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(57) Abrégé/Abstract:

A method for analyzing at least one sample of a body fluid, for example determining blood glucose concentration, is proposed. The
method comprises the following steps: ¢ a) recording a plurality of measurement values by monitoring a time development of at
least one measurement value indicating a progress of a detection reaction of at least one test substance (126) and the sample of a
the body fluid, and providing at least one measurement curve F(t) which contains the measurement values, wherein at least an
evaluation part of the measurement curve has an exponential characteristic, wherein the measurement values contained in the
measurement curve are acquired at differing points in time, wherein the detection reaction is known to be influenced by a
concentration ¢ of an analyte to be detected in the body fluid and at least one disturbance variable Y; « b) deriving an end value of
the measurement curve, wherein the end value forms a first variable x,; * c) deriving at least one fit parameter from the
measurement curve by taking into account the exponential characteristic of at least the evaluation part of the measurement curve,
wherein the fit parameter forms at least one second variable x,; « d) deriving the concentration ¢ of the analyte by using at least one
multivariate evaluation algorithm, the multivariate evaluation algorithm being adapted to combine the first variable x and the second

variable X,
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(57) Abstract: A method for analyzing at least one sample of a body fluid, for example determining blood glucose concentration, is
proposed. The method comprises the following steps: * a) recording a plurality of measurement values by monitoring a time develop -
ment of at least one measurement value indicating a progress of a detection reaction of at least one test substance (126) and the
sample of a the body fluid, and providing at least one measurement curve F(t) which contains the measurement values, wherein at
least an evaluation part of the measurement curve has an exponential characteristic, wherein the measurement values contained in the
measurement curve are acquired at differing points in time, wherein the detection reaction is known to be influenced by a concentra -
tion ¢ of an analyte to be detected in the body fluid and at least one disturbance variable Y; * b) deriving an end value of the meas -
urement curve, wherein the end value forms a tirst variable x1; * ¢) deriving at least one {fit parameter from the measurement curve by
taking into account the exponential characteristic of at least the evaluation part of the measurement curve, wherein the fit parameter
forms at least one second variable x,; * d) deriving the concentration ¢ of the analyte by using at least one multivariate evaluation al -
gorithm, the multivariate evaluation algorithm being adapted to combine the first variable x and the second variable x..
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Method for analyzing a sample of a body fluid

Field of the invention

The invention generally refers to a method for analyzing a sample of a body fluid, such as
blood, interstitial fluid or other types of body fluids. The invention further relates to a
computer program as well as to an evaluation device for analyzing at least one sample of a
body fluid, and to a sample analysis device. Methods and devices according to the present
invention specifically are applicable in the field of determining the concentration of at least
one analyte in the body fluid, such as for determining a blood glucose concentration. Addi-
tionally or alternatively, however, other types of applications are feasible, such as the de-
termination of one or more other types of analytes as well as the use of one or more other

types of body fluids.

Background

In the art, a large number of devices and methods for determining one or more analytes in
body fluids are known. Without restricting the scope of the present invention, in the fol-

lowing, mainly reference is made to the determination of blood glucose concentrations.

For performing fast and simple measurements, scveral types of test clements are known,
which mainly are based on the use of a test substance, i.e. on the use of one or more chem-
ical compounds or chemical mixtures adapted for performing a detection reaction for de-
tecting the analyte. The test substance often is also referred to as the “test chemistry”. For
details of potential test substances, which may also be used within the present invention,
reference may be made to J. Hoenes et al.: The Technology Behind Glucose Meters: Test
Strips, Diabetes Technology & Therapeutics, Vol. 10, Supplement 1, 2008, S-10 to S-26.
Further, reference may be made to WO 2010/094426 A1 and to WO 2010/094427 A1l. Ad-
ditionally or alternatively, the test substance as disclosed in WO 2007/012494 A1, WO
2009/103540 A1, WO 2011/012269 A2, WO 2011/012270 Al or WO 2011/012271 A2
may be named, which is also referred to as the cNAD test substance. Further, reference
may be made to EP 0 354 441 A2, EP 0 431 456 A1, EP 0 302 287 A2, to EP 0 547 710
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A2 or to EP 1 593 434 A2. The test substances as disclosed in all these documents may
also be used within the present invention. Other types of test elements and/or test substanc-

es are feasible and may be used within the present invention.

By using one or more test substances, a detection reaction may be initiated, the course of
which depends on the concentration of the analyte to be determined. For deriving the con-
centration of the analyte, the progress of the detection reaction may be monitored by meas-
uring and/or monitoring a time development of at least one measurement value indicating
the progress of the detection reaction. This measurement value generally may comprise an
arbitrary measurement value which is linked to the detection reaction, such as an optical
measurement value. As an example, in many measurement setups, optical measurement
values are monitored, such as a remission of a test field containing the test substance. By
recording the time development of at least one measurement value, a measurement curve is

provided.

A major challenge resides in a fast and, still, reliable and precise determination of the ana-
lyte concentration from the measurement curve. For this purpose, a large number of meth-

ods and devices are known 1in the art.

As an example, in EP 0 821 234 and in US 2002/0146835 Al, methods and devices are
disclosed in which the measurement curve directly or indirectly is compared with one or
more thresholds. Thus, as an example, EP 0 821 234 B1 discloses a method in which a
slope of the measurement curve is determined by deriving difference values of colors and
comparing these difference values with a predetermined threshold. Thereby, an end point
of the detection reaction may be determined. Similarly, in US 2002/0146835 Al, an end
point is determined by calculating an intermediate analyte level of the testing element at
predetermined intervals and calculating a ratio value corresponding to the (n)th measure-
ment to an (n-5)™ measurement. When two consecutive ratio values are less than or equal
to a predetermined value, the end point is deemed to be reached, and the final analyte level

can be determined.

Further, scveral methods and devices using one or more fitting algorithms are known in the
art, in which the measurement curve is analyzed by using one or more fit functions. Thus,
in WO 2011/061257 A1, a method and a device for analyzing a body fluid are disclosed, in
which a photometric measurement curve is measured. A transmission behavior of an opti-

cal transmission system is controlled by detecting measured values at two different meas-
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urement wavelengths. Further, fit functions are generated for the two measurement curves,

and, by extrapolating fit curves, an offset of the measurement values is determined.

In US 2008/0087819 A1, a method for analyzing a fluid sample is disclosed, in which,
again, two different wavelengths are used for deriving two measurement curves. The
measurement curves are fitted by using an exponential rise with a subsequent exponential
fall, by performing an appropriate fit algorithm having two different types of temporal con-

stants.

In WO 01/25760 Al, a timing-independent method for determining a proper time for
measurement of a reaction between a sample fluid and a reagent on an analyte strip is dis-
closed. Therein, a measurement curve of a characteristic of a matrix, to which sample fluid
is applied, is periodically measured both before and after application of the sample fluid.
Subscquently, a transformation is made of this measurement curve into a function which is
independent in time or at most various linearly in time. The second derivative of the trans-
formed function is then analyzed to determine when the second derivative falls below a
predetermined threshold. At this point in time, the transformed function will yield the ana-

lyte concentration in the sample fluid.

In EP 1413 883 Al, a method of reducing analysis time of end point-type reaction profiles
is disclosed. For this purpose, a detection reaction is initiated, obtaining at least three
measurements, at three different points in time, of a value or level of an observable associ-
ated with the detection reaction. Subsequently, an end point value for the observable is

estimated from the measurements, by using an appropriate fit function.

In WO 2006/138226 A2, an arrangement and an algorithm for calculating the concentra-
tion of an analyte contained in a sample are disclosed. Therein, a color change rate of a test
chemical is detected, and a hematocrit is derived from the color change rate. An appropri-
ate correction factor indicative of the hematocrit is used for correcting a glucose concentra-

tion.

In WO 99/18426, a method and a device for analyzing the concentration of an analyte in a
sample, particularly the glucose content in a blood sample, is disclosed. Therein, the con-
centration of the analyte in the sample is determined by screening the colour reaction of a
test strip over time by means of optical reflectance, wherein linear functions or polynoms

are employed for evaluation purposes.
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While significantly improving reliability and reproducibility of analyte detection methods,
the methods known in the art still may be improved in various ways. Thus, firstly, most of
the fitting algorithms as known in the art are rather complicated and involve a high con-
sumption of clectrical power, hardware and software resources and evaluation time. Spe-
cifically when using hand-held devices, these aspects may lead to significant disad-

vantages.

Further, most of the methods and devices known in the art are susceptible to irritations and
malfunctions, such as offsets, jitter or discontinuities in the measurement curves. These
disturbances and artifacts, which may be due to various boundary conditions of the sample
of the body fluid itself, the measurement conditions and the measurement device may im-
pede an analytical evaluation and, in a worst case, may lead to imprecise measurement

results.

Specifically, most of the methods and devices known in the art are not suited to take into
account the fact that the detection reaction itself may be influenced by one or more dis-
turbances other than the concentration of the analyte itself. Thus, specifically, in many
types of test elements, a concentration of particulate components in the body fluid may
have a significant impact on the measurement results. As an example, the concentration of
cellular components, such as the so-called hematocrit, is known to have an influence on the
analyte concentration as determined by standard test elements, such as glucose test strips.
This influence may be due to the fact that sample propagation propertics as well as diffu-
sion processes are significantly altered by the presence of particulate components such as
blood cells. Besides the hematocrit, other disturbance variables are known, such as the
temperature of the sample and/or the measurement system. As mentioned above, methods
and devices known in the art typically are not suited to take into account these disturbances
when evaluating measurement curves for the purpose of determining the analyte concentra-

tion.

Problem to be solved

It is therefore an object of the present invention to provide methods and devices which at
least partially overcome the disadvantages and challenges of known methods and devices.
Specifically, methods and devices shall be disclosed which are suited to determine the con-
centration of one or more analytes in a body fluid such as blood in a simple and, still, relia-
ble fashion, taking into account disturbances which may have an impact on a detection

reaction.
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Summary of the invention

This problem is solved by a method and a device for analyzing at least one sample of a
body fluid, with the features of the independent claims. Preferred embodiments, which
might be realized in an isolated fashion or in an arbitrary combination are listed in the de-
pendent claims.

As used in the following, the terms “have”, “comprise” or “include” or any grammatical
variations thereof are used in a non-exclusive way. Thus, these terms may both refer to a
situation in which, besides the feature introduced by these terms, no further features are
present in the entity described in this context and to a situation in which one or more fur-
ther features are present. As an example, the expressions “A has B”, “A comprises B” and
“A includes B” may both refer to a situation in which, besides B, no other clement is pre-
sent in A (i.e. a situation in which A solely and exclusively consists of B) and to a situation
in which, besides B, one or more further elements are present in entity A, such as element

C, elements C and D or even further elements.

In a first aspect of the present invention, a method for analyzing at lcast one sample of a
body fluid is disclosed. The method comprises the following method steps. These method
steps preferably are performed in the given order. However, other orders of the method
steps are feasible. Further, one or more or even all of the method steps may be performed
repeatedly, by repeating one of the method steps, more than one of the method steps or
even all of the method steps once, twice or even more than twice. Further, two or more of
the method steps may overlap in time, by performing two or more of these method steps at
least partially simultancously. As will further be outlined in detail below, one of the meth-
od steps, a plurality of the mcthod steps or cven all of the method steps may be performed
by using a data processing device such as a computer, preferably a microcomputer and/or

an application-specific integrated circuit (ASIC).

The method steps are as follows:

a) recording a plurality of measurement values by monitoring a time development of
at least one measurement value indicating a progress of a detection reaction of at
lcast one test substance and the sample of the body fluid, and providing at least one
measurement curve F(t) which contains the measurement values, wherein at least

an evaluation part of the measurement curve has an exponential characteristic,
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wherein the measurement values contained in the measurement curve are acquired
at differing points in time, wherein the detection reaction is known to be influenced
by a concentration ¢ of an analyte to be detected in the body fluid and at least one
disturbance variable Y;

b) deriving an end value of the measurement curve, wherein the end value forms a
first variable x;;

c) deriving at least one fit parameter from the measurement curve by taking into ac-
count the exponential characteristic of at least the evaluation part of the measure-
ment curve, wherein the fit parameter forms at least one second variable xy;

d) deriving the concentration c of the analyte by using at least one multivariate evalua-
tion algorithm, the multivariate evaluation algorithm being adapted to combine the

first variable x; and the second variable x5.

Preferably, the body fluid is selected from the group consisting of blood (such as whole
blood) and interstitial fluid. However, generally, one or more other types of body fluids

may be used, such as urine and/or saliva.

The analyte generally may comprise an arbitrary analyte which may be present in the body
fluid. Specifically, the analyte may be a metabolite and/or may be an analyte which may
take part in the metabolism of a human or an animal. Preferably, the analyte may be or
may comprise glucose. However, additionally or alternatively, other types of analytes may
be detected, such as lactate and/or triglycerides.

As used herein, the term "measurement value" generally refers to a quantifiable measure-
ment result Ri, recorded by an arbitrary measurement method based on at least one of a
physical, chemical and biological measurement principle. The type of measurement values
may strongly depend on the type of detection reaction, as will be explained in further detail
below. Thus, by using the measurement method, at least one measurement value may be
determined which is known to be influenced by a detection reaction of the test substance.
This measurement value preferably may be or may comprise at least one of an clectrical
measurement value and an optical measurement value, preferably an optical measurement
value. Thus, as an example, the test substance may be part of a test field or a test arca of a
test clement, such as a test strip. The measurement value may be an optical characteristic
of the test substance, specifically the test field, such as a color and/or a photometric meas-
urement value such as a remission value, as known in the art. The measurement value may
generally be determined by using at least one detector, such as at least one optical detector.

The detector preferably may comprise at least one light-sensitive element adapted to de-
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termine an intensity of light reflected by and/or emitted from the test substance, such as a
test field of a test element comprising the test substance. The detector may further com-
prise one or more light sources for illuminating the test substance, such as for illuminating
the test ficld. However, additionally or alternatively, other measurement principles for de-

termining the measurement value are feasible.

