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METHODS AND SYSTEMIS FOR IMPROVING 
THE RELIABILITY OF ORTHOGONALLY 

REDUNDANT SENSORS 

RELATED APPLICATION DATA 

0001. This application claim priority from U.S. Provi 
sional Application Ser. No. 61/916,632, filed Dec. 16, 2013, 
which is incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 Embodiments of the present invention relate gener 
ally to sensor technology, including sensors used for sensing 
a variety of physiological parameters, e.g., glucose concen 
tration. More particularly, embodiments of the invention 
relate to orthogonally redundant glucose sensors and sensor 
systems, including closed-loop insulin-infusion systems, and 
to calibration and sensor glucose (SG) fusion methods and 
systems for improving the accuracy and reliability of 
orthogonally redundant glucose sensors, devices, and sys 
temS. 

BACKGROUND 

0003. The pancreas of a normal healthy person produces 
and releases insulin into the blood stream in response to 
elevated blood plasma glucose levels. Beta cells (B-cells), 
which reside in the pancreas, produce and secrete the insulin 
into the blood stream, as it is needed. If B-cells become 
incapacitated or die (Type I diabetes mellitus), or in some 
cases, if B-cells produce insufficient quantities of insulin 
(Type II diabetes), then insulin must be provided to the body 
from another source. 
0004 Traditionally, since insulin cannot be taken orally, 
insulin has been injected with a syringe. More recently, the 
use of infusion pump therapy has been increasing, especially 
for delivering insulin for diabetics. For example, external 
infusion pumps are worn on a belt, in a pocket, or the like, and 
deliver insulin into the body via an infusion tube with a 
percutaneous needle or a cannula placed in the Subcutaneous 
tissue. Physicians have recognized that continuous infusion 
provides greater control of a diabetic's condition, and are 
increasingly prescribing it for patients. 
0005 Infusion pump devices and systems are relatively 
well-known in the medical arts for use in delivering or dis 
pensing a prescribed medication, Such as insulin, to a patient. 
In one form, such devices comprise a relatively compact 
pump housing adapted to receive a syringe or reservoir car 
rying a prescribed medication for administration to the 
patient through infusion tubing and an associated catheter or 
infusion set. Programmable controls can operate the infusion 
pump continuously or at periodic intervals to obtain a closely 
controlled and accurate delivery of the medication over an 
extended period of time. Such infusion pumps are used to 
administer insulin and other medications, with exemplary 
pump constructions being shown and described in U.S. Pat. 
Nos. 4,562,751; 4,678,408; 4,685,903; 5,080,653; and 5,097, 
122, which are incorporated by reference herein. 
0006. There is a baseline insulin need for each body 
which, in diabetic individuals, may generally be maintained 
by administration of a basal amount of insulin to the patient 
on a continual, or continuous, basis using infusion pumps. 
However, when additional glucose (i.e., beyond the basal 
level) appears in a diabetic individual’s body, such as, for 
example, when the individual consumes a meal, the amount 

Jun. 18, 2015 

and timing of the insulin to be administered must be deter 
mined so as to adequately account for the additional glucose 
while, at the same time, avoiding infusion of too much insu 
lin. Typically, a bolus amount of insulin is administered to 
compensate for meals (i.e., meal bolus). It is common for 
diabetics to determine the amount of insulin that they may 
need to cover an anticipated meal based on carbohydrate 
content of the meal. 
0007 Over the years, a variety of electrochemical glucose 
sensors have been developed for use in obtaining an indica 
tion of blood glucose levels in a diabetic patient. Such read 
ings are useful in monitoring and/or adjusting a treatment 
regimen which typically includes the regular administration 
of insulin to the patient. Generally, small and flexible elec 
trochemical sensors can be used to obtain periodic readings 
over an extended period of time. In one form, flexible subcu 
taneous sensors are constructed in accordance with thin film 
mask techniques. Typical thin film sensors are described in 
commonly assigned U.S. Pat. Nos. 5,390,671; 5,391,250; 
5,482.473; and 5,586,553 which are incorporated by refer 
ence herein. See also U.S. Pat. No. 5,299,571. 
0008. These electrochemical sensors have been applied in 
a telemetered characteristic monitor system. As described, 
e.g., in commonly-assigned U.S. Pat. No. 6,809,653, the 
entire contents of which are incorporated herein by reference, 
the telemetered system includes a remotely located data 
receiving device, a sensor for producing signals indicative of 
a characteristic of a user, and a transmitter device for process 
ing signals received from the sensor and for wirelessly trans 
mitting the processed signals to the remotely located data 
receiving device. The data receiving device may be a charac 
teristic monitor, a data receiver that provides data to another 
device, an RF programmer, a medication delivery device 
(such as an infusion pump), or the like. 
0009 Regardless of whether the data receiving device 
(e.g., a glucose monitor), the transmitter device, and the sen 
Sor (e.g., a glucose sensor) communicate wirelessly or via an 
electrical wire connection, a characteristic monitoring system 
of the type described above is of practical use only after it has 
been calibrated based on the unique characteristics of the 
individual user. Accordingly, the user is required to externally 
calibrate the sensor. More specifically, a diabetic patient is 
required to utilize a finger-stick blood glucose meter reading 
an average of two—four times per day for the duration that the 
characteristic monitor system is used. Each time, blood is 
drawn from the user's finger and analyzed by the blood glu 
cose meter to provide a real-time blood sugar level for the 
user. The user then inputs this data into the glucose monitor as 
the user's current blood sugar level which is used to calibrate 
the glucose monitoring system. 
0010. Such external calibrations, however, are disadvan 
tageous for various reasons. For example, blood glucose 
meters include inherent margins of error and only provide 
discrete readings at one point in time per use. Moreover, even 
if completely accurate, blood glucose meters are cumber 
Some to use (e.g., one should not operate an automobile and 
take a finger Stick meter reading at the same time) and are also 
Susceptible to improper use. Furthermore, there is a cost, not 
to mention pain and discomfort, associated with each appli 
cation of the finger Stick. Thus, finger Stick replacement 
remains a goal for the next generation of glucose monitoring 
systems. 
0011. As sensor technology improves, there is greater 
desire to use the sensor values to control the infusion of 
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insulin in a closed-loop system (i.e., an artificial pancreas 
system). Specifically, a closed-loop system for diabetes 
includes a glucose sensor and an insulin infusion pump 
attached to the patient, wherein the delivery of insulin is 
automatically administered by the controller of the infusion 
pump-rather than by the user/patient—based on the sen 
Sor's glucose value readings. The benefits of a closed-loop 
system are several-fold, including tighter glycemic control 
during the night when the majority of hypoglycemic events 
OCCU. 

0012. An accurate and reliable sensor has long been iden 
tified as a necessity for closed-loop realization. Glucose sen 
Sor technology has been evolving in an effort to meet the 
accuracy required for fingerstick replacement and the reli 
ability needed for consistent closed-loop functionality. Sev 
eral types of technology are available, with two of the most 
common and developed being electrochemical sensing, as 
noted above, and optical sensing. See FIGS. 46A and 46B. 
0013 To offer improved performance, the possibility of 
redundant electrodes has been explored and shown to provide 
a benefit. For example, previous studies in the literature have 
reported using two implanted glucose electrodes to simulta 
neously monitor glucose levels in rat tissue combined with a 
signal processing algorithm. These studies demonstrated that 
the overall glucose measurement accuracy could be improved 
over that of a single sensor. However, while it may provide for 
improved accuracy, such simple redundancy may not provide 
the reliability necessary for closed-loop applications. 
0014. Since the closed-loop system replaces the patient as 
the decision-making element, a reliable system must typi 
cally deliver reliable data and have error detecting function 
ality, enabling the closed-loop system to take action on erro 
neous data. Such data may be caused by drift, noise, or 
temporary or permanent malfunction of the sensor, often due 
to the implanted environment’s effect on sensors. Actions 
may vary from simply prompting the patient to calibrate the 
system to terminating the sensor and requesting insertion of a 
new sensor. With identical sensor configurations, the redun 
dant elements are similarly affected by environmental condi 
tions and therefore could simultaneously present erroneous 
data. 
0015 Thus, although recent advances in continuous glu 
cose monitoring (CGM) technology have offered several ben 
efits for easier and more effective glycemic control in diabetes 
management, further improvements such as improved sensor 
accuracy and reliability, reduced number of blood glucose 
calibrations, improved specificity, and improved comfort dur 
ing sensor insertion and wear are still desirable. 

SUMMARY 

0016. According to an embodiment of the invention, a 
method of calibrating an orthogonally redundant sensor 
device for determining the concentration of glucose in the 
body of a user, where the sensor device includes at least an 
electrochemical glucose sensor and an optical glucose sensor, 
comprises receiving a first signal from the electrochemical 
glucose sensor; receiving a second signal from the optical 
glucose sensor, performing a respective integrity check on 
each of the first and second signals; determining whether the 
first signal can be calibrated, and whether the second signal 
can be calibrated, wherein the determination is made based on 
whether the first signal and the second signal pass or fail their 
respective integrity checks; if it is determined that the first 
signal can be calibrated, calibrating the first signal to generate 
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an electrochemical sensor glucose (SG) value; if it is deter 
mined that the second signal can be calibrated, calibrating the 
second signal to generate an optical sensor glucose (SG) 
value; and fusing the electrochemical SG value and the opti 
cal SG value to obtain a single, fused sensor glucose value for 
the orthogonally redundant sensor device. 
0017. In a related aspect, a continuous glucose monitoring 
system is disclosed that comprises an orthogonally redundant 
glucose sensor device having an optical glucose sensor and an 
electrochemical glucose sensor; and a transmitter operatively 
coupled to the electrochemical and optical glucose sensors 
and having a housing, wherein the transmitter includes sensor 
electronics in said housing, including at least one physical 
microprocessor that is configured to receive a first signal from 
the electrochemical glucose sensor and a second signal from 
the optical glucose sensor, perform a respective integrity 
check on each of the first and second signals; determine 
whether the first signal can be calibrated, and whether the 
second signal can be calibrated, wherein the determination is 
made based on whether the first signal and the second signal 
pass or fail their respective integrity checks; if it is determined 
that the first signal can be calibrated, calibrate the first signal 
to generate an electrochemical sensor glucose (SG) value; if 
it is determined that the second signal can be calibrated, 
calibrate the second signal to generate an optical sensor glu 
cose (SG) value; and fuse the electrochemical SG value and 
the optical SG value to calculate a single, fused sensor glu 
cose value for the orthogonally redundant glucose sensor 
device. 

0018. In a further related aspect, a program code storage 
device comprises a computer-readable medium and non-tran 
sitory computer-readable program code, stored on the com 
puter-readable medium, the computer-readable program 
code having instructions, which when executed cause a 
microprocessor to receive a first signal from an electrochemi 
cal glucose sensor and a second signal from an optical glucose 
sensorofanorthogonally redundant glucose sensor device for 
determining the concentration of glucose in the body of a 
user, perform a respective integrity check on each of the first 
and second signals; determine whether the first signal can be 
calibrated, and whether the second signal can be calibrated, 
wherein the determination is made based on whether the first 
signal and the second signal pass or fail their respective integ 
rity checks; if it is determined that the first signal can be 
calibrated, calibrate the first signal to generate an electro 
chemical sensor glucose (SG) value; if it is determined that 
the second signal can be calibrated, calibrate the second sig 
nal to generate an optical sensor glucose (SG) value; and fuse 
the electrochemical SG value and the optical SG value to 
calculate a single, fused sensor glucose value for the orthogo 
nally redundant glucose sensor device. 
0019. In all of the above embodiments of the invention, if 

it is determined that the first signal has failed its integrity 
check, then it is determined whether the second signal passes 
its integrity check and, if the second signal passes its integrity 
check, the second signal is used to correct the first signal via 
in-line sensor mapping to generate a corrected first signal. 
The corrected first signal is then calibrated to generate the 
electrochemical SG value. Similarly, if it is determined that 
the second signal has failed its integrity check, then it is 
determined whether the first signal passes its integrity check 
and, if the first signal passes its integrity check, the first signal 
is used to correct the second signal via in-line sensor mapping 
to generate a corrected second signal. The corrected second 
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signal is then calibrated to generate the optical SG value. The 
electrochemical SG value and the optical SG value are then 
fused to calculate a single, fused sensor glucose value for the 
orthogonally redundant glucose sensor device. 
0020. In accordance with another embodiment of the 
invention, a method is disclosed for calibrating an optical 
glucose sensorofanorthogonally redundant sensor device for 
determining the concentration of glucose in the body of a 
user, wherein the sensor device further includes an electro 
chemical glucose sensor, and the method comprises: receiv 
ing a first signal from the electrochemical glucose sensor and 
a second signal from the optical glucose sensor, wherein the 
second signal is obtained at a first point in time; receiving a 
meterglucose value, the meterglucose value being indicative 
of the user's blood glucose (BG) level and being obtained at 
a second point in time; pairing the meter glucose value with 
the second signal if the second point in time is within a 
specified amount of time before or after the first point in time; 
performing a validity check on the paired meterglucose value 
and second signal; if the meterglucose value is the first meter 
glucose value of one or more meter glucose values, then 
calculating a mapped value for the second signal based on the 
first signal; and calibrating the mapped value of the second 
signal based on the first meter glucose value. 
0021. In a related aspect, a continuous glucose monitoring 
system comprises an orthogonally redundant glucose sensor 
device having an optical glucose sensor and an electrochemi 
cal glucose sensor, and a transmitter operatively coupled to 
the electrochemical and optical glucose sensors and having a 
housing, wherein the transmitter includes sensor electronics 
in the housing including at least one physical microprocessor 
that is configured to: receive a first signal from the electro 
chemical glucose sensor and a second signal from the optical 
glucose sensor, wherein said second signal is obtained at a 
first point in time; receive a meter glucose value, the meter 
glucose value being indicative of the user's blood glucose 
(BG) level and being obtained at a second point in time; pair 
the meterglucose value with the second signal if said second 
point in time is within a specified amount of time before or 
after the first point in time; perform a validity check on the 
paired meter glucose value and second signal; if the meter 
glucose value is the first meter glucose value of one or more 
meter glucose values, then calculate a mapped value for the 
second signal based on the first signal; and calibrate the 
mapped value of the second signal based on the first meter 
glucose value. 
0022. In another related aspect, a program code storage 
device comprises a computer-readable medium and non-tran 
sitory computer-readable program code, stored on the com 
puter-readable medium, the computer-readable program 
code having instructions, which when executed cause a 
microprocessor to receive a first signal from an electrochemi 
cal glucose sensor and a second signal from an optical glucose 
sensor of an orthogonally redundant glucose sensor device, 
wherein the second signal is obtained at a first point in time; 
receive a meter glucose value, the meter glucose value being 
indicative of a user's blood glucose (BG) level and being 
obtained at a second point in time; pair the meter glucose 
value with the second signal if the second point in time is 
within a specified amount of time before or after the first point 
in time; perform a validity check on the paired meterglucose 
value and second signal; if the meterglucose value is the first 
meterglucose value of one or more meterglucose values, then 
calculate a mapped value for the second signal based on the 
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first signal; and calibrate the mapped value of the second 
signal based on the first meter glucose value. 
0023. According to another embodiment of the invention, 
a method of calculating a single, fused sensor glucose (SG) 
value based on respective output signals of an electrochemi 
cal glucose sensor and an optical glucose sensor of an 
orthogonally redundant glucose sensor device comprises per 
forming a status check on each of the electrochemical glucose 
sensor and the optical glucose sensor, calculating a first reli 
ability index for the output signal of the electrochemical 
sensor, calculating a second reliability index for the output 
signal of the optical sensor, calibrating the output signal of the 
electrochemical sensor to obtain an electrochemical sensor 
glucose value (echemSG); calibrating the output signal of the 
optical sensor to obtain an optical sensor glucose value (opti 
cal SG); calculating a first weight based on the first reliability 
index and calculating a weighted echemSG based on the first 
weight; calculating a second weight based on the second 
reliability index and calculating a weighted optical SG based 
on the second weight; and calculating the single, fused sensor 
glucose value based on the weighted echem SG and the 
weighted optical SG. 
0024. In a related aspect, a continuous glucose monitoring 
system is disclosed that comprises an orthogonally redundant 
glucose sensor device comprising an optical glucose sensor 
and an electrochemical glucose sensor, and a transmitter 
operatively coupled to the electrochemical and optical glu 
cose sensors and having a housing, wherein the transmitter 
includes sensor electronics in the housing, including at least 
one physical microprocessor that is configured to perform a 
status check on each of the electrochemical glucose sensor 
and the optical glucose sensor, calculate a first reliability 
index for an output signal of the electrochemical sensor; 
calculate a second reliability index for an output signal of the 
optical sensor, calibrate the output signal of the electrochemi 
cal sensor to obtain an electrochemical sensor glucose value 
(echem SG); calibrate the output signal of the optical sensor 
to obtain an optical sensor glucose value (optical SG); calcu 
late a first weight based on the first reliability index and 
generate a weighted echem SG based on the first weight; 
calculate a second weight based on the second reliability 
index and generate a weighted optical SG based on the second 
weight; and calculate a single, fused sensor glucose value for 
the orthogonally redundant glucose sensor device based on 
the weighted echem SG and weighted optical SG. 
0025. In another related aspect, a program code storage 
device comprises a computer-readable medium and non-tran 
sitory computer-readable program code, stored on the com 
puter-readable medium, the computer-readable program 
code having instructions, which when executed cause a 
microprocessor to perform a status check on each of an elec 
trochemical glucose sensor and an optical glucose sensor of 
an orthogonally redundant glucose sensor device; calculate a 
first reliability index for an output signal of the electrochemi 
cal sensor, calculate a second reliability index for an output 
signal of the optical sensor, calibrate the output signal of the 
electrochemical sensor to obtain an electrochemical sensor 
glucose value (echem SG); calibrate the output signal of the 
optical sensor to obtain an optical sensor glucose value (opti 
cal SG); calculate a first weight based on the first reliability 
index and generate a weighted echem SG based on the first 
weight; calculate a second weight based on the second reli 
ability index and generate a weighted optical SG based on the 
second weight; and calculate a single, fused sensor glucose 
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value for the orthogonally redundant glucose sensor device 
based on the weighted echem SG and weighted optical SG. 
0026. In accordance with yet another embodiment of the 
invention, a method of correcting for a drift component of an 
output signal of a sensor comprises measuring the output 
signal of the sensor over time to obtain a plurality of output 
signal measurements as a function of time, wherein each of 
the output signal measurements comprises a true output sig 
nal component and said drift component as a function of time; 
calculating, as a function of time, an estimate of the drift 
component of the plurality of output signal measurements; 
and calculating an estimate of the true output signal compo 
nent as a function of time based on the estimate of the drift 
component. 
0027. In a related aspect, a program code storage device 
comprises a computer-readable medium and non-transitory 
computer-readable program code, stored on the computer 
readable medium, the computer-readable program code hav 
ing instructions, which when executed cause a microproces 
Sor to measure an output signal of a sensor over time to obtain 
a plurality of output signal measurements as a function of 
time, wherein each of the output signal measurements com 
prises a true output signal component and a drift component 
as a function of time; calculate, as a function of time, an 
estimate of the drift component of the plurality of output 
signal measurements; and calculate an estimate of the true 
output signal component as a function of time based on the 
estimate of the drift component. 
0028. In aspects of the invention, the drift component may 
be estimated, and corrected for, via mathematical modeling 
using either a moving-average approach or regression. In 
addition, the sensor may be a glucose sensor. Such as, e.g., an 
optical sensor, where the measured output signal is the optical 
ratio of the optical sensor. The optical sensor may be part of an 
orthogonally redundant sensor device which, in turn, may 
also include an electrochemical sensor. 
0029. The above features and aspects may also be opera 
tionalized in closed-loop systems, with predictive diagnostics 
and minimal requirements for external calibration. 
0030. Other features and advantages of the invention will 
become apparent from the following detailed description, 
taken in conjunction with the accompanying drawings which 
illustrate, by way of example, various features of embodi 
ments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 FIGS. 1A and 1B show continuous glucose moni 
toring systems for orthogonally redundant sensing in accor 
dance with embodiments of the invention. 
0032 FIG. 2 shows a system-based approach to targeted 
electrochemical sensor improvements. 
0033 FIGS. 3A-3C show a capsule-based optical sensor 
implanted under the skin in accordance with an embodiment 
of the invention. 
0034 FIG. 4 shows a glucose binding competitive affinity 
fluorophore-labeled assay, including an internal reference, in 
accordance with embodiments of the invention. 
0035 FIG. 5 shows an optical interrogating system for 
interrogating a fluorophore-labeled assay with an internal 
reference used for intensity measurement in accordance with 
an embodiment of the invention. 
0036 FIG. 6A shows the various equilibria and the non 
glucose consuming feature of an optical glucose sensor in 
accordance with embodiments of the invention. 
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0037 FIGS. 6B and 6C show, in accordance with an 
embodiment of the invention, the use of a reference fluoro 
phore, as a diagnostic tool for an optical sensor, indicating 
when, e.g., the integrity of the membrane may have been 
compromised or the optical connection may have been mis 
aligned. 
0038 FIG.7 shows a plurality of sensor electrodes distrib 
uted along the length of an electrochemical sensor in accor 
dance with an embodiment of the invention. 

