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Description

FIELD OF THE INVENTION

[0001] Embodiments of this invention provide methods and systems for determining the state of sensors, for example
the sufficiency of hydration of a glucose sensor during its initial use.

DESCRIPTION OF RELATED ART

[0002] In many medical conditions medical personnel gain valuable information by monitoring the readings of physi-
ological conditions within a patient’s body. For example, many patients suffering from diabetes typically monitor their
blood glucose levels on a continuing basis. Typically, diabetics can measure their blood glucose (BG) using a BG
measurement device, such as a test strip meter, a continuous glucose measurement system, or a hospital hemacue.
BG measurement devices use various methods to measure the BG level of a patient, such as a sample of the patient’s
blood, a sensor in contact with a bodily fluid, an optical sensor, an enzymatic sensor, or a fluorescent sensor.

[0003] Current continuous glucose measurement systems include subcutaneous (or short-term) sensors and implant-
able (or long-term) sensors. For each of the short-term sensors and the long-term sensors, a patient has to wait a certain
amountoftime in order for the continuous glucose sensor to stabilize and to provide accurate readings. In many continuous
glucose sensors, the subject must wait three hours for the continuous glucose sensor to stabilize before any glucose
measurements are utilized. This is an inconvenience for the patient and in some cases may cause the patient not to
utilize a continuous glucose measurement system.

[0004] Further, when a sensor such as a glucose sensor is implanted in a patient, started up and then used to monitor
glucose, the glucose sensor may not operate in a stable state. For example, the electrical readings from the sensor,
which optimally are directly correlated to the glucose level of the patient, can nonetheless vary and are subject to factors
which confound sensor readings, for example erroneous reading that can result from phenomena such as sensor de-
hydration, sensor noise, sensor drift and the like.

[0005] It is known from document US 2007/0299617 to monitor and adjust for degradations in the sensitivity of in vivo
sensors caused by biofouling. Voltage pulses are applied to an electrode and the resulting current monitored. The current
rapidly peaks to a maximum, then decays initially linearly. The slope of the linear decay is monitored and change
interpreted as degradation due to biofouling.

BRIEF SUMMARY OF THE INVENTION

[0006] The invention provides according to a first aspect a method of observing the state of a sensor as defined in
claim 1 below. According to a second aspect the invention provides a sensor system as defined in claim 7. Dependent
claims define optional features of these aspects respectively.

[0007] Embodiments of the invention disclosed herein include methods and materials for observing and characterizing
the state of a sensor for example a glucose sensor used by a diabetic patient. lllustrative embodiments of the invention
include a sensor system having a plurality of electrodes and a sensor electronics device which includes a connection
device, a power source, an electrical circuit and a microcontroller. The electrical circuit may be used in methods that
characterize the state of sensor elements, for example whether one or more electrodes in the sensor is hydrated and/or
operating within a range of predetermined functional parameters.

[0008] Disclosed is a method of observing a state of a sensor having a plurality of electrodes, the method comprising
applying voltage to the sensor, observing a peak instantaneous electrical current of the sensor, and observing a total
current of the sensor over a period of time for a predetermined frequency so that the state of the sensor is observed.
Such methods can be used to observe a number of measurable and/or quantifiable sensor characteristics. For example,
observations of the peak instantaneous electrical current and/or the total current in the sensor over a period of time for
a predetermined frequency can be used to estimate sensor impedance magnitude and/or sensor capacitance. Typically
such observations on the states or characteristics of a sensor are used to obtain information associated with sensor
operationinvivo, forexample the presence or levels of sensor hydration, sensor noise, sensor offset, sensor drift or the like.
[0009] There are a variety of ways in which observations on the state or characteristics of a sensor can be obtained.
For example, certain embodiments of the invention are designed to estimate a state of sensor capacitance, wherein an
estimate of sensor capacitance comprises a voltage step analysis using a mathematical formula:

n<dt

> dl*t,,,

(:z n=1
av
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In this formula, C comprises capacitance, V comprises voltage, dV comprises a controlled voltage step, dt comprises a
length of time for analysis, ts,,, comprises a length of time between samples, and dl comprises a change in current.
[0010] A variety of different methodological steps to observe sensor characteristics can be used. In embodiments of
the invention this comprises applying voltage pulses to the sensor. The method comprises observing the maximum
current value (counts /second) during the initial 2 seconds in response to a voltage pulse applied to the sensor, and then
comparing the maximum current value to a predetermined test value. The methods may comprise methodological steps
such as applying a plurality of voltages to the sensor and/or observing current in the sensor over multiple periods of time
and/or observing current in the sensor over multiple frequencies. Some embodiments of the invention may be used in
manufacturing processes, for example to examine the uniformity of a lot of sensors manufactured according to a specific
process (e.g. by performing the methods on a plurality of sensors; and then comparing the information so obtained on
the state of the plurality of sensors).

[0011] Embodiments of the invention can be adapted for use with a wide variety of electrochemical sensors such as
glucose sensors that comprise glucose oxidase. In one described arrangements, the glucose sensor comprises a base
layer, at least three working electrodes disposed on the base layer, a glucose oxidase layer disposed upon the working
electrodes, an analyte modulating layer disposed on the glucose oxidase layer, wherein the analyte modulating layer
comprises a hydrogel composition, and an adhesion promoting layer disposed between the glucose oxidase layer and
the analyte modulating layer. In other arrangements the sensor comprise a plurality of working electrodes and/or counter
electrodes and/or reference electrodes (e.g. 3 working electrodes, a reference electrode and a counter electrode), in
order to, for example, provide redundant sensing capabilities. Optionally, the plurality of working, counter and reference
electrodes are configured together as a unit and positionally distributed on the conductive layer in a repeating pattern
of units.

[0012] Embodiment of the second aspect of the invention include sensor systems such as those comprising an im-
plantable sensor having a plurality of electrodes and a sensor electronics device that is operably connected to the sensor.
The sensor electronics device includes a connection detection device to determine if the sensor electronics device is
connected to the sensor and to transmit a connection signal, a power source to supply a regulated voltage, and a
microprocessor. Also provided in such a system is a computer-readable program code having instructions, which when
executed may cause the microprocessor to repeatedly apply a voltage to the sensor and then record data on a peak
instantaneous electrical current of the sensor in response to the applied voltage as well as record data on a total current
of the sensor over a period of time for a predetermined frequency in response to the applied voltage. The system may
further comprises a monitor for displaying the data recorded by the microprocessor, wherein the data displayed on the
monitor provides information on sensor hydration, sensor noise, sensor offset, sensor drift or the like. Optionally in such
systems, the implantable sensor is a glucose sensor comprising a base layer, at least three working electrodes disposed
on the base layer, a glucose oxidase layer disposed upon the working electrodes, an analyte modulating layer disposed
on the glucose oxidase layer; and an adhesion promoting layer disposed between the glucose oxidase layer and the
analyte modulating layer. Typically the sensor is implantable in tissue selected from the group consisting of subcutaneous,
dermal, sub-dermal, intra- peritoneal, and peritoneal tissue.

[0013] Yet another embodiment of the invention is a program code storage device comprising a computer-readable
medium, a computer-readable program code, stored on the computer-readable medium, the computer-readable program
code having instructions, which when executed cause a controller to initiate a series of voltage pulses to be applied to
a sensor comprising a plurality of electrodes; and receive a signal from a detection circuit, the signal indicating a peak
instantaneous electrical current of the sensor in response to the applied voltage pulses; and a total current of the sensor
over a period of time for a predetermined frequency in response to the applied voltage pulses.

[0014] Theprogram code storage device includes instructions, which when executed causes the controller to determine
the maximum current value (counts /second) during the initial 2 seconds in response to a voltage pulse applied to the
sensor, and then compare the maximum current value so determined to a predetermined range of values. In certain
embodiments of the invention, the program code storage device includes instructions, which when executed causes the
controller to then enable the sensor to measure a physiological characteristic of a patient when the maximum current
value is within the predetermined range of values.

[0015] Other objects, features and advantages of the present invention will become apparent to those skilled in the
art from the following detailed description. It is to be understood, however, that the detailed description and specific
examples, while indicating some embodiments of the present invention are given by way of illustration and not limitation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] A detailed description follows making reference to the accompanying drawings, wherein like numerals designate
corresponding parts in the figures.

FIG. 1is a perspective view of a subcutaneous sensor insertion set and block diagram of a sensor electronics device.
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FIG. 2 (a)illustrates a substrate having two sides, a first side which contains an electrode configuration and a second
side which contains electronic circuitry. FIG. 2(b) illustrates a general block diagram of an electronic circuit for
sensing an output of a sensor.

FIG. 3 illustrates a block diagram of a sensor electronics device and a sensor including a plurality of electrodes.
FIG. 4 illustrates an alternative arrangement including a sensor and a sensor electronics device according to an
embodiment of the present invention.

FIG. 5 illustrates an electronic block diagram of the sensor electrodes and a voltage being applied to the sensor
electrodes.

FIG. 6A-6D provide graphs of sensor profiles under various conditions in vitro.

FIG. 7 provides a graph illustrating a 24-hour EIS sampling, SITS.

FIG. 8 provides a graph illustrating a transient 10mV voltage pulse.

FIG. 9 provides a graph illustrating a current response, 10 mV pulse in SITS.

FIG. 10 provides a graph illustrating capacitance, 10mV step, SITS.

FIG. 11 provides a graph illustrating current response estimation of complex impedance.

FIG. 12 provides a flow chart illustrating a proposed diagnostic/time limit feedback loop.

FIG. 13 provides a schematic of customized firmware executing a diagnostic test multiple times.

FIG. 14 provides a schematic of data storage for each diagnostic step.

FIGS. 15A and 15B provide graphs illustrating current/capacitance profiles of a hydrated sensor over time.

FIG. 16A and 16B provide graphs illustrating current/capacitance profiles of "sleepy" sensors (e.g. those having
hydration issues).

FIG. 17A and 17B provide graphs illustrating a current/capacitance profile from intentional reinitialization.

FIG. 18 provides a figurative representation of the theory behind determination of sensor offset. In this figure, V =
Potential (Voltage); | = Current (Amp); t = time; I(V) = function for current vs. voltage, using constants k and b based
on the linear regression of 4 current-voltage pairs. Vo = stable-state voltage (in our system, 535mV); lo = stable-
state Isig (assume glucose concentration is stable, whatever currentis when V = Vo); dV = voltage jump (i.e. 10mV);
dt = time between voltage jumps (i.e. 10sec); Offset = the current offset inherent in the system. Offset = I(V) - I,.
Lowercase v and i are representative of paired times for voltage and corresponding current. A relatively long dt time
can be used to confirm current that matches relatively closely with the stable-state current value for that potential.
The current is typically not sampled over the entire dtf time, (e.g. and instead just the last 1-2 seconds).

FIG. 19 illustrates where a current step is used to estimate the impedance modeled as a series R-C. As with the
voltage step embodiments disclosed herein, this embodiment considers the basic relationships V=IR for the resistive
portion of the impedance and either C=Q/V or |=C*dV/dt for the capacitive portion. In one illustrative way to practice
such current step is to start with the normally applied stable-state voltage, Vbase (535 mV, for example). In this
context, the system can measure the stable-state current, Ibase, under normal operating conditions. Then, the
system can switch from forcing voltage to forcing current, using the Ibase measured previously. Then, the current
can be stepped to a new value, Ibase + deltal. This will initially cause a voltage step, delta V, due to resistance.
With a plurality of such steps, a voltage slope can then be obtained, dV/dt (dV is not the same as the initial deltaV
step), one related to the charging of the capacitance by the deltal. The resistance can then be calculated by R=del-
taV/deltal, and the capacitance by C=deltal/(dV/dt).

DETAILED DESCRIPTION OF THE INVENTION

[0017] Unless otherwise defined, all terms of art, notations and other scientific terms or terminology used herein are
intended to have the meanings commonly understood by those of skill in the art to which this invention pertains. In some
cases, terms with commonly understood meanings are defined herein for clarity and/or for ready reference, and the
inclusion of such definitions herein should not necessarily be construed to represent a substantial difference over what
is generally understood in the art. Many of the techniques and procedures described or referenced herein are well
understood and commonly employed using conventional methodology by those skilled in the art. As appropriate, pro-
cedures involving the use of commercially available kits and reagents are generally carried out in accordance with
manufacturer defined protocols and/or parameters unless otherwise noted. A number of terms are defined below.
[0018] Publications cited herein are cited for their disclosure prior to the filing date of the present application. Nothing
here is to be construed as an admission that the inventors are not entitled to antedate the publications by virtue of an
earlier priority date or prior date of invention. Further the actual publication dates may be different from those shown
and require independent verification.

[0019] Before the present compositions and methods etc. are described, it is to be understood that this invention is
not limited to the particular methodology, protocol and reagent described as such may, of course, vary. It is also to be
understood that the terminology used herein is for the purpose of describing particular embodiments only, and is not
intended to limit the scope of the present invention which will be limited only by the appended claims.
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[0020] It mustbe noted that as used herein and in the appended claims, the singular forms "a", "and", and "the" include
plural referents unless the context clearly dictates otherwise. Thus, for example, reference to "a voltage", "a time",
" frequency" includes a plurality of such and equivalents thereof known to those skilled in the art, and so forth. All numbers
recited in the specification and associated claims that refer to values that can be numerically characterized with a value
other than a whole number (e.g. the concentration of a compound in a solution) are understood to be modified by the
term "about".

[0021] Theterm "analyte" as used herein is a broad term and is used in its ordinary sense, including, without limitation,
to refer to a substance or chemical constituent in a fluid such as a biological fluid (for example, blood, interstitial fluid,
cerebral spinal fluid, lymph fluid or urine) that can be analyzed. Analytes can include naturally occurring substances,
artificial substances, metabolites, and/or reaction products. In some embodiments, the analyte for measurement by the
sensing regions, devices, and methods is glucose. However, other analytes are contemplated as well, including but not
limited to, lactate. Salts, sugars, protein fats, vitamins and hormones naturally occurring in blood or interstitial fluids can
constitute analytes in certain embodiments. The analyte can be naturally present in the biological fluid or endogenous;
for example, a metabolic product, a hormone, an antigen, an antibody, and the like. Alternatively, the analyte can be
introduced into the body or exogenous, for example, a contrast agent for imaging, a radioisotope, a chemical agent, a
fluorocarbon-based synthetic blood, or a drug or pharmaceutical composition, including but not limited to insulin. The
metabolic products of drugs and pharmaceutical compositions are also contemplated analytes.