As further used herein, the term “recording” refers to acquiring at least one measurement
value of a sample of a body fluid, in particular, by applying at least one of a physical,
chemical and biological measurement principle, preferably by employing an optical meas-
urement principle. The recording of the measurement value may preferentially be per-
formed in form of a spot measurement, i.c. a measurement technique wherein the meas-
urement value may be taken within a single small area, also denoted as spot, particularly in
order to acquire an integral value over an entire region and/or a representative value of the
entire region where the measurement could be reasonably performed. In addition, the re-
cording of the measurement value in the sample of the body fluid may particularly be per-
formed in form of a measurement, in vifro, which means that the sample of the body fluid
may be isolated from the body and, thus, separated from its common biological surround-
ings, i.e. the recording may be performed in an extra-corporal manner with respect to the
body from which the sample may be taken. In a preferred embodiment, a generating of the
sample by isolating the body fluid from the related body may take place prior to the record-
ing of the at least one measurement value. However, in an alternative embodiment, the
generating of the sample may be performed as a part of the present method for analyzing
the sample of the body fluid, whereby the generating of the sample may, however, involve
only a minor puncturing of the skin of the body, preferably at a peripheral part of the body,
such as the finger tip or the ear lobe.

As further used herein, the term "measurement curve", also referred to as F(t), refers to the
overall amount of data characterizing the time development or time sequence of the detec-
tion reaction. The measurement curve contains a plurality of measurement values as dis-
cussed above, recorded at different points in time. The measurement curve optionally
and/or additionally may contain the respective measurement times ti of the measurement
values Ri, such as by containing data pairs (Ri, ti) and/or (ti, Ri(ti)). As will be outlined in
further detail below, the original measurement curve may further be replaced by a first
order or higher order derivative which, then, forms a “new” measurement curve. In the
following, both the option of using the original measurement curve and the option of using
the new measurement curve are comprised when reference is made to the term “measure-

ment curve”.
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As further used herein, the expression "monitoring" generally refers to the process of ac-
quiring and, optionally, storing a plurality of measurement values acquired at different
points in time. Thus, the monitoring simply may comprise an acquisition of clectronic
measurement values in conjunction with their respective times of measurement and/or ac-
quisition. The monitoring may further optionally comprise any type of a preprocessing,

processing or evaluation of the measurement curve, such as a filtering and/or a smoothing.

As used herein, the term "analyzing" generally refers to the determination of at least one of
the presence and the concentration of at least one constituent or component of the body
fluid. Thus, generally, the analysis may be a qualitative and/or a quantitative analysis.
Preferably, the analysis is a quantitative determination of the concentration of at least one
component of the body fluid, also referred to as the analyte. The analyte, as outlined above,
preferably may be glucose, and the body fluid preferably may be one of blood and/or inter-

stitial fluid. However, other embodiments are feasible.

Gencrally, as used herein, the term "dcetection reaction™ refers to an arbitrary type of chem-
ical reaction of at least one test substance and the sample of the body fluid, wherein the
detection reaction is adapted to generate analysis information. Preferably, the detection
reaction is a chemical reaction between at least one component of the test substance which
is adapted to indicate the presence and/or the concentration of the at least one analyte in the
body fluid. Thus, generally, the test substance may be a chemical compound and/or a
chemical mixture which is adapted to react with the at least one analyte to be detected,
preferably in a highly analyte-specific fashion. The detection reaction preferably may be
embodied such that the test substance reacts with the at least one analyte to be detected
and, thereby, may fully or in part change by itself, may transform into another chemical
species and/or may transform its surrounding in a detectable way, which may be measured,
thereby deriving the plurality of measurement values and the measurement curve. The pro-
gress of the detection reaction may be indicated by at least one physical measurement val-
uc and/or a change in at least one physical measurement value, which may be used as the
measurement value as outlined above. Preferably, the detection reaction is an optically
detectable detection reaction, which may be optically observable, such as by using a reflec-
tion measurement and/or a transmission measurement. Other types of measurements are

feasible.

Thus, as outlined above, the term "test substance" generally refers to a chemical compound

or substance or a mixture of two or more chemical compounds or substances adapted for
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performing the above-mentioned detection reaction, preferably an analyte-specific detec-
tion reaction. Preferably, the test substance may comprise one or more enzymes adapted to
react with the at least one analyte to be detected. Additionally, the test substance may
comprisc one or morc auxiliary components, such as mediators and/or co-enzymes. For test
substances which may also be used within the present invention, reference may be made to
the test substances known in the art, as discussed in more detail above, such as the cNAD
test substances. Further examples will be given in further detail below. Generally, with
regard to potential test substances which may be used within the present invention, refer-
ence may be made to J. Hoenes et al.: The Technology Behind Glucose Meters: Test
Strips, Diabetes Technology & Therapeutics, Vol. 10, Supplement 1, 2008, S-10 to S-26.
Additionally or alternatively, one or more of the test substances as disclosed in WO
2010/094426 Al and/or in WO 2010/094427 Al may be used. Therein, specifically, refer-
ence may be made to the test substance comprising an enzyme and a stable co-enzyme
which are stored in common, specifically using carbaNAD (cNAD) as a stable co-enzyme.
For details of this test substance, reference may be made e¢.g. to WO 2010/094426 Al.
However, additionally or alternatively, other types of test substances may be used.

Further, as outlined in the context of the prior art documents, the term "disturbance value
Y" generally refers to a variable other than the concentration ¢ of the analyte, which char-
acterizes at least one of a state of the sample of the body fluid and a condition of the detec-
tion reaction, having an impact on the plurality of measurement values and/or the meas-
urement curve. In particular, the disturbance variable Y may comprise a parameter which
may be able to influence the viscosity of the body fluid. Examples of disturbance values
are: a content of at least one component of the sample of the body fluid, such as a content
of a particulate component, preferably a hematocrit; a temperature of the sample of the
body fluid; a humidity of an ambient atmosphere surrounding the sample of the body fluid;
a parameter characterizing the quality of the test substance, such as a storage time of the
test substance, the conditions under which the test substance may be stored, e. g. a possible
exposition to temperature and/or humidity, including fluctuations of the temperature and/or
the humidity, or a possible degradation of the test substance, the test chemistry, or a com-
ponent thereof, such as an enzyme, owing, for example, to an elevated temperature, a high
humidity, or a volatile material being comprised within the test chemistry or within the
testing device. Additionally or alternatively, other disturbances of the detection reaction,
especially an influence arising from a geometry of test strips which may be engaged in
determining the analyte, such as a top dosing, a capillary channel or another geometry, arc

known and may be characterized by the at least one disturbance variable Y.
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In the context of the present invention, the term "end value" generally refers to a value of
the measurement curve at a point in time the detection reaction has essentially finished,
such as by at least 70 % or more, preferably by at least 80 % or by at least 90 %. Thus, the
end value preferably may be an asymptotic value of the measurement curve F(t), such as
for high measurement times, or an estimated asymptotic value for these high measurement
times, such as a best guess for the asymptotic value. As an example, the end value may be
a best guess for lim; — oo F(t) , even though the measurement time typically may be lim-
ited for practical reasons. As an example for determining the end value, the slope or
change in the measurement curve might be monitored or evaluated, and, once the slope or
change reaches a predetermined threshold, an end point of the detection reaction may be
determined, and some or more of the measurement values acquired at or after this end
point may be chosen as the end value and/or the end value may be derived by combining
the measurement values, such as by forming a mean end value. As an example for algo-
rithms deriving the end value, reference may be made to the above-mentioned documents
EP 0 821 234 BI1, US 2002/0146835 Al or EP 1 413 883 Al. As a further example for
determining the end value, the exponential characteristic of at least the evaluation part of
the measurcment curve may be taken into account, from which it may be concluded that
the measurement curve might approach the end value in the form of a plateau, which
means that the end value may be derived from any part of the measurement curve, particu-
larly from a part of the measurement curve which may be distant from the plateau. Addi-
tionally or alternatively, other types of algorithms may be used for deriving an end value of

the measurement curve.

As further used herein, the term "fit" generally refers to an algorithm in which at least one
curve to be fitted is approximated by at least one model curve or fit function, thereby mod-
eling the shape of the curve by choosing the model curve or fit function appropriately, such
as by choosing one or more parameters of the model curve or fit function appropriately. As
a result of the fit, one or more fit parameters may be derived which, when used in the mod-
el curve or fit function, lead to an optimum similarity of the fit function and the curve to be
fitted. To determine the similarity, known algorithms may be used. For the purpose of fit-
ting, a large number of algorithms are known in the art, such as the method of least squares
regression or least squares fit, the method of trusted region or heuristic fitting methods.
Consequently, the term "fit parameter” refers to one or more parameters derived by the

above-mentioned fit.

As outlined above, in method step c), at least one fit parameter is derived from the meas-

urement curve by assuming an exponential characteristic of at least one evaluation part of
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the measurement curve. Thus, the whole measurement curve or a part of the measurement
curve, such as a part of the measurement curve starting at a predetermined point in time or
at a determinable point in time after application of the sample and/or after the start of the
detection reaction, may be evaluated. As uscd herein, the term "exponential characteristic”
generally refers to a property of a curve indicating that the curve at least partially follows
or resembles a function containing one or more exponential terms. Hereby, it might be tak-
en into account that, within the method according to the present invention, a plurality of
actual measurement values are recorded by using a physical monitoring of the time devel-
opment of at least one real measurement value which may be used for indicating the pro-
gress of the detection reaction of the at least one test substance. Basically it may, however,
not be possible to acquire actual measurement values which might be free from any error
or defect. Consequently, the term "exponential characteristic" may particularly refer to a
situation wherein the curve comprising the plurality of actual measurement values at least
partially follows or at least partially resembles a function which comprises one or more
exponential terms, wherein, however, not each single measurement value may be obliged
to obey this condition. For example, whereas an accurate exponential decay curve always
requires a strictly monotonically decreasing behavior of two successive values, a real
measurement curve may still be considered to exhibit the necessary exponential character-
istic of at least the evaluation part of the measurement curve, even though some of the ac-
tually recorded measurement values may not follow the strictly monotonically decreasing

behavior.

Preferably, one or more of the following exponential functions or exponential terms may

be used as fit functions:

F(t) =a+b-exp[-Tt] (D)
F(t)=a+b-exp[-TI't+c] 2)
F(t) = a+b-exp[—(Tt)?] 3)
Fi)=a+b-exp[(-T't)f +¢c| @)

wherein a, b, ¢, I' and P are parameters which may be chosen, predetermined or fitted,

which may be positive or negative and which may be real numbers.

As further outlined above, in step d) of the method, at least one multivariate evaluation
algorithm is used for deriving the concentration ¢ of the analyte from at least two variablcs,
L.e. the first variable x; (end value) and the second variable x; (fit parameter). Therein, one

or more first variables and one or more second variables may be used. As used herein, the
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term "multivariate evaluation algorithm" generally refers to a rule or set of rules for direct-
ly or indirectly deriving the concentration ¢ of the analyte from the at least one first varia-
ble and the at least one second variable. The evaluation algorithm generally may comprise
an arbitrary mathematical algorithm or arbitrary combination of algorithms for deriving the
concentration from the first variable and the second variable. Thus, the multivariate evalua-
tion algorithm may be or may comprise a one-step algorithm in which the first variable and
the second variable are used as input variables for one and the same algorithm, such as by
using one and the same equation having the first variable and the second variable as input
variables, thereby deriving the concentration. Alternatively, the multivariate evaluation
algorithm may be or may comprise multiple steps, wherein, step-by-step, two or more al-
gorithms are successively applied, thereby finally deriving the concentration. Therein, the
first variable x; and the second variable x; may be used as variables for different steps or

for the same step of the multi-step evaluation algorithm.

As an example, the at least one fit parameter and the at least one end value may be used as
input variables for one equation or one algorithm, thereby deriving the concentration ¢ in
onc step. Alternatively, as an cxample, the end value may be usced for deriving an cstimate
value or rough value of the analyte concentration, which, subsequently, is corrected by
applying a correction algorithm to the estimate value or rough value, wherein the correc-
tion algorithm comprises the at least one fit parameter, and wherein the correction is per-

formed in accordance with the at least one fit parameter.

The method as disclosed above may be modified or may be further improved in various
ways. As an example, the assumption of an exponential characteristic, which may lead to
an appropriate fit function, may contain an exponential function selected from the group

consisting of:

- F(t) = a + b * exp[-T *t], wherein t is the time, a is an offset, b is a contrast and
I' is a decay constant;
- F(t)=a+ Db * exp[-(I" *t)B], wherein t is the time, a is an offset, b is a contrast, I’

18 a decay constant and f is a stretching parameter.

Therein, a, b, I" and t may be real numbers. By assuming one or more of these exponential
characteristics, an appropriate fit function, such as one or more of the above-mentioned

functions, may be chosen in method step ¢).
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The sccond variable x; may be selected from the decay constant I' or from a quantity
which may be related to the decay constant I'. Herein, the quantity may exhibit any rela-
tionship with the decay constant I', whereby a relationship wherein the quantity may be
proportional to the decay constant I" or proportional to the inverse 1/T" of the decay con-
stant may be preferred. However, other kinds of relationships which may be adapted to the
particular circumstances may be employed. In this embodiment, a particularly significant
data reduction may be achieved since the overall amount of data of the measurement curve
may be reduced to the one fit parameter either being the decay constant I or the quantity in
relationship with the decay constant I'. In other words: By taking into account the expo-
nential characteristic of at least the evaluation part of the measurement curve, the decay
rate ' and/or the quantity in relationship with the decay constant I' may be determined
without applying a fit procedure, by simply taking two measurement values from the eval-
uation part of the measurement curve from which the fit parameter may be derived. Such
an appreciable simplification of acquiring the fit parameter may primarily be considered as
a consequence of the exponential characteristic of at least the evaluation part of the meas-

urement curve.

In method step c), the measurement curve itself and/or an arbitrary secondary measurement
curve derived from the measurement curve may be used. Both options are possible and
shall be included by the scope of the present invention. Thus, the "raw" measurement curve
may, before the fitting process is performed, be subject to one or more filtering algorithms.
Additionally or alternatively, one or more derivatives may be formed, thereby generating a
first order derivative of the measurement curve and/or a higher order derivative of the
measurement curve. Therein, arbitrary means for generating the derivatives may be used.
As an example, in case the measurement curve contains a plurality of measurement values
acquired at a constant acquisition rate, difference values between neighboring measure-
ment values may be formed, and the sequence of difference values formed this way may be
used as a derivative of the measurement curve. Subsequent, higher order derivatives may

be formed accordingly.

In a preferred embodiment of the present invention, in step c), a first order derivative F'(t)
or a higher order derivative F'(t) of the measurement curve is formed before deriving the
fit parameter. Thus, the first order derivative F'(t) or the higher order derivative F'(t) may
be subject to the fit step ¢), thereby deriving the at least one fit parameter.

