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(57) ABSTRACT

Methods and devices to detect analyte in body fluid are pro-
vided. Embodiments include processing sampled data from
analyte sensor, determining a single, fixed, normal sensitivity
value associated with the analyte sensor, estimating a win-
dowed offset value associated with the analyte sensor for each
available sampled data cluster, computing a time varying
offset based on the estimated windowed offset value, and
applying the time varying offset and the determined normal
sensitivity value to the processed sampled data to estimate an
analyte level for the sensor.
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METHOD AND DEVICE FOR PROVIDING
OFFSET MODEL BASED CALIBRATION FOR
ANALYTE SENSOR

BACKGROUND

[0001] The detection of the level of glucose or other ana-
lytes, such as lactate, oxygen or the like, in certain individuals
is vitally important to their health. For example, the monitor-
ing of glucose is particularly important to individuals with
diabetes. Diabetics may need to monitor glucose levels to
determine when insulin is needed to reduce glucose levels in
their bodies or when additional glucose is needed to raise the
level of glucose in their bodies.

[0002] Devices have been developed for continuous or
automatic monitoring of analytes, such as glucose, in bodily
fluid such as in the blood stream or in interstitial fluid. Some
of these analyte measuring devices are configured so that at
least a portion of the devices are positioned below a skin
surface of a user, e.g., in a blood vessel or in the subcutaneous
tissue of a user.

[0003] Following the sensor insertion, the resulting poten-
tial trauma to the skin and/or underlying tissue, for example,
by the sensor introducer and/or the sensor itself, may, at
times, result in instability of signals monitored by the sensor.
This may occur in a number of analyte sensors, but not in all
cases. This instability is characterized by a decrease in the
sensor signal, and when this occurs, generally, the analyte
levels monitored may not be reported, recorded or output to
the user.

SUMMARY

[0004] Embodiments of the subject disclosure include
device and methods of determining early signal attenuation
(ESA) in signals from analyte sensors. More specifically,
embodiments include method, device and system for process-
ing sampled data from analyte sensor, determining a single,
fixed, normal sensitivity value associated with the analyte
sensor, estimating a windowed offset value associated with
the analyte sensor for each available sampled data cluster,
computing a time varying offset based on the estimated win-
dowed offset value, and applying the time varying offset and
the determined normal sensitivity value to the processed
sampled data to estimate an analyte level for the sensor.
[0005] Also provided are systems, computer program prod-
ucts, and kits.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 shows a block diagram of an embodiment of
a data monitoring and management system according to the
present disclosure;

[0007] FIG. 2 shows a block diagram of an embodiment of
the transmitter unit of the data monitoring and management
system of FIG. 1;

[0008] FIG. 3 shows a block diagram of an embodiment of
the receiver/monitor unit of the data monitoring and manage-
ment system of FIG. 1;

[0009] FIG. 4 shows a schematic diagram of an embodi-
ment of an analyte sensor according to the present disclosure;
[0010] FIGS. 5A-5B show a perspective view and a cross
sectional view, respectively of an embodiment the analyte
sensor of FIG. 4;
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[0011] FIG. 6 is a flowchart illustrating the offset model
based analyte sensor data calibration in accordance with one
aspect of the present disclosure; and

[0012] FIG. 7 is a flowchart illustrating the normal sensi-
tivity determination routine of FIG. 6 associated with the
analyte sensor in accordance with one embodiment of the
present disclosure.

DETAILED DESCRIPTION

[0013] Before the present disclosure is described in addi-
tional detail, it is to be understood that this disclosure is not
limited to particular embodiments 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 be limiting, since
the scope of the present disclosure will be limited only by the
appended claims.

[0014] Where arange of values is provided, it is understood
that each intervening value, to the tenth of the unit of the lower
limit unless the context clearly dictates otherwise, between
the upper and lower limit of that range and any other stated or
intervening value in that stated range, is encompassed within
the disclosure. The upper and lower limits of these smaller
ranges may independently be included in the smaller ranges is
also encompassed within the disclosure, subject to any spe-
cifically excluded limit in the stated range. Where the stated
range includes one or both of the limits, ranges excluding
either or both of those included limits are also included in the
disclosure.

[0015] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present disclosure, the
preferred methods and materials are now described. All pub-
lications mentioned herein are incorporated herein by refer-
ence to disclose and describe the methods and/or materials in
connection with which the publications are cited.

[0016] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural referents unless the context clearly dictates
otherwise.

[0017] The publications discussed herein are provided
solely for their disclosure prior to the filing date of the present
application. Nothing herein is to be construed as an admission
that the present disclosure is not entitled to antedate such
publication by virtue of prior disclosure. Further, the dates of
publication provided may be different from the actual publi-
cation dates which may need to be independently confirmed.
[0018] As will be apparent to those of skill in the art upon
reading this disclosure, each of the individual embodiments
described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments
without departing from the scope or spirit of the present
disclosure.

[0019] The figures shown herein are not necessarily drawn
to scale, with some components and features being exagger-
ated for clarity.

[0020] Generally, embodiments of the present disclosure
relate to methods and devices for detecting at least one ana-
lyte such as glucose in body fluid. In certain embodiments, the
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present disclosure relates to the continuous and/or automatic
in vivo monitoring of the level of an analyte using an analyte
Sensor.

[0021] Accordingly, embodiments include analyte moni-
toring devices and systems that include an analyte sensor—at
least a portion of which is positionable beneath the skin of the
user—for the in vivo detection, of an analyte, such as glucose,
lactate, and the like, in a body fluid. Embodiments include
wholly implantable analyte sensors and analyte sensors in
which only a portion of the sensor is positioned under the skin
and a portion of the sensor resides above the skin, e.g., for
contact to a transmitter, receiver, transceiver, processor, etc.
The sensor may be, for example, subcutaneously positionable
in a patient for the continuous or periodic monitoring of a
level of an analyte in a patient’s interstitial fluid. For the
purposes of this description, continuous monitoring and peri-
odic monitoring will be used interchangeably, unless noted
otherwise. The analyte level may be correlated and/or con-
verted to analyte levels in blood or other fluids. In certain
embodiments, an analyte sensor may be positioned in contact
with interstitial fluid to detect the level of glucose, which
detected glucose may be used to infer the glucose level in the
patient’s bloodstream. Analyte sensors may be insertable into
a vein, artery, or other portion of the body containing fluid.
Embodiments of the analyte sensors of the subject disclosure
may be configured for monitoring the level of the analyte over
a time period which may range from minutes, hours, days,
weeks, or longer.

[0022] Ofinterest are analyte sensors, such as glucose sen-
sors, that are capable of in vivo detection of an analyte for
about one hour or more, e.g., about a few hours or more, e.g.,
about a few days of more, e.g., about three or more days, e.g.,
about five days or more, e.g., about seven days or more, e.g.,
about several weeks or at least one month. Future analyte
levels may be predicted based on information obtained, e.g.,
the current analyte level at time to, the rate of change of the
analyte, etc. Predictive alarms may notify the user of pre-
dicted analyte levels that may be of concern prior in advance
of the analyte level reaching the future level. This enables the
user an opportunity to take corrective action.

[0023] FIG. 1 shows a data monitoring and management
system such as, for example, an analyte (e.g., glucose) moni-
toring system 100 in accordance with certain embodiments.
Embodiments of the subject disclosure are further described
primarily with respect to glucose monitoring devices and
systems, and methods of glucose detection, for convenience
only and such description is in no way intended to limit the
scope of the disclosure. It is to be understood that the analyte
monitoring system may be configured to monitor a variety of
analytes at the same time or at different times.

[0024] Analytes that may be monitored include, but are not
limited to, acetyl choline, amylase, bilirubin, cholesterol,
chorionic gonadotropin, creatine kinase (e.g., CK-MB), cre-
atine, DNA, fructosamine, glucose, glutamine, growth hor-
mones, hormones, ketones, lactate, peroxide, prostate-spe-
cific antigen, prothrombin, RNA, thyroid stimulating
hormone, and troponin. The concentration of drugs, such as,
for example, antibiotics (e.g., gentamicin, vancomycin, and
the like), digitoxin, digoxin, drugs of abuse, theophylline, and
warfarin, may also be monitored. In those embodiments that
monitor more than one analyte, the analytes may be moni-
tored at the same or different times.

