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1

METHOD AND SYSTEM FOR PROVIDING
CONTINUOUS CALIBRATION OF
IMPLANTABLE ANALYTE SENSORS

BACKGROUND

Continuous monitoring of analytes of a patient generally
uses an analyte sensor that that is at least partially implanted
in the patient so as to be in fluid contact with the patient’s
analytes such as interstitial fluid or blood. The analyte sensor
typically is replaced after a predetermined time period such as
three, five or seven day period, when a new sensor is
implanted in the patient to replace the old sensor. During the
sensor replacement process, a gap or interruption in the ana-
lyte monitoring occurs. For example, during the time period
in which the patient removes the implanted analyte sensor to
replace with a new analyte sensor, the patient is unable to
monitor or determine the analyte values such as glucose lev-
els. In this manner, with continuous glucose monitoring sys-
tems presently available which use short term analyte sen-
sors, there is always a gap in service during which data
associated with the measurement of the patient’s analyte lev-
els cannot be obtained.

In addition, calibration of each implanted analyte sensor,
which is necessary before data from the analyte sensor can be
obtained, is laborious, time consuming, and error prone. Fac-
tory calibration is not a practical approach due to substantial
sensor to sensor variability of signal strength introduced dur-
ing the manufacturing process, and also, due to additional
variability imposed by the sensors’ response to the in-vivo
environment which varies from patient to patient.

Thus, typically it is necessary to perform in-vivo calibra-
tion, in which the analyte sensor is calibrated, post implanta-
tion, by comparison with a reference blood glucose value.
Generally these reference blood glucose values include cap-
illary blood glucose values obtained by finger or arm stick
using a conventional blood glucose meter. To perform the
calibration using the reference blood glucose values, a sub-
stantially number of capillary values such as, for example,
one to four capillary measurements daily, are necessary to
ensure the continued calibration (and thus, accurate) values
determined by the analyte sensors.

Moreover, calibrations may sometimes be inaccurate due
to transient sensitivity changes which generally occur early in
the lifetime of an implanted sensor, and sometimes referred to
as early sensitivity attenuation, or ESA. If a calibration is
assigned to an analyte sensor undergoing a transient change in
sensitivity, inaccurate sensor readings or measurements will
result at a later point in time, when the sensitivity reverts to its
“true” value.

Further, the typical calibration process is performed for
each newly implanted glucose sensor. More specifically, with
the placement of each glucose sensor, a new set of blood
capillary reference values are obtained, and which is the sole
basis (or reference) for calibration of that particular sensor
during the usage life of the sensor, for example, during a three,
five or a seven day period.

In view of the foregoing, it would be desirable to have an
approach to provide methods and system for continuous ana-
lyte monitoring where no gap in service can be achieved. In
addition, it would be desirable to have methods and a system
to verify the stability of a newly implanted sensor, before
obtaining user-accessible analyte data from the sensor. Fur-
thermore, it would be desirable to have methods and system
for continuous analyte monitoring for continuous calibration
of analyte sensors and which minimizes the number of nec-
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essary fingerstick (or armstick) calibrations of the analyte
sensors using glucose meters, and also, to provide alternate
reference.

SUMMARY OF THE INVENTION

In view of the foregoing, in accordance with the various
embodiments of the present invention, there is provided a
method and system short term sensors may be calibrated
based on the data associated with prior short term sensors by
providing an overlap in the sensor placement during the sen-
sor replacement process such that fewer, or in the limit, no
additional capillary blood glucose values are needed for cali-
bration of subsequent sensors, and further, analyte levels are
continuously monitored without any interruption, for
example, during the periodic sensor replacements in the con-
tinuous analyte monitoring system.

These and other objects, features and advantages of the
present invention will become more fully apparent from the
following detailed description of the embodiments, the
appended claims and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a continuous analyte
monitoring system for practicing one embodiment of the
present invention;

FIG. 2 is a flowchart illustrating the continuous calibration
of analyte sensors in the continuous analyte monitoring sys-
tem in accordance with one embodiment of the present inven-
tion;

FIG. 3 is a flowchart illustrating correlation and calibration
steps 230, 240 of the continuous calibration of analyte sensors
in the continuous analyte monitoring system shown in FIG. 2
in accordance with one embodiment of the present invention;

FIG. 4 is a chart illustrating the timing of the continuous
calibration of analyte sensors in the continuous analyte moni-
toring system in accordance with one embodiment of the
present invention;

FIG. 5 is a chart illustrating the measured analyte values of
a first calibrated analyte sensor in the continuous analyte
monitoring system in accordance with one embodiment of the
present invention;

FIG. 6 is a chart illustrating the measured analyte values of
a second analyte sensor which is implanted while the cali-
brated first analyte sensor is implanted in the continuous
analyte monitoring system in accordance with one embodi-
ment of the present invention;

FIG. 7 is a chart illustrating the measured analyte values of
the second analyte sensor which is calibrated and correlated
with the measured values from the calibrated analyte sensor
in accordance with one embodiment of the present invention;
and

FIG. 8 is a chart illustrating measured analyte values after
the removal of the first analyte sensor, and from the calibrated
second analyte sensor in accordance with one embodiment of
the present invention.

