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SYSTEM AND METHOD CONSIDERING THE EFFECT OF PHYSICAL
ACTIVITY ON THE GLUCOREGULATORY SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of US Provisional Application No. 61/367,268
filed July 23, 2010, which is hereby incorporated by reference.

BACKGROUND

The present disclosure generally relates to a model of the glucoregulatory system and,
in particular, to a model quantifying the effect of physical activity on the glucoregulatory
system.

The regulation of blood glucose in diabetics is a perpetual concern. High blood
glucose levels, commonly referred to as hyperglycemia, can for example lead to organ
damage and/or ketoacidosis, which is a life-threatening condition that needs immediate
medical treatment. On the other hand, low blood glucose levels, commonly referred to as
hypoglycemia, can lead to unconsciousness or even death. To avoid these conditions, many
researchers have tried to understand and develop a model of the glucoregulatory system so
that appropriate remedial action can be taken, such as injecting an appropriate insulin dose or
ingesting the appropriate foods. The modeling of the glucose regulatory system has been
widely studied in the literature over the past 30 years, and continues to be an active research
field. One of the key objectives of such models, apart from improving the understanding of
the glucoregulatory system, is to allow the prediction of blood glucose concentration, which
opens the way for model-based recommendation or control of insulin injection for patients

with type 1 diabetes mellitus.

A difficulty that arises is that these models should not only consider the interaction between
glucose and insulin, but also include the effects of the carbohydrate intake and physical
activity, as they represent two typical factors that change blood glucose concentration. In
particular, if the effect of physical activity is neglected, the risk of hypoglycemia during
exercise is dramatically increased. While the effect of carbohydrate intake has been widely
investigated, only a few exercise models, which rely on the metabolic changes induced by
physical activity, have been developed. However, these models are complex and involve a
number of model parameters that are too large for proper parameter identification. For
example, others have used more complex models to describe the effect of exercise, but are

1
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not able to identify the parameters, because the modeled effects are difficult to detect in
clinical data. To evaluate the state of physical activity a patient is in, others use devices like
heart rate monitors or need to measure the percentage of VO, max. VO, max (also maximal
oxygen consumption, maximal oxygen uptake, peak oxygen uptake or aerobic capacity) is the
maximum capacity of an individual's body to transport and use oxygen during incremental
exercise, which reflects the physical fitness of the individual. The name is derived from V -

volume per time, O; - oxygen, max - maximum.

This makes it necessary for the patient to wear a measurement device, which causes
inconvenience and additional costs. Others model the exercise-induced drop in blood glucose
concentration as proportional to either the heart rate or the percentage of VO, max. This
means that a higher level of activity, i.e. a higher intensity of exercise leads to a steeper drop.
However, it has been shown intense exercise has unique effects on both insulin release and its
roles in glucoregulation diabetes that this is not the case if anaerobic exercise is performed.
Moreover, these identifications of parameters for controlling blood glucose levels are made
even more difficult when a meal is eaten close to exercise.

Thus, there is a need for improvement in this field.

SUMMARY

The technique and model described herein address the issues mentioned above, as
well as other issues, by facilitating a better understanding of the effect of physical activity on
blood glucose concentrations in type 1 diabetics as well as in others.

Previous models were based on the somewhat intuitive assumption that any change in
blood glucose concentration depended on the intensity of the exercise. For instance, the
higher intensity exercises or physical activities would be expected to more quickly reduce
blood glucose levels as compared to lower intensity exercises or physical activities. Asa
result, previous models required quantifiable measurements of exercise intensity, such as
heart rate or blood oxygen levels. The resulting extra monitoring devices and added
complexity made commercial implementation or use of such models extremely difficult.

It was however unexpectedly discovered that, at least in certain exercise intensity
ranges, the exercise intensity had no significant effect on the change or drop in blood glucose
levels due to exercise. As a result, the number of parameters needed to predict the effects of
exercise on blood glucose levels in this exercise model are dramatically reduced to two
parameters that are readily determined, exercise sensitivity (Kex) and an inverse time constant

for the exercise effect (aex). Exercise sensitivity (Key) is the amplitude of the drop in blood
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glucose levels during exercise for an individual, and the inverse time constant for exercise
effect (a.x) defines how quickly the exercise effect appears and disappears in the individual.
Simple blood glucose readings during a clinical exercise test can be used to determine these
parameters for an individual. Once these parameters are determined, all that is required to
model the effect of exercise is single binary input called the exercise input (Uex). The
exercise input (Uex) has a value of zero (0) when no exercise is being performed and a value
of one (1) during exercise. In this sense the exercise input is the only non-constant i.e. time
varying and measured parameter of the model. In a more general sense, this model is
independent of aerobic exercise intensity and does not require the complexity of collecting
additional information during exercise, such as heart rate and venous oxygen levels. By not
depending on these measures of exercise intensity, no additional measurement devices are
required, which in turn results in lower costs and more patient comfort. In other words, this
minimal approach allows modeling of blood glucose levels during or before an intended
exercise using only one variable i.e. the blood glucose measurements. Since fewer variables
have to be considered, measured and proofed the model is also more reliable.