[0025] The analyte monitoring system 100 includes a sen-
sor 101, a data processing unit 102 connectable to the sensor
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101, and a primary receiver unit 104 which is configured to
communicate with the data processing unit 102 via a commu-
nication link 103. In certain embodiments, the primary
receiver unit 104 may be further configured to transmit data to
a data processing terminal 105 to evaluate or otherwise pro-
cess or format data received by the primary receiver unit 104.
The data processing terminal 105 may be configured to
receive data directly from the data processing unit 102 via a
communication link which may optionally be configured for
bi-directional communication. Further, the data processing
unit 102 may include a transmitter or a transceiver to transmit
and/or receive data to and/or from the primary receiver unit
104, the data processing terminal 105 or optionally the sec-
ondary receiver unit 106.

[0026] Also shown in FIG. 1 is an optional secondary
receiver unit 106 which is operatively coupled to the commu-
nication link and configured to receive data transmitted from
the data processing unit 102. The secondary receiver unit 106
may be configured to communicate with the primary receiver
unit 104, as well as the data processing terminal 105. The
secondary receiver unit 106 may be configured for bi-direc-
tional wireless communication with each of the primary
receiver unit 104 and the data processing terminal 105. As
discussed in further detail below, in certain embodiments the
secondary receiver unit 106 may be a de-featured receiver as
compared to the primary receiver, i.e., the secondary receiver
may include a limited or minimal number of functions and
features as compared with the primary receiver unit 104. As
such, the secondary receiver unit 106 may include a smaller
(in one or more, including all, dimensions), compact housing
or embodied in a device such as a wrist watch, arm band, etc.,
for example. Alternatively, the secondary receiver unit 106
may be configured with the same or substantially similar
functions and features as the primary receiver unit 104. The
secondary receiver unit 106 may include a docking portion to
be mated with a docking cradle unit for placement by, e.g., the
bedside for night time monitoring, and/or bi-directional com-
munication device.

[0027] Only one sensor 101, data processing unit 102 and
data processing terminal 105 are shown in the embodiment of
the analyte monitoring system 100 illustrated in FIG. 1. How-
ever, it will be appreciated by one of ordinary skill in the art
that the analyte monitoring system 100 may include more
than one sensor 101 and/or more than one data processing unit
102, and/or more than one data processing terminal 105.
Multiple sensors may be positioned in a patient for analyte
monitoring at the same or different times. In certain embodi-
ments, analyte information obtained by a first positioned
sensor may be employed as a comparison to analyte informa-
tion obtained by a second sensor. This may be useful to
confirm or validate analyte information obtained from one or
both ofthe sensors. Such redundancy may be useful if analyte
information is contemplated in critical therapy-related deci-
sions. In certain embodiments, a first sensor may be used to
calibrate a second sensor.

[0028] The analyte monitoring system 100 may be a con-
tinuous monitoring system, or semi-continuous, or a discrete
monitoring system. In a multi-component environment, each
component may be configured to be uniquely identified by
one or more of the other components in the system so that
communication conflict may be readily resolved between the
various components within the analyte monitoring system
100. For example, unique IDs, communication channels, and
the like, may be used.
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[0029] Incertain embodiments, the sensor 101 is physically
positioned in or on the body of a user whose analyte level is
being monitored. The sensor 101 may be configured to at least
periodically sample the analyte level of the user and convert
the sampled analyte level into a corresponding signal for
transmission by the data processing unit 102. The data pro-
cessing unit 102 is coupleable to the sensor 101 so that both
devices are positioned in or on the user’s body, with at least a
portion of the analyte sensor 101 positioned transcutane-
ously. The data processing unit 102 performs data processing
functions, where such functions may include but are not lim-
ited to, filtering and encoding of data signals, each of which
corresponds to a sampled analyte level of the user, for trans-
mission to the primary receiver unit 104 via the communica-
tion link 103. In one embodiment, the sensor 101 or the data
processing unit 102 or a combined sensor/data processing
unit may be wholly implantable under the skin layer of the
user.

[0030] In one aspect, the primary receiver unit 104 may
include an analog interface section including and RF receiver
and an antenna that is configured to communicate with the
data processing unit 102 via the communication link 103, data
processing unit 102 and a data processing section for process-
ing the received data from the data processing unit 102 such
as data decoding, error detection and correction, data clock
generation, and/or data bit recovery.

[0031] Inoperation, the primary receiver unit 104 in certain
embodiments is configured to synchronize with the data pro-
cessing unit 102 to uniquely identify the data processing unit
102, based on, for example, an identification information of
the data processing unit 102, and thereafter, to periodically
receive signals transmitted from the data processing unit 102
associated with the monitored analyte levels detected by the
sensor 101.

[0032] Referring again to FIG. 1, the data processing ter-
minal 105 may include a personal computer, a portable com-
puter such as a laptop or a handheld device (e.g., personal
digital assistants (PDAs), telephone such as a cellular phone
(e.g., a multimedia and Internet-enabled mobile phone such
as an iPhone or similar phone), mp3 player, pager, and the
like), drug delivery device, each of which may be configured
for data communication with the receiver via a wired or a
wireless connection. Additionally, the data processing termi-
nal 105 may further be connected to a data network (not
shown) for storing, retrieving, updating, and/or analyzing
data corresponding to the detected analyte level of the user.
[0033] The data processing terminal 105 may include an
infusion device such as an insulin infusion pump or the like,
which may be configured to administer insulin to patients,
and which may be configured to communicate with the pri-
mary receiver unit 104 for receiving, among others, the mea-
sured analyte level. Alternatively, the primary receiver unit
104 may be configured to integrate an infusion device therein
so that the primary receiver unit 104 is configured to admin-
ister insulin (or other appropriate drug) therapy to patients,
for example, for administering and modifying basal profiles,
as well as for determining appropriate boluses for adminis-
tration based on, among others, the detected analyte levels
received from the data processing unit 102. An infusion
device may be an external device or an internal device
(wholly implantable in a user).

[0034] In particular embodiments, the data processing ter-
minal 105, which may include an insulin pump, may be
configured to receive the analyte signals from the data pro-
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cessing unit 102, and thus, incorporate the functions of the
primary receiver unit 104 including data processing for man-
aging the patient’s insulin therapy and analyte monitoring. In
certain embodiments, the communication link 103 as well as
one or more of the other communication interfaces shown in
FIG. 1 may use one or more of an RF communication proto-
col, aninfrared communication protocol, a Bluetooth enabled
communication protocol, an 802.11x wireless communica-
tion protocol, or an equivalent wireless communication pro-
tocol which would allow secure, wireless communication of
several units (for example, per HIPPA requirements) while
avoiding potential data collision and interference.

[0035] FIG. 2is ablock diagram of the data processing unit
of the data monitoring and detection system shown in FIG. 1
in accordance with certain embodiments. The data processing
unit 102 thus may include one or more of an analog interface
201 configured to communicate with the sensor 101 (FIG. 1),
a user input 202, and a temperature detection section 203,
each of which is operatively coupled to a transmitter proces-
sor 204 such as a central processing unit (CPU). The trans-
mitter may include user input and/or interface components or
may be free of user input and/or interface components.

[0036] Further shown in FIG. 2 are serial communication
section 205 and an RF transmitter 206, each of which is also
operatively coupled to the transmitter processor 204. More-
over, a power supply 207, such as a battery, may also be
provided in the data processing unit 102 to provide the nec-
essary power for the data processing unit 102. Additionally, as
can be seen from the Figure, clock 208 may be provided to,
among others, supply real time information to the transmitter
processor 204.

[0037] As can be seen in the embodiment of FIG. 2, the
sensor unit 101 (FIG. 1) includes four contacts, three of which
are electrodes—work electrode (W) 210, guard contact (G)
211, reference electrode (R) 212, and counter electrode (C)
213, each operatively coupled to the analog interface 201 of
the data processing unit 102. In certain embodiments, each of
the work electrode (W) 210, guard contact (G) 211, reference
electrode (R) 212, and counter electrode (C) 213 may be
made using a conductive material that may be applied by, e.g.,
chemical vapor deposition (CVD), physical vapor deposition,
sputtering, reactive sputtering, printing, coating, ablating
(e.g., laser ablation), painting, dip coating, etching, and the
like. Materials include but are not limited to aluminum, car-
bon (such as graphite), cobalt, copper, gallium, gold, indium,
iridium, iron, lead, magnesium, mercury (as an amalgam),
nickel, niobium, osmium, palladium, platinum, rhenium,
rhodium, selenium, silicon (e.g., doped polycrystalline sili-
con), silver, tantalum, tin, titanium, tungsten, uranium, vana-
dium, zinc, zirconium, mixtures thereof, and alloys, oxides,
or metallic compounds of these elements.