0039 FIG. 8A shows, in accordance with an embodiment 
of the invention, a side view of an optical fiber sensor con 
taining an assay within a membrane coupled to the fiber's 
distal end, with excitation light entering, and fluorescence 
leaving, the fiber. 
0040 FIG. 8B shows the optical fiber glucose sensor of 
FIG. 8A, with the details of the assay shown, in accordance 
with an embodiment of the invention. 

0041 FIG.9A is a sectional view of a transmitter having a 
dual connector for connecting to both an electrochemical 
sensor and an optical sensor in accordance with embodiments 
of the invention. 
0042 FIG.9B is a sectional view of a transmitter, with an 
optical connection, an electrical contact, and co-located 
deployment of an electrochemical sensor and an optical sen 
sor in accordance with embodiments of the invention. 
0043 FIG.9C shows a sectional view of an integrated flex 
circuit in accordance with embodiments of the invention. 
0044 FIG. 10 is a side view of a needle for housing and 
simultaneously deploying both an electrochemical sensor and 
an optical sensor in accordance with embodiments of the 
invention. 
0045 FIG. 11 shows a graphical illustration of an error 
check feature based on a meter value obtained from a hand 
held monitor with integrated meter in accordance with 
embodiments of the invention. 
0046 FIG. 12 shows theoretical response functions for an 
optical equilibrium glucose sensor and an electrochemical 
glucose sensor in connection with embodiments of the inven 
tion. 
0047 FIGS. 13A and 13B show algorithms for analyzing 
signals and performing diagnostics to assess reliability of 
individual signals and assign weights through calibration in 
accordance with embodiments of the invention. 
0048 FIG. 14 shows a two compartment model utilized in 
algorithms for transforming sensor signals into blood glucose 
values in accordance with embodiments of the invention. 

0049 FIGS. 15A and 15B show an illustration of improv 
ing sensor accuracy through assessing each individual sensor 
current with its reliability index (a) and creating a weighted 
average (b) in accordance with embodiments of the invention. 
0050 FIG. 16 shows the overall architecture of a calibra 
tion and fusion algorithm in accordance with an embodiment 
of the invention. 
0051 FIG. 17 shows, in accordance with embodiments of 
the invention, an illustrative example of the signal from a 
reference channel of an optical sensor tracking the signal 
from an assay channel of the optical sensor, thereby resulting 
in a clean ratio trace. 
0052 FIG. 18 shows and illustrative example of the 
impact of noise from the reference channel on the optical 
ratio. 

0053 FIG. 19 is a flowchart of in-line noise filtering meth 
odologies in accordance with embodiments of the invention. 
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0054 FIG.20 is a flowchart illustration of a multi-channel 
signal-to-noise-ratio (SNR)-based noise reduction methodol 
ogy in accordance with embodiments of the invention. 
0055 FIG. 21A shows plots of the assay signal(ASY), the 
reference signal (REF), and the optical ratio (Ratio) based on 
an optical sensor's raw output signal. 
0056 FIG.21B shows plots of the original optical ratio of 
FIG. 21A and of the noise-reduced optical ratio inaccordance 
with embodiments of the invention. 
0057 FIG. 22 shows an illustrative example of a noise 
metric calculation based on the absolute second derivative of 
the optical sensor assay signal in accordance with embodi 
ments of the invention. 
0058 FIG. 23A shows illustrative plots of data for the 
optical assay, reference, and Ratio. 
0059 FIG. 23B shows a noise level evaluation curve 
derived based on the data points of FIG.23A, in accordance 
with embodiments of the invention. 
0060 FIG. 24A shows the raw optical ratio signal mea 
Sured in a diabetic dog prior to drift correction, as well as the 
estimated drift, calculated in accordance with embodiments 
of the invention. 
0061 FIG.24B shows the drift-corrected optical ratio sig 
nal obtained by using moving average and the drift-corrected 
optical ratio signal obtained by using linear regression in 
accordance with embodiments of the invention. 
0062 FIGS. 25A-25C show the effects of drift correction 
on the optical ratio in accordance with embodiments of the 
invention. 
0063 FIGS. 26A and 26B show the use of electrochemical 
impedance spectroscopy in detecting a drop in low frequency 
Nyquist slope (a), which predicts a drift in sensor signal (b). 
in accordance with embodiments of the invention. 
0064 FIG. 26C illustrates predictive diagnostics proac 

tively identifying sensor anomalies for improved reliability in 
accordance with embodiments of the invention. 
0065 FIG. 27 shows different stages of in-line sensitivity 
loss detection by visual inspection in accordance with 
embodiments of the invention. 
0066 FIG. 28 shows a sensitivity loss detection flowchart 
in accordance with an embodiment of the invention. 
0067 FIG. 29 shows an example of temporary sensitivity 
loss, or dip, detection using a combination of an electro 
chemical sensor output (Isig) and the variance of the rate of 
change of the Isig, in accordance with an embodiment of the 
invention. 

0068 FIGS.30A-30D show failure mode detection results 
for temporary sensitivity loss in accordance with embodi 
ments of the invention. 

0069 FIGS. 31A and 31B show detection results for per 
manent sensitivity loss in accordance with embodiments of 
the invention. 
0070 FIG. 32 shows a comparison of calibrations fre 
quency vs. time between existing systems (a) and embodi 
ments of the present invention (b). 
(0071 FIG. 33 shows details of a fixed-offset calibration 
method in accordance with embodiments of the invention. 
0072 FIG. 34 shows details of a dynamic regression cali 
bration method in accordance with embodiments of the 
invention. 
0073 FIGS. 35A and 35B show a flowchart for a dynamic 
regression algorithm for optical sensor calibration in accor 
dance with an embodiment of the invention. 
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0074 FIG.36 shows an illustrative graph of blood glucose 
(BG) values vs. Optical Ratio values that may be used to 
perform validity checks on BG-Optical Ratio pairs in accor 
dance with an embodiment of the invention. 
(0075 FIGS. 37A and 37B show an example of using elec 
trochemical sensor glucose values as calibration glucose 
points to enable dynamic regression for the optical glucose 
sensor in accordance with embodiments of the invention. 
0076 FIG. 38 shows a flowchart for a 2-sensor glucose 
(SG) fusion algorithm in accordance with embodiments of 
the invention. 
0077 FIG. 39 shows an approximation of a log-normal 
distribution for Cal Ratio distribution used in calculating a 
Cal Ratio Reliability Index (RI) in accordance with 
embodiments of the invention. 
(0078 FIGS. 40A-40C illustrate an example of SG fusion 
and the resulting reduction in MARD in accordance with 
embodiments of the invention. 
007.9 FIG. 41 shows an optical system having discrete 
components (left), and a stacked planar integrated optical 
system (right) in accordance with embodiments of the inven 
tion. 
0080 FIG. 42 shows illustrative layers of a wafer-scale 
stacked planar integrated optical system (SPIOS) in accor 
dance with embodiments of the invention. 
I0081 FIG. 43 illustrates the addition of key optical sensor 
electronic components to an analog front-end for electro 
chemical sensing in accordance with embodiments of the 
invention. 
I0082 FIG. 44 shows wavelength ranges for three fluoro 
phores which may be used with a laser diode source at 645 nm. 
in accordance with embodiments of the invention. 
I0083 FIG. 45 shows a care network using various com 
ponents and methodologies in accordance with embodiments 
of the invention. 
I0084 FIGS. 46A and 46B show a table of existing glucose 
sensor technologies, benefits, and drawbacks. 
I0085 FIG. 47 shows a table of responses to interferents 
and environmental perturbations by electrochemical and 
optical sensors. 
0086 FIGS. 48A and 48B show a table of sources of 
sensor inaccuracy for both optical and electrochemical sen 
sors, as well as the benefit of simple and orthogonal redun 
dancy on sensor performance. 
I0087 FIG. 49 shows a table describing the role and con 
tribution of each Subsystem or component of a sensor system 
to sensor accuracy. 
I0088 FIGS. 50A and 50B show a table describing the 
differences between Mannan Binding Lectin (MBL) and 
other glucose binders employed for equilibrium-based glu 
COS SSOS. 

I0089 FIG. 51 shows a table of individual accuracy effect 
on an orthogonally redundant system, assuming true indepen 
dence between the two sensing components. 

DETAILED DESCRIPTION 

0090. In the following description, reference is made to 
the accompanying drawings which form a part hereof and 
which illustrate several embodiments of the present inven 
tion. It is understood that other embodiments may be utilized 
and structural and operational changes may be made without 
departing from the scope of the present invention. 
0091. The inventions herein are described below with ref 
erence to flowchart illustrations of methods, systems, 
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devices, apparatus, and programming and computer program 
products. It will be understood that each block of the flow 
chart illustrations, and combinations of blocks in the flow 
chart illustrations, can be implemented by programing 
instructions, including computer program instructions. These 
computer program instructions may be loaded onto a com 
puter or other programmable data processing apparatus (such 
as a controller, microcontroller, or processor in a sensor elec 
tronics device) to produce a machine, such that the instruc 
tions which execute on the computer or other programmable 
data processing apparatus create instructions for implement 
ing the functions specified in the flowchart block or blocks. 
These computer program instructions may also be stored in a 
computer-readable memory that can direct a computer or 
other programmable data processing apparatus to function in 
a particular manner, Such that the instructions stored in the 
computer-readable memory produce an article of manufac 
ture including instructions which implement the function 
specified in the flowchart block or blocks. The computer 
program instructions may also be loaded onto a computer or 
other programmable data processing apparatus to cause a 
series of operational steps to be performed on the computer or 
other programmable apparatus to produce a computer imple 
mented process Such that the instructions which execute on 
the computer or other programmable apparatus provide steps 
for implementing the functions specified in the flowchart 
block or blocks. Programming instructions may also be stored 
in and/or implemented via electronic circuitry, including inte 
grated circuits (ICs) and Application Specific Integrated Cir 
cuits (ASICs) used in conjunction with sensor devices, appa 
ratuses, and systems. 
0092. As shown in the drawings for purposes of illustra 

tion, embodiments of the invention are directed to sensors that 
may be introduced and/or lodged transdermally, or may be 
implanted in and/or through subcutaneous, dermal, Sub-der 
mal, inter-peritoneal, or peritoneal tissue. In the discussion 
herein, preferred embodiments of the devices, systems, and 
methods of the invention are described with reference to 
glucose as the analyte whose level/concentration in the blood 
and/or bodily fluids of the user is to be determined. However, 
this is by way of illustration and not limitation, as the prin 
ciples, devices, systems, and methods of the present invention 
may be used for sensing and/or determining the level of a 
variety of other physiological parameters, agents, character 
istics, and/or compositions. 
0093. In light of the above-noted needs in continuous glu 
cose monitoring, embodiments of the invention are directed 
to a more robust solution in the form of an orthogonally 
redundant sensor (ORS) system. Orthogonal redundancy is 
defined as two devices employing two different technologies 
to reach the same goal, where the failure modes of the two 
devices are completely unique and do not intersect. This can 
be applied to continuous glucose sensing through the use of 
unique glucose detection schemes combined into a single 
body-worn device. The distinctive measurement technology, 
responses, and failure modes for each sensor provide true 
redundancy to ensure reliable and safe glucose measurements 
regardless of the environmental response or sensor anoma 
lies. 

0094. In an embodiment of the invention, the above-men 
tioned orthogonal redundancy may be created by combining 
the technologies of optical sensing and electrochemical sens 
ing to provide a unique solution to combat the complexities of 
the implanted environment. The two (i.e., optical and electro 
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chemical) sensors are subject to different types of interfer 
ences, failure modes, and body responses, as described in 
FIG. 47. With this in mind, the reliability of each sensor can 
be calculated and weighted to provide the most robust and 
accurate glucose sensor measurement. Thus, as shown in 
FIG. 47, the unique and distinctive response to interferents 
and environmental perturbations by each of the sensors offers 
an enhanced ability to diagnose and filter environmental 
response. 

0095. With reference to FIG. 47, it has further been found 
that the interference profile of the optical sensor is very dif 
ferent from the interference profile for the electrochemical 
(also referred to as “echem”) sensor. Thus, for all three of the 
primary electrochemical interfering Substances—i.e., 
Acetaminophen, Uric Acid, and Ascorbic Acid—a single 
fluorophore optical sensor has either no interference or an 
interference signal that is in the opposite direction to that of 
the electrochemical sensor. 

