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(57) Abstract: A system and method for monitoring and de-
livering medication to a patient includes a controller that has
a control algorithm and a closed loop control that monitors
the control algorithm. A sensor isin communication with the
controller and monitors a medical condition. A rule base ap-
plication in the controller receives data from the sensor and
the closed loop control and compares the data to predeter-
mined medical information to determine the risk of automa-
tion of therapy to the patient. The controller then provides a
predetermined risk threshold where below the predetermined
risk threshold automated closed loop medication therapy is
provided. If the predetermined risk threshold is met or ex-
ceeded, automated therapy adjustments may not occur and
user/clinician intervention is requested.
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TITLE: SYSTEM FOR MONI TORI NG AND DELI VERI NG MEDI CATION TO
A PATIENT AND METHOD OF USING THE SAME TO MNIMZE THE
RI SKS ASSOCI ATED W TH AUTOVATED THERAPY

BACKGROUND OF THE | NVENTI ON

This invention relates to a system for nonitoring and
delivering nedication to a patient. More specifically, the
present invention is directed toward a device that nonitors
the risk to a patient of allowing an automated therapy
decision and allows a clinician to custom ze rules that
determ ne whether an autonmated change in therapy is to be
all owed or whether wuser/clinician intervention should be
required based upon the risk of automation and the custonized
rul es.

Di abetes is a netabolic disorder that afflicts tens of
mllions of people throughout the world. Di abetes results
fromthe inability of the body to properly utilize and
nmet abol i ze carbohydrates, particularly glucose. Normal Iy, the
finely tuned bal ance between glucose in the blood and gl ucose
in bodily tissue cells is maintained by insulin, a hornone
produced by the pancreas which controls, anobng other things,
the transfer of glucose from blood into body tissue cells.
Upsetting this balance causes many conplications and
pat hol ogi es including heart disease, coronary and peripheral
artery sclerosis, peripheral neuropathies, retinal danage,
cataracts, hypertension, coma, and death from hypogl ycen c
shock .

In patients with insulin-dependent diabetes the synptons
of the disease can be controlled by admnistering additional
insulin (or other agents that have simlar effects) by
injection or by external or inplantable insulin punps. The
correct insulin dosage is a function of the level of glucose

in the blood. Ideally, insulin administration should be
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continuously readjusted in response to changes in blood

gl ucose |Ievel. In di abetes nanagenent, insulin enables the

upt ake of glucose by the body's cells from the bl ood.

A ucagon acts opposite to insulin and causes the liver to

rel ease glucose into the blood stream The basal rate is the
rate of continuous supply of insulin provided by an electronic
medi cation (insulin) delivery device (punp) . The bolus is the
specific ampunt of insulin that is given to raise blood
concentration of the insulin to an effective |evel when needed
(as opposed to continuous).

Presently, systens are available for continuously
nonitoring blood glucose levels by inserting a glucose
sensitive probe into the patient's subcutaneous |ayer or
vascul ar conpartnent or by periodically drawing blood from a
vascul ar access point to a sensor. O her neasurenent systemns
provide a continuous or periodic glucose neasurenent by
noni nvasively interfacing a patient with an optical or
el ectromagnetic system Such probes neasure various properties
of blood or other tissues including optical absorption,
el ectrochem cal potential, and enzymatic products. The out put
of such sensors can be conmunicated to a hand held device that
is used to calculate an appropriate dosage of insulin to be
delivered into the blood stream in view of several factors
such as a patient's present glucose level and rate of change,
insulin adnmnistration rate, carbohydrates consuned or to be
consuned, steroid usage, renal and hepatic status, and
exerci se. These calculations can then be used to control a
punp that delivers the insulin either at a controlled basal
rate or as a periodic or one-tinme bolus . Wen provided as an
integrated system the continuous glucose nonitor, controller,
and punp work together to provide continuous glucose
nonitoring and insulin punp control

Such systens at present require intervention by a patient
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or clinician to calculate, control and confirm the anpunt of
insulin to be delivered. However, there may be periods when
the patient or clinician is not able to adjust insulin
delivery or confirm reconmended therapy decisions. For
exanple, when the patient is sleeping, he or she cannot
intervene in the delivery of insulin - yet control of a
patient's glucose level is still necessary. A system capabl e
of integrating and automating the functions of glucose
monitoring and controlled insulin delivery would be useful in
assisting patients in maintaining their glucose |evels,
especially during periods of the day when they are unable to
i ntervene .

