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(57) Abstract: The disclosure refers to a method of determining a probability of a blood glucose value for a patient being in an adverse
blood glucose range at a prediction time, the method, in a system (10) having one or more data processors, comprising; providing spot
monitoring blood glucose measurement data representing a plurality of blood glucose measurement values for a measurement time
period, the spot monitoring blood glucose measurement data comprising respective measurement times at which measurements for the
blood glucose measurement values have been conducted, wherein the blood glucose measurement values comprise first blood glucose
measurement values assigned to a first adverse range of blood glucose values, and second blood glucose measurement values assigned
to a second adverse range of blood glucose values, wherein the second range of blood glucose values is different from the first adverse
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range of blood glucose values; by applying an analysis algorithm comprising a kernel density estimation and Bayes' rule, determining
from the spot monitoring blood glucose measurement data comprising the first blood glucose measurement values and the second blood
glucose measurement values a probability of the blood glucose value of a patient being in the first adverse blood glucose range at a
prediction time, and the blood glucose value of the patient being in the second adverse blood glucose range at the prediction time;
wherein, in the kernel density estimation, a first kernel bandwidth is applied for all or some of the first blood glucose measurement
values and a second kernel bandwidth different from the first kernel bandwidth is applied for all or some the second blood glucose
measurement values; and providing output data indicative of the prediction time and the probability value at the prediction time. Further,
a system and a computer program product are provided.
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Method and system of determining a probability of a blood glucose value for a patient
being in an adverse blood glucose range at a prediction time,
and computer program product

The present disclosure refers to a method for determining a probability of a blood glucose
value for a patient being in an adverse blood glucose range at a prediction time. Further, the
present disclosure refers to a system for determining a probability of a blood glucose value for
a patient being in an adverse blood glucose range at a prediction time. Also, a computer pro-
gram product is referred to.

Background

Therapy improvements for diabetics can often be achieved by focusing on problematic time
periods such as hyperglycemic events in the morning. Retrospective analysis of the blood glu-
cose measurements can reveal these periods by evaluating the probabilities for glycemic ex-
cursions through the course of a day. For patients using a continuous glucose monitor-
ing (CGM) device, the measurement frequency (1 / T) is very high (with measurement time
interval T approximately ranging from 5 to 15 minutes), which allows analyses with high reso-
lution. Here, the Ambulatory Glucose Profile has shown great acceptance throughout diabetes
care society (Danne, et al., Diabetes Care (2017) 40). In contrast, for patients performing tra-
ditional (spot monitoring) blood glucose measurements (BGM), the number of samples per day
is comparably low (e.g., around 3 to 8 samples) and mostly unevenly distributed in time.

To still obtain feasible statistics for BGM performing patients, measurements are to be grouped
(binned) into rather large time slots (hourly or quarter-daily), which consequently leads to a
loss of resolution. Sparse BGM data usually provides limited insight into a patient’'s glucose
dynamics and corresponding risks of adverse events such as hypoglycemia and hyperglyce-

mia.

Document US 2011 / 313 674 A1 refers to a testing method for optimizing a therapy to a dia-
betic patient, the method comprising: collecting at least one sampling set of biomarker data,
and computing a probability distribution function, a hazard function, a risk function, and a risk
value for the sampling set of biomarker data. The probability distribution function is calculated
to approximate the probability distribution of the biomarker data. The hazard function is a func-
tion which yields higher hazard values for biomarker readings in the sampling set indicative of
higher risk of complications. The risk function is the product of the probability distribution func-
tion and the hazard function, and the risk value is calculated by the integral of the risk function.
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The risk value is minimized by adjusting the diabetic patient's therapy, and there is an exit from
the testing method when the risk value for at least one sampling set is minimized to an optimal

risk level.

Document US 2015 / 190 098 A1 discloses an adaptive advisory control interactive process
involving algorithm-based assessment and communication of physiologic and behavioral pa-
rameters and patterns assisting patients with diabetes with the optimization of their glycemic
control. The method and system uses sources of information about the patient; (i) EO Data
(e.g. self-monitoring of blood glucose (SMBG) and CMG), (ii) Insulin Data (e.g. insulin pump
log files or patient treatment records), and (iii) Patient Self Reporting Data (e.g. self treatment
behaviours, meals, and exercise) to retroactively assess the risk of hypoglycemia, retroactively
assess risk-based reduction of insulin delivery, and then to report to the patient how a risk-
based insulin reduction system would have acted consistently to prevent hypoglycemia.