0096. There are several sources of inaccuracies in glucose 
sensors. These inaccuracies may cause errors in sensor read 
ings that can be corrected by a calibration, or they may be 
more serious errors from which the sensor cannot recover. 
The most common Sources of error and the impact on the 
individual sensors are listed in FIGS. 48A and 48B. 

0097. It is known that acquiring signals from multiple 
electrochemical sensors can provide improved performance 
in the form of simple redundancy, accomplished through 
either multiple electrodes on the same probe, or by utilizing 
spatial separation and two separate probes. For example, 
Medtronic, Inc. sells hospital glucose sensors that include 
two probes, with two working electrodes on each probe, 
resulting in four independent glucose signals. 
0.098 Systems utilizing multiple electrochemical sensors 
are also being developed by Medtronic, Inc. However, these 
systems still do not provide true redundancy throughalternate 
sensing technologies with separate and distinct failure 
modes. As an example, studies have shown that, as the elec 
trochemical sensor is pulled from the Subcutaneous region 
into the dermal layers, the sensor signal goes to Zero. In 
comparison, optical sensors perform well in both the dermis 
and the Subcutaneous region, which allows the optical sensor 
to maintain functionality even as the sensor is partially 
explanted, providing the patient with a measurement until the 
patient is able to replace the sensor. Simple redundancy with 
electrochemical sensors would result in inaccurate data from 
both sensors in the event of partial explantation. See FIGS. 
48A and 48B. 

0099. In short, in order to achieve the reliability required 
of continuous glucose monitoring systems, including closed 
loop, orthogonal redundancy is necessary. With orthogonally 
redundant sensing, the advantages of simple redundancy are 
maintained, with the additional benefit of having different 
susceptibilities and interferers between optical and electro 
chemical sensors. Thus, in certain embodiments, an orthogo 
nally redundant sensor may include an optical sensor and an 
electrochemical sensor, wherein the latter may include up to, 
e.g., 5 independent sensing electrodes. 
0100 FIGS. 1A and 1B show components of a continuous 
glucose monitoring system for orthogonally redundant sens 
ing in accordance with an embodiment of the invention. With 
reference to FIG. 49, in developing sensor systems, the role of 
the entire system on accuracy is considered, and a system 
based approach to design is employed. Thus, as detailed in 
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FIG. 49, each Subsystem or component plays an integral role 
in contributing to the accuracy. 
0101. As will be described in more detail below, one goal 
of embodiments of the present invention is to continue to 
simultaneously improve both performance and usability. 
Thus, within each of the sub-systems described in FIG. 49. 
electrochemical sensor performance advancements have 
focused on reduction of variation through targeted improve 
ments. These targeted improvements are designed to improve 
day 1 performance, durability, and hypo- and hyper-glycemic 
performance and are detailed in FIG. 2. Targeted improve 
ments drive the electrochemical sensor to a predictable sen 
sitivity across sensors, glucose ranges and over time. The 
sensor anomalies that remain as outliers can be reduced 
through predictive sensor diagnostics, which proactively 
detect faults or failures and recalibrate or shut down the 
sensor before it results in inaccurate glucose measurements. 
0102. It is understood that, for a given sensor or sensing 
system, the lower the Mean Absolute Relative Difference? 
Deviation (MARD) value, the higher the accuracy of the 
sensor or sensing system. As noted in FIG. 2, the system 
based approach (to targeted sensor improvements) reduces 
the MARD value for an electrochemical sensor from about 
16% to about 9%, and preferably less. For example, with 
respect to the transmitter 10, MARD is reduced by 0.5% by 
improving responsiveness and reducing lag time (reference 
numeral 11). Similarly, with regard to the design of the elec 
trochemical sensor 200. MARD is reduced by an additional 
0.5% by effecting a distributed-electrode design in order to 
reduce local effects (reference numeral 201). 
0103 With the above in mind, embodiments of the present 
invention are directed to an orthogonally redundant glucose 
sensor that includes an optical based sensor and a non-optical 
sensor. Thus, within the context of the present invention, in an 
orthogonally redundant glucose sensor, the above-mentioned 
electrochemical (i.e., non-optical) glucose sensor may be 
complemented with an optical based glucose sensor. In one 
embodiment shown in FIGS. 3A-3C, the optical sensor may 
be a sensor capsule 80 that is inserted under the skin 81 in the 
dermal layer, with a reader device 82 positioned above the 
skin. Light is transmitted between the reader device 82 and 
sensor 80 through the dermal layer in order to excite the 
sensing element under the skin, and the resultant fluorescence 
is measured in the reader device. FIG. 3C shows the relative 
size of an exemplary optical sensor capsule 80. 
0104. In an alternative embodiment, shown in FIGS. 4 and 
5, the optical sensor may be implemented by employing a 
transcutaneous optical fiber. Here, the fiber serves as a light 
guide with the sensing element attached to the distal tip of the 
fiber. The fiber extends through the skin where it is aligned 
with the reader device. Light is transmitted between the 
reader device and the sensing element through the optical 
fiber. 

0105. In one embodiment, the sensing element includes a 
glucose binding competitive affinity assay Surrounded by a 
glucose-permeable membrane, allowing the glucose within 
the assay to equilibrate with the glucose present in the Sur 
rounding tissue. The assay, in turn, includes a glucose analog 
(e.g., dextran) and a glucose receptor (e.g., Mannan Binding 
Lectin (“MBL)) which is fluorophore-labeled to impart fluo 
rescence. The equilibrium between MBL bound to glucose 
and dextran, respectively, determines the fluorescence inten 
sity in response to illumination of the assay. A non-glucose 
sensing macromolecule labeled with another fluorophore 
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serves as an internal reference (i.e., a reference fluorophore), 
wherein the latter emits its own fluorescence in response to 
illumination. The ratio of the assay-fluorescence and refer 
ence-fluorescence intensities is converted into a glucose con 
centration. 

0106 An optical glucose sensor having an assay compart 
ment may be formed, e.g., by including a glucose permeable 
membrane containing the assay at the distal end of an optical 
fiber. The optical fiber may then be inserted transdermally 
into the user's body, thereby situating the assay compartment 
in the user's tissue, while leaving at least a part of the optical 
fiber outside the body such that it can be accessed by (i.e., 
optically coupled to, oraligned with) an interrogating system. 
Alternatively, the optical sensor may be implantable, e.g., as 
part of an implantable glucose monitor including an interro 
gating optoelectronic system and a power source. The assay 
compartment may be formed between a glucose permeable 
membrane and an optical interface to the optoelectronic sys 
tem. The glucose-permeable membrane may preferably be 
biodegradable. 
0107 As noted above and shown in FIG. 4, an optical 
glucose sensor may be based on a competitive glucose bind 
ing affinity assay including a glucose receptor (e.g., MBL) 
and glucose analog/ligand (e.g., 110 kDa dextran) contained 
in an assay compartment. The binding between MBL and 
glucose-like molecules (e.g., dextran) is reversible. When no 
glucose is present, MBL and dextran will predominantly be 
bound together. When glucose is added to the assay, it will 
compete off a part of the dextran population, such that the 
assay enters a new equilibrium state. The equilibrium state at 
all times corresponds to the glucose concentration. In order to 
determine this equilibrium state, MBL is labeled with a donor 
fluorophore (e.g., Alexa Fluor 594, or AF594), and the dext 
ran is labeled with an acceptor dye (e.g., hexamethoxy crys 
talviolet-1 (HMCV1)—a proprietary crystal violet derivative 
manufactured by Medtronic, Inc.). The donor fluorophore 
and the acceptor dye together form a Förster Resonance 
Energy Transfer (FRET) pair i.e., the emission spectrum of 
the fluorophore and the absorption spectrum of the dye over 
lap. 
0108. The occurrence of FRET affects the lifetime of the 
excited state and the intensity of the emitted fluorescence and 
can only occur when the fluorophore and the corresponding 
dye are in close proximity (i.e., in the range of about 50 A). 
Thus, the FRET mechanism permits interrogation of the equi 
librium state optically by illuminating the assay and measur 
ing either the lifetime of the excited state (“lifetime interro 
gation'), and/or the intensity of the emitted fluorescence from 
the donor fluorophore (intensity interrogation). In some 
embodiments, the latter approach is preferred, as it exposes 
the assay to 25 times less light than with the lifetime interro 
gation. 
0109 The FRET mechanism offers several advantages. 
First, it works transdermally, within an appropriate wave 
length range, so that interference from the skin is minimized. 
Second, FRET fluorescence lifetime measurements are gen 
erally insensitive to the relative position of the sensor and the 
reader unit as long as they are within optical reach of each 
other, and are also insensitive to changes in the environment, 
which helps make the system virtually calibration free. 
Lastly, FRET it considered very sensitive if the appropriate 
donor-acceptor ratio and Suitable donor-acceptor geometry 
are obtained. 
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0110. In selecting the FRET pair, the donor fluorophore 
and the acceptor dye are preferably water soluble, as they are 
to function in an aqueous environment. In addition, since the 
sensor is implanted or resident in the body, both FRET com 
ponents should be non-toxic, as well as stable at 37°C. for at 
least 2 weeks in the interstitial fluid (ISF). Moreover, fluores 
cence emission from the FRET pair should be in the red/far 
red spectrum to minimize interference from Substances in the 
skin and/or tissue auto-fluorescence. 
0111 Resistance to photo-bleaching, i.e., the photostabil 

ity of both the dyes and the MBL and dextran, is also impor 
tant. The photostability of the protein originates from its 
resistance towards Radical Oxygen Species (ROS) generated 
by the excited dyes, and is an important feature in the stability 
of the assay. As will be discussed further hereinbelow, this is 
also a reason why MBL is relatively more resistant to e-beam 
radiation (wet or dry) than other proteins. 
0112 Finally, the donor fluorophore and the acceptor dye 
must work with a coupling chemistry Suitable for protein 
(preferably amine) conjugation. As discussed above, the 
MBL molecule may be labeled with a donor fluorophore via 
the 6-amino group on lysine residues using N-hydroxy Suc 
cinimide (NHS) derivatives of the fluorophore, since this 
chemistry generates a very stable amide bond between the 
protein and the fluorophore, and works well in aqueous buff 
ers at pH values that do not compromise the protein. 
0113. From an optical point of view, a number of different 
fluorophores, such as, e.g., Alexa Fluor fluorophores, Texas 
Red, and Cy5 may be used as fluorophores. However, it has 
been found that the Alexa Fluor fluorophores work best as 
they exhibit and/or facilitate several practical advantages, 
e.g., coupling chemistry, water solubility, photo stability, and 
quantum yield. Alexa Fluor 594 (AF594), in particular, works 
well in the conjugation process with MBL: it is commercially 
available as an NHS derivative and, as such, is ready to be 
coupled to lysine residues on the MBL molecule. 
0114. The single MBL polypeptide has 19 lysine residues 
which are all potential conjugation sites. The polypeptide 
organizes in triplexes, each having 3 carbohydrate recogni 
tion domains (CRD), that again form higher complexes, usu 
ally with 9, 12, or 15 CRDs. It has been found that a degree of 
labeling (DOL) with AF594 of about 0.8-1 AF594/CRD gives 
optimal dose-response, with dextran labeled with HMCV1 as 
ligand. A DOL value that is too high would lead to self 
quenching, while a DOL value that is too low would compro 
mise the signal magnitude. It should be noted that, when using 
NHS as conjugation chemistry, AF594 will be more or less 
randomly coupled to the 19 lysine residues per polypeptide 
chain. This means that AF594 sitting on lysine residues in the 
collagen like domain of MBL, distant to the CRD, may not 
participate in the FRET, unless the dextran molecule (size 
110.000 Da), due to its linear conformation, is able to reach, 
with an HMCV1 dye, into the Förster space of such an AF594. 
0115. As noted, the ligand in the sensor is preferably dex 
tran Supplied with amino groups in order to be able to use 
NHS coupling chemistry for labeling with the acceptor dye. 
For the latter acceptor dye, hexamethoxy crystalviolet-1 
(HMCV1) is preferred over commercially-available acceptor 
dyes because it is “non-fluorescent’ i.e., it has an absorp 
tion spectrum overlapping AF594's emission spectrum, with 
out overlapping AF594's absorption spectrum too much 
and works with NHS, i.e., it has a carboxylic group. The 
above-mentioned non-fluorescence is important, as it helps 
reduce not only the amount of optical interference with the 
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donor emission, but also the amount of optics instrumentation 
that is required. In addition, HMCV 1 is versatile, such that it 
can also be used with other fluorophores, e.g., AF647, which 
is discussed more fully below in connection with use of a red 
laser diode as a light source. 
0116. For certain embodiments, it has been found that 
approximately 5 HMCV1 molecules per dextran molecule 
produce optimal dose-response, with the fluorophore-labeled 
glucose receptor MBL-AF594. Here, a DOL value that is too 
low would result in inefficient quenching, which would com 
promise the magnitude of dose-response, while a DOL value 
that is too high would compromise excitation of AF594, since 
HMCV1 also absorbs at AF594's excitation wavelengths. 
0117. With reference to FIG. 6A, it is noted that there are 
actually three separate equilibria involved in the operation of 
the optical sensor described above. The first equilibrium is the 
one between glucose in the interstitial fluid and glucose inside 
the sensor compartment, which is regulated by osmotic pres 
sure, i.e., the difference in glucose concentration in the ISF 
and inside the sensor compartment. The second equilibrium is 
the one between the glucose interacting with MBL and free 
glucose, which is mainly regulated by the affinity between 
glucose and MBL. The third equilibrium is the one between 
MBL and dextran, which is regulated by the affinity between 
dextran and MBL and the concentration of glucose inside the 
sensor compartment. 
0118 All three equilibria are dynamic and reversible. 
What this means is that the same glucose molecule may at one 
moment interact with a MBL molecule, and in the next 
moment be non-interacting with MBL, and in a third moment 
cross the sensor membrane, leaving the sensor compartment 
and entering into the ISF. The interaction between the assay 
chemistry components (MBL-AF594 and dextran-HMCV1) 
reflects at any time the concentration of glucose in the sensor 
compartment. Fouling of the sensor--which may potentially 
compromise the permeability of the sensor—may extend the 
response time to changes in glucose concentration in the ISF. 
but does not interfere with the glucose measurement in the 
sensor. That is, the assay chemistry always measures the 
correct glucose concentration inside the sensor compartment. 
In short, fouling of the sensor has no influence on the equi 
libria inside the sensor. Moreover, all equilibria that involve 
glucose are fully reversible and, as such, glucose is not con 
Sumed in the measuring process. 
0119. In contrast with optical glucose sensors, electro 
chemical glucose sensors are glucose consuming enzyme 
kinetics based systems. Since the latter reactions consume 
glucose, sensor response is dependent on glucose diffusion 
across the outer membrane of the sensor. This can be 
described by the following mass transfer equation: 

(EC Eq. (1) 
j=-Dy 

where j is the glucose flux, D is the diffusion constant, 
C=Glu, and X is distance. Bio-fouling changes the thick 
ness of the sensor membrane (dX), thus reducing the glucose 
flux and measured sensor response. Hence, a sensor re-cali 
bration would be required. 
I0120 However, since optical glucose sensor technology is 
not glucose consuming, i.e., it is based on reversible glucose 
binding to a glucose receptor protein, as detailed above, sen 
Sor response depends on the concentration of glucose inside 
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the sensor (assay) compartment. The glucose levels inside the 
compartment will always be in equilibrium with glucose lev 
els outside the membrane regardless of the thickness of the 
outer membrane and/or bio-film, because glucose is not being 
consumed. This equilibrium system can be described by the 
following equation: 

K=(MBL-DexGlu)/(MBL-Gludex) Eq. (2) 