With this minimalistic model approach, predictions on future blood glucose changes
during exercise can be readily achieved. This minimalistic physical activity or exercise
model can be incorporated into other existing models of the glucoregulatory system, such
those based on insulin dosages and carbohydrate intake, thereby facilitating more complete
prediction capabilities. This more complete approach of incorporating a practical exercise
model for example can enhance the operation of automated pancreases, optimize insulin
injection therapies, improve bolus calculations, and enhance educational tools for patients.
Moreover, this modeling approach can be readily incorporated into other models that
consider other factors such as the effects of meals and insulin.

Further forms, objects, features, aspects, benefits, advantages, and embodiments of
the present invention will become apparent from a detailed description and drawings

provided herewith.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a block diagram of the parameters used in one example of a model on
how exercise affects blood glucose levels.
FIG. 2 shows a graph 200 that shows heart rate and blood glucose concentration

during exercise at approximately 75% of the maximum heart rate for an individual patient.
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FIG. 3 shows a graph 300 that shows a linear regression slope of the drop in glucose
concentration resulting from exercise.

FIG. 4 shows a box-plot graph comparing the slopes at 65% and 75% exercise
intensities.

FIG. 5 shows a box-plot graph comparing the slopes between different patients.

FIG. 6 shows a graph with an upper section that shows the exercise glucose
effectiveness value (Sgx) and a lower section that shows the corresponding exercise input
(Uex).

FIG. 7 shows a graph with an upper section that shows the glucose concentration
measurements along with a fit line generated by the exercise model and a lower section
showing the corresponding exercise input (Uey).

FIG. 8 shows a block diagram of an example of a blood glucose monitoring system
that utilizes the exercise model.

FIG. 9 shows a flow diagram of a technique for monitoring blood glucose levels in a
patient during exercise utilizing the exercise model.

FIG. 10 shows an example of an optimized insulin infusion profile.

FIG. 11 shows a simulation of a blood glucose profile obtained with the optimized

insulin infusion profile of FIG. 10.

DETAILED DESCRIPTION

In the following detailed description of the embodiments, it is to be understood that
other embodiments may be utilized and that logical, mechanical, and electrical changes may
be made without departing from the spirit and scope of the present disclosure.

For the convenience of the reader, it should be initially noted that the drawing in
which an element is first introduced is typically indicated by the left-most digit(s) in the
corresponding reference number. For example, a component identified with a one-hundred
series reference number (e.g., 100, 101, 102, 103, etc.) will usually be first discussed with
reference to FIG. 1, a component with a two-hundred series reference number (e. g., 200, 201,
202, 203, etc.) will usually be first discussed with reference to FIG. 2, and so on.

As discussed before, many models have been developed to consider the interaction
between glucose and insulin along with the effects of the carbohydrate intake. However, very
few models consider the effect of exercise. For example, in the Adaptive Bolus Pattern
(ABP) context, an identifiable model based on the Bergman minimal model has been

developed. It is designed to consider meals, but it does not consider exercise. Since every
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meal is different, each meal is considered as separate input. The model equations for only

one meal input are the following:

au, .. .
—afti = (}é,gw Equation 1
d¥k

;gw _ _2al5&g,gm _ ang,g,,, + KgaZUCHO Equation 2
dQ g — mmol .
E = —XQ - Sg,zeroQ + Uendo + Ug,gut T Equatlon 3
ax =-a X+alX, Equation 4
dt
U,

aX, =-a X +Ka —*~ Equation 5

dt M

where:
Q = glucose amount in the accessible compartment [mmol/kg]
X = insulin action [min™']
X, = first compartment insulin action [min™']

Ug gue = carbohydrate intake rate [g/min]

Ugg, «u = carbohydrate intake rate time derivative [g/min/min)]

Ucho = rate of ingested carbohydrates in [g/min]
U, s, = insulin infusion rate in [mU/min]
and the parameters are the following:
M = Body weight [kg]
Vga = Volume of the accessible compartment per body mass [1/kg]
K, = Bioavailability for fast meals [-]
ag = Inverse of time constant for meal absorption [min™']
K = Insulin sensitivity [kg/mU]
Sg.zer0 = Glucose effectiveness at zero insulin [min™]
ax = Inverse of the time constant of the insulin absorption/action [min™']
Ucndo = Insulin independent endogenous production [mmol/kg/min]

5
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g — mmol is a constant conversion factor that transforms grams of carbohydrates to

mmol. Its value is 5.551 [mmol/g].

This particular model can reproduce the behavior of the glucose/insulin system with
the necessary precision for the ABP application when it is perturbed by a meal. However,
changes due to exercise are not modeled in this example. Other previous models, which
considered the effect of exercise, were based on the somewhat intuitive assumption that any
change in blood glucose concentration depended on the intensity of the exercise, but this
approach required a complex set of parameters that were difficult to collect in any practical
sense.

The inventors have developed a model that uses a minimalistic approach in
determining the effect of exercise on blood glucose levels. That is, the parameters for
determining the effect of exercise on blood glucose levels has been reduced to two
parameters based on the unexpected discovery that the changes over time in the blood
glucose concentration do not generally vary depending on the intensity of the physical
activity or exercise, at least within certain ranges.

FIG. 1 schematically represents the relationship of the parameters used in this model.
FIG. 1 generally shows a block diagram 100 of the various parameters that affect blood
glucose levels. Most of these parameters have already been mentioned with respect to the
ABP model described above, especially with respect to Equation 3. As shown, blood glucose
amounts 102 (Q) are increased via endogenous glucose production 104 (U.ng,) and glucose
uptake through meals 106 (Ug,gut). The blood glucose amount 102 (Q) is related to the blood
glucose concentration G via the formula:

G in [mmol/l] = Q/Vga, where Vga is the accessible volume per body mass in [I/kg].