[0038] The processor 204 may be configured to generate
and/or process control signals to the various sections of the
data processing unit 102 during the operation of the data
processing unit 102. In certain embodiments, the processor
204 also includes memory (not shown) for storing data such
as the identification information for the data processing unit
102, as well as the data associated with signals received from
the sensor 101. The stored information may be retrieved and
processed for transmission to the primary receiver unit 104
under the control of the processor 204. Furthermore, the
power supply 207 may include a commercially available bat-

tery.
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[0039] Incertain embodiments, a manufacturing process of
the data processing unit 102 may place the data processing
unit 102 in the lower power, non-operating state (i.e., post-
manufacture sleep mode). In this manner, the shelf life of the
data processing unit 102 may be significantly improved.
Moreover, as shown in FIG. 2, while the power supply unit
207 is shown as coupled to the processor 204, and as such, the
processor 204 is configured to provide control of the power
supply unit 207, it should be noted that within the scope of the
present disclosure, the power supply unit 207 is configured to
provide the necessary power to each of the components of the
data processing unit 102 shown in FIG. 2.

[0040] Referring back to FIG. 2, the power supply section
207 of the data processing unit 102 in one embodiment may
include a rechargeable battery unit that may be recharged by
a separate power supply recharging unit (for example, pro-
vided in the receiver unit 104) so that the data processing unit
102 may be powered for a longer period of usage time. In
certain embodiments, the data processing unit 102 may be
configured without a battery in the power supply section 207,
in which case the data processing unit 102 may be configured
to receive power from an external power supply source (for
example, a battery, electrical outlet, etc.) as discussed in
further detail below.

[0041] Referring yet again to FIG. 2, a temperature detec-
tion section 203 of the data processing unit 102 is configured
to monitor the temperature of the skin near the sensor inser-
tion site. The temperature reading may be used to adjust the
analyte readings obtained from the analog interface 201. Also
shown is a leak detection circuit 214 coupled to the guard
trace (G) 211 and the processor 204 in the data processing unit
102 of the data monitoring and management system 100. The
leak detection circuit 214 may be configured to detect leakage
current in the sensor 101 to determine whether the measured
sensor data are corrupt or whether the measured data from the
sensor 101 is accurate. Such detection may trigger a notifica-
tion to the user.

[0042] FIG. 3 is a block diagram of the receiver/monitor
unit such as the primary receiver unit 104 of the data moni-
toring and management system shown in FIG. 1 in accor-
dance with certain embodiments. The primary receiver unit
104 includes one or more of: a blood glucose test strip inter-
face 301, an RF receiver 302, an input 303, a temperature
detection section 304, and a clock 305, each of which is
operatively coupled to a processing and storage section 307.
The primary receiver unit 104 also includes a power supply
306 operatively coupled to a power conversion and monitor-
ing section 308. Further, the power conversion and monitor-
ing section 308 is also coupled to the receiver processor 307.
Moreover, also shown are a receiver serial communication
section 309, and an output 310, each operatively coupled to
the processing and storage unit 307. The receiver may include
user input and/or interface components or may be free of user
input and/or interface components.

[0043] In certain embodiments, the test strip interface 301
includes a glucose level testing portion to receive a blood (or
other body fluid sample) glucose test or information related
thereto. For example, the interface may include a test strip
port to receive a glucose test strip. The device may determine
the glucose level of the test strip, and optionally display (or
otherwise notice) the glucose level on the output 310 of the
primary receiver unit 104. Any suitable test strip may be
employed, e.g., test strips that only require a very small
amount (e.g., one microliter or less, e.g., 0.5 microliter or less,
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e.g., 0.1 microliter or less), of applied sample to the strip in
order to obtain accurate glucose information, e.g. FreeStyle®
blood glucose test strips from Abbott Diabetes Care, Inc.
Glucose information obtained by the in vitro glucose testing
device may be used for a variety of purposes, computations,
etc. For example, the information may be used to calibrate
sensor 101, confirm results of the sensor 101 to increase the
confidence thereof (e.g., in instances in which information
obtained by sensor 101 is employed in therapy related deci-
sions), etc.

[0044] In one aspect, the RF receiver 302 is configured to
communicate, via the communication link 103 (FIG. 1) with
the RF transmitter 206 of the data processing unit 102, to
receive encoded data from the data processing unit 102 for,
among others, signal mixing, demodulation, and other data
processing. The input 303 of the primary receiver unit 104 is
configured to allow the user to enter information into the
primary receiver unit 104 as needed. In one aspect, the input
303 may include keys of a keypad, a touch-sensitive screen,
and/or a voice-activated input command unit, and the like.
The temperature monitor section 304 may be configured to
provide temperature information of the primary receiver unit
104 to the processing and control section 307, while the clock
305 provides, among others, real time or clock information to
the processing and storage section 307.

[0045] Each of the various components of the primary
receiver unit 104 shown in FIG. 3 is powered by the power
supply 306 (or other power supply) which, in certain embodi-
ments, includes a battery. Furthermore, the power conversion
and monitoring section 308 is configured to monitor the
power usage by the various components in the primary
receiver unit 104 for effective power management and may
alert the user, for example, in the event of power usage which
renders the primary receiver unit 104 in sub-optimal operat-
ing conditions. The serial communication section 309 in the
primary receiver unit 104 is configured to provide a bi-direc-
tional communication path from the testing and/or manufac-
turing equipment for, among others, initialization, testing,
and configuration of the primary receiver unit 104. Serial
communication section 104 can also be used to upload data to
a computer, such as time-stamped blood glucose data. The
communication link with an external device (not shown) can
be made, for example, by cable (such as USB or serial cable),
infrared (IR) or RF link. The output/display 310 of the pri-
mary receiver unit 104 is configured to provide, among oth-
ers, a graphical user interface (GUI), and may include a liquid
crystal display (LCD) for displaying information. Addition-
ally, the output/display 310 may also include an integrated
speaker for outputting audible signals as well as to provide
vibration output as commonly found in handheld electronic
devices, such as mobile telephones, pagers, etc. In certain
embodiments, the primary receiver unit 104 also includes an
electro-luminescent lamp configured to provide backlighting
to the output 310 for output visual display in dark ambient
surroundings.

[0046] Referring back to FIG. 3, the primary receiver unit
104 may also include a storage section such as a program-
mable, non-volatile memory device as part of the processor
307, or provided separately in the primary receiver unit 104,
operatively coupled to the processor 307. The processor 307
may be configured to perform Manchester decoding (or other
protocol(s)) as well as error detection and correction upon the
encoded data received from the data processing unit 102 via
the communication link 103.
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[0047] In further embodiments, the data processing unit
102 and/or the primary receiver unit 104 and/or the secondary
receiver unit 105, and/or the data processing terminal/infu-
sion section 105 may be configured to receive the blood
glucose value wirelessly over a communication link from, for
example, a blood glucose meter. In further embodiments, a
user manipulating or using the analyte monitoring system 100
(FIG. 1) may manually input the blood glucose value using,
for example, a user interface (for example, a keyboard, key-
pad, voice commands, and the like) incorporated in the one or
more of the data processing unit 102, the primary receiver unit
104, secondary receiver unit 105, or the data processing ter-
minal/infusion section 105.

[0048] Additional detailed descriptions of embodiments of
the continuous analyte monitoring system, embodiments of
its various components are provided in U.S. Pat. No. 6,175,
752 issued Jan. 16, 2001 entitled “Analyte Monitoring Device
and Methods of Use”, and in application Ser. No. 10/745,878
filed Dec. 26, 2003 entitled “Continuous Glucose Monitoring
System and Methods of Use”, each assigned to the Assignee
of'the present application, and the disclosure of each of which
are incorporated herein by reference for all purposes.

[0049] FIG. 4 schematically shows an embodiment of an
analyte sensor in accordance with the present disclosure. The
sensor 400 includes electrodes 401, 402 and 403 on a base
404. The sensor may be wholly implantable in a user or may
be configured so that only a portion is positioned within
(internal) a user and another portion outside (external) a user.
For example, the sensor 400 may include a portion position-
able above a surface of the skin 410, and a portion positioned
below the skin. In such embodiments, the external portion
may include contacts (connected to respective electrodes of
the second portion by traces) to connect to another device also
external to the user such as a transmitter unit. While the
embodiment of FIG. 4 shows three electrodes side-by-side on
the same surface of base 404, other configurations are con-
templated, e.g., fewer or greater electrodes, some or all elec-
trodes on different surfaces of the base or present on another
base, some or all electrodes stacked together, electrodes of
differing materials and dimensions, etc.

