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Description
FIELD OF THE INVENTION

[0001] The presentinvention relates to a system for managing diabetes. More particularly, the presentinvention relates
to an automated system for determining the timing and amount of insulin administration to a subject in the treatment of
diabetes.

BACKGROUND AND SUMMARY OF THE INVENTION

[0002] Typically, insulin therapy is based upon a set of rules that employ periodic glucose measurements to make
insulin recommendations to manage glucose levels. The rules are based on estimates of an individual subject’s response
to carbohydrates, insulin and exercise. In practice, these rules are used to present an initial therapy. The subject then
individualizes this therapy with the help of a health-care provider by analyzing the glycemic results achieved to date.
This data is in the form of a written or electronic logbook that the subject maintains regarding exercise, food consumption,
insulin doses and glucose measurements. The rules are applied for administering insulin and/or carbohydrates based
on experience and abnormal glucose values. Rules are generally updated when the therapy results in degraded blood
glucose control.

[0003] Electronic diabetes management systems have been developed to assist subjects in the implementation of
insulin administration regimens. See, forexample U.S. Pat. Nos. 5,019,974, 4,731,726, 5,822,715; 5,840,020, 5,997,475.
See also, EP 1 102 194 A2, WO 0074753; WO 0018293.

According to the present invention, a system for providing glycemic control to a subjectis provided. The system comprises
an insulin delivery unit, a glucose sensor, and a control unit. The control unit includes a processor unit that receives
glucose value readings from the glucose sensor, executes a feedback algorithm that predicts a glucose value at a pre-
determined time in the future, compares that predicted glucose value to a pre-determined glucose value range, and
determines a corrective amount of insulin to be administered when the predictive glucose value lies outside of the
predetermined glucose value range whereby the feedback algorithm anticipates the future effects of insulin that has
been previously delivered to the patient, wherein the feedback algorithm excludes insulin equivalents for meals and
exercise from the prediction of the glucose value at a predetermined time in the future. The control unit also includes a
communication unit that transmits the corrective amount to the delivery unit. In at least one embodiment, a predictive
model is provided that is based on the following equation: AG = - (TotallnsuRemain - BasalReq) * Sensitivity, wherein
AG = future change in glucose level at a pre-determined time, TotallnsuRemain = amount of insulin remaining in the
subject’s system at the current time, BasalReq = how much insulin the subject is estimated to need at the pre-determined
time, and Sensitivity = Insulin sensitivity.

[0004] In addition, a system for providing glycemic control to a subject is provided. The system comprises a sensor
formed to conduct a glucose measurement of a subject, a control unit that includes a processor unit that is formed to
accept data from the subject on insulin sensitivity and basal rate, to execute an algorithm that generates a predictive
value of the subject’s glucose level at a predetermined time in the future based upon the glucose measurement from
the sensor and the data, and to compute a corrective action when the predictive value lies outside of a predetermined
target range. The system also includes an insulin delivery unit in communication with the control unit. The delivery unit
is formed to administer automatically a dosage of insulin to the subject based upon the computed corrective action of
the control unit.

[0005] Still further a method for providing glycemic control to a subject is provided. The method comprises the steps
of determining the glucose value of a subject and inputting the glucose value into at least one processor. The at least
one processor is formed to execute at least one algorithm that anticipates the future effects of insulin that has been
previously delivered to the subject, to incorporate constraints on insulin delivery and glucose deviations, and to determine
a corrective amount of insulin to be administered when the predictive glucose value lies outside of the pre-determined
glucose value range. Next, the desired insulin dosage is delivered automatically to the subject and both the determining
and inputting steps are repeated.

[0006] In addition, a system for providing glycemic control to a subject is provided. The system comprises means for
delivering insulin to a subject, means for determining a glucose value from the subject, and a control unit including a
processor unit that is formed to compare the glucose value to a pre-determined glucose value range. The processor
unit is also formed to determine a corrective amount of insulin to be administered when the predictive glucose value lies
outside of the pre-determined glucose value range and to transmit the corrective amount to the delivering means.
[0007] In addition a system for predicting a future glucose value of a subject at a predetermined time is provided. The
system comprises a control unit that includes a processor unit formed to predict the future glucose value with an algorithm
AG = -(TotallnsuRemain - BasalReq) * Sensitivity, wherein AG = future change in glucose levels at a pre-determined
time, TotallnsuRemain = amount of insulin remaining in the subject’s system at a current time, and BasalReq = how
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much insulin the subject is estimated to need to maintain the current glucose level, and Sensitivity = Insulin sensitivity.
[0008] Sitill further a system for recommending an insulin dose that compensates for meals for a subject is provided.
The system comprises a control unit that includes a processor unit formed to compensate for meals with a feedforward
algorithm Dose = carbohydrates * insulin-to-carb-ratio * oy,e4) type - intercept, wherein Dose = Insulin dose, carbohydrates
= grams of carbohydrates, insulin-to-carb-ratio = Insulin to Carbohydrate Ratio, o4 type = Meal dependent scaling
factor, and intercept = intercept to allow a linear fit for sizes of the meals.

[0009] Additional features of the invention will become apparent to those skilled in the art upon consideration of the
following detailed description of the preferred embodiment exemplifying the best mode of carrying out the invention

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] The detailed description particularly refers to the accompanying figures in which:

Fig. 1 is a schematic of the system of the present invention.

Fig. 2 is a graph showing an example of a glucose trace during a 24 hour control day with limited activity and three
meals.

Fig. 3 is a graph showing the glucose concentration for 22 subjects over a single day where the amount of insulin
dosed for each meal was computed from the subjects’ insulin-to-carbohydrate ratio.

