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(57) Abstract: A method for compensating for a temperature-
related error in an electrochemical sensor without using separate
sources of temperature measurement by measuring sensor cur-
rent, temporarily lowering sensor voltage to a first level below
a reaction-sustaining threshold, measuring a first offset current,
adjusting sensor voltage to a second level below the threshold,
measuring a second offset current, calculating a difference be-
tween the offset currents, deriving a temperature compensation
value from the difference based on empirical data, and adding
the value to the measured sensor current. A computer system
may execute the method as an algorithm stored in memory, pro-
vide automatic control of the sensor, and provide continuous dis-
play of corrected output values.
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MONITORING AND COMPENSATING FOR TEMPERATURE-
RELATED ERROR
IN AN ELECTROCHEMICAL SENSOR

BACKGROUND

Cross-Reference To Related Applications

[0001] This application claims priority from U.S. Provisional Patent
Application No. 60/982,116, filed October 23, 2007, which is also hereby
incorporated herein by reference.

Field of the Invention

[0002] The invention relates generally to temperature compensation in
electrochemical sensors. More specifically, the invention relates to automated
compensation for temperature-related error in an intravenous amperometric
Sensor.
Description of Related Art

[0003] There are many applications for electrochemical sensors, One class
of electrochemical sensors, known as amperometric biosensors, has many
potential applications in the health care industry. For example, recent advances
in the art of glucose monitoring are considering systems that continuously
monitor blood glucose levels using an intravenous amperometric glucose sensor
installed in a large blood vessel. The intravenous sensor continually outputs an
electrical signal representing blood glucose level to a computer system that
displays the level in real time for the attending physician. This allows the
physician to take corrective action in case the blood glucose level becomes too

high or too low. In an ICU or other emergency situation, the ability to
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immediately monitor and control blood glucose levels, particularly for diabetic
patients, can mean the difference between life and death.

[0004] The accuracy of the output of the biosensor is therefore very
important. Among many variables that can affect sensor accuracy is
temperature. An amperometric sensor is typically calibrated at normal body
temperature. When the sensor is immersed in the patient’s bloodstream, it
produces an electrical current in response to chemical reactions that occur on
the surface of the sensor. Changes in body temperature are likely to affect the
reaction rate, causing a loss of accuracy as the sensor outputs more or less
current than it would at normal body temperature. The infusion of fluids
through a catheter in the immediate vicinity of the sensor can also cause
temperature-related errors if the infused fluids have a temperature different than
the body temperature. The sensors can also be affected by exposure to room
temperatures prior to insertion into the body. Depending on the location of the
biosensor and the configuration of the device in which the biosensor is located,
temperature changes may cause the current produced by the biosensor to change
for the same glucose concentration, thereby invalidating the calibration curves.
This may cause the accuracy of these biosensors to be unacceptable for clinical
use and perhaps unreliable for guiding therapy.

[0005] A prior solution addressing the temperature-dependency problem of
amperometric sensors includes withdrawing a sample of blood and measuring
the glucose level in an isolated static environment with constant temperature.

This solution, however, is not practical for use in an ICU, where time is of the
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essence. Another solution involves withdrawing a sample of blood across a
biosensor and recirculating the blood back to the patient. This solution adds
considerably to the complexity of the monitoring system and is difficult to
implement in practice, due to the limited number of patient access sites, which
are usually reserved for transfusions of blood and medicines. These solutions
do not compensate for the temperature changes but rather seek to avoid the
possibility of temperature changes.
[0006} Another solution involves using a separate temperature sensing
element, such as a thermistor or a silver trace or other device, having a
resistance that changes with temperature. However, the separate sensing
element adds complexity to the monitoring system, takes up additional space
within the catheter, and adds to the risk of infection, among other
disadvantages.
[0007] With an increasing trend toward using amperometric sensors in
health care and other industries, and especially in view of ongoing demand for
improvements in glucose monitoring, a need exists for a more practical solution
for temperature compensation in biosensor electrodes to provide reliable
measurements despite a change in surrounding temperature.

SUMMARY
[0008] A system and method for compensating for temperature-related
errors in an electrochemical sensor is provided. The system and method has
industrial and medical applications, particularly in instrumentation systems

employing amperometric sensors that are calibrated at a reference temperature

9540_1.DOC ECC-5848 PCT



WO 2009/055224 PCT/US2008/078535
-4 -

and are therefore susceptible to temperature-related errors. These amperometric
sensors output an electrical current proportional to an analyte concentration or
to another parameter of interest when an excitation voltage is applied to the
sensor at a level above a reaction-sustaining threshold such as an oxidation or
reduction threshold. The system and method are described primarily in the
context of an intravenous amperometric glucose sensor for use in emergency
medical procedures.