[0050] FIG. SA shows a perspective view of an embodi-
ment of an electrochemical analyte sensor 500 having a first
portion (which in this embodiment may be characterized as a
major portion) positionable above a surface of the skin 510,
and a second portion (which in this embodiment may be
characterized as a minor portion) that includes an insertion tip
530 positionable below the skin, e.g., penetrating through the
skin and into, e.g., the subcutaneous space 520, in contact
with the user’s biofluid such as interstitial fluid. Contact por-
tions of a working electrode 501, a reference electrode 502,
and a counter electrode 503 are positioned on the portion of
the sensor 500 situated above the skin surface 510. Working
electrode 501, a reference electrode 502, and a counter elec-
trode 503 are shown at the second section and particularly at
the insertion tip 530. Traces may be provided from the elec-
trode at the tip to the contact, as shown in FIG. 5A. It is to be
understood that greater or fewer electrodes may be provided
on asensor. For example, a sensor may include more than one
working electrode and/or the counter and reference elec-
trodes may be a single counter/reference electrode, etc.
[0051] FIG. 5B shows a cross sectional view of a portion of
the sensor 500 of FIG. 5A. The electrodes 510, 502 and 503,
of the sensor 500 as well as the substrate and the dielectric
layers are provided in a layered configuration or construction.
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For example, as shown in FIG. 5B, in one aspect, the sensor
500 (such as the sensor unit 101 FIG. 1), includes a substrate
layer 504, and a first conducting layer 501 such as carbon,
gold, etc., disposed on at least a portion of the substrate layer
504, and which may provide the working electrode. Also
shown disposed on at least a portion of the first conducting
layer 501 is a sensing layer 508.

[0052] Referring back to FIG. 5B, a first insulation layer
such as a first dielectric layer 505 is disposed or layered on at
least a portion of the first conducting layer 501, and further, a
second conducting layer 509 may be disposed or stacked on
top of at least a portion of the first insulation layer (or dielec-
tric layer) 505. As shown in FIG. 5B, the second conducting
layer 509 may provide the reference electrode 502, and in one
aspect, may include a layer of silver/silver chloride (Ag/
AgCl), gold, etc.

[0053] Referring still again to FIG. 5B, a second insulation
layer 506 such as a dielectric layer in one embodiment may be
disposed or layered on at least a portion of the second con-
ducting layer 509. Further, a third conducting layer 503 may
provide the counter electrode 503. It may be disposed on at
least a portion of the second insulation layer 506. Finally, a
third insulation layer may be disposed or layered on at least a
portion of the third conducting layer 503. In this manner, the
sensor 500 may be layered such that at least a portion of each
of the conducting layers is separated by a respective insula-
tion layer (for example, a dielectric layer).

[0054] The embodiment of FIGS. 5A and 5B show the
layers having different lengths. Some or all of the layers may
have the same or different lengths and/or widths.

[0055] In certain embodiments, some or all of the elec-
trodes 501, 502, 503 may be provided on the same side of the
substrate 504 in the layered construction as described above,
or alternatively, may be provided in a co-planar manner such
that two or more electrodes may be positioned on the same
plane (e.g., side-by side (e.g., parallel) or angled relative to
each other) on the substrate 504. For example, co-planar
electrodes may include a suitable spacing there between and/
or include dielectric material or insulation material disposed
between the conducting layers/electrodes. Furthermore, in
certain embodiments one or more of the electrodes 501, 502,
503 may be disposed on opposing sides of the substrate 504.
In such embodiments, contact pads may be one the same or
different sides of the substrate. For example, an electrode may
be on a first side and its respective contact may be on a second
side, e.g., a trace connecting the electrode and the contact may
traverse through the substrate.

[0056] In certain embodiments, the data processing unit
102 may be configured to perform sensor insertion detection
and data quality analysis, information pertaining to which
may also transmitted to the primary receiver unit 104 peri-
odically at the predetermined time interval. In turn, the
receiver unit 104 may be configured to perform, for example,
skin temperature compensation/correction as well as calibra-
tion of the sensor data received from the data processing unit
102.

[0057] As noted above, analyte sensors may include an
analyte-responsive enzyme in a sensing layer. Some analytes,
such as oxygen, can be directly electrooxidized or electrore-
duced on a sensor, and more specifically at least on a working
electrode of a sensor. Other analytes, such as glucose and
lactate, require the presence of at least one electron transfer
agent and/or at least one catalyst to facilitate the electrooxi-
dation or electroreduction of the analyte. Catalysts may also
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be used for those analyte, such as oxygen, that can be directly
electrooxidized or electroreduced on the working electrode.
For these analytes, each working electrode includes a sensing
layer (see for example sensing layer 508 of FIG. 5B) formed
proximate to or on a surface of a working electrode. In many
embodiments, a sensing layer is formed near or on only a
small portion of at least a working electrode.

[0058] A variety of different sensing layer configurations
may be used. In certain embodiments, the sensing layer is
deposited on the conductive material of a working electrode.
The sensing layer may extend beyond the conductive material
of the working electrode. In some cases, the sensing layer
may also extend over other electrodes, e.g., over the counter
electrode and/or reference electrode (or counter/reference is
provided). The sensing layer may be integral with the material
of an electrode.

[0059] A sensing layer that is in direct contact with the
working electrode may contain an electron transfer agent to
transfer electrons directly or indirectly between the analyte
and the working electrode, and/or a catalyst to facilitate a
reaction of the analyte.

[0060] A sensing layer that is not in direct contact with the
working electrode may include a catalyst that facilitates a
reaction of the analyte. However, such sensing layers may not
include an electron transfer agent that transfers electrons
directly from the working electrode to the analyte, as the
sensing layer is spaced apart from the working electrode. One
example of this type of sensor is a glucose or lactate sensor
which includes an enzyme (e.g., glucose oxidase, glucose
dehydrogenase, lactate oxidase, and the like) in the sensing
layer. The glucose or lactate may react with a second com-
pound in the presence of the enzyme. The second compound
may then be electrooxidized or electroreduced at the elec-
trode. Changes in the signal at the electrode indicate changes
in the level of the second compound in the fluid and are
proportional to changes in glucose or lactate level and, thus,
correlate to the analyte level.

[0061] In certain embodiments which include more than
one working electrode, one or more of the working electrodes
do not have a corresponding sensing layer, or have a sensing
layer which does not contain one or more components (e.g.,
an electron transfer agent and/or catalyst) needed to electro-
lyze the analyte. Thus, the signal at this working electrode
corresponds to background signal which may be removed
from the analyte signal obtained from one or more other
working electrodes that are associated with fully-functional
sensing layers by, for example, subtracting the signal.
[0062] In certain embodiments, the sensing layer includes
one or more electron transfer agents. Electron transfer agents
that may be employed are electroreducible and electrooxidiz-
able ions or molecules having redox potentials that are a few
hundred millivolts above or below the redox potential of the
standard calomel electrode (SCE). The electron transfer agent
may be organic, organometallic, or inorganic.

[0063] In certain embodiments, electron transfer agents
have structures or charges which prevent or substantially
reduce the diffusional loss of the electron transfer agent dur-
ing the period of time that the sample is being analyzed. For
example, electron transfer agents include but are not limited
to a redox species, e.g., bound to a polymer which can in turn
be disposed on or near the working electrode. The bond
between the redox species and the polymer may be covalent,
coordinative, or ionic. Although any organic or organometal-
lic redox species may be bound to a polymer and used as an
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electron transfer agent, in certain embodiments the redox
species is a transition metal compound or complex, e.g.,
osmium, ruthenium, iron, and cobalt compounds or com-
plexes. It will be recognized that many redox species
described for use with a polymeric component may also be
used, without a polymeric component.

[0064] One type of polymeric electron transfer agent con-
tains a redox species covalently bound in a polymeric com-
position. An example of this type of mediator is poly(vinyl-
ferrocene). Another type of electron transfer agent contains
an ionically-bound redox species. This type of mediator may
include a charged polymer coupled to an oppositely charged
redox species. Examples of this type of mediator include a
negatively charged polymer coupled to a positively charged
redox species such as an osmium or ruthenium polypyridyl
cation. Another example of an ionically-bound mediator is a
positively charged polymer such as quaternized poly(4-vinyl
pyridine) or poly(1-vinyl imidazole) coupled to a negatively
charged redox species such as ferricyanide or ferrocyanide. In
other embodiments, electron transfer agents include a redox
species coordinatively bound to a polymer. For example, the
mediator may be formed by coordination of an osmium or
cobalt 2,2'-bipyridyl complex to poly(1-vinyl imidazole) or
poly(4-vinyl pyridine).