[0022] In the following description, reference is made to the accompanying drawings which form a part hereof and
which illustrate several embodiments of the present inventions. It is understood that other embodiments may be utilized
and structural and operational changes may be made without departing from the scope of the present inventions.
[0023] Determining the state of a sensor such as an electrochemical glucose sensor has traditionally been performed
by using a standard timer function. However, there is an increasing need to limit the use of the sensor to a specified
duration to avoid problems associated with off-label use. Such problems can be addressed by using a voltage pulse to
solicit a current response, in which complex impedance values are derived. These then impedance values provide an
indicator of the sensor’s state (pre vs. post initialization). This can then limit the use of a commercial sensor to its
regulatory agency approved labeling standard (e.g. 3 or 6 days). Analyzing electrochemical properties of a sensor can
determine its overall health (i.e. operability parameters). Applications include for example: optimizing sensor startup
and/or to prevent the use of old sensors; the prevention of a startup/initialization sequence for non-hydrated and/or
incompletely hydrated sensors; to indicate when sensors begin to provide bad data (e.g. bad data that results from noise,
drift and the like.); and to provide corrective measures to changes in the state of the sensor (e.g. adjusting for drift or
changes in sensor offset).

[0024] Without being bound by a specific scientific theory, evidence indicates that a sensor operating for example in
vivo undergoes changes in impedance. As impedance can be difficult to determine using conventional methods, an
analogue test for the GST(R) can be useful in a variety of situations. Observing: (1) capacitance to estimate the imaginary
component of complex impedance; and (2) current response because for example a different current with same voltage
in a sensor provides evidence that some parameter of sensor function has changed. In one typical capacitance estimation,
the sum of counts over sample time provides an indication of sensor charge capacity. The current analysis can then for
example analyze changes in counts/sec given a specific voltage (e.g. 10mV). In this context, these factors can be used
to provide an analogue for impedance magnitude and are further helpful in determining noise level as well. In this way,
current and capacitive analysis is combined to provide a simple and elegant way to diagnose sensor health.

[0025] The description below makes reference to flowchart illustrations of methods, apparatus, and computer program
products. It will be understood that each block of the flowchart illustrations, and combinations of blocks in the flowchart
illustrations, can be implemented by computer program instructions (as can any menu screens described in the Figures).
These computer program instructions may be loaded onto a computer or other programmable data processing apparatus
(such as a controller, microcontroller, microprocessor or the like) in a sensor electronics device to produce a machine,
such that the instructions which execute on the computer or other programmable data processing apparatus create
instructions for implementing the functions specified in the flowchart block or blocks. These computer program instructions
may also be stored in a computer-readable memory that can direct a computer or other programmable data processing
apparatus to function in a particular manner, such that the instructions stored in the computer-readable memory produce
an article of manufacture including instructions which implement the function specified in the flowchart block or blocks.
The computer program instructions may also be loaded onto a computer or other programmable data processing appa-
ratus to cause a series of operational steps to be performed on the computer or other programmable apparatus to
produce a computer implemented process such that the instructions which execute on the computer or other program-
mable apparatus provide steps for implementing the functions specified in the flowchart block or blocks, and /or menus
presented herein.

[0026] Fig. 1is a perspective view of a subcutaneous sensor insertion set and a block diagram of a sensor electronics
device that can embody the invention. As illustrated in Fig. 1, a subcutaneous sensor set 10 is provided for subcutaneous
placement of an active portion of a flexible sensor 12 (see FIG. 2), or the like, at a selected site in the body of a user.
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The subcutaneous or percutaneous portion of the sensor set 10 includes a hollow, slotted insertion needle 14, and a
cannula 16. The needle 14 is used to facilitate quick and easy subcutaneous placement of the cannula 16 at the
subcutaneous insertion site. Inside the cannula 16 is a sensing portion 18 of the sensor 12 to expose one or more sensor
electrodes 20 to the user’s bodily fluids through a window 22 formed in the cannula 16. The one or more sensor electrodes
20 may include a counter electrode, a working electrode, and a reference electrode. Further still, the sensor may comprise
a plurality of working electrodes and/or counter electrodes and/or reference electrodes (e.g. 3 working electrodes, a
reference electrode and a counter electrode), in order to, for example, provide redundant sensing capabilities. Optionally,
the plurality of working, counter and reference electrodes are configured together as a unit and positionally distributed
on the conductive layer in a repeating pattern of units. After insertion of the sensor, the insertion needle 14 is withdrawn
to leave the cannula 16 with the sensing portion 18 and the sensor electrodes 20 in place at the selected insertion site.
[0027] The subcutaneous sensor set 10 described, facilitates accurate placement of a flexible thin film electrochemical
sensor 12 of the type used for monitoring specific blood parameters (i.e. measurable and/or quantifiable characteristics)
representative of a user’s condition. The sensor 12 monitors glucose levels in the body, and may be used in conjunction
with automated or semi- automated medication infusion pumps of the external or implantable type as described in U.S.
Pat. Nos. 4,562,751; 4,678,408; 4,685,903 or 4,573,994, to control delivery of insulin to a diabetic patient.

[0028] The flexible electrochemical sensor 12 are constructed in accordance with thin film mask techniques to include
elongated thin film conductors embedded or encased between layers of a selected insulative material such as polyimide
film or sheet, and membranes. The sensor electrodes 20 at a tip end of the sensing portion 18 are exposed through one
of the insulative layers for direct contact with patient blood or other body fluids, when the sensing portion 18 (or active
portion) of the sensor 12 is subcutaneously placed at an insertion site. The sensing portion 18 is joined to a connection
portion 24 that terminates in conductive contact pads, or the like, which are also exposed through one of the insulative
layers.

[0029] As is known in the art, the connection portion 24 and the contact pads are generally adapted for a direct wired
electrical connection to a suitable monitor or sensor electronics device 100 for monitoring a user’s condition in response
to signals derived from the sensor electrodes 20. Further description of flexible thin film sensors of this general type are
be found in U.S. Pat. No. 5,391,250, entitted METHOD OF FABRICATING THIN FILM SENSORS. The connection
portion 24 may be conveniently connected electrically to the monitor or sensor electronics device 100 or by a connector
block 28 (or the like) as shown and described in U.S. Pat. No. 5,482,473, entitled FLEX CIRCUIT CONNECTOR. Thus,
subcutaneous sensor sets 10 may be configured or formed to work with either a wired or a wireless characteristic monitor
system.

[0030] The sensor electrodes 10 may be used in a variety of sensing applications and may be configured in a variety
of ways. For example, the sensor electrodes 10 may be used in physiological parameter sensing applications in which
some type of biomolecule is used as a catalytic agent. For example, the sensor electrodes 10 may be used in a glucose
and oxygen sensor having a glucose oxidase enzyme catalyzing a reaction with the sensor electrodes 20. The sensor
electrodes 10, along with a biomolecule or some other catalytic agent, may be placed in a human body in a vascular or
non-vascular environment. For example, the sensor electrodes 20 and biomolecule may be placed in a vein and be
subjected to a blood stream, or may be placed in a subcutaneous or peritoneal region of the human body.

[0031] The monitor 100 may also be referred to as a sensor electronics device 100. The monitor 100 may include a
power source 110, a sensor interface 122, processing electronics 124, and data formatting electronics 128. The monitor
100 may be coupled to the sensor set 10 by a cable 102 through a connector that is electrically coupled to the connector
block 28 of the connection portion 24. In an alternative embodiment, the cable may be omitted. Here, the monitor 100
may include an appropriate connector for direct connection to the connection portion 104 of the sensor set 10. The
sensor set 10 may be modified to have the connector portion 104 positioned at a different location, e.g., on top of the
sensor set to facilitate placement of the monitor 100 over the sensor set.

[0032] In certain arrangments, the sensor interface 122, the processing electronics 124, and the data formatting
electronics 128 are formed as separate semiconductor chips, however the various semiconductor chips may be combined
into a single or multiple customized semiconductor chips. The sensor interface 122 connects with the cable 102 that is
connected with the sensor set 10.

[0033] The power source 110 may be a battery. The battery can include three series silver oxide 357 battery cells. In
alternative embodiments, different battery chemistries may be utilized, such as lithium based chemistries, alkaline bat-
teries, nickel metalhydride, or the like, and different number of batteries may used. The monitor 100 provides power,
through the power source 110, provides power, through the cable 102 and cable connector 104 to the sensor set. This
power may be a voltage provided to the sensor set 10. This power may be a current provided to the sensor set 10. Power
may be a voltage provided at a specific voltage to the sensor set 10.

[0034] FIGS. 2 (a) and 2(b) illustrates an implantable sensor and electronics for driving the implantable sensor which
may embody the present invention. Fig. 2 (a) shows a substrate 220 having two sides, a first side 222 of which contains
an electrode configuration and a second side 224 of which contains electronic circuitry. As may be seen in FIG. 2 (a),
a first side 222 of the substrate comprises two counter electrode-working electrode pairs 240, 242, 244, 246 on opposite



10

15

20

25

30

35

40

45

50

55

EP 2 959 829 B1

sides of a reference electrode 248. A second side 224 of the substrate comprises electronic circuitry. As shown, the
electronic circuitry may be enclosed in a hermetically sealed casing 226, providing a protective housing for the electronic
circuitry. This allows the sensor substrate 220 to be inserted into a vascular environment or other environment, which
may subject the electronic circuitry to fluids. By sealing the electronic circuitry in a hermetically sealed casing 226, the
electronic circuitry may operate without risk of short circuiting by the surrounding fluids. Also shown in FIG. 2 (a) are
pads 228 to which the input and output lines of the electronic circuitry may be connected. The electronic circuitry itself
may be fabricated in a variety of ways. The electronic circuitry may be fabricated as an integrated circuit using techniques
common in the industry.

[0035] Fig. 2(b)illustrates a general block diagram of an electronic circuit for sensing an output of a sensor which may
embody the present invention. At least one pair of sensor electrodes 310 may interface to a data converter 312, the
output of which may interface to a counter 314. The counter 314 may be controlled by control logic 316. The output of
the counter 314 may connect to a line interface 318. The line interface 318 may be connected to input and output lines
320 and may also connect to the control logic 316. The input and output lines 320 may also be connected to a power
rectifier 322.

[0036] The sensor electrodes 310 may be used in a variety of sensing applications and may be configured in a variety
of ways. For example, the sensor electrodes 310 may be used in physiological parameter sensing applications in which
some type of biomolecule is used as a catalytic agent. For example, the sensor electrodes 310 may be used in a glucose
and oxygen sensor having a glucose oxidase enzyme catalyzing a reaction with the sensor electrodes 310. The sensor
electrodes 310, along with a biomolecule or some other catalytic agent, may be placed in a human body in a vascular
or non-vascular environment. For example, the sensor electrodes 310 and biomolecule may be placed in a vein and be
subjected to a blood stream.

[0037] FIG. 3illustrates a block diagram of a sensor electronics device and a sensor including a plurality of electrodes
as may embody of the invention. The sensor set or system 350 includes a sensor 355 and a sensor electronics device
360. The sensor 355 includes a counter electrode 365, a reference electrode 370, and a working electrode 375. The
sensor electronics device 360 includes a power supply 380, a regulator 385, a signal processor 390, a measurement
processor 395, and a display / transmission module 397. The power supply 380 provides power (in the form of either a
voltage, a current, or a voltage including a current) to the regulator 385. The regulator 385 transmits a regulated voltage
to the sensor 355. In certain arrangements, the regulator 385 transmits a voltage to the counter electrode 365 of the
sensor 355.

[0038] The sensor 355 creates a sensor signal indicative of a concentration of a physiological characteristic being
measured. For example, the sensor signal may be indicative of a blood glucose reading. In those arrangements utilizing
subcutaneous sensors, the sensor signal may represent a level of hydrogen peroxide in a subject. Where blood or cranial
sensors are utilized, the amount of oxygen is being measured by the sensor and is represented by the sensor signal.
Where implantable or long-term sensors are utilized, the sensor signal may represent a level of oxygen in the subject.
The sensor signal is measured at the working electrode 375. The sensor signal may be a current measured at the
working electrode. The sensor signal may be a voltage measured at the working electrode.

[0039] The signal processor 390 receives the sensor signal (e.g., a measured current or voltage) after the sensor
signal is measured at the sensor 355 (e.g., the working electrode). The signal processor 390 processes the sensor signal
and generates a processed sensor signal. The measurement processor 395 receives the processed sensor signal and
calibrates the processed sensor signal utilizing reference values. In an embodiment of the invention, the reference values
are stored in a reference memory and provided to the measurement processor 395. The measurement processor 395
generates sensor measurements. The sensor measurements may be stored in a measurement memory (not pictured).
The sensor measurements may be sent to a display / transmission device to be either displayed on a display in a housing
with the sensor electronics or to be transmitted to an external device.

[0040] The sensor electronics device 350 may be a monitor which includes a display to display physiological charac-
teristics readings. The sensor electronics device 350 may also be installed in a desktop computer, a pager, a television
including communications capabilities, a laptop computer, a server, a network computer, a personal digital assistant
(PDA), a portable telephone including computer functions, an infusion pump including a display, a glucose sensor
including a display, and or a combination infusion pump / glucose sensor. The sensor electronics device 350 may be
housed in a blackberry, a network device, a home network device, or an appliance connected to a home network.
[0041] Fig. 4 illustrates an arrangement including a sensor and a sensor electronics device which may embody the
present invention. The sensor set or sensor system 400 includes a sensor electronics device 360 and a sensor 355.
The sensor includes a counter electrode 365, a reference electrode 370, and a working electrode 375. The sensor
electronics device 360 includes a microcontroller 410 and a digital-to-analog converter (DAC) 420. The sensor electronics
device 360 may also include a current-to-frequency converter (I/F converter) 430.

