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ABSTRACT

A method of determining the concentration of an analyte in a fluid test sample that in-
cludes providing an electrochemical sensor adapted to measure the analyte in the test sample.
The test sample sufficiently covers a counter and working electrode of the electrochemical
sensor. A first potential is applied between the counter and working electrodes for a first pre-
determined time period and the current is measured and the time is recoifded. After the first
potential is removed or substantially reduced, a second potential is applied between the
counter and working electrodes and the current is measured. The concentration of the analyte
is determined in the test sample as a function of the current measured. An index 1s calculated
and compared to at least one predetermined parameter to identify when a bias, i1f any, exceeds

a threshold. An error signal or analyte concentration is displayed depending on the compari-

SOn.
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- METHODS OF DETERMINING THE CONCENTRATION OF AN
ANALYTE IN A FLUID TEST SAMPLE

FIELD OF THE INVENTION
~ The present invention relates to methods using biosensors and, more specifically,

methods of detecting bias in determining an analyte concentration in a fluid test sample

caused by incompletely filled électrochemical SENsors.

BACKGROUND OF THE INVENTION

The quantitative determination of analytes in body fluids is of great importance in

the diagnoses and maintenance of certain physiological abnormalities. For example,

lactate, cholesterol and bilirubin should be monitored in certain individuals. In particu-
lrir, determining glucose in body fluids is important to diabetic individuals who rhust fre-
quently check the 'glucose level 1 their body fluids to regulate the glucose intake in their
diets. While the remainder of the disclosure herein will be directed towards determining
glucose, it is to be understood fhat the methods of this invention may be used for deter-
mining other analytes upon selection of an appropriate enzyme.

There have been various methods implemented in the past that use biosensors
(e. g., ‘biochemical SENSors) 'to determine the quantity of a specific component (analyte) in
a fluid sample. Some examples of these biosensors, including electrochemical sensors,
are disclosed in U.S. Patent Nos. 5,120,420, 5,264,103 and 5,620,579, and U.S. Publica-
tion No. 20010042683.

Some drawbacks with existing methods that use electrochemical sensors may oc-
cur when an insufficient amount of the ﬂuid sample is present. These drawbacks occur
when counter and working electrodes of the electrochemical sensors are not completely
covered with the fluid sample, re'sulting in an incdmplete current flowing across the
electrodes. Since the amount of analyte (e.g., glucose) detected by the electrochemical
Sensor is directional proportional to the current ﬂoWi11g through the detection meter, fail-

ure to completely cover the electrochemical sensor’s electrodes may result in a bias of the

blood sample’s analyte (e.g., glucose concentration).
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It would be desirable to provide a method that detects when there is an insuffi-
cient amount of fluid sample and report such a condition as an error to the user. It also
would be desirable to provide a method that detects electrochemical sensors with an ab-

normal rehydration process, because of an insufficient sample to completely re-hydrate

the chemistry of the electrochemical sensor. It would be desirable to provide a method

that determines an insufficient amount of fluid sample exists even when the electrodes of
the electrochemical sensors are sufficiently covered. It would also be desirable to report
such conditions as errors to the user if the bias of the analyte concentration exceeds a

predetermined threshold caused by, for eXample, solution movement in incompletely

filled sensors or abnormal re-hydration kinetics.

SUMMARY OF THE INVENTION

According to one method of determining the concentration_o‘f an analyte in a fluid
test sample, an electrochemical sensor adapted to measure the analyte in the fluid test
sample is provided. The electrochemical sensor has a counter e‘l-ectrode and a working
electrode. The counter and working electrodes of the electrochemical sensor are suffi-
ciently covered by the fluid test sample. A first potential 1s applied between the counter
electrode and working electrode for a first predetermined time period. The current is
measured between the counter electrode and working electrode at a plurality of times
during the first predetermined time period. The times of the measurements during the
first predetermined time period is recorded. The first potential is removed or Substanf
tially reduced between the counter electrode and working electrode for a second prede-
termined time period. A second potential is applied between the counter electrode and
working electrode for a third predetermined time period. The current is rneasﬁred' be-
tween the counter electrode and working electrode at least once during the third prede-
termined time period.

The concentration of the analyte in the fluid test sample is determined as a func-
tion of the current measured. An index is calculated using at least two of the following:
a méasured current and recorded time of the first predet_erniined time period, and the
measured current of the third predetermined time period. The index 1s compared to at

least one predetermined parameter related to the determined concentration of analyte in
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the fluid test sample to identify when a bias, if any, exceeds a predetermined threshold.

An error signal or an analyte concentration is displayed depending on the comparison

between the index and the at least one of the predetermined parameter.