Fig. 4 is a graph showing the glucose concentration for 12 subjects over a single day (total of 30 experiments) where
the amount of insulin dosed for each meal was computed through the algorithm from the manual entry of the number
of grams of carbohydrates (for meals with 60% of their calories coming from carbohydrates).

Fig. 5 is a schematic of the system utilizing the feedforward algorithm.

Fig. 6 is a graph showing an assumed shape of the insulin effect on a subject for purposes of an empirical algorithm.
Fig. 7 is a schematic of a portion of the system of Fig. 5.

Fig. 8 is a schematic of a portion of the system of Fig. 5.

DETAILED DESCRIPTION OF THE DRAWINGS

[0011] A subject with diabetes is confronted with ongoing therapeutic decisions to manage their disease effectively.
This management requires an understanding of the subject’s response to meals, exercise, insulin, stress, alcohol,
medication, hormones, illness, and a number of other factors that interact in complex ways. Management requires
complex calculations, glucose measurements, and insulin injections.

[0012] In an effort to manage the disease, individuals may elect to make a transition from multiple daily spot glucose
measurements to continuous glucose monitoring. The system of the present invention incorporates algorithms with
continuous feedback for glycemic control that enables management with continuous monitoring. One embodiment of
the present involves subcutaneous glucose monitoring and subcutaneous delivery of rapid-acting insulin (e.g. HUMA-
LOG®), Eli Lilly and Company, Indianapolis, IN or NOVORAPID®, Novo Nordisk A/S, Bagsvaerd, Denmark). In addition
to time-dependent variations of physiological conditions, the control algorithm compensates for delays on the measure-
ment side (physical or technology-related lags and physiological lags between subcutaneous space and blood) as well
as on the delivery side (delayed insulin action due to peripheral delivery). In order to achieve acceptable glycemic control,
especially under disturbance challenges of meals and physical activity, feedback-based insulin dose adjustment is used
in a feedback algorithm. Further, a feedforward algorithm is notified of pending meals in advance and this notification
generally includes information about size (carbohydrate amount) and type of the meal (relative speed of the meal) to be
ingested.

[0013] Thus, the system of the present invention permits the individual to manage their diabetes with minimal inter-
vention with near normal glycemic control. This system uses qualitative and quantitative information regarding interstitial
glucose values and administered insulin to determine the timing and amount of insulin administration, and preferably
carbohydrate intake recommendations. Additional information, such as meals, exercise, stress, illness, and alcohol
consumption may also be utilized by the system in accordance with this disclosure. In preferred embodiments, the system
of the present invention analyzes past data to make modifications to the existing therapy.

[0014] This system 10 in accordance with the present invention comprises an insulin delivery unit 12, a glucose sensor
16, and a control unit 14. See Fig. 1. The concentration of interstitial glucose in a diabetic changes due to external
influences, non-limiting examples of which include insulin administration, meals and exercise. Sensor 16 measures the
glucose and reports the value to control unit 14. Control unit 14 responds to the measured glucose levels by determining
the appropriate amount of insulin to administer in order to normalize glucose levels within a pre-determined target range.
This target range for glucose is from about 60 mg/dl to about 250 mg/d|, preferably about 80 mg/dl to about 210 mg/dI,
and most preferably about 90 mg/dl to about 150 mg/dl. It is appreciated, however, that the target range may exceed
the range of about 60 mg/dl to about 250 mg/dl in accordance with this disclosure based upon the individualized needs
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of the subject. Control unit 14 then directs delivery unit 12 to administer the appropriate amount of insulin to the subject.
[0015] In at least one embodiment, control unit 14 also stores feedback and feedforward algorithms, the glucose
concentrations, and the amount of insulin administered as well as the times of administration in a memory unit. It is
further appreciated that the memory unit may also store the carbohydrates consumed and the times they were consumed
as well as the duration and intensity of any exercise performed by the subject. This memory is formed with memory
components, a non-limiting example of which is known as RAM, which is well known in the prior art.

[0016] The system of the present invention operates upon an assumption that there exists an insulin basal rate for a
subject that is required to maintain a steady-state glucose level (G) at a specified therapy level. It is understood that this
basal rate can be either a fixed value or vary with time. Based upon this basal rate, it is possible to select an insulin
infusion rate to meet the target range of the desirable glucose level. The system of the present invention utilizes this
pre-determined basal rate in making its insulin dosage recommendations in order to hold the glucose level within the
target range. It is appreciated that this basal rate is individualized and can be determined using a variety of well known
methods.

[0017] Insulin delivery unit 12 is formed to administer automatically a dosage of insulin to the subject based upon the
computed corrective action of the control unit 14. Operation of delivery unit 12 depends upon subject-specific recom-
mendations from control unit 14 and occurs at a pre-determined time interval or cycle. It is appreciated that unit 12 can
deliver a variety of insulin doses in accordance with this disclosure. Insulin dosages generally range from 0 U to about
15U per cycle, which are based upon the projected insulin needs of the subject. It is appreciated that while these time
intervals or cycles can vary, non-limiting examples of appropriate time intervals range from about 1 minute to about 1
hour, preferably 5 minutes to about 30 minutes, most preferably about 10 minutes. Delivery unit 12 can be a continuous
type system(e.g. an "insulin pump) a semi continuous system, or a discrete delivery system. In addition, delivery unit
12 can be any one of a variety of commercially available delivery units in accordance with this disclosure. A non-limiting
example of a suitable semi-continuous delivery unit is a H-Tron Insulin pump, commercially available from Disetronic
Medical Systems, Inc., St. Paul, MN. Neon-limiting examples of suitable discrete delivery units include B-D® PEN Insulin
Delivery Device, commercially available from BD, Franklin Lakes, NJ and the Lilly Pen, commercially available from Eli
Lilly and Company, Indianapolis, IN.