[0009] A method may include measuring current output from the sensor,
temporarily lowering sensor voltage to a first voltage level below the reaction-
sustaining threshold, measuring an offset current corresponding to the first
voltage level, adjusting sensor voltage to a second voltage level below the
reaction-sustaining threshold, measuring an offset current corresponding to the
second voltage level, calculating a difference between the offset currents,
deriving a temperature compensation value based in part on the difference, and
adding the temperature compensation value to the measured current output to
obtain an output value corrected for temperature. Deriving the iemperature
compensation value may include using a computer system to retrieve a value
from a lookup table stored in memory, or it may involve using a computer
system to execute an algorithm that calculates a value according to a formula
based on empirical data.

[0010] A system may compensate for temperature-related errors in an
amperometric sensor that outputs a signal current proportional to an analyte

concentration of interest, such as blood glucose concentration, when a voltage is
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applied to the sensor. The system may include a sensor having a working
electrode, a potentiostat circuit for adjusting voltage applied to the working
electrode, a processor coupled to a memory, and temperature compensation
software stored in the memory and executable by the processor, In response to
the processor executing the software, the potentiostat circuit temporarily lowers
the voltage of the working electrode below a reaction-sustaining threshold to
obtain a temperature compensation value for correcting sensor output when the
voltage of the working electrode is raised above the reaction-sustaining
threshold. The system may include a sensor control unit as an interface between
the potentiostat analog circuit and the processor digital circuit, and a display
unit for continuous display of corrected analyte concentration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1A and 1B are top views of intravenous electrochemical
sensors disposed on flex circuits for sensing an analyte and outputting a signal
that is correctable for temperature.

[0012] FIG. 2 is a graph illustrating current output from an amperometric
glucose sensor as a function of glucose concentration in a blood vessel, and the
effect on current output from temperature changes above and below a
calibration temperature.

[0013] FIG. 3 is a graph illustrating glucose sensor output current as a
function of temperature for different values of known glucose concentrations for

an amperometric glucose sensor,
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[0014] FIG. 4 shows a Clark Error Grid illustrating prior art glucose
measurements, without temperature compensation, in relation to known glucose
concentration values.
[0015] FIG. 5 is a block diagram of a system for monitoring and
compensating for temperature measurements in an electrochemical sensor.
[6016] FIG. 6 is a graph of current output vs. glucose concentration for
active and non-active working electrodes on a glucose sensor, showing offset
cutrent values at different levels of excitation voltage.
[0017] FIG. 7 is a flowchart illustrating process steps for deriving a
temperature-corrected value from the output of an electrochemical sensor.

DETAILED DESCRIPTION

10018] The invention discloses technology that compensates for
temperature-related errors in the output of electrochemical sensors. The
invention uses the response of the sensor itself to detect temperature, without
the need for separate temperature measuring devices. This advancement has
particular importance in sensing applications with spatial restrictions, such as
certain invasive medical procedures. For example, an amperometric sensor may
be used to monitor blood chemistry or other medical conditions in a patient.
The sensor may be mounted on a catheter and inserted into the patient
intravenously to allow for continuous monitoring of an analyte of interest.
During installation, the catheter is carefully maneuvered through a blood vessel

until it reaches a desired internal location. In a procedure such as this, there is
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little to no additional space available on the catheter for accommodating
ancillary devices such as temperature sensors.

[0019] One application of the invention is in a continuous analyte
monitoring system employing an amperometric sensor. Amperometric sensors
{e.g., enzyme electrodes) generate electrical current produced by a chemical
reaction of some medium that comes into contact with a substance such as an
enzyme that is located on the surface of the sensor. Typically, the sensor is
energized with an excitation voltage at a threshold level sufficient to sustain a
chemical reaction. Based on the sensor type, the amount of electrical current
generated by the sensor may determine a chemical concentration in the medium.
In one embodiment, the monitoring system may be a glucose monitoring system
and the amperometric sensor may be a glucose sensor. The glucose sensor may
include an enzyme electrode partially coated with the enzyme glucose oxidase.
[0020] When installed inside a patient intravenously via a catheter, the
glucose sensor may continually output an electrical signal indicative of blood
glucose level. The signal may be fed to a computerized monitoring system that
continuously or intermittently displays this information to an attending
physician or other health care provider. The monitoring system automatically
detects temperature by lowering the excitation voltage below the reaction-
sustaining threshold temporarily, to obtain readings from which temperature
may be derived. The monitoring system determines a correction factor to