Documents WO 2018 / 153 648 A1 discloses systems and methods for communicating a dose
history configured for representing a central tendency and a variability of a distribution of in-
jections with a blood glucose regulating medicament. The device is adapted for performing the
method of obtaining one or more qualified groups of injection events within a distribution of
injection events, wherein each qualified group of injection events comprises a group-time indi-
cator. For each respective qualified group of injection events within the set of qualified groups
of injection events the following is provided: (i) determining, on a temporal basis, a subset of
grouped medicament records corresponding to the respective qualified group of injection
events, using the group-time indicator, and (ii) processing the subset of grouped medicament
records of the respective qualified group of injection events to obtain display data configured
to represent a measure of central tendency and a measure of variability related to the relative
time. The display data are communicated.

Document US 2018 / 272 063 A1 refers to an infusion device, a patient data management
system, and a method for monitoring a physiological condition of a patient. The infusion device
includes an actuation arrangement operable to deliver fluid to a user, a communication inter-
face to receive measurement data indicative of a physiological condition of the user, a sensing
arrangement to obtain contextual measurement data, and a control system coupled to the ac-
tuation arrangement. The communications interface and the sensing arrangement are pro-
vided to determine a command for autonomously operating the actuation arrangement in a
manner that is influenced by the measurement data and the contextual measurement data and
autonomously operate the actuation arrangement in accordance with the command to deliver

the fluid to the user.
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Document US 2007 /2 82 180 A1 discloses a device for measuring the glucose level in a living
body comprising an electrode arrangement to be applied to a surface of the body. The glucose
level is derived from the response of the electrode arrangement to an electrical signal. Two
temperature sensors are arranged at different positions within the device, the signals of which
are used during calibration and measurements to improve the accuracy of the device. The
device can also be used for a prediction of hyper- or hypoglycemia based on limits for the
higher order derivatives of the glucose level.

Summary

It is an object of the present disclosure to provide a method and a system for determining, for
a blood glucose value for a patient, a probability of being in an adverse blood glucose range
at a prediction time, wherein the probability can be determined with high accuracy based on

spot monitoring blood glucose measurements.

For solving the object, a method of determining, for a blood glucose value for a patient, a
probability of being in an adverse blood glucose range at a prediction time according to the
independent claim 1 is provided. Further, a system for determining, for a blood glucose value
for a patient, a probability of being in an adverse blood glucose range at a prediction time
according to the independent claim 11 is provided. Still, claim 12 refers to a computer program
product.

According to an aspect, a method of determining a probability of a blood glucose value or level
for a patient being in an adverse blood glucose range at a prediction time is provided. The
method, in a system having one or more data processors, comprises providing spot monitoring
blood glucose measurement data representing a plurality of blood glucose measurement val-
ues for a measurement time period, the spot monitoring blood glucose measurement data
comprising respective measurement times at which measurements for the blood glucose
measurement values have been conducted, wherein the blood glucose measurement values
comprise first blood glucose measurement values assigned to a first adverse range of blood
glucose values, and second blood glucose measurement values assigned to a second adverse
range of blood glucose values, wherein the second range of blood glucose values is different
from the first adverse range of blood glucose values. By applying an analysis algorithm com-
prising a kernel density estimation and application of Bayes’ rule, determining from the spot
monitoring blood glucose measurement data comprising the first blood glucose measurement
values and the second blood glucose measurement values, a probability of the blood glucose
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value of a patient being in the first adverse blood glucose range at a prediction time, and the
blood glucose value of the patient being in the second adverse blood glucose range at a pre-
diction time. In the kernel density estimation, a first kernel bandwidth is applied for all or some
of the first blood glucose measurement values, and a second kernel bandwidth different from
the first kernel bandwidth is applied for all or some of the second blood glucose measurement
values. Output data indicative of the prediction time and the probability value determined at
the prediction time are provided.

According to another aspect, a system for determining a probability of a blood glucose value
or level for a patient being in an adverse blood glucose range at a prediction time is provided.
The system is having one or more data processors configured to perform the method of deter-
mining the probability of the blood glucose value or level for the patient being in an adverse
blood glucose range at a prediction time.

Further, a computer program product is provided, comprising program code configured to,
when loaded into a computer having one or more processors, perform the method of deter-
mining, for a blood glucose value for a patient, a probability of being in an adverse blood glu-
cose range at a prediction time.

The spot monitoring blood glucose measurement data may be provided for a single patient.
The measurement time period, for example, may extend over at least 24 hours (day). For
example, the spot monitoring blood glucose values may be covering a measurement time pe-
riod of 14 days with at least for 4 spot monitoring values per day on the average. Spot moni-
toring blood glucose measurement data for several days may be taken into account for deter-
mining the probability. The spot monitoring blood glucose measurement data may be prepro-
cessed, e.g. by averaging blood glucose measurement values.