According to another method of determining the concentration of an analyte in a
fluid test sample, an electrochemical sensor adapted to measure the analyte in the fluid
test sample is provided. The electrochemical sensor has a counter electrode and a work-
ing electrode. The counter and working electrodes of the electrochemical sensor are suf-
ficiently covered by the fluid test‘sample. A first potential 1s applied between the counter
electrode and working electrode for a first predetermined time period. The current is

measured between the counter electrode and working electrode a plurality of times during

- the first predetermined time period. The times of the measurements during the first pre-

determined time period is recorded. The first potential is removed or substantially re-
duced between the counter electrode and working electrode for a second predetermined
time period. A second potential is applied between the counter electrode and working
electrode for a third predetermined time period. The current is measured between the
counter elcctrdde and working electrode at least once during the third predetermined time
period. '
The concentration of the analyte in the fluid test sample is determined as a func-
tion of the current measured. An index (I) is calculated by solving the equation:
[ = (Iit/Ibmax)™ Tbmax
where
I;: = the last ineasurement of the current during the third predeter-
mined time period,
Ipmax = the highest current measured during the first 'predetermined
~time period, and
Temax = the time of the high_est measured current is measured during
‘the first predetermined time period.
The index is compared to at least one predetermined parameter related to the determined
concentration of analyte in the fluid test sample to identify when a bias, if any, exceeds a

predetermined threshold. An error si gnal or an analyte concentration is displayed de-
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pending on the comparison between the index and the at least one of the predetermined

parameter.

According to a further method of determining the concentration of an analyte in a

- fluid test sample, an electrochemical sensor adapted to measure the analyte in the fluid

test sample is provided. The electrochemical sensor has a counter e',lectrode and a work-
ing electrode. The counter and working electrodes of the electrochemical sensor are suf-
ficiently covered by the fluid test sample. A first potential is applied between the counter
electrode and working electrode for a first predetermined time period. The current is
measured between the counter electrode and working electréde at a plura.ﬁty of times
during the first predetermined time period. The times of the measurements during the
first predetermined time period is recorded. The first potential 1s removed or substan-
tially reduced between the counter electrode and working electrode for a second prede-
termined time period. A second potential is applied between the counter electrode and
working electrode for a third predetermined time period. The current is measured be-
tween the counter electrode and working electrode at least once during the third prede-
termined time period.

The concentration of the analyte in the fluid test sample 1s determined as a func-
tion of the current measured. An index is calculated using a measured current and re-
corded time of the first predetermined time period, and the measured current of the third
predetermined time period. The index is compared to at- least one predetermined pa-
rameter related to the determined concentration of analyte in the tluid test sample to
identify when a bias, if any, exceeds a predetermined threshold. An error signal Or an
analyte concentration is displayed depending on the comparison between the index and
the at least one of the predetermined parameter. | ' '

According to yet another method of determining the concentration of an analyte
in a fluid test sample, an electrochemical sensor adapted to measure the analyte in the
fluid test sample is provided. The electrochemical sensor has a counter electrode and a
working electrode. The counter and working electrodes of the 'electrochemical Sensor are
sufficiently covered by the fluid test sample. A poten‘tial' 1S appiied between the counter

electrode and working electrode for a predetermined time period. The current 1s meas-
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ured between the counter electrode and working electrode at a plurality of times during
the predetermined time period. The times of the measurements during the predetermined
time period is recorded. The concentration of the analyte in the fluid test sample is de-
termined as a function of the current measured. An index is calculated using a selected
measured current and recorded time of the predetermined time period. The index’is
compared to at least one predetermined parameter related to the determined concentration
of analyte in the fluid test sample to identify when a bias, if any, exceeds a predetermined
threshold. An error signal or an analyte concentration is displayed depending on the

comparison between the index and the at least one of the predetermined parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded view of an electrochemical sensor according to one em-
bodiment that may be used in a method of the present invention;

FIG. 2 is a sensor base and those elements that are applied directly to the base of
the sensor in FIG. 1;

FIG. 3 is flowchart depicting a sequence of steps to determine the concentration
of an analyte in a fluid test sample according to one method of the present invention; and

FIG. 4 is a flowchart depicting a sequence of steps to determine an index and re-

port an under-fill condition to the user according to one method of the present invention.

While the invention is susceptible to various modifi-
cations and alternative forms, specific embodiments thereof
has been shown by way of example in the drawing and will
herein be described in detail. Tt should be understood,
however, that it is not intended to limit the invention to
the particular forms disclosed but, on the contrary, the

intention is to cover all modifications, equivalents, and

alternatives .

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENT

The present invention relates to methods using biosensors and, more specifically,

methods of detecting bias in determining the concentration of an analyte caused. by m-
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completely filled biosensors (i.e., an under-fill condition). By detecting high-biased
analyte results caused by, for example, sample movement inside an incompletely filled
biosensor, the biosensor’s performance can be improved. Other abnormal conditions
may include an insufficient sample to completely dissolve the sensor’s chemistry. The
biosensor’s performance is improved by reporting such resuits as an under-filled error to
the user. It is desirable to be able to detect and report an under-filled error that occurs
when one of the electrodes of an under-filled sensor is not contacted with the fluid test
sample. An example of such a condition is when the fluid test sample is sufficient to
make contact between the working the counter electrodes, but insufficient to completely
fill the capillary (e.g., about 3.5 pL). The bias may occur when blood moves up the cap-
illary when the sensor is pulled away from the whole blood samples due to the breaking
of the meniscus and capillary action. The magnitude of the bias on the final glucose

reading depends on the percentage of blood volume in the sensor capillary and the time

when the sensor is pulled away from the sample drop.
As discussed above, the analyte to be tested may be glucose in a whole blood
sample. The analyte (e.g., glucose) concentration of the fluid test sample (e.g., whole

blood sample) may be determined using an amperometric monitoring system.