[0042] The microcontroller 410 includes software program code, which when executed, or programmable logic which,
causes the microcontroller 410 to transmit a signal to the DAC 420, where the signal is representative of a voltage level
or value that is to be applied to the sensor 355. The DAC 420 receives the signal and generates the voltage value at
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the level instructed by the microcontroller 410. In embodiments of the invention, the micro controller 410 may change
the representation of the voltage level in the signal frequently or infrequently. lllustratively, the signal from the microcon-
troller 410 may instruct the DAC 420 to apply a first voltage value for one second and a second voltage value for two
seconds.

[0043] The sensor 355 may receive the voltage level or value. The counter electrode 365 may receive the output of
an operational amplifier which has as inputs the reference voltage and the voltage value from the DAC 420. The application
of the voltage level causes the sensor 355 to create a sensor signal indicative of a concentration of a physiological
characteristic being measured. In an embodiment of the invention, the microcontroller 410 may measure the sensor
signal (e.g., a current value) from the working electrode. lllustratively, a sensor signal measurement circuit 431 may
measure the sensor signal. In some arrangements, the sensor signal measurement circuit 431 may include a resistor
and the current may be passed through the resistor to measure the value of the sensor signal. The sensor signal may
be a current level signal and the sensor signal measurement circuit 431 may be a current-to-frequency (I/F) converter
430. The current-to-frequency converter 430 may measure the sensor signal in terms of a current reading, convert it to
a frequency-based sensor signal, and transmit the frequency-based sensor signal to the microcontroller 410. The mi-
crocontroller 410 may be able to receive frequency-based sensor signals easier than non-frequency-based sensor
signals. The microcontroller 410 receives the sensor signal, whether frequency-based or non frequency-based, and
determines a value for the physiological characteristic of a subject, such as a blood glucose level. The microcontroller
410 may include program code, which when executed or run, is able to receive the sensor signal and convert the sensor
signal to a physiological characteristic value. The microcontroller 410 may convert the sensor signal to a blood glucose
level. Further, the microcontroller 410 may utilize measurements stored within an internal memory in order to determine
the blood glucose level of the subject. Still further, the microcontroller 410 may utilize measurements stored within a
memory external to the microcontroller 410 to assist in determining the blood glucose level of the subject.

[0044] After the physiological characteristic value is determined by the microcontroller 410, the microcontroller 410
may store measurements of the physiological characteristic values for a number of time periods. For example, a blood
glucose value may be sentto the microcontroller 410 from the sensor every second or five seconds, and the microcontroller
may save sensor measurements for five minutes or ten minutes of BG readings. The microcontroller 410 may transfer
the measurements of the physiological characteristic values to a display on the sensor electronics device 450. For
example, the sensor electronics device 450 may be a monitor which includes a display that provides a blood glucose
reading for a subject. The microcontroller 410 may transfer the measurements of the physiological characteristic values
to an output interface of the microcontroller 410. The output interface of the microcontroller 410 may transfer the meas-
urements of the physiological characteristic values, e.g., blood glucose values, to an external device, e.g., such as an
infusion pump, a combined infusion pump / glucose meter, a computer, a personal digital assistant, a pager, a network
appliance, a server, a cellular phone, or any computing device.

[0045] FIG. 5illustrates an electronic block diagram of the sensor electrodes and a voltage being applied to the sensor
electrodes according to an arrangement which may embody the present invention. As illustrated in FIG. 5, an op amp
530 or other servo controlled device may connect to sensor electrodes 510 through a circuit/ electrode interface 538.
The op amp 530, utilizing feedback through the sensor electrodes, attempts to maintain a prescribed voltage (what the
DAC may desire the applied voltage to be) between a reference electrode 532 and a working electrode 534 by adjusting
the voltage at a counter electrode 536. Current may then flow from a counter electrode 536 to a working electrode 534.
Such current may be measured to ascertain the electrochemical reaction between the sensor electrodes 510 and the
biomolecule of a sensor that has been placed in the vicinity of the sensor electrodes 510 and used as a catalyzing agent.
The circuitry disclosed in Fig. 5 may be utilized in a long-term or implantable sensor or may be utilized in a short-term
or subcutaneous sensor.

[0046] In a long-term sensor embodiment, where a glucose oxidase enzyme is used as a catalytic agent in a sensor,
current may flow from the counter electrode 536 to a working electrode 534 only if there is oxygen in the vicinity of the
enzyme and the sensor electrodes 10. lllustratively, if the voltage set at the reference electrode 532 is maintained at
about 0.5 volts, the amount of current flowing from a counter electrode 536 to a working electrode 534 has a fairly linear
relationship with unity slope to the amount of oxygen present in the area surrounding the enzyme and the electrodes.
Thus, increased accuracy in determining an amount of oxygen in the blood may be achieved by maintaining the reference
electrode 532 at about 0.5 volts and utilizing this region of the current-voltage curve for varying levels of blood oxygen.
Different embodiments of the present invention may utilize different sensors having biomolecules other than a glucose
oxidase enzyme and may, therefore, have voltages other than 0.5 volts set at the reference electrode.

[0047] As discussed above, during initial implantation or insertion of the sensor 510, a sensor 510 may provide inac-
curate readings due to the adjusting of the subject to the sensor and also electrochemical byproducts caused by the
catalyst utilized in the sensor. A stabilization period is needed for many sensors in order for the sensor 510 to provide
accurate readings of the physiological parameter of the subject. During the stabilization period, the sensor 510 does not
provide accurate blood glucose measurements. Users and manufacturers of the sensors may desire to improve the
stabilization timeframe for the sensor so that the sensors can be utilized quickly after insertion into the subject's body
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or a subcutaneous layer of the subject.

[0048] The invention has a number of embodiments which incorporate one or more of the various elements discussed
above. A typical embodiment of the invention is a method of observing a "state" of a sensor (e.g. a measurable and/or
quantifiable characteristic of the sensor, for example one or more functional parameters of the sensor, one or more
conditions or characteristics of the sensor etc.), the method comprising applying voltage to the sensor, observing a peak
instantaneous electrical current of the sensor (e.g. the excitation voltage, namely the nominal voltage required for
excitation of a circuit), and observing a total current of the sensor over a period of time for a predetermined frequency
so that the state of the sensor is observed. Such methods of the invention can be used to observe a number of sensor
parameters. For example, observations of the peak instantaneous electrical current and/or the total current in the sensor
over a period of time for a predetermined frequency can be used to estimate sensor impedance magnitude and/or sensor
capacitance. Certain embodiments of the invention can be used in manufacturing processes, for example to examine
the uniformity of sensors manufactured according to a specific process (e.g. by performing the methods on a plurality
of sensors; and then comparing the information so obtained on the state of the plurality of sensors). Such methods can
employ those disclosed herein as well as those known in the art and described for example in U.S. Patent Nos. 7,185,300,
5,751,284, and 5,491,416.

[0049] Some arrangements can observe a single phenomena to characterize a state of a sensor such as a peak
instantaneous electrical current of the sensor; or alternatively, a total current in the sensor over a period of time for a
predetermined frequency. According to the invention a combination of such phenomena is observed to characterize a
state of a sensor such as a peak instantaneous electrical current of the sensor and in addition a total current in the
sensor over a period of time for a predetermined frequency. For example, if an observation of a first phenomena provides
in an ambiguous result (e.g. a peak instantaneous electrical current calculated value is too close to the threshold level,
or the value indicates a previously used sensor), one can then observe a second phenomena such as a maximum
current value (counts/second) over the first 2 second of the pulse (e.g. and use a threshold to determine if the sensor
is old or has hydration issues). In such combinatorial embodiments, by for example, checking both the charge capacity
and the capacitance one can optimize the chances of identifying sensors functioning outside of desired operating pa-
rameters.

[0050] There are a variety of ways in which observations on the state or characteristics of a sensor can be obtained.
For example, in certain embodiments of the invention, an estimate of sensor capacitance comprises a voltage step
analysis using a mathematical formula:

n<dt

Z dl * L samp

Cz n=1
av

[0051] In this formula, C comprises capacitance, V comprises voltage, dV comprises a controlled voltage step, dt
comprises a length of time for analysis, tsamp comprises a length of time between samples, and dl comprises a change
in current. This formula can be used to provide a "capacitance" estimate, which also includes charge passing through
the sensor for an estimation of "impedance magnitude”. Typically such observations on the state or characteristics of
the sensor are used to obtain information associated with sensor function in vivo, for example the amount or state of
sensor hydration, sensor noise, sensor offset, sensor drift or the like.

[0052] As noted above, the described procedure can be used to observe sensor offset (i.e. the current not generated
in response to glucose). In one illustrative example, the stable-state current response of multiple controlled voltage steps
can be used to calculate (by linear regression) the sensor’s offset value. In one illustrative example of this, one can
observe/sample "stable current” (e.g. capture current at the last second of each step) at voltages such as 535, 545, 555,
and 565mV. One can then calculate a linear regression on the points (y_regression = mx + b). The difference between
the actual current value at 535 and the calculated value from the regression ends up being the offset (o = Isig(535) -
y(535)). In a theoretical system, the offset value is what the current value would read if the sensor did not detect any
glucose. Consequently, one can subtract this calculated offset from a calibration signal to provide greater accuracy in
displaying glucose values. In this context, calculations of linear regression are well known in the art. For example, one
simple way to calculate linear regression involves the use of least-squares estimation for linearity, in which the sum of
squared error between theoretical and experimental points (current corresponding to each voltage level) is minimized
using a set of partial derivatives. The estimator for a least-squares approximation is commonly stated as p = (X’ x) <1>
x'y. Typically, such computations of linear regression is handled by a mathematical computational program such as
MATLAB.

[0053] Embodiments of the invention can use a variety of different methodological steps. For example, in certain
embodiments of the invention comprise applying a voltage pulse to the sensor. In one illustrative embodiment, the
method comprises observing the maximum current value (counts/second) during the initial 2 seconds in response to a
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voltage pulse applied to the sensor, and then comparing the maximum current value to a predetermined test value.
Other embodiments comprise methodological steps such as applying a plurality of voltages and/or currents to the sensor
and/or observing current and/or voltage in the sensor over multiple periods of time and/or observing current and/or
voltage in the sensor over multiple frequencies. In certain described arrangements, a voltage and/or a current applied
to the sensor can be in a particular waveform known in the art, for example, a ramped waveform, a sinusoid-shaped
waveform, a stepped waveform, a rectangular waveform, a triangular waveform, a trapezoidal waveform, a sawtooth
waveform, a logarithmic waveform, a exponential waveform and the like (e.g. other waveforms known in the art).
[0054] Described arrangements comprise the manipulation of sensor current in order to obtain observations on the
state or characteristics of a sensor (e.g. by forcing a current and then measuring the voltage over time) and these
methods can be used to obtain information associated with sensor function in vivo, for example the amount or state of
sensor hydration, sensor noise, sensor offset, sensor drift or the like (characteristics which can for example, be correlated
with sensor impedance). Consequently, in arrangements disclosed herein, either: (1) a voltage step (or the like); or (2)
a current step (or the like) can be used to obtain estimates on sensor impedance modeled as a series resistor- capacitor
(R-C). Those of skill in the art understand that both of these alternative arrangements involve the basic relationships
V=IR for the resistive portion of the impedance and either C=Q/V or I=C*dV/dt for the capacitive portion of the impedance.
[0055] One arrangement that involves the application and manipulation of sensor current is a method of observing a
state of a sensor having a plurality of electrodes, the method comprising: applying a voltage to the sensor; and then
measuring a stable-state current (Ibase) produced in response to the voltage applied to the sensor. In this arrangement
one can then apply the stable-state current so measured to the sensor and then measure the sensor voltage during the
application of the stable-state current. In this arrangement, one can then change the current applied to the sensor to a
second current comprising Ibase + deltal, wherein deltal comprises the difference between the Ibase and the second
current. In this arrangement, one can then measure sensor voltage during the application of this second current. Following
this measurement, one can then observe a first voltage step between the first voltage measurement and the second
voltage measurement, a step that results from electrical resistance (R) in the sensor. In this way, the state of the sensor
can observed using the application and manipulation of sensor current.

[0056] Certaindisclosed arrangements thatinvolve the manipulation of sensor current comprise further methodological
steps. For example, after the methodological steps discussed in the paragraph above, one can then change applied
current applied to the sensor to a third current comprising Ibase + deltall, wherein deltall comprises the difference
between the Ibase and the third current. In this arrangement, one can then measure sensor voltage during the application
of the third current. Following this measurement, one can then observe a second voltage step between this sensor
voltage and the previous voltage measurements; and then calculate a voltage slope (dV/dt) using the multiple voltage
step measurements. In such arrangements, a voltage slope so calculated can then be correlated to a change in sensor
capacitance (C) that results from the different currents applied to the sensor. In typical described arrangements, one
can calculate resistance (R) in the sensor using a formula R = deltaV/deltal. In further typical arrangments, one can
calculate capacitance (C) in the sensor using a formula C = deltal/(dV/dt).

[0057] In one specific illustrative methodological arrangement involving the application of a current step to a sensor
in a sensor system, a user can start with a sensor having a normally applied stable-state voltage, Vbase (535 mV, for
example). In an initial methodological step, the sensor system can be used to measure the stable-state current, Ibase,
under normal operating conditions. In a subsequent methodological step, the system can switch from forcing voltage to
forcing current, using the Ibase measured in the previous step. In some arrangements, this step can keep the sensor
at the same voltage, while in other arrangements the sensor may stabilize at a slightly different voltage (and one can
take into account any settling time required for this stabilization, if necessary). In a subsequent methodological step, the
current can then be stepped to a new value, Ibase + deltal. This step will initially result in a voltage step, delta V, due
to resistance. Continuing after that step, there would be a voltage slope, dV/dt (dV is not the same as the initial deltaV
step), related to the charging of the capacitance by the deltal. The resistance would be calculated by R=deltaV/deltal,
and the capacitance would be C=deltal/(dV/dt). Aspects of this described arrangement are shown in FIG. 19.