The first bandwidth may be applied for all or a subset of the first blood glucose measurement
values the kernel density estimation is applied. In addition or alternatively, the second band-
width may be applied for all or a subset of the second blood glucose measurement values the
kernel density estimation is applied.

The output data may be outputted by an output device of the system such as a display.

The system may be implemented in a device selected from the following group: mobile or cell
phone, handheld computer device, and laptop.
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The kernel density estimation applied for determining the time-dependent probability from the
spot monitoring blood glucose measurements is a non-parametric way to estimate the proba-
bility density function of a random variable, i.e. the spot monitored blood glucose measurement

values.

In response to finding the predicted blood glucose value to be (with high likelihood, e.g. a
likelihood of more than about 50%) in one of the different adverse ranges of blood glucose
values, a response message may by generated by the system and outputted to the patient or
user. For example, it may be proposed to the patient to have some carbohydrate intake or
some insulin dosage applied in advance with respect to some likely upcoming adverse event
(blood glucose values likely to be in one of the adverse ranges of blood glucose values).

The first and the second adverse blood glucose range may refer to hypoglycemia and hyper-
glycemia, respectively.

In an example, the first and second adverse range may refer to sub-ranges of the hypoglyce-
mia range or class (e.g., both sub-ranges referring to blood glucose values being below or
equal to 70 mg / dl), but covering different sub-ranges of hypoglycemia. In another example,
the first and second adverse range may refer to sub-ranges of the hyperglycemia range or
class (e.g., both sub-ranges referring to blood glucose values being equal to or above 180 mg
/ dl), but covering different sub-ranges of hyperglycemia.

The probability may be determined at a plurality of prediction times in a prediction period of
time from the spot monitoring blood glucose measurement data. For example, a prediction
period of time 24 hours may be applied.

A continuous course of the probability may be determined at the plurality of prediction times in
the prediction period of time from the spot monitoring blood glucose measurement data. A
continuous probability curve extending over the prediction period of time may be determined.
Such continuous course or curve is determined from the non-continuously (discretely) meas-

ured spot monitoring blood glucose values.

In the method, the applying of the analysis algorithm, specifically the kernel density estimation,
may comprise determining the probability of the blood glucose value of the patient being in the
first adverse blood glucose range at the prediction time from a first measurement data subset
of the spot monitoring blood glucose measurement data comprising at least the first blood
glucose measurement values assigned to the first adverse range of blood glucose values.



10

15

20

25

30

35

WO 2020/094765 PCT/EP2019/080486
6

Determining of the probability of the blood glucose value of the patient being in the first adverse
blood glucose range may be accomplished by applying the kernel density estimation to the
first blood glucose measurement values only. The determining of the probability of the blood
glucose value of the patient being in the first adverse blood glucose range may comprise de-
termining whether the blood glucose values indicate hypoglycemia. For example, blood glu-
cose values being below or equal to 70 mg / dl may be considered indicating hypoglycemia.

The applying of the of the analysis algorithm, specifically the kernel density estimation, may
comprise determining the probability of the blood glucose value of the patient being in the
second adverse blood glucose range at the prediction time from a second measurement data
subset of the spot monitoring blood glucose measurement data comprising at least the second
blood glucose measurement values assigned to the second adverse range of blood glucose
values. The determining of the probability of the blood glucose value of the patient being in the
second adverse blood glucose range may be accomplished by applying the kernel density
estimation to the second blood glucose measurement values only. The determining of the
probability of the blood glucose value of the patient being in the second adverse blood glucose
range may comprise determining whether the blood glucose values indicate hyperglycemia.
For example, blood glucose values being equal to or above 180 mg / dl may be considered
indicating hyperglycemia.

The blood glucose measurement values may comprise blood glucose measurement values
assigned to a non-adverse range of blood glucose values, wherein the non-adverse blood
glucose range is different from the first and second adverse blood glucose range. The deter-
mining of the probability may comprise determining a probability for the blood glucose value of
the patient being in the non-adverse blood glucose range at the prediction time. The kernel
bandwidth applied for determining such probability may be different from at least one of the
first kernel bandwidth, and the second kernel bandwidth. The determining of the probability of
the blood glucose value of the patient being in the non-adverse blood glucose range may refer
to determining whether the blood glucose values are outside blood glucose value ranges not
indicating one of hyperglycemia and hypoglycemia. For example, blood glucose values being
between 70 mg / dl and 180 mg / dl may be considered indicating the non-adverse range.