Electrochemical Sensor

To determine the glucose concentration in a whole blood sample, an electro-
chemical sensor according to one embodiment is provided. It is important that the elec-
trochemical sensor provides reliable and reproducible measurements. According to one
embodiment, the electrochemical sensor in the present invention may be that described 1n

U.S. Patent Application published as 20010042683 on November 22, 2001 and entitled

Electrochemical-Sensor Design ,

An example of an electrochemical sensor described in U.S. Patent Application
published as 20010042683 is depicted in FIG. 1. Referring to FIG. 1, a sensor 34 com-
prises an insulating base 36 upon which is printed in sequence (typically by screen print-
ing techniques), an electrical conductor pattern 38, an electrode pattern (portions 39 and

40), an insulating (dielectric) pattern 42, and a reaction layer 44. The base of the elec-
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trochemical sensor provides a tlow path for the fluid test sample. The senéor base is
shown in FIG. 2 in which all of the elements on the base are shown in the same plane.
The function of the reaction layer \44 is to convert glucose, or another analyte in
the fluid test sample, stdichiometrically into a chemical species which is electrochemi-
cally measurable, in terms of electrical current it produces, by the components of the
electrode pattern. The reaction layer 44 generally contains a biosensing or reagent mate-
rial, such as an enzyme, and an electron acceptor. More specifically, the reaction layer
44 contains an enzyme .that reacts with the analyte to produce mobile eléctrons on the
electrodé pattern and an electron acceptor (e.g., a ferricyanide salt) to carry the mobile

electrons to the surface of the working electrode. The electron acceptor may be referfed

~ to as a mediator in which the mediator is reduced in response to a reaction between the

analyte and the enzyme. The enzyme in the reaction layer may be combined with a hy- .
drophilic ‘polymer, such as polyethylene oxide. An enzyme that may be used to react
with glucose is glucose oxidase. It is contemplated that other erizymes may be used such
as glucose dehydrogenaSe. .

The two portions 39, 40\0_f the\electrode pattern provide the respective working |
and counter electrodes necessary to electrochemically determine the analyte. The work-
ing electrode typically comprises an enzyme that reacts with the analyte. The working
and counter electrodes may be configured such that the major portion of the counter
eliectro_de is located downstream (in terms of the direction of fluid flow along the flow
path) from the exposed portion of the working electrode 39a. This configuration allows
the test fluid sample to completely cover the exposed portion of the working electrode for
all cases in which an undetected partial fill has occurred.

Counter electrode sub-element 40a, however, is positioned up-stream from '
working electrode upper element 39a so that when an inadequate amount of the test tluid
sample (é. 2., a whole blood sample) to completely cover the working electrode enters the
capillary space, an electrical connection forms: between counter electrode sub-element
40a and expoéed portion of the working electrode 39a due to the conductivity of the
whole blood sample. The area of the counter electrode, however, that 1s available for

contact by the .whole blood sample is so small that only a very weak current can pass

- between the electrodes and, thus, through the current detector. By programming the cur-

MSE-2674
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rent detector to give an error signal when the received signal is below a certain pre-
determined level, the sensor device informs the user that insufficient blood has entered
the sensor’s cavity and that another test should be conducted. While the particular di-

mensions of the electrodes are not critical, the area of the counter electrode sub-element

- 40a is typically less than about 10% than that of the working electrode and, more specifi-

cally, less than about 6%. This element should be made as small as possible 1in view of
the restraints of the screen printing process.

It is also contemplated that the reaction layer 44 may be removed from contact
with counter electrode sub-element 40a. This is accomplished by producing a screen that
does not print reagent ink over the counter electrode sub-element 40b. This serves the
purpose of starving the sub-element for reagent, thereby not allowing it to function as a
proper counter electrode, so that an error condition is achieved when the test fluid sample
fails to contact thé bulk of the counter electrode 40. While sub-element 40a is depicted
as being physically conhected to, and therefore part of, the counter electrode 40, such
physical connection is not critical. Such sub-element may be physically disconnected
from the rest of the counter electrode provided that it has its owh cohnector‘and the sen-
SOT 1S equipped with a third contact to the detector. .

The working and counter electrodes include electrode ink. The electrode ink,
which is generally about 14p (0.00055) thick, typically contains electrochemically ac-
tive carbon. Components of the conductor ink may be a mixture of carbon and silVer~thfat
is chosen to provide a low chemical resistance path between the electrodes and the meter
with which they are in operative connection via contact with the conductive pattern at a
fish-tail end 45 of the sensor. The counter electrode may be comprised of silver/ silver
chloride although carbon is preferred. To enhance the reproducibility of the meter read-
ing, the dielectric pattern insulates the electrodes from the fluid test sample except In a
defined area near the center of the electrode pattern 43. A defined area is important 1n
this type of electrochemical determination because the measured current depends on the
analyte concentration and the area of the réaction layer that is exposed to the analyte-
containing test sample.

A typical dielectric layer 42 comprises a UV-cured acrylate modified
polymethane that is about 10u (0.0004”) thick. A lid or cover 46 1s adaptéd to mate with

MSE-2674
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the base to form a space to receive the fluid test sample in which the counter and working
electrodes are situated. The lid 46 provides a concave space 48, and is typically formed
by embossing a flat sheet of deformable material. The lid 48 is punctured to provide an
air vent 50 and joined to the base 36 in a sealing operation. The lid and base can be
sealed together by sonic welding in which the base 36 and lid 46 are first aligned and
then pressed together between a vibratory heat sealing member or horn and a stationary
jaw. The horn is shaped such that contact is made only with the flat, non-embossed re-
gions of the lid. Ultrasonic energy from a crystal or other transducer is used to excite vi-
brations in the metal horn. This mechanical energy is dissipated as heat in the polymeric
joint allowing the bonding of the thermoplastic materials. The embossed lid and base
may be joined by using an adhesive material on the underside of the lid. The method of

joining the lid and base are more fully described in U.S. Pat. No. 5,798,031 .