Alternately, in the hospital environment an optinal
gl ucose nmanagenent system involves frequent adjustnments to
insulin delivery rates in response to the variables previously
ment i oned. However, constant intervention on the part of the
clinician is burdensone and nost glucose mnanagenent systens
are designed to naximze the time interval between insulin
updates . A system capable of safely automating |owrisk
decisions for insulin delivery would be useful in inproving
patient insulin therapy and supporting clinician workflow

Since the year 2000 at l|least five continuous or sem-
conti nuous glucose nonitors have received regulatory approval
In conmbination wth continuous subcutaneous insulin infusion
(CSll), these devices have pronoted research toward closed
| oop systens which deliver insulin according to real tine
needs as opposed to open |oop systens which lack the real tine
responsi veness to changing glucose |evels. A closed |oop
system also called the artificial pancreas, consists of three
conmponents: a glucose nonitoring device such as a continuous
glucose nonitor (CG that neasures subcutaneous gl ucose
concentration (SC; a titrating algorithm to conpute the

anount of analyte such as insulin and/or glucagon to be
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delivered; and one or nore analyte punps to deliver conputed
anal yte doses subcutaneously . Several prototype systens have
been devel oped, tested, and reported based on evaluation in

clinical and sinmulated honme settings. This concerted effort

prom ses accelerated progress toward home testing of closed

| oop systens .

Simlarly, closed |oop systenms have been proposed for the
hospital setting and investigational devices have been
devel oped and tested, prinmarily through aninal studies. In
addition, several manufacturers are either in the process of
devel oping or have submitted to the FDA automated gl ucose
measurenent systens designed for inpatient testing. Such
systens will accelerate the devel opment of fully autonated
systens for inpatient glucose nanagemnent.

The primary problem with closed loop control or full
automation of insulin therapy is that a conputerized system
mekes decisions that may be high risk in terns of potential
consequences if the patient's condition changes or differs
from the assunptions behind the conputerized decision system
As a result of the automation these high risk decisions are
not uncovered until the risk is realized and the patient
di spl ays an unacceptable nedical condition. Second, in
scenarios in which frequent glucose neasurenents are
automatically collected but automation is not desired, it is
undesirable to update the infusion at the sanme frequency as
gl ucose neasurenents are coll ected. Third, when user
intervention is required it may be undesirable or difficult
for a clinician to respond at the bedside. For example, if
the patient is in an isolation room but is observable, the
clinician may desire to update the infusion rate wthout
entering the room

Thus, a principle object of the present invention is to

provide an inproved system for nonitoring and delivering
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nmedi cation to a patient that makes risk determ nations of an
aut omat ed therapy decision and action before providing or
continuing to provide automated therapy.

Yet another object of the present invention is to provide
a system for nonitoring and delivering nedication to a patient
that nminimzes the risk to a patient based on automation of
t her apy .

Yet another object of the present invention is to provide
a system for nonitoring and delivering nedication that is able
to selectively request user intervention based upon a risk of
aut omati on of therapy.

Yet another object of the present invention is to provide
a system for nonitoring and delivering nedication that allows
a user to define an acceptable |evel of risk of autonated
t her apy .

Yet another object of the present invention is to provide
a system for nonitoring and delivering nedication that allows
a user to define an unacceptable level of risk of automated
therapy at or above which manually intervention is required.