DETAILED DESCRIPTION

FIG. 1 is a block diagram illustrating a continuous analyte
monitoring system for practicing one embodiment of the
present invention. Referring to FIG. 1, a continuous analyte
monitoring system 100 includes analyte sensor 111A opera-
tively coupled to a transmitter unit 121A, and analyte sensor
111B operatively coupled to transmitter unit 121B. Further
shown is a receiver/data receiving unit 130 which is opera-
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tively coupled to transmitter unit 121A and transmitter unit
121B. The receiver/data processing unit 130 in one embodi-
ment is configured to communicate with a remote terminal
140 and a delivery unit 150. The remote terminal 140 in one
embodiment may include for example, a desktop computer
terminal, a data communication enabled kiosk, a laptop com-
puter, a handheld computing device such as a personal digital
assistant (PDAs), or a data communication enabled mobile
telephone. Moreover, the delivery unit 150 may include in
one embodiment, but not limited to, an external infusion
device such as an external insulin infusion pump, an implant-
able pump, a pen-type insulin injector device, a patch pump,
an inhalable infusion device for nasal insulin delivery, or any
other type of suitable delivery system.

Referring to FIG. 1, the receiver/data receiving unit 130 is
configured to receive analyte related data from transmitter
unit 121A and transmitter unit 121B over a wireless data
communication link such as, but not limited to radio fre-
quency (RF) communication link, Bluetooth® communica-
tion link, infrared communication link, or any other type of
suitable wireless communication connection between two or
more electronic devices which may further be uni-directional
(e.g., from transmitter units 121 A, 121B to receiver/data pro-
cessing unit 130), or alternatively, bi-directional between the
two or more devices. Alternatively, the data communication
link connecting the transmitter units 121A and 121B to the
receiver/data processing unit 130 may include wired cable
connection such as, for example, but not limited to RS232
connection, USB connection, or serial cable connection.

In an alternate embodiment, each of the transmitters 121A
and 121B may be individually coupled to a corresponding
receiver section (for example, separate receiver/data process-
ing sections of the receiver/data processing unit 130) such
that each transmitter 121 A and 121B are uniquely operatively
coupled to the respective receiver/data processing units. In
addition, each receiver/data processing unit may be config-
ured to communicate with each other such that data from the
transmitters 121A and 121B may be interchangeably com-
municated. Furthermore, while FIG. 1 illustrates a single
receiver/data processing unit 130, within the scope of the
present invention, multiple discrete receiver/data processing
units may be provided, each uniquely configured to commu-
nicate with a corresponding one of the transmitters 121A,
121B.

Furthermore, in yet another embodiment of the present
invention, the transmitter unit 121A and transmitter unit 1218
may be physically coupled in a single housing so as to provide
a single transmitter section for the patient, which is config-
ured to support multiple transmitter units 121A, 121B. More-
over, while two transmitter units 121A, 121B are shown in
FIG. 1, within the scope of the present invention, the continu-
ous analyte monitoring system 100 may be configured to
support additional and/or multiple transmitter units, multiple
remote terminals, and receiver/data processing units.

Moreover, referring to FIG. 1, the analyte sensors 111A
and 111B may include, but not limited to short term subcu-
taneous analyte sensors or transdermal analyte sensors, for
example, which are configured to detect analyte levels of a
patient over a predetermined time period, and after which, a
replacement of the sensors is necessary. Moreover, in one
embodiment, the transmitter units 121 A, 121B are configured
to receive analyte related data from the corresponding analyte
sensors 111A, 111B, respectively, and to transmit data to the
receiver/data processing unit 130 for further processing.

The transmitter units 121A, 121B may, in one embodi-
ment, be configured to transmit the analyte related data sub-
stantially in real time to the receiver/data processing unit 130
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after receiving it from the corresponding analyte sensors
111A, 111B respectively. For example, the transmitter units
121A, 121B may be configured to transmit once per minute to
the receiver/data processing unit 130 based on analyte levels
detected by the corresponding analyte sensors 111A, 111B
respectively. While once per minute data transmission is
described herein, within the scope of the present invention,
the transmitter units 121 A, 121B may be configured to trans-
mit analyte related data more frequently (such as, for
example, once every 30 seconds), or less frequently (for
example, once every 3 minutes).