Suitable materials for the insulating base 36 include polycarbonate, polyethylene
terephthalate, dimensionally-stable vinyl and acrylic polymers, and polymer blends such
as polycarbonate/polyethylene terephthalate and metal foil structures (e.g, a ny-
lon/aluminum/polyvinyl chloride laminate). The lid is typically fabricated from a de-
formable polymeric sheet material such as polycarbonate, or an embossable grade of
polyethylene terephthalate, glycol modified polyethylene terephthalate-or a metal foil
composition (e.g, an aluminum foil structure). The dielectric layer may be fabricated
from an acrylate-modified polyurethane that is curable by UV light or moisture or a vinyl
polymer that is heat curable.

\ It is contemplated that other electrochemical sensors may be used in the present
invention. Examples of an electrochemical sensor that can be used to measure glucose
concentrations are those used in Bayer Corporation’s Glucometer DEX® and ELITE®
systems. More details on such an electrochemical sensor may be found in U.S. Patent

Nos. 5,120,420 and 5,320,732 .

One or more of the electrochemical sensors may be purchased from Matsushita Electric

Industrial Company. Another electrochemical sensor 1s disclosed in U.S. Patent No.
5,798,031, A further example of an

electrochemical sensor that may be used in an amperometric monitoring system is dis-
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closed in U.S. Patent No 5,429,735. It is contemplated that other biosensors may be used

in the present invention.

The electrochemical sensors may be located in a blood glucose sensor dispensing

instrument that 1s adapted to have loaded therein a sensor pack that includes a plurality of

- sensors or testing elements. Each of the sensors 1s adapted to be ¢jected from the sensor

pack. One example of a sensor pack loaded in a sensor dispensing instrument is dis-

closed in U.S. Patent No. 5,660,791. It i1s contemplated that the electrochemical senSOrs

may be stored 1n other apparatus such as bottles.

Methods of the Present Invention

A method of determining the concentration of an analyte in a fluid test sample of
the present invention may include using one of ~the- electrochemipal sensors described
above (e.g., sensor 34). The electrochemical sensor includes a coUnter..electrode and a
working electrode. It is contemplated that other electrochemical sensors may be used
than described in connection with FIGs. 1 and 2.

Referring to FIG. 3, step 110 applies a first potential between the counter -elec-
trode and working electrode. The fluid test sample with analyte is added so as to contacf
the electrochemical sensor in step 120. The first potential 1s applied between the counter
and working electrodes for a first predetermined time period. The first potential is gener-
ally from about 100 to about 600 mV and, more typically, from about 300 to ‘abou't. 500
mV.

The current is measured between the counter electrode and working electrode at a

- plurality of intervals, and the times of the measurements are recorded during the first

predetermined time period during step 130. The first predetermined time period 1s gen-
erally from about 2 to about 30 seconds and, more typically, from about 5 to about 15
seconds. The current during the first predetermined time period may be measured ‘ in
regular intervals that may vary in duration. For example, the current during the first pre-
determined time period is generally measured in regular intervals of from about 0.1 to
about 3 seconds, and, more typically, from about 0.2 to about 0.5 seconds. During the
measuring of the current, the time of such measutements is recorded. The first predeter-

mined time period is referred to as the “burn-off” period.

MSE-2674
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During step 140, the first potential between the counter electrode and working

electrode is removed or substantially reduced for a second predetermined time period.

‘The second predetermined time period is generally from about 2 to about 20 seconds and,

more typically, from about 5 to about 15 seconds. The second predetermined time period
is referred to as the “wait” or “incubation” period.

A second potential between the counter electrode and working electrode 1s ap-
plied for a third predetermined time period in step 150. The second potential is generally
from about 100 to about 600 mV and; more typically, from about 300 to about 500 mV.
The current is measured between the counter and working electrodes during the third
predetermined time period in step 160. The third predetermined time period is 'ge‘nerally
from about 2 to about 30 seconds and, more typically, from about 5 to about 15 seconds.
The current during the third predetermined time period may be measured in regular inter-
vals that may vary_ in duration. For example, the current 1s generally measured in regular
intervals of from about 0.1 to about 3 seconds, and, more typieally,' from about 0.2 to
about 0.5 seconds. The third predetermined time period is referred to as “read” period.
According to another method, the second and third predetermined time periods may be
eliminated. - '

According to one method, the concentration of the analyte 1s determined in the
fluid test sample as a furiction' of the current measured during the third predetermined
time period in step 170. It is contemplated, however, that the concentration of the ana-
lyte may be determined as a function of the current measured during the first predeter-
mined time period. ' '

To assist in determining if an under-fill condition is present when the electrodes

- of the electrochemical sensor are not sufﬁciently covered by the test fluid sample, the

analyte concentration may be compared to at least one factor, such as the k-factor and/or

‘read-to-burn ratio. The electrochemical sensor is -conﬁgured so that in the event of an

under-fill condition, the result will be afﬁrmative as opposed to a neutral response, i.e. a

- failure of the detector to give any signal. Thus, for example, when the amount of the test

fluid sample that enters the capillary space is sufficient to cover the counter electrode

sub-element 40a or 40b and that portion of the working electrode 39a which lies up-

~ stream from the main portion of the counter electrode 40, the detector will sense a current |

MSE-2674
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but the current will be weaker \than if the working and counter electrodes were com-
pletely or sufficiently covered with the test fluid sample. Thé detector may bé connected
with the reading means to display an error signal to the user when an under-fill condition
OCCUrS.