0121 Since MBL and Dextran concentration is fixed 
inside the sensor, K is only dependent on glucose concentra 
tion. Since bio-fouling occurs outside the membrane, the 
equilibrium of the reaction is not affected. Empirical data 
confirm the above-noted outcome. 
0122) Returning to FIG. 5, an optical system used to inter 
rogate the above-described sensing element (assay) is essen 
tially a modified epi-fluorescence set-up with one light Source 
to excite (i.e., illuminate) the assay and two detectors to detect 
the fluorescence emitted from the assay and the internal ref 
erence, respectively. As noted, the intensity of the emitted 
fluorescence correlates to the glucose concentration. Here, 
the measured intensity of the emitted fluorescence is affected 
by the intensity of the light source and the coupling between 
the assay and the optical system. Therefore, the intensity 
measurement requires an internal reference fluorophore to be 
incorporated into the assay. 
(0123. The reference fluorophore must differ from the 
assay fluorophore in a way that the emitted fluorescence from 
the assay and that from the reference may be separated from 
one another, e.g., by having different absorption spectra or 
emission spectra. The reference fluorophore may be, e.g., 
Alexa Fluor 700 (AF700) labeled onto Human Serum Albu 
min (HAS) or another macro molecule, which largely does 
not bind to the glucose receptor. Alexa Fluor 700 may be 
excited simultaneously with the Alexa Fluor 594 as their 
absorption spectra spectrally overlap. The emission spectrum 
from Alexa Fluor 700 is slightly red shifted with respect to 
Alexa Fluor 594, which makes it possible to detect their 
respective fluorescence emissions in separate wavelength 
regions. 
0124. The excitation, as well as the detection, of the emit 
ted fluorescence for the assay and the reference follow the 
same optical path from the optical system to the assay. As 
Such, the detected signal from the reference serves as a mea 
Sure for the optical coupling between the optical interrogating 
system and the assay. Any effect originating from changes in 
the optical coupling, Such as alignment, may be cancelled out. 
0.125 With reference to FIG. 5, a driver circuit 1310 
modulates a LED 1320 at a low frequency—solely with the 
purpose of eliminating the 1/f noise and canceling out ambi 
ent light—with a wavelength range capable of simulta 
neously exciting the assay and reference fluorophores. The 
LED output is filtered using a multilayer dielectrical filter 
1330 to select a distinct wavelength region. The filtered LED 
output is reflected by a first dichroic beam splitter 1340 and 
focused onto the sensor 1300, which includes the assay and 
the reference, by a lens 1350. 
0126 The assay and the reference emit fluorescence. The 
emitted fluorescence 1301 and the reflected excitation light 
1323 are picked up and collimated by the lens 1350. The first 
dichroic beam splitter 1340 transmits the fluorescence 1301. 
However, it reflects the majority of the back reflected excita 
tion light 1323. A second beam splitter 1344 reflects the 
reference fluorescence at a 90° angle 1307, but it transmits the 
assay fluorescence 1309. A first emission filter 1360 with a 
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distinct wavelength region red shifted with respect to, and not 
overlapping, the pass band of the excitation filter and match 
ing the desired part of the assay fluorescence spectrum then 
blocks the remaining part of the excitation light and transmits 
the assay fluorescence. 
I0127. Similarly, a second emission filter 1364 with a dis 
tinct wavelength region red shifted with respect to, and not 
overlapping, the pass band of the excitation filter and match 
ing the desired part of the reference fluorescence blocks the 
remaining part of the excitation light and transmits the refer 
ence fluorescence 1307. Thus, in effect, only the fluorescence 
from the assay and the fluorescence from the reference are 
focused onto their respective photo detectors 1380, 1384 
using respective lenses 1370, 1374. The ratio between the 
detected assay fluorescence and the detected reference fluo 
rescence correlates with the glucose concentration in the 
assay. 
I0128. The above-described optical sensor technology 
offers several advantages over other available technologies. 
For example, as noted previously, due to the non-consuming 
and stable nature of the assay, the measurement technique is 
insensitive to bio-fouling. As such, it offers the possibility of 
one single point calibration throughout the entire lifetime of 
the sensor. Furthermore, the assay contains a reference dye, 
which remains stable with changing glucose concentrations, 
but is affected by many non-glucose induced changes. There 
fore, it serves as a sensor diagnostic tool for the optical sensor, 
indicating when the integrity of the membrane has been com 
promised or the optical connection is misaligned. See, e.g., 
FIGS. 6B and 6C. In addition, as will be described further 
below, the assay may comprise a protective formulation, 
which is suitable for radiation sterilization, a common steril 
ization technique for glucose sensors. 
I0129. Moreover, the glucose receptor, MBL, is a human 
derived protein. As such, there is no immune response. More 
over, MBL may be derived from plasma or produced recom 
binantly. In addition, compared to other proteins that may be 
used for equilibrium-based glucose sensing, MBL has proven 
biocompatibility and is used clinically for pharmaceutical 
purposes. FIGS. 50A and 50B show the known differences 
between MBL and other glucose binders employed for equi 
librium-based glucose sensors. 
0.130 Returning to the continuous glucose monitoring 
system for orthogonally redundant sensing, the several ele 
ments/components shown in FIGS. 1A and 1B will now be 
described in more detail. 

0131 The electrochemical sensor 200 is a state-of-the-art 
electrochemical sensor, Such as, e.g., Enlite3 (third genera 
tion Enlite sensor, Medtronic, Inc.). As shown in FIG. 7, the 
Enlite3 implanted sensor features a distributed sensing elec 
trode design, wherein the sensing electrodes 210 are distrib 
uted along the length of the sensor to reduce local tissue 
effects on sensor performance, as well as optimized solvent 
free chemistry to improve consistency. In some embodi 
ments, the electrochemical sensor may consist of a flexible 
polyimide material with no plastic tubing. 
0.132. As described previously, and shown in FIGS. 8A 
and 8B, the orthogonally redundant sensor includes a fiber 
optical sensor 100. The fiber optical sensor 100 has a fiber 110 
with a glucose-permeable membrane 120 attached at/proxi 
mate the fiber's distal end 115. The optical fiber 110 may be 
made of plastic having tensile and fatigue properties that 
ensure robustness. The glucose permeable-membrane 120 
may, e.g., be heat sealed on the distal end 115 of the fiber. In 
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embodiments of the invention, the membrane 120 may pref 
erably be made of a biocompatible, biodegradable polymer 
such as, e.g., Poly ActiveTM (Integra Orthobiologics, Irvine, 
Calif.). 
0133. The glucose permeable-membrane 120 houses the 
assay chemistry 125. The size of the optical fiber 110 is 
optimized so as to improve hydration and response time, as 
well as to reduce the size of the implant and needle that is used 
to introduce the fiber into the patient’s body. As is also shown 
in FIGS. 8A and 8B, excitation light 130 travels from the 
proximal end 117 of the fiber to the assay chemistry 125, and 
the fluorescence response 140 travels back up the fiber to an 
optical interrogating system that may be located, e.g., in the 
transmitter 10 shown, e.g., in FIGS. 1A and 1B. 
0134. The transmitter 10 may include sensor electronics/ 
instrumentation for the optical sensor 100 and the electro 
chemical sensor 200. For the optical sensor, such instrumen 
tation may include, e.g., a light Source, detector(s), optical 
drive electronics, and other elements/components of an opti 
cal interrogation system (discrete or integrated). For the elec 
trochemical sensor, the instrumentation may include, e.g., a 
potentiostat and other related components (also discrete or 
integrated). As shown in FIGS. 9A and 9B, the transmitter 10 
may also include a dual connector 20 that allows the two 
sensorelements 100,200 to separately connect to the required 
instrumentation. Within the dual connection, the electro 
chemical connection may allow for, e.g., up to four isolated 
contacts, and may be watertight. Similarly, the optical con 
nection may be watertight and/or provide for consistent index 
matching between optical Surfaces. Here, while direct contact 
may not be needed, the light path must be clear. 
0135) In addition, the transmitter may house diagnostics, 
one or more microprocessors and/or digital signal processors 
(DSPs), memory, a RF communication chip (using, e.g., 2.4 
GHZ TelD protocol), and a battery to support the measure 
ment functionality of the sensors, the conversion of signals 
received from the sensors to glucose values, and wireless 
communication, including transmission of the glucose values 
(or an averaged, weighted, or otherwise modified version 
thereof) to, e.g., a monitor 300, an infusion pump 400, a 
display device, etc. 
0136. The transmitter 10 may also house the algorithms 
that utilize predictive diagnostics and signal comparison to 
assess signal reliability. The algorithms feature intelligent 
startup and calibration schemes so that the sensor perfor 
mance dictates when calibrations are needed. Additionally, 
the algorithms operationalize the conversion of the individual 
signals into a calculated glucose number, which is communi 
cated to one or more of the devices noted above. 

0137 The transmitter 10 is a durable device and, as such, 
the associated battery may be rechargeable. In these embodi 
ments, the transmitter may require intermittent recharging of 
the contained battery. Therefore, in preferred embodiments, a 
charger may be included for use in conjunction with the 
transmitter (battery). Additionally, the charger may test the 
transmitter for proper functionality when required. It is noted 
that, in some embodiments, some or all of the elements/ 
components that are described herein as being housed in the 
transmitter 10 may be integrated in order to miniaturize the 
device. In this regard, a printed circuit board assembly 
(PCBA) may be used. In some embodiments, at least some of 
the above-mentioned elements/components may be con 
tained in the monitor 300, the infusion pump 400, a display 
device, etc. 
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0.138. An insertion device 500 is used to implant the sen 
sors 100, 200 in such a way as to minimize trauma and 
maximize patient comfort and consistency of sensor delivery. 
See FIG. 10. The insertion device relies on a disposable, 
automatically retracting needle 510 that is designed with the 
sensor base to deliver the sensors 100, 200 through the user's 
skin. Specifically, the optical sensor 100 and the electro 
chemical sensor 200 are co-located inside the needle and, as 
Such, are inserted simultaneously. 
0.139. The electrochemical sensor 200 generally com 
prises a thin and wide flex substrate. As such, it may be 
located between the opening of the needle 510 and the optical 
fiber sensor 100 to aid in retention. The diameter of the fiber 
sensor may be as large as about 500 um, but is preferably less 
than 200 um. It is noted that, in FIG. 10, the needle 510 is 
shown at 0° (i.e., horizontally). However, in practice, the 
needle 510 is inserted at 90°. 
0140. As is clear from FIGS.9A,9B, and 10, the substrates 
for the electrochemical sensor and the optical sensor may be 
fabricated separately and assembled individually into a single 
base of a single sensor housing (e.g., the transmitter 10). The 
two sensors are then inserted within a single insertion device 
500. However, although the insertion device deploys both 
sensor Substrates together, the Substrates are not connected in 
the implant area. 
0.141. The electrochemical sensor (probe) and the optical 
sensor (probe) may, nevertheless, be co-located in vivo. In 
this regard, it has been discovered that the performance of one 
of the sensors is not affected by the presence of the other 
sensor within close proximity. For example, the presence of 
an optical sensor probe does not shadow or prevent glucose 
from reaching the electrochemical sensor (probe). Similarly, 
peroxide, which is produced as a byproduct of the electro 
chemical sensor reaction with glucose, does not affect per 
formance of the optical sensor. Even at high concentrations of 
peroxide, such as 12 ppm (i.e., equivalent to a 400 mg/dL 
glucose response for an electrochemical sensor), peroxide 
has been found to have no effect on the optical sensor 
response. 
0.142 FIG. 9C shows an alternative embodiment, where 
the substrates for the electrochemical sensor and the optical 
sensor are integrated so as to form an integrated flex circuit. 
0143. The handheld monitor 300, which may also be 
referred to as “the On Body Controller” or “the On Body 
Communicator' (OBC), may include an integrated blood glu 
cose meter 320 utilized for calibration. Algorithms within the 
handheld monitor 300 provide an error check to ensure that 
inaccurate blood glucose readings are not communicated. 
Inclusion of this error check has the potential to decrease 
MARD and, therefore, increase accuracy—significantly as 
an incorrect meter point used for calibration can falsely raise 
or lower calculated glucose levels. See, e.g. FIG. 11. 
0144. Accuracy 
0145. In the continuous glucose monitoring (CGM) sys 
tem described above, orthogonal redundancy using two 
unique sensing technologies provides for increased accuracy 
and reliability while enabling environmental effects to be 
accounted for. Specifically, with respect to accuracy, embodi 
ments of the inventions described herein enable a MARD of 
about 13%. In this regard, it is understood that existing blood 
glucose meters (i.e., finger-Stick) in-home use models are 
expected to have generally high accuracy; that is, a MARD 
approximating 9%, with 95% of all points expected to be 
accurate in terms of ISO 15197:2003. Under the latter stan 
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dard, a meter is deemed accurate if it meets the following 
criteria for at least 95% of samples tested: (1) For blood 
glucose levels below 75 mg/dL, the monitor reading must be 
within 15 mg/dL of the reference; and (2) for readings of 75 
mg/dL or higher, the monitor reading must be within 20% of 
the reference reading. 
0146 For closed-loop ready sensing systems, meter 
equivalency is not a necessity. Here, the literature has Sug 
gested a much looser system accuracy requirement with a 
MARD of 15% (see, e.g., Hovorka R., “Continuous glucose 
monitoring and closed-loop systems. Diabetic Medicine 
2005 (23)). In fact, current-generation CGM systems have 
published accuracies meeting the 15% requirement, but are 
accompanied by a large reduction in percentage of Samples 
considered accurate according to the ISO 15197 standard 
noted above. This deviation in System accuracy may be attrib 
uted to multiple factors (e.g., calibrating meter inaccuracy, 
sensor delay, etc.); however, it is noted that the requirement 
treats blood samples as independent, discrete events. Contex 
tual (trending, historical) data provided by CGM systems 
should allow for a relaxation of what is deemed an “accurate' 
reading. 
0147 Reliability 
0148 Orthogonal redundancy also allows for a combined 
reliability that far exceeds the individual reliability of either 
sensing component. Specifically, as will be discussed further 
below, two orthogonal sensors with an ISO accuracy of 75% 
would theoretically be accurate 93.75% of the time when 
combined. The redundancy increases both accuracy and per 
cent of time data is displayed. 
0149. A reliable system requires (1) data to be displayed as 
often as possible while (2) only displaying data when it is 
accurate. It is noted that, with improvements to sensor tech 
nology and failure detection algorithms, the accuracy of sen 
sor Systems will improve significantly. However, failure 
detection algorithms that are too sensitive might reduce the 
amount of displayed data to an extent that is unacceptable to 
the user. In this respect, the reliability of the sensing platform 
described herein may include the following two components: 
(1) data display (% of time); and (2) accuracy (% of time). 
0150. An embodiment of the system described herein 
meets the following reliability requirements for 94% of sen 
sors: (1) It displays sensor data 90% of sensor wear “cali 
brated” time; and (2) it meets ISO 15197:2003 requirements 
on 93.75% of displayed sampled points. It is noted that some 
existing sensor technologies may currently meet the first cri 
terion above, but, with regard to the second requirement, 
significant improvements would be needed in order to achieve 
near-meter equivalency in terms of ISO 15197:2003. 
0151 Existing sensor technology has published accuracy 
roughly on the order of 70%, meaning that 70% of all evalu 
ated CGM points are deemed accurate according to the ISO 
15197:2003 standard. Therefore, assuming two sensing com 
ponents of roughly equivalent accuracy with random distri 
butions of sensor error occurrence (i.e., assuming that both 
sensing components will not always be reading inaccurate at 
the same time), significant gains in accuracy may be realized 
provided that the system is able to quickly identify possible 
faults in one or the other sensing component. 
0152 Probabilistically, this may be shown as follows: Let: 

0153. S1 be the set of all evaluation points for sensing 
component 1 (e.g., an optical sensor). 

0154 S2 be the set of all evaluation points for sensing 
component 2 (e.g., a non-optical sensor). 
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(O155 S1 and S2 be independent, normally distributed 
variables (due to sensor orthogonality). 

0156 Then, the probability that for any sample in time 
either S1 or S2 will be accurate is derived from the additive 
rule for non-mutually exclusive events: 

O157. Where 
0158 a, b represent whether a point in S1, S2 is accurate 
(as defined by ISO 15197:2003); and 

0159) P(a), P(b) represent the probability that any such 
point is considered to be accurate. 