As should be appreciated, endogenous glucose production 104 (Uengo) can occur
when the liver and/or muscles break down stored glycogen (glycogenolysis) and release
glucose into the bloodstream. Glucose uptake through meals 106 (Ug,gut) occurs when an
individual’s body creates glucose as a result from ingesting food (or drink). According to
Equation 3 of the previously mentioned ABP model, blood glucose amount 102 (Q) can drop
because of two reasons. First, there is an insulin action 108 (X) induced drop, and second,
there is a drop dependent on the glucose effectiveness at zero insulin 110 (Sgzer0)- It should
be recognized that insulin stores nutrients right after a meal by reducing, among other things,
the concentrations of glucose in the bloodstream. For instance, insulin stimulates the liver

and muscle cells to store glucose in the form of glycogen. This increased uptake of glhcose
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from the bloodstream created by the insulin action 108 (X) reduces the blood glucose amount
102 (Q). The glucose effectiveness at zero insulin 110 (Sg o) parameter represents the
insulin independent uptake of glucose from the bloodstream (i.e., no insulin causes the uptake
of glucose).

It has been previously found that the drop in blood glucose amount 102 (Q) in
diabetic patients is due to increased glucose uptake, while endogenous glucose production
104 (Uengo) stays the same. This in turn generally means that glucose effectiveness at zero
insulin 110 (Sg o) increases during exercise but the endogenous glucose production 104
(Uendo) stays constant. Based on this understanding, the inventors developed an exercise
model that introduces a new parameter, termed exercise glucose effectiveness 112 (Sgex). As
shown in FIG. 1, exercise glucose effectiveness 112 (Sg ) is another source for reducing the
blood glucose amount 102 (Q). Like insulin action 108 (X) and glucose effectiveness at zero
insulin 110 (Sgzer0) parameters in Equation 3, the exercise glucose effectiveness 112 (Sg )
parameter is proportional to blood glucose amount 102 (Q), as is indicated by box 114 in
FIG. 1. In this exercise model, Equation 3 is modified to incorporate the exercise glucose
effectiveness 112 (Sgex) parameter. In Equation 6 below, exercise glucose effectiveness 112

(Sgex) parameter has been introduced into Equation 3 in the following manner:

Qz_XQ_(S & > mmol

d t g,zero

+8,0)0+4U iy YU Equation 6

endo

where:

Seex = Exercise glucose effectiveness [min']

In developing the model, clinical studies were performed to locate variables that
caused a change in the exercise glucose effectiveness 112 (Sgex) factor. In one example, a
clinical study was performed on 12 patients. They were admitted to the hospital on the first
day and measurements were started. On the second day an ergometer workout was
performed at 16h00 (i.e., 4:00 p.m.) at an intensity of 65% of the maximum heart rate for 30
minutes. Insulin management was performed as usual by the patients. On the third day
another workout was scheduled at the same time (i.e., 4:00 p.m.) and with the same duration
(i.e., 30 minutes), but the exercise was performed with an intensity of 75% of the maximum
heart rate. In this instance, insulin management was again adapted by the patient, and meals

were not standardized but were in most cases recorded as well.
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Exercise can be roughly divided into two physiological modes: aerobic exercise, often
referred to as moderate intensity exercise; and anaerobic exercise, often referred to as high
intensity exercise. These define two regions of intensity of the exercise. For Example, the
region of intensity on which aerobic exercise occurs can be defined as in the range of 50%-
85% of maximal aerobic capacity (VO, max) or as in the range of 50%-85% of Heart Rate
Reserve or as 60% to 90% of maximal Heart Rate. The Maximum Heart Rate can be
calculated by the rule of thumb as

Maximum Heart Rate = 220 — age.

The Heart Rate Reserve can be calculated as :
Heart Rate Reserve = Maximum Heart Rate — Resting Heart Rate,
wherein the Resting Heart Rate is the Heart Rate at resting i.e. without performing any exercise.

With the clinical study described above, the exercise intensities were between 65%
and 75%, which falls in the aerobic category. As will be explained below, it has been
deduced from the clinical studies that exercise intensity does not play a relevant role in this
range. On the other hand, if anaerobic exercise is performed, the human body’s reaction is
completely different compared to aerobic exercise. In the case of anaerobic exercise, blood
glucose concentrations tend to increase, contrary to the moderate or aerobic exercise in which
blood glucose levels tend to become lower. For the clinical studies in developing this
exercise model, the exercise durations were about 30 and 45 minutes. After exercising for
about 90 minutes, the physiological process changes because the hepatic glycogen stocks are
depleted. However, it is rather unusual for an average person to exercise for more than 90
minutes. Consequently, the exercise model below will generally focus aerobic exercise or
activities having a duration of no more than 90 minutes.

The resulting data was used to find out what parameters the drop in blood glucose
concentration depends. Several hypotheses were tested, first empirically; then statistically.
FIG. 2 shows one example of a graph 200 that illustrates a drop in blood glucose
concentration as a result of exercise at the intensity of 75% of the maximum heart rate for an
individual patient. As can be seen in FIG. 2, the drop in blood glucose concentration starts
and ends with a small delay, and the drop appears to be linear during the exercise. FIG. 3
shows a graph 300 that illustrates the linear nature of the drop in glucose concentration
resulting from exercise, and more particularly, it shows the slope of the linear drop. Using
linear regression, a straight line was fitted through the glucose measurement points. As
mentioned before, there was a delay between when the exercise started and when the glucose
concentration started to drop. Due to this warm up or delay phase, the slope for the glucose
concentration drop in this example was calculated based on glucose measurements collected

8



10

15

20

25

30

WO 2012/010298 PCT/EP2011/003622

10 minutes after the exercise started. The slope was also calculated based on a 40 minute
period, because the effect of the exercise tends to last longer than the exercise itself.