There are provided means for sensing certain characteristics of the current over
time that are used along with the absolute current level to deternmihne .if an error condition
has occurred. This is accomplished by algorithmically programming the meter to detect
the under-fill condition by measuring the current at a definite time peribd after the test
fluid has electrically connected the sub-element of the counter electrode Wlth the working
electrode. The ratio of the currents for the two measurements is used to determine if the
sensor has filled properly. For example, the current 1s measured at 5 and 10 seconds after
applying the driving potential to the circuit, and these two currents are converted Into a
ratio. This ratio and the current reading at 10 seconds are used {Q determine if the sen-
sor’s capillary space has filled properly.

A sample calculation is as follows: three current measurements are made during
the test sequence according to one method: (a) at the end of an initial period known as
the “burn-off” period in which the driving potential has been applied for a first predeter-
mined time period (e.g., 10 seconds denoted as Ip10); (b) when the pbtential is applied and
measured during the third predetermined time interval or “read” period at, for example, 5
seconds (I;s), and (c) at the end of the third predetermined t,ime period (e.g., 10 seconds)
known as the “read” period denoted as Ijo. It is contemplated that the time periods may
vary from the exemplary times above. Two parameters inay be determined from these
three current measurements. At least one of these two parameters 1s used to determine if
the sensor’s capillary space has filled properly. The first parameter is the decay factor, k,
which describes the shape of current time course. The second parameter is a ratio that'
characterizes the rate of decay in the current level during the read phase.
The decay factor, k, is defined as:

k = In(ls) - In(Tio) / (In(10) — In(5))
Equation A

The Read-to-Burn ratio, R/B, is defined as:

MSE-2674
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R/B = Li10/Ib10
| Equation B

'One example of criteria for an under-fill condition using these two parameters may be as

follows:

(1) If k <0.227 or k>0.497; or
(2) If R/B <0.263 or R/B >1.263.

It is contemplated that the numbers of this criteria may vary for the decay factor, k, and
the Read-to-Burn ratio, R/B, in determining whether an under-fill condition is present.
An under-filled sensor produced the following three current measurements:

An example using these parameters with an under-filled condition is as follows:

Ip10=505.1 nA, I[;s=656.5 nA, and I;;¢=361. 8nA.

The decay factor and Read-to-Burn ratio were calculated from these current measure-
ments:

Decay factor

In(Z,s) - In(Z,;,) In(656.5) —1In(561.8)
n(10)-In(5)  In(10) —In(5)

Read-to-Burn ratio
R/B = I;o / Ipio = 561.8/505.1 = 1.11

These two parameters were used to detect the following error conditions:

o k<0.227 or k>0.497 at this glucose readback,level.' True, because k=0.22 <0.227;

N R/B<0 263 or R/B>1.263 at this glucose readback level. False because R/B = 1. 11
>0.263 and <1.263.

By providing a device which gives a positive (as opposed to a neutral) response in
the event of an under-fill condition when the electrodes of the electrochemical sensor are
not sufﬁciently covered by the test fluid sample, the user will recognize that the abortive

function of the test is a result of too little blood entering the capillary space, rather than
some other malfunction having caused the anomalous result. Such a comparison works

well when the counter electrode of an under-filled sensor is not contacted with the blood
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sample. The counter electrode (without movement of the whole blood sample) is not
typically contacted with the blood sample in DEX system when the whole blood sample
is below about 2.5uL. or 2.0ul. \

To improve the detection of certain under-fill conditions (e.g., a condition where
‘the whole blood sample is moving such that the sensor capillary is incompletely filled but
the whole blood sample is in contact with the counter electrode), an index is calculated in
the present invention. An index is calculated in step 190 according to one process ‘by
using at least two of the following: one measured current and recorded time during the
first predetermined time period, and at least one measured current of the third time pe-
riod.

One example of an index that may be used in the present invention 1s by solving
Equation C which uses all three variables: \ '

' Equation C: Index (I) = (Ii/Iomax)* Tbmax

where: .

I.= a current measured during the first or third predetennined time period
(e.g., the last measurement of the current during the third predetermined time period),

Tbmax = the highest current measured during the first predetermined time period,‘

and \ \

Tomax =the time when the highest current is measured during the first

predetermined time period.

It is contemplated that other equations may be used to determine an index in the
present invention that may use less than the above three variables. For example, two ot
these variables (a measured current and recorded time of the first determined time period
and the measured current of the third predetermined time period) may be used to deter-
mine an appropriate index. One example of such is to determine an appropriate index by
using the slope of the measured current and recorded time of the "ﬁ'rst_ determined time
period. Alternatively, it is contemplated that other indices may be er'eeted using the slope
of (a) the measured current of the first predetermined time period and the measured cur-
rent of the third predetermined time period, or (b) the reeorded time of the first predeter-

mined time period and the measured current of the third predetermined time period.
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In step 200, the index is compared to at least one predetermined param'eter related

to the determined concentration of analyte in the fluid test sample to identify when the

- bias exceeds a predetermined threshold, which is obtained from step 180. The predeter-

mined parameter(s) is typically stored in the meter.