(0160 Using two sensors with P(a)=P(b)=0.7, P(a OR 
b)=0.7+0.7-(0.7x0.7)=0.91 (i.e., accurate on 91% of points). 
Thus, any increase in accuracy performance of either sensing 
component over this baseline increases the accuracy of the 
overall system as well. FIG. 51 shows individual accuracy 
effect on an orthogonally redundant system, assuming true 
independence between the two sensing components. 
0.161. As noted, the expected combined accuracy is based 
on anticipated improvements in accuracy to one or both sens 
ing components in order to achieve 93.75% accuracy without 
sacrificing usable sensor lifetime, and assuming complete 
independence. In a preferred embodiment of the present 
invention, where one of the two sensor components is an 
optical glucose sensor, and the non-optical sensor is an elec 
trochemical glucose sensor, Some of the factors that may 
influence complete independence of the optical and electro 
chemical sensing technologies include, e.g., the following: 
(1) sensor co-location within a single implant does not 
account for physiological effects (i.e., decreased interstitial 
fluid glucose concentration as a result of increased pressure 
on the insertion site); and (2) simultaneous calibration of both 
sensing components relies on an expectation of accuracy 
from the reference point (e.g., meter finger-sticks) such that, 
if not correctly identified by the system, a sizeable error from 
the reference point may propagate into sensor glucose calcu 
lation, resulting in distortions of sensor accuracy for both 
sensing components. 
0162 Hypoglycemia Performance 
0163 Combining the optical sensor and the electrochemi 
cal sensoryields a sensing system with high precision both in 
the hypoglycemic and the hyperglycemic range due to the 
individual dose responses. FIG. 12 shows dose response func 
tions (i.e., the correlation between sensor output and glucose 
dose) for an optical equilibrium glucose sensor and an elec 
trochemical glucose sensor. The optical sensor features a 
steeper slope 133 in the hypoglycemic region, leading to 
higher precision, while the electrochemical sensor has a lin 
ear slope 233, resulting in higher precision in the hypergly 
cemic region. 
0164. The established accuracy standards for glucose 
monitoring devices allow for higher percentage error in the 
hypoglycemic regions because the clinical treatment decision 
remains the same regardless of hypoglycemic severity. In 
closed-loop systems, sensor performance in regions of gly 
cemic excursion (either hypo- or hyper-glycemic ranges) 
becomes increasingly important, as Such systems rely not 
only on excursion accuracy, but also on contextual trending 
data as crucial feedback input for control algorithms. 
0.165 Embodiments of the orthogonally redundant sensor 
described herein offer benefits in terms of hypo- and hyper 
glycemic performance. The two glucose sensors have differ 
ent dose responsecurves that may improve hypoglycemia and 

Eq. (3) 
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hyperglycemia performance. Equilibrium sensors dose 
response function is not a linear function, but a curved shaped 
function with the steepest slope when approaching a glucose 
concentration of 0 mg/dL. The steeper the slope in dose 
response, the higher the precision of the sensor is. Therefore, 
the affinity-based glucose sensors generally have better hypo 
sensitivity than hyper sensitivity as opposed to electrochemi 
cal sensors, where the dose response function is a linear 
function resulting in equivalent hypo and hyper sensitivity. 
Combining the optical sensor and the electrochemical sensor, 
therefore, yields a sensing system with precision both in the 
hypo range and in the hyper range. 
0166 As noted previously, Hovorka has suggested that, 
for closed-loop applications, a MARD between 10-15% 
would be desirable with a preference toward underestimation 
rather than overestimation. Moreover, the Clinical and Labo 
ratory Standard institute (POCT05-P “Performance Metrics 
for Continuous Glucose Monitoring; Proposed Guideline.” 
CLSI) has proposed definitions for home-use hypoglycemic 
sensitivity, specificity, and false alert rates (for continuous 
interstitial glucose monitoring) as follows: (1) Sensitivity: for 
any meter reading below 70 mg/dL, a sensitive CGM system 
shall also read 70 mg/dL or below within +/-30 minutes of the 
reference sample; (2) specificity: for any euglycemic meter 
reading (not hypo- or hyperglycemic), a CGM reading also 
within this range is considered a true negative; and (3) false 
alert: for any meter reading above 85 mg/dL, any CGM read 
ing which at that time reads at 70 mg/dL or below will be 
considered a false alert. The sensitivity/specificity metric 
allows for consideration of the contextual data provided by 
the CGM system most relevant to closed-loop control. 
0167. In embodiments described herein, the orthogonally 
redundant sensing system meets a hypoglycemic MARD of 
13% with sensitivity and specificity of at least 95% and false 
alert occurrence rate below 10%. The independent accuracy 
of each sensor in the orthogonally redundant system meets 
this requirement in the majority of situations, especially given 
that orthogonal redundancy allows for elimination of signals 
that are on the edge, further improving sensitivity/specificity 
and false alerts. 

(0168 Reduced Warm Up 
0169 Embodiments of the orthogonally redundant sens 
ing system described herein also provide reductions in warm 
up time through optimization of individual sensor warm-up 
time. The overall system start-up time, which is defined as the 
time until sensor signal is stable enough for performing the 
first calibration, may be reduced by utilizing predictable run 
in behavior and start-up diagnostics as inputs to the algorithm 
to create an adaptive warm up. Reducing sensor start-up time 
is important for accuracy and reliability of the system, as well 
as the user's convenience, as it allows the patient to complete 
finger-stick calibration Soon after inserting the sensor. 
0170 With respect to minimization of the individual sen 
Sor start-up times, the chemistry layers for the electrochemi 
cal sensor may be optimized, and new initialization schemes 
may be employed in the orthogonally redundant sensor. For 
the optical sensor, the hydration of the (assay) chemistry may 
be sped up, and the design may be optimized for a maximized 
Surface area to Volume ratio. Hygroscopic agent(s) or chemi 
cal(s)—Such as, e.g., Sugar, honey, and certain salts, which 
attract and retain water molecules from the atmosphere— 
may also be added to the assay. 
0171 One of the major obstacles to obtaining a fast startup 
time is to remove air from inside the optical fiber sensor. In 
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this regard, it has been discovered that adding a combination 
of Sugars, bicarbonate, and an enzyme to (the assay of) the 
sensor gets about 90% of the air out of the sensor within about 
30 minutes. Further reduction of start-up time may be pos 
sible by optimizing the proportional make-up of the above 
identified combination. 

0172 Similarly, it has been discovered that smaller-diam 
eter optical fiber sensors provide a reduction in run-in time. 
For example, replacement of a 500 um-diameter fiber with a 
250 um-diameter fiber has been shown to reduce run-in times 
from about 3-4 hours to about 2 hours. 

0173. In addition to optimizing the individual sensors, the 
combined operation of both sensors in one system may also 
facilitate faster start-up. Predictable run-in characteristics 
may be incorporated in the algorithm, which helps lower the 
perceived start-up time, thereby also reducing the number of 
finger-stick calibrations during this time. Also, as will be 
discussed further below, intelligent algorithms could com 
pensate for the startup characteristics of each sensor element 
and any sensor anomalies through a reliability index 
approach. 
0.174. In fact, the initial profile of sensors is an important 
input to early-life sensor diagnostic algorithms. The post 
initialized behavior is evaluated by the system to (1) deter 
mine the times at which sensors will be ready for initial 
calibration (adaptive warm up) and (2) identify sensors that 
are not adequately sensitive to glucose fluctuations (non 
critical fault detection). 
0.175 Advanced Algorithms 
0176). In embodiments of the invention, advanced algo 
rithms combine reliability information from each sensor and 
exploit features of the orthogonally redundant sensors to 
reduce lag, improve start-up time, and improve accuracy. By 
comparing signals, faults can be confirmed and self-calibra 
tions can be performed, thereby reducing the number of glu 
cose meter calibrations required. 
0177. As shown in FIG. 13A, in one embodiment, an algo 
rithm may take the signals and fault detection of each sensor 
into account, and then determine the reliability of each signal 
and weigh them appropriately. The algorithm may also take 
advantage of the specific benefits of each sensor. For 
example, the optical sensor generally has a more stable signal 
compared to the electrochemical sensor, which is known to 
have a gradual change in sensitivity over time, requiring 
re-calibrations. With Electrochemical Impedance Spectros 
copy (EIS) measurements, or by comparing large recent peri 
ods of the electrochemical sensor's signal, instances can be 
identified where the sensitivity of the electrochemical sensor 
has changed. The optical sensor will then allow an immediate 
confirmation of possible sensitivity changes and, if the signal 
is deemed reliable enough, the electrochemical sensor can be 
re-calibrated based on the optical sensor. This self-calibration 
feature reduces the required number of external calibrations, 
which are typically necessary to maintain high accuracy. In 
the optimal scenario, calibrations will be needed to maintain 
confidence in the signal. 
0.178 While the optical sensor is generally more stable, 
the electrochemical sensor has other advantages. For 
example, during the first few hours of start-up, the electro 
chemical sensor is expected to reach a semi-stable point more 
quickly, but have a slight increase in sensitivity over the next 
few hours. As previously described, predictable run-in char 
acteristics can be incorporated in the algorithm. 
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0179 FIG. 13B shows an embodiment in which diagnos 
tics may be used to determine the reliability of individual 
signals, which signals are then weighted accordingly. The 
individual weighted signals may then be combined and mul 
tiplied by a calibration factor to determine a calculated glu 
cose value. As used herein, the terms “calibration factor”, “cal 
factor', or “cal ratio” may refer to the ratio of blood glucose 
(BG) to sensor signal. In embodiments of the invention, the 
“sensor signal” may be further adjusted by an offset value. 
Thus, for the electrochemical sensor, e.g., the cal ratio may be 
equal to (BG)/(Isig-offset). 
0180. In another aspect, the algorithm may include a 
model for transformation of the sensor signal to match blood 
glucose concentration. See FIG. 14. This is done by a two 
compartment model, which presumes the sensor is in a dif 
ferent compartment than the calibration measurements. The 
model accounts for the diffusion of glucose between blood, 
where calibration measurements take place, and the intersti 
tial fluid space, where the sensor is located. The model also 
accounts for glucose uptake by cells. 
0181. It is expected that the optical sensor may have a 
slightly longer response time than the electrochemical sensor. 
The advanced algorithms herein can compensate for this lag 
by examining each signals rate of change, and comparing the 
two signals. Depending on various factors, the electrochemi 
cal sensor may detect changes more rapidly. The algorithm 
needs to detect the change, and if it is unable to compensate 
for the change, the system may weigh the electrochemical 
sensor more. Thus, while certain current sensors may perform 
better when calibrations are taken during more stable periods, 
incorporation of the two compartment model enables the use 
of calibrations taken at all times. 

0182. As noted previously and shown in FIG. 13A, a sen 
sor in accordance with embodiments of the present invention 
may incorporate the benefits of redundancy and sensor 
weighting using a reliability index. In an exemplary embodi 
ment of the system, multiple electrochemical sensors are 
evaluated individually, and a reliability index is created for 
each. In FIG. 15, three sensors are sending data. Individually, 
each of these sensors would result in an accuracy of about 8%. 
However, when combined, the accuracy improves to about 
4.4%. Thus, sensor accuracy is improved through assessing 
each individual sensor current with its reliability index (FIG. 
15A), and creating a weighted average (FIG. 15B). It is noted 
that the inventive sensor, sensing system, and associated algo 
rithms herein may be adapted for use at home and/or in a 
hospital setting. 
0183 FIG.16 shows the overall architecture of a calibra 
tion and fusion algorithm in accordance with an embodiment 
of the invention. Specifically, the algorithm starts with an 
electrochemical sensor signal (“echem Isig) 2010 and an 
optical sensor signal 2020 as inputs on parallel tracks. At step 
2012, 2022, an integrity check (to be discussed in detail 
hereinbelow) is performed for the respective signals. Gener 
ally speaking, each integrity check 2012, 2022 may include 
checking for sensitivity loss (which may be detected as a 
permanent downwards signal drift), noise, and drift (includ 
ing an upwards drift, which usually occurs in optical sensors). 
The latter drift up may be detected by, e.g., comparing the 
optical sensor glucose (SG) value to the echemSG (assuming 
the echem sensor is functioning properly), or by checking/ 
monitoring the past history of cal factors and determining that 
the (optical) sensor is drifting when the cal factor is signifi 
cantly lower than the historical values. 
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0.184 With each integrity check, if the respective signal is 
found to be behaving normally, i.e., if it exhibits an amount of 
noise, drift (either upwards or downwards), and/or instability 
that is within acceptable limits 2015, 2025, then the signal is 
calibrated 2016, 2026. If, on the other hand, the signal from 
one of the redundant sensors (e.g., the echem sensor) exhibits 
a significant amount of noise, drift, and/or instability, an 
integrity check on that sensor's signal will fail 2013. How 
ever, if the signal from the other sensor (e.g., the optical 
sensor) is behaving normally, then the latter may be used to 
correct the unstable (echem) signal via in-line sensor map 
ping 2014. Similarly, if the optical sensor signal exhibits a 
significant amount of noise, drift, and/or instability, an integ 
rity check on that sensor's signal will fail 2023. However, if 
the echem Isig2010 is behaving normally, then the latter may 
be used to correct the optical sensor signal using in-line 
sensor mapping 2024. The mapped (i.e., corrected) signals 
2017, 2027 are then calibrated at 2016, 2026. 
0185. For the mapping steps 2014, 2024, the mapping 
parameters may be determined by regressing the optical sen 
Sor signal with the echem sensor signal, and the echem sensor 
signal with the optical sensor signal, as follows: 

echem signal buffer-axoptical signal buffer+b Eq. (4) 

where “a” and “b' are the mapping parameters and may be 
determined by using a least square method to minimize any 
error. Given the time dependence of the data, larger weights 
may be assigned to the latest data following an exponential 
decay, where the data may be weighted with a weight of either 
“0” or “1”. In an embodiment of the invention, the buffer sizes 
of the echem and optical signals in Eq. (4) may be initially 
(i.e., during the start-up period) set at 3 hours, and then 
extended to 6 hours once the sensors have been stabilized. 

0186 Referring back to FIG. 16, either the echem sensor 
signal 2015 or the mapped (i.e., corrected) echem sensor 
signal 2017 is calibrated at step 2016 to produce an echem 
sensor glucose (SG) value 2018. Similarly, either the optical 
sensor signal 2025 or the mapped (i.e., corrected) optical 
sensor signal 2027 is calibrated at 2026 to produce an optical 
SG value 2028. Thus, for each echem sensor signal 2010, the 
algorithm will generate a single calibrated SG Value as indi 
cated by 2018. Similarly, for each optical sensor signal 2020. 
the algorithm will generate a single calibrated SG Value as 
indicated by 2028. Finally, a fusion algorithm 2030 (to be 
described in further detail hereinbelow) is used to fuse the 
calibrated SG value from the echem sensor with the calibrated 
SG value from the optical sensor to generate a single (final) 
SG value 2032. 