[0018] Glucose sensor 16 draws a body fluid sample from a subject for testing. Operation of sensor 16 occurs at a
pre-determined time interval or cycle. This time interval preferably corresponds with the time intervals of the operation
of delivery unit 12. In use, sensor 16 draws samples from the subject about every 1 minute to about 1 hour, more
preferably about every 5 minutes to about 20 minutes, most preferably about every 10 minutes. Sensor 16 can be a
continuous glucose-sensing unit, a semi-continuous glucose-sensing unit, or a discrete glucose-sensing unit. Further,
suitable glucose sensors may be electrochemical, microdialysis, transdermal, or noninvasive.

[0019] For example, electrochemical glucose sensors are known in which glucose concentration can be measured in
a capillary blood sample collected by the subject from the fingertip and then applied to a test element, for instance. A
device based on sampling blood is described in U.S. Patent Nos. 5,288,636; 5,053,199; 5,366,609; and 4,891,319. To
determine glucose values, itis also possible to implant electrochemical measurement sensors in the body (e.g., intravasal,
interstitial). See, for example the MiniMed Continuous Glucose Monitoring System -CGMS-, commercially available from
MiniMed Inc. Northridge, CA.

[0020] Another possibility for the determination of glucose values is based on measurements in interstitial fluid. Devices
are known with which small quantities of interstitial fluid can be collected through thin cannula and then analyzed. To
perform subcutaneous measurements it is also possible to implant miniaturized catheters with which microdialysis or
ultrafiltration can be performed, so that measured results can be provided at close intervals. A device based on micro-
dialysis is described in U.S. Patent No. 5,174,291. A device based on ultrafiltration is described in U.S. Patent No.
4,777,953. An example of an implantable sensor is disclosed in U.S. Patent No. 6,049,727.

[0021] Further, non-invasive sensors are suitable in accordance with this disclosure. Non-limiting examples of such
known sensors include GLUCOWATCH® Biographer, commercially available from Cygnus, Inc., Redwood City, CA., as
well as sensors disclosed in U.S. Patent Nos. 5,730,714, 5,222,496, and 6,061,582. It is appreciated that sensor 16 can
be any one of a variety of in vivo or in vitro sensors in accordance with this disclosure. Since samples are drawn from
a subject frequently, it is preferred that sensor 16 be implanted in the subject, such as the CGMS as described above.
[0022] Sensor 16 does not generally produce a glucose reading instantaneously, but rather, a period of time elapses
between the time that a sample is extracted from the subject and the time that the glucose measurement is available
from use by unit 14. This time delay can range from about 1 minute to about 45 minutes, more typically from about 5
minutes to about 30 minutes, and most typically, the time delay for the glucose measurement is about 5 to about 15
minutes. System of the presentinvention recognizes that this time delay exists and control unit 14 is formed to compensate,
or make corrections for the delay. It is also appreciated that a sensor may be used in the system of the present invention,
which reduces or even eliminates this time delay.

[0023] Control unit 14, is formed to predict the current glucose value of the subject based upon the delayed glucose
reading, the history of insulin infusions, the basal requirement, and the insulin sensitivity of the subject. Insulin sensitivity
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is defined herein as the expected drop of glucose concentration when 1U of insulin is administered to the subject. It is
understood that insulin sensitivity is individual to the subject and is determined over a period of time.

[0024] Unit 14 includes a processor unit that executes an algorithm to determine an insulin dosage recommendation
and a communication unit that forwards that recommendation of the processor unit to the delivery unit 12. It is appreciated
that non-limiting examples of suitable processor units include microprocessors, portable laptop computers, or mainframe
computers. The communication unit or units can be of the type of a serial port, a RF port, an IR port, an ultrasound
mode, or any number of commercially available communication units. Non-limiting examples of power sources suitable
to power the processing and communication units can be solar power, battery power (throw away or rechargeable),
conventional AC power, or mechanical power in accordance with this disclosure. It is appreciated that processor unit
and communication unit can be assembled in one single device, or they can be discrete devices that communicate with
each other through wired or wireless means (IR link or RF link).

[0025] The processor unit of control unit 14 is a microprocessor. It is appreciated that the microprocessor may be any
number of commercially available microprocessors. A non-limiting example of a suitable microprocessor includes a
personal digital assistant (PDA) that includes a display. The display enables the subject to input data and review data
from unit 14. Non-limiting examples of data displayed by unit 14 includes the glucose values, insulin doses and their
times of administration, the carbohydrates consumed or to be consumed and the times they are consumed, and exercise
performed or to be performed, the duration of the exercise, and the intensity of the exercise. In addition, non-limiting
examples of the display include a data input unit with a visual display unit and/or an auditoryNibratory feedback unit in
accordance with this disclosure. It is appreciated that data can also be inputted via a keyboard.

[0026] In addition, to processor unit and communication unit, the control unit 14 of the present invention preferably
includes a memory unit. The memory unit stores the algorithms, the glucose concentrations, the amount of insulin
administered, the times of administration, the carbohydrates consumed, the times the carbohydrates were consumed,
and the duration and intensity of any exercise performed by the subject. The memory unit is formed with memory
components, non-limiting examples of which include a RAM unit, a disk drive unit, a hard disk drive unit, a tape drive
unit, or other data storage means, which are well known in the art. It is appreciated that the memory unit may be a
discrete component rather than integral with the processor and communication units.