compensate for a temperature-related error in the output of the sensor. The

9540_1. DOCECC-5848 PCT



WO 2009/055224 PCT/US2008/078535
-8-

monitoring system may raise sensor voltage back to a reaction-sustaining level
and may apply the correction factor to subsequent readings.
[0021] FIGS. 1A and 1B are top views of intravencus electrochemical
sensors 11 and 23 disposed on a substrate 13 (e.g., a flex circuit) for sensing an
analyte and outputting a signal that is correctable for temperature. Sensor 11
may be manufactured using flex circuit technology to miniaturize the sensor 11
for intravenous installation via a catheter. Sensor 11 may include a substrate
13, a reference electrode 15, a counter electrode 17, and a working electrode 19.
There may be more electrodes on sensor 11 depending on the application.
Electrical wires 21 provide power to the electrodes for sustaining an oxidation
or reduction reaction, and may also carry signal currents to a detection circuit in
the sensing system.
[0022] A sensing system derives, from the signal currents, a value indicative
of a parameter being measured by sensor 11. The parameter being measured
may be an analyte of interest that occurs in the medium to which sensor 11 is
exposed. For example, if sensor 11 is a glucose sensor immersed within the
bloodstream of a patient, the analyte of interest may be hydrogen peroxide,
formed from reaction of the glucose in the blood with glucose oxidase on the
sensor. In this embodiment, the amount of signal current produced by sensor 11
is proportional to the concentration of hydrogen peroxide, and thus also
proportional to the concentration of blood glucose.
[0023] The sensing system may include a potentiostat that regulates an

energization voltage applied to each of the electrodes 17 and 19. The
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cnergization voltages may change in response to control signals from a signal
processor in the sensing system. The potentiostat keeps the eleciric potential of
working electrode 19 (or counter electrode 17) constant in relation to reference
electrode 15 by detecting resistance, and varying current accordingly, so that the
desired potential is maintained. Control of electrode potential may be affected
by simple application of Ohm’s Law. In the same way, the potentiostat can
raise or lower the potential of working electrode 19 (or counter electrode 17) by
raising or lowering current according to the resistance detected or according to
commands from the processor.

{0024} Sensor 11 may work on an amperometric measurement principle
where working electrode 19 is held at a positive potential relative to counter
electrode 17 to sustain a chemical reaction. For a glucose sensor bearing a
glucose oxidase enzyme, the positive potential may be raised to a level
sufficient to sustain an oxidation reaction of hydrogen peroxide, which is the
result of a reaction of glucose with the glucose oxidase. Thus, working
electrode 19 functions as an anode and collects electrons produced on its surface
that result from the oxidation reaction. These electrons flow into working
electrode 19 as an electrical current. With working electrode 19 coated with
glucose oxidase, the oxidation of glucose produces a hydrogen peroxide
molecule for every molecule of glucose, when working electrode 19 is held at a
positive potential between about +450 mV and about +650 mV. The hydrogen
peroxide produced oxidizes at the surface of working electrode 19 according to

the equation:
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H,0; — 2H" + Oy + 2¢
)
[0025] The equation indicates that two electrons are produced for every
hydrogen peroxide molecule oxidized. Thus, under certain conditions, the
amount of electrical current is proportional to the hydrogen peroxide
concentration. Since one hydrogen peroxide molecule is produced for every
glucose molecule oxidized at working electrode 19, a linear relationship exists
between the blood glucose concentration and the resulting electrical current.
0026} In sensor 11, substrate 13 provides an insulated structure for
mounting the electrodes and membrane layers. Substrate 13 may be between
about 0.050 inches and about 0.060 inches wide and between about 1.0 inch and
about 2.0 inches long. The thickness of the membrane layers may vary between
about 0.5 microns and about 10 microns.
[0027] Electrical wires 21 may be coupled or soldered to conductive traces
formed on substrate 13 using flex circuit technology. For example, the traces
may be gold-plated copper. In one embodiment, sensor 11 may be designed so
that the flex circuit terminates to a tab that mates to a multi-pin connector, such
as a 3-pin, 1 mm pitch ZIF Molex connector. Such a connection facilitates
excitation of working electrode 19 and measurement of electrical current
signals, for example, using a potentiostat or other controller.
[0028] Electrodes 15, 17 and 19 may be applied to substrate 13 using a thick
film process and commercially available inks. In one embodiment, reference

electrode 15 may be made using a silver/silver chloride type material deposited
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or formed on substrate 13. Reference electrode 15 establishes a fixed potential
from which the potential of counter electrode 17 and working electrode 19 may
be established. The reference potential is Nernstian. For the silver/silver
chloride electrode, the reference potential is maintained by the following half-
reaction:
Ag® — Agt + €&
@