[0058] The above-noted arrangements that involve the application and manipulation of sensor current can be used to
examine a variety of sensors in a variety of contexts. Optionally for example, the sensor is an electrochemical glucose
sensor implanted in vivo and the observations on the state of the sensor provide information on sensor hydration, sensor
noise, sensor offset, or sensor drift (e.g. to assess sensor start- up /initialization). Other arrangements can be used to
examine, for example, process variations between batches or lots of sensors made according to identical or non-identical
manufacturing processes (e.g. by performing the method on a plurality of sensors made by differing manufacturing
processes; and then comparing the information so obtained on the state of the plurality of sensors).

[0059] Like the various described arrangements that involve the application and/or manipulation of sensor voltage,
the arrangements that involve the application and manipulation of sensor current also include a sensor system, comprising
an implantable sensor, the sensor including a plurality of electrodes; a sensor electronics device, the sensor electronics
device capable of being operably connected to the sensor, and the sensor electronics device including: a connection
detection device to determine if the sensor electronics device is connected to the sensor and to transmit a connection
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signal; a power source to supply a regulated voltage; a microprocessor; and a computer-readable program code having
instructions, which when executed cause the microprocessor to apply and/or manipulate and/or measure sensor current
and/or voltage as disclosed herein.

[0060] Similarly, like the various embodiments of the invention that involve the application and/or manipulation of
sensor voltage, the embodiments of the invention that involve the application and manipulation of sensor current also
include a program code storage device, comprising: a computer-readable medium; a computer-readable program code,
stored on the computer-readable medium, the computer-readable program code having instructions, which when exe-
cuted cause a controller to apply and/or manipulate and/or measure sensor current and/or voltage as disclosed herein.
[0061] Embodiments of the invention can be adapted for use with a wide variety of electrochemical sensors such as
glucose sensors that comprise glucose oxidase. In one embodiment of the invention, the glucose sensor comprises a
base layer, at least three working electrodes disposed on the base layer, a glucose oxidase layer disposed upon the
working electrodes, an analyte modulating layer disposed on the glucose oxidase layer, wherein the analyte modulating
layer comprises a hydrogel composition, and an adhesion promoting layer disposed between the glucose oxidase layer
and the analyte modulating layer. Optionally embodiments of the sensor comprise a plurality of working electrodes and/or
counter electrodes and/or reference electrodes (e.g. 3 working electrodes, areference electrode and a counter electrode),
in order to, for example, provide redundant sensing capabilities. Optionally, the plurality of working, counter and reference
electrodes are configured together as a unit and positionally distributed on the conductive layer in a repeating pattern
of units.

[0062] In some described arrangements, an element of the sensor such as an electrode or an aperture is designed
to have a specific configuration and/or is made from a specific material and/or is positioned relative to the other elements
so as to facilitate a function of the sensor. In one such arrangements, a working electrode, a counter electrode and a
reference electrode are positionally distributed on the base and/or the conductive layer in a configuration that facilitates
sensor start up and/or maintains the hydration of the working electrode, the counter electrode and/or the reference
electrode when the sensor is placed in contact with a fluid comprising the analyte (e.g. by inhibiting shadowing of an
electrode, a phenomena which can inhibit hydration and capacitive start-up of a sensor circuit). Typically such arrange-
ments facilitate sensor start-up and/or initialization.

[0063] Optionally embodiments of the sensor comprise a plurality of working electrodes and/or counter electrodes
and/or reference electrodes (e.g. 3 working electrodes, a reference electrode and a counter electrode), in order to, for
example, provide redundant sensing capabilities. Certain embodiments of the invention comprise a single sensor. Other
embodiments of the invention comprise multiple sensors. Optionally, the plurality of working, counter and reference
electrodes are configured together as a unit and positionally distributed on the conductive layer in a repeating pattern
of units. In certain arrangements, the elongated base layer is made from a flexible material that allows the sensor to
twist and bend when implanted in vivo; and the electrodes are grouped in a configuration that facilitates an in vivo fluid
contacting at least one of working electrode as the sensor twists and bends when implanted in vivo (e.g. so as to facilitate
hydration). In some arrangements, the electrodes are grouped in a configuration that allows the sensor to continue to
function if a portion of the sensor having one or more electrodes is dislodged from an in vivo environment and exposed
to an ex vivo environment.

[0064] In a described arrangement wherein electrode properties such as hydration is designed to be optimized, the
working electrode, the counter electrode and the reference electrode are positionally distributed on conductive layer in
a parallel configuration arranged so that a first electrode is disposed in a region on a first edge of the elongated base
layer; a second electrode is disposed in a region on an opposite edge of the elongated base layer; and a third is disposed
in a region of the elongated base layer that between the first electrode and the second electrode. Optionally, the working
electrode, the counter electrode and the reference electrode are positionally distributed on conductive layer in a config-
uration arranged so that the working electrode is disposed in a region on a first edge of the elongated base layer; the
counter electrode is disposed in a region on an opposite edge of the elongated base layer; and the reference electrode
is disposed in a region of the elongated base layer that between the working electrode and the counter electrode. In
certain arrangements, an edge or center of a reference electrode is lined up with an edge or center of the working or
counter electrode. In other arrangements, an edge or center of a reference electrode is offset with an edge or center of
the working or counter electrode. In some arrangements, an electrode matrix is formed in the sensor so as to have no
side walls in a manner that further improve hydration of the sensor electrodes. Related arrangements include methods
for using a distributed electrode configuration to facilitate and maintain the hydration and/or initialization properties of
various sensor arrangements.

[0065] In certain described arrangements, an element of the sensor such as an electrode or an aperture is designed
to have a specific configuration and/or is made from a specific material and/or is positioned relative to the other elements
so as to facilitate a function of the sensor. For example, without being bound by a specific theory or mechanism of action,
it appears that sensor arrangements (e.g. simple three electrode arrangement) may be more susceptible to local envi-
ronment changes around a single electrode. For example, a gas bubble on top of or close to a reference or another
electrode, and/or a stagnating or semi-stagnating pool of fluid on top of or close to a reference or another electrode may
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consequently compromises sensor performance. In this context, a distributed electrode configuration appears be ad-
vantageous because the distribution of the electrode area allows the sensor to compensate for signal lost to a small
local area (e.g. as can occur due to lack of hydration, fluid stagnation, a patient's immune response, or the like). In this
context, a system which combines such sensor configurations and the methods for observing sensor parameters (e.g.
hydration) provides an optimized system that remedies a number of problems associated with, for example, imperfect
sensor hydration.

[0066] In certain described arrangements, distributed electrode configurations are used in methods designed to over-
come problems with sensors and sensor systems that occur due to lack of hydration (e.g. slow start-up initialization
times), fluid stagnation, a patient’'s immune response, or the like. In addition, arrangements having distributed electrode
configurations can be combined with certain complementary elements disclosed herein so as to further overcome prob-
lems that result from a lack of hydration, fluid stagnation, a patient’'s immune response, or the like (e.g. multiple electrode
sensors, voltage pulsing methods etc.).

[0067] Various elements of the sensor can be disposed at a certain location in the sensor and/or configured in a certain
shape and/or be constructed from a specific material so as to facilitate strength and/or function of the sensor. One
arrangement includes an elongated base comprised of a polyimmide or dielectric ceramic material that facilitates the
strength and durability of the sensor. In certain arrangement, the structural features and/or relative position of the working
and/or counter and/or reference electrodes is designed to influence sensor manufacture, use and/or function. Optionally,
the sensor is operatively coupled to a constellation of elements that comprise a flex-circuit (e.g. electrodes, electrical
conduits, contact pads and the like). One arrangement includes electrodes having one or more rounded edges so as to
inhibit delamination of a layer disposed on the electrode (e.g. an analyte sensing layer comprising glucose oxidase).
Related arrangments include methods for inhibiting delamination of a sensor layer using a described sensor arrangment
(e.g. one having one or more electrodes having one or more rounded edges).

[0068] Embodiments of the invention include sensor systems such as those comprising an implantable sensor having
a plurality of electrodes, a sensor electronics device that is capable of being operably connected to the sensor. Typically,
the sensor electronics device includes a connection detection device to determine if the sensor electronics device is
connected to the sensor and to transmit a connection signal, a power source to supply a regulated voltage and a
microprocessor. Such systems typically include a computer-readable program code having instructions, which when
executed cause the microprocessor to apply a voltage to the sensor and then record data on a peak instantaneous
electrical current of the sensor in response to the applied voltage as well as record data on a total current of the sensor
over a period of time for a predetermined frequency in response to the applied voltage. Optionally in such systems, one
or more steps controlled by the microprocessor include applying a plurality of voltages to the sensor and/or applying a
voltage pulse to the sensor and/or recording data on a current in the sensor over multiple periods of time and/or recording
data on a current in the sensor over multiple frequencies.

[0069] Typically the system further comprises a monitor for displaying the data recorded by the microprocessor, wherein
the data displayed on the monitor provides information on sensor hydration, sensor noise, sensor offset, sensor drift or
the like. Such systems are typically used for example to compare a reading from a test sensor (e.g. a sensor phenomena
noted herein such as peak instantaneous current, maximum current value, some combination of these phenomena or
the like) with a comparative reading from a control sensor know to be functioning within desired operating parameters
and/or a predetermined range of values associated with such desired operating parameters. Optionally in such systems,
the implantable sensor is a glucose sensor comprising a base layer, at least three working electrodes disposed on the
base layer, a glucose oxidase layer disposed upon the working electrodes, an analyte modulating layer disposed on the
glucose oxidase layer; and an adhesion promoting layer disposed between the glucose oxidase layer and the analyte
modulating layer. Typically the sensor is implantable in tissue selected from the group consisting of subcutaneous,
dermal, sub-dermal, intraperitoneal, and peritoneal tissue.

[0070] Yet another embodiment of the invention is a program code storage device comprising a computer-readable
medium, a computer-readable program code, stored on the computer-readable medium, the computer-readable program
code having instructions, which when executed cause a controller to initiate a series of voltage pulses to be applied to
a sensor comprising a plurality of electrodes; and receive a signal from a detection circuit, the signal indicating a peak
instantaneous electrical current of the sensor in response to the applied voltage pulses; and a total current of the sensor
over a period of time for a predetermined frequency in response to the applied voltage pulses. Optionally the program
code storage device includes instructions, which when executed causes the controller to determine the maximum current
value (counts/second) during the initial 2 seconds in response to a voltage pulse applied to the sensor, and then compare
the maximum current value so determined to a predetermined range of values. In certain embodiments of the invention,
the program code storage device includes instructions, which when executed causes the controller to then enable the
sensor to measure a physiological characteristic of a patient when the maximum current value is within the predetermined
range of values.

[0071] Optionally the program codes storage device includes instructions, which when executed cause a controller to
initiate a sensor observation routine; and transmit a first signal to a digital-to-analog converter (DAC), the DAC being
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coupled to an electrode of a sensor, the first signal representative of a observation sequence of voltages that the DAC
is to output to the electrode of the sensor, wherein the observation sequence of voltages includes: a first voltage applied
for a first time frame; a second voltage applied for a second time frame; and a repeating of the application of the first
voltage and the second voltage to the electrodes. In certain embodiments of the invention, the program code storage
device includes instructions, when executed cause the controller to repeat the application of the first voltage and the
second voltage for a number of iterations. In certain embodiments of the invention, the program code storage device
includes instructions, which when executed cause the controller to: change a duration of the first amount of time and a
duration of the second amount of time for at least one of the number of iterations. In some embodiments of the invention,
the program code storage device includes instructions, which when executed cause the controller to: instruct the DAC
to change a magnitude of the first voltage to be applied to the electrode of the sensor at least once during the repeating
of the application of the first voltage; and/or instruct the DAC to change a magnitude of the second voltage to be applied
to the electrode of the sensor at least once during the repeating of the application of the second voltage.

[0072] As noted above, the sensor (or electrodes of a sensor) may be subjected to a number of pulses rather than
the application of one pulse followed by the application of another voltage. In such embodiments of the invention, a
voltage application device applies a first voltage to an electrode for a first time or time period. In an embodiment of the
invention, the first voltage may be a DC constant voltage. This results in an anodic current being generated. In an
alternative embodiment of the invention, a digital-to-analog converter or another voltage source may supply the voltage
to the electrode for a first time period. The anodic current means that electrons arc being driven away from electrode to
which the voltage is applied. In arrangements, an application device may apply a current instead of a voltage. In an
embodiment of the invention where a voltage is applied to a sensor, after the application of the first voltage to the
electrode, the voltage regulator may not apply a voltage for a second time, timeframe, or time period. In other words,
the voltage application device waits until a second time period elapses. The non-application of voltage results in a
cathodic current, which results in the gaining of electrons by the electrode to which the voltage is not applied. The
application of the first voltage to the electrode for a first time period followed by the non-application of voltage for a
second time period is repeated for a number of iterations. This may be referred to as an anodic and cathodic cycle. In
an embodiment of the invention, the number of total iterations of the methodological embodiment is three, i.e., three
applications of the voltage for the first time period, each followed by no application of the voltage three times for the
second time period. In an embodiment of the invention, the first voltage may be 1.07 volts. In an embodiment of the
invention, the first voltage may be 0.535 volts. In an embodiment of the invention, the first voltage may be approximately
0.7 volts.

[0073] The result of the repeated application of the voltage and the non-application of the voltage results in the sensor
(and thus the electrodes) being subjected to an anodic - cathodic cycle. The anodic - cathodic cycle results in the
reduction of electrochemical byproducts, which are generated by a patient’s body reacting to the insertion of the sensor
or the implanting of the sensor. In an embodiment of the invention, the electrochemical byproducts cause generation of
a background current, which results in inaccurate measurements of the physiological parameter of the subject. In an
embodiment of the invention, the electrochemical byproduct may be eliminated. Under other operating conditions, the
electrochemical byproducts may be reduced or significantly reduced.

[0074] In an embodiment of the invention, the first voltage being applied to the electrode of the sensor may be a
positive voltage. In an embodiment of the invention, the first voltage being applied may be a negative voltage. In an
embodiment of the invention, the first voltage may be applied to a working electrode. In an embodiment of the invention,
the first voltage may be applied to the counter electrode or the reference electrode.

