations:

2 . o
o = Z;:o Wo [yiaw-1 = 3 i ae-1 = 3¢ 1

x o o T
Py = Zi:o Wior [Xikre-1 = % 1y k-1 = 31
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TABLE 7-continued

K= P"k M fryk Yk

Ye=5 + K 90
Po= P - KT

where, x@ = [x"vInT]7, x7 = [(x)(x") (x"7]7,

» = composite scahng parameter, L = dimension of augmented state,
P, = process noise cov., P, = measurement noise cov.,

W, = weights as calculated by a weighting equation.

[0238] For example, for an initialization: t=0, and for i=1,

. N, draw states (particles) x,* from the prior p(x,) and
set, according to the following Equations (10), (11), (12),
and (13):

) = B[] 10
P = Elaf) -5 -4 4
I [(fg))TOO}T (12)
Pg) 00 (13
P = B0 - xaf” -2y =[ 0 @ o
D 0 R
[0239] Fort=l1, 2, ..., an importance sampling step: for

=1, ... N: updates particles with the UKF according to the
following Equations (14), (15), (16), (17), (18), (19). (20),
(21), (22), (23), and (24):

[0240] Calculate sigma points:

7O, 0% Oy (AP0 (14)

[0241] Predict Future Particle (Time Update)

2ng (15)

(i} Ox (ivy =) (m) 3o (0).
xr\‘rxl fxr‘faxr‘bxr\‘rl ZWMX_/‘T;I

(16
:\ 1= ZWM (‘)\f 1 —75\: 1][X( -1 —xf‘,) 1]
g an
Y= b AP A = Z W‘“’yﬂ‘,", 1
j=0
[0242] Incorporate New Observation (Measurement
Update)
Ing . . . T (18)
Py, ZW(C) (3501 =3 s = 3]
=0
2ng . ) ) - 19
Py, = Z W}C) [xﬂ\r—l - 25(371][7}‘.3“71 - 75\‘1)—1]
=
20

1
K= PXrer_xr‘) = x,‘, 1+Kr(yf yr\r 1)
Yidr
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-continued
Am : 21
Pf‘, 1~ K’PYIYIK
Sample &~ ( {0 |x(‘) ,ylzr) = N(xﬁ"), Pﬁ;; @)
o N 2D (i g 23
Set x (Ag), 1» ()) and Po:r(P(O:)r—l’ £ ) *

[0243] Fori=l,...N, evaluate the importance weights up
to a normalizing constant:

plye 13 )plE" | 421 @9

Q(xrl) |x0:r—1~ yl:t)

0 o
1

[0244] For i=1, . . . N, normalize the importance
weights.
[0245] A selection step is performed according to the

following Equations (25), (26), (27), and (28):

[0246] Multiply/Suppress particles

(561, 76 @
[0247] with high/low importance weights,

A (26)

respectively, to obtain N random particles.
[0248] Output: The output of the process is a set of
samples that can be used to approximate the posterior
distribution as follows:

1 X 27
P yia) ¥ plros | i) = XZ; O ) o
[0249] Resulting in the estimate of,
N (28)

1
E(g:(x0.1)) = o) P o | Y )Xoy % — .
(gr( O.r) fgr(o_,)P(o:lyu) 0:1 Nzg'(ng,)

i=1

[0250] for some function of interest, g, for instance the
marginal conditional mean or the marginal conditional cova-
riance or other moment.

[0251] After the occurrence of a lesser, but actionable
deterioration of a patient’s clinical condition, multiple dete-
rioration events “lurk” out in the future multi-parameter
space. Based on the estimated vector trajectory using one or
more of the methods described herein, the likelihood or
probability of occurrence of any one of those future dete-
rioration events may be calculated. The deterioration events
may be viewed as sequentially oriented “landmarks” or
letters, and decoding methods such as Viterbi or Hidden
Markov Modeling (HMM) methods may also be employed
to enhance estimation and detection accuracy. The uncer-
tainty of the vector trajectory estimate as well as deteriora-
tion event estimate may be refined using one or more
refinement methods, for example, ensemble forecasting.
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[0252] In some examples, a full, or as complete as pos-
sible, M-dimensional set of patient parameters may be
gathered such as when a patient who is suffering from chest
pain is first admitted into the hospital. Such patient param-
eters may include, but are not limited to: subject/patient
medical history (e.g. ischemic heart disease, diabetes mel-
litus or chronic renal failure) and demographics (e.g. age,
gender), physiologic parameters, such as vital sign mea-
sures, ECG, SpO2, respiration rate, blood pressure, body
temperature, tissue fluid status, pulmonary-vibrational infor-
mation, cardio-vibrational information, heart rate variability
measures, Glasgow Coma Scale, patient activity via activity
sensors such as accelerometer-based motion and vibration
sensors etc., as well as clinical observations or diagnoses by
the caregiver and any discrete events that may already have
occurred prior to admission (e.g. angina, atrial or ventricular
tachycardia, heart attack) along with relevant associated
information such as the time of occurrence, duration and
severity of the discrete events. As described above, some of
the data elements are irregularly monitored, static, and/or
unchanging patient parameters such as demographics, sub-
ject history or discrete events. Other patient parameters are
periodically monitored and variable, such as the physiologic
data and clinical observations and diagnoses by the care-
giver. After admission to the hospital, it is not uncommon for
the full set of periodically monitored and variable informa-
tion (e.g. physiologic, clinical observations and diagnoses)
to be updated by the physician, nurse, or other clinical
personnel only on a one- or twice-per-shift basis, i.e. every
4-8 hours.