[0065] Suitable electron transfer agents are osmium transi-
tion metal complexes with one or more ligands, each ligand
having a nitrogen-containing heterocycle such as 2,2'-bipyri-
dine, 1,10-phenanthroline, or derivatives thereof. The elec-
tron transfer agents may also have one or more ligands
covalently bound in a polymer, each ligand having at least one
nitrogen-containing heterocycle, such as pyridine, imidazole,
or derivatives thereof. The present disclosure may employ
electron transfer agents have a redox potential ranging from
about —100 mV to about +150 mV versus the standard
calomel electrode (SCE), e.g., ranges from about -100 mV to
about +150 mV, e.g., ranges from about =50 mV to about +50
mV, e.g., electron transfer agents have osmium redox centers
and a redox potential ranging from +50 mV to -150 mV
versus SCE.

[0066] The sensing layer may also include a catalyst which
is capable of catalyzing a reaction of the analyte. The catalyst
may also, in some embodiments, act as an electron transfer
agent. One example of a suitable catalyst is an enzyme which
catalyzes a reaction of the analyte. For example, a catalyst,
such as a glucose oxidase, glucose dehydrogenase (e.g., pyr-
roloquinoline quinone glucose dehydrogenase (PQQ)), or
oligosaccharide dehydrogenase), may be used when the ana-
lyte of interest is glucose. A lactate oxidase or lactate dehy-
drogenase may be used when the analyte of interest is lactate.
Laccase may be used when the analyte of interest is oxygen or
when oxygen is generated or consumed in response to a
reaction of the analyte. In certain embodiments, a catalyst
may be attached to a polymer, cross linking the catalyst with
another electron transfer agent (which, as described above,
may be polymeric. A second catalyst may also be used in
certain embodiments. This second catalyst may be used to
catalyze a reaction of a product compound resulting from the
catalyzed reaction of the analyte. The second catalyst may
operate with an electron transfer agent to electrolyze the
product compound to generate a signal at the working elec-
trode. Alternatively, a second catalyst may be provided in an
interferent-eliminating layer to catalyze reactions that
remove interferents.
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[0067] Certain embodiments include a Wired Enzyme™
sensing layer that works at a gentle oxidizing potential, e.g.,
a potential of about +40 mV. This sensing layer uses an
osmium (Os)-based mediator designed for low potential
operation and is stably anchored in a polymeric layer. Accord-
ingly, in certain embodiments the sensing element is redox
active component that includes (1) Osmium-based mediator
molecules attached by stable (bidente) ligands anchored to a
polymeric backbone, and (2) glucose oxidase enzyme mol-
ecules. These two constituents are crosslinked together.
[0068] A mass transport limiting layer (not shown), e.g., an
analyte flux modulating layer, may be included with the sen-
sor to act as a diffusion-limiting barrier to reduce the rate of
mass transport of the analyte, for example, glucose or lactate,
into the region around the working electrodes. The mass
transport limiting layers are useful in limiting the flux of an
analyte to a working electrode in an electrochemical sensor so
that the sensor is linearly responsive over a large range of
analyte concentrations and is easily calibrated. Mass trans-
port limiting layers may include polymers and may be bio-
compatible. A mass transport limiting layer may serve many
functions, e.g., functionalities of a biocompatible layer and/or
interferent-eliminating layer may be provided by the mass
transport limiting layer.

[0069] In certain embodiments, a mass transport limiting
layer is a membrane composed of crosslinked polymers con-
taining heterocyclic nitrogen groups, such as polymers of
polyvinylpyridine and polyvinylimidazole. Electrochemical
sensors equipped with such membranes have considerable
sensitivity and stability, and a large signal-to-noise ratio, in a
variety of conditions.

[0070] According certain embodiments, a membrane is
formed by crosslinking in situ a polymer, modified with a
Zwitterionic moiety, a non-pyridine copolymer component,
and optionally another moiety that is either hydrophilic or
hydrophobic, and/or has other desirable properties, in an
alcohol-buffer solution. The modified polymer may be made
from a precursor polymer containing heterocyclic nitrogen
groups. Optionally, hydrophilic or hydrophobic modifiers
may be used to “fine-tune” the permeability of the resulting
membrane to an analyte of interest. Optional hydrophilic
modifiers, such as poly(ethylene glycol), hydroxyl or poly-
hydroxyl modifiers, may be used to enhance the biocompat-
ibility of the polymer or the resulting membrane.

[0071] A biocompatible layer (not shown) may be provided
over at least that portion of the sensor which is subcutane-
ously inserted into the patient. The biocompatible layer may
be incorporated in the interferent-eliminating layer or in the
mass transport limiting layer or may be a separate layer. The
layer may prevent the penetration of large biomolecules into
the electrodes. The biocompatible layer may also prevent
protein adhesion to the sensor, formation of blood clots, and
other undesirable interactions between the sensor and body.
For example, a sensor may be completely or partially covered
on its exterior with a biocompatible coating.

[0072] An interferent-eliminating layer (not shown) may
be included in the sensor. The interferent-eliminating layer
may be incorporated in the biocompatible layer or in the mass
transport limiting layer or may be a separate layer. Interfer-
ents are molecules or other species that are electroreduced or
electrooxidized at the electrode, either directly or via an elec-
tron transfer agent, to produce a false signal. In one embodi-
ment, a film or membrane prevents the penetration of one or
more interferents into the region around the working elec-
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trode. In many embodiments, this type of interferent-elimi-
nating layer is much less permeable to one or more of the
interferents than to the analyte. An interferent-eliminating
layer may include ionic components to reduce the permeabil-
ity of the interferent-eliminating layer to ionic interferents
having the same charge as the ionic components. Another
example of an interferent-eliminating layer includes a cata-
lyst for catalyzing a reaction which removes interferents.

[0073] A sensormay also include an active agent such as an
anticlotting and/or antiglycolytic agent(s) disposed on at least
a portion a sensor that is positioned in a user. An anticlotting
agent may reduce or eliminate the clotting of blood or other
body fluid around the sensor, particularly after insertion of the
sensor. Blood clots may foul the sensor or irreproducibly
reduce the amount of analyte which diffuses into the sensor.
Examples of useful anticlotting agents include heparin and
tissue plasminogen activator (TPA), as well as other known
anticlotting agents. Embodiments may include an antiglyco-
lytic agent or precursor thereof. The term “antiglycolytic” is
used broadly herein to include any substance that at least
retards glucose consumption of living cells.

[0074] Sensors described herein may be configured to
require no system calibration or no user calibration. For
example, a sensor may be factory calibrated and need not
require further calibrating. In certain embodiments, calibra-
tion may be required, but may be done without user interven-
tion, i.e., may be automatic. In those embodiments in which
calibration by the user is required, the calibration may be
according to a predetermined schedule or may be dynamic,
i.e., the time for which may be determined by the system on a
real-time basis according to various factors. Calibration may
be accomplished using an in vitro test strip or other calibrator,
e.g., a small sample test strip such as a test strip that requires
less than about 1 microliter of sample (for example Fre-
eStyle® blood glucose monitoring test strips from Abbott
Diabetes Care). For example, test strips that require less than
about 1 nanoliter of sample may be used. In certain embodi-
ments, a sensor may be calibrated using only one sample of
body fluid per calibration event. For example, a user using
need only lance a body part one time to obtain sample for a
calibration event (e.g., for a test strip), or may lance more than
one time within a short period of time if an insufficient vol-
ume of sample is obtained firstly. Embodiments include
obtaining and using multiple samples of body fluid for a given
calibration event, where glucose values of each sample are
substantially similar. Data obtained from a given calibration
event may be used independently to calibrate or combined
with data obtained from previous calibration events, e.g.,
averaged including weighted averaged, filtered and the like,
to calibrate.