Several factors were tested to determine if they affected the slope of the linear glucose
drop due to aerobic exercise. For example, as mentioned before, it was previously thought
that the drop in blood glucose concentration depended on the intensity of physical activity.
However, it was unexpectedly discovered that the intensity of aerobic physical activity did
not affect the slope of the drop in glucose concentration resulting from physical activity. For
instance, FIG. 4 shows a box-plot graph 400 comparing the slope means at 65% and 75%
intensity. As can be seen, the box-plot graph 400 shows that the slope means are nearly
identical for both intensities. This in turn suggests that at least for this range of exercise
intensity, the drop in blood glucose concentration is independent of the exercise intensity. A
normality test was passed that indicated this data can be considered as normally distributed.
In addition, statistical tests showed that the slope means at the two exercise intensities were
statistically the same or indistinguishable.

Patient variability was another factor analyzed to see if affected the slope of the
glucose concentration decrease. It was found that the slope strongly depends on the
individual patient. Previous studies have shown that the behavior concerning meals is
different for every patient. This leads to the assumption that the behavior concerning physical
activity is as well. Considering that the intensity of the exercise has no influence, it was
assumed to have two equivalent measurements for each patient. Box-plot graph 500 in FIG.
5 shows that variability of the various slopes between patients, which confirms the
hypothesis. An analysis of variance (ANOVA) test shows that slopes are statistically
significantly different for every patient with a p-value of 0.0115 (a value below 0.05 is
considered significant). This dependence on the patient implies that the model parameters
need to be estimated for every individual.

Several other factors were tested for their influence on the slope, but none of them
gave any statistically conclusive results. The factors considered include gender, age, body
mass index (BMI), insulin level and blood glucose level. To keep the model simple, only the
significant influences were retained, which were patient variability and the presence of
exercise.

The exercise model was designed based on these observations. From these
observations, it was determined that the number of parameters needed to predict the effects of
exercise on blood glucose levels were dramatically reduced. This simplicity in the model

allows the effects of exercise to be accounted for in real world situations. Once the
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individual’s parameters are determined (i.e., the slope in the drop of glucose concentration
resulting from exercise and the delay of the exercise effect), the individual merely has to
make a binary, exercise input (Uex)of either O or 1, depending on whether the patient is at rest
or exercising in order to account for the effect of rest or exercise. This elegant model is a
direct consequence of the above-discussed finding that the blood glucose drop within certain
activity levels is independent of the exercise intensity.

Again as was alluded to above in the discussion of FIG. 1 and Equation 6, the effect
of this exercise input is modeled as an increase in glucose effectiveness at zero insulin or
insulin independent glucose uptake 110 (Sg zer0), depending on the insulin-glucose model
used. Again, the exercise glucose effectiveness 112 (Sgx) is another source for reducing the
blood glucose amount 102 (Q), and like the glucose effectiveness at zero insulin 110 (Sg zer0)
parameters in Equation 3, the exercise glucose effectiveness 112 (Sg cx) parameter is
proportional to blood glucose amount 102 (Q). As noted before, Equation 3 was modified to
incorporate the exercise glucose effectiveness 112 (Sg¢x) factor by modeling as an exercise-
induced increase in glucose effectiveness at zero insulin 110 (Sg o). The exercise glucose
effectiveness 112 (Sgex) factor should be zero when no effect of exercise is present and take a
positive value in the opposite case. The exercise input (Ue) takes this into account. In
addition, the effect of exercise in reducing blood glucose concentrations (Q) is not
instantaneous and therefore a time constant for exercise glucose effectiveness 112 (Sgex)
parameter is accounted for in this model as well. Consequently, the change in exercise

glucose effectiveness 112 (Sg ) and delay can be accounted for in the following equation:

ngex ]
= =-a,S, ,+K,a,U, Equation 7

ex™ g.ex ex“ex
dt

where:
Sgex = Exercise glucose effectiveness [min™']
acx = Inverse of time constant for exercise effect [min™']
Kex = Exercise sensitivity [min™']

Ue.x = Exercise input [-]

Exercise sensitivity (Kex) defines the amplitude of the drop in blood glucose levels
during exercise for an individual, and the inverse time constant for exercise effect (aex)
defines how quickly the exercise effect appears and disappears in the individual. Simple

blood glucose readings during a clinical or home based exercise test can be used to determine
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these parameters for an individual. Once these parameters are determined, all that is required
to model the effect of exercise is the single binary, exercise input (Uex). Again, the exercise
input (Uex) has a value of zero (0) when no exercise is being performed and a value of one (1)
during exercise. This resulting model is independent of aerobic exercise intensity and does
not require the complexity of collecting additional information during exercise, such as heart
rate, blood pressure or venous oxygen levels. By not depending on these measures of
exercise intensity, no additional measurement devices are required, which in turn results in
lower costs and more patient comfort. In this sense the exercise input is the only non-
constant and measured parameter for the model to consider the aerobic exercise on blood
glucose levels for an individual. The exercise input can be monitored with an exercise
monitoring device. For example the exercise monitoring device can be realized in that the
patient can simply set the exercise input (U.x) by, for example, pressing a button or other
input on a glucose meter or other device. However, the exercise monitoring device can also
be realized so that this exercise input (Ue) can also be automatically set through a medical
device capable of detecting changes in physical activity, such as through pedometers, heart
rate monitors, etc. With the heart rate monitor example, if the heart rate is lower than a given
limit, the patient is at rest, and the exercise input (Uey) is set to zero (0). On the other hand
when the heart rate is higher, the patient is considered physically active, and the exercise
input (Uey) is set to one (1).