[0027] The memory unit can communicate with the processor and communication units through wired or wireless
means (IR link or RF link). The processor unit of the control unit 14 predicts an expected drop in glucose over time after
accounting for the time delay in the sensor using a feedback algorithm that is stored in the memory unit. Based upon
that drop, the processor unit makes a recommendation for the administration of additional insulin to the subject to reach
a pre-determined target glucose level at a pre-determined time in the future. In preferred embodiments, as will be
discussed hereafter; the processor unit also uses a feedforward algorithm stored in the memory unit that allows adjustment
due to variations in a subject’s glucose-insulin dynamics as well as meal related information. See Figs. 5, 7, and 8.
[0028] In atleast one embodiment of the present invention, the control unit 14 operates using both levels of algorithms.
Thefirstlevel is a basal rate control or a feedback algorithm stored in the memory unit. The second level is a compensation
control for meals and/or exercise or a feedforward algorithm that is also stored in the memory unit. See Figs. 5, 7 and
8. It is appreciated that the feedback algorithm operates on the assumption that there exists an insulin basal rate for a
subject that is required to maintain a steady-state glucose level at a specified therapy level. This pre-determined basal
rate is used by the feedback algorithm in malting its insulin dosage recommendations. The feedback algorithm excludes
insulin equivalents for meals and exercise from the prediction of a future glucose value. Recommendations for doses
of insulin to cover meals are made based upon the subject’s experience (carbohydrate/insulin ratio or fixed dose) and
lie outside of the feedback algorithms used by the control unit 14.

[0029] In the feedforward algorithm, the administered insulin dose is expected to ideally flatten or counteract the
carbohydrates taken in the meal (or at least stay within a predetermined range of glucose values over a period of time).
The feedforward algorithm reprocesses historical data of the subject to make a determination of an appropriate insulin
dosage for categorized meals. Likewise, the insulin dose reduction due to exercise is based on historical data to determine
the appropriate insulin dose reduction for categorized exercise. It is appreciated, that the feedback algorithm used by
the processor unit of the control unit 14 does not see the effects of these feedforward meal-related insulin doses or
exercise-related insulin reductions.

[0030] The control unit 14 uses the feedback algorithm in a predictive model to predict the future glucose level of a
subject at a pre-determined time. The feedback algorithm is illustrated by equations (1-3). First, equation (1) is used to
predict a current glucose value (for an expected delay in glucose measurement) as follows:
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1)

. InsulinDuration

- T
G(i+1)=G(i)+ ﬁ:[(lnsurrace(i ) * InsuGluDrop(i )+ Basal Re quirement(i)]* Sensitivity

=1

Wherein

G (i) = glucose concentration i cycles in the past

i =cycle

InsuTrace (i) = series of pulses of insulin that were administered in the past (excluding meal-related insulin doses
and exercise-related insulin reductions) normalized

InsuGluDrop (i) = amount that the glucose is expected to drop on the next cycle due to insulin delivered at times in
the past

AT = time interval between cycles (in minutes)

Basal Requirement (i) = amount of insulin required in the i'th cycle to maintain current glucose in the absence of
disturbances

Sensitivity = expected magnitude of glucose drop for 1U of insulin.

[0031] Next, control unit 14 predicts a future change in glucose level in accordance with equation (2):
) AG = -(TotallnsuRemain - BasalReq) * Sensitivity

Wherein

AG = expected future change in glucose levels

TotallnsuRemain = expected amount of insulin remaining in the subject’s system (excluding meal-related doses
and exercise dose reductions)

BasalReq = how much insulin the subject is estimated to need

[0032] Control unit 14 then makes a recommended insulin dose to reach the target range of glucose level in full time
of the insulin action using equation (3):

3) InsuRecommend = [G (0) + AG - Target] / Sensitivity + BasalNeed
PerCycle

Wherein

InsuRecommend = recommended insulin dosage

G (0) = predicted current glucose level

Target = glucose target level

BasalNeedPerCycle = basal requirements of the subject during each cycle

The recommended dosage is rounded to the nearest 0.05 U to 0.1 U resolution. It is appreciated that the recommended
dosage need not be rounded or may be rounded to a different level of precision in accordance with the disclosure.

[0033] The recommendation of the control unit 14 resulting from the feedback algorithm is transmitted to the delivery
unit 12. The transmission can take place over a fixed wire or preferably via telemetric connection (IR link or RF link). It
is appreciated that the transmission can take place using any number of wired or wireless means in accordance with
this disclosure. It is also possible that the subject may operate the delivery unit 12 themselves, such as an insulin pump
ouffitted with a transmission unit that transmits the administered insulin dose along with the time of administration to the
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control unit 14.

[0034] The feedforward algorithm is part of an insulin adaptation model used by unit 14 that allows the system to
analyze past data and to make modifications to the existing therapy based upon that data. This adaptation model performs
the function of an event handler 20, a meal compensator 22, a basal controller 24, and a dose nullifier 26. See Fig. 5.
In practice, the adaptation model again assumes a basal insulin requirement and an insulin sensitivity, which is specific
to the subject. It is appreciated that the subject initially inputs information on meals and exercise into control unit 14
based upon personal history. See Fig. 5, which is a schematic illustration of the feedforward algorithm of the adaptation
model. The adaptation model uses this subject-provided data as well as the historical data gathered by the unit 14 to
correct or refine the subject-provided data to make a recommended therapy as to the distribution and amount of insulin
for meal related doses as well as exercise.

[0035] Thus, the adaptation model uses historical data for post processing to develop updated settings and functions
for the particular subject. Specifically, the historical data is reprocessed by first mathematically removing all insulin from
the dataset except for the particular subject’s basal requirement of insulin. When the correct basal insulin rate(s) are
applied, it is expected that the subject’s glucose levels will remain nearly flat while fasting and for short pre-prandial
periods. During meals, the glucose levels progressively increase with time and only during exercise is a decrease
anticipated. Second, the distribution and amount of insulin doses are determined that provide a flat or sculpted daily
glucose profile (target insulin delivery). Once the target insulin delivery is determined a meal-related insulin distribution
profile is computed from an average response of reprocessed historical events for the particular subject.