In still another example, the determining of the probability may comprise determining a proba-
bility for the blood glucose value of the patient being in a further blood glucose range for at the
prediction time, wherein the further or additional blood glucose range which may also be re-
ferred to as unknown range is different from all the non-adverse blood glucose range, the first
adverse blood glucose range, and the second adverse blood glucose range. The kernel
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bandwidth applied for determining such probability may be different from at least one of the
first kernel bandwidth, the second kernel bandwidth, and the kernel bandwidth applied in the
determining the probability for the blood glucose value being in the non-adverse blood glucose

range.

The determining may further comprise applying a third kernel bandwidth in the kernel density
estimation which is different from both the first and the second kernel bandwidth.

In the method, the applying may comprise applying a periodic kernel in the kernel density

estimation.

The first kernel bandwidth may be broader than the second kernel bandwidth. For example,
the first kernel bandwidth may be broader by a factor of about 1.2 to about 2.0.

The applying may comprise the following: applying a first bandwidth value for a measurement
value form the first blood glucose measurement values, and applying a second bandwidth
value for a further measurement value from the first blood glucose measurement values,
wherein the first bandwidth value is different front from the second bandwidth value. In this
example there is not only bandwidth variation or adaption for the first and second blood glucose
measurement values assigned to the first and second adverse range, respectively, but also for
different first blood glucose measurement values assigned to the first adverse range. The first
and second bandwidth values may be different from at least one of the second kernel band-
width and the third kernel bandwidth.

Similarly, the following may be provided alternatively or in addition: applying a first bandwidth
value for a measurement value from the second blood glucose measurement values, and ap-
plying a second bandwidth value for a further measurement value from the second blood glu-
cose measurement values, wherein the first bandwidth value is different front from the second

bandwidth value.

In an alternative example single bandwidth value is applied for all first blood glucose measure-
ment values assigned to the first adverse range of blood glucose values on one side, and / or
all second blood glucose measurement values assigned to a second adverse range of blood
glucose values on the other side.

The following may be provided: The first adverse range of blood glucose values is assigned to
blood glucose measurement values indicative of a hypoglycemic state for the patient, and the
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second adverse range of blood glucose values is assigned to blood glucose measurement
values indicative of a hyperglycemic state for the patient.

The embodiments disclosed above for the method may apply to the system mutatis mutandis.

With the focus in diabetes care turning towards increasing the time in range, the time during
which a patient’s blood glucose level is in a non-adverse range, the proposed technology pro-
vides a robust way for estimating the time in range as well as highlighting specific times of day
where a patient experiences challenges toward maintaining the time in range. High level met-
rics such as HbA1c or time in range provide an easy to understand metric of therapy success,
but are difficult to translate directly into needed therapy adjustments. Identifying problematic
times of day, i.e. the patient’s blood glucose level being in an adverse range, can better be
linked to therapy problems and consequently translated into concrete adjustments.

The technology further allows the identification of problematic time of day periods which can
be used to create therapy recommendations or adjustments to the patient and shift his / her
focus on a specific period of the day. Based on the time of day, there can be different under-
lying problems leading to the observation. This, for instance, allows the utilization of the model
as part of an automated therapy recommendation system and the provision of educational
material. Notifications can be generated and sent (outputted) to a patient based on the deter-
mined probability of an upcoming adverse event. Because of the method involving the kernel
density estimation, the patient can be notified before the adverse event is likely to occur, which
may prompt a behavior change.

The technology proposed could also drive patient specific challenges and feedback. If for a
patient non-adverse blood glucose values were determined during a challenging time of day,
positive reinforcement could be provided.

A comprehensive visual representation (e.g., by means of the output data) can be provided
that allows a fast therapy performance assessment both for a health care provider and the
patient. An entry point for BGM therapy assessment may be provided. Problematic daytimes
can be revealed, which can be further investigated. Occurring changes of the probabilities of
being in an adverse state can be highlighted in order to indicate potential positive or negative
changes in the person’s therapy. For example, if the probability for being in a hypoglycemic
state changes overnight between visits, an accordant notification could be provided to the
health care provider.
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The resulting probability density function(s) is a continuous and do not suffer resolution prob-
lems due to binning, which could ultimately lead to the determining of inaccurate time of day
periods as well as an inability to determine time of day periods with in adequate control in
cases were searched time of day periods are spread over multiple bins.

Moreover, a skewness of self-monitoring of blood glucose (SMBG), also being a type spot
monitoring measurement, distributions can be accounted for by normalisation through evi-
dence on a daily basis thus, the effect of data skewness, e.g., due to an increased blood glu-
cose measurement frequency at certain events or times of day, does not affect the determined
probabilities for multiple days.