[0253] Based on the level of risk determined at time of
patient admission, the patient may be fitted with a medical
device (e.g., the medical device 100) that is a wearable
defibrillator (WCD) to be worn continuously to protect the
patient from lethal arrhythmias. If the level of risk is more
moderate, but still too high to be of no concern, the patient
may be fitted with a wearable monitoring-only (WMO)
device to be worn throughout their stay at the hospital. The
monitor-only portion may allow for plugging in a module
containing the defibrillation functionality should the risk
level increase of a lethal arrhythmia occurring at some point
in the near future. The WCD or WMO will continuously
monitor some subset of the K physiologic parameters or
vital signs. For instance, in some versions, a single physi-
ologic signal such as ECG may be monitored continuously,
and the deterioration risk assessor may generate two or more
patient parameters from the ECG signal: e.g. morphological
features such as detection of ectopic beats, ventricular or
atrial arrhythmias, T-wave disturbances, multiple heart rate
variability measures, etc. In some examples, only one physi-
ologic sensor and one patient parameter are measured and
monitored continuously, for instance photoplethysmography
that may only be able to measure the R-R interval but not
able to measure the Sp02 value. Alternatively, two or more
sensors may be used to generate a more complete subset of
K physiologic parameters, for instance, ECG, accelerometer,
respiration rate via either impedance pneumography or
RF-based sensors and measures.

[0254] The initial set of patient parameters and the sub-
sequent continuous set of patient parameters each have their
limitations. In some examples, the initial set of M patient
parameters is a comprehensive set of patient parameters
collected at a single point in time. This initial set may be
periodically updated at sporadic intervals of 4-8 hours. Thus,
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the comprehensive set is essentially a static set of patient
parameters that cannot assess levels of deterioration risk in
between observation times. On the other hand, a set of
continuously monitored patient parameters can detect
changes during the 4-8 hour period, but this set is a more
limited view into the moment-to-moment state of the
patient’s physiologic system.

[0255] Referring to FIG. 11, in one example, the risk
tracking and prediction engine executes a deterioration risk
tracking and prediction process that includes predictive/
tracking loop #1 1101. Predictive/tracking loop #1 1101
processes the initial set of M data points using an enhanced
Kalman filter (or other predictive/tracking method such as
EKF or particle filters). The deterioration risk tracking and
prediction process further includes two or more predictive/
tracking loops #2 1102, loop #3 1103, up to n tracking loops
loop #n 1104, where each loop has its own update period,
represented by z 1110, z,, 1511, 7z, 1112. Loop #2 1102, in
one example may be observing heart rate variability or ECG
ST depression measures that may be updated every e.g. 5,
10, 15 or 60 minutes. Loop #3 may be observing blood
pressure, pulse oximetry, respiration and ECG detection of
arrhythmias that may be updated at a faster rate, e.g. 1, 5, 10,
15, 30, 60 seconds. Loop #4 may be observing the accel-
eration or other motion sensor at a separate rate, e.g. 1, 3, 5,
25 seconds.

[0256] FIG. 12 shows an example of this, where loop #1
1101 is updated at times 1201 and 1202, and loop #2 1102
is updated at times 1201-1208. If just loop #1 1101 were
present, the prediction phase would be depicted by the
dashed line 1209, with updates at times 1201 and 1202. With
two or more loops, estimates of the parameter that would
normally observed and updated at a slower rate can now be
updated at a faster rate based on the higher rate observations
of one or more other parameters. This is depicted in FIG. 12
as the alternated dashed line 1210. Upon the update of
parameter estimates at times 1203-1208, a new deterioration
risk estimate can be calculated using the full set of M
parameters—some of which are observed at that particular
time and some of which are estimated via the predictive/
tracking loops.