[0029] Counter electrode 17 may be constructed from conductive materials
such as platinum or graphite. These materials may be formulated as a
conductive ink for application to substrate 13 using a thick film process and
cured accordingly. Counter electrode 17 provides a working area for
conducting the majority of electrons produced from the chemical reaction back
to the blood solution or other reactant medium. Without counter electrode 17 in
the circuit, the majority of current might pass through reference electrode 15,
thereby reducing its service life. Counter electrode 17 may be formed with a
surface area greater than that of working electrode 19.

[0030] Working electrode 19 may be formed using platinum/graphite
materials similar to those used for forming counter electrode 17. In other
embodiments, working electrode 19 may be formed from other conductive
materials. Its operation has been described thus far as promoting anodic
oxidation of hydrogen peroxide at its surface. Other embodiments are possible,
for example, working electrode 19 may be held at a negative potential. In this

case, the electrical current produced at working electrode 19 may result from
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reduction of oxygen. In another embodiment, working electrode 19 is held or
maintained at a virtual ground and the voltage of counter electrode 17 is
adjusted.

[0031] In another embodiment shown in FIG. 1B, a sensor 23 may include a
second working electrode 25. Sensor 23 may be identical to sensor 11 in all
other respects. Second working electrode 25 may be identical in form to first
working electrode 19, except for the absence of an enzyme layer. In this case,
first working electrode 19 is the active electrode and second working electrode
25 is the inactive electrode. For example, if sensor 23 is configured as a
glucose sensor, first working electrode 19 may contain a glucose oxidase layer
for reacting with glucose to generate a signal current representing glucose
concentration. Second working electrode 25 generates a signal representing all
other sources of electric current not resulting from the chemical reaction. A
sensing system employing sensor 23 having first and second working electrodes
19 and 25 may then subtract the output of the second working electrode 25 from
the output of the first working electrode 19 to obtain a result attributable only to
the chemical reaction of interest. Amperometric sensors such as sensors 11 and
23 are typically calibrated at a specific temperature. For sensors intended for
intravenous use, the calibration temperature, Tcal, is typically chosen to be
normal human body temperature, 98.6°F or 37°C.

[0032] FIG. 2 is a graph illustrating current output from an amperometric
glucose sensor as a function of glucose concentration in a blood vessel, and the

effect on current output from temperature changes above and below a
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calibration temperature. As shown in the graph, the measurements obtained
from the sensors are somewhat dependent on the temperature of the
measurement environment. If the temperature surrounding the sensor changes
by -+/- AT, an error occurs in the measurement. This is because an increase in
temperature increases the slope of the curve, and a decrease in temperature
decreases the slope of the curve. If the slope increases (i.e. Tcal + AT), less
glucose is needed to yield a given amount of sensor output and hence, the
computed glucose concentration is lower than the actual glucose level. In
contrast, if the slope decreases (i.e. Tcal - AT), more glucose is needed to yield
a given amount of sensor output and so the computed glucose concentration is
higher than the actual glucose level. Hence, a change in temperature of the
surroundings provides an error in the computed glucose level.

[0033] FIG. 3 is a graph illustrating glucose sensor output current as a
function of temperature for different values of known glucose concentration.
Data from a glucose monitoring system was taken at four different glucose
concentrations over a temperature range of 32°C to 41°C. The current was
normalized to 1 at 37°C. As shown for the different glucose concentrations, an
increase in temperature increases the current measured from the sensor, thereby
providing an inaccurate measurement of the glucose level in the blood.

[0034]  The errors in the data of FIG. 3 are illustrated in the Clark Error grid
of FIG. 4. The grid shows how the glucose measurements, without temperature
compensation, compare to the true glucose concentration values. FIG. 4 shows

five zones: A, B, C, D, and E. Zone A represents clinically accurate
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measurements. Zone B represents measurements deviating from the reference
glucose level by more than 20%, which measurements would likely lead to
benign treatment or to no treatment at all. Zone C represents measurements
deviating from the reference glucose level by more than 20%, which
measurements would likely lead to unnecessary corrective treatment. Zone D
represents measurements that are potentially dangerous because they mask
abnormal glucose levels and as a result may prevent a physician from detecting
and treating blood glucose levels that are outside of a desired range. Zone E
represents measurements resulting in erroneous treatment.