[0075] An analyte system may include an optional alarm
system that, e.g., based on information from a processor,
warns the patient of a potentially detrimental condition of the
analyte. For example, if glucose is the analyte, an alarm
system may warn a user of conditions such as hypoglycemia
and/or hyperglycemia and/or impending hypoglycemia, and/
or impending hyperglycemia. An alarm system may be trig-
gered when analyte levels reach or exceed a threshold value.
An alarm system may also, or alternatively, be activated when
the rate of change or acceleration of the rate of change in
analyte level increase or decrease reaches or exceeds a thresh-
old rate or acceleration. For example, in the case of a glucose
monitoring system, an alarm system may be activated if the
rate of change in glucose concentration exceeds a threshold
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value which might indicate that a hyperglycemic or hypogly-
cemic condition is likely to occur. A system may also include
system alarms that notify a user of system information such as
battery condition, calibration, sensor dislodgment, sensor
malfunction, etc. Alarms may be, for example, auditory and/
or visual. Other sensory-stimulating alarm systems may be
used including alarm systems which heat, cool, vibrate, or
produce a mild electrical shock when activated.

[0076] The subject disclosure also includes sensors used in
sensor-based drug delivery systems. The system may provide
a drug to counteract the high or low level of the analyte in
response to the signals from one or more sensors. Alterna-
tively, the system may monitor the drug concentration to
ensure that the drug remains within a desired therapeutic
range. The drug delivery system may include one or more
(e.g., two or more) sensors, a transmitter, a receiver/display
unit, and a drug administration system. In some cases, some
or all components may be integrated in a single unit. The
sensor-based drug delivery system may use data from the one
or more sensors to provide necessary input for a control
algorithm/mechanism to adjust the administration of drugs,
e.g., automatically or semi-automatically. As an example, a
glucose sensor could be used to control and adjust the admin-
istration of insulin from an external or implanted insulin
pump.

[0077] As discussed in further detail below, in accordance
with aspects of the present disclosure an offset based model
for improving the accuracy of the analyte sensor signals to
address abnormal sensor sensitivity event including, for
example, early signal (sensitivity) attenuation is provided.
More specifically, in accordance with aspects of the present
disclosure, when an analyte sensor is experiencing signal
attenuation, it is assumed that the associated sensor sensitiv-
ity remains constant, and rather, a predetermined signal offset
results. Accordingly, determination of the offset and applying
the determined offset to analyte sensor signals provide
improved accuracy in the monitored analyte levels from the
sensor, even in the case where the analyte sensor is experi-
encing abnormal sensitivity event such as, for example, early
signal attenuation.

[0078] In this manner, in one aspect, there is provided a
procedure to retrospectively (or in real time) determine a
glucose estimate based on sensor signals and available refer-
ence measurements from, for example, in vitro testing that
maximizes both the optimal accuracy and precision, while
minimally susceptible to errors that may be caused by outlier
reference value and/or momentary sensor signal degradation
sources such as early signal attenuation.

[0079] In providing the best glucose estimate, it is found
that the simplest transformation from a raw sensor current
signal in an arbitrary hardware units to a glucose signal in
proper glucose concentration units, is in fact a linear scaling
operation without any offset. The scaling factor is commonly
called sensitivity, in which a raw sensor current signal can be
translated into glucose concentration units by dividing the
signal’s value by the sensitivity value. As a result, the nominal
aspect of calibration involves using a reasonable amount of
information to infer the most accurate and precise estimate of
sensitivity.

[0080] While this is the case under normal operating con-
ditions, there are several exceptions in which the sensor
response to the analyte may be contaminated by other arti-
facts. An example is during the presence of early signal
attenuation (ESA) condition, where, suppose the sensor has
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been properly calibrated using its true sensitivity, the result-
ing glucose values is lower than that determined by other
means or an identical sensor that is not subject to ESA con-
dition.

[0081] In such non-normal operating conditions, the best
glucose estimate from the sensor may be determined by
retaining the same best estimate of sensitivity as in the nomi-
nal case, and in addition, determining the best estimate of a
slowly time varying offset. This may be defined as the offset
based model. In one aspect, the offset based model assumes
that the true gain or sensitivity of the system remains the same
throughout the sensor’s life, and that non-normal operating
conditions such as ESA condition is best represented by a
nonzero, slowly time varying offset.

[0082] Referring now to the Figures, FIG. 6 is a flowchart
illustrating the offset model based analyte sensor data cali-
bration in accordance with one aspect of the present disclo-
sure. In one aspect, sampled data from an analyte sensor is
processed (610). For example, in one embodiment, the raw
signal (such as raw current signal) received from the analyte
sensor is retrospectively lag corrected, and/or filtered or
smoothed in addition to temperature corrected or compen-
sated. Thereafter, a normal sensitivity associated with the
analyte sensor is determined (620) as described in further
detail below in conjunction with FIG. 7.

[0083] Referring again to FIG. 6, a windowed offset is
thereafter estimated using each available paired points (of
sensor data and time corresponding reference blood glucose
measurement, for example) within a valid window (630). As
discussed above, the effective sensitivity associated with the
analyte sensor is, in one embodiment, held constant at the
determined normal sensitivity discussed above. Using this
normal sensitivity Sn, each pairable sensor signal is scaled
into glucose concentrations. For purpose of signal pairing, the
sensor signal Gr can either be the raw signal itself, lag cor-
rected, and/or filtered or smoothed in addition to temperature
corrected or compensated. The scaled value Gs at any time k
is then described as follows:

Gs(k)=Gr(k)/Sn

where Sn is the normal sensitivity previously computed. For
each pairable scaled sensor signal Gs and reference blood
glucose measurement (BG) in a window, a difference (DGs)
may be determined as follows:

DGs(k)=Gs(k)-BG(k)

where k denotes the time index of a pair.

[0084] The difference value (DGs) between each pairable
scaled sensor signal Gs to its corresponding reference blood
glucose (BG) measurement pair is a reflection of the latest
offset. In one aspect, the plurality of these computed offset
within this window of reference blood glucose measurement-
sensor pairs determine the windowed offset in this window.
An example of obtaining a windowed offset using the avail-
able datain a window is averaging the difference value (DGs).
Yet another example is to take the median value of the differ-
ence value (DGs). Under normal operating conditions, the
windowed offset is zero.

[0085] Referring still again to FIG. 6, thereafter, the esti-
mated offset may be used to obtain a slowly time varying
offset Go(k) at every minute k (640). For a retrospective
application, interpolating offset values obtained around clus-
ters of reference blood glucose measurement-sensor pairs
may be used in place of a slowly time varying offset Go(k).
For a real-time application, prior knowledge of how offsets
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change over time given other known circumstances or param-
eters may be used to determine a slowly time varying offset
Go(k). For example, when ESA condition is suspected, a time
evolution of the offset based on the available offset data may
be inferred by fitting the offset data to an ESA offset model
whose architecture may have been determined a priori.
[0086] Finally, for each one minute sampled analyte data
(or any other periodically sampled analyte data from the
sensor), the slowly time varying estimated offset Go(k) and
the best estimate of the constant Sn are applied to the sampled
analyte data to estimate the corresponding glucose value
(650). That is, for example, for each of the one minute
sampled analyte sensor data Gr(k) which has been lag cor-
rected, temperature compensated, and/or smoothed or fil-
tered, the slowly time varying offset Go(k) is applied with the
previously determined normal sensitivity Sn to determine the
corresponding estimated glucose value Gf(k) based on the
following relationship:

GRI=[Gr(k)/Sn]-Go(k)

[0087] FIG. 7 is a flowchart illustrating the normal sensi-
tivity Sn determination routine of FIG. 6 associated with the
analyte sensor in accordance with one embodiment of the
present disclosure. Referring to the Figure, to determine the
normal sensitivity associated with the analyte sensor (620)
(FIG. 6), given the available paired data points of analyte
sensor signals and the time corresponding reference measure-
ments (for example, the in vitro blood glucose measurements
taken, for example, at a given time intervals (periodic or
otherwise)), the immediate sensitivity (Si) for each paired
data points are determined (710). That is, in one embodiment,
for each paired sensor data and reference blood glucose mea-
surement, the sensor data is lag corrected and smoothed or
filtered, based on a nominal time constant (for example, 10
minutes or any other suitable time period), and a ratio of the
lag corrected and smoothed data Gr(k) over the reference
blood glucose measurement BG is taken to determine the
corresponding immediate sensitivity (Si).

Si(k)=Gr(k)/BG

[0088] Referring back to FIG. 7, with the determined
immediate sensitivity (Si), for each time window (which may
be preset or variable), the latest sensitivity (S0) associated
with the analyte sensor is estimated based on the determined
immediate sensitivity (Si) values within that time window
(720). That is, a time window such as, for example, a five hour
window (or any other suitable time window) is defined with a
center that shifts or advances through the sensor’s life (as a
measure of time) in an increment of, for example, one hour.
Thereafter, within the time window, the determined immedi-
ate sensitivity (Si) is collected as well as the associated rate of
change of the sensor signals.

