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1
METHODS AND SYSTEMS FOR OBSERVING
SENSOR PARAMETERS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application which claims
priority from U.S. patent application Ser. No. 12/345,354,
filed Dec. 29, 2008, the contents of which are incorporated
herein by reference. This application is related to U.S. patent
application Ser. No. 11/322,977; U.S. patent application Ser.
No. 11/323,242; U.S. patent application Ser. No. 11/842,825;
U.S. patent application Ser. No. 11/980,149, now U.S. Pat.
No. 7,727,148; U.S. patent application Ser. No. 11/323,216,
now U.S. Pat. No. 7,774,038; U.S. patent application Ser. No.
11/633,254, and U.S. patent application Ser. No. 12/184,046,
the contents of which are herein incorporated by reference.

FIELD OF THE INVENTION

Embodiments of this invention provide methods and sys-
tems for determining the state of sensors, for example the
sufficiency of hydration of a glucose sensor during its initial
use.

DESCRIPTION OF RELATED ART

In many medical conditions medical personnel gain valu-
able information by monitoring the readings of physiological
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 mea-
surement 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.

Current continuous glucose measurement systems include
subcutaneous (or short-term) sensors and implantable (or
long-term) sensors. For each of the short-term sensors and the
long-term sensors, a patient has to wait a certain amount of
time 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.

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 dehydration, sen-
sor noise, sensor drift and the like.

BRIEF SUMMARY OF THE INVENTION

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. Illustrative embodiments of the invention
include a sensor system having a plurality of electrodes and a
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sensor electronics device which includes a connection device,
a power source, an electrical circuit and a microcontroller. In
typical embodiments of the invention, the electrical circuit is
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.

The invention disclosed herein has a number of embodi-
ments. A typical embodiments of the invention 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 sen-
sor, 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 ofthe invention can be used
to observe a number of measurable and/or quantifiable sensor
characteristics. For example, observations of the peak instan-
taneous 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 operation in vivo, for example the
presence or levels of sensor hydration, sensor noise, sensor
offset, sensor drift or the like.

Embodiments of the invention include 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 capaci-
tance, wherein an estimate of sensor capacitance comprises a
voltage step analysis using a mathematical formula:

n=dt

Zdl*tmmp
-1
Cx T

dv

In this formula, C comprises capacitance, V comprises volt-
age, dV comprises a controlled voltage step, dt comprises a
length of time for analysis, t,,,,, comprises a length of time
between samples, and dI comprises a change in current.

Embodiments of the invention employ a variety of different
methodological steps to observe sensor characteristics. For
example, 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 voltage pulse applied to the sensor, and then
comparing the maximum current value to a predetermined
test value. In other embodiments, the methods comprises
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 sen-
sor over multiple frequencies. Some embodiments of the
invention are designed for use in manufacturing processes,
for example to examine the uniformity of a lot of sensors
manufactured according to a specific process (e.g. by per-
forming the methods on a plurality of sensors; and then com-
paring the information so obtained on the state of the plurality
of sensors).

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 such embodi-
ment 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
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electrodes, an analyte modulating layer disposed on the glu-
cose oxidase layer, wherein the analyte modulating layer
comprises a hydrogel composition, and an adhesion promot-
ing 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 work-
ing electrodes, a reference electrode and a counter electrode),
in order to, for example, provide redundant sensing capabili-
ties. Optionally, the plurality of working, counter and refer-
ence electrodes are configured together as aunit and position-
ally distributed on the conductive layer in a repeating pattern
of units.

Embodiment of the invention include sensor systems such
as those comprising an implantable sensor having a plurality
of electrodes and a sensor electronics device that is 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 typi-
cally 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. Typically the system fur-
ther comprises a monitor for displaying the data recorded by
the microprocessor, wherein the data displayed on the moni-
tor 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 compris-
ing 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.

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 hav-
ing 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.

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,
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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. Many
changes and modifications within the scope of the present
invention may be made without departing from the spirit
thereof, and the invention includes all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description of embodiments of the invention
will be made with reference to the accompanying drawings,
wherein like numerals designate corresponding parts in the
figures.

FIG. 1 is a perspective view of a subcutaneous sensor
insertion set and block diagram of a sensor electronics device
according to an embodiment of the invention.

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 accord-
ing to an embodiment of the invention.

FIG. 4 illustrates an alternative embodiment of the inven-
tion 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
according to an embodiment of the present invention.

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

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

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

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

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

FIG. 11 provides a graph illustrating current response esti-
mation of complex impedance.

FIG. 12 provides a flow chart illustrating a proposed diag-
nostic/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.

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

FIGS. 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); I=Current (Amp); t=time; I(V)=func-
tion 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, 535 mV); lo=stable-state Isig
(assume glucose concentration is stable, whatever current is
when V=Vo); dV=voltage jump (i.e. 10 mV); dt=time
between voltage jumps (i.e. 10 sec); Offset=the current offset
inherent in the system. Offset=I(V,)-1,. Lowercase v and i
are representative of paired times for voltage and correspond-
ing current. A relatively long dt time can be used to confirm
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current that matches relatively closely with the stable-state
current value for that potential. The current is typically not
sampled over the entire dt time, (e.g. and instead just the last
1-2 seconds).