Depending on whether the index is within at least one of thé predetermined pa-
rameter, either an error signal is displayed (step 210) or the analyte concentratilon 1s dis-
played (step 220). According to one process, an error signal is displayed when the index
is not within the at least one predetefmined parameter and the analyte concentration is
displayed when the index is within the at least one predetermined parameter. Alterna-
tively, the error signal may be displayed when the index is within the at least one prede-
termined parameter and the analyte concentratioh is displayed when the index 1s not
within the at least one predetermined parameter.

An example of determining an index and comparing it with a predetermined pa-
rameter is shown in FIG. 4. The index is calculated as déscribed above in Equation C in

step 330 using the I; = the last measurement of the current during the third predetermined

time period from step 300, Ibmax = the highest current measured during the first predeter-

mined time period from step 310, and T bmax = the time when the hi ghe.st current 1s meas-
ured during the first predetermined time period from step 320. '

Thé index from stép 330 is compared in step 350 to a predetermined parameter
taken from step 340. In this example, the predetenhined parameter 1s 1.5. Itis contem—-~
plated that the predetermined parameter may be different than shown in step 340. The

predetermined parameter is related to the level of glucose concentration. If the index is -

- greater than the predetermined parameter of 1.5, then a display error is indicated at step

360. If the index is less than or equal to 1.5, then the analyte concentration will be cal- '
culated and repo'rted to the user in step 370.
The method for determining the analyte \cdncentrations (e.g., glucose concentra-
tions) may be performed in disposable self-testing systems. The disposable self-testing
systems are oﬁen used by end cOnsumers, especiaﬂy those who are diabetic. Alterna-
tively, the method for deterniining. the analyte concentrations (e.g.,  glucose concentra-

tions) may be perfofmed in clinical analyzers. Clinical analyzers are often used in hos-

- pitals or clinics.
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The testing end of the sensor is adapted to be placed into contact with the fluid
sample (e.g., a whole blood sample) to be tested. The whole blood sample may be gener-
ated by a lancing device such as a microlet. The lancing device may obtain blood by,

e.g., pricking a person’s finger. According to one process, the whole blood sample may

- be prepared for testing by (a) removing the electrochemical sensor from a packet, (b)

placing the electrochemical sensor into a glucose concentration measuring instrument, (c)
generating a whole blood sample, and (d) bringing the sensor and the whole blood sam-
ple into contact wherein the blood is generally drawn into the sensor by capillary action.

According to one process, a whole blood sample is introduced into the space via

~an introducing port. (Gas 1s discharged from the space by the inflow of the whole blood

sample via a discharge port. It is believed that the glucose 1n the whole blood sample
reacts with the enzyme (e.g., glucose oxidase carried on the electrodes to produce glu-
conic acid). A voltage is applied (e.g., 600 mV) between the electrodes ahd the electrode
for measurement is polarized in the anode direction. By applying a voltage in the anode
direction, an oxidizing current for the produced hydrogen peroxid’é 1s obtained. This cur-

rent level corresponds to the concentration of glucose in the whole blood sample.

- Examples

Several experiments were performed to show the effects of the glucose concen-
trations of a whole blood sample using a under-filled test sensors (see Table 1). Also,

several experiments were performed using a whole blood sample in a proper filled con-

dition (see Table 2).

Table 1 Testing Procedure

Whole blood samples of 3uL were tested 15 times with various solution move-
ment during the testing. In other words, some samples moved slightly, while others were
moved ;:o a greater extent. The whole blood samples were taken from the same source
and, thus, had about the same glucose concentration. -

The testing was performed using the following steps. First, a positive potential of
400 mV was applied between the working electrode and the counter electrode of the

electrochemical sensor. The electrochemical sensor that was used was taken from Bayer

Corporation’s Glucometer DEX® system. A 3uL whole blood sample was added to and
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contacted the electrochemical sensor. The current was measured between the working

and the counter electrodes every 0.3 second for 10 seconds during the “burn” period.

- This current is referred to as the burn current. The respective times were also recorded -

that corresponded to the measurements of the burn current. The potential between the\ '
working and counter electrodes was removed, resulting in an open circuit for a time pe-
riod of 10 seconds. This time period is referred to as the “wait” or “incubation” period.
A positive potential of 400 mV was re-applied between the working and the counter
electrodes of the electrochemical sensor. The current was measured between the working
electrode and the counter electrode every 0.3 second for 10 seconds during the “read”

period. This current is referred to as the read current. The read current was used to de-

- termine the glucose concentration of the whole blood sample.

This glucose calculation was then compared to predetermined parameters of k-
factor and the read-to-burn ratio to determine if the blood sample amount was not suifi-
cient. These ratios were calculated in the same manner as described above in the appli-
cation 1n Equ_é.tions A and B. ' * ‘ B

The index was calculated as described above in Equation C and then compared to -
a predetermined index of 1.5. If the index was greater than 1.5, then an error was dis-
played. If the index was less than or equal to 1.5, then the analyte concentfation was re-
ported. The test results are _shoWh in Table 1 below.