By the technology proposed, evaluation or analysis of the spot monitoring blood glucose meas-
urement results is improved. An analysis comprising a statistical analysis as applied. The eval-
uation of the experimentally (by measurement) gathered results can be improved. From the
spot monitoring blood glucose measurement results prediction is derived for the probability of
the blood glucose level of the patient being in an adverse (or an non-adverse) range, also at
times different from the measurement times at which spot monitoring blood glucose measure-
ments have been conducted, specifically at times adjacent to the measurement times (neigh-
boring times).

Description of further embodiments

In the following, embodiments, by way of example, are described with reference to figures. In

the figures show:

Fig. 1 a schematic representation of an arrangement for providing spot monitoring blood
glucose measurement (BGM) data and determining from such BGM data, for a blood
glucose value for a patient, a probability of being in an adverse blood glucose range
at a prediction time;

Fig. 2 a graphical representation of probabilities of being in a certain class for each point in
time calculated from continuous glucose monitoring (CGM) data;

Fig. 3 a graphical representation of the discrete kernel bandwidth values together with a
fitting function in the hypoglycemia class;

Fig. 4 agraphical representation the discrete kernel bandwidth values together with a fitting
function in the hyperglycemia class;

Fig. 5 agraphical representation of estimated probability density functions (PDFs) which are

estimated from discrete blood glucose measurement values;
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Fig. 6 a graphical representation of the probabilities of being in a hyperglycemic state, a
hypoglycemic state, or an non-adverse blood glucose state for each time of day.

Fig. 7 apolar representation of estimated PDFs after normalization;

Fig. 8 a graphical representation of the probabilities of being in a hyperglycemic state, a
hypoglycemic state, or a non-adverse blood glucose state determined from discrete
BGM values in comparison with the probabilities determined from a CGM data set;

Fig. 9 a graphical representation of residual sums of squared errors (RSS) as a function of
the number of measurements per day;

Fig. 10 shows a graphical representation of the probabilities of being in a hypoglycemic state,
a non-adverse blood glucose state, a hyperglycemic state, or an unspecified state,
determined from discrete BGM values; and

Fig. 11 shows another graphical representation of the probabilities of being in a hypoglycemic
state, a non-adverse blood glucose state, a hyperglycemic state, or an unspecified
state, determined from discrete BGM values.

A method and a system for determining, for a blood glucose value for a patient, a probability
of being in an adverse blood glucose range at a prediction time is provided. The method, in a
system 10 having one or more data processors, comprises providing spot monitoring blood
glucose measurement (BGM) data representing a plurality of blood glucose measurement val-
ues for a measurement time period, wherein the blood glucose measurement values comprise
first blood glucose measurement values assigned to a first adverse range of blood glucose
values, and second blood glucose measurement values assigned to a second adverse range
of blood glucose values, wherein the second range of blood glucose values is different from
the first adverse range of blood glucose values. The BGM data are provided to the system 10
through an input device 11 which can be connected to a spot monitoring measurement device
(not shown) or a data base in which the BGM data have been stored after spot monitoring
measurements. The first and second adverse range may refer to hypoglycemia and hypergly-
cemia, respectively.

A kernel density estimation is applied to determine, from a measurement data subset or all of
the BGM data, a probability for a prediction time for the blood glucose value(s) of the patient
being in the first adverse blood glucose range or in the second adverse blood glucose range.
Further, a probability may be determined for the blood glucose value being in an non-adverse

range.

In the kernel density estimation conducted in the system 10, a first kernel bandwidth is applied
for the first blood glucose measurement values, and a second kernel bandwidth different from
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the first kernel bandwidth is applied for the first blood glucose measurement values. Qutput
data indicative of the prediction time and the probability value determined at the prediction time
are provided in the system 10 and outputted through an output device 12 such as a display
and / or an audio device.

Probability density functions (PDF), also called probability distribution functions, can provide
the probabilities of random variables, such as being in the hypoglycemic state, falling within a
particular continuous range of values, such as a time range. Kernel Density Estimation (KDE)
is a method for providing an estimator f for an unknown continuous probability density function
(or probability distribution function) f based on a data set of discrete measurement values us-

ing n Kernel functions K via the formula

f(t)=% " K(=5),

i=1 v

with kernel bandwidth v. The Gaussian kernel with

1 1
K@) = —e 2%

V2n

is a common choice for KDE problems.

In an example, the discrete measurement values are provided by the result of the spot moni-

toring measurement for one patient.