[0257] Referring to FIG. 12, at update point 1205, there is
a significant change in the estimate that exceeds a threshold
1211. In this example, the significant change is due to a
change in clinical observation or diagnosis (e.g., the clinical
condition of the patient). The significant change may be due
to the predictive/tracking loop estimating that the initial
system state parameter for clinical diagnosis (as originally
assessed by the admitting caregiver) was incorrect and that
a higher probability for diagnosis has changed to a different
estimated clinical diagnosis. Based on the new estimated
clinical diagnosis, the system state matrix, F, and the input
matrix, B, may be modified to result in a higher accuracy of
tracking/estimating the patient’s condition and risk of dete-
rioration. The gradually decreasing sizes of the subsequent
update corrections at 1205, 1206, 1207, and 1208 indicate
that the tracking is converging to a stable and more accurate
estimate of the actual system state and that the new clinical
observation or diagnosis is more consistent with the
patient’s actual physiologic status. The determination of
whether to change the estimated clinical observation or
diagnosis may be executed at every update point 1205 or at
intervals, e.g. every other, every third, or larger intervals
etc., or at random update points. Alternatively, the new
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clinical observation or diagnosis may be input by a clinician
manually, resulting in modifications to either the system
state matrix, F or the input matrix, B.

[0258] In some examples, the risk tracking and prediction
engine monitors acceleration or other motion signals
acquired by motion sensors and adjusts estimates for the
physiologic parameters for varying levels of activity. In
another example, the risk tracking and prediction engine
executes risk tracking and prediction process only when the
risk tracking and prediction engine detects that the patient
activity is low or that the patient is lying down or sitting, via
the motion sensors.

[0259] Ensemble forecasting is a numerical prediction
method that is used to attempt to generate a representative
sample of the possible future states of a dynamical system.
Ensemble forecasting is a form of Monte Carlo analysis:
multiple numerical predictions are conducted using slightly
different initial conditions that are all plausible given the
past and current set of observations, or measurements.
Sometimes the ensemble of forecasts may use different
forecast models for different members, or different formu-
lations of a forecast model. The multiple simulations are
conducted to account for the two usual sources of uncer-
tainty in forecast models: (1) the errors introduced by the use
of imperfect initial conditions, amplified by the chaotic
nature of the evolution equations of the dynamical system,
which is often referred to as sensitive dependence on the
initial conditions; and (2) errors introduced because of
imperfections in the model formulation, such as the approxi-
mate mathematical methods to solve the equations. Ideally,
the verified future dynamical system state should fall within
the predicted ensemble spread, and the amount of spread
should be related to the uncertainty (error) of the forecast. In
some examples, based on the update phases, the deteriora-
tion risk assessor compares the trajectory of the observations
and the risk estimates to all the trajectories and their asso-
ciated path uncertainties, and culls an ensemble to more
accurately align the ensemble forecast with the observations.
For instance, in some examples, the risk tracking and
prediction engine calculates the Mahalanobis distance
between the observation trajectory and each of the trajecto-
ries from the ensemble trajectories. In these examples, the
risk tracking and prediction engine sorts the ensemble
trajectories from least distance to greatest distance and
returns within the risk estimate of patient detetioration only
those ensemble trajectories with the closest distance (e.g. the
closest 20%).

[0260] Returning to FIG. 10, in act 1006 the deterioration
risk assessor determines whether the risk estimate of patient
deterioration and/or the trajectory of the patient’s clinical
condition returned by the risk assessment engine falls out-
side one or more clinical criterion associated with the
clinical condition of the patient. For instance, in some
examples of the act 1006, the deterioration risk assessor
compares the trajectory of the patient’s clinical condition to
the one or more benchmark trajectories (e.g., the patient’s
previously determined trajectory) to determine a degree of
similarity between trajectories. These benchmark trajecto-
ries may include trajectories having an unacceptable level of
risk of patient deterioration. Where the degree of similarity
(e.g., cosine similarity) is sufficient (e.g., transgresses a
threshold value of 0.4, 0.5, 0.6, 0.7, or 0.8 in some
examples), the deterioration risk assessor identifies the risk
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estimate as falling outside the one or more criterion. Simi-
larity measures may vary between examples.