The % bias from 10uL, which is an example of 100% filled condition, was cal-
culated as follows in Equation D:

Equation D: (Glucos€any underfill volume - GlucosémuL)/GlucosemuL *100

The 10uL sample was used to ensure that the sensors were 100% filled.
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Table 1
Replicate Tomax Tomax Lr1o [ Index % Bias Error out
No. | s€C (nA ___(nA) L yes/no)
i 0.3 4230 1407 . 0.10 1.74 | No
2 0.3 | 6561 | 1321 | 006 | 448 [ ~° No |
3 145 | 644
4 2.95 12.22 '
5
6 09 ] s078 [ 1410 | 025 | 195 No
7 1.8 s | 1441 | 018 | 495 | No
8 1.5 11557 1 1444 | 019 | 517 | No N
9 8.4 4452 2.98 1500 | Yes
10 2.7 3631 1477 046 757 | No ]
11 1.5 019 | 444 No
12 0.9 0.23 -0.95 _No_
13 2.4 5.68 No
14 022 2.18 _No
15 .53 10.03 ____Yes

As can be seen 1in Table 1 above, Replicate Nos. 4, 9 and 15 had indices ‘greater
than 1.5 and, thus, produced an error Signal to the user. On th'e' other hand, Replicate
Nos. 1-3, 5-8 and 10-14 did not have indices greater than 1.5 and, thué, did not display an
error signal to the user. This test indicates that when a sensor is incompletely filled (sﬁch
as with a 3ulL whole blood sample), then high biaséd results may occur that are unac-
ceptable. This was confirmed when Replicate No:'sf 4,9 and 1-5,'independent of the index |
and the resulting error sigﬁal, had % biases greater than 10%. In these examplés, the de-
cay factor, k, and the Read-to-Bufn raﬁo, R/B, would bé within -their normal boundaries
in determining whether an under-fill condition is present because the counter and_ work-
ing electrodes would be sufficiently covered with a 3ulL whole blood sample. In other

words, using k and/or R/B would not have detected the high biased results.

Table 2 Testing Procedure

Whole blood samples of IOpL were tested 15 times without any solution move-
ment during sampling. The whole blood samples were taken from the same source and,
thus, had about the same glucose concentration. The testing .procedure'was the same as

set forth above in the testing procedure of Table 1.
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Table 2
Replicate | Tomax Ibmax ““ % Bias Error out
No. sec es/no
1 2.1 0.71 1.30 No
2 1 27 i 3402 | 1398 | i1t f 108 | = No
-_% __ 040
|4 121 | 4017 | 0.75 419 | No
5 118 4041 | 1409 { 063 | 18 | = No
6 2.4 368 | 1360 | 08 | -166 | = No |
7 L5 | 4313 | 1423 | 049 | 364 |  No |
8
R 12 No
10 1.5 4546 | 1389 | 046 | 117 No
i | 18 | 485 ] 1390 | 058 ] 124 | No
2 | 15 | 4638 | 1324 | 043 | 357 | No

As can be seen in Table 2 above, none of the Replicate Nos. 1-15 had indices
greater than 1.5 and, thus, none produced an error signal to the user. This showed that a
completely filed whole blood sample without solution movement did not produce an er-
ror signal to the user using the calculated index and the predetermined parameter of 1.5.

While particular embodiments and applications of the present invention have
been illustrated and described, it is to be understood that the invention is not limited to
the precise construction and compositions disclosed herein and that various modifica-

tions, changes, and variations may be apparent from the foregoing descriptions .



20)

The embodiments of the present invention for which an exclusive property or privilege

is claimed are defined as follows:

1. A method of determining an analyte concentration in a fluid test sample, the
method comprising the steps of:

providing an ¢lectrochemical sensor adapted to measure the analyte in the fluid
test sample, the electrochemical sensor having a counter electrode and a working
electrode;

contacting the counter and working electrodes of the electrochemical sensor
with the fluid test sample;

applying a potential between the counter electrode and working electrode for a
predetermined time period;

measuring a current between the counter electrode and working clectrode at a
plurality of intervals during the predetermined time period to determine a highest
current and a time associated with the highest current;

measuring at least one other measured current between the counter electrode
and working electrode to obtain at least one other measured current to determine the
concentration of the analyte in the fluid test sample;

calculating an index using the highest current, the time associated with the
highest current, and the at least one other measured current;

comparing the index to at least one predetermined parameter related to the
determined concentration of analyte in the fluid test sample to identify when a bias, if
any, cxceeds a predetermined threshold; and

displaying either an error signal or the analyte concentration depending on the

comparison between the index and the at least one predetermined parameter.

2. The method of claim 1, wherein the analyte is glucose and the fluid test sample

1s a whole blood sample.

3. The method of claim 2, wherein the concentration of the glucose in the whole

blood sample 1s determined using an amperometric monitoring system.
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4, The method of claim 1, wherein the electrochemical sensor includes a base that
provides a flow path for the fluid test sample and has on its surface the counter electrode and
working electrode in electrical communication with an electrical current detector, a reaction
layer on the surface of at least the working electrode comprising an enzyme that reacts with the

analyte 1n the fluid test sample, and a lid adapted to mate with the base to form a space to

receive the fluid test sample in which the counter and working electrodes are situated.