[0075] In embodiments of the invention, the duration of the voltage pulse and the no application of voltage may be
equal, e.g., such as three minutes each. In embodiments of the invention, the duration of the voltage application or
voltage pulse may be different values, e.g., the first time and the second time may be different. In an embodiment of the
invention, the first time period may be five minutes and the waiting period may be two minutes. In an embodiment of the
invention, the first time period may be two minutes and the waiting period (or second timeframe) may be five minutes.
In other words, the duration for the application of the first voltage may be two minutes and there may be no voltage
applied for five minutes. This timeframe is only meant to be illustrative and should not be limiting. For example, a first
timeframe may be two, three, five or ten minutes and the second timeframe may be five minutes, ten minutes, twenty
minutes, or the like. The timeframes (e.g., the first time and the second time) may depend on unique characteristics of
different electrodes, the sensors, and/or the patient’s physiological characteristics.

[0076] In embodiments of the invention, more or less than three pulses may be utilized to stabilize the glucose sensor.
In other words, the number of iterations may be greater than 3 or less than three. For example, four voltage pulses (e.g.,
a high voltage followed by no voltage) may be applied to one of the electrodes or six voltage pulses may be applied to
one of the electrodes. lllustratively, three consecutive pulses of 1.07 volts (followed by three pulses of no volts) may be
sufficient for a sensor implanted subcutaneously. In an embodiment of the invention, three consecutive voltage pulses
of 0.7 volts may be utilized. The three consecutive pulses may have a higher or lower voltage value, either negative or
positive, for a sensor implanted in blood or cranial fluid, e.g., the long-term or permanent sensors. In addition, more than
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three pulses (e.g., five, eight, twelve) may be utilized to create the anodic-cathodic cycling between anodic and cathodic
currents in any of the subcutaneous, blood, or cranial fluid sensors.

[0077] In an embodiment of the invention, the first voltage may be 0.535 volts applied for five minutes, the second
voltage may be 1.070 volts applied for two minutes, the first voltage of 0.535 volts may be applied for five minutes, the
second voltage of 1.070 volts may be applied for two minutes, the first voltage of 0.535 volts may be applied for five
minutes, and the second voltage of 1.070 volts may be applied for two minutes. In other words, in this embodiment,
there are three iterations of the voltage pulsing scheme. The pulsing methodology may be changed in that the second
timeframe, e.g., the timeframe of the application of the second voltage may be lengthened from two minutes to five
minutes, ten minutes, fifteen minutes, or twenty minutes. In addition, after the three iterations are applied in this embod-
iment of the invention, a nominal working voltage of 0.535 volts may be applied.

[0078] The 1.08 and 0.535 volts are illustrative values. Other voltage values may be selected based on a variety of
factors. These factors may include the type of enzyme utilized in the sensor, the membranes utilized in the sensor, the
operating period of the sensor, the length of the pulse, and/or the magnitude of the pulse. Under certain operating
conditions, the first voltage may be in a range of 1.00 to 1.09 volts and the second voltage may be in a range of 0.510
to 0.565 volts. In other operating embodiments, the ranges that bracket the first voltage and the second voltage may
have a higherrange, e.g., 0.3 volts, 0.6 volts, 0.9 volts, depending on the voltage sensitivity of the electrode in the sensor.
Under other operating conditions, the voltage may be in a range of 0.8 volts to 1.34 volts and the other voltage may be
in a range of 0.335 to 0.735. Under other operating conditions, the range of the higher voltage may be smaller than the
range of the lower voltage. lllustratively, the higher voltage may be in a range of 0.9 to 1.09 volts and the lower voltage
may be in a range of 0.235 to 0.835.

[0079] In an embodiment of the invention, the first voltage and the second voltage may be positive voltages, or
alternatively in other embodiments of the invention, negative voltages. In an embodiment of the invention, the first voltage
may be positive and the second voltage may be negative, or alternatively, the first voltage may be negative and the
second voltage may be positive. The first voltage may be different voltage levels for each of the iterations. In an further
arrangement, the first voltage may be a D. C. constant voltage. In other arrangements, the first voltage may be a ramp
voltage, a sinusoid-shaped voltage, a stepped voltage, or other commonly utilized voltage waveforms. In a described
arrangement, the second voltage may be a D.C. constant voltage, a ramp voltage, a sinusoid-shaped voltage, a stepped
voltage, or other commonly utilized voltage waveforms. In an arrangement, the first voltage or the second voltage may
be an AC signal riding on a DC waveform. In an arrangement, the first voltage may be one type of voltage, e.g., a ramp
voltage, and the second voltage may be a second type of voltage, e.g., a sinusoid-shaped voltage. In an arrangement,
the first voltage (or the second voltage) may have different waveform shapes for each of the iterations. For example, if
there are three cycles in a methodological step, in a first cycle, the first voltage may be a ramp voltage, in the second
cycle, the first voltage may be a constant voltage, and in the third cycle, the first voltage may be a sinusoidal voltage.
[0080] In adescribed arrangement, a duration of the first timeframe and a duration of the second timeframe may have
the same value, or alternatively, the duration of the first timeframe and the second timeframe may have different values.
For example, the duration of the first timeframe may be two minutes and the duration of the second timeframe may be
five minutes and the number of iterations may be three. As discussed above, the methodological steps of various
arrangements may include a number of iterations. In arrangements, during different iterations of the methodological
steps, the duration of each of the first timeframes may change and the duration of each of the second timeframes may
change. lllustratively, during the first iteration of the anodic-cathodic cycling, the first timeframe may be 2 minutes and
the second timeframe may be 5 minutes. During the second iteration, the first timeframe may be 1 minute and the second
timeframe may be 3 minutes. During the third iteration, the first timeframe may be 3 minutes and the second timeframe
may be 10 minutes.

[0081] In a described arrangement, a first voltage of 0.535 volts is applied to an electrode in a sensor for two minutes
to initiate an anodic cycle, then a second voltage of 1.07 volts is applied to the electrode to the sensor for five minutes
to initiate a cathodic cycle. The first voltage of 0.535 volts is then applied again for two minutes to initiate the anodic
cycle and a second voltage of 1.07 volts is applied to the sensor for five minutes. In a third iteration, 0.535 volts is applied
for two minutes to initiate the anodic cycle and then 1.07 volts is applied for five minutes. The voltage applied to the
sensor is then 0.535 during the actual working timeframe of the sensor, e.g., when the sensor provides readings of a
physiological characteristic of a subject.

[0082] Shorter duration voltage pulses may be utilized. The shorter duration voltage pulses may be utilized to apply
the first voltage, the second voltage, or both. In an embodiment of the present invention, the magnitude of the shorter
duration voltage pulse for the first voltage is -1.07 volts and the magnitude of the shorter duration voltage pulse for the
second voltage is approximately half of the high magnitude, e.g., - .535 volts. Alternatively, the magnitude of the shorter
duration pulse for the first voltage may be 0.535 volts and the magnitude of the shorter duration pulse for the second
voltage is 1.07 volts.

[0083] In embodiments of the invention utilizing short duration pulses, the voltage may not be applied continuously
for the entire first time period. Instead, in the first time period, the voltage application device may transmit a number of
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short duration pulses during the first time period. In other words, a number of mini-width or short duration voltage pulses
may be applied to the electrodes of the sensors over the first time period. Each mini-width or short duration pulse may
a width of a number of milliseconds. lllustratively, this pulse width may be 30 milliseconds, 50 milliseconds, 70 milliseconds
or 200 milliseconds. These values are meant to be illustrative and not limiting. In an embodiment of the invention, these
short duration pulses are applied to the sensor (electrode) for the first time period and then no voltage is applied for the
second time period.

[0084] In an embodiment of the invention, each short duration pulse may have the same time duration within the first
time period. For example, each short duration voltage pulse may have a time width of 50 milliseconds and each pulse
delay between the pulses may be 950 milliseconds. In this example, if two minutes is the measured time for the first
timeframe, then 120 short duration voltage pulses may be applied to the sensor. In an embodiment of the invention,
each of the short duration voltage pulses may have different time durations. In an embodiment of the invention, each of
the short duration voltage pulses may have the same amplitude values. In an embodiment of the invention, each of the
short duration voltage pulses may have different amplitude values. By utilizing short duration voltage pulses rather than
a continuous application of voltage to the sensors, the same anodic and cathodic cycling may occur and the sensor
(e.g., electrodes) is subjected to less total energy or charge over time. The use of short duration voltage pulses utilizes
less power as compared to the application of continuous voltage to the electrodes because there is less energy applied
to the sensors (and thus the electrodes).

[0085] As noted above, embodiments of the innovation include a voltage generation device. The voltage generation
orapplication device typically includes electronics, logic, or circuits, which generate voltage pulses. The sensor electronics
device may also include a input device to receive reference values and other useful data. In an embodiment of the
invention, the sensor electronics device may include a measurement memory to store sensor measurements. In such
embodiments of the invention, the power supply may supply power to the sensor electronics device. The power supply
may supply power to a regulator, which supplies a regulated voltage to the voltage generation or application device. In
one typically embodiment of the invention, the voltage generation or application device supplies a voltage, e.g., the first
voltage or the second voltage, to an input terminal of an operational amplifier. The voltage generation or application
device may also supply the voltage to a working electrode of the sensor. Another input terminal of the operational amplifier
is coupled to the reference electrode of the sensor. The application of the voltage from the voltage generation or application
device to the operational amplifier drives a voltage measured at the counter electrode to be close to or equal the voltage
applied at the working electrode. In an embodiment of the invention, the voltage generation or application device could
be utiLized to apply the desired voltage between the counter electrode and the working electrode. This may occur by
the application of the fixed voltage to the counter electrode directly.

[0086] In some described arrangements, the voltage generation device generates a first voltage that is to be applied
to the sensor during a first timeframe. The voltage generation device then transmits this first voltage to an op amp, which
drives the voltage at a counter electrode of the sensor to the first voltage. In an arrangement, the voltage generation
device also could transmit the first voltage directly to the counter electrode of the sensor. In one arrangement, the voltage
generation device does not transmit the first voltage to the sensor for a second timeframe. In other words, the voltage
generation device is turned off or switched off. The voltage generation device may be programmed to continue cycling
between applying the first voltage and not applying a voltage for either a number of iterations or for a predetermined
timeframe, e.g., for twenty minutes. Typically in such arrangements, the voltage regulator transfers the regulated voltage
to the voltage generation device. A control circuit controls the closing and opening of a switch. If the switch is closed,
the voltage is applied. If the switch is opened, the voltage is not applied. The timer provides a signal to the control circuit
to instruct the control circuit to turn on and off the switch. The control circuit includes logic which can instruct the circuit
to open and close the switch a number of times (to match the necessary iterations). In an arrangement, the timer may
also transmit a signal to identify that the sequence is completed, i.e. that a predetermined timeframe has elapsed.
[0087] In a described arrangement, the voltage generation device generates a first voltage for a first timeframe and
generates a second voltage for a second timeframe for example by using a two-voltage switch. lllustratively, if the first
switch position is turned on or closed by a timer instructing the control circuit, then the voltage generation device generates
a first voltage for the first timeframe. After the first voltage has been applied for the first timeframe, timer sends a signal
to die control circuit indicating the first timeframe has elapsed and the control circuit directs the switch to move to the
second position. When the switch is at the second position, the regulated voltage is directed to a voltage step-down or
buck converter to reduce the regulated voltage to a lesser value. The lesser value is then delivered to the op amp for
the second timeframe. After the timer has sent a signal to the control circuit that the second timeframe has elapsed,
then the control circuit moves the switch back to the first position.

[0088] The voltage application device may include a control device, a switch, a sinusoid generation device, a ramp
voltage generation device, and a constant voltage generation device. In other arrangements, the voltage application
may generate an AC wave on top of a DC signal or other various voltage pulse waveforms. In a described arrangement,
the control device may cause the switch to move to one of the three voltage generation systems (sinusoid, ramp, and/or
constant DC). This results in each of the voltage regulation systems generating the identified voltage waveform. Under
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certain operating conditions, e.g., where a sinusoidal pulse is to be applied for three pulses, the control device may
cause the switch to connect the voltage from the voltage regulator to the sinusoid voltage generator in order for the
voltage application device to generate a sinusoidal voltage. Under other operating conditions, e.g., when a ramp voltage
is applied to the sensor as the first voltage for a first pulse of three pulses, a sinusoid voltage is applied to the sensor
as the first voltage for a second pulse of the three pulses, and a constant DC voltage is applied to the sensor as the first
voltage for a third pulse of the three pulses, the control device may cause the switch, during the first timeframes in the
anodic / cathodic cycles, to move between connecting the voltage from the voltage generation or application device to
the ramp voltage generation system, then to the sinusoidal voltage generation system, and then to the constant DC
voltage generation system. In this arrangement, the control device may also be directing or controlling the switch to
connect certain ones of the voltage generation subsystems to the voltage from the regulator 385 during the second
timeframe, e.g., during application of the second voltage.

[0089] Embodiments of the invention may include a microcontroller, a digital-to-analog converter (DAC), an op amp,
and a sensor signal measurement circuit. In an embodiment of the invention, the sensor signal measurement circuit
may be a current-to- frequency (I/F) converter. In some embodiments of the invention, software or programmable logic
in the microcontroller provides instructions to transmit signals to the DAC, which in turn instructs the DAC to output a
specific voltage to the operational amplifier. The microcontroller may also be instructed to output a specific voltage to
the working electrode. As discussed above, the application of the specific voltage to operational amplifier and the working
electrode may drive the voltage measured at the counter electrode to the specific voltage magnitude. In other words,
the microcontroller outputs a signal, which is indicative of a voltage or a voltage waveform that is to be applied to the
sensor (e.g., the operational amplifier coupled to the sensor). In an alternative arrangement, a fixed voltage may be set
by applying a voltage directly from the DAC between the reference electrode and the working electrode. A similar result
may also be obtained by applying voltages to each of the electrodes with the difference equal to the fixed voltage applied
between the reference and working electrode. In addition, the fixed voltage may be set by applying a Voltage between
the reference and the counter electrode. Under certain operating conditions, the microcontroller may generates a pulse
of a specific magnitude which the DAC understands represents that a voltage of a specific magnitude is to be applied
to the sensor. After a first timeframe, the microcontroller (via the program or programmable logic) outputs a second
signal, which either instructs the DAC to output no voltage or to output a second voltage. The microcontroller, after the
second timeframe has elapsed, then repeats the cycle of sending the signal indicative of a first voltage to apply, (for the
first timeframe) and then sending the signal to instruct no voltage is to be applied or that a second voltage is to be applied
(for the second timeframe).