FIG. 6 shows a graph 600 that provides an example of the behavior for this exercise
model. In this illustrated example, the exercise intensity for the patient was 65% of their
maximum heart rate. As can be seen, the upper section 602 of the graph 600 shows the value
of the exercise glucose effectiveness (Sgcx) factor over time, and the lower section 604 shows
the corresponding exercise input (Ugy).

This exercise model was tested by identifying the model parameter using clinical data.
The exercise model showed good fitting capabilities for almost all patients. Graph 700 in
FIG. 7 shows an example of how the exercise model fits to actual blood glucose readings. In
this example, the exercise intensity for the patient was 65% of their maximum heart rate. The
graph 700 has an upper section 702 that shows the glucose concentration measurements along
with a fit line generated by the exercise model, and a lower section 704 shows the
corresponding exercise input (Uex). As can be seen, after the exercise begins, which is
signified by the exercise input (U,y) being equal to one in the lower section 704 of the graph
700, the fit line slopes in a generally linear fashion in the upper section 702, thereby

corresponding to the drop in blood glucose concentration due to exercise. It should be
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appreciated from the graph 700 that the model shows good capabilities in modeling blood
glucose concentration reductions due to exercise.

This model can be used in all products and methods that rely on a dynamical model of
the blood glucose concentration. As it completes existing models, its range of use is
extended. For example, this exercise model can be used in an automated pancreas (AP). In
fact most of the recent closed-loop algorithms for automated pancreases rely on model
predictions. Completing these predictions is essential if such an algorithm is to be
commercially implemented. The exercise model described herein helps to provide this
complete algorithm. In another example, the model can for insulin injection optimization.
Optimizing the insulin injection profile for insulin pumps allows the patient to have better
glycemic control. This model can also be used in model-based bolus calculators. While
giving bolus recommendations, a planned exercise session could be considered, thus reducing
the risk of hypoglycemia. It can also be used for educational tools. Showing patients what
the effect of exercise on their blood glucose levels is, might be a motivation to exercise more
while being aware of the underlying risks and thus the quality of life may be increased. It is
further envisioned that this model can be used in conjunction with an exercise indicator to
give the patient advice on care that he or she has to take (i.e., eat carbohydrates, adjust his
insulin medication) before starting an aerobic exercise. It should be recognized that this
model can be used in other situations as well.

An example of this model being used in an automated pancreas system will now be
described initially with reference to FIG. 8. FIG. 8 includes a block diagram of a blood
glucose monitoring system 800 that utilizes the above described exercise model. In this
system 800, an automated pancreas system 802 monitors and controls blood glucose levels of
a diabetic patient 804. The automated pancreas system 802 includes a continuous glucose
monitor (CGM) 806, an exercise monitor 808, an insulin pump 810, and a glucose meter 812.
The continuous glucose monitor 806 continuously monitors blood glucose readings from the
patient 804, and the continuous glucose monitor 806 transmits the blood glucose readings to
the meter 812 for analysis. While the illustrated automated pancreas system 802 uses a
continuous glucose monitor, it should be recognized that discrete type (e.g., finger stick type)
glucose monitors can be used as well as other types of glucose monitors. An exercise
monitor 808 is used to determine whether or not the patient 804 is performing aerobic
exercise. The exercise monitor 808 can for example include a heart rate monitor that
monitors the patient’s heart rate to detect aerobic activity once the heart rate exceeds a

threshold level. Of course, other devices can be used to detect aerobic activity. For this
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exercise model, the exercise monitor 808 only needs to transmit a binary signal indicating
whether the patient is performing an aerobic activity or not (i.e., 0 or 1 for the exercise input
Uex). However, for other purposes, the exercise monitor 808 can transmit additional
physiological data to the meter 812. For instance, the exercise monitor 808 can transmit a
cardiogram of the patient 804 so that a physician can monitor the overall health of the patient
804. In another example, the exercise monitor 808 transmits the raw exercise data to the
meter 812, and the meter 812 determines whether the patient 804 is performing aerobic
exercise. In other variations, the exercise monitor 808 can be eliminated such that the diabetic
patient 804 (or someone else) manually indicates whether or not exercise is being performed
via the meter 812. Based on instructions from the meter 812, the insulin pump 810 delivers
the appropriate insulin amount to the patient.