[0261] Insome example cases, the deterioration risk asses-
sor 320 determines that that current trajectory of the
patient’s clinical condition deviates significantly from the
benchmark trajectories. For example, the degree of similar-
ity based on cosine similarity between the current trajectory
and a benchmark similarity may be below a threshold (e.g.,
0.4). In such example cases, the current trajectory may be
assessed to be closer to another, different benchmark trajec-
tory associated with a different clinical condition. For
example, in one scenario, the patient may be monitored with
reference to a baseline trajectory associated with syncope.
However, the current trajectory of the patient the trajectory
may have a degree of similarity to a benchmark trajectory
associated with respiratory distress. The deterioration risk
assessor 320 can notify a caregiver and provide such infor-
mation so the caregiver may take appropriate action. In some
implementations, the assessor 320 can automatically begin
monitoring the patient using the respiratory distress clinical
condition and associated criteria.

[0262] In an example, while the device is monitoring the
patient, a caregiver may use the device user interface to enter
new information about the patient that can cause the trajec-
tory of the patient to change. For example, the caregiver may
directly input information that the patient has had a signifi-
cant change in respiration rate (e.g., greater than 50%
increase in respiration rate). On receiving such input, the
assessor 320 can initiate monitoring the patient using the
respiratory distress clinical condition and associated criteria.

[0263] In an example, while the device controller 120 is
monitoring the patient, the device controller 120 may auto-
matically determine that the patient has suffered a significant
change in respiration rate (e.g., greater than 50% increase in
respiration rate). An accelerometer and associated circuitry
(e.g., vibrational sensors 324 as shown in FIG. 3) positioned
on the patient’s chest can be coupled to the device. The
accelerometer, in certain channels, can provide signals to the
assessor 320 indicating the respiration and/or chest wall
movements of the patient. On receiving such signals indi-
cating the significant change in respiration rate, the assessor
320 can initiate monitoring the patient using the respiratory
distress clinical condition and associated criteria.

[0264] For instance, in some examples, the deterioration
risk assessor uses semantic similarity to determine whether
a trajectory, or ensemble of trajectories, indicates an unac-
ceptable level of risk of patient deterioration. Sermantic
similarity is disclosed by You Wan, Chenghu Zhou, and Tao
Pei in “Semantic-Geographic Trajectory Pattern Mining
Based on a New Similarity Measurement” (2017), herein-
after “Wan.” In these examples, spatial (e.g., geographic)
dimensions disclosed in Wan are replaced with the n-dimen-
sional patient parameters for each point in time. Further, in
these examples, a semantic-geographic combined similarity
measurement may be employed to calculate trajectory simi-
larity using an intermediate value called semantic intensity,
where semantic intensity is a combination of semantic
similarity and geographic similarity. As stated in Wan,
semantic intensity can be considered the average semantic
similarity in a geographic unit distance.
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Semantic intensity (usery , users) =
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[0265] Semantic intensity has a range between 0 and 1
with O=no similarity. In one example, the degree of simi-
larity is determined to be sufficient if the similarity is found
to exceed e.g. 0.4, 0.5, 0.6, 0.7, 0.8, in which case the risk
estimate is determined to be deviating from or falling
outside one or more criterion. In some examples, other
aspects of the risk estimate may be evaluated to determine
whether the risk estimate falls outside the one or more
criterion as described above with reference to FIGS. 5§ and
8

[0266] If the risk estimate does not fall outside the one or
more clinical criterion, the deterioration risk assessor returns
to the act 1002. If the risk estimate falls outside the one or
more clinical criterion, the deterioration risk assessor
executes act 1008.

[0267] Inact 1008, the deterioration risk assessor executes
a predefined, configurable action such as notifying a care-
giver, prompting the patient for information and/or to con-
duct a neurologic test of the patient. The caregiver, in turn,
may take additional action including noting the deviation in
trajectory. Subsequent to the act 1008, the monitoring and
treatment process 1000 ends.

Semantic similarity(STrace;, STracey) =

[0268] The monitoring and treatment process 1000
enables medical devices to monitor in-hospital patients at
risk for deterioration and, in at least some instances, take
preventive measures when the risk becomes unacceptable
according to an appropriate standard of care.

[0269] In one particular example, the systems and meth-
ods described herein assess and monitor a patient’s risk for
rapid deterioration where the patient is admitted to a hospital
emergency room (ER). In this example, a patient presents at
the ER complaining of shortness of breath. A nurse triages
the patient. As part of this triage, the nurse collects the
patient’s medical history, demographics, and physiologic
parameters using dedicated instruments. The nurse discovers
that the patient’s age is 72, that she has a heart rate of 124,
that her heart rate variability deviates 30% from her base-
line, and that she is having ectopic activation or contractions
at a rate that deviate by 25% from her baseline. The nurse
also collects additional parameters to work up a robust data
set for the patient. The additional parameters include respi-
ration rate, SpO2 oxygenation, blood pressure, neurological
state, electromechanical parameters, SMo2, and cerebral
oxygenation. The additional parameters have normal values.
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[0270] A resident at the ER reviews the information col-
lected by the nurse, orders that the patient be admitted for
observation and orders an HWD, such as the HWD illus-
trated in FIG. 2, to monitor the patient for rapid deteriora-
tion. The nurse configures the HWD, using its user interface
to enter some or all of the information previously collected.
The nurse removes the various specialized instruments cur-
rently monitoring the patient and fits the patient with the
configured HWD.