[0036] The feedforward algorithm is used as part of an intensive insulin therapy/pump therapy and allows the control
unit 14 to make adjustments due to variations in the subject’s glucose-insulin dynamics as well as enables the control
unit 14 to compensate for meals. This feedforward algorithm first makes an assumption that non-meal related insulin
needs are covered by the basal rate. This basal rate has a fixed profile over the day. Disturbances due to meals are
compensated for by insulin doses.

[0037] Therefore, in the cycle following the entry of meal information, the unit 14 will make an insulin dosage recom-
mendation of the basal rate when the glucose values remain within a predefined post-prandial glucose range. Unit 14
in the upcoming cycles, will recommend that delivery unit 16 administer meal-related amounts of insulin based on the
carbohydrate amount and speed entered by the subject into the unit 14. These meal-related insulin dose sizes are based
on the unit’s reprocessing of historical data of the subject. Specifically, the dose sizes are determined from the expected
carbohydrate intake and the insulin-to-carbohydrate ratio. This intake may be constant or may be dependent based on
the meal type or the time-of-day. Further assumptions include that insulin pharmacokinetics and pharmacodynamics
are initially population based; the duration of the insulin effect is about 4 to about 6 hours; and there is an assumed
shape of the insulin effect on the subjectillustrated in Fig. 6. Itis appreciated that these assumptions are merely guidelines
and may vary in accordance with this disclosure. The various parameters are further illustrated in Fig. 8. The insulin
effect curve is normalized to one. Further, the glucose lowering effect of a given insulin dose profile is calculated as the
convolution of the insulin profile and the insulin effect curve, multiplied by the insulin sensitivity.

[0038] Unit 14 ignores the meal intake and any meal related insulin doses (except postprandial rise profile). Further,
unit 14 reacts on the deviation of the predicted glucose concentration from the target range. Any insulin administered
in excess of the basal need is expected to lower the glucose concentration and any insulin deficit is expected to raise
the glucose concentration. Unit 14 estimates the expected drop / rise of glucose from the excess / deficit insulin, the
normalized insulin effect, and the insulin sensitivity. The glucose target range can allow for a postprandial rise profile.

[0039] The feedforward algorithm of unit 14 is used to determine meal compensation/dosing by equation (4):

(4)  Dose = carbohydrates * insulin-to-carb-ratio * &,cy yp. - Intercept

Wherein:

Dose = Total insulin dose

carbohydrates = grams of carbohydrates

insulin-to-carb-ratio = Insulin to Carbohydrate Ratio

Omeal type = Meal dependent scaling factor (meal compensator)
intercept = intercept to allow a linear fit for sizes of the meals

The dose is distributed according to a predefined profile dependent on the user-input of carbohydrate amount and
preferably the speed of the meal. The insulin distribution ranges from one to five doses depending on the meal size. It
is appreciated, however, that the insulin distribution may vary to compensate for different meal speeds. Further, as
shown in Fig. 7, the meal type is generally broken into meal type (breakfast, lunch, dinner, and snack), assuming that
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breakfast generally requires a relatively larger insulin dose than, for example, lunch, size (amount of carbohydrates),
speed (glycemic index or composition: carbohydrates/protein/fat) as well as the time of the meal. It is also appreciated
that the intercept is often set close to zero. This intercept, however, is used as a way to initially under deliver insulin, or
to set a threshold level of a meal to initiate the delivery of insulin to the subject.
[0040] There may also be constraints, which are defined by the equation (5):

®)] infusion rate > B * basal rate.

wherein B = a fraction that defines a minimum basal rate.

It is appreciated that B ranges from about 0.25 to about 0.5. Preferably, B is 0.5. This constraint is generally used for
overnight and is used to minimize excessive production of glucose from the liver. It is anticipated that the constraint can
be violated if a large insulin dose has been administered recently, as well as when the subject is exercising. It is
appreciated that this constraint is merely a guideline, and may vary in accordance with this disclosure.

[0041] In addition to sensor, delivery unit, and control unit, the system of the present invention may comprise additional
components, which can be assembled in different ways. Non-limiting examples of additional components include: a
feedback unit, adata processor unit,a communication unit, and a power source unit. These components can be assembled
in one single device, or they can be discrete devices that communicate with each other through wired or wireless means
(IR link or RF link). A suitable data processor unit may be, for example, a microprocessor, a portable laptop computer,
or a mainframe computer. The communication unit or units can be of the type of a serial port, a RF port, an IR port, an
ultrasound mode, or any number of commercially available communication units. The power source can be solar power,
battery power (throw away or rechargeable), conventional AC power, or mechanical power in accordance with this
disclosure.

Example 1:

[0042] As shown in Fig. 2, glucose was traced for a subject during a 24 hour control day with limited activity and three
meals. The first meal is shown by the vertical line A at 10:00, the second meal is shown by the vertical line B at 14:00
and the third meal is shown by the vertical line C at 18:00. The glucose value target range is shown by the vertical line
D at 60mg/dL and line E at 250 mg/DL. The nominal target glucose value for the entire period was 120 mg/dL.

[0043] Referring now to Fig. 3, glucose concentration (average +/- one standard deviation) was plotted for 22 subjects,
who were each controlled for one day. The meal dose was a single bolus at the time of the meal as shown by letters A,
B,C, respectively and was based on the subject’s insulin rules for the number of grams of carbohydrates in the meal.
Lines D and E illustrate the glucose value target range. In addition, as shown in parenthesis F, the glucose concentration
of the subjects was plotted from 0:00 to 8:00 before implementation of the system 10 in accordance with the present
invention.