Generally, without restricting other embodiments, the measurement values preferably may

be acquired at predetermined and/or determinable points in time, and/or the measurement
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values may be acquired at a predetermined or determinable time span after the acquisition
of the previous measurement value. Thus, as one example, the time intervals between the
acquisition of neighboring measurement values may be predetermined or determinable. As
a preferred example, to which the invention is not restricted, the measurement values of the
measurement curve are acquired equally spaced in time, i.e. at a constant acquisition rate.
Thus, the measurement curve may be acquired at a constant measurement rate or meas-
urement frequency of 10 Hz to 100 Hz. However, other embodiments of acquisition of the

measurement curve are feasible.

As outlined above, by using a simplified algorithm for deriving the first order or higher
order derivatives, the first order or higher order derivatives may be approximated by calcu-

lating differences between neighboring measurement values.

In a further preferred embodiment of the present invention, in step ¢), a ratio of two subse-
quent derivatives F'(t) and F*"'(t) of the measurement curve is formed, wherein the ratio
forms the fit parameter or, in case a plurality of fit parameters is used, at least one of the fit
paramcters. Again, the derivatives F'(t) and F™''(t) may be formed by using the above-
mentioned approximation by using difference values of neighboring measurement values

or values of the preceding derivative.

As used herein, the formation of a ratio of two subsequent derivatives F'(t) and F""'(t) of
the measurement curve generally may refer to a quotient of function values the two subse-
quent derivatives F(t) and F*"'(t) at one or more specific points in time. Additionally or
alternatively, a quotient of function values of the two subsequent derivatives may be gen-
erated over a specific time span or over a plurality of points in time. Thus, as an example,
an average value of a quotient of the function values of the two subsequent derivatives may

be formed over a predetermined time span.

Additionally or alternatively to the option of using the "raw" measurement curve and/or a
first order or higher order derivative thercof, an intcgral may be formed over the mecasure-
ment curve. Thus, in step ¢), an integral may be formed over the measurement curve F(t) or
a first order or higher order derivative of F(t), the integral forming the fit parameter. As
will be outlined in further detail below, the assumption of an exponential characteristic of
the measurement curve may lead to the fact that the integration results in one or more high-

ly useful fit parameters.
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The process of forming an integral, also referred to as an integration, may generally com-
prise an arbitrary integration algorithm known to the skilled person. Preferably, since the
measurement curve or a first order or higher order derivative of the measurement curve
gencerally arc composed of discrete values such as the measurement values, the process of
forming the integral may include a formation of a sum over all measurement values of the
measurement curve or over a predefined group of measurement values of the measurement
curve, as will be outlined in further detail below. Thus, the formation of the integral gener-
ally may imply the formation of a Riemann sum or a Riemann integral. Additionally or
alternatively, however, other types of algorithms adapted for forming an integral may be

used.

Further preferred embodiments of the present invention refer to method step d) and the
above-mentioned multivariate evaluation algorithm. By using the at least one first variable
x; and the at least one second variable x, and by using the above-mentioned multivariate
evaluation algorithm, besides the at least one concentration ¢ of the analyte, one or more
further types of information may be generated. Thus, the multivariate evaluation algorithm
may be an arbitrary algorithm or combination of algorithms by which, in addition to the
concentration ¢ of the analyte, additional information, such as the at least one disturbance
variable, may be generated. Thus, generally, in step d), further, the at least one disturbance
variable Y may be determined. As an example, the multivariate evaluation algorithm may
be or may comprise a matrix algorithm which transforms a first vector, comprising the at
least one first variable x; and the at least one second variable x; into a result vector by us-
ing a linear, quadratic or higher order matrix transformation, wherein the result vector
comprises the concentration ¢ and at least one additional information, wherein, as an ex-
ample, the at least one additional information comprises the at least one disturbance varia-
ble Y. As an example, besides the concentration c, the at least one hematocrit might be
determined and/or the temperature of the sample of the body fluid. For this purpose, as an
example, the at least one multivariate evaluation algorithm may comprise a step of trans-
forming the vector (X1, X;) by using a transformation matrix having coefficients c;;, which
may be determined by an arbitrary calibration algorithm. By multiplying the vector (xi, x2)

with this matrix, a result vector (¢, Y) might be generated. Other examples are feasible.

Further embodiments refer to the above-mentioned deriving of the end value of the meas-
urement curve, as described in step b) of the present invention. As further used herein, the
term “deriving” may comprisc any procedurc which may be configured for acquiring the
end value of the measurement curve. Herein, a procedure which may determine the end

value by using an actually recorded property of the measurement curve an deriving there-
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from the desired value may be particularly preferred. Preferred examples for the actually
recorded property include a slope of the measurement curve which may be compared to at
least one threshold value, or a part of the measurement curve which may even be distant
from the platcau formed by the end value. Alternatively, it may be feasible to determine
the end value by using a model adapted to provide the end value from any known parame-

ters otherwise related to the sample of the body fluid.

Thus, as disclosed above and as disclosed in the above-mentioned prior art, in step b), the
slope of the measurement curve may be compared to the at least one threshold value for
determining the measurement curve has reached the end value. As an example, the slope
may be formed by a difference value between neighboring measurement values of the
measurement curve, specifically in case a constant acquisition rate or measurement rate is
used for acquiring the measurement values. Thus, difference values of neighboring meas-
urement values may be formed and may be compared to at least one threshold value, for
determining if the end point of the reaction has been reached. Therein, additional criteria
might be added, such as a criterion indicating that at least two, at least three or at least a
specific number of ncighboring difference valucs arc below or above the threshold value.
For example, the threshold value may be a threshold value indicating that a change in the
reflectance values per second is below 3 %, 2 % or even 1 %.

A further embodiment may alternatively or additionally used for the deriving of the end
value of the measurement curve according to step b), wherein the end value forms a first
variable x;. This embodiment may be particularly based on the exponential characteristic
of at least the evaluation part of the measurement curve. Taking the exponential character-
istic of at least the evaluation part into account, it may be concluded that the measurement
curve might approach the end value after a certain period of time, wherein the end value
may exhibit the form of a plateau. Hereby, every measurement curve may form a same
plateau value independent from the at least one disturbance variable Y. Thus, it might be
possible to derive the analyte concentration independent from the at least one disturbance
variable Y. As a non-limiting example, the glucose concentration may be derived from a
remission curve in an optical measurement since all remission curves may form the same
plateau value independent from the actual haematocrit or temperature. Moreover, the ex-
ponential characteristic may, thus, be employed to determine the plateau value by utilizing
measurement values taken from a part of the measurement curve which may not necessari-
ly bear any relation to the platcau. Already the fact that at least the evaluation part of the
measurement curve may comprise an exponential shape may allow deducting information

about the end value from any part of at least the evaluation part of the measurement curve.
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Consequently, the end value may be derived from an earlier part of the measurement curve,
wherein the carlier part may be a part of the measurement curve being distant from the
plateau. As a result, the end value may be derived according to step b) as the at least one
first variable x; from at least one measurement value taken from the measurement curve
whereas the at least one second variable x; may be derived according to step ¢) from at

least one fit parameter as derived from the measurement curve.

This feature may imply that it may not be necessary to acquire measurement values until
the measurement curve may have reached a predefined threshold value. According to the
present embodiment, it may rather be feasible to derive the end value already from the car-
lier part of the measurement curve, preferably from the same part of the measurement
curve in which the decay constant I' or a quantity which may be related to the decay con-
stant I may be determined as the second variable x,. Without loosing information, a lower
number of actually recorded measurement values may, thus, be sufficient for determining
the concentration of the analyte. On the other hand, since the accuracy of the end value
may increase when the plateau value may be derived at a later part of the measurement
curve, an optimum time to terminate the recording of the measurement values may be
found somewhere midway through the measurement curve. Irrespective of the actually
chosen time to terminate the recording of the measurement values, a saving of resources,
including but not limited to measurement time, calculating efforts and/or memory space,

which might be considerably, may be achieved by application of this embodiment.

Further preferred embodiments refer to the above-mentioned evaluation part of the meas-
urement curve. As indicated above, the evaluation part generally may be an arbitrary part
of the measurement curve or even the full measurement curve. As a preferred example, the
evaluation part of the measurement curve is a part of the measurement curve starting at a
predetermined or definable starting point after a commencement of a measurement, i.c.
after an application of the sample to the test substance and/or after a start of the detection
reaction. Thus, as an example, the evaluation part of the measurement curve may be a re-
maindcr of the mecasurement curves starting after a definable starting time span after a
commencement of the measurement. The starting time span generally may be a definable
or predetermined time span, such as a fixed time span of 0.5 s to 3 s, preferably 1.0 s to 2.0
s and, most preferably, 1.5 s to 1.7 s. By applying this predetermined time span, an initial
phase of the measurement curve may be excluded from the evaluation, wherein the initial
phase, as an example, may include a wetting period during which the test substance is wet-
ted by the sample.
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Further embodiments relate to the multivariate evaluation algorithm. As indicated above,
the multivariate evaluation algorithm may be or may comprise an arbitrary one-step or
multi-step evaluation algorithm which transforms the at least one first variable x; and the at
lcast onc sccond variable x; into the concentration ¢ and, optionally, into additional infor-
mation. As outlined above, the multivariate evaluation algorithm might comprise a linear
matrix algorithm and/or a linear equation, having two or more coefficients, by which the at
least one first variable x; and the at least one second variable x; are transformed into the
concentration ¢ and, optionally, into additional information, such as into the at least one
disturbance variable Y. Additionally or alternatively, the multivariate evaluation algorithm
may be or may comprise a non-linear equation system and/or a non-linear transformation
matrix algorithm, again which, again, comprises two or more coefficients. Further, two or
more evaluation algorithms may be provided, such as two or more transformation algo-
rithms and/or two or more transformation curves. One or more of these evaluation algo-
rithms may be chosen out of the plurality of multivariate evaluation algorithms, such as
according to appropriate boundary conditions. As an example, a temperature of the envi-
ronment may be measured independently, and an appropriate multivariate evaluation algo-
rithm corresponding to the specific ambient temperature as measured may be chosen from
a plurality of multivariate evaluation algorithms, thereby choosing an appropriate multivar-

iate evaluation algorithm for the respective temperature of the sample of the body fluid.

The method according to the present invention may further imply the use of at least one
decision tree. Thus, at least one decision tree may be employed within the method for ana-
lyzing the sample of the body fluid. As further used herein, a “decision tree” may comprise
at least one decision branch which may allow selecting one out of at least two, preferably
two, alternative functions based on an assessment whether a predetermined condition may
be fulfilled or not. The decision branch itself may comprise an additional second-order
decision branch which may allow performing one out of at least two, preferably two, fur-
ther alternative functions depending on the assessment of a further predetermined condi-
tion. In addition, the second-order decision branch may comprise at least one further high-
cr-order decision branch. In gencral, the predetermined condition may asscss an cxistence
of a value, a non-existence of a value, or whether a definite value falls within at least one
predetermined range or not. The decision branch may, thus, offer a decision between per-
forming or not performing a specific function or performing the specific function under a
specific parameter, with a specific parameter set, or within a specific parameter range. As a
non-limiting example, only such glucose valucs may be submitted to a correction proce-
dure for which such a correction may be required, e.g. outside the predetermined hemato-

crit range. Another non-limiting example may refer to threshold values which may be ap-
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plied for determining the glucose concentration in a sample, wherein the actual threshold
values applied within this procedure may be selected according to a predetermined glucose

concentration range.

Alternatively or in addition, a weighted average may be employed within the method for
analyzing the sample of the body fluid for taking into account the results out of at least
two, preferably a multitude of, procedures based on variations of the at least one disturb-
ance variable Y in order to derive a value for the concentration ¢ of the analyte. Herein, the
weighted average may comprise weights which may denote probabilities for each specific
value of the disturbance variable Y according to a forecast model which may reflect the
probability distribution of each specific value of the disturbance variable Y. As a non-
limiting example, a number of glucose concentrations may, thus, be obtained, each glucose
concentration for a specific value of the hematocrit within a predetermined range, and the
weighted average thereof may be derived, thereby acquiring a single value for the glucose
concentration. Herein, the weights may denote probabilities for each specific value of the
hematocrit according to a forecast model which may reflect the probability distribution of
cach spccific value of the hematocrit.

The multivariate evaluation algorithm generally may be determined in a preceding method
step, such as by using a plurality of calibration measurements. Thus, in a simple measure-
ment setup, a plurality of calibration samples may be provided, having well-defined and
different analyte concentrations and/or having well-defined and different disturbance vari-
ables. In a simple case, the multivariate evaluation algorithm may comprise a multiplicity
of cocfficients, such as the coefficients of a transformation matrix, which may be deter-
mined by solving the equation system resulting from applying these coefficients to the
measurement results x; and x, resulting from measurements using the calibration fluids.
The skilled person immediately will recognize a number of potential calibration setups.
Thus, generally, in the context of the present invention, the term "calibration measurement"
may refer to an arbitrary measurement acquired by using a calibration fluid and/or acquired
under known conditions, such that at Icast the concentration and at least one disturbance
variable are known. Thus, in case the disturbance variable refers to the calibration fluid,
the disturbance variable may be known via the calibration fluid itself, such as by using a
calibration fluid having a predetermined hematocrit. In case the target variable refers to the
measurement conditions, such as a temperature and/or specific properties of the test sub-
stance used for the measurcment, the disturbance variable may be known from the circum-
stances of the measurement. Thus, by using one or more calibration measurements, at least

one multivariate evaluation algorithm may be determined and/or a set of multivariate eval-
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uation algorithms may be determined, and, preferably, stored in a data storage for later use

by the method according to the present invention.

In further aspect of the present invention, an evaluation device for analyzing at least one
sample of a body fluid is disclosed. As applies to the method as disclosed in one or more of
the embodiments listed above, the evaluation device preferably may be adapted for evalu-
ating a measurement curve for the purpose of analyzing the sample of the body fluid. The
evaluation device comprises at least one evaluation unit, wherein the evaluation unit is
adapted to perform the method according to one or more of the embodiments disclosed
above and/or according to one or more of the embodiments disclosed in further detail be-
low. As an example, the evaluation unit may comprise one or more data processing devic-
es, such as one or more computers and/or application-specific integrated circuits (ASICs),
preferably at least one microcomputer. The at least one data processing device may com-
prisc onc or morc softwarc components adapted to run on the data processing device, the
software components being adapted to perform the method according to the present inven-
tion, fully or partially, e.g. except for specific measurement steps which might be involved
in the recording of the measurement values and which might be performed by one or more
measurement devices connected to the processor. The measurement values, in the latter
casc, may be provided to the cvaluation unit, as a part of the recording step. The evaluation
unit, which may be or which may comprise one or more components, may preferably be
adapted to perform a software algorithm implementing the above-mentioned method in one
or more of the embodiments listed above and/or as disclosed in further detail below.