0187. As noted previously, in the inventive orthogonally 
redundant sensor system, the optical sensor generates both an 
assay-fluorescence (i.e., assay signal) through an “assay 
channel', and a reference-fluorescence (i.e., reference signal) 
through a “reference channel”. The ratio of the assay signal 
and reference signal intensities (i.e., the “optical ratio’) is 
then used in calculating a glucose concentration. In this 
regard, the optical sensor signal 2020 is actually the ratio of 
the assay signal to the reference signal, which ratio is used as 
a single trace for calibration purposes (to be discussed here 
inbelow). The reference channel, however, may also be used 
advantageously in mitigating noise introduced by optical 
component misalignment, LED power adjustment, and other 
potential turbulence in the assay channel from mechanical 
noise sources. 
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0188 FIG. 17 shows an example of how the signal from 
the reference channel tracks the signal from the assay chan 
nel, thereby resulting in a clean ratio trace. As can be seen 
from this diagram, the optical sensor output shows two abrupt 
changes in the assay channel at around 4 hours after insertion 
(2041) and around 7 hours after insertion (2043). However, 
because there are similar and corresponding abrupt changes 
(2045, 2047) in the reference channel, any artifacts are can 
celled out, thereby providing a smooth ratio trace. 
0189 Nevertheless, there are instances where the refer 
ence signal can have a negative impact on the ratio by adding 
more noise into the ratio (i.e., noise on top of the original 
noise carried in the assay channel). In general, the major 
component of noise from the reference channel is severe 
downwards signal drop, as shown, e.g., in FIG. 18. In the 
diagram of FIG. 18, no strong noise is present on the assay 
channel. However, the noise in the reference channel results 
in a ratio curve with multiple upwards artifacts. 
0190. To address the above-mentioned noise, embodi 
ments of the present invention utilize noise reduction meth 
ods that take advantage of the two-channel setup for the 
orthogonally-redundant sensor system, using a two-stage 
noise filtering model to reduce the noise selectively (see 2100 
and 2200 in FIG. 19). For instances where the noise is too 
strong to be used for calibration and tracking glucose, a signal 
acceleration rate-based noise level estimation method may 
also be introduced, whose output may subsequently be used 
as an input for system reliability and failure mode assessment 
(see 2300 in FIG. 19). 
(0191 The flowchart of FIG. 20 shows details of the multi 
channel signal-to-noise ratio (SNR)-based noise reduction 
process (2100) of FIG. 19 in accordance with an embodiment 
of the invention. In general, during this stage of the process, 
the SNR of the calculated ratio and the original assay channel 
are compared. The algorithm continues to use the simple ratio 
(i.e., assay/reference) if it has less noise than the assay chan 
nel, thereby indicating the reference channel's positive 
impact on the system. On the other hand, once a SNR in the 
ratio is detected that is higher than the SNR of the assay 
channel, an 80% weighted outlier filter is applied to the ref 
erence channel in order to mitigate the effect of any signal 
dips, etc. from the reference channel. 
(0192 Specifically, the logic of the flow chart of FIG. 20 
starts at step 2105, where the current (data) packets from the 
assay channel (2110) and the current (data) packets from the 
reference channel (2120) are used as inputs. At step 2130, a 
determination is made as to whether the current assay channel 
packets and the current reference channel packets 2110, 2120 
are among the first 12 packets in the process. If it is deter 
mined that the current assay channel packets and the current 
reference channel packets are, in fact, within the first 12 
packets (2131), then the current ratio is calculated as the ratio 
of the current assay channel packets to the current reference 
channel packets (2150), and the result is used as the output 
2160 of the process. 
0193 If, on the other hand, it is determined that the current 
assay channel packets and the current reference channel 
packets are not within the first 12 packets (2133), then the 
signal-to-noise ratio (SNR) of the assay channel is set equal to 
the SNR of the (most) recent 8 packets, including the current 
packet, from the assay channel (2134). Next, at step 2138, the 
SNR of the ratio is calculated as the SNR of the ratio of the 
recent 8 packets (including the current packet) from the assay 
channel to the recent 8 packets (including the current packet) 
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from the reference channel. A determination is then made at 
step 2140 as to whether the SNR of the ratio (2138) is larger 
than the SNR of the assay channel (2134). 
(0194 At this point, if it is determined (2141) that the SNR 
of the ratio is not larger than the SNR of the assay channel, the 
logic follows the path of 2131, such that the current ratio is 
calculated as the ratio of the current assay channel packets to 
the current reference channel packets (2150), and the result is 
used as the output 2160 of the process. However, if it is 
determined (2143) that the SNR of the ratio is larger than the 
SNR of the assay channel, then an 80% weighted outlier filter 
is applied to the reference channel so as to mitigate the effect 
of any signal fluctuations from the reference channel. Thus, at 
step 2144, the filtered value of the reference channel packets 
(REF filtered) is taken as the 80' percentile of the recent 8 
packets, including the current packet, from the reference 
channel. Finally, the current ratio is calculated as the ratio of 
current packets in the assay channel to REF filtered (2148), 
and the result is used as the output 2160 of the process. 
0.195. It is noted that, in embodiments of the invention, the 
SNR is calculated as the reciprocal of the coefficient of varia 
tion, i.e., the ratio of mean to standard deviation of the signal 
or measurement in this case, assay channel and ratio mea 
Surement. However, different mathematical calculations can 
also be used with regards to different sensor conditions. 
(0196. As shown in FIG. 19, the output 2160 from the first 
stage (2100) is next fed into a 7" order (i.e., 8 bit) Gaussian 
Smoothing FIR filter (2200) in order to further reduce the 
noise. FIGS. 21A and 21B show the results of this filtration 
process on system performance during periods of heavy sys 
tem noise. In FIG. 21A, the raw assay signal (Asy) 2171, the 
raw reference signal (Ref) 2173, and the raw ratio signal2175 
are shown. FIG. 21B shows the noise-reduced optical ratio 
plotted over a range of ratios between 0.6 and 1.1. In this 
regard, the plot of FIG. 21A is somewhat more compressed, 
as the data is plotted over a range of ratios between 0.4 and 1.6 
(see right ordinate of FIG. 21A). 
(0197) Returning to FIG.21B, the original (raw) ratio 2175, 
the SNR check 2177 in accordance with the procedure shown 
in FIG. 20, and the SNR check in combination with an 8 bit 
Gaussian filter 2179 are shown. As can be seen, the SNR 
based method of the first stage of noise filtration reduces most 
of the upward noise during the first half of the sensor life 
while keeping the signal envelope complete. In the second 
stage, use of the Gaussian filter results in further reduction of 
the noise originating mainly from the assay channel. 
0198 In general, high levels of noise Suggest unsatisfac 
tory working condition for a glucose sensor, irrespective of 
the source of the noise (e.g., external environment, internal 
biology environment, sensor itself, etc.). In certain extreme 
conditions, the ratio trace shows little or no tracking of glu 
cose when high levels of noise exist. In these situations, an 
in-line noise evaluation metric may be used in order to deter 
mine whether a specific (current) sensor signal is reliable, 
Such that further calculations based on the signal may be 
performed. 
0199 Specifically, in signal acceleration based noise level 
evaluation 2300 (see FIG. 19), a metric is calculated based on 
the absolute second derivative (2183) of the assay signal 
2181, as shown, e.g., in FIG. 22. For each assay packet with 
the previous 7 packets available, the metric calculates the 
average acceleration rate of the previous 7 packets. The cal 
culation is then repeated for 6 packets, 5 packets, 4 packets, 
and 3 packets. Next, the maximum value among the results of 
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the latter calculations performed with each of 7, 6, 5, 4, and 3 
packets is determined, and scaled by a factor, which may be 
determined from empirical observations. In a preferred 
embodiment, the factor is 9000. The resultant scaled value is 
then clipped within 0 to 10. The same calculation is then 
repeated for all assay packets. 
0200. A noise level evaluation curve derived in accor 
dance with the above procedure is shown in FIG. 23B, using 
the values of FIG. 23A as input data. As shown in FIG. 23B, 
two particularly noisy periods can be identified: (1) between 
the 350' and the 380 packets; and (2) between the 1550' 
and 1600" packets. In this particular example, a noisy period 
has been defined as one in which the ratio noise level is greater 
than, or equal to. 4. Depending on the specific sensor and 
application, a different threshold value may be used. 
0201 It is important to note that the noise evaluation curve 
can Subsequently be used as a system reliability indicator in 
formulating a signal compensation strategy, a sensor termi 
nation strategy, or both. In this regard, the reliability index can 
be calculated, e.g., based simply on the percentage of packets, 
or region under curve integration, for which the noise level is 
higher than a certain threshold. As mentioned previously, the 
threshold may be based on empirical observation or derived 
from user or system based sensor behavior characteristics. 
0202 Sensor Drift Detection and Correction 
0203. In one aspect, the orthogonally redundant system of 
the instant invention increases confidence in drift detection by 
providing an internal reference from which the system is able 
to verify suspected drifts and confirm sensor deviations with 
out the need for action from the user. 
0204 Sensor drift is a characteristic of all sensing systems, 
and occurs over time or in response to other environmental 
conditions such as temperature, bio-fouling, etc. Such 
improvements in sensor design as, e.g., thermal stabilizers, 
membrane changes, and electrode treatments may be shown 
to reduce signal drift to levels on the order of 5-10% per day. 
While a relatively small drift represents an improvement over 
existing sensors, system requirements for calibration fre 
quency and accuracy must allow the system to account for 
these deviations. 
0205. In embodiments, the inventive system and related 
algorithms herein identify cases of significant sensor drift (in 
both sensors), and either account for the detected drift or halt 
glucose display to the user until the potential fault is resolved, 
e.g., by calibration. In this way, drift detection is realized 
through signal analysis and is one parameter that is fed into 
the system reliability index (see, e.g., FIG. 13A and FIG.38). 
0206 Independently, the electrochemical and optical glu 
cose sensing systems are able to do some amount of self 
diagnosis of sensor drift simply by evaluating periodic sensor 
behavior and how it changes over the course of sensor life. As 
discussed previously, the non-glucose consuming nature of 
the optical sensor chemistry offers the benefit of being insen 
sitive to bio-fouling. Since the glucose sensitivity is not 
dependent on diffusion rate across the membrane, sensor drift 
through bio-fouling is generally not a concern. 
0207. In one aspect of embodiments of the invention, the 

drift component of a signal may be determined or estimated, 
and corrected for, via mathematical modeling using either a 
moving-average approach or regression. Specifically, a mea 
Sured signal y(t) at discrete time t is known to drift over time, 
so that it is composed of the true signal X(t) plus a drift 
component Z(t). 
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0208. Using the following definitions, the aim is to iden 
tify Z(t) from y(t), under the assumption that Z(t) is a relatively 
Smooth and slowly varying low order polynomial. The error 
between the estimated drift 2(t) and the real drift Z(t) should 
be minimized so that X(t) can be reconstructed most accu 
rately: 

0209 y(t)—measured signal (including drift) at time t. 
0210 Z(t)—the real drift at time t. 
0211 2(t)—an estimate of the drift Z(t) at time t. 
0212 x(t)—true signal (without drift) at time t. 
0213 X(t)—an estimate of the original signal X(t) at 
time t. 

0214. By obtaining an estimate i(t) of the drift component, 
the real signal can be reconstructed as: 

0215. It is assumed that changes in Z(t) occur over time, 
but that these changes are slow. Two methods of obtaining2(t) 
are discussed immediately below: moving average and 
regression. 
0216 Moving Average 
0217 Computing a moving average assumes that Z(t) can 
be explained by its average signal level—that is, high rates of 
drift will exhibit higher average signal magnitude than those 
with low rates of drift. A moving average is computed at each 
time t by sliding a window of observation of length. To over 
time. That is, 

1 Eq. (7) 
2(i) = - y(T) To 2, 

0218. In Equation 7, configurable parameters include the 
length of the window To as well as the overlap between 
successive windows. The value of To should be made suffi 
ciently large so as to average out fluctuations in X(t), but short 
enough to react to time-dependent changes in Z(t). In the case 
of glucose sensing for monitoring diabetes, it may be 
assumed that the drift is much slower than typical Swings 
observed in diabetic blood glucose levels. For this applica 
tion, values of To may be, e.g., about 0.5 days and larger, up to 
several days long. 
0219. The overlap between successive estimates of 2(t) 
determines how often the computation is made. Thus, there is 
a design trade-offbetween computational expense, on the one 
hand, and more-frequent tracking of changes in drift, on the 
other. In a glucose sensor, it is generally not expected that drift 
will change dramatically. As such, overlap in Successive com 
putation windows can be decreased (e.g., up to 2 hours or 
more, depending on the level of drift). If computational 
expense is not an issue, then Z(t) can be computed at every 
available sample of (t). 
0220. In embodiments of the invention, depending on the 
specific application, it may be appropriate to modify the 
estimate of Z(t) by applying greater weight to some data than 
to others. For example, more-recent data may be more rel 
evant to the estimate of drift than older data if, e.g., a sharper 
than-normal or nonlinear change in drift occurred at Some 
point in the past. To account for this, the values of y(t) within 
the computational window may be multiplied with an expo 
nentially (or linear, or any other) decaying function of time, 
prior to computing Z(t). 
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0221. As another example, some data may be more useful 
in estimating drift than others if, e.g., there is a sensor mal 
function and abnormally low currents are being generated. 
This may be accounted for by applying, prior to estimating 
Z(t), a weighting function that emphasizes currents within a 
normal range. The weights may be used to give greaterimpor 
tance to values within normal ranges, or to exclude values 
outside a specific range altogether. 
0222. It is noted that the above-described weighting 
schemes are illustrative, and not restrictive, as other forms of 
weighting may be used, depending on the specific sensor, 
environment, application, etc. 
0223 Regression 
0224. To estimate Z(t) using regression, a choice must be 
made about the underlying model that best describes Z(t). 
When a moving average is used, the assumption is, effec 
tively, a single parameter model—that is, that a single con 
stant can describe the characteristics of the drift during the 
window of observation. More complex models can be 
assumed—for example, a linear relationship, where two 
parameters need to be estimated, or more complex higher 
order polynomials where several parameters must be esti 
mated. 
0225 Regression is used to estimate the parameters that 
best fit the data. For a linear model, it is assumed that a 
relationship of the type Z(t) mt+c exists, and regression is 
used to estimate the values of m and c that minimize the 
difference between the measured Z(t) and the estimated 2(t). 
Various standard algorithms exist for estimating optimal 
parameters of an assumed model (such as, e.g., least mean 
squares or LMS, maximum likelihood estimation, and Baye 
sian linear regression), as well as ensuring that the estimates 
are robust (e.g., robust LMS). Thus, for purposes of the ensu 
ing discussion, it is assumed that robust estimates can be 
made when sufficient data is available. 
0226. Where, as here, there exists a measurement of y(t) 
rather than Z(t), it is still possible to obtain the estimate Z(t), so 
long as the characteristics of Z(t) and X(t) are separable. This 
can occur, for example, when the frequency content of X(t) is 
much higher than that of Z(t); in other words, when changes in 
Z(t) occur at much larger timescales than X(t). If frequency 
content is not sufficiently distant from each other, then fluc 
tuations in x(t) can affect the estimate 2(t). The level of 
crosstalk will depend on the nature of the data under consid 
eration. 
0227. To account for changes of Z(t) over time, regression 

is applied over a window of observation of length To, as was 
done previously for the example using moving average meth 
odology. The window is shifted in time and a new regression 
is performed using this updated data. Here, the configurable 
parameters include the length of the window To as well as the 
overlap between successive windows. As with moving aver 
age, the value of To should be made large enough to average 
out fluctuations in X(t), but short enough to react to time 
dependent changes in Z(t). Possible values of To and overlap 
are the same as those discussed for moving average. In addi 
tion, weighting can also be applied in the same way(s). 
0228. With the above in mind, an illustrative example is 
presented herein using the optical ratio of the orthogonally 
redundant sensor described hereinabove, which sensor is 
known to exhibit drift over time. For purposes of the illustra 
tive example, drift is assumed to be a linear function, and the 
regression is estimated using Robust Least Mean Squares 
methods. For both moving average and linear regression, the 

Jun. 18, 2015 

estimate of 2(t) started at t=0.5 days, and data before t—0.2 
days was excluded. The computation window length was 
initially To-0.3 days, and was allowed to grow up to To 1.5 
days. When more than 1.5 days of data became available (at 
t=0.2-1.5–1.7 days), the window was shifted in time with 
maximum overlap—that is, Z(t) was recomputed at every new 
available sample (in this case, every 5 minutes). No weighting 
function was used; that is, all values within the computational 
window were given equal weight. 
0229 FIG. 24A shows the raw optical ratio signal 2301 
measured in a diabetic dog prior to drift correction. Also 
shown in FIG. 24A is the identified (estimated) drift when 
both moving average (2303) and linear regression (2305) 
algorithms are applied to this data. FIG. 24B shows the drift 
corrected ratio for each of these methods. Moving average 
(2311) and linear regression (2313) both identify the upward 
drift, although moving average appears to be more affected by 
Swings in glucose. 
0230. To demonstrate efficacy, FIGS. 25A-C show the 
effects of drift correction on the signal. When drift is not 
present, the optical ratio is known to have an almost linear 
correlation to glucose changes. However, the presence of drift 
masks this relationship. This is shown in FIG. 25A, which 
plots independently-measured glucose samples taken 
throughout the recording versus the optical ratio observed at 
the same time. FIGS. 25B and 25C demonstrate that, by 
applying the drift correction, the linear correlation between 
glucose and ratio, which was lost because of the presence of 
drift, is restored. FIG. 25B employs drift correction using 
moving average to compute Z(t), and FIG. 25C employs drift 
correction using linear regression to compute Z(t). 
0231. It is noted that, although the above example uses 
optical ratio, this method is applicable to any other signal that 
may be contaminated with slow time-varying drift. 
0232 
0233. The state of the art in failure detection has been 
steadily moving towards predictive diagnostics that are 
designed to proactively identify sensor issues before they 
affect the glucose reading. The orthogonally redundant sys 
tem of the present invention implements a three-tiered 
approach to failure detection, i.e., failure detection solely 
with the electrochemical electrode, solely with the optical 
sensor, and then with information from the combined signal. 
0234. With the electrochemical sensor, the most sophisti 
cated failure detection uses electrochemical impedance spec 
troscopy (EIS). EIS offers a quick on-line method to diagnose 
the sensor and sensor membrane status. An important advan 
tage to EIS is that it can be done during sensor operation, 
without turning the sensor off orchanging the electrode state. 
EIS is performed by passing a small AC Voltage signal at a 
fixed frequency along with the sensor operating Voltage 
(Vset). The current is measured and the impedance is calcu 
lated. This measurement is repeated across a range of fre 
quencies, and the impedance output is then examined to look 
for specific frequency dependent membrane characteristics. 
0235 EIS can identify poorly performing sensors and 
instances where the electrode has been partially pulled out of 
the tissue (and therefore is no longer sensing correctly). This 
is particularly useful as it can be difficult for a patient to know 
when sensor pull-out occurs when wearing miniaturized 
components. More importantly, EIS may be used as a predic 
tive diagnostic tool, alerting the system to issues before the 
sensor signal changes drastically. 