[0090] Under other operating conditions, the microcontroller may generate a signal to the DAC, which instructs the
DAC to output a ramp voltage. Under other operating conditions, the microcontroller may generate a signal to the DAC,
which instructs the DAC to output a voltage simulating a sinusoidal voltage. These signals could be incorporated into
any of the pulsing methodologies discussed above in the preceding paragraph or earlier in the application. In described
arrangements, the microcontroller may generate a sequence of instructions and/or pulses, which the DAC receives and
understands to mean that a certain sequence of pulses is to be applied. For example, the microcontroller may transmit
a sequence of instructions (via signals and/or pulses) that instruct the DAC to generate a constant voltage for a first
iteration of a first timeframe, a ramp voltage for a first iteration of a second timeframe, a sinusoidal voltage for a second
iteration of a first timeframe, and a squarewave having two values for a second iteration of the second timeframe.
[0091] The microcontroller may include programmable logic or a program to continue this cycling for a timeframe or
for a number of iterations. lllustratively, the microcontroller may include counting logic to identify when the first timeframe
or the second timeframe has elapsed. Additionally, the microcontroller may include counting logic to identify that a
timeframe has elapsed. After any of die preceding timeframes have elapsed, the counting logic may instruct the micro-
controller to either send a new signal or to stop transmission of a signal to the DAC.

[0092] The use of the microcontroller allows a variety of voltage magnitudes to be applied in a number of sequences
for a number of time durations. In an embodiment of the invention, the microcontroller may include control logic or a
program to instruct the digital-to-analog converter to transmit a voltage pulse having a magnitude of approximately 1.0
volt for a first time period of 1 minute, to then transmit a voltage pulse having a magnitude of approximately 0.5 volts for
a second time period of 4 minutes, and to repeat this cycle for four iterations. In an embodiment of the invention, the
microcontroller may be programmed to transmit a signal to cause the DAC to apply the same magnitude voltage pulse
for each first voltage in each of the iterations. In an embodiment of the invention, the microcontroller may be programmed
to transmit a signal to cause the DAC to apply a different magnitude voltage pulse for each first voltage in each of the
iterations. In this embodiment of the invention, the microcontroller may also be programmed to transmit a signal to cause
the DAC to apply a different magnitude voltage pulse for each second voltage in each of the iterations. lllustratively, the
microcontroller may be programmed to transmit a signal to cause the DAC to apply a first voltage pulse of approximately
one volt in the first iteration, to apply a second voltage pulse of approximately .5 volts in the first iteration, to apply a first
voltage of 0.7 volts and a second voltage of 0.4 volts in the second iteration, and to apply a first voltage of 1.2 and a
second voltage of 0.8 in the third iteration.
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[0093] The microcontroller may also be programmed to instruct the DAC to provide a number of short duration voltage
pulses for a first timeframe. In this embodiment of the invention, rather than one voltage being applied for the entire first
timeframe (e.g., two minutes), a number of shorter duration pulses may be applied to the sensor. In this embodiment,
the microcontroller may also be programmed to program the DAC to provide a number of short duration voltage pulses
for the second timeframe to the sensor. lllustratively, the microcontroller may send a signal to cause the DAC to apply
a number of short duration voltage pulses where the short duration is 50 milliseconds or 100 milliseconds. In between
these short duration pulses the DAC may apply no voltage or the DAC may apply a minimal voltage. The DAC may
cause the microcontroller to apply the short duration voltage pulses for the first timeframe, e.g., two minutes. The
microcontroller may then send a signal to cause the DAC to either not apply any voltage or to apply the short duration
voltage pulses at a magnitude of a second voltage for a second timeframe to the sensor, e.g., the second voltage may
be 0.75 volts and the second timeframe may be 5 minutes. In an embodiment of the invention, the microcontroller may
send a signal to the DAC to cause the DAC to apply a different magnitude voltage for each of short duration pulses in
the first timeframe and/or in the second timeframe. In an embodiment of the invention, the microcontroller may send a
signal to the DAC to cause the DAC to apply a pattern of voltage magnitudes to the short durations voltage pulses for
the first timeframe or the second timeframe. For example, the microcontroller may transmit a signal or pulses instructing
the DAC to apply thirty 20 millisecond pulses to the sensor during the first timeframe. Each of the thirty 20 millisecond
pulses may have the same magnitude or may have a different magnitude. In this embodiment of the invention, the
microcontroller may instruct the DAC to apply short duration pulses during the second timeframe or may instruct the
DAC to apply another voltage waveform during the second timeframe.

[0094] Although the arrangements discussed above disclose the application of a voltage, a current may also be applied
to the sensor in certain embodiments of the invention. lllustratively, a first current may be applied during a first timeframe
to initiate an anodic or cathodic response and a second current may be applied during a second timeframe to initiate
the opposite anodic or cathodic response. The application of the first current and the second current may continue for
a number of iterations or may continue for a predetermined timeframe. In an arrangement, a first current may be applied
during a first timeframe and a first voltage may be applied during a second timeframe. In other words, one of the anodic
or cathodic cycles may be triggered by a current being applied to the sensor and the other of the anodic or cathodic
cycles may be triggered by a voltage being applied to the sensor. As described above, a current applied may be a
constant current, a ramp current, a stepped pulse current, or a sinusoidal current. Under certain operating conditions,
the current may be applied as a sequence of short duration pulses during the first timeframe.

[0095] There follow Examples which are offered by way of illustration and are not intended to limit the invention in any
manner. For purposes of clarity, certain techniques that are well known and well described in the art are reproduced herein.

EXAMPLES

EXAMPLE 1: APPLICATION OF AN INSTANTANEOUS VOLTAGE STEP ACROSS THE WORKING ELECTRODE
IN ORDER TO OBTAIN ESTIMATIONS OF ELECTRODE IMPEDANCE.

Electrochemical Impedance Spectroscopy

[0096] In spectroscopic analysis, a spectrum of wavelengths applied to a sample generates a corresponding response
specific to its material properties. Data from an unknown sample can be analyzed with respect to calibrated response
profiles in an attempt to guess at its material properties. In the case of electrochemical impedance spectroscopy, the
complex impedance of an object at different frequencies will vary depending on its size (i.e. low vs. high surface area)
and material content (i.e. platinum vs. gold).

[0097] In potentiometric EIS, two or more leads are connected across a sample while the potential at one end is cycled
through various frequencies with a set peak-to-peak voltage. The resulting current between two leads is recorded. Using
excitation voltage and reading current over a full period (or multiple periods) for a particular frequency, one is able to
extract the complex impedance (magnitude and phase).

[0098] Scanning across multiple frequencies and comparing between samples, the difference between a working and
non-working sensor based on changes in impedance over time is able to be detected. It is inferred that this same
technique may be applied to 1) determine differences between sensors that have been initialized vs. non-initialized, 2)
be a possible indicator for changes in membrane impedance due to biofouling, or 3) estimate projected sensor lifetime.

DEFINITIONS:
[0099]

CF - Calibration Factor
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dt - Time elapsed after voltage step (sec)

dV - Change in voltage (V)

EIS - Electrochemical Impedance Spectroscopy

I, dl - Current (amps), or the change in current amplitude
PTS - Prototype Test System

Q - Charge (C)

RMS - Root Mean Squared

SITS - Short-term Sensor In-vitro Test System

T_samp - Sampling time (1/freq)

TYPICAL EQUIPMENT AND SUPPLIES:
[0100]

Gamry MultEchem 8 Electrochemistry System
Gamry Echem Analyst Software
MATLAB 7.6.0 (R2008a)

[0101] Asdisclosed herein, experiments have been conducted using a Gamry 8-channel potentiostat system to analyze
the complex impedance of sensors both in vivo and in vitro. As shown in FIG. 8, EIS samples were obtained between
100 KHz and 0.1 Hz using a 10mV (RMS) AC pulse overlaying a 535mV DC static potential. Samples were taken before
sensor initialization, post-initialization, and several time points following.

[0102] Echem Analyst software also allows the user to fit data to a complex impedance model via the Levenberg-
Marquardt method for solving non-linear problems. From a small sample size (n=3), the best fit equivalent model for a
working sensor was described as a series RC circuit with R=11KOhm and C=4.4uF.

[0103] Using this model, a high magnitude impedance (above 100KOhm) and close to pi/2 phase (indicating a large
capacitive component to the impedance) was expected to be observed. Before initialization, the capacitance and resist-
ance appear to be significantly higher; after initialization the values appear to settle in with limited change in impedance
over the next few days.

Voltage Step Theory

[0104] While EIS is a reliable tool in differentiating between sensors, obtaining impedance may not be necessary if
the diagnostic frequencies of interest are composed of near-DC frequencies (0.100 Hz). By inducing a small transient
voltage step, the resulting instantaneous current profile could be analyzed as a method to extrapolate the imaginary
impedance. It is thought that the capacitive elements (imaginary component of impedance) of the sensor are providing
the bulk of the changes to the EIS profile, obtaining capacitance measurements provides all the information needed.

Q II * dt
C=—=*—— Equation 1
Y Voltage
n<dt
> dr * ot
C ~ 221 Equation 2

av

[0105] By controlling the change in voltage (dV), controlling time (df), and monitoring changes in current (d/) over a
number of samples (n) an estimation of the capacitance at the sensor surface is obtained. The sampling time (¢_samp)
translates the sum of current into charge stored in a given period of time dt = n * tg,,,

[0106] In Figure 8, a voltage step is performed for 60 seconds during which dV is controlled (10mV), df is controlled
(1-60sec), and d! is calculated from the difference between Isig and Ibase (instantaneous current vs. pre-step current).
[0107] By sampling data well beyond the RC time constant, the component of real impedance is also added to the
measurement When data is collected, any analysis will reflect values of complex impedance, though a large portion of
the impedance will be made up of capacitive elements - in this document, the terms capacitance and complex impedance
are used interchangeably.

[0108] There are several issues that may be of concern when using a voltage-pulse (or current-pulse) to determine
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capacitance. The sensor current will track with any change in interstitial glucose/hydrogen peroxide concentration (as
well as interfering compounds, i.e. acetaminophen). As a result, any changes in voltage will scale current values de-
pending on the transient systemic glucose concentration at the time. The capacitance measurement obtained in 100mg/dI
(standard) glucose concentration can be smaller than one obtained in 300mg/dl (elevated glucose level).

[0109] A scale factor for the capacitance measurement based on the current values obtained before a pulse is initiated
can solve this problem. Effectively, analyzing a properly scaled, differential capacitance measurement can overcome
any possible errors due to varying glucose concentration (assume constant glucose concentration over one sample). It
may be possible to avoid using a scale factor and rely on differential current to calculate our stored charge variable.
[0110] A second concern is in the identification of sensor failures. In general, a sensor enters failure mode with either
delamination or a general loss of sensitivity. Delamination is characterized by a significant increase in signal noise (may
be easier to identify based on current stability), whereas loss of sensitivity refers to instances in which the sensor no
longer follows with glucose concentration.

[0111] It has been confirmed via EIS that impedance magnitude will change with membrane delamination. However,
changes in impedance (particularly, increases) may be difficult to detect: bad sensors may be indistinguishable from the
low capacitance of initialized, working sensor. Sensors that lose their sensitivity may or may not have changes in their
complex impedance - it remains to be seen the degree (if at all) of difference in capacitance between working and failed
Sensors.

[0112] In typical experiments, sensors arc inserted within a flow system simulating interstitial fluid in the body and left
unpowered until glucose concentration is confirmed (via YSI) to be stable at approximately 100mg/dl. Individual sensors
will be powered by independent potentiostats of a Gamry E-Chem system. Further modifications to glucose concentration,
temperature, or gas content will be performed depending on experimental requirements.

RESULTS AND DISCUSSION:
Preliminary Experimental Data

[0113] As shown for example in Figure 9, preliminary results indicate that both Isig and Capacitance are useful alter-
natives to the implementation of a full-featured EIS chip. In the first experiment, pulsing and EIS samples were obtained
over a 9 hour period.

[0114] The current response of a pre-initialized sensor has different characteristics from all of the other samples
conducted after initialization. Over the course of 8-9 hours, we observe negligible current drift compared to the response
profile for a unused, non-initialized sensor. We can take the value of sensor current at time t=10 after a voltage pulse
and use that for a diagnostic check for sensors in the initialization state.

[0115] Capacitance was calculated as described in sections 7.3 and 9.2.3. The results are uniform across multiple
sensors: there is a significant difference in measured capacitance between pre- and post-initialized sensors. Additionally,
the post-initialization samples show very little drift (system noise) between measurements over time. In Figure 10, the
capacitance reading at 10sec is marked on the left and right edges in red. The lone high mark represents capacitance
at pre-initialization levels. The other grouping comes from the various samples taken at different time points after initial-
ization. A lack of failing sensor data limits what one can determine from such demonstrations, but alternative arrangements
can be used to examine capacitance in sensors that have become non-sensitive to changes in glucose concentration -
whether by membrane delamination or in our case, enzyme degradation.

[0116] One point to note is that partially hydrated sensors could potentially be improperly identified as initialized
sensors. A mostly dry sensor would have high impedance (low current), indicative of a sensor that has already gone
through initialization. This misrepresentation of sensor state may be overlooked for our purposes: sensors should not
be initialized until they are fully hydrated. However, it may be difficult to categorize or separate initialized sensors from
those that are only partially hydrated.