[0035] The actual test measurements taken using glucose sensors over the
temperature range of 32°C to 41°C are plotted as vertical lines 41, 42, 43 and
44. As shown in the Clark Error grid, some of the error measurements are on
the borderline between Zone A and Zone B. This indicates that a certain
percentage of the measurements deviated from the reference by more than 20%.
Hence, when no temperature compensation is employed, a particular error
generated from this class of sensor may drift into a zone that would lead to
unnecessary treatment or prevent a necessary treatment.

[0036] FIG. 5 is a block diagram of a system 500 for monitoring and
compensating for temperature measurements in an electrochemical sensor.
System 500 may be implemented for continuous or intermitient monitoring of a
medium of interest, in any of a wide variety of industrial, medical, scientific,
and other applications and industries. System 500 may be used as a glucose

monitoring system for continuous intravenous measurement of blood glucose
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concentration in a human patient. System 500 may be implemented in
hardware, software and combinations thereof.

[0037] System 500 may include a sensor 50, a sensor control unit 52, a
computer system 54, and a display unit 56. Sensor 50 may be an amperometric
sensor having one or more working elecirodes (active or inactive) or may be
similar to sensors 11 and 23 previously described. Sensor 50 may be remote
from the rest of system 500, and may be coupled to sensor control unit 52 via a
cable assembly 51. Cable assembly 51 may include multiple conductors for
connecting sensor components to other electronic components within sensor
control unit 52. For example, cable assembly 51 may transmit an energization
voltage from sensor control unit 52 to sensor 50 and may transmit an electrical
current from sensor 50 to sensor control unit 52 that represents a parameter
being measured by sensor 50.

[0038] Sensor conirol unit 52 processes measurement signals received from
sensor 50 and outputs the processed signals to computer system 54 via
communication bus 56. In one embodiment, signals transmitted over
communication bus 56 include digital signals. In another embodiment,
communication bus 56 may be a USB cable. Sensor control unit 52 may
include internal electronic circuits for signal processing. A potentiostat circuit
53 may be included for controlling excitation voltage output to sensor 50, and
for receiving measurement signals from sensor 50. A signal converter module
55 may be included for processing analog inputs received from sensor 50. For

example, signal converter module 55 may include a lowpass filter, an analog-to-
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digital converter, and one or more amplifiers. A signal processing module 57
may be included for additional signal processing, for exarnple, to interface with
computer system 54.  Signal processing module 57 may include a
microprocessor or ASIC, digital-to-analog converter, clock, memory, power
supply, and other digital electronic components. Signal processing module 57
receives inputs from signal converter module 55 that represents the parameter
being measured by sensor 50 and may transmit this signal in digital form (7.e. as
a bit stream) via communication bus 56 to computer system 54.

[0039] Computer system 54 receives input from sensor 50 via sensor control
unit 52, and responsive to the input, may execute one or more algorithms for
temperature compensation. Computer system 54 may include a central
processor 58, memory 60, and sofiware loaded into memory 60. Central
processor 58 may be a microprocessor or a personal computer. Memory 60 is
coupled to central processor 58 and may be any computer-readable medium
known in the art. In addition to storing operating system software, and other
essential software needed for central processor 58 to operate, memory 60 also
includes one or more sofiware modules embodying a process for compensating
for temperature-related errors in measurements received from sensor 50. These
software modules may include a temperature compensation algorithm 61 and an
empirical data module 62.

[6040] Responsive to sensor input, ceniral processor 58 may execute
temperature compensation algorithm 61. When this program is executed,

central processor 58 transmits a calibration command to sensor control unit 52
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via communication bus 56. The purpose of the calibration command is to cause
potentiostat circuit 53 to temporarily reduce the energization voltage applied to
sensor 50 to a level below a reaction-sustaining threshold. When the calibration
command is issued, signal processing module 57 may convert the command,
using a digital-to-analog converter, to an analog signal, which may in turn be
filtered and/or amplified by signal converter module 355 for output to
potentiostat circuit 53.
[0041] The calibration command causes potentiostat circuit 53 to
temporarily lower the excitation voltage of sensor 50 to a first voltage level
below a reaction-sustaining threshold. For example, on an amperometric
glucose sensor bearing glucose oxidase and exposed to blood, the excitation
voltage may be temporarily lowered to a level below 450 mV to discourage the
oxidation of glucose. This may inhibit the production of hydrogen peroxide,

" and thus eliminate electrical current flow in sensor 50 that is attributable to the
reaction described in Eq. (1). In one embodiment, the first voltage level may be
on the order of 100 mV. Other embodiments are possible wherein the first
voltage level may be reduced to another value, for example, to a value on the
order of 10 mV or 1 mV. As expressed herein, voltage levels are understood to
represent absolute values from a reference voltage. The duration of the
temporary reduction in the excitation voltage may also vary, and may be on the
order of milliseconds, 10 mS, 100 mS, or seconds. The duration may vary

according to many factors, including the type of sensor, the response time of the
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sensor, the medium in which the sensor operates, and the processing speed of
the monitoring system.