[0271] The HWD generates additional patient parameters
(e.g., continuously monitored and/or periodically monitored
patient parameters and initiates execution of a deterioration
risk assessor. The deterioration risk assessor executes a risk
assessment engine. The risk assessment engine identifies the
clinical condition of the patient. In this example, the risk
assessment engine automatically identifies the clinical con-
dition of the patient as being heart failure by identifying the
patient’s heart rate, heart rate variability, and ectopic acti-
vation or contractions as being abnormal and matching these
abnormal parameters to the patient parameters weighted
most heavily in the heart failure argument set. The HWD
presents the heart failure clinical condition to the nurse for
confirmation via its user interface. The nurse confirms the
patient clinical condition as heart failure.

[0272] The risk assessment engine calculates a deteriora-
tion risk estimate by looping through each of the patient
parameters in the heart rate argument set and calculating a
total score weighted as indicated in the heart failure argu-
ment set. Given no changes in the values of the patient
parameters initially determined during triage, this total
weighted score equals 12, which is the sum of the weighted
heart rate score (4*1), the weighted heart rate variability
score (4*1), and the weighted ectopic activation or contrac-
tions score (4*1). The risk assessment engine further adjusts
the total weighted score by a factor of 1.2 due to the patient’s
advanced age and presenting complaint (shortness of
breath). Thus, the risk assessment engine returns a deterio-
ration risk estimate of 13.2 to the deterioration risk assessor.
[0273] The deterioration risk assessor determines that the
deterioration risk estimate does not fall outside its criteria by
comparing the deterioration risk estimate to a threshold
value of 14. The HWD continues to generate additional
patent parameters and to provide those additional patent
parameters to the deterioration risk assessor to protect the
patient from an unanticipated or an unrecognized rapid
deterioration in her health.

[0274] In another particular example, the systems and
methods described herein assess and monitor a patient’s risk
for rapid deterioration where the patient is recovering from
an MI. In this example, a physician configures an HWD,
such as the HWD illustrated in FIG. 2, using its user
interface to select the patient’s clinical condition as post-MI.
[0275] The HWD generates additional patient parameters
(e.g., continuously monitored and/or periodically monitored
patient parameters and initiates execution of a deterioration
risk assessor. The deterioration risk assessor executes a risk
tracking and prediction engine. The risk tracking and pre-
diction engine identifies the clinical condition of the patient
as post-MI based on the configuration data entered by the
physician.

[0276] In this example, the risk tracking and prediction
engine implements an enhanced Kalman filter to generate
deterioration risk estimates. The risk tracking and prediction
engine initializes the enhanced Kalman filter by populating
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several models with predetermined values. More specifi-
cally, the risk tracking and prediction engine populates the
observation model (e.g., a matrix H) for each loop within the
enhanced Kalman filter with values of historical patient
parameters. The risk tracking and prediction engine popu-
lates the state-transition model (e.g., matrix F) for each loop
with default values associated with the post-MI clinical
condition. The risk tracking and prediction engine populates
the control-input model (e.g., matrix B) for each loop with
default values associated with the post-MI clinical condi-
tion. The risk tracking and prediction engine populates the
process noise covariance model (e.g., matrix Q) for each
loop with non-zero values. The risk tracking and prediction
engine populates the observation noise covariance model
(e.g., matrix R) for each loop with non-zero values.

[0277] The risk tracking and prediction engine next iter-
ates between predict and update phases for each loop within
the enhanced Kalman filter, and, with each iteration, returns
and updated deterioration risk estimate to the deterioration
risk assessor. Each updated deterioration risk estimate fur-
ther defines a trajectory of the clinical condition of the
patient. The deterioration risk assessor compares this patient
trajectory to one or more benchmark trajectories using a
similarity measure, such as cosine similarity and/or semantic
similarity. These benchmark trajectories may include trajec-
tories associated with rapid deterioration of patient health
and/or trajectories associated with clinical conditions other
than the currently recorded clinical condition of the patient.
In this example, the deterioration risk assessor determines
that the similarity measure between the patient trajectory
and a benchmark trajectory associated with the heart failure
clinical condition is 0.8. The deterioration risk assessor next
compares the similarity measure of 0.8 to a threshold
similarity of 0.6 and, in response to determining that the
similarity measure exceeds the threshold similarity, executes
a preconfigured action. Here, the preconfigured action is
changing the recorded clinical condition of the patient from
post-MI to heart failure and notifies a caregiver of this
change.