[0044] The parameters for the algorithm were composed of a set of population-based parameters and a set of indi-
vidualized parameters based on the subjects’ insulin therapy rules and logbook information. In this experiment, no
adaptation to previous high-density glucose or insulin data was employed. Presumably better glycemic control could be
achieved after adapting the insulin therapy based on the review of several days of algorithmic control.

[0045] Fig. 4 displays the glucose concentration (average +/- one standard deviation) was plotted from a total of 30
experiments from 12 subjects, who were each controlled for at least one day. The meal doses were boluses beginning
ten minutes before the time of the meal and were based on the computed insulin-to-carbohydrate ratios determined
from the analysis of prior logbook data or control experiment data. The meals were of a fixed composition so that 60%
of the calories in each meal came from carbohydrates.

[0046] Although the invention has been described in detail with reference to a preferred embodiment, variations and
modifications exist within the scope of the invention as described and defined in the following claims.

Claims

1. A system for providing glycemic control to a subject, the system comprising:
an insulin delivery unit (12),
a glucose sensor (16) and

a control unit (14) including a processor unit that receives glucose value readings from the glucose sensor,
executes a feedback algorithm that predicts a glucose value at a pre-determined time in the future, compares
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that predicted glucose value to a pre-determined glucose value range, and determines a corrective amount of
insulin to be administered when the predictive glucose value lies outside of the pre-determined glucose value
range and a communication unit that transmits the corrective amount to the delivery unit whereby the feedback
algorithm anticipates the future effects of insulin that has been previously delivered to the patient, characterised
in that the feedback algorithm excludes insulin equivalents for meals and exercise from the prediction of the
glucose value at a predetermined time in the future.

The system of claim 1 wherein the control unit (14) is formed to accept data from the subject.

The system of claim 2 wherein the data includes information on size and type of a meal to be ingested and anticipated
duration and intensity of exercise.

The system of claim 3 wherein the control unit (14) includes a memory unit formed to store the data provided by the
user.

The system of claim 4 wherein the memory unit also is formed to store an algorithm that utilizes the stored data and
the processor unit is formed to execute the algorithm to determine the predictive glucose value.

The system of claim 1 wherein the sensor is a semi-continuous glucose-sensing unit.

The system of claim 1 wherein the algorithm includes the following equation:

AG = -(TotallnsuRemain - BasalReq) * Sens'itivity

wherein

AG = future change in glucose levels at a pre-determined time

TotallnsuRemain = amount of insulin remaining in the subject’s system at a current time (excluding meal-related
doses and exercise dose reductions), and

BasalReq = how much insulin the subject is estimated to need to maintain the current glucose level, and
Sensitivity = Insulin sensitivity.

The system of claim 7 further comprising a memory unit that is formed to store the algorithm and data, the data
including glucose value readings from the glucose sensor, predicted glucose values, the pre-determined glucose

value range, and corrective amounts of insulin.

The system of claim 8 wherein the memory unit is formed to store a feedforward algorithm that utilizes at least a
portion of the data stored in the memory to compensate for meals.

The system of claim 9 wherein the feedforward algorithm includes the following equation:

Dose = carbohydrates * insulin-to-carb-ratio * 0,y oy - intercept

Wherein:

Dose = Total insulin dose

carbohydrates = grams of carbohydrates

insulin-to-carb-ratio = Insulin to Carbohydrate Ratio

Omeal type = Meal dependent scaling factor

intercept = intercept to allow a linear fit for sizes of the meals.

The system of claim 1 wherein the processor predicts a current glucose value using the following equation:
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_ InsulinDuration

a7 :
G(i+1)=G(i)+ 2 [(InsuT race(i)* InsuGluDrop(i))+ Basal Re quirement(i )]* Sensitivity

i=i

wherein G (i) = glucose concentration i cycles in the past, i = cycle, InsuTrace(i) = series of pulses of insulin that
were administered in

the past (excluding meal-related insulin doses and exercise-related insulin reductions) normalized, InsulinDuration
= total time action of insulin, InsuGluDrop(i) = amount that the glucose is expected to drop on the next cycle due to
insulin delivered at times in the past, AT = time interval between cycles (in minutes), Basal Requirement (i) = amount
of insulin required in the i'th cycle to maintain current glucose in the absence of disturbances, and Sensitivity =
expected magnitude of glucose drop for 1U of insulin.

The system of claim 11 wherein the control unit (14) makes a recommended insulin dose to reach the target range
of glucose level in full time of the insulin action using the following equation:

InsuRecommend = [G (0) + AG - Target] / Sensitivity + BasalNeed PerCycle

wherein

InsuRecommend = recommended insulin dosage

G (0) = predicted current glucose level

Target = glucose target level

BasalNeedPerCycle = basal requirements of the subject during each cycle

The system of any of claims 1 to 11, whereby the delivery unit is formed to administer automatically a dosage of
insulin to the subject based upon the computed corrective action of the control unit.

Patentanspriiche

1.

System zum Bereitstellen einer Blutzuckersteuerung fiir ein Subjekt, wobei das System Folgendes umfasst:

eine Insulinabgabeeinheit (12),

eine Glucosesonde (16) und

eine Steuereinheit (14), umfassend eine Prozessoreinheit, welche Glucosemesswerte von der Glucosesonde
empfangt, einen Feedbackalgorithmus ausfiihrt, welcher einen Glucosewert zu einem vorbestimmten Zeitpunkt
in der Zukunft voraussagt, diesen vorausgesagten Glucosewert mit einem vorbestimmten Glucosewertbereich
vergleicht und

eine korrigierende Menge an Insulin bestimmt, die zu verabreichen ist, wenn der vorausgesagte Glucosewert
aulerhalb des vorbestimmten Glucosewertbereichs liegt, sowie eine Kommunikationseinheit, welche die kor-
rigierende Menge an die Abgabeeinheit Ubertragt, wodurch der Feedbackalgorithmus die zukinftigen Wirkungen
von Insulin, das dem Patienten zuvor verabreicht worden ist, voraussieht, dadurch gekennzeichnet, dass der
Feedbackalgorithmus Insulindquivalente fir Mahlzeiten und Bewegung von der Voraussage des Glucosewerts
zu einem vorbestimmten Zeitpunkt in der Zukunft ausnimmt.