3. The method of claim 4, wherein the enzyme of the reaction layer 1s combined

with a hydrophilic polymer.
6. The method of claim 4, wherein the enzyme is glucose oxidase.
7. The method of claim 1, wherein the electrochemical sensor includes an enzyme

and a mediator in the enzyme, the mediator is a ferricyanide salt and is reduced in response to

a reaction between the analyte and the enzyme.

8. The method of claim 1, wherein the predetermined time period 1s from 2 to 30
seconds.

9. The method of claim 8, wherein the predetermined time period i1s from 5 to 15
seconds.

10.  The method of claim &8, wherein the current is measured in regular intervals

ranging from (.1 to 3 seconds during the predetermined time period.

11. The method of claim 10, wherein the current i1s measured in regular intervals

ranging {rom 0.2 to 0.5 seconds.

12, The method of claim 1, further including comparing the determined analyte
concentration to at least one of a k-factor and a read-to-burn ratio to assist in determining if an

underfill condition is present.
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13.  The method of claim 1, wherein the error signal 1s displayed when the index is

not within the at least one predetermined parameter.

14.  The method of claim 1, wherein the concentration of the analyte 1s determined

in the tluid test sample as a function of the at least one other measured current.

15.  The method of claim 1, wherein the method of determining the concentration of

the analyte 1n the fluid test sample occurs 1n a disposable self-testing system.

16. The method of claim 1, wherein the method of determining the concentration of

the analyte 1n the fluid test sample occurs in a clinical analyzer.

17. The method of claim 1, wherein, prior to measuring the at least one other

measured current, the potential 1s removed or reduced.

18. A method of determining an analyte concentration in a fluid test sample
comprising:

providing an electrochemical sensor adapted to measure the analyte in the fluid
test sample, the electrochemical sensor having a counter electrode and a working
electrode;

sufficiently covering the counter and working electrodes of the electrochemical
sensor with the fluid test sample;

applying a first potential between the counter electrode and working electrode
for a first predetermined time period;

mecasuring a current between the counter electrode and working electrode at a
plurality of times during the first predetermined time period to obtain at least one

measurement;

recording the times of the at least one measurement during the first

removing or reducing the first potential between the counter electrode and
working electrode for a second predetermined time period;

applying a second potential between the counter electrode and working

electrode for a third predetermined time period;
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measuring the current between the counter clectrode and working electrode at
Icast once during the third predetermined time period;
determining the concentration of the analyte in the fluid test sample as a function
of the current measured;
calculating an index (I) by solving the equation:
I = (Iit/Ibmax) * Tomax
where
[ = a seclected measurement of the current during the third
predetermined time period,
max = a highest current measured during the first predetermined time
period, and
Tbmax = a time of the highest measured current 1s measured during the
first predetermined time period;
comparing the index to at least one predetermined parameter related to the
determined concentration of analyte in the fluid test sample to identify when a bias, 1f
any, exceeds a predetermined threshold; and
displaying either an error signal or the analyte concentration depending on the

comparison between the index and the at least one of the predetermined parameter.

19.  The method of claim 18, wherein the analyte is glucose and the fluid test sample

1s a whole blood sample.

20.  The method of claim 18, further including comparing the determined analyte
concentration to at least one of a k-factor and read-to-burn ratio to assist in determining if an

undertill condition 1s present.

21.  The method of claim 18, wherein I 1s the last measurement of the current during

the third predetermined time period.

22.  The method of claim 18, wherein, prior to measuring the at least one other

measured current, the second potential is applied.
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23. A method of determining an analyte concentration in a fluid test sample
comprising:
providing an electrochemical sensor adapted to measure the analyte in the fluid
test sample, the electrochemical sensor having a counter electrode and a working
clectrode;
sufficiently covering the counter and working electrodes of the electrochemical

sensor with the fluid test sample;

for a first predetermined time period;

measuring a current between the counter electrode and working electrode at a
plurality of times during the first predetermined time period to obtain at least one
measurement;

recording the times of the at least one measurement during the first
predetermined time period;

removing or reducing the first potential between the counter clectrode and
working electrode for a second predetermined time period;

applying a sccond potential between the counter electrode and working
electrode for a third predetermined time period;

measuring the current between the counter electrode and working electrode at
least once during the third predetermined time period to obtain at least one
measurement;

determining the concentration of the analyte in the fluid test sample as a function
of the current measured;

calculating an index using the at least one measurement of the first or third
predetermined time period and recorded times of the first predetermined time period,
and the at least one measured current of the third predetermined time period;

comparing the index to at least one predetermined parameter related to the
determined concentration of analyte in the fluid test sample to identify when a bias, if
any, exceeds a predetermined threshold; and

displaying either an error signal or the analyte concentration depending on the

comparison between the index and the at least one of the predetermined parameter.
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24.  The method of claim 23, wherein the analyte is glucose and the fluid test sample

is a whole blood sample.

25.  The method of claim 23, further including comparing the determined analyte
concentration to at least one of the k-factor and read-to-burn ratio to assist in determining if an

underfill condition 1s present.

26.  The method of claim 23, wherein the index (I) is calculated by solving the

cquation:
I = (Ir/Iomax)™ Tomax
where
I, = the last measurement of the current during the third predetermined time
period,
Iy max = the highest current measured during the first predetermined time period,
and

T, max = the time associated with the highest measurcd current measured during

the first predetermined time period.
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