Failure Detection 
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0236. In the example shown in FIGS. 26A and 26B, e.g., 
EIS detects a drop in low frequency Nyquist slope (FIG. 
26A), which predicts a drift in sensor signal (sensor anomaly) 
shown in FIG. 26B. In FIG. 26C, electrochemical sensors are 
periodically interrogated and analyzed using EIS, and the 
response is used to proactively identify potential faults or 
failures, such that the sensor may be recalibrated or shut down 
before it results in inaccurate glucose measurements. In short, 
Such predictive diagnosis provides the system the opportunity 
to mitigate the issue through Suspended data or calibration 
request, thereby minimizing the effect(s) on the patient. 
0237 Other methods—not involving EIS measure 
ments—for detecting signal anomalies include short periods 
where the calculated glucose would not be correct, periods 
where the signal needs stronger filtering, or instances where 
the sensor's glucose sensitivity has changed (in this case, 
require a new calibration). 
0238 For the optical sensors, the glucose value is calcu 
lated from the ratio between the assay signal and the reference 
signal, as detailed previously. These two signals are indepen 
dently interrogated and are used to detect failures during use. 
Both the reference and the assay signal must be within a 
certain interval (dynamic range), and if outside these inter 
vals, the sensor's performance is not to be trusted. Addition 
ally, if the rate of change exhibited by either the reference or 
the assay signal is outside the given limits, then this behavior 
will cause a failure alarm. An example is detecting a misalign 
ment between the reader and the sensor. This will cause both 
signals to drop to a very low value in a very short period of 
time and hence cause an alarm based on the signal gradient 
control function. 
0239. The orthogonally redundant system allows com 
parison of signals. Based on the signal characteristics of each 
sensor, a reliability index is created for each signal. Compar 
ing the reliability index of each sensor and the signals them 
selves allows confirmation of Suspected faults, or provides 
assurance for the algorithm that both signals are accurate. For 
situations when the reliability of the combined signal is under 
a threshold, a finger-stick confirmation may be necessary. In 
other regions, the system could give a range of values, such as 
an expected minimum glucose value to be used for bolusing 
purposes. Micro-environmental aspects, such as drugs or 
temperature changes, have the potential to influence the sys 
tem, but the optical sensor does not necessarily respond in the 
same way as the electrochemical sensor. For example, elec 
tro-active species can cause an increased current in the elec 
trochemical sensor, but the optical sensor is not affected the 
same way or possibly unaffected due to this. 
0240 Failure detection in the system of the instant inven 
tion is quite robust, as a multi-sensor System has an added 
benefit of being able to confirm failures. Orthogonally redun 
dant sensors increase this benefit, since the optical sensor and 
electrochemical sensor have different failure modes and dif 
ferent responses to interfering compounds. 
0241 Returning to the electrochemical sensor, it is often 
challenging to detect certain failure modes of this sensor due 
to the lack of reference information, as well as the serious 
consequences of false positive (failure) detection, i.e., incor 
rectly disregarding real hypoglycemic or hyperglycemic 
events. One such failure mode that is common to electro 
chemical sensors and has a relatively large impact on sensor 
accuracy is sensitivity loss—both temporary and permanent. 
In this regard, the independent confirmation that is available 
via the optical sensor of the inventive orthogonally redundant 
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system provides an opportunity for various algorithms to 
include failure detection logic with respect to the electro 
chemical sensor. Sensitivity-loss analysis and noise detection 
may be used in implementing Such failure detection logic. 
0242. In-Line Sensitivity Loss Analysis 
0243 It is noted that, within the context of sensitivity loss 
analysis, temporary sensitivity loss events may be defined as 
those events that are recovered, while permanent sensitivity 
loss events may be defined as those that are non-recoverable. 
In embodiments of the invention, (electrochemical) sensor 
failure detection through sensitivity loss analysis may be 
implemented by separating each sensitivity loss event into 
three stages: downhill, trough, and uphill, with the third stage 
(uphill) being optional. 
0244 As shown in FIG. 27 by way of illustration, the 
downhill stage 2403 may generally be defined as a period of 
time during which the signal (Isig) 2401 from the electro 
chemical sensor tends to be low, and carries a high negative 
rate of change. The downhill stage is followed by the trough 
stage 2405, which includes a period of time after the sensor 
has remained in the downhill stage for a given amount of time, 
thereby confirming that sensitivity loss has occurred. 
Depending on the specific sensor and environment, the sensor 
may stay in the trough stage 2405 anywhere from several 
minutes to several hours. The last stage, uphill 2407, gener 
ally covers a period of time in which the sensor signal shows 
a clear upwards trend and eventually passes beyond a (prede 
termined) threshold. As noted previously, in embodiments of 
the invention, the uphill stage may be an optional part of the 
failure-detection logic. 
0245 FIG. 28 shows a flow diagram for failure detection 
based on the above-described logic. Specifically, a sensor 
signal starts at the normal stage 2750, and then is continu 
ously (or, in embodiments, periodically) monitored to deter 
mine whetherit remains in the normal stage, or goes downhill 
(2752). If the signal is going downhill, then, after a predeter 
mined period of time, the (data) packet is marked as having 
reached a first downhill point 2754. The signal then continues 
to be monitored Such that, if it is no longer going downhill 
2756, the packet (and, therefore, the sensor) is determined to 
have returned to the normal stage 2750. If, on the other hand, 
the signal is determined to still be going downhill (2758), 
then, after a predetermined period of time, the (data) packet is 
marked as having reached a second downhill point 2760. 
0246. As shown in FIG. 28, the same logic continues, with 
lines 2762,2768,2774, and 2780 leading back to the normal 
stage 2750, and each of the lines 2764, 2770, and 2776 lead 
ing to a next successive downhill marker. In this example, a 
determination is made that, if, after the 5" marker 2778, the 
signal is still going downhill (2782), then the signal will be 
considered to have reached the trough stage 2784. Once at this 
stage, the monitoring continues, this time checking continu 
ously (or, in embodiments, periodically) to determine 
whether the signal has started an uphill trend. As long as an 
uphill trend is not detected (2786), the signal is assumed to 
remain in the trough 2784. However, once an uphill trend is 
detected (2788), the signal is monitored for a predetermined 
period of time or interval, such that, at the end of the interval, 
if the signal is still trending uphill, it (and, therefore, the 
sensor) is determined to have returned to the normal stage 
2750. 

0247. It is noted that, in an embodiment of the invention, 
once the signal is marked with the first downhill marker 2754, 
the associated packet is discarded, and continues to remain 
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unused until an uphill trend is detected. In addition, the num 
ber of downhill markers to reach the trough stage, as well as 
the signal monitoring intervals, may be customized as 
required by, e.g., a specific sensor or a particular application. 
Moreover, downhill and uphill detection may be based, e.g., 
on an Isig threshold, or a combination of an Isig threshold and 
an Isigrate-of-chance threshold. Thus, in embodiments of the 
invention, and with reference to FIG. 27, the sensor signal 
may be considered to be trending downhill if the Isig (current) 
goes below, or is less than, a lower threshold. In other embodi 
ments, the sensor signal may be considered to be trending 
downhill if the Isig is less than a lower threshold, plus about 
10 nA, and the Isig rate of change is less than, or equal to, 
about -0.1 nA/min. Similarly, in embodiments of the inven 
tion, the sensor signal may be considered to be trending uphill 
once the Isig exceeds a threshold (current), plus about 5 na. 
0248. The above thresholds and offsets are based on 
empirical data for the electrochemical sensor of the orthogo 
nally redundant sensor system. Specifically, for the ORS sen 
sor, it has been observed that Isig packets below about 10-15 
nA tend to display little to no sensitivity and, as such, may not 
be useful for glucose tracking purposes. As a result, the 
threshold may vary from 10 nA to 15 na, depending on the 
sensor type, as well as the tradeoff between percentage of 
sensor packet to display and sensor accuracy. 
0249. The above-mentioned (5 nA and 10 nA) offsets may 
also be tailored to specific sensor performance. Examples, in 
this regard, include: (a) The distribution of all Isig values and 
cut off at the lowest 2-5% Isig values; (b) Average Isig values 
when system accuracy indicator (Mean Absolute Relative 
Difference) MARD exceeds a certain percentage; (c) Set 
from the combination of the sensor's historical data including 
Isig range, accuracy, and sensor life time; (d) Set from the 
user's historical data; and (e) Set from the system's historical 
data. 
0250) Sensor Dip Detection Temporary sensitivity loss— 

i.e., a sensor "dip' can also be detected using a combination 
of the Isig and variance of the rate of change (ROC) of the 
Isig. In general, this method may be used advantageously 
when the Isig buffer size is equal to, or larger than, 2hours. In 
one embodiment, therefore, the logic proceeds by first creat 
ing an Isig buffer of two hours. Next, the mean value and 
variance of the ROC of the buffer are calculated. Then, every 
time the mean value is below a first threshold, and the ratio of 
the ROC variance between the current buffer and the buffer 2 
hours ago is below a second threshold, a dip is considered to 
have started. The dip is considered to end when the mean 
value of the Isig buffer rises to an upper threshold. This is 
shown illustratively in FIG. 29, where the “previous sensor' 
2803 and the “next sensor 2805 are companion sensors on 
the same Subject, and the dip starts when the dip indicator 
2807 is equal to 5 (nA) and ends when the dip indicator 2807 
is at 15 (nA). 
0251 
0252. A noise metric calculation, similar to that described 
for the optical sensor and in connection with FIG. 22, may 
also be used for the raw Isig of the electrochemical sensor, 
with a different input and scaling factor. Specifically, for 
echem noise calculation, both Isig (i.e., the signal) and SG 
(i.e., the sensor glucose value) can be used as inputs. In either 
case, the Isigand/or the SG must be scaled. In an embodiment 
of the invention, the Scaling factor may be empirically deter 
mined to be 9. In addition, when the Isig is being used, the 
absolute second derivative results also need to be multiplied 
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by the current Cal Factor before scaling. A threshold value 
can then be calculated based on the distribution of the noise 
value to determine if the packet can be considered as noisy. In 
embodiments of the invention, a typical threshold for noise 
detection can be, e.g., between 3 and 4. The threshold may 
also be determined based on empirical data, user specific 
data, and sensor specific data. 
0253 FIGS. 30A-30D show failure mode detection 
results, wherein a temporary sensitivity loss is present 
between 19:00 pm (2901) and 8:00 am (2903), starting 
towards the end of the first day. The sensitivity loss event 
comprises two periods: (1) a consecutive high-ROC period, 
as shown in FIG. 30A (2905); and (2) a low-Isig period, 
shown in FIG. 30C (2907). In addition, a noisy period is 
detected towards the end of the sensor's life, as shown in FIG. 
30B (2909). 
0254. In contrast to FIGS. 30A-30D, FIGS. 31A and 31B 
show a permanent sensitivity loss event that, in this example, 
started at about 14:00 pm of the first day, towards the end of 
the sensor's life. This is shown at 3001 on the Isig profile 
diagram of FIG. 31A. FIG. 31B shows the detection results 
using the algorithm discussed herein. In FIG. 31B, the sensi 
tivity loss event is detected at about 16:00pm (3003), about 2 
hours after the event started, with all Succeeding packets 
being identified as part of the sensitivity loss. 
0255 Calibration 
0256. As has been noted, the orthogonally redundant sys 
tem includes several features which result in a reduction in 
calibration frequency using an “on-demand protocol to limit 
calibrations to 2-4/week (down from, e.g., 2 calibrations per 
day). These features include: (1) Sensor accuracy/durability 
improvements of electrochemical glucose sensors; (2) physi 
ological model-based calibration algorithm; (3) redundant 
and orthogonal sensing technology which allows for internal 
self-calibration after individual components have reached 
stable-state; and (4) “Smart” diagnostics which allow for 
transition from timing-based to need-based calibration 
requests. 
(0257. Historically, CGM systems have relied on “mini 
mum scheduled sample time’ for sensor calibration as a way 
to adjust for inaccuracies characteristic to the sensing com 
ponent. Thus, existing calibration algorithms rely on a mini 
mum of 1 calibration point for every 12 hours of sensor 
operation (ES9199, ES9573, ES9966). Based on this stan 
dard, the DexComRSEVENR PLUS product, e.g., requires 2 
at startup and every 12 hours afterward, and the FreeStyle 
Navigator(R) requires calibration at 10, 12, 24, and 72 hours 
post insertion. 
0258 As sensing technology has improved, sampling 
requirements have decreased, but at the expense of system 
accuracy. In contrast, the inventive orthogonally redundant 
sensing system allows for a significant reduction in calibra 
tion frequency compared to existing sensor technologies, 
while maintaining expectations of sensor accuracy through 
out its lifetime. 
0259. The implementation of a diagnostic algorithm with 
the ability to verify sensor performance allows for a shift from 
“in-time' to “on-demand” calibration protocols. In this 
regard, FIG. 32(a) shows a simulated calibration scheme 
based on current generation single-sensor technology, and 
FIG. 32(b) shows an alternative made possible by measure 
ment redundancy of the type disclosed herein. Pursuant to the 
latter calibration scheme, initial calibration(s) 331 are still 
necessary; however, the twice-daily (time-scheduled) cali 
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bration requests are no longer required as part of the calibra 
tion algorithm. Instead, a combination of infrequent sched 
uled requests 333 (i.e., once every 72 hours) and on-demand 
requests 335 ensures that sensor calibration will only be 
required when the system identifies a need to confirm sensor 
health. As system performance using this scheme relies on 
accurate and frequent diagnostic information, failure detec 
tion and other advanced algorithms will be critical to reducing 
the number of calibrations requested on a consistent basis. 
0260. It is noted that some current prototype electrochemi 
cal sensors in development have internal targets of 13% 
MARD with signal drift less than 10%/day. Likewise, a cali 
bration algorithm based on a two-compartmental fluid-flow 
model of glucose transfer within the body will reduce the 
blood-to-Subcutaneous concentration gradient effect (delay) 
as well as eliminate artifacts from the signal that are deemed 
to be physiologically unlikely. 
0261. In embodiments of the invention, when the orthogo 
nally redundant glucose sensor is stable, and the Isig/pair 
correlation is high, a dynamic calibration method may be 
used. However, when the sensor is unsteady, a fixed-offset 
method may be used. FIG.33 shows details of the fixed-offset 
calibration method. It is noted that the fixed-offset calibration 
method may be used for calibrating both the optical sensor 
and the echem sensor. 
0262 Some details of the dynamic regression calibration 
method are shown in FIG. 34, where, instead of minimizing 
the residual sum of squares, one minimizes the weighted Sum 
of squares. It is noted that, while the dynamic regression 
calibration method may be used for calibrating both the opti 
cal sensor and the echem sensor, the parameters shown in 
FIG. 34 are specifically for echem sensors. 
0263 For the optical sensor, dynamic regression is based 
on linear regression with meter glucose values (BG) and the 
paired optical signal ratio inside a buffer. The paired ratio is 
the ratio (of the optical assay signal to the optical reference 
signal) that is recorded within a certain specified time of the 
timestamp of the BG. The BG and paired ratio points are put 
inside a buffer after certain conditions are met. Specifically, a 
dynamic regression algorithm for optical sensor calibration in 
accordance with an embodiment of the invention may be 
described with reference to the flowchart of FIGS. 35A and 
35B. 

0264. The algorithm starts at block 3300, where it checks 
to determine whether both the optical sensor and the electro 
chemical sensor are not in the initialization period, followed 
by a determination as to whether any meter glucose value 
(BG)—i.e., meter glucose value of a series of one or more 
values to be obtained during the process is available for 
calibration 3310. For the former determination, the optical 
signal ratio’s rate of change at start-up is checked, and the 
optical signal is considered past the initialization period when 
the aforementioned rate of change is below a certain thresh 
old. In embodiments of the invention, the threshold may be 
determined based on in vivo and/or in vitro data. 