[0089] In one embodiment, a least squares fit line is calcu-
lated for the sensor rate of change as a function of the corre-
sponding immediate sensitivity (Si) within the time window.
The vertical difference between each immediate sensitivity
(Si) and the calculated least squares fit line corresponds to a
lag residual compensated sensitivity. Furthermore, the inter-
cept at the zero rate of change of this least squares fit line
corresponds to the estimate of the latest sensitivity (S0) in the
corresponding time window.

[0090] It is to be noted that the standard error associated
with the least squares fit line may correspond to how the
available data fits the lag correction model as well as how
much variance is introduced from the zero mean sensitivity
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error sources. In this context, the zero mean sensitivity error
sources are factors that could increase the variance of the
sensitivity calculation error without significantly biasing the
result in any direction. Examples of such zero mean sensitiv-
ity error sources include random sensor error and/or noise,
random reference blood glucose error, and insufficient lag
correction. Insufficient lag correction may result from using a
time constant that is smaller or larger than the actual value, or
from using a model that is not sufficiently robust to capture all
the transient behavior between blood glucose level to inter-
stitial glucose levels.

[0091] Also, referring back to FIG. 7, using the available
lag residual compensated sensitivity values, along with their
associated timestamps, in one embodiment, the least squares
fit line may be determined based on time as a function of the
lag residual compensated sensitivity values to estimate the
sensitivity rate of change for each time window. In this man-
ner, as discussed above, for each time window, the latest
sensitivity (SO0) based on the determined immediate sensitiv-
ity (Si) is calculated. Referring still to FIG. 7, given the
multiple time windows, a subset of the time windows are
selected based on the determined latest sensitivity, the imme-
diate sensitivity (Si) as well as the lag residual compensated
sensitivity values. In this manner, in one aspect, the latest
sensitivity values (S0) that are taken during non-normal
operation modes such as during ESA condition are dis-
counted. In these cases, the latest sensitivity values (S0) tend
to be lower than the true/accurate value. For example, in one
embodiment, the time windows are selected for latest sensi-
tivity values (S0) that are in the upper 50? percentile of the
entire time window population.

[0092] Also, the subset of time windows are additionally
identified for those with a suitable or sufficient least squares
fit line of the sensor rate of change versus immediate sensi-
tivity (Si). The better the fit, the more likely a given window
will produce a reliable latest sensitivity value (S0). In one
embodiment, the latest sensitivity values (S0) retained are
those where the standard sensitivity error (Sse) based on the
determined least squares fit line in the lower quartile of the
entire time window population.

[0093] Additionally, the subset of time windows may fur-
ther be narrowed to those associated with a relatively low
immediate sensitivity (Si) rate of change value. A window
with a relatively high immediate sensitivity (Si) rate of
change value may indicate a region of poor sensor stability, or
a consistent bias in the reference blood glucose values due to
unknown circumstances. For example, in one embodiment,
only latest sensitivity values (S0) whose rate of change mag-
nitude is in the lower quartile of the entire time window
population may be retained. Referring still to FIG. 7, based on
the one or more criteria described above, the subset of eligible
latest sensitivities (S0) are filtered or identified from all latest
sensitivity values (S0) (730). It is to be noted that the thresh-
old for inclusion within the subset of time windows may be
varied and include other thresholds or criteria including, for
example, selecting those time windows associated with the
latest sensitivity in the upper 75” percentile of the entire
population (or some other suitable threshold), selecting those
time windows associated with preferred elapsed time ranges
since the start of a sensor insertion, or selecting those time
windows associated with preferred ranges of times of days.
Indeed, the numerical examples described herein are intended
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to provide exemplary embodiments and the scope of the
present disclosure are not in any manner intended to be lim-
ited to such examples.

[0094] Referring back to FIG. 7, as shown, weighted aver-
aging function is applied to the subset of eligible latest sen-
sitivity values (S0) to determine the estimate of the normal
sensitivity (740). For example, in one embodiment, each lat-
est sensitivity value (S0) may be weighted by (1/Sse)?. In
another embodiment, each latest sensitivity value (S0) may
be weighted by (S0/(Sse)?). In yet another embodiment, other
measures of fit such as the absolute value of immediate sen-
sitivity (Si) rate of change of each window can be included
into the weighting.

[0095] Thereafter, the estimated normal sensitivity deter-
mined is confirmed by, for example, comparing it to the
median sensitivity computed from all eligible latest sensitiv-
ity values (S0) and ensuring that the estimated normal sensi-
tivity no smaller than the median sensitivity (750). Since
numerical determination may incur a certain degree of uncer-
tainty, it is possible that the normal sensitivity candidate may
be lower than some clusters of latest sensitivity values (S0)
that may be a better candidate for the normal sensitivity
estimate. As long as the bottom end of the uncertainty of the
latest sensitivity values (S0) is still below the candidate nor-
mal sensitivity value, no adjustment may be needed. Other-
wise, the normal sensitivity may be adjusted further up to that
bottom end limit. An example of computing the bottom end of
latest sensitivity values (S0) may include subtracting each
latest sensitivity value (S0) with three times (or any other
suitable factor) the corresponding standard error (Sse) value.
When the mean of this lower bound is higher than the candi-
date normal sensitivity value, the normal sensitivity should be
adjusted to this bound.

[0096] In this manner, in accordance with embodiments of
the present disclosure, improved real time or retrospective
determination of glucose estimate is provided based on ana-
lyte sensor data and associated time corresponding reference
measurement values (for example, in vitro test results provid-
ing associated blood glucose measurements) which improves
accuracy and is less prone to abnormal sensor sensitivity
events such as, for example, early signal attenuation.

[0097] Furthermore, in aspects of the present disclosure, it
is contemplated that the highest sustainable in vivo steady
state sensitivity associated with an analyte sensor occurs
when the sensor is in normal condition. Also, sensitivities
determined during reduced or increased mean sensitivity
events may be deemed poor or inaccurate representatives of
normal sensitivity. Additionally, zero mean sensitivity error
sources are not considered to bias the normal sensitivity, and
further, lag correction (retrospective or real time) of the ana-
lyte sensor raw signal removes most of the rate of change
associated sensitivity errors. Moreover, it is considered, in
some aspects of the present disclosure, that within a relatively
short time window, a single “latest sensitivity” is an accurate
representation of the temporal sensitivity—for example, in a
five hour time window as in the exemplary discussion set
forth above, the “latest sensitivity” may be considered suffi-
ciently representative.

[0098] In addition, in a five hour time window, a single
effective time constant may be applicable for all available
paired points. While different time windows may have differ-
ent associated time constants, in a steady state condition
where other parameters or variables being the same, the time
window that has an effective time constant which is closed to
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an assumed nominal value may have a latest sensitivity value
that is more suitable for the normal sensitivity. Finally, in a
time window with sufficient number of paired points, the
determined sensitivity slope over time may indicate the rela-
tive stability of the sensitivity in that time window. As such,
again assuming a steady state condition where other param-
eters or variables are considered to be the same, a time win-
dow with a flatter sensitivity slope over time may be a more
suitable candidate for the normal sensitivity.

[0099] Accordingly, a method in one embodiment includes
processing sampled data from analyte sensor, determining a
single, fixed, normal sensitivity value associated with the
analyte sensor, estimating a windowed offset value associated
with the analyte sensor for each available sampled data clus-
ter, computing a time varying offset based on the estimated
windowed offset value, and applying the time varying offset
and the determined normal sensitivity value to the processed
sampled data to estimate an analyte level for the sensor.
[0100] Processing the sampled data may include perform-
ing retrospective lag correction of the sampled data. Further,
processing the sampled data may include smoothing the
sampled data from the analyte sensor. In addition, processing
the sampled data may include performing temperature cor-
rection to the sampled data.

[0101] In one aspect, determining the normal sensitivity
may include pairing the sampled data from the analyte sensor
with one or more time corresponding reference measurement
values, where the one or more reference measurement values
may include a blood glucose measurement.

[0102] A further aspect may include determining an imme-
diate sensitivity value for each paired sampled data and the
one or more time corresponding reference measurement val-
ues, and also, estimating a latest sensitivity based on the
determined immediate sensitivity for each time window.
[0103] Yeta further aspect may include defining a subset of
the estimated latest sensitivities associated with a subset of
the total available time windows corresponding to the respec-
tive paired sampled data and the one or more time corre-
sponding reference measurement values.