[0117] Though glucose was controlled (a constant 100mg/dl) over time, in normal testing and operation glucose
concentration will drift anywhere between 40mg/dl and 400mg/dl. The resulting sensor response would drive changes
in Isig and capacitance, possibly pushing post-init pulse sampling into the range of pre-init samples. EIS sampling at
different glucose concentrations has not indicated any significant impedance drift.

Concentration Dependence Test

[0118] In typical experiments, sensors inserted into PTS were initialized in two separate concentrations of glucose:
107.3mg/dl and 289.7mg/dl (100 or 300 mg/dl, respectively). Pre-initialized samples were taken after running the sensor
at 535mV for 5 minutes; initialized data was sampled 9 hours after the completion of the initialization sequence. The
experimental sequence taken here was the same as in 10.1: running over-potential of 535mV with intermediate 60sec
pulsing of 10mV to 545mV. By comparing the current and capacitance profiles of identically produced sensors, we may
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determine whether or not the environmental glucose concentration will significantly affect our step response test.
[0119] Response profiles look very similar between sensors and across varying glucose concentration. In general,
current amplitude after a pulse in pre-initialized sensors (~60nA) is approximately 7-times higher in amplitude than the
response in post-initialization sensors (~10nA). Our "capacitance" measurement involves a summation of the current
(charge buildup), so it is expected that the capacitance response will provide similar results. In fact, uniform results
across multiple sensors, with new sensors having an order of magnitude higher capacitance than sensors which have
already been initialized is observed.

[0120] The data provides evidence that the concentration of glucose does not affect the results of the differential pulse
analysis technique.

[0121] Similarly, EIS samples taken at the same time-points were not significantly affected by changes in glucose
concentration. Using 0.1Hz excitation, impedance readings differ significantly between new and used sensors (AR >
100k, Ag > 15°).

Dead Sensor Test

[0122] In this experiment, sensors were inserted in PTS, initialized, and run for several hours in the 300mg/dl glucose
solution used in the concentration dependence test. After 24 hours, the glucose concentration was increased to 397mg/d|
(400mg/dl) and the oxygen content of the solution was displaced using nitrogen gas. The sensors were then run for a
36-hour period in which pulse testing and EIS were conducted side-by-side every 3 or 6 hours.

[0123] By reducing available oxygen and increasing glucose, we endeavored to rapidly decrease the sensitivity of the
sensors and transition them into a state in which they would be considered failing sensors ("failed," or "dead"). We
created a single criterion for a failed or nonresponsive sensor: calibration factor equal or greater than 50 (CF= [Glu cos
elllsig).

[0124] We assume that failed sensors can have the following properties: 1) low sensitivity to glucose (high CF), and
2) no significant change in impedance magnitude. Given these assumptions, it may be difficult to analyze sensor differ-
ences using the pulse test method. Working sensors have a high impedance (can be the same with failed sensors), but
are sensitive to changes in glucose concentration. Ideally, a pulse test would be able to identify and differentiate between
newly inserted, working (post-init), and failing sensors.

[0125] Sensor current response for a failed sensor closely mirrors that of a post-init, working sensor. One interesting
property to note is the current response over the first half second: in dead sensors, the peak amplitude is comparable
to the amplitude of pre-initialized sensors, whereas in working sensors, the peak amplitude is almost an order of magnitude
smaller. The current spike in all of these graphs represents the capacitive element of the impedance - it appears that
failing sensors will increase capacitive load while maintaining a similar impedance magnitude. For the data presented,
the sensor had been reading with a very high calibration factor after the first few hours of increased glucose and removal
of systemic oxygen (CF = 397/4.017 = 98.83, t = 10.8k sec).

[0126] The peaks in the step response profile do not line up in time between sensors (different capacitance for each),
and existing transmitter hardware has a maximum sampling resolution is 1Hz. As a result, using current (or differential
current) as a diagnostic tool for detecting sensor failure will not be possible, as there is almost no (< 1nA) difference
between working and failing sensors. However, the instantaneous pulse can be reflected more clearly in our analysis
of charge over time, which will take into account the instantaneous pulse.

[0127] The data indicated that using single frequency EIS sampling would be insufficient to differentiate between
sensors that are "new," "used," and "dead." EIS sampling at 0.1Hz performed in sensors with CF > 50 showed impedance
magnitude and phase measurements that could be mischaracterized as either non-initialized or initialized sensors. An
alternative may be to choose specific excitation frequencies for different diagnostic checks - 0.1Hz excitation to differ-
entiate between initialized sensors and non-initialized ones, 100Hz to differentiate between new sensors and failing
ones. Combining this information with other tests (different excitation frequencies) may allow the system to quickly
diagnose the state of the sensor.

EXAMPLE 2: GLUCOSE SENSOR RECORDER USED IN A CANINE
MODEL

[0128] This example illustrates test methods, data extraction, and analysis involved in testing the current response to
small voltage pulse as a method to differentiate between new and used sensors.

DEFINITIONS:

[0129]
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EIS Electrochemical Impedance Spectroscopy
Count  Analogue to charge; 1 count/sec ~ 2nA
hex Hexadecimal (Base-16)

HTML  HyperText Markup Language

IC Integrated Circuit

[0130] The complex impedance of a sensor could be used as a diagnostic identifier for sensor life and age (via
electrochemical impedance spectroscopy, EIS). Unfortunately, hardware limitations reduce the viability of using an
impedance detection IC in existing sensor technology.

[0131] One alternative to traditional impedance spectroscopy is to analyze the response of current to a small voltage
pulse. By taking into account the peak instantaneous current as well as the total charge over a set amount of time, the
sensor transmitter may be able to differentiate between sensors that are inserted and ready, those that are inserted but
not completely hydrated, and those that have been inserted and initialized. Depending on sampling frequency and
accuracy of measurement, the voltage pulse test can provide a close estimation of the imaginary and real components
of impedance across an electrode.

[0132] Used in conjunction with a software-based timer, this technique can be implemented within existing hardware
to set limits on sensor use and help to identify whether sensors can be initialized (prevents re-initialization damage on
accidental disconnects). The diagnostic test can also allow for hydration detection, determining not only whether sensors
can be initialized but when (see, e.g. Figures 11 and 12).

[0133] In the trial, sensors with modified firmware were connected for 3 days each to 174 sensors on 18 dogs, spread
out over a two-week period. The firmware was modified to add in the pulse-test functionality, and all analysis was
conducted post-download using MATLAB. For our purposes, the pulse test was hard-coded to run before initialization,
30min after initialization, and every three hours following, as shown for example in Figures 13 and 14.

[0134] The final four studies required that individual recorders be physically disconnected after 48 hours. Sensors
were left disconnected between 5 and 10 min before reconnection for a final 24 hours. This change to the protocol was
added to observe the accuracy of the pulse test after sensor-disconnect/reconnect cycling.

[0135] At the completion of a sensor’s 3-day lifetime, the sensor was extracted and the data from the sensor was
downloaded in HTML format. The sensor memory was cleared and the unit was placed on the charger in preparation
for reuse with a new sensor.

ANALYSIS

[0136] In selecting thresholds, the script takes into account the number of true positives and false positives, assigning
a 400% relative weight to true positives. The relative scores for combinations of thresholds are tabulated and the highest
scores are annotated in the output. The goal of threshold modification is to minimize the amount of false hits (both
negative and positive). Strong emphasis is placed on reducing false negatives (a new sensor marked as used is a larger
problem than an old sensor marked as new). All analyzed scores are saved to a comma-separated file in a specified
directory as threshold_data.csv.

DATA AND OBSERVATIONS

[0137] We were only able to collect html data from 156 of the implanted 174 sensors. Unfortunately, the first 3 studies
had GST data which was not downloaded in html format. Of the 156 downloaded files, one was accidentally opened
and saved in an alternative format unusable by the existing data parsing script.

[0138] Atfirst, the thresholds were setarbitrarily, with the "current amplitude" threshold. Once the dataset was extracted,
the threshold analysis script was run on the full dataset. The high and low thresholds with the highest score are listed
below (they provided identical results). Deviation from these thresholds would result in either a larger number of false
positives or an increase in false negatives.

[0139] Asshown in Figures 15A and 15B, we generate two plots for each individual sensor file; each line corresponds
to a different pulse test (in time) on the same sensor. The first plot displays the change in counts over the 20sec-time
period in A+B (instantaneous current response). The second plot outputs the differential sum of counts over 10sec in
region B (count amplitude). Note the lack of y-axis scaling control between sensors - use the blue line (second check)
as a reference in comparison to the red line (first check) in the following figures.

[0140] As shown in FIGs. 16A and 16B, newly inserted sensors generate a high instantaneous current (change in
counts > 30counts/sec) and a high total charge (>200), as displayed by the red line in each plot. Used sensors show
reductions in both current peak and total charge, though the reduction in current peak (change in counts) is less noticeable
(blue, black, and grey). With newly inserted sensors that have hydration (or other) issues, the profiles of both graphs
will change. In effect, the current response to a voltage stimulus is negligible, and as a result the total charge over time
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shrinks as well (in a select few cases the current response to the positive voltage step was negative).

[0141] As shown in FIGS 17A and 17B, a group of sensors were intentionally disconnected for 5-10 minutes in the
middle of the study. We see that the time in which a sensor is left unpowered does not appear to affect the current
response of the sensor (there is no apparent drift from the "used sensor" state back toward that of a newly inserted
sensor). The sensor count profile is consistent with plots of old sensors. Furthermore, there does not appear to be any
change to sensor response (counts) after a second initialization sequence. The second diagnostic test (blue line) appears
post-initialization, and it is theorized that its slightly elevated profiles are a result of post-initialization current overshoot.

RESULTS
[0142] Full Study Statistics

True Positives: 154
False Positives: 23
True Negatives: 132
False Negatives: 1

new sensors marked as new)
old sensors marked as new)
old sensors marked as old)
new sensors marked as old)

—_~ o~~~

[0143] For the single false negative: analysis was not able to modify thresholds to mark the sensor as new without
causing 95% of old sensors to be incorrectly marked as new.

New Sensors correctly identified:  99.355%
Old Sensors correctly identified:  85.161%

[0144] Previously initialized sensors that were reconnected after a short duration generated results as expected, with
no false positives from a set of all "negative" data.

False Positives: 0 (old sensors marked as new)
True Negatives: 27  (old sensors marked as old)

[0145] The preceding analysis indicates that the differentiation of sensor state is possible. By modifying set thresholds,
over 99% of new sensors were correctly identified while 85% of old sensors and 100% of intentional-disconnect sensors
were accurately rejected.

[0146] Unfortunately, it does not appear as if the system (in current form) has the necessary accuracy and resolution
to differentiate between sensors that have become noisy (or lost sensitivity) and those that are running as expected. In
previous in vitro analysis (ER08-5327), a bench top potentiostat with millisecond sampling yielded data indicating that
there was a measurable difference between capacitance measurements of malfunctioning and working sensors. It is
predicted that the move to a newer platform (GST2) will allow for both better resolution and accuracy in measurement.
[0147] When moving to clinical trials and human data, thresholds will more than likely need to be revised. With enough
human data, the threshold selection script should be able to accurately supply thresholds that will maximize our used-
sensor detection (true negative) while minimizing our misidentified new sensors (false positive).

[0148] One consideration may be to increase the number of allowed false positives (new sensors recognized as old
ones) in order to reduce the number of false negatives (used sensors that are recognized as new ones). The working
theory related to false negatives is that they are a direct result of sensor hydration issues. In fact, if the analysis script
is modified to ignore Instantaneous Current and only check Total Charge (section 8.2, Individual Lines), resulting failed
sensors exhibit a consistent "sleepy" sensor profile (verified by running through the TGMS2 algorithm) - slow run-in time
and low sensitivity to glucose concentration for the first 12 hours. If "sleepy sensors" can be eliminated (either by use
of revised tubing designs or by the feedback check detailed in Figure 12), then the number of false negatives should
decrease significantly. At the moment, full hydration remains a difficult problem in our analysis of the voltage pulse test.
[0149] Use of impedance estimation tests to characterize sensor state has been substantiated. In individual sensors,
tests have shown that pulse testing is capable of differentiating between new/working sensors and ones that have lost
sensitivity (one failure mode). Further experiments have examined the performance of our voltage pulse test in areas
of concern: in varying concentrations of glucose, with non-responsive sensors (dead), and with sensors that are discon-
nected and reconnected after initialization.

[0150] Though there is some variation across individual sensors within the same lot, the general experimental results
have been reproduced. Given the data, it appears that thresholds may be determined from which a system will be able
to clearly differentiate between newly inserted and initialized sensors. To differentiate between working sensors and
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those which have lost sensitivity (or high-amplitude noise) will be substantially higher, and should depend on current-
sensing resolution.

[0151] Thresholds may require modification depending on electrode design, substrate makeup, and process changes.
Any change in the sensor design (narrow electrode vs. Distributed electrodes vs. Standard production layout) will result
in a change in capacitive response. To reconcile changes in design, the system will need to modify either 1) the thresholds
for different sensor states, or 2) the stimulus amplitude to maintain comparable responses.

[0152] Future examination should analyze the affect of different electrode layouts on test performance. Other tests
would include 1) the specific step amplitude required for adequate resolution, 2) the pulse duration required for test
accuracy, 3) examining extended (>12hour) sensor disconnection, 4) implementation on existing hardware (transmitter
hardware, etc).

[0153] While the description above refers to particular embodiments of the present invention, it will be understood that
many modifications may be made. The presently disclosed embodiments are, therefore, to be considered in all respects
as illustrative and not restrictive.

Claims
1. A method of observing a state of a sensor having a plurality of electrodes, the method comprising:

(a) repeatedly applying voltage pulses to the sensor at a predetermined frequency;
(b) observing a peak instantaneous electrical current of the sensor following application of each pulse; and
(c) observing the charge passing through the sensor over a period of time following application of each pulse;

so that the state of the sensor is observed;
characterized in that the method comprises:

observing the maximum current value (counts / second) during the initial 2 seconds in response to a voltage
pulse applied to the sensor, and
comparing the maximum current value to a predetermined test value.

2. The method of claim 1, wherein observations of the peak instantaneous electrical current and / or the charge passing
through the sensor over the period of time are used to estimate sensor impedance magnitude particularly sensor
capacitance.