[6042] According to temperature compensation algorithm 61, when sensor
excitation voltage is dropped to the first voltage level, central processor 58 may
read the resulting sensor output and store this value in memory as an offset
current. Central processor 58 may issue a sccond calibration command to
sensor control unit 52. The purpose of the second calibration command is to
cause potentiostat circuit 53 to temporarily reduce the energization voltage
applied to sensor 50 to a second voltage level below the reaction-sustaining
threshold that is different than the first voltage level. When the second
calibration command is issued, signal processing module 57 and signal
converter module 55 may modify and relay the command as before for output to
potentiostat circuit 53. In one embodiment, the second voltage level may be on
the order of 50 mV. Other values within the ranges postulated for the first
voltage level and its time duration may also be used for the second voliage
level. When sensor excitation voltage is adjusted to the second voltage level,
central processor 58 may read the resulting sensor output and store this value in
memory as another offset current.

[0043] When offset current values are obtained for at least two different
voltage levels, temperature compensation algorithm 61 may calculate a
difference between iwo offset currents. The offset current difference is
indicative of sensor temperature. Temperature compensation algorithm 61 may

derive a temperature compensation value based solely or in part on the
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difference or the slope (e.g., (i1-i2) / (v1-v2)). Temperature compensation
algorithm 61 may cross-reference the difference to a temperature compensation
value maintained in empirical data module 62, for example, by using a lookup
table. In another embodiment, temperature compensation algorithm 61 may
derive a temperature compensation value using a formula, for example, another
algorithm or subroutine provided as part of temperature compensation algorithm
61. The formula that is the basis of the subroutine may also be derived from
empirical data 62, which relates a difference in offset currents to a temperature
correction value.

[0044] Once the iemperature compensation value is derived, central
processor 58 may issue a command to potentiometer circuit 53 to restore the
sensor excitation voltage to its original level that was above the reaction-
sustaining threshold. Central processor 58 may receive an uncompensated
signal from sensor 50, and according to temperature compensation algorithm
61, add the temperature compensation value to the uncompensated signal to
obtain an analyte concentration value (ot other sensed parameter) that is now
corrected for temperature.

[0045] Computer system 54 may output to display unit 56 the temperature-
corrected value for the sensed parameter of interest obtained by central
processor 58 executing temperature compensation algorithm 61. Display unit
56 may be any visual computer display known in the art. Display unit 56 may
be local to computer system 54, or may be remote. In one embodiment, display

unit 56 and computer system 54 are an integral component. In another
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embodiment, display unit 56, computer system 54, and sensor control unit 52
arc an integral component. In medical applications, for example, providing a
glucose monitoring system in an ICU, ER or OR setting allows display unit 56
to be located within view of an attending physician to provide real-time (or
nearly real-time) information on a patient’s blood glicose level so that the
physician may be immediately apprised of information critical for urgent
treatment.

[0046] A user interface 63, such as a keyboard, mouse, or touch panel, may
be provided as an option. When provided, user interface 63 may wirelessly
connect to computer system 54, or directly to central computer 58, to allow for
user confrol over monitoring system operations, appearance of the display, data
entry, software installation, system diagnostics, sensor calibrations, network
downloading of software, and the like.

[0047] FIG. 6 is a graph of cutrent output vs. glucose concentration for
active and non-active working electrodes on a glucose sensor, showing offset
current values at different levels of excitation voltage. The graph reflects sensor
output currents based on an embodiment where there are two working
electrodes on the biosensor: a first working electrode Wel, which bears a
glucose oxidase enzyme, and a second working electrode We2, which is
identical to Wel except for the absence of the enzyme. The graph shows offset
current values Io(0), Io(1), and Io(2), each corresponding to a different levei of

excitation voltage applied to one of the working electrodes.
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[0048] When an excitation voltage greater than a threshold voltage Vth is
applied to Wel, sensor output as a function of glucose concentration is
generally linear, as indicated by the sloped line labeled Wel. This output is a
combination of a current produced by a chemical reaction, current produced by
a sensor configuration, and offset currents that are a function of temperature and
a source of error. When an excitation voltage greater than Vth is applied to
We2, however, sensor output is generally constant, as indicated by the
horizontal line labeled We2. This line represents the offset current Io(0). By
subtracting the offset Io(0) of sensor clectrode We2 from the output of sensor
electrode Wel, a glucose concentration value may be obtained that is not offset
by factors attributable to sensor configuration. However, the resulting signal is
still susceptible to temperature-related error.