Operating over a 24-hour cycle, however, means that blood glucose measurement data meas-
ured just before midnight should also affect the resulting probability determined just after mid-
night. A traditional Gaussian kernel cannot accommodate such condition. Instead, the von
Mises kernel with

Kiv (9) = gV cos ©@-6y)

is employed, which is a function of an angle 6 with 0 < 8 < 2n. The Mises kernel being an
example for the periodic kernel type thus works in instances where modular arithmetic is
needed, e.g., where the numbers wrap around upon reaching a certain value. The kernel band-

width v is related to the variance o2 via the relationship %z a? for larger values of v. The
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values 8; correspond to the positions around which each von Mises Kernel is centered, anal-
ogous to the mean p of a distribution function.

The time of day ¢ in hours, whereby tis from the range [0, 24], must be transformed into an

angle such that —z < 8 < m, which is achieved by
0 = ((2nt)/24) — m.

The resulting estimator f for the PDF f has the formula

7 1 " v cos (6-6;
F O = i 2

The goal is to determine the probability of the occurrence of an event with a specific class ¢;

for a specific time of day, t. The classes may correspond to adverse and / or non-adverse
blood glucose ranges. In particular, the classes may each correspond to a hyperglycemic state,
a hypoglycemic state, and a non-adverse blood glucose state. The sparseness in time of blood
glucose measurement data makes this particularly challenging.

The blood glucose measurement data can be used to calculate conditional probabilities
P(t|c;), from which the conditional probabilities P(c;|t) can be calculated by applying Bayes’

rule,

P(t|c;)P(c)
p(o ) = DG

The prior probability for the class ¢; can be derived from the formula P(c;) = % with n; being

the number of blood glucose measurements in a specific class and N being the total number

of blood glucose measurements.

The probability of being in a specific event class c; for neighboring times near a given blood
glucose value is dependent on the measured value of blood glucose. If a blood glucose meas-
urement is extremely large, it is unlikely that the blood glucose value is in the non-adverse
blood glucose range near that time.
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A clinical CGM data set is used to determine the kernel bandwidth v for a specific glucose
value. Notably, the kernel bandwidth v is adaptive with respect to the blood glucose value. To
this, the PDF of each class in a time window surrounding the measurement is determined from
the CGM data set.

Fig. 2 shows a graphical representation of probabilities of being in a certain class for each
point in time resulting from the CGM data set PDFs. Class ¢, corresponds to blood glucose
values below or equal to 70 mg / dl (hypoglycemia) and to area 20; class c, corresponds to
blood glucose values between 70 mg / dl and 180 mg / dl (non-adverse blood glucose range)
and to area 21; class c5 corresponds to blood glucose values equal to or above 180 mg / dl
(hyperglycemia) and to area 22.

Curve 23 corresponds to the hypoglycemia PDF, curve 24 to the non-adverse blood glucose
range PDF plus the hypoglycemia PDF. Since there are only the three classes ¢, c¢,, ¢ in this
example, the corresponding PDFs add up to one (corresponding to 100 % probability) for each

point in time.

Subsequently, a Gaussian distribution is then fit for each class, yielding continuous kernel
bandwidth values 31, 41, in order to determine the kernel bandwidth for any glucose within the
class. Fig. 3 shows a graphical representation of the discrete kernel bandwidth values 30 to-
gether with a fitting function 31 in the hypoglycemia class, whereas Fig. 4 shows a graphical
representation the discrete kernel bandwidth values 40 together with a fitting function 41 in the
hyperglycemia class. The respective x-axes correspond to blood glucose values g, the y-axes
correspond to kernel bandwidth values v.

The discrete kernel bandwidth values 40 exhibit a higher degree of noise for larger blood glu-

cose values g. For the hypoglycemia class, the fitting function 31 for the discrete kernel band-
width values 30 has the formula

1
vi(g) = 566.06895—0.02620g’

For the hyperglycemia class, the fitting function 41 for the discrete kernel bandwidth values 40
has the formula

1
- 3.23307+0.00532
v3(9) = 606’ 9.
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For the non-adverse blood glucose range class, the kernel bandwidth is constant (v,).

In order to determine the kernel bandwidth v across the entire range of blood glucose values,

the fitting functions are combined:

v1(9) g <70mg/dl
v(g) =4 V2 70mg /dl < g <180 mg / dl
v3(g9) 180mg/dl<g

With the kernel bandwidth being dependent on the blood glucose values, the resulting estima-
tor f for the PDF f has the modified formula

A n 1
0) = z —  @Vicos(6-6y
FO= 2, namhm

Fig. 5 shows a graphical representation of determined PDFs 50, 51, 52 which are determined
from discrete BGM values 50a, 51a, 52a, respectively.