In the FIG. 8 system 800, the meter 812 processes an algorithm that incorporates the
exercise model in conjunction with other glucose control models, such as the previously
described ABP model, so as to control the insulin delivery to the patient 804 via the insulin
pump 810. The meter 812 includes components commonly found in glucose meters and
other types.of monitoring devices, like one or more processors, memory, displays, speakers,
input devices, and output devices. The processor of the meter 812 using the above discussed
model is able to predict future blood glucose levels, and if needed, take corrective actions
such as increasing insulin dosages and/or alerting the patient 804 when potential problematic
blood glucose levels are predicted to occur (e.g., hypoglycemia). The meter 812 in other
examples can be replaced by other computing devices, such as a personal computer, medical
device, and/or smart phone, to name just a few. In the illustrated embodiment, the various
components of the automated pancreas system are illustrated as separate components, but it
should be recognized that one or more of these components can be integrated together to
form a single unit.

FIG. 9 shows a flow diagram 900 of a technique for monitoring blood glucose levels
in a patient during exercise utilizing the above discussed exercise model. For explanation
purposes the technique in the flow diagram 900 will be described with reference to the
monitoring system 800 shown in FIG. 8, but it should be recognized that it can be utilized
with other systems. As can be seen, the flow diagram 900 includes several sections,
including a prior to exercise input section 902, a prior to exercise analysis section 904, an
exercise section 906, a retrospective analysis section 908, and an advice section 910.

In the prior to exercise input section 902, patient data 912, past or historical data 914,

and current blood glucose data 916 are entered into the meter 812. Patient data for example
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can include vital statistics, carbohydrates consumed, etc. Past data can includes factors for
calculating the exercise glucose effectiveness 112 (Sgex). To utilize the exercise model, the
exercise sensitivity (Kex) and inverse time constant (a.x) of Equation 7 are determined for the
individual patient 804 so that the exercise glucose effectiveness 112 (Sg.x) factor (Equation
6) can be modeled. These factors can be determined by performing an aerobic exercise test
in which blood glucose values are periodically read, such as via the continuous glucose
monitor 806, in the manner as described before for the clinical studies. These factors are then
determined by the meter 812 or a computer via linear regression or other techniques. While
these initial parameters can be determined in a doctor’s office, considering only blood
glucose data is required, these initial set-up tests can performed at home or elsewhere. In this
case, the meter 812 can include a script that guides the patient 804 through the initial testing
process for in initializing the exercise model. For example, the meter 812 can instruct the
patient to ingest (or not) a specific carbohydrate amount before exercise, and then run on their
treadmill for 30 minutes so that the patient’s heart rate is within the aerobic exercise heart
rate range. During the exercise, the meter 812 can monitor the glucose levels via the
continuous glucose monitor 806 (or other type of glucose monitor) and the patient’s vital
statistics via the exercise monitor 808 to ensure the test is being properly performed.

After the set-up test is performed, the meter 812 determines the exercise effectiveness
(Sgex) factors in the manner as described above with reference to FIGS. 3 to 7. The resulting
exercise model can be incorporated into other models, like the ABP model discussed above,
that incorporate other factors such as carbohydrate consumption and insulin dosage.
Equation 6 is just one example of this combined model approach, but it is envisioned that the
exercise model can be incorporated into other models. Before the aerobic exercise or other
physical activity, the meter 812 in stage 918 (prior to exercise analysis section 904) generates
a prediction based on the calculated model along with other data collection in section 902,
like the blood glucose data 916. If a potential dangerous condition is predicted, like
hypoglycemia, the meter 812 provides a warning in stage 920, such as by displaying a
message warning the user of the potential dangerous condition via an interface device. In
addition, if needed, the meter 812 in stage 922 provides recommendations for taking
corrective action, such as recommending a particular meal so as to avoid hypoglycemia. In
another example, the infusion profile of the insulin pump 810 is adjusted so as to avoid any
problematic glucose levels. The interface device can be a display, a diode or diode array, a

loudspeaker or another device capable of transport a message to a person involved.
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In a further embodiment not shown in the figures the input section 902 comprises in
addition or alternatively to the detect exercise stage 926 an exercise input. To perform this
exercise input the system comprises an input device which is connected to the exercise
monitor 808, so that the patient can itself program the automated pancreas system 802 i.e. the
system for an intended exercise. Hence the automated pancreas system 802 can adjust the
insulin delivery based on the predicted blood glucose levels on account on an intended
exercise. The input device can be a button, a touch sensitive display or any other device
capable to process a input form a person involved.

In the exercise section 906, the exercise monitor 808 in stage 924 monitors the
patient’s activity, such as their heart rate and/or acceleration, so that the meter 812 is able to
automatically detect initiation of the exercise in stage 926. Again, it should be appreciated
that the user can manually signify the start of an exercise by pressing a button on the meter
812 and/or interfacing with the meter 812 in some other way. The continuous glucose
monitor 806 provides glucose measurements to the meter in stage 928, and based on those
measurements as well as other data, predicts future blood glucose levels in stage 930 using
the above described exercise model in a manner similar to the one previously described with
reference to stage 918. If the meter 812 predicts a potential problem, such as hypoglycemia,
the meter provides a warning in stage 920 along with a recommended corrective course of
actton in stage 922. For instance, the insulin infusion profile of the insulin pump 810 can be
adjusted. After the exercise, the meter 812 can perform retrospective analysis in stage 932 so
as to validate the model and re-estimate the parameters.