In a further aspect of the present invention, a sample analysis device for characterizing a
sample of a body fluid is disclosed. As used herein, the term "characterizing" relates to a
process of determining one or more properties of the sample of the body fluid. Specifically,
as will be disclosed in further detail below, the term "characterizing" refers to the fact that
a concentration of at least one analyte in the body fluid may be determined. Additionally,
one or more items of information regarding the sample of the body fluid may be generated,

such as an information on the at least one disturbance variable.

The sample analysis device compriscs at least one measuring unit for measuring a detec-
tion reaction of at least one test substance and at least one sample of a body fluid. Therein,
the detection reaction is known to be influenced by a set of disturbance variables, each
disturbance variable characterizing at least one of a state of the sample of the body fluid
and a condition of the detection reaction. The measuring unit further is adapted for moni-

toring a time development of at least one measurement value indicating a progress of the
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detection reaction, thereby recording a measurement curve F(t) containing a plurality of the

measurement values acquired at different points in time.

The at least one measuring unit, as outlined above, may comprise one or more detectors for
measuring the plurality of measurement values, which, in the following, will be denoted by
Ri, the plurality of measurement values forming the measurement curve F(t) and/or a part
of the measurement curve. The at least one detector may be or may comprise an arbitrary
element for determining the at least one measurement value, such as an optical detector
and/or an electrical detector. As an example, an optical detector may be provided, having
at least one light-sensitive element, such as a photodiode and/or a photocell, for measuring
light reflected by the test substance, such as by a test ficld of a test element, the test field
comprising the test substance, and/or by measuring light transmitted by the test substance.
The at least one detector may further comprise one or more light sources for illuminating
the test substance, such as one or more of a light-emitting diode, a laser diode or a light
bulb. The measuring unit may be adapted to acquire the measurement values generated by
the detector, which may be provided in an arbitrary form, such as in the form of electrical
signals and/or in the form of analog and/or digital signals. The measuring unit may further
be adapted for storing these measurement values and/or for transferring these measurement
values to another unit of the sample analysis device, such as to a display or to an evaluation

device as will be disclosed in further detail below.

The sample analysis device further comprises at least one evaluation device according to
the present invention, as disclosed above or as disclosed in further detail below. The evalu-
ation device, preferably, may be or may comprise at least one data processing device, such
as at least one computer or computer network. Thus, the evaluation device may be or may
comprise a microcomputer integrated into the sample analysis device and/or may be or
may comprisc a computer which is connected to the measuring unit by at least one inter-

face and/or at least one data connection.

As outlined above, the test substance preferably may be part of a test element. The test
element, as known in the art, may comprise one or more test fields comprising the at least
onc test substance, such as one or more test ficlds applied to a surface of a carrier clement
of the test element. As an example, the test element may be or may comprise one or more
of a test strip, a test tape, a test disc or any other type of test element known in the art. The
test element generally may contain the at least one test substance adapted to perform the
detection reaction. The sample analysis device may be adapted such that the sample of the
body fluid is applicable to the test element. Thus, the sample analysis device may comprise
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one or more receptacles for receiving the at Ieast onc test clement, wherein the test element
and/or the sample analysis device comprises one or more application positions and/or ap-
plication mechanisms in which the sample of the body fluid may be applied to the at least

one test substance.

As outlined above or as will be outlined in further detail below, the method according to
the present invention is highly efficient and is adapted to generate measurement results
such as the analyte concentration and, optionally, the at least one disturbance variable Y,
rather quickly and, still, precisely. Thus, the present invention specifically is applicable in
small, portable devices which, typically, are rather limited with regard to their hardware
and software resources. Therefore, preferably, the sample analysis device may be embod-
ied as a hand-held device. As used herein, the term hand-held device generally refers to a
device which is portable by a user, such as in one hand. Typically, the hand-held device
may be a device having a volume of Iess than 1000 cm’, preferably of less than 500 cm’.
The weight of the hand-held device preferably is less than 1 kg, preferably less than 500 g.

The method, the computer program, the evaluation device and the sample analysis device
according to the present invention provide a large number of advantages over known
mcthods, computer programs and devices. Thus, as will be outlined in further detail below,
the general concept of using a first variable x; indicating the end value of the measurement
curve and, additionally, using at least one fit parameter derived by assuming an exponen-
tial characteristic of the measurement curve or at least an evaluation part thereof as at lcast
one second variable x;, allows for a multiplicity of evaluation options, which are easily

implemented.

Thus, as a first option, a simple exponential function may be fitted to the measurement
curve, thereby deriving at Icast onc fit parameter, to be uscd as the additional, sccond vari-

able x,.

As a second option, a first order or higher order derivative of the measurement curve may
be used and may be fitted, whereby, as is evident from equations (1) to (4) as given above,
the offset of the measurement curve may be climinated.

As a third option, as also evident from the potential fit functions indicating the exponential
characteristic above, specifically when considering equation (1) given above, the option of

forming a quotient of two subsequent derivatives of the fit function may provide an easy
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algorithm for determining the parameter I', which may indicate a decay rate or an incrcase

rate of the exponential characteristic.

As a fourth option, as also evident by e.g. using one or more of the equations (1) to (4)
given above, specifically equation (1), an integration from 0 to oo may lead to a simple,
constant quotient b/T", wherein b is the contrast of the exponential characteristic, and T is

the decay constant.

As a fifth option, two separate equations for the first derivative of equation (1), wherein the
base line may be neglected (a = 0), may be set up for two differing threshold values,
wherein the parameter I', which may indicate a decay rate, may be obtained from the two
equations, for example, by a rearranging of the equations and a subsequent substitution.
Hereby, the two differing threshold values may be particularly selected from a range from
-10 %/s to -1 %/s, preferably from -5 %/s to -2 %/s.

Thus, these five options, which may be applied individually or which may be used in arbi-
trary combination, may lead to a simple, efficient generation of at least one fit parameter or
additional variable x,, which may be used for the multivariate analysis of the measurement

curve.

Thus, by combining the end value and a fit parameter, an efficient and, still, precise algo-
rithm may be provided, which, as an example, is adapted for correcting the concentration ¢
for a current hematocrit. As will further be presented, the present method has especially
proved to be particularly suited for a correction of the glucose concentration by consider-
ing the current hematocrit under which the amount of glucose may be determined when
analyzing a sample of blood. By taking into account an exponential characteristic for the
measurement curve or a derivative thercof, the information contained in the measurement
curve, such as in a chemical kinetic remission curve, may be reduced to a few fit parame-
ters, such as to the above-mentioned offset a, the contrast b and the decay rate I'. The be-
havior of these parameters with regard to disturbance variables such as hematocrit, temper-
ature or relative humidity may be used in order to generate a corrected concentration of the
analytc and/or for correcting a raw value of the analyte concentration. Within this regard it
may be explicitly mentioned that a knowledge of the disturbance variables may not be re-
quired for accurately determining the concentration of the analyte by employing the meth-

od according to the present invention.
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Thus, in addition to the end value, one or more additional variables x,, such as one or more
of the fit parameters a, b, I, p or any combination thereof, may be used for improving the
measurement result of the determination of the analyte concentration. Thus, the assumption
of an exponential characteristic of at least the evaluation part of the measurement curve or
a derivative thereof may lead to a significant data reduction, since the overall amount of
data of the measurement curve may be reduced to one fit parameter and/or a set of a few fit
parameters. This feature may be useful to reduce the amount of memory space required for
storing data and calculating parameters within the sample analysis device which might be
particularly helpful for decreasing the size of a hand-held device.

By using a derivative of the measurement curve, when assuming an exponential character-
istic, the offset of the measurement curve may easily be eliminated. Similarly, by assuming
an exponential characteristic, the decay rate I' and/or the contrast b of the exponential
function may be determined without using a fit, by forming the above-mentioned quotient
of two subscquent derivatives of the measurement curve. Thus, the cffort and the resources
for performing a fit may even fully or partially be eliminated. Therewith, the costs of the
evaluation device and/or of the sample analysis device may significantly be reduced. Fur-
ther, the lifetime of a battery and/or another optional energy storage device of the sample

analysis device may be increased significantly.

The assumption of an exponential characteristic and the use of a fit of an exponential func-
tion may also be extended, by using a "stretched" exponential function, as indicated by
equation (4) above. Therein, the stretching parameter f may be used as an additional pa-
rameter, which, in addition or as an alternative to the other parameters a, b and I', may be
dependent on the concentration of the analyte, such as the glucose concentration, and, in
addition, may depend on one or more disturbance variables, such as hematocrit, relative
humidity, temperature and other disturbance variables. Thus, the stretch factor B may be
used for correcting the analyte concentration, by using the method according to the present
invention. The invention further discloses and proposes a computer program including
computer-executable instructions for performing the method according to the present in-
vention in onc or more of the cmbodiments encloscd herein when the program is executed
on a computer or computer network. Specifically, the computer program may be stored on
a computer-readable data carrier. Thus, specifically, one, more than one or even all of
method steps a) to d) as indicated above may be performed by using a computer or a com-

puter network, preferably by using a computer program.

The invention further discloses and proposes a computer program product having program

code means, in order to perform the method according to the present invention in one or



10

15

20

25

30

35

CA 02884919 2015-03-13

WO 2014/096184 PCT/EP2013/077363

_05.

more of the embodiments enclosed herein when the program is executed on a computer or
computer network. Specifically, the program code means may be stored on a computer-

readable data carrier.

Further, the invention discloses and proposes a data carrier having a data structure stored
thereon, which, after loading into a computer or computer network, such as into a working
memory or main memory of the computer or computer network, may execute the method

according to one or more of the embodiments disclosed herein.

The invention further proposes and discloses a computer program product with program
code means stored on a machine-readable carrier, in order to perform the method according
to one or more of the embodiments disclosed herein, when the program is executed on a
computer or computer network. As used herein, a computer program product refers to the
program as a tradable product. The product may generally exist in an arbitrary format, such
as in a paper format, or on a computer-readable data carrier. Specifically, the computer

program product may be distributed over a data network.

Finally, the invention proposes and discloses a modulated data signal which contains in-
structions readable by a computer system or computer network, for performing the method

according to one or more of the embodiments disclosed herein.

Preferably, referring to the computer-implemented aspects of the invention, one or more of
the method steps or even all of the method steps of the method according to one or more of
the embodiments disclosed herein may be performed by using a computer or computer
network. Thus, generally, any of the method steps including provision and/or manipulation
of data may be performed by using a computer or computer network. Generally, these
method steps may include any of the method steps, typically except for method steps re-
quiring manual work, such as providing the samples and/or certain aspects of performing

the actual measurements.

Specifically, the present invention further discloses:

- A computer or computer network comprising at least one processor, wherein the
processor is adapted to perform the method according to one of the embodiments
described in this description,

- a computer loadable data structure that is adapted to perform the method according
to one of the embodiments described in this description while the data structure is

being executed on a computer,



10

15

20

25

30

35

CA 02884919 2015-03-13

WO 2014/096184 PCT/EP2013/077363

-6 -

a computer program, wherein the computer program is adapted to perform the
method according to one of the embodiments described in this description while the
program is being executed on a computer,

- a computer program comprising program means for performing the method accord-
ing to one of the embodiments described in this description while the computer
program is being executed on a computer or on a computer network,

- a computer program comprising program means according to the preceding embod-
iment, wherein the program means are stored on a storage medium readable to a
computer,

- a storage medium, wherein a data structure is stored on the storage medium and
wherein the data structure is adapted to perform the method according to one of the
embodiments described in this description after having been loaded into a main
and/or working storage of a computer or of a computer network, and

- a computer program product having program code means, wherein the program

code means can be stored or are stored on a storage medium, for performing the

method according to one of the embodiments described in this description, if the

program code mcans arc cxccuted on a computer or on a computer network.

Summarizing the findings of the present invention, the following embodiments are pre-

ferred:

Embodiment 1: A method for analyzing at least one sample of a body fluid, the method
comprising the following steps:

a) recording a plurality of measurement values by monitoring a time development of
at least one measurement value indicating a progress of a detection reaction of at
least one test substance and the sample of the body fluid, and providing at least one
measurement curve F(t) which contains the measurement values, wherein at least
an evaluation part of the measurement curve has an exponential characteristic,
wherein the measurement values contained in the measurement curve are acquired
at differing points in time, wherein the detection reaction is known to be influenced
by a concentration ¢ of an analyte to be detected in the body fluid and at least one
disturbance variable Y;

b) deriving an end value of the measurement curve, wherein the end value forms a
first variable xi;

¢) deriving at lcast onc fit parameter from the measurement curve by taking into ac-
count the exponential characteristic of at least the evaluation part of the measure-

ment curve, wherein the fit parameter forms at least one second variable x;;
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d) deriving the concentration ¢ of the analyte by using at least one multivariate evalua-
tion algorithm, the multivariate evaluation algorithm being adapted to combine the

first variable x; and the second variable x,.

Embodiment 2: A method for analyzing at least one sample of a body fluid, the method
comprising the following steps:

a') providing at least one measurement curve F(t), wherein the measurement curve
contains a plurality of measurement values recorded by monitoring a time devel-
opment of at least one measurement value indicating a progress of a detection reac-
tion of at least one test substance and the sample of the body fluid, wherein the
measurement values contained in the measurement curve are acquired at differing
points in time, wherein the detection reaction is known to be influenced by a con-
centration ¢ of an analyte to be detected in the body fluid and at least one disturb-
ance variable Y;

b") deriving an end value of the measurement curve, wherein the end value forms a
first variable x;;

¢') deriving at least one fit parameter from the measurement curve by assuming an ex-
ponential characteristic of at least an evaluation part of the measurement curve,
wherein the fit parameter forms at least one second variable x;;

d") deriving the concentration c of the analyte by using at least one multivariate evalua-
tion algorithm, the multivariate evaluation algorithm being adapted to combine the

first variable x; and the second variable x,.

Embodiment 3: The method according to any one the preceding embodiments, wherein the
body fluid is selected from the group consisting of blood and interstitial fluid.