[0278] In a subsequent iteration, the deterioration risk
assessor determines that a similarity measure between the
recorded clinical condition of the patient and a benchmark
trajectory associated with rapid deterioration exceeds the
threshold similarity. In response to making this determina-
tion, the deterioration risk assessor generates a notification
to a caregiver that alerts the caregiver to the predicted rapid
deterioration so that remedial treatment can be provided to
the patient.

[0279] Although the subject matter contained herein has
been described in detail for the purpose of illustration, it is
to be understood that such detail is solely for that purpose
and that the present disclosure is not limited to the disclosed
examples, but, on the contrary, is intended to cover modi-
fications and equivalent arrangements that are within the
scope of the appended claims. For example, it is to be
understood that the present disclosure contemplates that, to
the extent possible, one or more features of any example can
be combined with one or more features of any other
example.

[0280] Other examples are within the scope of the descrip-
tion and claims. Additionally, certain functions described
above can be implemented using software, hardware, firm-
ware, hardwiring, or combinations of any of these. Features
implementing functions can also be physically located at
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various positions, including being distributed such that
portions of functions are implemented at different physical
locations.

What is claimed is:

1. A medical device for assessing risk of patient deterio-

ration in an in-patient hospital environment, comprising:
a memory storing data identifying
a plurality of presentable clinical conditions,
an indication, for each presentable clinical condition of
the plurality of presentable clinical conditions, of
whether the presentable clinical condition was pre-
sented at admission to the in-patient hospital envi-
ronment or during transfer between departments in
the in-patient hospital environment,

a plurality of risk assessment processes associated with
the plurality of presentable clinical conditions, and

a corresponding plurality of clinical criteria associated
with the plurality of risk assessment processes;
a plurality of sensing electrodes configured to couple
externally to a skin of an in-hospital patient and to
acquire electrocardiogram (ECG) signals;
one or more physiologic sensors distinct from the plural-
ity of sensing electrodes and configured to couple
externally to the in-hospital patient and configured to
acquire one or more physiologic signals distinct from
the ECG signals; and
at least one processor coupled to the memory, the plurality
sensing electrodes, and the one or more physiologic
sensors, the at least one processor being configured to
generate ECG data over a predetermined period of time
based on the ECG signals,

generate physiologic data over the predetermined
period of time based on the one or more physiologic
signals,

receive at least one of medical history and demographic
information of the in-hospital patient,

select a first clinical condition from the plurality of
presentable clinical conditions based on the ECG
data, the physiologic data, and the at least one of
medical history and demographic information of the
in-hospital patient,

identify a first risk assessment process from the plu-
rality of risk assessment processes, the first risk
assessment process being associated with the first
clinical condition selected from the plurality of pre-
sentable clinical conditions,

execute the first risk assessment process to generate a
first risk estimate of a rapid deterioration of the
in-hospital patient within an upcoming time period,

generate a notification comprising a likelihood that the
in-hospital patient will require emergency medical
intervention within the upcoming time period, the
notification being generated in response to the first
risk estimate of the rapid deterioration of the in-
hospital patient being outside a first clinical criterion
associated with the first clinical condition, and

transmit the notification to at least one emergency
responder within the in-patient hospital environment
indicating that the in-hospital patient will require
emergency medical intervention within the upcom-
ing time period.

2. The medical device of claim 1, wherein the upcoming

time period comprises at least one of within less than 1 hour,



US 2019/0385744 A1l

within 1-2 hours, within 2-4 hours, within 4-6 hours, within
6-8 hours, within 8-12 hours, and within 12-24 hours.

3. The medical device of claim 1, wherein the at least one
emergency responder comprises at least one of an in-
hospital medical emergency team (MET), a medical emer-
gency response team (MERT). and an in-hospital rapid
response team (RRT).

4. The medical device of claim 1, the least one processor
being further configured to:

generate updated ECG data from ECG signals acquired

subsequent to execution of the first risk assessment
process;

generate updated physiologic data from one or more

physiologic signals acquired subsequent to execution
of the first risk assessment process;
generate a trajectory of the clinical condition of the
in-hospital patient at least in part by analyzing the first
clinical condition, the first risk estimate of the rapid
deterioration of the in-hospital patient, and the updated
ECG data and updated physiologic data; and

generate an updated notification in response to the trajec-
tory of the clinical condition of the in-hospital patient
indicating an updated risk of rapid deterioration of the
clinical condition of the in-hospital patient.