3. The method of claim 2, wherein the estimate comprises an estimate of sensor capacitance and comprises a voltage
step analysis using a formula:

nsdt

d]t*tsamp
C . n=|
av

wherein:

C comprises capacitance;

V comprises voltage;

dV comprises a controlled voltage step;

dt comprises a length of time for analysis;

tsamp COMprises a length of time between samples; and
dl comprises a change in current.

4. The method of claim 1, wherein step (c) comprises observing current in the sensor over multiple periods of time
and/or over multiple frequencies.

5. The method of claim 1, further comprising:

performing the method on a plurality of sensors; and
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comparing the information so obtained on the state of the plurality of sensors.
6. The method of any preceding claim, wherein the sensor is a glucose sensor comprising:

a base layer;

at least three working electrodes disposed on the base layer;

a glucose oxidase layer disposed upon the working electrodes;

an analyte modulating layer disposed on the glucose oxidase layer,

wherein the analyte modulating layer comprises a hydrogel composition; and

an adhesion promoting layer disposed between the glucose oxidase layer and the analyte modulating layer.

7. A sensor system, comprising:

an implantable sensor, the sensor including a plurality of electrodes;
a sensor electronics device, the sensor electronics device capable of being operably connected to the sensor,
and the sensor electronics device including:

a connection detection device to determine if the sensor electronics device is connected to the sensor and
to transmit a connection signal;

a power source to supply a regulated voltage;

a microprocessor; and

acomputer-readable program code having instructions, which when executed cause the microprocessor to:

(a) repeatedly apply voltage pulses to the sensor at a predetermined frequency;

(b) observe a peak instantaneous electrical current of the sensor following application of each pulse; and
(c) observe the charge passing though the sensor over a period of time following application of each
pulse;

characterized in that the instructions when executed cause the microprocessor
to observe the maximum current value (counts / second) during the initial 2 seconds in response to a voltage
pulse applied to the sensor, and compare the maximum current value to a predetermined test value.

8. The system of claim 7, wherein recorded data from steps (b) and/or (c) are used to estimate sensor capacitance
using a formula:

nsdt

dlt™t

samp

av

n=1

9. The system of claims 7 or 8, wherein:

step (a) comprises applying a plurality of voltages to the sensor;
step (c) comprises recording data on a current in the sensor over multiple periods of time; or
step (c) comprises recording data on a current in the sensor over multiple frequencies.

10. The system of any of claims 7 to 9, wherein the implantable sensor is a glucose sensor comprising:
a base layer;
at least three working electrodes disposed on the base layer;
a glucose oxidase layer disposed upon the working electrodes;
an analyte modulating layer disposed on the glucose oxidase layer; and

an adhesion promoting layer disposed between the glucose oxidase layer and the analyte modulating layer.

11. The system of any of claims 7 to 10 further including a program code storage device, comprising:
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a computer-readable medium; wherein the
computer-readable program code is stored on the computer-readable medium.

Patentanspriiche

1.

Verfahren zum Feststellen eines Zustandes eines Sensors mit mehreren Elektroden, das Verfahren Folgendes
umfassend:

(a) wiederholtes Anlegen von Spannungsimpulsen an den Sensor bei einer vorgegebenen Frequenz;
(b) Feststellen eines elektrischen Spitzenmomentanstroms des Sensors nach Anlegen jedes Impulses; und
(c) Feststellen der Ladung, die Gber einen Zeitraum nach Anlegen jedes Impulses durch den Sensor fiihrt;

sodass der Zustand des Sensors festgestellt wird;

dadurch gekennzeichnet, dass das Verfahren Folgendes umfasst:

Feststellen des maximalen Stromwerts (Impulse/Sekunde) wahrend der anfanglichen 2 Sekunden als Reaktion auf
einen an den Sensor angelegten Spannungsimpuls und Vergleichen des maximalen Stromwerts mit einem vorge-
gebenen Prifwert.

Verfahren nach Anspruch 1, wobei Feststellungen des elektrischen Spitzenmomentanstroms und/oder der Ladung,
die durch den Sensor fiihrt Gber den Zeitraum verwendet werden, um eine Sensorimpedanzgréfle, insbesondere
eine Sensorkapazitat, zu schatzen.

Verfahren nach Anspruch 2, wobei die Schatzung eine geschatzte Sensorkapazitat umfasst und eine Spannungs-
stufenanalyse unter Verwendung einer Formel Folgendes umfasst:

¢~ 22t At tsamp
dv

wobei:

C eine Kapazitat umfasst;

V eine Spannung umfasst;

dV eine gesteuerte Spannungsstufe umfasst;

dt eine Zeitdauer fur die Analyse umfasst;

tsamp €ine Zeitdauer zwischen Abtastungen umfasst; und
dl eine Stromanderung umfasst.

Verfahren nach Anspruch 1, wobei Schritt (c) eine feststellende Stromstarke in dem Sensor Uiber mehrere Zeitrdume
und/oder iber mehrere Frequenzen umfasst.

Verfahren nach Anspruch 1, ferner Folgendes umfassend:

Durchfiihren des Verfahrens an mehreren Sensoren; und
Vergleichen der so erhaltenen Informationen tiber den Zustand der mehreren Sensoren.

Verfahren nach einem der vorhergehenden Anspriiche, wobei der Sensor ein Glukosesensor ist, Folgendes um-
fassend:

eine Unterschicht;

wenigstens drei Arbeitselektroden, die auf der Unterschicht angeordnet sind;

eine Glukoseoxidaseschicht, die auf den Arbeitselektroden angeordnet ist;

eine Analytmodulationsschicht, die auf der Glukoseoxidaseschicht angeordnet ist, wobei die Analytmodulati-
onsschicht eine Hydrogelzusammensetzung umfasst; und

eine adhasionsférdemde Schicht, die zwischen der Glukoseoxidaseschicht und der Analytmodulationsschicht
angeordnet ist.
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7. Sensorsystem, Folgendes umfassend:

einen implantierbaren Sensor, wobei der Sensor mehrere Elektroden einschliel3t;
eine Sensorelektronikvorrichtung, wobei die Sensorelektronikvorrichtung, die mit dem Sensor betriebsfahig
verbunden werden kann, und die Sensorelektronikvorrichtung einschlief3t:

eine Verbindungserfassungsvorrichtung, um zu bestimmen, ob die Sensorelektronikvorrichtung mit dem
Sensor verbunden ist, und um ein Verbindungssignal zu tbertragen;

eine Energiequelle, um eine geregelte Spannung zu liefern;

einen Mikroprozessor; und

einen computerlesbaren Programmcode mit Befehlen, die bei Ausfiihren dazu veranlassen, dass der Mi-
kroprozessor:

(a) wiederholt Spannungsimpulse mit einer vorgegebenen Frequenz an den Sensor anlegt;
(b) nach Anlegen jedes Impulses einen elektrischen Spitzenmomentanstrom des Sensors feststellt; und
(c) die Ladung feststellt, die GUber einen Zeitraum nach Anlegen jedes Impulses durch den Sensor fiihrt;

dadurch gekennzeichnet, dass die Befehle bei Ausfiihren den Mikroprozessor veranlassen, den maxi-
malen Stromwert (Impuls/Sekunde) wahrend der anfanglichen 2 Sekunden als Reaktion auf einen an den
Sensor angelegten Spannungsimpuls festzustellen und den maximalen Stromwert mit einem vorgegebenen
Prifwert zu vergleichen.

8. System nach Anspruch 7, wobei die aufgezeichneten Daten aus den Schritten (b) und/oder (c) verwendet werden,
um die Sensorkapazitat unter Verwendung einer Formel zu schatzen:

n=dt dIt™ tsamp

dav

9. System nach Anspruch 7 und 8, wobei:

Schritt (a) das Anlegen mehrerer Spannungen an den Sensor umfasst;
Schritt (c) das Aufzeichnen von Daten lber einen Strom in dem Sensor Uber mehrere Zeitrdume umfasst; oder
Schritt (c) das Aufzeichnen von Daten Uber einen Strom in dem Sensor Uiber mehrere Frequenzen umfasst.

10. System nach einem der Anspriiche 7 bis 9, wobei der implantierbare Sensor ein Glukosesensor ist, der Folgendes
umfasst:

eine Unterschicht;

wenigstens drei Arbeitselektroden, die auf der Unterschicht angeordnet sind;

eine Glukoseoxidaseschicht, die auf den Arbeitselektroden angeordnet ist;

eine Analytmodulationsschicht, die auf der Glukoseoxidaseschicht angeordnet ist; und

eine adhasionsférdemde Schicht, die zwischen der Glukoseoxidaseschicht und der Analytmodulationsschicht
angeordnet ist.

11. System nach einem der Anspriiche 7 bis 10, das ferner eine Programmcode-Speichervorrichtung einschlief3t, Fol-
gendes umfassend:

ein computerlesbares Medium;

wobei der computerlesbare Programmcode auf dem computerlesbaren Medium gespeichert ist.
Revendications
1. Procédé d’observation d’'un état d’un capteur doté d’une pluralité d’électrodes, le procédé comprenant :

(a) I'application de maniere répétée d’impulsions de tension au capteur a une fréquence prédéterminée ;
(b) 'observation d’'un courant électrique instantané de créte du capteur aprés application de chaque impulsion ; et
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(c) 'observation de la charge traversant le capteur pendant une période de temps aprés application de chaque
impulsion ;

de telle sorte que I'état du capteur est observé ;

caractérisé en ce que le procédé comprend :

I'observation de la valeur de courant maximale (comptes/seconde) pendant les 2 premiéres secondes en réponse
a une impulsion de tension appliquée au capteur, et la comparaison de la valeur de courant maximale a une valeur
d’essai prédéterminée.

Procédé selon la revendication 1, dans lequel des observations du courant électrique instantané de créte et/ou de
la charge traversant le capteur pendant la période de temps sont utilisées pour estimer I'amplitude d'impédance du
capteur, en particulier la capacité du capteur.

Procédé selon la revendication 2, dans lequel I'estimation comprend une estimation de la capacité du capteur et
comprend une analyse d’échelon de tension a I'aide d’'une formule :

IR At tsamp
av

dans laquelle :

C comprend une capacité ;

V comprend une tension ;

dV comprend un échelon de tension commandée ;
dt comprend une durée d’analyse ;

tsamp cOMprend une durée entre des échantillons ; et
dl comprend un changement de courant.

Procédé selon la revendication 1, dans lequel 'étape (c) comprend I'observation du courant dans le capteur sur
plusieurs périodes de temps et/ou sur plusieurs fréquences.

Procédé selon la revendication 1, comprenant en outre :

la mise en ceuvre du procédé sur une pluralité de capteurs ; et
la comparaison des informations ainsi obtenues sur I'état de la pluralité de capteurs.

Procédé selon I'une quelconque des revendications précédentes, dans lequel le capteur est un capteur de glucose
comprenant :

une couche de base ;

au moins trois électrodes de travail disposées sur la couche de base ;

une couche de glucose oxydase disposée sur les électrodes de travail ;

une couche de modulation d’analyte disposée sur la couche de glucose oxydase, dans lequel la couche de
modulation d’analyte comprend une composition d’hydrogel ; et

une couche favorisant 'adhérence disposée entre la couche de glucose oxydase et la couche de modulation
d’analyte.

7. Systéme de capteur, comprenant :

un capteur implantable, le capteur comprenant une pluralité d’électrodes ;
un dispositif électronique de capteur, le dispositif électronique de capteur pouvant étre connecté fonctionnelle-
ment au capteur, et le dispositif électronique de capteur comprenant :

un dispositif de détection de connexion pour déterminer si le dispositif électronique de capteur est connecté
au capteur et pour transmettre un signal de connexion ;

une source d’énergie pour fournir une tension régulée ;

un microprocesseur ; et
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un code de programme lisible par ordinateur contenant des instructions qui, une fois exécutées, aménent
le microprocesseur a :

(a) appliquer de maniére répétée des impulsions de tension au capteur a une fréquence prédéterminée ;
(b) observer un courant électrique instantané de créte du capteur aprés application de chaque
impulsion ; et

(c) observerla charge traversant le capteur pendant une période de temps apres application de chaque
impulsion ;

caractérisé en ce que les instructions lorsqu’elles sont exécutées aménent le microprocesseur a observer la
valeur de courant maximale (comptes/seconde) pendant les 2 premieres secondes en réponse a une impulsion
de tension appliquée au capteur, et a comparer la valeur de courant maximale a une valeur d’essai prédéter-
minée.

Systéme selon la revendication 7, dans lequel des données enregistrées a partir des étapes (b) et/ou (c) sont

utilisées pour estimer la capacité du capteur a I'aide d’une formule :

n=dt dlt* tsamyp

av

Systeme selon la revendication 7 ou 8, dans lequel :

I'étape (a) comprend 'application d’'une pluralité de tensions au capteur ;

I'étape (c) comprend I'enregistrement de données sur un courant dans le capteur sur plusieurs périodes de
temps ; ou

I'étape (c) comprend I'enregistrement de données sur un courant dans le capteur sur plusieurs fréquences.

Systeme selon I'une quelconque des revendications 7 a 9, dans lequel le capteur implantable est un capteur de
glucose comprenant :

une couche de base ;

au moins trois électrodes de travail disposées sur la couche de base ;

une couche de glucose oxydase disposée sur les électrodes de travail ;

une couche de modulation d’analyte disposée sur la couche de glucose oxydase ; et

une couche favorisant 'adhérence disposée entre la couche de glucose oxydase et la couche de modulation
d’analyte.

Systeme selon I'une quelconque des revendications 7 a 10, comprenant en outre un dispositif de stockage de code
de programme, comprenant :

un support lisible par ordinateur ; dans lequel le

code de programme lisible par ordinateur est stocké sur le support lisible par ordinateur.

28



EP 2 959 829 B1

|

w0

o
-—

>

N
-—

L "Old ¢¢ g|

Y e
<0l 8C -~ 0¢ na y eux\.\.m e
POl \ ve o %% £ oa
(A N ce
fn /
NN
/4 Nﬂ / GE
124 Ve 7 91 0¢

vi

29
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