Embodiment 4: The method according to any one of the preceding embodiments, wherein

the analyte is glucose.

Embodiment 5: The method according to any one of the preceding embodiments, wherein

the test substance contains at least one enzyme, preferably GOD and/or GDH.

Embodiment 6: The method according to any one of the preceding embodiments, wherein

the measurement values are optical measurement values.



10

15

20

25

30

35

CA 02884919 2015-03-13

WO 2014/096184 PCT/EP2013/077363

-08 -

Embodiment 7: The method according to the preceding embodiment, wherein the optical

measurement values are detected by a reflective measurement.

Embodiment 8: The method according to any one of the two preceding embodiments,

wherein the measurement values are remission values.

Embodiment 9: The method according to one of the preceding embodiments, wherein the
disturbance variable Y comprises a parameter which is able to influence the viscosity of
the body fluid.

Embodiment 10: The method according to one of the preceding embodiments, wherein the
at least one disturbance variable is selected from the group consisting of: a particulate con-

tent of the sample, preferably a hematocrit; a temperature of the sample.

Embodiment 11: The method according to any one of the preceding embodiments, wherein
the exponential characteristic contains at least one exponential function selected from the
group consisting of:
- F(t) = a + b * exp[-*t], wherein t is the time, a is an offset, b is a contrast and I"
is a decay constant;
- F(t) = a+ b * exp[-(T*)’], wherein t is the time, a is an offset, b is a contrast, T

is a decay constant and f is a stretching parameter.

Embodiment 12: The method according to the preceding embodiment, wherein the second
variable x; is selected from the decay constant I' or from a quantity which is in relationship

with the decay constant T'.

Embodiment 13: The method according to the preceding embodiment, wherein the quantity
is proportional to the decay constant I' or proportional to the inverse 1/T" of the decay con-

stant.

Embodiment 14: The method according to any one of the preceding embodiments, where-
in, in step c), a first order derivative F’(t) or a higher order derivative F'(t) of the meas-

urement curve is formed before deriving the fit parameter.

Embodiment 15: The method according to the preceding embodiment, wherein the meas-

urement values of the measurement curve are acquired equally spaced in time.
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Embodiment 16: The method according to the preceding embodiment, wherein the meas-

urement curve is acquired at a constant measurement frequency of 10 Hz to 100 Hz.

Embodiment 17: The method according to any one of the two preceding embodiments,
wherein the first or higher order derivative is approximated by calculating differences be-

tween neighboring measurement values.

Embodiment 18: The method according to any one of the preceding embodiments, where-
in, in step c), a ratio of two subsequent derivatives F'(t) and F*™"'(t) of the measurement

curve is formed, the ratio forming the fit parameter.

Embodiment 19: The method according to any one of the preceding embodiments, where-
in, in step ¢), an integral is formed over the measurement curve F(t) or a first order or high-

er order derivative of F(t), the integral forming the fit parameter.

Embodiment 20: The method according to any one of the preceding embodiments, where-
in, in step ¢), the fit parameter is obtained from a comparison of a first order derivative of

the measurement curve at two differing points in time.

Embodiment 21: The method according to the preceding embodiment, wherein the two

differing points in time are obtained by applying two differing threshold values.

Embodiment 22: The method according to the pre-preceding embodiment, wherein at least
one of the two differing points in time is obtained by a linear interpolation between two

differing values which lare in the vicinity of a threshold value.

Embodiment 23: The method according to the pre-pre-preceding embodiment, wherein two
differing values for the two differing points in time are used, wherein each of the two dif-

fering values are in the vicinity of a threshold value.

Embodiment 24: The method according to any one of the three preceding embodiments,
wherein the two differing threshold values are selected from a range from -10 %/s to
-0.1 %/s.

Embodiment 25: The method according to the preceding embodiment, wherein the two

differing threshold values are selected from a range from -5 %/s to -2 %/s.
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Embodiment 26: The method according to any one of the five preceding embodiments,
wherein the two differing threshold values are selected according to a preliminary estima-
tion of the body fluid concentration.

Embodiment 27: The method according to the preceding embodiment, wherein the body
fluid comprises glucose, wherein the preliminary estimation of the body fluid concentra-
tion leads to a value of or above 100 mg/dl, and wherein the two differing threshold values
selected are as -5 %/s and -2 %/s.

Embodiment 28: The method according to the pre-preceding embodiment, wherein the
body fluid comprises glucose, wherein the preliminary estimation of the glucose concentra-
tion leads to a value below 100 mg/dl, and wherein the two differing threshold values se-
lected are -2 %/s and -0.5 %/s.

Embodiment 29: The method according to any one of the preceding embodiments, wherein
the body fluid comprises glucose, and wherein a hematocrit correction is applied to the

glucose concentration.

Embodiment 30: The method according to the preceding embodiment, wherein the hema-
tocrit correction is applied to the glucose concentration in case the hematocrit is outside a

predetermined hematocrit range.

Embodiment 31: The method according to the preceding embodiment, wherein the prede-

termined hematocrit range comprises hematocrit values from 35 % to 50 %.

Embodiment 32: The method according to any one of the preceding embodiments, where-

in, in step d), further the at least one disturbance variable Y is determined.

Embodiment 33: The method according to any one of the preceding embodiments, where-
in, in step d), a weighted average of results of at least two procedures based on variations
of the at least one disturbance variable Y are provided in order to derive a value for the

concentration ¢ of the analyte.

Embodiment 34: The method according to the preceding embodiment, wherein the
weighted average comprises weights which denote probabilities for each specific value of
the at least one disturbance variable Y.
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Embodiment 35: The method according to the preceding embodiment, wherein a forecast
model provides a probability distribution of each specific value of the at least one disturb-

ance variable Y.

Embodiment 36: The method according to any one of the preceding embodiments, where-
in, in step b), a slope of the measurement curve is compared to at least one threshold value

for determining if the measurement curve has reached the end value.

Embodiment 37: The method according to the preceding embodiment, wherein difference
valucs of neighboring measurement valucs of the measurcment curve arc formed and com-

pared to the at least one threshold value.

Embodiment 38: The method according to any one of the preceding embodiments, where-
in, in step b), the end value is derived from at least one measurement value of the meas-
urcment curve and, in step ¢), the at Ieast one seccond variable is derived from at Icast onc

fit parameter from the measurement curve.

Embodiment 39: The method according to any one of the preceding embodiments, where-
in, in step b), the end value is derived from an earlier part of the measurement curve,
wherein the earlier part is a part of the measurement curve being distant from a plateau of

the measurement curve.

Embodiment 40: The method according to the preceding embodiment, wherein every
measurement curve may form a same plateau value independent from the at least one dis-

turbance variable Y.

Embodiment 41: The method according to any of the two preceding embodiments, wherein
the end value may be determined from the same part of the measurement curve in which
the decay constant I' or a quantity related to the decay constant I' may be determined as the

second variable x».

Embodiment 42: The method according to any one of the preceding embodiments, wherein
the evaluation part of the measurement curve is a remainder of the measurement curve

starting after a definable starting time span after a commencement of a measurement.
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Embodiment 43: The method according to the preceding embodiment, wherein the starting

time span is a predetermined time span.

Embodiment 44: The method according to the preceding embodiment, wherein the prede-
termined time span is 0.5 s to 3 s, preferably 1.0 s to 2.0 s and most preferably 1.5 sto 1.7

S.

Embodiment 45: The method according to any one of the preceding embodiments, wherein
the multivariate evaluation algorithm is determined by using a plurality of calibration

measurements.

Embodiment 46: A computer program including computer-executable instructions for per-
forming the method according to any one of the preceding embodiments when the program

is executed on a computer or computer network.

Embodiment 47: An evaluation device for analyzing at least one sample of a body fluid,
the evaluation device comprising at least one evaluation unit, wherein the evaluation unit is
adapted to perform the method according to one of the preceding embodiments referring to

a method for analyzing at least one sample of a body fluid.

Embodiment 48: A sample analysis device for analyzing a sample of a body fluid, the de-
vice comprising;:

- at least one measuring unit for measuring a detection reaction of at least onc
test substance and at least one sample of a body fluid, wherein the detection re-
action is known to be influenced by a set of disturbance variables, cach dis-
turbance variable characterizing at least one of a state of the sample of the body
fluid and a condition of the detection reaction, the measuring unit further being
adapted for monitoring a time development of at least one measurement value
indicating a progress of the detection reaction, thereby recording a measure-
ment curve F(t) containing a plurality of the measurement values acquired at
different points in time, wherein at least an evaluation part of the measurement
curve has an exponential characteristic; and

- at Icast onc cvaluation device according to the preceding embodiment.

Embodiment 49: The sample analysis device according to the preceding embodiment, fur-

thermore comprising at least one test element, preferably at least one test strip, wherein the
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test clement contains the at least one test substance adapted to perform the detection reac-
tion, wherein the sample analysis device is adapted such that the sample of the body fluid
is applicable to the test elcment.

Embodiment 50: The sample analysis device according to one of the two preceding em-
bodiments, wherein the sample analysis device is embodied as a hand-held device.

Short description of the Figures

Further optional features and embodiments of the invention will be disclosed in more detail
in the subsequent description of preferred embodiments .

Therein, the respective optional features may be realized in an isolated
fashion as well as in any arbitrary feasible combination, as the skilled person will realize.
The scope of the invention is not restricted by the preferred embodiments. The embodi-
ments arc schematically depicted in the Figures. Therein, ideatical reference numbers in
these Figures refer to identical or functionally comparable elements.

In the Figures:

Figure 1 shows an exemplary embodiment of a sample analysis device ac-
cording to the present invention in a cross-sectional view;

Figurc 2A shows measurcment curves of a remission of & first test substance for
two different glucose concentrations;

Figure 2B shows first order derivatives of the measurement curves in Figure

2A;

Figures 3A and 3B show exponential fits for the first order derivatives given in Figure
2B,

Figurcs 4A and 4B show an impact of thc hematocrit on the fit paramcters in the fit
functions in Figures 3A and 3B;

Figures SA and SB  show fit functions of first order derivatives, in analogy to Figures 3A
and 3B, with a diffcrent type of test substance;

CA 2884919 2019-11-29
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Figures 7A and 7B

Figure 8A

Figure 8B

Figure 9

Figure 10

Figures 11A and 11B

Figure 12

Figure 13

Figure 14A and 14B
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shows a remission curve uscd for subscquent cvaluation in Figures
7A to §B;

show a first order derivative (Figure 7A) and second order derivative

(Figure 7B) of the measurement curve in Figure 6;

shows a quotient of the second order derivative and the first order

derivative of Figures 7B and 7A;

shows an exponential fit to the first order derivative in Figure 7A;

shows an exemplary embodiment of a correlation between the end
value EW or x;, given as a relative remission rR in % and the glu-

cosc concentration ¢, for a hematocrit HK'T 45;

shows correction factors K to be applied to the correlation, as a func-
tion of the end value EW or x, given as a relative remission rR in %

and as a function of the exponential fit parameter I' or x;; and

show residuals or deviations of the measured glucose concentration
from the actual glucose concentration for uncorrected, univariate
measurements (Figure 11A) and for corrected, multivariate meas-

urements (Figure 11B).

shows a first order derivative of a remission of a second test sub-
stance, a fit function of the first order derivative, and two different

times t; and t, at two diffcring threshold valucs;

shows decay rates for different hematocrit and glucose concentra-
tions, wherein each decay constant I" is determined by two separate
equations for the first derivative of equation (1) with neglected base
line (a = 0) for two differing threshold values;

show measured glucose concentrations determined by uncorrected,
univariate values as average values over 10 measured values (Figure

14A) and as the corresponding measured values (Figure 14B);
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Figurc 15A and 15B show measured glucosc concentrations determined by corrected,

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

multivariate values as average values over 10 measured values (Fig-

ure 15A) and as corresponding measured values (Figure 15B);

shows a first decision tree, wherein a correction of the glucose val-

ues may only be applied outside a predetermined hematocrit range;

shows a first order derivative of a remission of a second test sub-
stance, wherein the two different times t; and t; are determined by
linear interpolation, whereas the time t; is determined by the proce-

dure as applied in Figure 12;

shows a first order derivative of a remission of a second test sub-
stance, wherein the two different times t; and t; arc sclected from
times at each of them actual values of the remission were acquired
and each of them comprises the value of R () and R (t;), respective-
ly, i.e. the value of the first order derivative of the remission being

closest to a predetermined threshold;

shows a second decision tree, wherein, firstly, respective threshold
values for determining the glucose concentration may be selected ac-
cording to a predetermined glucose concentration range, and where-
in, secondly, a correction of the glucose values may only be applied
outside the predetermined hematocrit range;

shows a third decision tree, wherein, first, depending on whether the
glucose concentration may be within a predetermined glucose con-
centration range, the decay constant I' may be taken into account
when determining the glucose concentration, and, secondly, depend-
ing on whether the decay constant I' may be equal to or exceed a
predefined constant Ty, the hematocrit may be taken into account;

and

shows two typical measurement curves of the relative remission,
wherein the two curves are distinguished from each other by their
hematocrit, and two respective exponential fits for the corresponding

hematocrit.
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Detailed description of the embodiments

In Figure 1, an exemplary embodiment of a sample analysis device 110 according to the
present invention is shown in a cross-sectional view, in a schematic setup. The sample
analysis device preferably may be embodied as a hand-held device 112 and may comprise
a casing 114 with one or more human machine-interfaces, such as one or more displays
116 and/or one or more controls 118, such as one or more push buttons and/or other types
of controls. The sample analysis device 110 may further comprise one or more data inter-
faces 120, such as one or more infrared interfaces and/or wire-based interfaces and/or wire-
less interfaces. The sample analysis device 110 may further comprise an energy storage,
such as a battery, which is not depicted.

The sample analysis device 110 is adapted for analyzing a sample of a body fluid applied
to a test element 122. In the embodiment depicted in Figure 1, the test element 122 may be
a strip-shaped test element, i.e. a test strip, having one or more test fields 124 to which the
sample may directly or indirectly be applied. The test field 124 comprises a test substance
126 which is adapted to perform a detection reaction in the presence of an analyte, wherein
the detection reaction is adapted to change at lcast onc physical and/or chemical property
of the test substance 126, which may be observed, preferably an optical characteristic. In
the setup depicted in Figure 1, as an exemplary embodiment, the test substance 126 is
adapted to change at least one optical property, such as a reflectance and/or a color.