[0049] When excitation voltage applied to either Wel or We2 is lowered to
a first voltage level V; that is below Vth, the sensor may output a first offset
current Io(1), as indicated in the graph. Offset current Io(1) may be logged in
memory by the central computer system. When the excitation voltage applied
to either Wel or We2 is lowered to a second voltage level V; that is below Vth,
such that V; # V,, the sensor may output a second offset current 1n(2), as
indicated in the graph. By calculating a difference between offset currents Io(1)
and Ip(2), the central computer system, executing the temperature compensation
algorithm 61, may determine a temperature compensation value that
corresponds to the calculated difference. The temperature compensation value

may then be added (or subtracted or scaled by this value) to the sensor output
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signal (Wel or Wel — We2) to obtain a final result that corrects for
temperature-related error.  The temperature compensation value may be a
scaling factor that is multiplied by the sensor output signal to obtain the final
result. The temperature compensation value may be an input to a n.on-linear
scaling function that produces a scaling factor that is multiplied by the sensor
output signal. Note that this technique may be applied to a sensor having either
one or two working electrodes.

[0050] Throughout the foregoing disclosure, various methods according to
the invention are described. Method 70, depicted in FIG. 7, is now expressly
described as a series of process steps for correcting temperature-related errors in
an electrochemical sensor. These process steps may collectively form an
algorithm such as a temperature compensation algorithm 61, and are capable of
being stored as software in a tangible computer-readable medium and executed
by a computer or processor.

[0051] Method 70 begins with block 71, in which an output current signal is
measured from an electrochemical sensor, e.g., an amperometric glucose sensor.
In block 72, excitation voltage of the sensor is lowered to a first voltage level
below a reaction-sustaining threshold. In block 73, a measurement is taken of
an offset current that corresponds fo the first voltage level. Once the value of
this offset current is obtained, it may be recorded or stored, prior to executing
block 74. In block 74, sensor excitation voltage is adjusted to a second voltage
Jevel below the reaction-sustaining threshold, such that the second voltage level

is different from the first voliage level. In block 75, an offset current
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corresponding to the second voltage level is obtained, and may be recorded or
stored.

[0052] The next two blocks may be implemented by a computer system or
processor coupled to the sensor. In block 76, a value is obtained as the
difference between the offset current corresponding to the first voltage level and
the offset current corresponding to the second voltage level. Once the
difference is obtained, block 77 may be performed. In block 77, a temperature
compensation value is derived based solely or in part on the difference obtained
in block 76. In one embodiment, the temperature compensation value may be
obtained using a lookup table. In another embodiment, the temperature
compensation value may be obtained by running an algorithm or subroutine that
computes the compensation value as a function of the offset currents according
to a formufa. In block 78, the temperature compensation value is added to the
measurement taken in the previous step to obtain a final value from the sensor
that is corrected for temperature.

[0053] The principles of the invention are to be interpreted broadly, and are
not limited to glucose sensors, enzyme electrodes, or to amperometric sensors in
general. Those skilled in the art will readily grasp that the invention may be
applied to other electrodes, sensors, and instrumentation systems that are
affected by temperature fluctuation. Accordingly, the terminology employed
throughout the disclosure should be read in an exemplary rather than a limiting
manner. Although minor modifications of the invention will occur to those well

versed in the art, it shall be understood that what is intended to be circumscribed
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within the scope of the patent warranted hereon are all such embodiments that
reasonably fall within the scope of the advancement to the art hereby
contributed, and that that scope shall not be restricted, except in light of the

appended claims and their equivalents.
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CLAIMS
1. A method of compensating for temperature-related etrors in an

electrochemical sensor that outputs a current proportional to an analyte
concentration when a voltage is applied to the sensor, the method comprising:

measuring current output from the sensor;

lowering sensor voltage to a first voltage level below a reaction-
sustaining threshold;

measuring an offset current corresponding to the first voltage
level;

adjusting sensor voltage to a second voltage level below the
reaction-sustaining threshoid;

measuting an offset current corresponding to the second voltage
level;

calculating a difference between the offset currents;

deriving a temperature compensation value based in part on the
difference; and

adding the temperature compensation vajue to the measured

current output to obtain an analyte concentration corrected for temperature.