[0104] Additionally, still a further aspect may include
weighted averaging the subset of estimated latest sensitivities
to determine the normal sensitivity associated with the ana-
lyte sensor.

[0105] Also, another aspect may include confirming the
determined normal sensitivity, where confirming the deter-
mined normal sensitivity may include comparing the deter-
mined normal sensitivity to a predetermined value, and fur-
ther, where predetermined value may include a median
sensitivity value determined based on the immediate sensi-
tivity associated with each time window.

[0106] Also, estimating a windowed offset value in an eli-
gible cluster of data may include collecting one or more pairs
of reference measurement value and normal sensitivity
adjusted sensor signal to determine the offset of each pair.
[0107] The windowed offset value of each pair in a window
may be collected to determine a windowed offset value that is
most representative of that window.

[0108] Additionally, determining a windowed offset value
that is most representative of that window may include taking
the median of the offset values of each pair in a window,
taking the mean of the offset values of each pair in a window,
taking a weighted mean of the offset values of each pairin a
window, or other means of estimating the most representative
offset value given the population of offset values in a window.
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[0109] Moreover, slowly time varying offset may be deter-
mined based on any available windowed offset values using
simple interpolation between windowed offset values.
[0110] In addition, a slowly time varying offset may be
determined by fitting a pre determined mathematical model
using any available windowed offset values. One example is
a mathematical model similar to the impulse response of a
second order model, with the time constants, amplitude, and
the start of the response determined by fitting any available
windowed offset values.

[0111] The estimate of an analyte level for the sensor may
be obtained by dividing the latest unscaled value by the nor-
mal sensitivity, and then subtracting the result with the latest
slowly time varying offset.

[0112] An apparatus in accordance with another aspect of
the present disclosure includes a data communication inter-
face, one or more processors operatively coupled to the data
communication interface and a memory for storing instruc-
tions which, when executed by the one or more processors,
causes the one or more processors to process sampled data
from analyte sensor, determine a single, fixed, normal sensi-
tivity value associated with the analyte sensor, estimate a
windowed offset value associated with the analyte sensor for
each available sampled data cluster, compute a time varying
offset based on the estimated windowed offset value, and
apply the time varying offset and the determined normal
sensitivity value to the processed sampled data to estimate an
analyte level for the sensor.

[0113] One or more storage devices having processor read-
able code embodied thereon, said processor readable code for
programming one or more processors to estimate analyte
level in accordance with a further aspect of the present dis-
closure includes processing sampled data from analyte sen-
sor, determining a single, fixed, normal sensitivity value asso-
ciated with the analyte sensor, estimating a windowed offset
value associated with the analyte sensor for each available
sampled data cluster, computing a time varying offset based
on the estimated windowed offset value, and applying the
time varying offset and the determined normal sensitivity
value to the processed sampled data to estimate an analyte
level for the sensor.

[0114] The various processes described above including
the processes performed by the data processing unit 102,
receiver unit 104/106 or the data processing terminal/infusion
section 105 (FIG. 1) in the software application execution
environment in the analyte monitoring system 100 including
the processes and routines described in conjunction with
FIGS. 6-7, may be embodied as computer programs devel-
oped using an object oriented language that allows the mod-
eling of complex systems with modular objects to create
abstractions that are representative of real world, physical
objects and their interrelationships. The software required to
carry out the inventive process, which may be stored in the
memory or storage device (not shown) of the data processing
unit 102, receiver unit 104/106 or the data processing termi-
nal/infusion section 105, may be developed by a person of
ordinary skill in the art and may include one or more com-
puter program products.

[0115] Various other modifications and alterations in the
structure and method of operation of this disclosure will be
apparent to those skilled in the art without departing from the
scope and spirit of the embodiments of the present disclosure.
Although the present disclosure has been described in con-
nection with particular embodiments, it should be understood
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that the present disclosure as claimed should not be unduly
limited to such particular embodiments. It is intended that the
following claims define the scope of the present disclosure
and that structures and methods within the scope of these
claims and their equivalents be covered thereby.

What is claimed is:

1. A method, comprising:

processing sampled data from analyte sensor;

determining a single, fixed, normal sensitivity value asso-

ciated with the analyte sensor;

estimating a windowed offset value associated with the

analyte sensor for each available sampled data cluster;
computing a time varying offset based on the estimated
windowed offset value; and

applying the time varying offset and the determined normal

sensitivity value to the processed sampled data to esti-
mate an analyte level for the sensor.

2. The method of claim 1 wherein processing the sampled
data includes performing retrospective lag correction of the
sampled data.

3. The method of claim 1 wherein processing the sampled
data includes smoothing the sampled data from the analyte
Sensor.

4. The method of claim 1 wherein processing the sampled
data includes performing temperature correction to the
sampled data.

5. The method of claim 1 wherein determining the normal
sensitivity includes pairing the sampled data from the analyte
sensor with one or more time corresponding reference mea-
surement values.

6. The method of claim 5 wherein the one or more reference
measurement values includes a blood glucose measurement.

7. The method of claim 5 including determining an imme-
diate sensitivity value for each paired sampled data and the
one or more time corresponding reference measurement val-
ues.

8. The method of claim 7 including estimating a latest
sensitivity based on the determined immediate sensitivity for
each time window.

9. The method of claim 8 including defining a subset of the
estimated latest sensitivities associated with a subset of the
total available time windows corresponding to the respective
paired sampled data and the one or more time corresponding
reference measurement values.

10. The method of claim 9 including weighted averaging
the subset of estimated latest sensitivities to determine the
normal sensitivity associated with the analyte sensor.

11. The method of claim 10 including confirming the deter-
mined normal sensitivity.

12. The method of claim 11 wherein confirming the deter-
mined normal sensitivity includes comparing the determined
normal sensitivity to a predetermined value.

13. The method of claim 12 wherein the predetermined
value includes a median sensitivity value determined based
on the immediate sensitivity associated with each time win-
dow.

14. An apparatus, comprising:

a data communication interface;

one or more processors operatively coupled to the data

communication interface; and

amemory for storing instructions which, when executed by

the one or more processors, causes the one or more
processors to process sampled data from analyte sensor,
determine a single, fixed, normal sensitivity value asso-
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ciated with the analyte sensor, estimate a windowed
offset value associated with the analyte sensor for each
available sampled data cluster, compute a time varying
offset based on the estimated windowed offset value,
and apply the time varying offset and the determined
normal sensitivity value to the processed sampled data to
estimate an analyte level for the sensor.

15. The apparatus of claim 14 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to perform
retrospective lag correction of the sampled data.

16. The apparatus of claim 14 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to smooth the
sampled data from the analyte sensor.

17. The apparatus of claim 14 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to perform
temperature correction for the sampled data.

18. The apparatus of claim 14 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to pair the
sampled data from the analyte sensor with one or more time
corresponding reference measurement values.

19. The apparatus of claim 18 wherein the one or more
reference measurement values includes a blood glucose mea-
surement.

20. The apparatus of claim 18 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to determine an
immediate sensitivity value for each paired sampled data and
the one or more time corresponding reference measurement
values.

21. The apparatus of claim 20 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to estimate a
latest sensitivity based on the determined immediate sensi-
tivity for each time window.

22. The apparatus of claim 21 wherein the memory for
storing instructions which, when executed by the one or more
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processors, causes the one or more processors to define a
subset of the estimated latest sensitivities associated with a
subset of the total available time windows corresponding to
the respective paired sampled data and the one or more time
corresponding reference measurement values.

23. The apparatus of claim 22 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to perform
weighted averaging of the subset of estimated latest sensitivi-
ties to determine the normal sensitivity associated with the
analyte sensor.

24. The apparatus of claim 23 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to confirm the
determined normal sensitivity.

25. The apparatus of claim 24 wherein the memory for
storing instructions which, when executed by the one or more
processors, causes the one or more processors to compare the
determined normal sensitivity to a predetermined value.

26. The apparatus of claim 25 wherein the predetermined
value includes a median sensitivity value determined based
on the immediate sensitivity associated with each time win-
dow.

27. One or more storage devices having processor readable
code embodied thereon, said processor readable code for
programming one or more processors to estimate analyte
level, comprising:

processing sampled data from analyte sensor;

determining a single, fixed, normal sensitivity value asso-

ciated with the analyte sensor;

estimating a windowed offset value associated with the

analyte sensor for each available sampled data cluster;
computing a time varying offset based on the estimated
windowed offset value; and

applying the time varying offset and the determined normal

sensitivity value to the processed sampled data to esti-
mate an analyte level for the sensor.
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