As mentioned before, the exercise model can help to optimize insulin injection or
infusion profiles. Optimizing the insulin injection profile for insulin pumps as well as in
other situations allows patients to have better blood glucose control. FIG. 10 shows an
example of an insulin infusion profile 1000 that was optimized based at least in part on the
above-discussed exercise model. FIG. 11 shows a simulation 1100 of the blood glucose
profile obtained with the optimized insulin profile of FIG. 10 as compared to a constant
insulin profile. As shown, the blood glucose concentration drops with both profiles during
exercise. However, the optimized insulin profile of FIG. 7 avoids a hypoglycemic event,
whereas the constant insulin infusion profile drops below the hypoglycemic limit.

It should be appreciated that the term “exercise” as used herein is meant to encompass
a broad range of physical activities, and it is not limited to exercises performed in a gym or
clinical setting. Not only does the exercise include traditional exercises, such as running,

swimming, walking, biking, rowing, calisthenics, and the like, but it also can include other

15



10

15

20

25

30

WO 2012/010298 PCT/EP2011/003622

forms of physical activities that raise the heart rate, such as climbing, digging, gardening,
building, and/or work activities, to name just a few examples.

Having described the present disclosure in detail and by reference to specific
embodiments thereof, it will be apparent that modifications and variations are possible
without departing from the scope of the disclosure defined in the appended claims. More
specifically, although some aspects of the present disclosure are identified herein as preferred
or particularly advantageous, it is contemplated that the present disclosure is not necessarily

limited to these preferred aspects of the disclosure.

In the following some embodiments are described by illustrative purpose:

1. A method of quantifying the effect of aerobic exercise on blood glucose levels
for an individual, comprising: generating with a computing device a prediction of future
blood glucose levels for the individual at least based on an exercise model, wherein the
exercise model is based on parameters that are independent of intensity of the aerobic
exercise; and taking an action with the computing device at least based on the prediction from
the exercise model.

2. The method according to any preceding embodiment, wherein the exercise
model incorporates an exercise sensitivity value that represents change in the blood glucose
level over time during exercise without considering intensity of the exercise.

3. The method according to any preceding embodiment, wherein the exercise
model accounts for a change in the blood glucose level based on an amplitude of the change
in the blood glucose level during exercise for the individual and how quickly the exercise
effect appears and disappears in the individual along with an exercise input that considers
whether or not an exercise is being performed without considering the intensity of the
exercise.

4, The method according to any preceding embodiment, wherein the exercise
model is based on the following equation:

as

g.ex

o = —ae.ng,ex +K,a,U,
where Sgex = Exercise glucose effectiveness; acx = Inverse of time constant for exercise
effect; Kex = Exercise sensitivity; and Uex = Exercise input.

5. The method according to any preceding embodiment, wherein the exercise

model is based on the following equation:

id?— = _XQ - (Sg,:ero + Sg,é‘x )Q +U

g — mmol

+Ug)g", jY;

endo

16



15

20

25

30

WO 2012/010298 PCT/EP2011/003622

where: Q = glucose amount in the accessible compartment; X = insulin action; Sg zero =
Glucose effectiveness at zero insulin; S, ex = Exercise glucose effectiveness; Uendo =
Insulin independent endogenous production; Uy g = carbohydrate intake rate; and

g — mmol is a constant conversion factor that transforms grams of carbohydrates to mmol.

6. The method according to any preceding embodiment, further comprising:

receiving an exercise input with the computing device that the aerobic exercise is
being or will be performed by the individual.

7. The method according to embodiment 6, wherein the exercise input is a binary
type input that signifies whether or not the aerobic exercise is occurring.

8. The method according to embodiment 6, wherein said receiving the exercise
input includes receiving a manual input from the individual.

9. The method according to embodiment 6, wherein said receiving the exercise
input includes receiving an automatic input from an exercise monitoring device.

10.  The method according to any preceding embodiment, wherein said taking the
action with the computing device includes alerting the individual of a dangerous blood
glucose level condition.

11. The method according to any preceding embodiment, wherein said taking the
action with the computing device includes providing an output that educates the individual
about the effect of aerobic exercise on blood glucose levels for the individual.

12. The method according to any preceding embodiment, wherein said taking the
action with the computing device includes changing an insulin injection profile for an
automated pancreas.

13. The method according to any preceding embodiment, wherein said taking the
action with the computing device includes performing a bolus calculation.

14.  The method according to any preceding embodiment, wherein the aerobic
exercise occurs in a range of aerobic exercise of a maximum heart rate for the individual.

15.  The method according to any préceding embodiment, further comprising:

conducting an exercise study to determine the parameters for the exercise model.

16.  The method according to embodiment 15, wherein only blood glucose
concentrations during the exercise study are used to determine the parameters for the exercise
model.

17. The method according to embodiments 15 or 16, wherein the exercise study is

performed in an office of a physician.

17



10

15

20

25

WO 2012/010298 PCT/EP2011/003622

18. The method according to embodiments 15 or 16, wherein the exercise study is
performed at home.
19. The method according to any preceding embodiment, wherein the exercise has
a duration of no more than 90 minutes.
20. The method according to any preceding embodiment, wherein the exercise has
a duration of no more than 45 minutes.
21.  The method according to any preceding embodiment, wherein the exercise has
a duration of no more than 30 minutes.
22.  The method according to any preceding embodiment, wherein the computing
device includes a glucose meter.
23. A system for performing the method according to any preceding embodiment.
24. A system for quantifying the effect of exercise on blood glucose levels,
comprising: means for generating a prediction of future blood glucose levels for the
individual at least based on an exercise model, wherein the exercise model is based on
parameters that are independent of intensity of the aerobic exercise; and means for taking an
action at least based on the prediction from the exercise model.
25.  The system according to embodiment 24, wherein the means for taking the
action includes an automated pancreas.
26. A method of considering the effect of aerobic exercise on blood glucose levels
for an individual, comprising;:
generating with a computing device a prediction of future blood glucose levels for
the individual at least based on an exercise model, wherein the exercise model is
based on parameters wherein the only non-constant and measured parameter is an
Exercise Input indicating whether an exercise is performed or not; and
taking an action with the computing device at least based on the prediction from
the exercise model.
27. A method according to the embodiment 26 wherein the only measured

variable of the model is a glucose value.
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CLAIMS