Additional analytes that may be monitored, determined or
detected by analyte sensors 111A, 111B include, for example,
acetyl choline, amylase, bilirubin, cholesterol, chorionic
gonadotropin, creatine kinase (e.g., CK-MB), creatine, DNA,
fructosamine, glucose, glutamine, growth hormones, hor-
mones, ketones, lactate, peroxide, prostate-specific antigen,
prothrombin, RNA, thyroid stimulating hormone, and tropo-
nin. The concentration of drugs, such as, for example, antibi-
otics (e.g., gentamicin, vancomycin, and the like), digitoxin,
digoxin, drugs of abuse, theophylline, and warfarin, may also
be determined.

Moreover, within the scope of the present invention, trans-
mitter units 121A, 121B may be configured to directly com-
municate with one or more of the remote terminal 140 or the
delivery unit 150, and in addition, the receiver/data process-
ing unit 130 may be integrated with one or more of the remote
terminal 140 or the delivery unit 150. Furthermore, within the
scope of the present invention, additional devices may be
provided for communication in the continuous analyte moni-
toring system 100 including additional receiver/data process-
ing unit, remote terminals (such as a physician’s terminal
and/or a bedside terminal in a hospital environment, for
example.

In accordance with the various embodiments of the present
invention, the analyte sensors 111A, 111B maybe inserted
through the skin of the patient using insertion devices having
predefined or configured insertion mechanism (spring loaded
devices, for example) which facililate the placement and posi-
tioning of the analyte sensors through the patient’s skin, and
s0 as to be in fluid contact with the patient’s analytes. Alter-
natively, the sensors 111A, 111B may be manually deployed
using an insertion guide or needle.

As described in further detail below, the continuous cali-
bration process in one embodiment includes deploying and
calibrating a first sensor (e.g., analyte sensor 111A) at prede-
termined time intervals using finger stick calibrations, for
example, at 10 hours, 12 hours, 24 hours and 72 hours from
the initial insertion of the first sensor 111A. Moreover, the
first and subsequent analyte measurements may be obtained
after the initial calibration at 10 hours when the analyte sensor
has substantially reached a stability point. Thereafter, prior to
the termination of the first sensor life (for example, at the 120
hour for a 5 day sensor), a second analyte sensor (for example,
sensor 111B) is inserted into the patient and during the period
of'overlap of the first and second analyte sensors 111A, 111B,
the second analyte sensor 111B is correlated with the first
analyte sensor 111A values and the second analyte sensor
111B is calibrated in reference to the first analyte sensor 111A
values such that the second analyte sensor 111B and any
additional subsequent analyte sensors do not require the mul-
tiple (or preferably, any) fingerstick calibrations as is the case
for the first analyte sensor 111A.

In this manner, the short term analyte sensors are over-
lapped for a predetermined time period to allow the output of
the first and second sensors to be correlated to detect potential
transient sensitivity (e.g., ESA) in the second sensor. The
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detection of potential transient sensitivity in the second sen-
sor can be achieved with substantial accuracy since the first
sensor has had a substantial time period (e.g., several days of
usage) to stabilize. Upon establishing an acceptable level of
correlation, the calibration of the first sensor in one embodi-
ment is assigned or transferred to the second sensor. More
specifically, in one embodiment, the continuous data from a
previously calibrated first sensor is used as a set of reference
values to calibrate the second newly implanted sensor.

Inthis manner, in one embodiment of the present invention,
a substantially accurate calibration may be assigned to the
second sensor while using no additional capillary blood glu-
cose values for calibration, and further, this approach of cor-
relation and transfer calibration may be repeated for subse-
quent sensors in the continuous monitoring system 100 such
that analyte levels are continuously monitored without any
interruption, for example, during the periodic sensor replace-
ments in the continuous analyte monitoring system 100.

FIG. 2 is a flowchart illustrating the continuous calibration
of analyte sensors in the continuous analyte monitoring sys-
tem in accordance with one embodiment of the present inven-
tion. Referring to FIG. 2, at step 210 a first sensor 111A (FIG.
1) is deployed through the patient’s skin so as to be in fluid
contact with the patient’s analyte and periodically calibrated
at, for example, 10? hour, 12" hour, 24" hour, and 72" hour.
Data associated with the detected or monitored analyte level
from the first sensor 111 A may be obtained for further analy-
sis such as insulin therapy and treatment on or after the 10%
hour calibration when the first sensor has substantially
reached an acceptable stabilization level.

More specifically, the transmitter unit 121A (FIG. 1) is
configured in one embodiment to continuously transmit the
data received from the analyte sensor 111A to the receiver/
data processing unit 130 (FIG. 1). The receiver/data process-
ing unit 130 may be configured in one embodiment, to display
the received, substantially real time values corresponding to
the patient’s monitored analyte levels graphically, audibly,
and or a combination of visual and audio output including
graphs, trend arrows, and level indicators associated with
different sound levels or ringtones based on the analyte levels.