FIG. 19 illustrates aspects of an embodiment of the inven-
tion where a current step is used to estimate the impedance
modeled as a series R-C. As with the voltage step embodi-
ments disclosed herein, this embodiment considers 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. In
one illustrative way to practice such current step embodi-
ments of the invention 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 anew value, Ibase+deltal. This will initially cause a voltage
step, deltaV, 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=deltaV/deltal, and the capacitance by
C=deltal/(dV/dt).

DETAILED DESCRIPTION OF THE INVENTION

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 com-
monly employed using conventional methodology by those
skilled in the art. As appropriate, procedures involving the use
of commercially available kits and reagents are generally
carried out in accordance with manufacturer defined proto-
cols and/or parameters unless otherwise noted. A number of
terms are defined below.

All publications mentioned herein are incorporated herein
by reference to disclose and describe the methods and/or
materials in connection with which the publications are cited.
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.

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 under-
stood 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.

It must be 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
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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”.

The term “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, cere-
bral spinal fluid, lymph fluid or urine) that can be analyzed.
Analytes can include naturally occurring substances, artifi-
cial substances, metabolites, and/or reaction products. In
some embodiments, the analyte for measurement by the sens-
ing 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 consti-
tute 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 intro-
duced into the body or exogenous, for example, a contrast
agent for imaging, a radioisotope, a chemical agent, a fluo-
rocarbon-based synthetic blood, or a drug or pharmaceutical
composition, including but not limited to insulin. The meta-
bolic products of drugs and pharmaceutical compositions are
also contemplated analytes.

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 struc-
tural and operational changes may be made without departing
from the scope of the present inventions.

Determining the state of a sensor such as an electrochemi-
cal 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 using embodiments of the invention dis-
closed herein, for example 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). Embodiments of
the invention can then limit the use of a commercial sensor to
its regulatory agency approved labeling standard (e.g. 3 or 6
days). Embodiments of the invention analyze electrochemi-
cal properties of a sensor to determine its overall health (i.e.
operability parameters). Applications for embodiments of the
invention 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).

Embodiments of the invention relate to Electrochemical
Impedance Spectroscopy (EIS) and analogs thereof. 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. Embodiments of the
invention observe: (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,
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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 volt-
age (e.g. 10 mV). 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,
embodiments of the invention combine current and capacitive
analysis as a simple and elegant way to diagnose sensor
health.

The present invention described below with 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 pro-
gram instructions (as can any menu screens described in the
Figures). These computer program instructions may be
loaded onto a computer or other programmable data process-
ing apparatus (such as a controller, microcontroller, micro-
processor 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 instruc-
tions 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 pro-
cessing apparatus 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 func-
tions specified in the flowchart block or blocks, and/or menus
presented herein.

FIG. 1 is a perspective view of a subcutaneous sensor
insertion set and a block diagram of a sensor electronics
device according to an embodiment of the invention. As illus-
trated 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, ata selected site in the body
of a user. 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 subcu-
taneous 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. In an embodiment of the invention,
the one or more sensor electrodes 20 may include a counter
electrode, a working electrode, and a reference electrode.
Optionally embodiments of the sensor comprise a plurality of
working electrodes and/or counter electrodes and/or refer-
ence electrodes (e.g. 3 working electrodes, a reference elec-
trode and a counter electrode), in order to, for example, pro-
vide redundant sensing capabilities. Optionally, the plurality
of working, counter and reference electrodes are configured
together as a unit and positionally distributed on the conduc-
tive 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 elec-
trodes 20 in place at the selected insertion site.

In particular embodiments, the subcutaneous sensor set 10
facilitates accurate placement of a flexible thin film electro-
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chemical sensor 12 of the type used for monitoring specific
blood parameters (i.e. measurable and/or quantifiable char-
acteristics) 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.

Particular embodiments of the flexible electrochemical
sensor 12 are constructed in accordance with thin film mask
techniques to include elongated thin film conductors embed-
ded or encased between layers of a selected insulative mate-
rial 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 subcutane-
ously placed at an insertion site. The sensing portion 18 is
joined to a connection portion 24 that terminates in conduc-
tive contact pads, or the like, which are also exposed through
one of the insulative layers. In alternative embodiments, other
types of implantable sensors, such as chemical based, optical
based, or the like, may be used.

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, entitled METHOD OF FABRICAT-
ING THIN FILM SENSORS, which is herein incorporated
by reference. 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, which is also herein incorporated
by reference. Thus, in accordance with embodiments of the
present invention, subcutaneous sensor sets 10 may be con-
figured or formed to work with either a wired or a wireless
characteristic monitor system.

The sensor electrodes 10 may be used in a variety of sens-
ing applications and may be configured in a variety of ways.
For example, the sensor electrodes 10 may be used in physi-
ological 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 envi-
ronment. For example, the sensor electrodes 20 and biomol-
ecule 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.

The monitor 100 may also be referred to as a sensor elec-
tronics 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 embodi-
ment, the cable may be omitted. In this embodiment of the
invention, the monitor 100 may include an appropriate con-
nector 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,