These and ot her objects, features, or advantages of the
present invention will becone apparent from the specification

and cl ains .

BRI EF SUMVARY OF THE | NVENTI ON

A system for nmonitoring and delivering nedication to a
patient and the nethod of using the sane includes a controller
that has an adjustnent or control algorithm and an automation
risk nmonitor that nmonitors the control algorithm Mor e
specifically, the present invention is directed toward a
system and nethod that nonitors the risk to a patient of an
automated therapy decision and allows a clinician to custom ze
rules that determine whether an automated change in therapy or

continuation of automated nedication delivery therapy is to be
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all owed or whether wuser/clinician intervention should be
requi red based upon the risk of automation and the custom zed
rul es. The custom zed rules may be established by the
supplier of the system or by the user of the system Thus,
the risk of potential adverse consequences to the patient if
the patient's condition changes or differs from the
assunptions behind the conputerized or automated decision
system can be mnim zed.

A sensor in conmmunication with the controller nonitors a
medi cal condition to provide data to a rule based application
in the controller. In addition, the rule based application
receives data, which may include nonitored, neasured or
calcul ated values, from the closed loop control and conpares
the data to predetermned nedical information to deternine the
risk of therapy automation to the patient. When the risk is
bel ow a predetermned risk threshold, nedication or automated
therapy adjustments are allowed to occur in an autonated
manner according to a closed |loop algorithm Al ternatively,
when the risk is above the predeternmined risk threshold, the
controller triggers a request for user intervention or reduces

the degree of automated therapy all owed.

BRI EF DESCRI PTI ON OF THE DRAW NGS

Fig. 1 is a schematic diagram of a closed |oop control
system augnented with the automation risk nonitor of the
present invention;

Fig. 2 is an exanple nessaging diagram for the present
i nvention ;

Fig. 3 is a schematic diagram showing the architecture of
a sem automatic glucose nanagenent systeny and

Fig. 4 is a schematic diagram of an automation risk

nmonitor system
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DETAI LED DESCRI PTION OF THE PREFERRED EMBCDI MENT

Fig. 1 provides a system 10 for nonitoring and delivering
nmedi cati on, such as insulin, to a patient 12 The system 10
includes a controller 14 that utilizes a control algorithm and
an automation risk monitor 15 all presented in a closed |Ioop.
A sensor 16 is in conmunication wth the controller 14 and
monitors a nedical condition of the patient 12 A rul e based
application 18 in the control receives data from the sensor 16
and conpares the data to predetermined nedical information to
determne the risk to the patient 12 to automate the delivery
of medication. The rule based application 18 in one
enbodi ment i ncludes physician or clinician entered conditions
of when automation is acceptable. The system 10 is thus in
comuni cation wth a clinician nmessaging system 20 that
conmuni cates to a clinician when the risk of automation is
unaccept abl e. In a preferred enbodinent the nessaging system
is renmote from the system 10.

The rule based application 18 in one enbodinment can
include a risk profile wherein a clinician inplenments a risk
profile according to a netric that may be qualitative (low,
medi um or high) or quantitative (1-10 where 10 is the highest
risk) and a threshold defining when intervention is required.
In either case, a quantitative netric is internally calculated
and conpared to a quantitative threshold. For exanple, in the
case of low, nmedium or high each qualitative nmeasurenent is
assigned a quantitative value such as 2, 5 and 7 respectively.
Consequently, a risk scale is specified and a threshold is
defined at or above which intervention is requested. The rule
based application 18 can also include a risk matrix that is
devel oped to enable a deternmination of risk. Al t hough the
matrix is ultimately stored internally, it can be
paraneter itized by the user. One exanple of the risk matrix