The x-axis represents the time of day in unit of hours from 0 to 24. The PDFs 50, 51, 52 are
not yet normalized. The PDF 50 and the blood glucose measurement values 50a correspond
to a non-adverse blood glucose state, the PDF 51 and the blood glucose measurement values
51ato a hyperglycemic state, and the PDF 52 and the blood glucose measurement values 52a
to a hypoglycemic state. The PDF 50 has been determined from the blood glucose measure-
ment values 50a assigned to the non-adverse blood glucose state. The PDF 51 has been
determined from the blood glucose measurement values 51a to the hyperglycemic state. Fur-
ther, the PDF 52 has been determined from the blood glucose measurement values 52ato a
hypoglycemic state.

As can be seen from Fig. 5, the appearance of blood glucose measurement values assigned
to a hypoglycemic and a hyperglycemic state at certain times of day coincides with larger val-
ues of the corresponding PDF at those times of day.

Fig. 6 shows a graphical representation of the probabilities of being in a hyperglycemic state,
a hypoglycemic state, or a non-adverse blood glucose state for each time of day in unit of hour
from 0 to 24. Curve 60 corresponds to the PDF 52 after normalization and curve 61 to PDF 52
after normalization plus PDF 50 after normalization. Area 62, which is below the curve 60,
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represents the probability of being in a hypoglycemic state for a certain time of day. Area 63,
which is between the curves 60 and 61, represents the probability of being in a non-adverse
blood glucose state for a certain time of day. Area 64, which is above the curve 61, represents
the probability of being in a hyperglycemic state for a certain time of day.

The periodicity of the time of day can be illustrated more adequately in a polar diagram. Hereto,
Fig. 7 shows a polar representation of the determined PDFs 50, 51, 52 after normalization.
The PDFs 70, 71, and 72 correspond to the PDFs 50, 51, and 52, respectively. The times of
day from 0 to 24 hours correspond to angles from 0 to 2r (clockwise). Increasing radial dis-
tance from the origin 73 corresponds to a higher value of the PDFs 70, 71, and 72. Circle 74
corresponds to a PDF value of 0; circle 75 to a PDF value of 1. Blood glucose measurement
values 70a, 71a, and 72a correspond to the blood glucose measurement values 50a, 51a, and
52a, respectively.

Fig. 8 shows a graphical representation of the probabilities of being in a hyperglycemic state,
a hypoglycemic state, or a non-adverse blood glucose state determined from discrete BGM
values in comparison with the probabilities determined from a CGM data set. Area 80, which
is below curve 81, represents the probability of being in a hypoglycemic state for a certain time
of day determined from discrete BGM values. Area 82, which is between the curve 81 and
curve 83, represents the probability of being in a non-adverse blood glucose state for a certain
time of day determined from discrete BGM values. Area 84, which is above the curve 83, rep-
resents the probability of being in a hyperglycemic state for a certain time of day determined
from discrete BGM values. Correspondingly, the area below curve 81a represents the proba-
bility of being in a hypoglycemic state for a certain time of day determined from CGM values;
the area between the curve 81a and curve 83a represents the probability of being in a non-
adverse blood glucose state for a certain time of day determined from CGM values; and the
area above the curve 83a represents the probability of being in a hyperglycemic state for a
certain time of day determined from CGM values.

Model performance can be assessed by comparing the probabilities using the entire CGM data
set with the determined probabilities from subsets of the CGM data set simulating BGM use
cases. To this end, CGM data sets of 36 patients for a period of 14 days were employed,
yielding ground truth PDFs. Subsequently, kernel bandwidths were calculated and PDFs de-
termined using subsamples of the CGM data set with varying number of measurements per
day. The resulting determined PDFs were compared to the ground truth PDFs via relative re-
sidual sums of squared errors (RSS).
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This is illustrated by Fig. 9, which shows a graphical representation of the RSS error as a
function of the employed number of measurements per day. As the number of measurements
per day increases, the RSS error decreases. The model performance reaches a plateau at
approximately four measurements per day.

In another example, uncertainty in determining classes can be taken into account by including
an additional or further class corresponding to unspecified or unknown states. As more blood
glucose measurement values are included, the influence of the unspecified state class is re-
duced. The uncertainty is represented by data that is uniformly extended over a day. The num-
ber of data points of this class can be adjusted to control the impact that a single blood glucose
measurement has towards the determined PDF. Thus, the influence of outlier events on de-
termining PDFs can be controlled.