2. The method of claim 1 wherein the sensor voltage is applied to a

counter electrode or a working electrode on the electrochemical sensor.

9540 1.DOC ECC-5848 PCT



WO 2009/055224 PCT/US2008/078535

-6 -

3. The method of claim 1 wherein the sensor comprises a glucose
Sensor.

4. The method of claim 3 wherein the glucose sensor includes
glucose oxidase.

5. The method of claim 1 wherein the sensor comprises first and
second working electrodes.

6. The method of claim 5 wherein the first working electrode

comprises glucose oxidase and the second working electrode comprises a

reference electrode.

7. The method of claim 1 wherein the reaction-sustaining threshold

is a reduction threshold or an oxidation threshold.

8. The method of claim 1 further comprising displaying a value

representing the temperature-corrected analyte concentration.

0. A system for compensating for temperature-related errors in an
electrochemical sensor that outputs a current proportional to an analyte
concentration when a voltage is applied to the sensor, comprising:

a sensor having a working electrode;
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a potentiostat for adjusting voltage applied to the working
electrode;

a processor coupled to memory; and

temperature compensation software stored in the memory and
executable by the processor, wherein responsive to the processor executing the
software, the potentiostat temporarily lowers the voltage of the working
electrode below a reaction-sustaining threshold to obtain a temperature
compensation value for correcting sensor output when the voltage of the
working electrode is raised above the reaction-sustaining threshold.

10.  The system of claim 9 wherein the sensor comprises a glucose

sensor.

11.  The system of claim 10 wherein the glucose sensor includes

glucose oxidase.
12.  The system of claim 9 further comprising a display coupled to
the processor for displaying analyte concentration corrected according to the

temperature compensation value.

13. The system of claim 9 wherein the reaction-sustaining threshold

is a reduction threshold or an oxidation threshold.
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14.  The system of claim 13 wherein the temperature compensation

value is based in part on a difference in offset currents, each offset current

measured at a different one of the voltage levels below the oxidation threshold.

15. The system of claim 9 wherein the temperature compensation
value is based on sensor response to voltages applied to the working electrode at

different levels below the reaction-sustaining threshoid.

16.  The system of claim 9 wherein the potentiostat temporarily drops

the voltage of the working electrode below a reaction-sustaining threshold.

17.  An apparatus for monitoring and compensating for temperature

of an electrochemical sensor, comprising:

a sensor having a working electrode covered with a glucose
oxidase enzyme; and

a processor configured to transmit a first energization voltage
that is below a reaction-sustaining threshold to the sensor, receive a first current
value representing a temperature parameter measured by the sensor, determine a
temperature compensation value based on the first current value, transmit a
second energization voltage that is above the reaction-sustaining threshold to

the sensor, and receive a second current value representing a sensor output.
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18. The apparatus of claim 17 wherein the reaction-sustaining
threshold is about 450 millivolts.
19.  The apparatus of claim 17 wherein the temperature compensation

value is determined by calculating a difference between two offset currents.

20.  The apparatus of claim 17 wherein the sensor output is adjusted

using the temperature compensation value.

21. An apparatus for compensating for femperature of an
electrochemical sensor, comprising:
a flexible substrate; and
an electrochemical sensor formed on the flexible substrate for
sensing an analyte and outputting a signal that is used for compensating for
temperature, wherein the analyte is hydrogen peroxide and the electrochemical

sensor is coated with a glucose oxidase enzyme.

22.  The apparatus of claim 21 further comprising a monitoring
device that reduces an excitation voltage of the electrochemicai sensor below a

reaction-sustaining threshold to obtain a temperature parameter.

23.  The apparatus of claim 21 wherein the electrochemical sensor

has a reference electrode, a counter electrode, and a working electrode, the
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working electrode is maintained at a positive potential relative to the counter

electrode to sustain a chemical reaction.

24.  The apparatus of claim 21 further comprising a processor
configured to iransmit a signal to energize the electrochemical sensor with an

excitation voltage at a threshold level sufficient to sustain the chemical reaction.

25. A method for monitoring and compensating for temperature of

an electrochemical sensor, comprising:

transmitting a first energization voltage that is below a reaction-
sustaining threshold to the sensor;

receiving a first current value representing a temperature
parameter measured by the sensor;

determining a temperature compensation value based on the first
current value;

transmitting a second energization voltage that is above the
reaction-sustaining threshold to the sensor; and

receiving a second current value representing a sensor output.
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