System gemal Anspruch 1, wobei die Steuereinheit (14) zum Annehmen von Daten von dem Subjekt gestaltet ist.

System gemal Anspruch 2, wobei die Daten Informationen tUber den Umfang und die Art einer einzunehmenden
Mahlzeit und die erwartete Dauer und Intensitédt von Bewegung umfassen.

System gemal Anspruch 3, wobei die Steuereinheit (14) eine Speichereinheit umfasst, welche zum Speichern der
von dem Benutzer bereitgestellten Daten gestaltet ist.

System gemal Anspruch 4, wobei die Speichereinheit auch zum Speichern eines Algorithmus, welcher die gespei-
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cherten Daten verwendet, gestaltet ist und die Prozessoreinheit zum Ausfiihren des Algorithmus zum Bestimmen
des vorausgesagten Glucosewerts gestaltet ist.

System gemaf Anspruch 1, wobei die Sonde eine halbkontinuierliche, glucoseempfindliche Einheit ist.

System gemaf Anspruch 1, wobei der Algorithmus folgende Gleichung umfasst:

AG = - (Gesamtinsulinrest - Grundbedarf) *
Empfindlichkeit

wobei

AG = zukiinftige Anderung der Glucosespiegel zu einem vorbestimmten Zeitpunkt

Gesamtinsulinrest = Menge an Insulin, die zu einem gegenwartigen Zeitpunkt noch in dem System des Subjekts
vorhanden ist (mit Ausnahme von mahlzeitbezogenen Dosen und Dosisverringerungen aufgrund von Bewe-
gung), und

Grundbedarf = Menge an Insulin, die fir das Subjekt als Bedarf zum Aufrechterhalten des gegenwartigen
Glucosespiegels abgeschatzt wird, und

Empfindlichkeit = Insulinempfindlichkeit.

System gemal Anspruch 7, ferner umfassend eine Speichereinheit, welche zum Speichern des Algorithmus und
der Daten gestaltet ist, wobei die Daten die Glucosemesswerte der Glucosesonde, vorausgesagte Glucosewerte,
den vorbestimmten Glucosewertbereich und korrigierende Mengen an Insulin umfassen.

System gemaf Anspruch 8, wobei die Speichereinheit zum Speichern eines Feedforward-Algorithmus, welcher
wenigstens einen Teil der im Speicher gespeicherten Daten zum Berlicksichtigen von Mahlzeiten verwendet, ge-
staltet ist.

System gemaR Anspruch 9, wobei der Feedforward-Algorithmus folgende Gleichung umfasst:

Dosis = Kohlenhydrate * Insulin-zu-Kohlenhydrate-

Verhdltnis * Oart ger Mahizeit — Achsabschnitt

wobei:

Dosis = Insulin-Gesamtdosis

Kohlenhydrate = Gramm Kohlenhydrate Insulin-zu-Kohlenhydrate-Verhaltnis = Verhaltnis von Insulin zu Koh-
lenhydraten

ot der Mahlzeit = von der Mahlzeit abhangiger Skalierungsfaktor

Achsabschnitt = Achsabschnitt zum Erméglichen einer linearen Anpassung beziiglich des Umfangs der Mahl-
zeiten.

System gemaR Anspruch 1, wobei der Prozessor einen gegenwartigen Glucosewert unter Verwendung folgender
Gleichung voraussagt:

Insulindauer

GE+D)=G0)+ f

i=i

[(Unsulinspur (i) * InsuGluAbf (i)) +
Grundbedarf (i)]* Empfindlichkeit

wobei G(i) =i Zyklen zurlckliegende Glucosekonzentration, i = Zyklus, Insulinspur(i) - Reihe von Insulinpulsen, die
in der Vergangenheit verabreicht worden sind (mit Ausnahme von mahlzeitbezogenen Insulindosen und bewe-

11
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gungsbezogenen Insulinverringerungen), normalisiert, Insulindauer = gesamte Wirkungsdauer von Insulin, In-
suGluAbf(i) = Umfang des im nachsten Zyklus erwarteten Glucoseabfalls aufgrund von in der Vergangenheit ver-
abreichtem Insulin, AT = Zeitintervall zwischen Zyklen (in Minuten), Grundbedarf(i) = Menge an Insulin, die im i-ten
Zyklus erforderlich ist, um die gegenwartige Glucose bei Abwesenheit von Stérungen aufrechtzuerhalten, und Emp-
findlichkeit = erwarteter Wert des Glucoseabfalls fiir 1U Insulin.

System gemafR Anspruch 11, wobei die Steuereinheit (14) eine empfohlene Insulindosis den Zielbereich des Glu-
cosespiegels Uber die Gesamtdauer der Insulinwirkung erzielen lasst, wobei folgende Gleichung verwendet wird:

[G(0) + AG -
Ziel] /Empfindlichkeit + Grunderfordernis-pro-
Zyklus

Insulinempfehlung

wobei

Insulinempfehlung = empfohlene Insulindosierung

G(0) = vorausgesagter gegenwartiger Glucosespiegel

Ziel = Zielwert des Glucosespiegels

Grunderfordernis-pro-Zyklus = Grundbedarf des Subjekts wahrend jedes Zyklus.