For monitoring the progress of the detection reaction, the sample analysis device 110 com-
prises a measuring unit 128, which, in this exemplary embodiment, may comprise a detec-
tor 130 having at least one light source 132 for illuminating the test field 124, and further
having at Icast onc light-scnsitive clement 134 for detecting light reflected by the test ficld
124, preferably in an undirected manner, such as scattered light and/or diffused light. Thus,
the detector 130 may be set up to perform a remission measurement on the test field 124.
However, additionally or alternatively, other types of measurements for recording meas-

urement curves containing a plurality of measurement values may be used.

The sample analysis device 110 further comprises an evaluation device 136, which may
also function as a control device of the sample analysis device 110 and which may be con-
nected to the display 116, the controls 118, the measuring unit 128 and the data interface
120, in a unidirectional and/or bidirectional manner. The evaluation device 136 may thus

be adapted to control the overall functionality of the sample analysis device 110.
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The evaluation device 136 comprises at least one evaluation unit 138, which may be or
which may comprise a data processing device, such as a computer, preferably a microcom-
puter. The evaluation unit 138 is adapted to perform the method according to the present
invention, as disclosed above or as will be disclosed in further detail below. For this pur-
pose, the evaluation unit 138 may be adapted to initiate the acquisition of data by the
measuring unit 128, such as the recording of the measurement curve, and/or may be
adapted for performing the evaluation algorithm as disclosed above or as will be disclosed
in further detail below.

It shall be noted that the sample analysis device 110 as depicted in Figure 1 is just one of
many examples of analysis devices 110 adapted for performing the method according to

the present invention.

As outlined above, the test element 122 comprises at least one test field 124 having at least
one test substance 126. For the purpose of the exemplary embodiments of measurements
and evaluation of these measurements as given below, two different types of test substance

126 were used:

As a first example of a test substance, in the following also referred to as the "PQQ chem-
istry”, the test substance as disclosed in EP 0 354 441 A2 was used. This test substance
comprises a PQQ-dependent dehydrogenase and a direct electron acceptor which is an ar-
omatic nitroso compound or an oxim. This PQQ chemistry further comprises an optical
indicator substance, i.e. a dye. As an example, hetero-polyblue indicator may be used, as
disclosed in EP 0 431 456 A1l.

As a second example of a test substance 126, in the following also referred to as "¢cNAD
chemistry", the test substance as disclosed in one or more of documents WO 2007/012494
Al, WO 2009/103540 Al, WO 2011/012269 A2, WO 2011/012270 Al and WO
2011/012271 A2 was used. Therein, WO 2007/012494 A1 generally discloses ¢cNAD de-
rivatives. WO 2009/103540 A1 discloses a stabilized enzyme/coenzyme complex. WO
2011/012269 A2, WO 2011/012270 Al and WO 2011/012271 A2 disclose the synthesis of

cNAD and cNAD-derivatives and intermediate products or precursors.

By using the PQQ chemistry and the cNAD chemistry, the following measurements were
performed.
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In a first sct of measurcments, depicted in Figures 2A to 5B, it was shown that, for both the
PQQ chemistry and the cNAD chemistry, measurement curves of a remission characteristic
may be recorded, such as by using the setup of Figure 1, which may very well be described
by assuming an exponential characteristic of at least an evaluation part of the measurement
curves. Thereby, in addition to an end value of the measurement curves, at least one fit
parameter may be derived from the measurement curve and/or one or more derivatives of
the measurement curve. Therein, the term fit parameter generally refers to a parameter
which may be derived from the measurement curve itself and/or a first order or higher or-

der derivative of the measurement curve.

Thus, in typical blood glucose measurements, the end value is used for determining the
glucose concentration in blood. The determination of the end value, which may also be
used within the present invention and which will not be explained in further detail in the
following, may c¢.g. be performed according to EP 0 821 234 B1, US 2002/0146835 or EP
1413 883 Al. Thus, as an example, the slope of the measurement curves may be compared
to one or more threshold values and, as soon as the slope fulfills a predetermined condi-
tion, such as when the slope is below a given percentage per second (such as the remission
curve having a negative slope of less than 2 % per second), the end value of the measure-

ment curve may be determined.

In Figure 2A, measurement curves for two different blood glucose concentrations (462
mg/dl and 59 mg/dl) are shown. Therein, the relative remission R, as detected by detector
130, given in percent, is depicted as a function of measurement time t, given in seconds

after sample application to the test element 122.

By using the end value algorithm, a first variable x; may be derived from the measurement
curves in Figure 2A, which, in this measurement, may be determined to be approximately
73 % for the lower measurement curve (concentration ¢ = 462 mg/dl) and approximately

100 % for the upper measurement curve (concentration ¢ = 59 mg/dl).

Thus, in traditional measurements, onc data value of the remission curves is used for de-

termining the glucose concentration.

By using only the first variable x;, i.e. the end value, the measurement results are highly
susceptible to disturbances by one or more disturbance variables inherent to the sample

and/or inherent to the measurement setup or the conditions of the measurement. Thus, as
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will be explained in further detail below, the hematocrit may have a significant impact on

the glucose concentration as determined by the end value.

As disclosed above, the method according to the present invention therefore derives at least
one further variable (second variable x;) by taking into account an exponential characteris-
tic of the measurement curve. For this purpose, the measurement curves themselves may
be evaluated and/or one or more first order or higher order derivatives of the measurement

curves, which, by themselves, form new measurement curves, may be used.

As an example, one or more of the fit functions (1) to (4) disclosed above may be used,
wherein, in the following measurements shown in Figures 2A to 5B, the fit function (1) is

used:

F(t)=a+b-exp[-Tt].

By using this fit function, the information of the measurement curve, i.e. of the remission
kinetics, may be reduced to three parameters: the base line or offsct a, the contrast or am-
plitude b, and the decay rate I'. As will be shown, specifically the contrast b and the decay
rate I" strongly depend on one or more disturbance variables, such as the hematocrit, the
temperature or the relative humidity. Thus, by determining one or more of these fit pa-
rameters and using one or more of these fit parameters as a second variable x,, in conjunc-
tion with an appropriate multivariate evaluation algorithm, a correction algorithm adapted
for correcting the "raw glucose concentration” for the actual set of disturbance variables

may be provided.

For performing an exponential fit, surprisingly, it turned out that a methodological ad-
vantage may be gained by using a first or higher order derivative of the measurement
curves rather than the measurement curves themselves. In Figure 2B, first order derivatives

of the measurement curves shown in Figure 2A are shown.

For generating the first order derivative or generating higher order derivatives, it turned out
that these derivatives, in case the measurement curves are generated by using measurement
values acquired at a constant acquisition frequency, may easily be derived by forming dif-
ference values of neighboring measurement values. Thus, in Figure 2B, difference values
of neighboring measurement values arc depicted as R(t1) - R(t2). These differences are de-

picted as a function of the measurement time after sample acquisition. This type of analysis
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using first order or higher order derivatives of the measurement curve simplifies analysis,

since e.g. the offset a should generally be eliminated, as depicted in Figure 2B.

It shall be noted, however, as alrcady outlined in detail above, that other options arc feasi-
ble. Thus, the measurement values not necessarily have to be acquired at a constant acqui-
sition frequency. Preferably, however, the acquisition times and/or the time spans or time
distances between neighboring measurement values are known, in order to derive the first
order or higher order derivatives by dividing differences of neighboring measurement val-
ues by the respective time span between the measurement values, as known to the skilled
person. The preferred option of using a constant acquisition frequency, however, allows for
neglecting the aspect of the measurement time, since, in this case, the acquisition frequen-
cy simply provides a constant factor to all difference values between neighboring meas-
urement values. Thereby, a significant simplification of the procedure may be achieved,
which may lead to an increased speed of the algorithm and to a lowering of resources re-

quired for performing the algorithm.

It turncd out that the curves depicted in Figurc 2B may well be described by using an ¢x-
ponential characteristic, at least in an evaluation part of the measurement curve which
starts at 1.7 s after sample application. In the following, as an evaluation part of the meas-
urement curves, a time window of 1.7 s to 7 s after sample application to the test element
122 was used. The evaluation part of the measurement curve, however, may be optimized
and may be adapted later on. Thus, the evaluation part may be adapted in case a different
type of test substance 126 is used and may easily be determined for the measurement

curves by appropriate tests.

In Figures 3A and 3B, an exponential fit to the first order derivatives depicted in Figure 2B
is shown. Therein, Figure 3A shows the first order derivative measurement curve for ¢ =
462 mg/dl and Figure 3B shows the fit for ¢ = 59 mg/dl. Therein, the solid lines depict the
fit curves.

By using these fit functions, a contrast b of approximately 0.016 for ¢ = 462 mg/dl and of b
approximately 0.003 for 59 mg/dl was derived (both values given in percent), and a detail
rate I' of approximately 0.93 1/s for 462 mg/dl and of approximately 0.22 1/s for 59 mg/dl.

As it turned out, these fit parameters may strongly depend on one or more disturbance val-
ues, such as the temperature, the relative humidity or the hematocrit of the blood. This de-

pendency is disclosed in Figures 4A and 4B. Therein, Figure 4A shows the influence of the
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hematocrit (Hct) on the contrast b, and Figure 4B shows the influence of the hematocrit on
the decay rate I". In Figure 4A, the contrast b (given in percent) is depicted as a function of
the concentration c, and in Figure 4B, the decay rate I, given in 1/s, is depicted as a func-

tion of the concentration c.

The measurement curves clearly show that, for one and the same glucose concentration c,
the fit parameters b and I' significantly decrease with an increase in hematocrit. These
measurements were performed by using a cNAD chemistry. Similar measurements may be
performed for the influence of the relative humidity and show a similar dependency. In
contrast with these results, it could be demonstrated that, at least under ambient conditions,
the temperature may only slightly be able to influence these measurements as a kind of
disturbance. However, other circumstances may be feasible. Consequently, the method
according to the present invention may particularly be suited to be employed within a pro-
cedure of determining the glucose concentration ¢ under the influence of the hematocrit
and/or humidity.

In Figurcs 5A and 5B, fit curves for PQQ chemistry, in analogy to the fit curves of Figurcs
3A and 3B, are shown, for concentrations of 462 mg/dl (Figure 5A) and 59 mg/dl (Figure
5B) which clearly demonstrates that the assumption of an exponential characteristic is val-

id for various types of test substances.

Thus, the measurements depicted in Figures 2A to 5B demonstrate that, at least in an eval-
uation region from 1.7 s after wetting to 7 s after wetting, the remission curves or their first
order or higher order derivatives may well be described by assuming an exponential char-
acteristic. Thereby, in addition to an end value, onc or more further variables x; may be
generated by generating appropriate fit parameters. These fit parameters and second varia-
bles depend on one or more disturbance variables, such as the hematocrit. Thus, by using
the end value as a first variable x; and the at least one fit parameter as at least one second
input variable x,, a corrected value for the glucose concentration may be generated, by

using an appropriate multivariate algorithm.

By the measurements shown in Figures 2A to 5B, two different concepts of the present
invention were demonstrated: firstly, the option of evaluating the measurement curve itself,
assuming an exponential characteristic of the measurement curve and, secondly, the option
of using a first order or higher order derivative of the measurement curve as a "new meas-
urement curve", for deriving the second variable x,. In the following, two further concepts

will be demonstrated, which may be used in addition or as an alternative.
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Thus, in Figures 6 to 8B, a third concept is demonstrated which is based on the use of two
derivatives of higher order of the measurement curve as "new measurement curves”. As an
example, in Figure 6, a remission characteristic R 18 depicted as a function of time after
application of the sample of the body fluid. This remission curve was derived by using the
PQQ chemistry.

By assuming an exponential characteristic, such as the exponential characteristic (1) given
above, it turns out that the decay rate I' of the exponential characteristic may be derived
experimentally in a simplified manner. Thus, the derivative of n' order may be divided by
the derivative of (n-1)™ order, for n being an integer and n > 1. Thus, in case the base line
is neglected (a = 0), as an example, the first order derivative is:

F'(t) = b -exp(-TY).
Similarly, the second order derivative may be calculated as:
F'"(t) = —=b T -exp(—Tt).

By using these equations, the quotient of the second order derivative and the first order

derivative is calculated as:
F'"(t)/F'(t) = —=b T -exp(-Tt)/b-exp(-Tt) = —T.

This idea allows for a simple and efficient evaluation of the measurement curves, as will be
shown in Figures 7A to 8B. As an example, Figure 7A shows the first order derivative of
the measurement curve, which may easily be generated by forming difference values be-
tween neighboring values, as disclosed with respect to Figure 2B above. Similarly, Figure
7B shows the second order derivative of the measurement curve, derived by forming dif-
ference values between neighboring measurcment valucs of the first order measurement

curve of Figure 7A. Higher order derivatives may be formed in a similar way.

In Figure 8A, a quotient of the measurement values of the measurement curves in Figures
7A and 7B is given as function of time t. As can be seen, the quotient, within uncertainty
of measurement, starting at approximatcly 7 s, assumes a more or less constant value. For
the first 20 values starting at 7.5 s, a mean value of I' = 0.494 1/s for concentrations of ¢ =

136 mg/dl may be derived, and a value I' = 0.82441 1/s for glucose concentrations of 446
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mg/dl. In Figure 8B, for reasons of comparison, an exponential fit to the first order deriva-
tive is depicted for concentrations of 136 mg/dl, which leads to a fit parameter I of 0.507
1/s. The comparison of the measurements in Figures 8B and 8A clearly demonstrates that
the fitting of an exponential curve may be replaced by a fit by using the quotient of two
derivatives of the measurement curve of a different order. By both methods, the fit parame-
ter I may be derived which, by itself or in conjunction with other fit parameters, may be
used as the at least one second variable, such as by using the multivariate evaluation algo-
rithm given above. Thus, the quotient method as depicted in Figures 7A to 8B, specifically
when generating derivatives by using the difference method disclosed above, leads to a
simple and, still, effective fitting algorithm for deriving the fit parameter I' in a simple and

effective way. Thereby, resources and time may be saved.

In addition to this third option (quotient method) as explained in conjunction with Figures
6 to 8B, other options for simplified generation of fit parameters exist. As an example of a

fourth option, an integral may be used.