Figs. 10 and 11 show graphical representations of the probabilities of being in a hypoglycemic
state 100, 110, a non-adverse blood glucose state 101, 111, a hyperglycemic state 102, 112,
or an unspecified or unknown state 103, 113 (further range of probability for blood glucose),
respectively, determined from discrete BGM values. Less data were measured by the patient
during night time. Consequently, the determined probabilities during the night time base on
less evidence, which is indicated by larger probabilities of being in the unspecified or unknown
state 103, 113 in particular for a time of day from 1 a.m. to 3 a.m. Decreasing the size of the
blood glucose measurement data employed for determining the probabilities results in an in-
crease of the probability of being in an unspecified state. The size of the employed blood glu-
cose measurement data in the example according to Fig. 10 is larger than in the example
according to Fig. 11. Correspondingly, the area corresponding to the unspecified state 103 is
smaller than the area corresponding to the unspecified state 113.
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Claims

1. A method of determining a probability of a blood glucose value for a patient being in an

adverse blood glucose range at a prediction time, the method, in a system (10) having

one or more data processors, comprising:

- providing spot monitoring blood glucose measurement data representing a plurality of

blood glucose measurement values for a measurement time period, the spot monitor-

ing blood glucose measurement data comprising respective measurement times at

which measurements for the blood glucose measurement values have been con-

ducted, wherein the blood glucose measurement values comprise

- first blood glucose measurement values assigned to a first adverse range of blood
glucose values; and

- second blood glucose measurement values assigned to a second adverse range
of blood glucose values, wherein the second range of blood glucose values is dif-
ferent from the first adverse range of blood glucose values;

by applying an analysis algorithm comprising a kernel density estimation and applica-

tion of Bayes’ rule, determining from the spot monitoring blood glucose measurement

data comprising the first blood glucose measurement values and the second blood

glucose measurement values a probability of

- the blood glucose value of a patient being in the first adverse blood glucose range
at a prediction time, and

- the blood glucose value of the patient being in the second adverse blood glucose
range at the prediction time;

wherein, in the kernel density estimation, a first kernel bandwidth is applied for all or

some of the first blood glucose measurement values and a second kernel bandwidth

different from the first kernel bandwidth is applied for all or some the second blood

glucose measurement values; and

providing output data indicative of the prediction time and the probability at the pre-

diction time.

Method according to claim 1, wherein the probability is determined at a plurality of pre-

diction times in a prediction period of time from the spot monitoring blood glucose meas-

urement data.
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Method according to claim 2, wherein a continuous course of the probability is deter-
mined for plurality of prediction times in the prediction period of time from the spot mon-
itoring blood glucose measurement data.

Method according to any claim of the preceding claims, wherein the applying of the anal-

ysis algorithm comprises

- determining the probability of the blood glucose value of the patient being in the first
adverse blood glucose range at the prediction time from a first measurement data
subset of the spot monitoring blood glucose measurement data comprising at least
the first blood glucose measurement values assigned to the first adverse range of
blood glucose values; and

- determining the probability of the blood glucose value of the patient being in the sec-
ond adverse blood glucose range at the prediction time from a second measurement
data subset of the spot monitoring blood glucose measurement data comprising at
least the second blood glucose measurement values assigned to the second adverse
range of blood glucose values.

Method according to any claim of the preceding claims, wherein

- the blood glucose measurement values comprise blood glucose measurement values
assigned to a non-adverse range of blood glucose values, wherein the non-adverse
blood glucose range is different from the first and second adverse blood glucose
range; and

- the determining of the probability comprises determining a probability for the blood
glucose value of the patient being in the non-adverse blood glucose range at the pre-

diction time.

Method according to claim 5, wherein the determining further comprises applying a third
kernel bandwidth in the kernel density estimation which is different from both the first and
the second kernel bandwidth.

Method according to any claim of the preceding claims, wherein the applying comprises
applying a periodic kernel in the kernel density estimation.

Method according to any claim of the preceding claims, wherein the first kernel band-
width is broader than the second kernel bandwidth.
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Method according to any claim of the preceding claims, wherein the applying comprises

- applying a first bandwidth value for a measurement value from the first blood glucose
measurement values; and

- applying a second bandwidth value for a further measurement value from the second
blood glucose measurement values,

wherein the first bandwidth value is different front from the second bandwidth value.

Method according to any claim of the preceding claims, wherein

- the first adverse range of blood glucose values is assigned to blood glucose meas-
urement values indicative of a hypoglycemic state for the patient; and

- the second adverse range of blood glucose values is assigned to blood glucose meas-
urement values indicative of a hyperglycemic state for the patient.

A system (10) for determining a probability of a blood glucose value for a patient being
in an adverse blood glucose range at a prediction time, the system (10) having one or
more data processors, and the one or more data processors configured to perform the
method according to at least one of the claims 1 to 10.

Computer program product, comprising program code configured to, when loaded into a
computer having one or more processors, perform the method according to at least one
of the claims 1 to10.
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