i s shown bel ow
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d ucose d ucose Change Cal cul at ed Ri sk Level
Range (derivative) Change in
(mg/ dL) Insulin
0-70 I ncreasi ng I ncreasi ng Hi gh
0-70 I ncreasi ng Decr easi ng Low
0-70 Decr easi ng I ncreasi ng Hi gh
0-70 Decr easi ng Decr easi ng Low
70-90 I ncreasi ng I ncreasi ng Medi um
70-90 I ncreasi ng Decr easi ng Low
70-90 Decr easi ng I ncreasi ng Hi gh
70-90 Decr easi ng Decr easi ng Low
90- 120 I ncreasi ng I ncreasi ng Medi um
90- 120 I ncreasi ng Decr easi ng Low
90- 120 Decr easi ng I ncreasi ng Hi gh
90- 120 Decr easi ng Decr easi ng Low
120- 180 I ncreasi ng I ncreasi ng Low
120- 180 I ncreasi ng Decr easi ng Low
120- 180 Decr easi ng I ncreasi ng Medi um
120- 180 Decr easi ng Decr easi ng Low
180- 250 I ncreasi ng I ncreasi ng Low
180- 250 I ncreasi ng Decr easi ng Hi gh
180- 250 Decr easi ng I ncreasi ng Medi um
180- 250 Decr easi ng Decr easi ng Low
Above 250 I ncreasi ng I ncreasi ng Hi gh
Above 250 I ncreasi ng Decr easi ng Low
Above 250 Decr easi ng I ncreasi ng Low
Above 250 Decr easi ng Decr easi ng Medi um

Specifically, the second colum is the calculated or requested
insulin level fromthe closed |oop controller. The table is
an exanple of how the treatnment condition is mapped to a risk
| evel . There are nunerous other nethods for inplenenting this
i nformati on which may include continuous napping functions,
fuzzy logic, probabilistic nodels (e.g., Bayesian networks),
probability calculations and the Iike.

A second way to provide this type of system is to enploy
an insulin/glucose pharnmacokinetic/pharnacodynam ¢ nodel as
shown bel ow which predicts the future glucose |evel and
current insulin-on-board . The clinician can then use a
predicted value and/or the anticipated insulin effect rather

than or in addition to glucose level and a derivative.
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In Equations (1)-(3), qt) [mmol/L] denotes the total plasna
gl ucose concentration, and I(t) |[mJL] is the plasma insulin
concentration. The effect of previously infused insulin being
utilized over time is represented by Qt) [mJL], wWith k
[1/min] accounting for the effective Ilife of insulin in the
system Exogenous insulin infusion rate is represented by
Ug, (t) [mUFmn], whereas P(t) [mmol/L nmin] is the exogenous

gl ucose infusion rate. Patient's endogenous g¢lucose renoval
and insulin sensitivity through time are described by pg(t)
[1/min] and s;(t) [L/nJ mn], respectively. The paraneters V;
[L] and vg [L] stand for insulin and glucose distribution
volunmes, n [1/min] is the first order decay rate of insulin

from plasma. Two M chaelis-Menten constants are used to
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describe saturation, wth «; [L/nlJ used for the saturation of
plasma insulin disappearance, and og [L/m) for the saturation
of insulin-dependent glucose clearance.

Thus, the rule base application 18 determines the risk of
therapy automation to a patient 12 by referencing or conparing
the nonitored, neasured, or determ ned present or future
condition to a predetermined risk threshold. Bel ow the
predetermned risk threshold, because a low risk condition is
detected, the system 10 can nove forward in an automated
fashion and provide nedication as required. If the risk is
determned to neet or exceed (i.e., be at or above) the
predetermned risk threshold, the controller triggers a
request for user intervention by contacting the clinician, for
exanple via a clinician nessaging system 20, instead of noving
forward with automation