Thus, as an example, when the base line a is neglected (a = 0) or in case the first order or a
higher order derivative of the measurement curve is used as a new measurement curve, the

mcasurement curve may, as outlined above, be described by:
F'(t) =b-exp(l-t)

wherein, as explained above, I' denotes the decay rate and b denotes the contrast. By inte-
grating this function from 0 to oo, the following result may be derived:

Sy b-exp(-T-t) =b/T.

Thus, by using an integral and integrating over the measurement curve or a first order or
higher order derivative of the measurement curve as a "new measurement curve”, a simple

and effective way of generating b/T" as a fit parameter and as a variable x, may be realized.

Similarly to the simplified method of forming a first order or higher order derivative of the
measurement curve by using the difference method forming difference values of neighbor-
ing measurement values as disclosed above, the formation of an integral may be simplified,

too. Thus, the integral may be calculated as:

fooo b-exp(-T-t) = X R; - At.
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This approximation is also referred to as the Riemann integral or Riemann sum. Therein,
the sum over the measurement values R; of the measurement curve or of the first order or
higher order derivative of the measurement curve is formed over the evaluation part of the
measurement curve. When assuming a constant measurement frequency, the time At be-
tween the measurement values is constant. In this case, the above-mentioned formula may

be simplified to:

b/T ~ At- Y R;,

wherein R; are the measurement values of the measurement curve or a first order or higher
order measurement curve and wherein the sum is formed over the evaluation part of the
measurement curve. As an example, for the measurements shown in Figures 2A to 3B, the
sum may be formed from 1.7 s after wetting to 8.7 s after wetting. Thus, in a simple and
efficient way, the fit parameter b/I" or similar fit parameters may be generated by using a

simple integration process.

By using this integration, for a glucose concentration of 446 mg/dl, a value b/I" = 0.3164
was derived. This value, within experimental uncertainty, corresponds to the value b/T" =
0.2867 which was derived by fitting an exponential function to the first order derivative.
For a glucose concentration of 136 mg/dl, by using the integration method, a value b/T" of
0.2353 was derived. By using an exponential fit, a value b/T" = 0.244 was derived.

As outlined above, the fit parameter b/T" may be used as the at least one second variable x;
or as one of a plurality of second variables x; and, in combination with the first variable x;,
may be used in a multivariate evaluation algorithm, such as the algorithm disclosed above,
for gencrating a corrected value of the glucose concentration, taking into account one or

more disturbance variables, such as the hematocrit.

In addition to the one or more fit parameters derived by assuming an exponential character-
istic, one or more of the disturbance variables which are known to have an impact on the
cvaluation of the glucose concentration or, gencrally, the analyte concentration, may be
measured or detected independently. Thus, as an example, the temperature and/or the rela-
tive humidity may be measured independently. In this case, as an example, a plurality of
multivariate evaluation algorithms may be provided, such as a set of evaluation algorithms,
for the respective disturbance variables. Thus, as an example, one specific evaluation algo-

rithm may be provided for a specific temperature and a specific relative humidity of the



10

15

20

25

30

35

CA 02884919 2015-03-13

WO 2014/096184 PCT/EP2013/077363

- 45

ambient atmosphere, wherein the multivariate evaluation algorithm for this specific tem-
perature and relative humidity provides a corrected value for the glucose concentration,
taking into account the end value of the remission curve as a first variable x; and the (un-
known) hematocrit of the sample. For a different temperature and/or relative humidity, a
different type of multivariate evaluation algorithm may be provided. Thus, a plurality of
multivariate evaluation algorithms may be stored in the evaluation device 136 and/or the
evaluation unit 138, which may contain a data storage device, and may be chosen in ac-
cordance with the measured values of the temperature and/or the relative humidity, for
further use.

In order to demonstrate the power of the multivariate correction algorithm proposed by the
present invention, in Figures 9 to 11B an exemplary embodiment of a correction algorithm

is shown in detail. For these measurements, a cNAD-based test substance was used.

Therein, Figure 9 shows the actual glucose concentration ¢, given in milligrams per decili-
ter, as a function of the end value of the relative remission rR, also referred to as EW or xy,
given in %. Further, a polynomial fit function is shown. The actual glucose concentration
is determined by a laboratory method, and the relative remission is measured by taking an
optical measurement curve and determining the end value of this measurement curve. The

hematocrit for these measurements was HKT=45.

As a basis for the fit function in Figure 9, a so-called code polynomial was used. This pol-
ynomial fit function is a univariate model which predicts the glucose concentration C as a

function of the end value EW of the remission, in the following also referred to as y:

C(y) = ¢, + ¢,y + c3y°t + c,y°2 + csexp(bsy)

In this formula, parameters cy, ..., cs und by, by, b; are free parameter is, which may be
determined by using a calibration measurement, such as by using appropriate calibration
fluid having known properties, such as a known hematocrit HKT45, a known glucose con-
centration and a known temperature. This calibration, also referred to as a gencration of a
code, typically is generated by using a set of data under standardized conditions, such as
standard temperature, standard hematocrit (HKT45), standard humidity. Typically, more
than two glucose concentrations are used for calibration, such as a plurality of glucose
concentrations covering the whole sensible range of glucose concentrations which might

occur in practical use.
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By using this fit function, the following parameters were determined for the curve shown

in Figure 9:

Parameter ci C2 C3 Cq Cs b; b b3

Value -3,51 % - -6,21 % | 0,508 -2,29 % -1,72 1,63 0,129
10~-4 10,3 105 1074

As outlined above, the measurement of Figure 9 was taken for one specific hematocrit
HKT45. Thus, the algorithm is a univariate algorithm, deriving the glucosc concentration

from one variable, 1.¢. in this case the end value EW of the relative remission rR.

In order to derive a glucose concentration for an arbitrary hematocrit, the concentration ¢
derived by the fit function formula of Figure 9 given above as to be corrected by a correc-
tion factor K, which itsclf may depend on the end value EW and the at least one exponen-

tial fit parameter, such as the exponential fit parameter I':

G= G(Xl, Xz) = G(EW, F)
=C(EW, HKT45) - K(EW, I")

Again, the correction factor K may be separated into a term which is dependent on the end
value EW (=x;) of the glucose concentration and a term dependent on the at least one ex-
ponential fit parameter I' (=x5), and it may be shown that the following fit formula may be
applied:

K(EW, I')="?+a1-T'+az) / (c1rEW?+cz2-EW+c3)

This corresponds to a second end value - dependent correction of the first, I'-dependent
correction and, thus, to a multivariate correction algorithm comprising the end value EW
as a first variable x; and the exponential fit parameter I as a second variable x,. The fit
function compriscs five independent parameters a;, a; und ¢j, ¢z und ci. As a boundary
condition, for HKT45, the correction factor shall be K=1, so the fit function of Figure 9 is

obtained as a result.

By performing a plurality of calibration measurements for various hematocrits and by de-
termining both the end value EW as a first variable x; and the at least one exponential fit

parameter I' as a second variable x,, a 3-dimensional calibration curve may be determined
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which is depicted for this exemplary embodiment in Fig. 10. Therein, the curved, shaded
surface denotes the fit function of the correction factor K. As an example, for this specific

embodiment, the following fit parameters of the above-mentioned equation were deter-

mined:
Parameter fi )] a; as
Value -0,0049 0,8848 -1,5580 1,2048

Thus, a corrected glucose concentration may be determined, by using the above-mentioned
multivariate correction algorithm which both uses an end value of the measurement curve

and at least one exponential fit parameter as input variables.

In Figures 11A and 11B, corrected and uncorrected glucose concentrations are depicted for
the above-mentioned measurements of Figures 9 and 10. Therein, Figure 11A shows an
uncorrected glucose concentration derived by using a univariate evaluation algorithm,
based on the end value EW alone, as in Figure 9, which neglects the influence of the hema-
tocrit HKT and which is based on the assumption of a hematocrit of HKT45. Contrarily, in
Figure 11B, results of the method according to the present invention, using a multivariate
algorithm, specifically using the correction algorithm disclosed above in conjunction with
Figure 10, are shown. In each case, the deviation A is given for various actual glucose con-
centrations ¢, given in mg/dl, for various hematocrits. The actual glucose concentrations
were determined by using a reliable laboratory method. The deviations are given in relative

units [%].

As can be seen by comparing Figures 11A and 11B, the multivariate algorithm as proposed
by the present invention significantly reduces the hematocrit-induced deviations. Thus, for
hematocrits deviating from HKT45, the errors involved by evaluating the measurement
curve and determining the glucose concentration thereof may widely be lower to a level of
below 10% or 10 mg/dl. Thus, even though the algorithm may be kept rather simple, the

accuracy of the measurement may be induced significantly.

Figure 12 shows a first order derivative of a remission of a second test substance compris-
ing a glucose concentration of ¢ = 446 mg/dl, a hematocrit (Hct) of 25 %, a temperature of
23 °C,and ar. H. of 45 %. In addition, a fit function of the first order derivative, as well as

two different times t; and t, at two differing threshold values are presented here.
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The two different times ¢; and ¢, as depicted in Figure 12 may be determined by applying
the first order derivative of the remission curve which exhibits an exponential characteris-
tic. As an example, when the base line a is neglected (a = 0), the first order derivative of

the remission curve may, as outlined above, be described by:
F'(t) =b-exp(l-t)

Inserting a first threshold F'(t;) at a time t, in a first equation, and inserting a seccond
threshold F'(t,) at a time t,, will lead to the two following different equations:

F'(t)) = b-exp(l"-ty)
F'(t;) =b-exp(l-t,).

Applying a rearranging of the two equations and a subsequent substitution, the following

equation for the decay rate I" of the remission curve will be acquired:

r = In[F'(t,) / F'(t)]
[ty — L]

As an example, inserting a first value of 2 %/s for the first threshold F'(t,) at a time t;,
and inserting a second value of 1 %/s for the second threshold F'(t,) at a time t,, will lead

to a value of the decay rate I' of the remission curve as follows:

In[0.01/ 0.02]
r= —~/-7=
[t, — t2]

Taking this example into account, it is evident that the determination of the decay rate I' of
the remission curve may only require that the two different times ¢t and ¢, as, for example,

depicted in Figure 12 are determined.

In the further course, this method has been applied to a set of 10 samples of whole blood,
wherein each sample was adjusted to one of five different hematocrit concentrations, i.e.
20 %, 30 %, 40 %, 50 % or 60 %, as well as to one of seven different glucose concentra-
tions within the range from 40 mg/dl to 600 mg/dl. Figure 13 shows various decay rates
I of the remission curve for the different hematocrit and glucose concentrations, wherein

cach decay rate I' is determined according to the method as described in connection with
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Figure 12, wherein a first value of -5 %/s for the first threshold F'(t;) at a time ¢;, and a
second value of -2 %/s for the second threshold F'(t,) at a time t, has been applied. Fig-
ure 13 clearly shows, on one hand, a strong dependence of the decay rate I' from the hema-
tocrit and, on the other hand, a weak dependence from the glucose concentration. The men-
tioned values of -5 %/s for the first threshold and of -2 %/s for the second threshold may be
applied with regard to a glucose concentration above 70 mg/dl.

The method as exemplary described with respect to Figures 12 and 13 may allow determin-
ing a glucose concentration by applying a hematocrit correction with regard to the glucose
concentration which may be acquired by using the respective threshold values. By deter-
mining glucose concentrations with a single threshold of -2 %/s for the remission decay a
distribution as shown in Figures 14A and 14B will be obtained, wherein 71.2 % of all data
points for the measured glucose values are distributed within a deviation of £10 % over the
complcte obscrved hematocrit range from 20 % to 60 %. Whercas Figurc 14A shows
measured glucose concentrations as average values over 10 measured values, Figure 14B
depicts the corresponding single measured values. From Figure 14B it may be concluded

that, particularly, samples with a hematocrit value of 60 % fall outside the desired range.

In contrast to the results as presented in Figures 14A and 14B, in the improved results as
shown in Figures 15A and 15B, 87 % of all data points for the measured glucose values are
distributed within a deviation of +£10 % over the complete observed hematocrit range from
20 % to 60 %. This kind of improvement of more than 15 % with regard to the results
from Figures 14A and 14B may be achieved by determining the glucose concentrations
using a multivariate data analysis including the decay rate I" as determined above, for ex-
ample, with the method as described in Figures 12 and 13. Whereas Figure 15A shows
average values over 10 measured values, Figure 15B displays the corresponding single

mcasurcd valucs.

However, it could have been observed that the coefficient of variation of all hematocrit
values may increase when taking into account the hematocrit during the performance of the
above mentioned measurements. Hereby, the coefficient of variation may be considered as
a measure of a dispersion of a probability distribution of values which may be usually be
defined as a ratio of the standard deviation to a mean value. This well-known effect may
generally be observed during any hematocrit correction since no method is known so far by

which the hematocrit may be determined exactly.



10

15

20

25

30

35

CA 02884919 2015-03-13

WO 2014/096184 PCT/EP2013/077363

-50-

Preferentially, only such glucose values may be corrected for which such a correction may
be required. As a preferred example, Figure 16 shows a first decision tree 140, wherein the
hematocrit correction 142 of the glucose values may only be applied outside a predeter-
mined hematocrit range 144. In particular, after a determination 146 of both the end value
and the decay rate I', it may firstly be determined whether the hematocrit is inside or out-
side the predetermined hematocrit range 144, which preferably covers the range from 35 %
to 50 %. However, other values for the predetermined hematocrit range 144 are possible.
In this exemplary first decision tree 140, the hematocrit correction 142 of the glucose val-
ues may only be applied in case the hematocrit is outside the predetermined hematocrit
range 144, here preferably covering the range from 35 % to 50 %. According to this dis-
crimination, a determination 148 of a final value for the glucose concentration may be de-
termined with or without hematocrit correction 142 depending on the actual value of the

hematocrit.

Consequently, the first decision tree 140 as exemplary depicted in Figure 16 exhibits the
positive effect that only such glucose values are submitted to the hematocrit correction 142
where the hematocrit correction 142 may be required for a further processing of the respec-
tive glucose values, in particular for rare cases in which a patient may display a very low or
a very high hematocrit. Thercfore, this kind of discrimination according to the first deci-
sion tree 140 may thus help to improve both the speed and the quality of the determination
148 of the final value of the glucose concentration under the influence of the hematocrit.

In Figure 17 a first order derivative curve of a remission curve is displayed, wherein the
two different times ¢; and t, may be determined by linear interpolation of the correspond-
ing data points before and after the respective first threshold F'(t;) at a time ¢; and the
respective second threshold F'(t,) at a time t,. This kind of procedure may be applied in
order to determine the cxact point in time at which the corresponding threshold will be

achieved.