1. A system for considering the effect of exercise on blood glucose levels,
comprising:
a computing device for generating a prediction of future blood glucose
levels for the individual at least based on an exercise model, wherein
the exercise model is based on parameters that are independent of
intensity of the aerobic exercise; and
means for taking an action at least based on the prediction from the

exercise model.

2. The system according to claim 2, wherein the means for taking the action

includes an automated pancreas.

3. The system according to any preceding claim,
wherein an exercise monitoring device detects the occurrence of an
exercise and is connected to the computing device to send an input
signal to the computing device whether the aerobic exercise is being or

will be performed by the individual or not.

4. The system according to any preceding claim,
wherein an interface device is structured such that said taking the
action with the computing device includes alerting the individual of a

dangerous blood glucose level condition via the interface device.

5. A method of considering the effect of aerobic exercise on blood glucose levels
for an individual, comprising:
generating with a computing device a prediction of future blood
glucose levels for the individual at least based on an exercise model,
wherein the exercise model is based on parameters that are
independent of intensity of the aerobic exercise; and
taking an action with the computing device at least based on the

prediction from the exercise model.
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6. The method according to claim 5, wherein the only non-constant and
measured parameter is an Exercise Input indicating whether an

exercise is performed or not.

5 7. The method according to any of the claims 5 or 6, wherein the exercise model
incorporates an exercise sensitivity value that represents change in the
blood glucose level over time during exercise without considering

intensity of the exercise.

10 8. The method according to any of the claims 5 to 7, wherein the exercise model
accounts for a change in the blood glucose level based on an amplitude
of the change in the blood glucose level during exercise for the
individual and how quickly the exercise effect appears and disappears
in the individual along with an exercise input that considers whether or

15 not an exercise is being performed without considering the intensity of

the exercise.

9. The method according to any of the claims 5 to 8, wherein the exercise model
is based on the following equation:

20

ds.
% =—a S, +K a U

ex ,ex exex™ ex
dt g

where

Sgex = Exercise glucose effectiveness;

a.x = Inverse of time constant for exercise effect;
25 Kex = Exercise sensitivity; and

Uex = Exercise input.

10.  The method according to any of the claims 5 to 9, wherein the exercise model
is based on the following equation:

30

g > mmol

PL_ _xo-
X0 (S, -

dt

where;

+ Sg,ex )Q + Uendo + Ug,gm

,zero

Q = glucose amount in the accessible compartment;
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11.

12.

13.

14.

15.

16.

17.

X = insulin action;

Sg zer0 = Glucose effectiveness at zero insulin;

Sgex = Exercise glucose effectiveness;

Uendo = Insulin independent endogenous production;
Ug gut = carbohydrate intake rate; and

g — mmol is a constant conversion factor that transforms

grams of carbohydrates to mmol.

The method according to any of the claims 5 to 10, further comprising:
receiving an exercise input with the computing device that the aerobic

exercise is being performed by the individual.

The method according to claim 11, wherein the exercise input is a binary type

input that signifies whether or not the aerobic exercise is occurring.

The method according to claim 11, wherein said receiving the exercise input

includes receiving a manual input from the individual.

The method according to claim 11, wherein said receiving the exercise input
includes receiving an automatic input from an exercise monitoring

device.

The method according to any of the claims 5 to 14, wherein said taking the
action with the computing device includes alerting the individual of a

dangerous blood glucose level condition.

The method according to any of the claims 5 to 15, wherein said taking the
action with the computing device includes providing an output that
educates the individual about the effect of aerobic exercise on blood

glucose levels for the individual.

The method according to any of the claims 5 to 16, wherein said taking the
action with the computing device includes changing an insulin

injection profile for an automated pancreas.
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
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The method according to any of the claims 5 to 17, wherein said taking the

action with the computing device includes performing a bolus

calculation.

The method according to any of the claims 5 to 18, wherein the aerobic
exercise occurs in a range from 65% to 75% of a maximum heart rate

for the individual.

The method according to any of the claims 5 to 19, further comprising:
conducting an exercise study to determine the parameters for the exercise

model.

The method according to claim 20, wherein only blood glucose concentrations
during the exercise study are used to determine the parameters for the

exercise model.

The method according to claims 20 or 21, wherein the exercise study is

performed in an office of a physician.

The method according to claims 20 or 21, wherein the exercise study is

performed at home.

The method according to of the claims 5 to 23, wherein the exercise has a

duration of no more than 90 minutes.

The method according to any of the claims 5 to 24, wherein the exercise has a

duration of no more than 45 minutes.

The method according to any of the claims 5 to 25, wherein the exercise has a

duration of no more than 30 minutes.

The method according to any of the claims 5 to 26, wherein the computing

device includes a glucose meter.
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28. A system having means for performing the method according to any of the

claims 5 to 27.
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