5. The medical device of claim 1, the at least one
processor being further configured to receive an initial
patient assessment and identify the first clinical condition
based on the initial patient assessment.

6. The medical device of claim 1, wherein the plurality of
presentable clinical conditions comprises one or more of a
heart failure condition, a post syncope condition, a post
myocardial infarction condition, and a breathing disorder
condition.

7. The medical device of claim 1, the at least one
processor being configured to automatically identify the first
clinical condition based on an initial patient assessment of
the ECG data, the physiologic data, and the at least one of
medical history and demographic information of the in-
hospital patient.

8. The medical device of claim 1, wherein the ECG data,
the physiologic data, and the at least one of medical history
and demographic information of the in-hospital patient
comprises a plurality of patient parameters that are input to
the first risk assessment process associated with the first
clinical condition of the in-hospital patient.

9. The medical device of claim 8, the at least one
processor being further configured to execute the first risk
assessment process by:

identifying one or more associations between the first

clinical condition and one or more patient parameters
of the plurality of patient parameters; and

analyzing the one or more patient parameters of the

plurality of patient parameters to generate the first risk
estimate of the rapid deterioration of the in-hospital
patient.

10. The medical device of claim 8, wherein the plurality
of patient parameters comprises one or more of patient ECG
metrics, patient lung fluid level parameters, patient heart rate
parameters, patient heart rate variability parameters, param-
eters of one or more arrhythmias experienced by the in-
hospital patient, patient cardio-vibrational parameters,
patient respiratory rate parameters, patient pulse oxygen
parameters, patient motion parameters, patient pallor param-
eters, and patient neurological condition parameters.
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11. The medical device of claim 1, the at least one
processor being further configured to:

re-execute the first risk assessment process according to a
schedule; and

decrease a span of time between scheduled re-executions
of the first risk assessment process in response to the
first risk estimate being outside the first clinical crite-
rion and thereby indicating an increased risk of rapid
deterioration of the in-hospital patient.

12. The medical device of claim 1, wherein the first risk
estimate of a rapid deterioration of the in-hospital patient
comprises one or more of a continuous decline in patient
health spanning the upcoming time period and a steep
decline in patient health falling within the upcoming time
period.

13. The medical device of claim 1, wherein the medical
device is ambulatory, wearable and further comprises a
housing comprising the at least one processor.

14. A medical device for assessing patient deterioration in
an in-patient hospital environment, comprising:

a memory storing data identifying

a plurality of presentable clinical conditions,

an indication, for each presentable clinical condition of
the plurality of presentable clinical conditions, of
whether the presentable clinical condition was pre-
sented at admission to the in-patient hospital envi-
ronment or during transfer between departments in
the in-patient hospital environment,

a plurality of risk assessment processes associated with
the plurality of presentable clinical conditions, and

a corresponding plurality of clinical criteria associated
with the plurality of risk assessment processes;
a plurality of sensing electrodes configured to couple
externally to a skin of an in-hospital patient and to
acquire electrocardiogram (ECG) signals;
one or more physiologic sensors distinct from the plural-
ity of sensing electrodes and configured to couple
externally to the in-hospital patient and configured to
acquire one or more physiologic signals distinct from
the ECG signals; and
at least one processor coupled to the memory, the plurality
sensing electrodes, and the one or more physiologic
sensors, the at least one processor being configured to
at least one of automatically determine and receive
initial patient assessment data identifying a first
clinical condition of the in-hospital patient from the
plurality of presentable clinical conditions,

execute a first risk assessment process associated with
the first clinical condition at predetermined intervals
of time based on ECG data generated from the ECG
signals, physiologic data generated from the physi-
ologic signals, and the initial patient assessment data
to generate a first plurality of risk estimates of the
first clinical condition of the in-hospital patient,

establish a first trajectory of the first clinical condition
of the in-hospital patient over an upcoming time
period based on all or a portion of the ECG data, the
physiologic data, and the initial patient assessment
data,

at least one of automatically determine and receive
second patient assessment data identifying a second
clinical condition of the plurality of presentable
clinical conditions different from the first clinical
condition of the in-hospital patient,
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execute a second risk assessment process associated
with the second clinical condition of the in-hospital
patient at other predetermined intervals of time based
on the on the ECG data, the physiologic data, and the
second patient assessment data to generate a second
plurality of risk estimates of the second clinical
condition of the in-hospital patient, and
change from the first trajectory to a second trajectory of
the second clinical condition of the in-hospital
patient over the upcoming time period based on or a
portion of the ECG data, the physiologic data, and
the initial patient assessment data,
determine whether the in-hospital patient is likely to
require emergency medical intervention within the
upcoming time period based on one of the first
trajectory and the second trajectory, and
if the in-hospital patient is likely to require emergency
medical intervention
generate a notification indicating a likelihood that the
in-hospital patient will require emergency medical
intervention within the upcoming time period, and
transmit the notification to at least one emergency
responder.