As an example, at the time t,, the first order derivative curve may pass through the first
order derivative of an actually measured value for the respective second threshold F'(t,).
In contrast with this, no such first order derivative of a measured valuc may exist at the
corresponding first threshold F’(t;) at the time ¢;. In order to solve this problem, the time
t', may be determined according to the procedure as applied in Figure 12. However, ac-
cording to Figure 17, a linear interpolation may be performed with regard to the first deriv-
ative of two actually measured values which are in the vicinity of the first threshold
F'(t,) near the time t,. This kind of procedure may be particularly useful in case of a high
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time resolution; otherwise it may be hard to approximate an exponential characteristic by a

linear interpolation.

Figure 18 shows an alternative approach which may, in particular, be applied in a case of a

low time resolution. Starting from the equation

r = ln[F,(tl)/F’(tZ)]l

[t1 — t;]

actually determined values for a first threshold F'(t;) at a corresponding time t; as well as
for the second threshold F'(t;) at a corresponding time t, are inserted into the equation,
thus, leading to an exact value for the decay rate I'. In a particularly preferred example, the
values for the first threshold F'(t;) and the corresponding time ¢, as well as the values for
the second threshold F'(t,) and the corresponding time t, are determined in a manner that
both values for the threshold may be the values which are the closest to a predetermined
threshold.

As decribed above, the decay rate T" could only be determined for glucose concentrations
above 70 mg/dl. The reason for this observed behavior may be attributed to the fact that a
first threshold value of -5 %/s has been applied within this kind of determination. The val-
ues of -5 %/s for the first threshold and of -2 %/s for the second threshold may be particu-
larly applied since they seem to provide reasonable values for the decay rate I" over a large
range of glucose concentrations. However, this way of procedure may not be applicable to
a predetermined glucose concentration range which may be of 70 mg/dl or below since a
glucose concentration within this range may not achieve the value of -5 %/s for the decay
rate I

Consequently, the determination 148 of the final value of the glucose concentration may be
preferentially performed according to a second decision tree 150 as exemplary depicted in
Figure 19. According to the second decision tree 150, the method may start with a deter-
mination 152 of the final value, from which a preliminary value for the glucose concentra-
tion may be derived. According to the fact whether the preliminary value for the glucose
concentration falls within a predetermined glucosc concentration range 152, firstly, respec-
tive first and second threshold values 156, 158 for determining the actual glucose concen-
tration may be selected. In this example, in case the preliminary value for the glucose con-
centration may be estimated to be below 100 mg/dl, first and second threshold values 156
of -2 %/s for the first threshold and of -0.5 %/s for the second threshold may be particular-
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ly applied, whereas in case the preliminary value for the glucose concentration may be
estimated to be 100 mg/dl or more, the above mentioned values of -5 %/s and of -2 %/s
may be selected as first and second threshold values 158. However, other values the first

threshold and for the second threshold may be chosen.

Secondly, in an additional second-order decision branch of the second decision tree 150, a
hematocrit correction 142 of the glucose values may only be applied outside the predeter-
mined hematocrit range 144. As already described above in relation to figure 16, the hema-
tocrit correction 142 of the glucose values may only be performed in casc the hematocrit
takes a valuc outsidc a range of 35 % to 50 %, Howcever, other values arc possible. Accord-
ing to the discrimination as depicted in Figure 19, the determination 148 of a final value
for the glucose concentration may be determined here also with or without hematocrit cor-
rection 142 depending on the actual value of the hematocrit. Hereby, the actual values cho-
sen for the hematocrit correction 142 may be independent from the second-order decision
branch of the second decision tree 150. Alternatively, for the hematocrit correction 142
actual values may be chosen which might depend on which second-order decision branch

of the second decision tree 150 the hematocrit correction 142 may be performed.

Consequently, the second decision tree 150 as exemplary depicted in Figure 19 exhibits the
positive effects that, firstly, very low glucose values even down to 40 mg/dl or below may
be correctly determine, and that, secondly, only such glucose values are submitted to the
hematocrit correction 142 where it may be required in particular for rare cascs in which a
patient may display a very low or a very high hematocrit. Therefore, this kind of discrimi-
nation according to the second decision tree 150 may thus help to improve both the speed
and the quality of the determination 148 of the final value of the glucose concentration
over a much larger range of glucose concentrations than before, thereby being able to tak-

ing into account the hematocrit for a correction of the glucose concentration.

Alternatively or in addition, a weighted average may be employed within the method for
analyzing the sample of the body fluid for taking into account a number of glucose concen-

trations measured on variations of the hematocrit, which may be considered as the disturb-

ance variable Y, in order to derive the averaged concentration T, of the analyte:

n .
— — E i
Cave = pbi-¢
i=1
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or

_ (Z?=1 b Ci)/

C
ave Z?=1 pi

Herein, the weighted average ¢, may comprise weights p; which may denote probabili-
ties for each specific value ¢’ of the hematocrit according to a forecast model which may

reflect the probability distribution of each specific value of the disturbance variable Y.

As a further example, Figure 20 shows a third decision tree 160, wherein from the deter-
mination 152 of the end value the preliminary value for the glucose concentration may be
derived. According to an assessment whether the preliminary value for the glucose concen-
tration may fall within the predetermined glucose concentration range 154, the preliminary
valuc for the glucosc concentration as acquired by the determination 152 of the end valuc
may be kept or not. In the latter case, a determination 162 of the decay constant I" or the
quantity related to the decay constant I', such as a quantity proportional to the decay con-
stant I" or proportional to the inverse 1/1" of the decay constant, may be performed. Accord-
ing to a further assessment 164 which might deliver an answer to the question whether the
decay constant I' or the quantity related to the decay constant I' may be equal to or exceed
a predefined constant I'y, the preliminary value for the glucose concentration as acquired
by the determination 152 of the end value may still be kept or not. In the latter case, an
additional evaluation procedure 166 for determining the glucose concentration may be per-
formed, wherein the additional evaluation procedure 166 may take the hematocrit into ac-
count. Herein, the additional evaluation procedure 166 may further comprise another deci-
sion branch (not depicted here) which might branch out to different hematocrit evaluation
procedures depending on whether the decay constant I' or the quantity related to the decay
constant I may be equal to or exceed a further predefined constant I'y. Thereby, a weighted
average as described above may be employed within at Icast onc of the different hematocrit

evaluation procedures.

This kind of decision tree, in particular the third decision tree 160 as schematically pre-
sented in Figure 20, may especially be employed for an evaluation of measurement curves

as depicted in Figure 21. As a typical example, Figure 21 shows two measurement curves
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of the time dependence in s of the relative remission indicating the progress of the respec-
tive detection reactions of two blood samples cach comprising a specific amount of glu-
cose. Hercin, both remission curves were derived by using a modified PQQ chemistry,
wherein the usual PQQ chemistry was modified by employing an enzyme mutant. As can
be depicted from Figure 20, the two remission curves are especially distinguished from
each other by their respective amount of hematocrit. While a first measurement curve 168,
being over most of the time, particularly within the evaluation part of the measurement
curve, the lower curve, was recorded under a hematocrit of 30 %, a second measurement
curve 170, being over most of the time, particularly within the evaluation part of the meas-

urement curve, the upper curve, was recorded under a hematocrit of 65 %.

As further shown in Figure 21, both measurement curves 168, 170 could, particularly with-
in the evaluation part of the measurement curve, be fitted by two respective exponential
fits 172, 174. This feature particularly relates to the fact that the evaluation part of the
measurement curve exhibits here an exponential characteristic and, by successfully allow-
ing this kind of procedure, additionally proves this fact. Consequently, the first measure-
ment curve 168 could, within the evaluation part of the measurement curve, be fitted by a
first exponential fit 172, thereby providing a value of 0.61/s for the decay constant I', while
the second measurement curve 168 could, also within the evaluation part of the measure-
ment curve, be fitted by a second exponential fit 172, thereby providing a valuc of 0.25/s
for the decay constant I'. This example, as depicted in Figure 21, clearly demonstrates
which kind of decisive impact the hematocrit may exert on the remission of blood samples,
leading to a conclusion that, at least in some cases, inaccurate results for the glucose con-
centration may be acquired as long as the influence of the haematocrit might be not ade-
quately taken in to account or even completely neglected. This situation which had been
difficult to tackle so far may now be properly dealt with by applying the method according

to the present invention.
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List of reference numbers
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first decision tree
hematocrit correction
predetermined hematocrit range

determination of the end value and the decay rate

final determination of the value of the glucose concentration

second decision tree

determination of the end value
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second measurement curve

first exponential fit

second exponential fit
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WHAT IS CLAIMED IS:

1. A computer-implemented method for implementation by an evaluation device com-
prising computer readable memory having stored thereon computer executable instruc-
tions for deriving a concentration ¢ of an analyte in at least one sample of a body fluid,
the method comprising the following steps:

a) recording a plurality of measurement values by monitoring a time development of at
least one measurement value indicating a progress of a detection reaction of at least
one test substance and at least one analyte in a sample of the body fluid, and provid-
ing at least one measurement curve F(t) which contains the measurement values,
wherein at least an evaluation part of the measurement curve has an exponential char-
acteristic, wherein the measurement values contained in the measurement curve are
acquired at differing points in time, wherein the detection reaction is known to be
influenced by the concentration ¢ of the analyte to be detected in the sample body
fluid and at Icast onc disturbance variablc Y;

b) deriving an end value of the measurement curve provided in step a), wherein the end
value forms a first variable x1;

¢) deriving at least one fit parameter from the measurement curve provided in step a)
by taking into account the exponential characteristic of at least the evaluation part of
the measurement curve, wherein the fit parameter forms at least one second variable
X2,

d) deriving the concentration c of the analyte by using at least one multivariate evalua-
tion algorithm, the multivariate evaluation algorithm being adapted to combine the
first variable x; provided by step b) and the second variable x> provided by step ¢);

wherein a weighted average of results of at least two procedures based on variations of

the at least one disturbance variable Y are provided in order to derive a value for the
concentration c of the analyte; and

¢) reporting the concentration ¢ of the analyte to a user.

2. The method as claimed in claim 1, wherein the measurement values are optical meas-

urement values.

3. The method as claimed in any one of claims 1 to 2, wherein the disturbance variable

Y comprises a parameter which influences the viscosity of the body fluid.

4.  The method as claimed in any one of claims 1 to 3, wherein the at least one disturbance
variable is: a particulate content of the sample or a temperature of the sample.

Date Regue/Date Received 2020-08-17
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The method as claimed in claim 4, wherein the particulate content of the sample com-
prises a hematocrit.

The method as claimed in any one of claims 1 to 5, wherein the exponential character-

istic contains at least one exponential function which is:

- F(t)=a+ b * exp[-'*t], wherein t is the time, a is an offset, b is a contrast and
I is a decay constant; or

- F(t) = a + b * exp[-(I'*t)"], wherein t is the time, a is an offset, b is a contrast, I

is a decay constant and f is a stretching parameter.

The method as claimed in claim 6, wherein the second variable x> is selected from the
decay constant I or from a quantity which is in relationship with the decay constant
I.

The method as claimed in any one of claims 1 to 7, wherein, in step ¢), a first order
derivative F’(t) or a higher order derivative F*(t) of the measurement curve is formed
before deriving the fit parameter.

The method as claimed in claim 8, wherein the first or higher order derivative is ap-
proximated by calculating differences between neighboring measurement values.

The method as claimed in any one of claims 1 to 9, wherein, in step ¢), a ratio of two
subsequent derivatives F*(t) and F**!(t) of the measurement curve is formed, the ratio
forming the fit parameter.

The method as claimed in any one of claims 1 to 10, wherein, in step ¢), an integral is
formed over the measurement curve F(t) or a first order or higher order derivative of
F(t), the integral forming the fit parameter.

The method as claimed in any one of claims 1 to 11, wherein, in step c¢), the fit param-
eter is obtained from a comparison of the first order derivative of the measurement
curve at two differing points in time.

The method as claimed in claim 12, wherein the two differing points in time are ob-
tained by applying two differing threshold values.

Date Regue/Date Received 2020-08-17
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The method as claimed in claim 12, wherein two differing values for the two differing
points in time are used, wherein each of the two differing values are in the vicinity of
a threshold value.

The method as claimed in any one of claims 1 to 14, wherein, in step d), further the at
Ieast one disturbance variable Y is determined.

The method as claimed in any one of claims 1 to 15, wherein, in step b), a slope of the
measurement curve is compared to at least one threshold value for determining if the
measurcment curve has reached the end value.

The method as claimed in any one of claims 1 to 16, wherein, in step b), the end value
is derived from at least one measurement value of the measurement curve and, in step
c), the at least one second variable is derived from at least one fit parameter from the

measurement curve.

The method as claimed in any one of claims 1 to 17, wherein, in step b), the end value
is derived from an earlier part of the measurement curve, wherein the earlier part is a
part of the measurement curve being distant from a plateau of the measurement curve.

The method as claimed in any one of claims 1 to 18, wherein the evaluation part of the
measurement curve is a remainder of the measurement curve starting after a definable

starting time span after a commencement of a measurement.

The method as claimed any one of claims 1 to 19, wherein the multivariate evaluation
algorithm is determined by using a plurality of calibration measurements.

An evaluation device for analyzing at least one sample of a body fluid and displaying
to auser a concentration c of an analyte in the at least one sample, the evaluation device
comprising at least one evaluation unit, wherein the evaluation unit comprises a com-
puter recadable memory storing computer executable instructions thercon that when

executed perform the method as claimed in any one of claims 1 to 20.

A sample analysis device for analyzing a sample of a body fluid and displaying to a
user a concentration ¢ of an analyte in the sample, the device comprising:
at least one measuring unit for measuring a detection reaction of at [east one test
substance and at least one analyte in a sample of a body fluid, wherein the detection

Date Regue/Date Received 2020-08-17
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reaction is known to be influenced by a set of disturbance variables, each disturb-
ance variable characterizing at least one of a state of the sample of the body fluid
and a condition of the detection reaction,

- the measuring unit further being adapted for monitoring a time development of at
least one measurement value indicating a progress of the detection reaction, thereby
recording a measurement curve F(t) containing a plurality of the measurement val-
ues acquired at different points in time, wherein at least an evaluation part of the
measurement curve has an exponential characteristic; and

- atleast one evaluation device as claimed in claim 21.

Date Regue/Date Received 2020-08-17
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