Referring to FIG. 2, at step 220, a second analyte sensor
111B is positioned at a predetermined time prior to the sched-
uled removal of the first analyte sensor 111A. In one embodi-
ment, the predetermined time overlap between the insertion
of'the second analyte sensor 111B and the removal of the first
analyte sensor 111A from the patient maybe a two to ten hour
period. Alternatively, the time overlap may be longer or
shorter depending upon the sensor configuration and the pre-
ceding time periods are provided as examples for illustrative
purposes only. In one embodiment, the time overlap maybe
variable, such that first analyte sensor 111A is removed when
second analyte sensor 111B is determined to have reached a
point of stable operation.

Thereafter, at step 230, the output data or signals from the
first sensor 111 A received from transmitter unit 121A is cor-
related with the output data or signals from the second sensor
111B received from the transmitter unit 121B. That is, the
receiver/data processing unit 130 (FIG. 1) in one embodiment
is configured to receive the simultaneous or substantially near
simultaneous data transmission from a plurality of transmitter
units in the continuous analyte monitoring system 100. More
specifically, in one embodiment, the receiver/data processing
unit 130 may be configured to correlate the data from the two
sensors 111A, 111B so as to, for example, determine that the
correlation of the two data sets are sufficiently robust to
determine the stability and thus acceptability of the second
sensor 111B.
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Referring again to FIG. 2, after correlating the data of the
two sensors 111A, 111B, at step 240, the second sensor is
calibrated based on one or more scaling factors associated
with the two sensors 111A, 111B, from which the sensitivity
of the second sensor 111B may be determined. Thereafter,
when the second sensor 111B is calibrated, the first sensor
111A may be removed from the patient, and the data or
signals associated with the patient’s analyte levels from the
second sensor 111B may be used by the patient for further
analysis and/or treatment.

In the manner described above, in one embodiment of the
present invention, there is provided a system and method of
continuously calibrating implanted analyte sensors that pro-
vide accurate detection of initial instabilities of the implanted
sensors, reduce the number of required blood capillary tests
for calibration, increase the calibration accuracy, and also,
eliminate any gaps or interruptions in the continuous analyte
data or record monitored by the continuous monitoring sys-
tem 100.

Moreover, in a further embodiment, the receiver/data pro-
cessing unit 130 may be configured to prompt the patient for
confirmation and also, for the sensor calibration code when
the receiver/data processing unit 130 detects data or signals
received from the transmitter unit 121B coupled to the second
sensor 111B.

FIG. 3 is a flowchart illustrating correlation step 230 and
calibration step 240 of the continuous calibration of analyte
sensors in the continuous analyte monitoring system shown
in FIG. 2 in accordance with one embodiment of the present
invention. Referring to FIG. 3, at step 310, the receiver/data
processing unit 130 (FIG. 1) is configured to compare the
analyte associated data or signals from the transmitter unit
121A corresponding to analyte levels detected by the first
sensor 111 A with the analyte associated data or signals from
the transmitter unit 121B corresponding to analyte levels
detected by the second sensor 111B at each time period of the
analyte monitoring.

Thereafter, at step 320, the receiver/data processing unit
130 is configured to determine a scaling factor for the second
sensor 111B based on the data or signals from the first sensor
111A. More specifically, in one embodiment, the receiver/
data processing unit 130 is configured to perform a predefined
autocorrelation function to determine the scaling factor for
the second sensor 111B. Alternatively, in another embodi-
ment, the data from the second sensor 111B is multiplied by
a range of predetermined initial scaling factors to determine
an average error between the data from the first sensor 111A
and the data from the second sensor 111B. Based on the
calculated average error, the scaling factor is determined as
the one of the predetermined initial scaling factors which
yield the smallest possible calculated average error.

In a further embodiment, the scaling factor may be deter-
mined by calculating an average of the ratio of the two raw
signals from the first sensor 111A and the second sensor
111B, or any other suitable manner in which to determine a
suitable scaling factor.

Referring to FIG. 3, after the scaling factor is determined at
step 320, the scaling factor is applied to the data from the
second sensor 111B at step 330. More specifically, in one
embodiment, the determined scaling factor at step 320 is
multiplied to the data from the second sensor 111B at step
330. Thereafter, at step 340, a correlation level of the first and
second sensors 111A, 111B respectively, is determined by the
receiver/data processing unit 130 (FIG. 1). More specifically,
at step 340, the level of correlation of data from the first sensor
111A and the second sensor 111B are determined as a func-
tion of a predetermined limit, where, in the case where the