In operation, the system 10 nonitors a control algorithm
of a controller 14 to receive data. The controller 14
additionally receives continuous data from a sensor 16
regarding a medical condition such as a glucose level . The
controller 14 then conpares the data from the control
algorithm and the sensor 16 to predeterm ned nedical
information so that the controller 18 can determne whether a
predetermined risk threshold of automating the delivery of
nmedi cation has been nmet or exceeded. Then, based on the data,
if a risk of automated therapy is below a predeterm ned
threshold, automation is permtted and a command or request
for medication or insulin is provided to the electronic
insulin punp and the insulin delivery rate is automatically
updat ed. Therefore the insulin delivery rate is automatically
updated according to the algorithm nodel or closed |oop
controller wused. Al ternatively, if the risk is above a
predetermned threshold, a request for user intervention is

triggered sending a nessage to the clinician, for exanple via

10
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a clinician nessaging system 20, so that a user nay intervene
to nake a determination regarding whether the medication
shoul d be provided. The request for intervention is generated
and sent directly to the user through a nessaging system that
is bi-directional. The nessage system 20 provides information
and requests a user response. When the response is related to
a change in therapy an authentication step is included.

The response to a request is provided by the user
directly through the user interface of the system
Alternatively, the response can be returned through an
aut henticated nessaging system involving a unique identifier
specific to a positive or negative response .

During the course of normal operation glucose
measurenents nay be received that generate a change in the
recommended insulin. However, the change nay not be
significant enough to provide a therapeutic advantage to the
patient versus the burden of requesting confirmation from the
nur se. Consequently, a rule based system is provided which
eval uates therapy changes to trigger a request for an
automati c update or nursing intervention. The input to the
rul e based system includes the blood glucose level, the change
in glucose, the insulin infusion, the reconmended change in
insulin infusion, the estinmated insulin on board, and the
predi cted glucose in the future. Rul es involving conparisons
to thresholds, regression equations, and calculations are
created which trigger a therapy update based on the inputs.

Thus, the present system can be used to nmake
deternminations of treatnent decisions requiring user
i ntervention based upon a diagnostic value, the change in
di agnostic value, the current drug infusion rate, the updated
drug infusion rate, and the treatnent target range. In
addition, the system notifies a clinician that intervention is

required and receives the inplenenting clinician instruction

11
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in response to the notification.

An additional advantage is presented because the system
10 determines when clinician intervention is necessary and
unnecessary. Specifically, system 10 is independent of an
adaptive control algorithm or a computerized protocol. The
system 10 functions as a safety supervisor that watches the
performance of the closed |oop system Consequently, data
from the closed |oop system and diagnostic sensor 16 are
provided to a rules database that uses a matrix to produce a
quantitative level of risk of autonation. The risk is
conpared to a particular risk threshold to either generate
and/or provide an "okay" to proceed with automated therapy or
to trigger a request for user intervention. The risk
threshold can be selected or custom zed based on the desires
of the user or the healthcare facility or organization.

This operation differs from current systenms that do not
determne risk of automation. Instead prior art systens allow
automation to occur regardless of potential risk and then when
sensors indicate a patient is experiencing an unacceptable
nmedi cal condition a clinician is alerted. Therefore the
system 10 provides an advantage of preventing the unacceptable
medi cal condition from occurring in the first place as a
result of nonitoring the automation process, predeterm ning
risks of automation, and conparing the risk of automation to a
predeterm ned risk of autonation threshold. The user can
custom ze or select what factors are used to determ ne the
risk of automation, as well as the predetermned threshold of
automation risk that they are willing to accept wthout
triggering a request for user intervention and preventing
automat ed therapy. Thus, at the very least all of the stated

obj ectives have been net.

12
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VWhat is clained is:

1. A system for delivering nedication to a patient, the

system conpri si ng:

a controller having a control algorithm and an autonation risk
nmonitor that nonitors the control algorithm

an electronic nedication delivery device controlled by the
controller ;

a sensor in conmunication with the controller and the
automation risk nonitor and nonitoring a mnedical
condition;

a rule based application in the automation risk nonitor that
receives data from the sensor and the closed |oop control
and conpares the data to predeterm ned nedical
information to determine a risk of therapy automation to
the patient; and

wherein the controller controls the nedication delivery device
to deliver nedication to the patient based on a
conparison of the risk to a predetermined risk

t hreshol d .