System gemal einem der Anspriiche 1 bis 11, wobei die Abgabeeinheit zum automatischen Verabreichen einer
Dosierung von Insulin an das Subjekt auf der Grundlage der berechneten, korrigierenden Manahme der Steuer-
einheit gestaltet ist.

Revendications

1.

Systéme fournissant un contréle de la glycémie a un sujet, le systéme comprenant :

- une unité de libération de l'insuline (12),

- un capteur de glucose (16) et

- une unité de contréle (14) comprenant une unité de traitement qui recoit des lectures de la valeur de glucose
du capteur de glucose, exécute un algorithme de rétro-action qui prédit une valeur de glucose a un moment
prédéterminé dans le futur, compare cette valeur de glucose prédite a une plage de valeurs de glucose prédé-
terminées et détermine une quantité de correction d’insuline a administrer lorsque la valeur de glucose prédite
se situe en dehors de la plage de valeurs de glucose prédéterminées et une unité de communication qui transmet
la quantité de correction a I'unité de libération, I'algorithme de rétro-action anticipant les effets futurs de I'insuline
qui a été fournie précédemment au patient, caractérisé en ce que l'algorithme de rétro-action exclut des
équivalents d’'insuline pour les repas et I'exercice de la prédiction de la valeur de glucose a un moment prédé-
terminé dans le futur.

Systéme selon larevendication 1, dans lequel I'unité de contrdle (14) est formée pour accepter des données du sujet.

Systéme selon la revendication 2, dans lequel les données comprennent de I'information sur la taille ou le type d’un
repas qui sera ingéré et sur la durée anticipée et I'intensité de I'exercice.

Systéme selon la revendication 3, dans lequel I'unité de contréle (14) comprend une unité de mémoire formée pour
enregistrer les données fournies par I'utilisateur.

Systéme selon la revendication 4, dans lequel 'unité de mémoire est également formée pour enregistrer un algo-
rithme qui utilise les données enregistrées et I'unité de traitement est formée pour exécuter I'algorithme pour dé-

terminer la valeur de glucose prédite.

Systéme selon la revendication 1 dans lequel le capteur est une unité de détection du glucose semi-continue.

12



10

15

20

25

30

35

40

45

50

55

7.

10.

11.

12.

EP 1 281 351 B1

Systéme selon la revendication 1, dans lequel I'algorithme comprend I'équation suivante :

AG = -(TotallnsuRestant - BesBase) * Sensibilité
ou

AG = changement futur des niveaux de glucose a un moment prédéterminé

TotallnsuRestant = quantité d’insuline restant dans le systeme du sujet a un moment donné (excluant les doses
associées aux repas et les réductions de doses dues a l'exercice), et

BesBase = la quantité d’insuline dont on estime que le sujet a besoin pour maintenir le niveau de glucose en
vigueur et

Sensibilité = Sensibilité a I'insuline.

Systéme selon la revendication 7, comprenant en outre une unité de mémoire qui est formée pour enregistrer
I'algorithme et les données, les données comprenant les lectures de la valeur de glucose du capteur de glucose,
les valeurs de glucose prédites, la plage de valeurs de glucose prédéterminées et les quantités d’insuline de cor-
rection.

Systéme selon la revendication 8, dans lequel I'unité de mémoire est formée pour enregistrer un algorithme de
prévision d’alimentation qui utilise au moins une partie des données enregistrées dans la mémoire pour compenser
les repas.

Systéme selon larevendication 9, dans lequel I'algorithme de prévision d’alimentation comprend I'équation suivante :

Dose = carbohydrates * rapport insuline-a-carb * aiype repas - intercept

ou:

Dose = Dose totale d'insuline

carbohydrates = grammes de carbohydrates

rapport insuline-a-carb = rapport insuline a carbohydrate

Otype repas = facteur d’échelle dépendant du repas

intercept = intercept pour permettre un ajustement linéaire des tailles des repas.

Systéme selon la revendication 1, dans lequel le processeur prédit une valeur de glucose actuelle en utilisant
I’équation suivante :

; Duréelnsuline

AT
Gi+1)=G@l)+ Z[(InsuT race(i) * InsuGluDim(i)) + BesoinBase(i)]* Sensibilité

i=i

ou G (i) = concentration en glucose i cycles dans le passé, i = cycle, InsuTrace(i) = séries d'impulsions d’insuline
qui ont été administrées dans le passé (excluant les doses d’insuline associées aux repas et les réductions associées
a l'exercice), normalisées, Duréelnsuline = temps total d’action de l'insuline, InsuGluDim(i) = quantité prévue de
diminution du glucose lors du cycle suivant en raison de I'insuline fournie a des moments dans le passé, AT =
intervalle de temps entre les cycles (en minutes), BesoinBase (i) = quantité d’insuline nécessaire dans le iéme cycle
pour maintenir le glucose actuel en I'absence de troubles, et Sensibilité = grandeur prévue de diminution de glucose
pour 1 U d’insuline.

Systéme selon la revendication 11 ou I'unité de contréle (14) réalise une dose d’insuline recommandée pour atteindre
la plage cible du niveau de glucose pendant toute la durée d’action de I'insuline en utilisant I'équation suivante :

13
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InsuRecommand = [G(0) + AG ~ Cible]/ Sensibilité + BesoinBaseParCycle

ou

InsuRecommand = dosage d’insuline recommandé

G (0) = niveau de glucose actuel prédit

Cible = niveau cible de glucose

BesoinBaseParCycle = besoins de base du sujet pendant chaque cycle

13. Systéme selon I'une quelconque des revendications 1 a 11, dans lequel I'unité de fourniture est formée pour admi-
nistrer automatiguement un dosage d’insuline a un sujet sur base de 'action de correction calculée de I'unité de
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