15. The medical device of claim 14, wherein the at least
one emergency responder comprises at least one of an
in-hospital medical emergency team (MET), a medical
emergency response team (MERT), and an in-hospital rapid
response team (RRT).

16. The medical device of claim 14, the at least one
processor being further configured to set a flag stored in
memory that indicates the in-hospital patient is likely to
require emergency medical intervention within the upcom-
ing time period.

17. The medical device of claim 14, the at least one
processor being configured to establish the first trajectory of
the first clinical condition of the in-hospital patient based on
the first plurality of risk estimates of the first clinical
condition of the in-hospital patient.

18. The medical device of claim 14, wherein the ECG
data, the physiologic data, and the at least one of a medical
history and demographic information of the in-hospital
patient comprises a plurality of patient parameters that are
input to the first risk assessment process associated with the
first clinical condition of the in-hospital patient.

19. The medical device of claim 18, the at least one
processor being further configured to execute the first risk
assessment process by:

identifying one or more associations between the first

clinical condition and one or more patient parameters
of the plurality of patient parameters; and

analyzing the one or more patient parameters of the

plurality of patient parameters to generate the first risk
estimate of the clinical condition of the in-hospital
patient.

20. The medical device of claim 19, wherein the first risk
assessment process is configured to analyze the one or more
patient parameters of the plurality of patient parameters at
least in part by applying distinct weights to respective
patient parameters of the one or more patient parameters.

21. The medical device of claim 19, wherein the plurality
of patient parameters comprises one or more of patient ECG
metrics, patient lung fluid level parameters, patient heart rate
parameters, patient heart rate variability parameters, param-
eters of one or more arrhythmias experienced by the in-
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hospital patient, patient cardio-vibrational parameters,
patient respiratory rate parameters, patient pulse oxygen
parameters, patient motion parameters, patient pallor param-
eters, and patient neurological condition parameters.

22. The medical device of claim 14, wherein the plurality
of presentable clinical conditions comprises one or more of
a heart failure condition, a post syncope condition, a post
myocardial infarction condition, and a breathing disorder
condition.

23. The medical device of claim 14, wherein the upcom-
ing time period comprises within less than 1 hour, within 1-2
hours, within 2-4 hours, within 4-6 hours, within 6-8 hours,
within 8-12 hours, and within 12-24 hours.

24. A medical device for assessing patient deterioration in
an in-patient hospital environment, comprising:

a memory storing data identifying

a plurality of presentable clinical conditions,
an indication, for each presentable clinical condition of
the plurality of presentable clinical conditions, of
whether the presentable clinical condition was pre-
sented at admission to the in-patient hospital envi-
ronment or during transfer between departments in
the in-patient hospital environment,
a plurality of risk assessment processes associated with
the plurality of presentable clinical conditions, and
a corresponding plurality of clinical criteria associated
with the plurality of risk assessment processes; and
at least one processor operably coupled to the memory,
the at least one processor being configured to
at least one of automatically determine and receive
initial patient assessment data identifying a first
clinical condition of an in-hospital patient from the
plurality of presentable clinical conditions,
receive electrocardiogram (ECG) signals for the in-
hospital patient,
receive physiological signals distinct from the ECG
signals for the in-hospital patient,
execute a first risk assessment process associated with
the first clinical condition at predetermined intervals
of time based on ECG data generated from the ECG
signals, physiologic data generated from the physi-
ologic signals, and the initial patient assessment data
to generate a first plurality of risk estimates of the
first clinical condition of the in-hospital patient,
establish a first trajectory of the first clinical condition
of the in-hospital patient over an upcoming time
period based on all or a portion of the ECG data, the
physiologic data, and the initial patient assessment
data, the upcoming time period comprising at least
one of within less than 1 hour, within 1-2 hours,
within 2-4 hours, within 4-6 hours, within 6-8 hours,
within 8-12 hours, and within 12-24 hours,
determine whether the in-hospital patient is likely to
require emergency medical intervention within the
upcoming time period, and
if the in-hospital patient is likely to require emergency
medical intervention
generate a notification indicating a likelihood that the
in-hospital patient will require emergency medical
intervention within the upcoming time period, and
transmit the notification to at least one emergency
responder.

25. The medical device of claim 24, wherein the at least

one emergency responder comprises at least one of an
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in-hospital medical emergency team (MET), a medical
emergency response team (MERT), and an in-hospital rapid
response team (RRT).
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