2. The system of claim 1 wherein when the risk is below the
predetermned risk threshold additional automated nedication

delivery therapy is provided and when the risk at or above the
predeterm ned risk threshold the controller triggers a request

for user intervention.
3. The system of claim 2 wherein triggering a request for
user intervention causes the closed loop control to function

as an open | oop.

4. The system of claim 2 wherein the additional autonated

nedi cation delivery therapy includes delivering insulin.

13
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5. The system of claim 1 wherein the nedical condition is a

gl ucose |evel of the patient.

6. The system of claim 1 wherein the predeterm ned nedical

information includes a risk matri x.

7. The system of claim 6 wherein the risk matrix includes
information pertaining to glucose ranges, glucose change,

insulin change and risk |evel.

8. The system of claim 1 wherein the predeterm ned nedical
information includes information determ ned using continuous

mappi ng functions, fuzzy logic or probability calculations.

9. The system of claim 1 wherein the predeterm ned nedical
information includes infornmation determined using a

mat henmati cal nodel.

10. The system of claim 9 wherein the mathematical nodel is
defined by one of a pharnmacokinetic and a pharnmacodynam c

nodel

11. The system of claim 2 wherein the request for user

intervention is sent to the user through a nessaging system

12. The system of claim 6 wherein a portion of the risk

matrix is user custom zable .

13. The system of claim 12 wherein the user custom zabl e
portion of the risk matrix includes a plurality of user-
defined risk levels and respective actions are associated with

the risk levels and wherein at least two of the respective

14
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actions are different.

14. The system of claim 13 wherein the plurality of user-
defined risk levels includes at least three risk |levels

conprising high, medium and low risk levels.

15. A nethod for nonitoring and delivering nedication to a

patient conprising:

nmonitoring a control algorithm of a controller for delivering
nmedi cation from an electronic nedication delivery device
with an automation risk nonitor;

receiving data at the controller from a sensor regarding a
medi cal condition;

conparing the data from the control algorithm and sensor to
predeterm ned nedical information to determine a risk of
therapy automation to the patient;

conparing the risk of therapy automation to a predetern ned
risk threshold; and

delivering nedication to the patient as automated nedication
t herapy based on the conparison of the risk of therapy

automation to the predetermned risk threshold.

16. The nmethod of claim 15 further conprising the step of
providing additional automated nedication delivery therapy

when the risk is below the predetermned risk threshold.

17. The nethod of claim 16 wherein the automated nedication

delivery therapy includes delivering insulin.

18. The nethod of claim 15 further conprising the step of
triggering a request for user intervention when the risk is at
or above the predetermined threshold to cause a closed |oop

control to function as an open | oop.

15
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19. The nmethod of claim 15 wherein the nedical condition is

gl ucose |evel of the patient.

20. The nmethod of claim 15 wherein the predeternined nedical

information includes a risk matri x.

21. The nmethod of claim 20 wherein the risk matrix includes
information pertaining to glucose ranges, glucose change,

insulin change and risk |evel.

22. The nethod of claim 15 wherein the predeterm ned nedical
information includes information determined using continuous

mappi ng functions, fuzzy logic or probabi lity calculations .

23. The nmethod of claim 15 wherein the predeternined nedical
information includes information determned using a

mat hemat i cal nodel .

24. The nethod of claim 23 wherein the mathematical nodel is
defined by one of a pharmacokinetic and a pharnmacodynanic

nodel

25. The nmethod of claim 15 wherein the request for user

intervention is sent to the user through a nessaging system

26. The nethod of claim 20 wherein a portion of the risk
matrix is user custonizable and includes at |least three risk
| evel s comprising high, nedium and low risk levels wth
respective actions associated therewith and at |east two of

the respective actions are different.
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