0265. Whenever there is new input meter BG for calibra 
tion, the algorithm performs a validity check on the BG and its 
paired ratio (3320) to ensure that linear regression using the 
BG and the paired ratio inside the buffer would generate 
reliable values for calibration. In embodiments of the inven 
tion, the validity check may be performed by determining 
whether the BG and its paired ratio fall within the specified 
region of a BG and ratio validity relationship chart. In this 
regard, FIG. 36 shows an illustrative graph of BG vs. Optical 
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Ratio values, wherein points inside region A would be 
accepted, while points inside regions B and C would be 
rejected and not be put into the buffer (3325). 
0266. If there is a BG, and if it is the first BG point 
(3330)—of the one or more BG points to be obtained the 
algorithm will attempt to 'map' the optical sensor signal to 
the electrochemical sensor signal. Performing this mapping 
for this beginning period enables the dynamic regression 
algorithm to start generating calibrated sensor glucose values 
with a single BG point. The electrochemical sensor signals 
after the initialization period and before the first calibration 
BG point will be used for mapping (3340). Next, a correlation 
value is calculated by performing linear fitting of the optical 
ratio to Isig, and calculating the coefficient of determination 
between the optical signal and Isig. Based on the correlation 
calculation of the (optical) ratio and Isig, both of which are 
sensor signals before the first BG, the algorithm can deter 
mine if the optical sensor signal and Isigmatch well with each 
other, i.e., whether the correlation coefficient is greater than a 
lower threshold (3350). The threshold may be determined 
using data from in vitro and/or in vivo studies. 
0267 If the optical ratio and Isig do not correlate well, 
then, the BG value and the paired ratio value are saved to a 
first-in-first-out (FIFO) buffer of a pre-determined, or speci 
fied, size (3370). However, if the two signals correlate well, 
then a linear regression calculation is performed on the ratio 
and Isig (before the first BG point) so as to obtain values for 
the slope and offset (3355). With the latter values, at step 
3360, a mapped optical sensor signal value is obtained by 
using the relation: 

(Mapped) optical ratio=(ratio+offset)*(slope) 

0268 Next, the mapped optical sensor signal is calibrated 
based on the first BG point with a fixed offset (3365), 
wherein: 

Eqn. (8) 

Optical sensor glucose value=(mapped optical ratio+ 
fixed offset")*(slope") Eqn. (9) 

0269. With a fixed offset, the slope can be obtained with a 
single BG and ratio pair. The fixed offset may be selected 
based on in vivo and/or in vitro data. At block 3370, the first 
BG and its paired ratio value are saved to a FIFO buffer (with 
fixed size). In embodiments of the invention, the buffer size 
may be determined by using data from in vivo studies. The 
algorithm then loops back to block 3310. 
0270. At node 3400, when there is a new recalibration BG 
point, the new recalibration BG and its paired ratio undergo 
the validity check described previously in connection with 
FIG. 36. If the buffer size is below a specified limit, the new 
BG and its paired ratio are added to the buffer. If, on the other 
hand, the buffer size exceeds the limit, then the oldest pair of 
BG and ratio inside the buffer are pushed out of the buffer and 
the new recalibration BG and its corresponding paired ratio 
are added into the buffer (3410). Next, at 3420, a determina 
tion is made as to whether the absolute difference between the 
new meter BG and the previous meter BG (in the buffer) is 
greater than a predefined threshold (i.e., a “calibration BG 
difference’ threshold). If it is determined that the absolute 
difference between the new meter BG and the previous meter 
BG is greater than the calibration BG difference threshold, 
then the BG and paired ratio are saved to the buffer, and linear 
regression is performed based on all BG-ratio pairs inside the 
buffer to obtain slope' and offset' (3440). A check is then 
performed to determine whether the calculated slope' and 
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offset' values are in a normal value range which, in embodi 
ments of the invention, may be determined by in vitro and/or 
in vivo data (34.60). 
0271. If the slope' and offset' values are both in the normal 
value range, then an optical sensor glucose value is calculated 
as (3470): 

Optical sensor glucose value=(ratio+offset)*slope' 

0272. At node 3420, if it is determined that the absolute 
difference between the new recalibration BG point and the 
previous recalibration BG is less than the pre-defined calibra 
tion BG difference threshold, then the algorithm proceeds by 
finding an echem sensor glucose value to provide a calibra 
tion glucose point. In this regard, it is noted that the addition 
of echem sensor glucose values can provide calibration glu 
cose points that meet the calibration BG difference threshold 
and improve the robustness of the dynamic regression. Thus, 
if the absolute difference between the new BG and the previ 
ous BG is less than the pre-defined threshold (calibration BG 
difference threshold), then the algorithm looks for a valid 
echem sensor glucose value and uses that value as an addi 
tional BG point in the buffer (3430). It is noted that, if no such 
echem sensor glucose value exists, then the algorithm loops 
back to block 3310. 

0273. The echem sensor value must be within a certain 
time limit of the recalibration BG points timestamp, and the 
absolute difference between that echem sensor glucose and 
the new recalibration meter BG must be greater than the 
calibration BG difference threshold. In addition, the echem 
sensor glucose value must be valid, such that it passes the 
BG-paired ratio validity check described hereinabove in con 
nection with FIG. 36. The echem glucose values must also be 
in the functional region of the echem sensor, with the MARD 
in that region being below a defined limit. If such echem 
sensor glucose value is available, the glucose value and its 
paired ratio are saved to the buffer (3450), and calibration is 
carried out as described previously, i.e., by performing linear 
regression based on all BG-ratio pairs in the buffer, and cal 
culating slope' and offset (34.60). If the slope' and offset' are 
both in the normal value range, then sensor glucose values 
will be calculated based on Equation 10 (3470). 
0274. In embodiments of the invention, the above-de 
scribed addition of echem sensor glucose values can be per 
formed whenever there is a new recalibration BG point, and 
the absolute difference between that recalibration BG and the 
previous recalibration BG point does not exceed the calibra 
tion BG difference threshold. In this regard, FIG. 37A shows 
a plot in which some of the calibration BGs do not meet the 
requirement that the absolute difference between the new 
recalibration BG and the previous recalibration BG be greater 
than a predefined calibration BG difference threshold. As 
Such, sensor glucose values cannot be updated using dynamic 
regression. In FIG. 37B, however, two calibration glucose 
values 3510, 3520 were obtained from echem sensor glucose 
values, which enabled dynamic regression to have more 
points that meet the calibration BG difference threshold for 
recalibrations. 

(0275 Sensor Glucose (SG) Fusion 
0276. As noted previously in connection with FIG. 16, an 
overall calibration methodology in accordance with embodi 
ments of the present invention generates two sensor glucose 
outputs, i.e., two calibrated sensor signals: one SG for the 
optical sensor, and a second SG for the electrochemical sen 
sor. In embodiments of the invention, a two-sensor SG fusion 

Eqn. (10) 
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methodology is therefore used to generate a single SG from 
the two SGS, with the single SG having an optimum accuracy. 
In this regard, it is noted that a two-SG fusion methodology, 
or algorithm, is shown generically at block 2030 of FIG. 16. 
0277 FIG. 38 shows the logic of a two-SG fusion algo 
rithm in accordance with a preferred embodiment of the 
present invention. As depicted in this figure, for each SG, a 
sensor status check 3610,3620 is required to keep track of the 
reliability of the respective output. The key parameters that 
may be used to perform a status check for the electrochemical 
sensor include: (1) echem Isig value; (2) the previous cal 
ratio, the cal ratio being defined as BG/(Isig-offset); (3) the 
previous sensor accuracy (MARD); and (4) sensitivity loss/ 
dip flag, as determined by in-line sensitivity loss/dip detec 
tion (discussed hereinabove in connection with FIGS. 27-31). 
For the optical sensor, the key parameters include: (1) optical 
ratio signal; (2) previous cal ratio, with cal ratio being defined 
as BG/optical signal; (3) previous sensor accuracy (MARD); 
and (4) sensitivity loss/dip flag, determined by in-line sensi 
tivity loss/dip detection (discussed hereinabove in connection 
with FIGS. 27-31). 
(0278. At 3630, a reliability index (RI) is calculated for the 
output from each of the electrochemical and optical sensors 
(3640, 3650). Specifically, in a preferred embodiment, the 
reliability index for each output is defined as follows: 

Rechen RaixRInoisexRIsensitivity less*RI-axRIaccuracy Eqn. (11) 

Roetical RaixRInois-XRIsensitivity less*RIcarxRIacca 
racy Eqn. (12) 

0279. Wherein RI is the reliability index for the out 
put of the electrochemical sensor, RI, is the reliability 
index for the output of the optical sensor, and RI, and RI 
sitivity loss are determined by the method(s) described previ 
ously in connection with FIGS. 27-31. It is noted that, when 
a sensor dip or sensitivity loss event occurs, RI, or RI 
tivity loss is set to 0. Otherwise, both RI and RI 
set equal to 1. 
0280. In the above equations, RI is calculated by first 
quantifying noise via a noise metric as described hereinabove 
in connection with FIGS. 22, 23, 30, and 31. Once noise is 
quantified, RI, is quantified as follows: (1) If the noise 
metric is higher than a pre-defined threshold, RI is set 
equal to 0; (2) Otherwise, RI is set equal to noise metric/ 
threshold. 
0281 RI is determined by cal ratios. In general, cal 
ratios of both the optical sensor and the electrochemical sen 
sor follow a log-normal distribution. An approximation of a 
log-normal distribution for the cal ratio distribution is shown 
illustratively in FIG. 39. With reference to FIG. 39, it is noted 
that, the closer the current cal ratio is to Cal Ratio, the more 
reliable the sensoris. Thus, RI may be generated by simply 
following the shape of the log-normal distribution, with the 
maximum cal ratio reliability (max RI)=1 near Cal Ratio, 
and the minimum cal ratio reliability (min RI)=0 when the 
current cal ratio is far away from Cal Ratio. It is important to 
note that, although the cal ratios of the optical and electro 
chemical sensors follow a log-normal distribution, the value 
of Cal Ratio is different for the two SGS. 

(0282) Finally, RI is determined by the accuracy of 
each sensor at the last calibration point, with MARD being 
calculated as: MARD-abs(SG-BG)/BG. RI is then 
calculated by normalizing MARD by: (1) When MARD is 
higher than MARD high thres, setting RI-0; (2) 
When MARD is lower than MARD low thres, setting 

seasi 

dip sensitivity ioss a 
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RI-1; and (3) When MARD is between MARD low 
thres and MARD high thres, setting RI (MARD 
high thres-MARD)/(MARD high thres-MARD low 
thres), wherein MARD high thres is a (predetermined) 
upper threshold for MARD, and MARD low thres is a (pre 
determined) lower threshold for MARD. 
0283. Once the reliability index for each of the optical and 
the electrochemical sensors has been calculated, the final 
(i.e., fused) SG is calculated by summing the weighted SG of 
the electrochemical sensor (i.e., the weighted, calibrated 
echem signal) and the weighted SG of the optical sensor (i.e., 
the weighted, calibrated optical sensor signal), as follows: 

SG fusion=Sum(WeightxSG) Eqn. (13) 

where (SG) weight is determined as: 
Weight f(RI) Eqn. (14) 

0284. In the above equation, function “f” may be either a 
linear function or a non-linear function, such as, e.g., an 
exponential function. Thus, where “f” is a linear function, 
Weight may be calculated as: 

RI, Eqn. (15) 
Weight = y R. 

On the other hand, where “f” is a non-linear function, 

RI transformed Eqn. (16) 
Weight = XERI transformed 
where 

1 Eqn. (17) 
RI transformed = - log(RI) const 

and "const’ is a constant to ensure that RI transformed is 
always positive. 
0285 FIGS. 40A-40C illustrate an example of SG fusion. 
In these figures, the electrochemical sensor loses sensitivity 
towards the end (FIG. 40A), while the optical sensor appears 
to be functioning normally (FIG. 40B). The MARD for the 
electrochemical sensor is 14.74%, and that for the optical 
sensor is 26.07%. The overall fusion MARD, however, is 
12.72% (FIG. 40C), which is a marked improvement over 
both the electrochemical sensor and the optical sensor. 
0286. Duration of Wear 
0287. The orthogonally redundant sensor system 
increases duration of wear and reliability of data through the 
use of redundancy, fault detection, and advanced algorithms 
to ensure at least one sensor is providing reliable measure 
ments. In addition, the sensor lifetime is limited to the speci 
fied duration of wear to ensure reliability of data. 
0288. Duration of wear can be classified in two ways: (1) 
the overall lifetime of the sensor; and (2) the percent of time 
during wear that the sensor is displaying accurate data. The 
sensor lifetime is limited through loss of sensitivity and drift 
in-vivo that may be caused by environmental influences. The 
orthogonally redundant sensor System decreases the fre 
quency of early sensor termination through the use of redun 
dancy and dual sensing technologies, ensuring at least one 
sensor is providing reliable measurements for an increased 
duration and safeguarding against environmental influences. 
Additionally, body worn devices must be safeguarded against 
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sensor pull-outs that result in early termination. As such, 
custom adhesives for both patch and overtape may be imple 
mented for the combination device. 

0289. As mentioned previously (see above section on 
Accuracy'), failure detection algorithms limit the inaccurate 
data that is visible to the patient but, as a result, may limit the 
data to Such an extent that the continuous sensing benefits are 
not realized. Utilizing a redundant sensing system improves 
the percent of time the sensor displays data because the fre 
quency of anomalies simultaneously in both sensors is sig 
nificantly less than in a single sensor. 
0290 Additionally, sensors may also stay implanted 
beyond seven days. Sensors implanted beyond the labeled 
lifetime may be more likely to provide erroneous data. There 
fore, to ensure reliability, it is important that the system limit 
sensor lifetime to the labeled time period. This is accom 
plished through the system design utilizing embedded firm 
ware timers in the instrumentation coupled with diagnostics 
methods that can detect whether a sensor has been previously 
used. By combining embedded timers and intelligent diag 
nostics, the system ensures that sensors are not used beyond 
the period of optimal reliability and accuracy. 
0291 
0292 While combining two sensor systems into a single 
device requires more instrumentation and battery capacity, 
miniaturization and integration methods may be used to 
ensure that the transmitter device 10 is similar in size to other 
CGM devices. 

0293. Device size, form factor, and use model play a sig 
nificant role in therapy adoption. When placing the device on 
the body, a larger, simply-shaped device tends to be easier to 
handle, whereas a smaller, organically-shaped device tends to 
be more preferable to wear. In preferred embodiments of the 
invention, a well-balanced design based on the foregoing 
factors is adopted. 
0294. In order to avoid unsightly distortions when the 
device is worn under clothing, patients generally prefer a 
larger device footprint over added height. Because the device 
in accordance with embodiments of the instant invention 
contains more complex and Substantial internal components 
than other CGMS products currently available, it is under 
stood that the footprint of the assembly is slightly larger than 
what is currently available. Thus, the device is as slim and 
sleek as possible, with minimal sacrifice in the way of volu 
metric efficiency. 
0295 Wafer-level design and production methods are 
used in a novel way to minimize the size of the optoelectronic 
(or optical) interrogating system. A Stacked Planar Integrated 
Optical System (SPIOS) may be created by fixing one multi 
functional filter layer between two injection molded layers of 
optical components. The SPIOS forms a solid block, which is 
self-supporting. The SPIOS is shown in the right-hand side of 
FIG. 41, with the left-hand side showing an example of an 
optical system built from discrete components. 
0296 More specifically, in an embodiment of the inven 
tion shown in FIG. 42, the inventive optical interrogating 
system may be designed to be manufactured as a SPIOS (also 
referred to as a “Wafer Scale Optical System” or a “Wafer 
Level Optical System”). As shown in FIG. 42, the SPIOS 
includes various layers that are stacked and aligned. In the 
wafer layer 1610, one or more light sources (e.g., LEDs and 
photodiodes) and detectors may be laid out on a wafer. Alter 
natively, they may be naked chips (e.g., sold by Avago Tech 
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nologies or Hamamatsu), which are individually aligned and 
laminated onto the SPIOS units. 
0297. One or more optical layers 1620 may include mir 
rors, absorbers, and/or other optical components laid out on a 
wafer-sized injection molded disk. Mold inserts defining 
optical Surfaces are made by a diamond turning/milling com 
pany (e.g., Kaleido Technology in Denmark). Gold or pro 
tected silver is applied to mirror Surfaces, e.g., by Sputtering, 
while any absorbers are masked off during the process. 
0298. The optical filter layer 1630 includes a wafer-sized 
glass Substrate with optional (e.g., dielectrical) coatings. Spe 
cifically, multilayer optical coatings may be applied on both 
sides of the glass Substrate using ion-assisted Sputtering to 
form durable coatings. The technique is similar to that used in 
manufacturing fluorescence filters by, e.g., Semrock in the 
United States and Delta in Denmark. Thus, in one example, 
dielectrical coatings applied on both sides of the substrate 
operate to filter excitation light, as well as the resulting fluo 
CSCCC. 

0299. As shown in FIG. 42, in one embodiment, a wafer 
layer 1610 may be followed by an optical layer 1620, an 
optical filter layer 1630, and another optical layer 1620. The 
entire stack is then thoroughly aligned and laminated, e.g., by 
gluing, and the connections are bonded onto the chips. The 
stack is then diced 1640 using, e.g., a diamond saw to form 
multiple assembled SPIOS units 1670, which can then be 
mounted and connected to electronics. 
0300. The above-described system may be made small 
and is suitable for large-scale production. The system may be 
used for interrogating a sensor in a light scattering environ 
ment, such as a sensor implanted into the skin, as well as a 
fiber sensor. Packaging may be used to block out ambient 
light. Moreover, as shown in FIG. 43, to save board space, a 
LED driver, two amplifier chains, and a temperature sensor 
specific to the optical sensor may be integrated into a custom 
chip and added to the analog front-end (AFE) for the electro 
chemical sensor, e.g., the AFE designed for use with the 
MiniDink.R transmitter (MiniDinkR) available from 
Medtronic, Inc.). 
0301 In embodiments of the invention, the LED light 
source 1320 shown in FIG.5 may be replaced with a red laser 
diode for illumination of the assay chemistry. The nature of a 
laser diode (Smaller source diameter emission angle com 
pared to an LED) provides for reduction of the size of the 
optical system relating to the excitation of the fiber sensor, as 
well as enhanced coupling efficiency from the laser diode to 
the fiber sensor. The latter, in turn, leads to a higher signal to 
noise ratio, which again leads to shorter measurement times 
and a smaller battery size. Battery capacity may be reduced 
by as much as 75%, which also significantly reduces the size 
of the transmitter 10. 
0302 Moreover, the higher excitation efficiency and nar 
rower wavelength range of the laser diode reduce Stray light 
problems, such that a lower light pickup may be accepted at 
the detector side. As a result, the part of the optical system 
relating to fluorescence detection is reduced. All in all, the use 
of a laser diode may reduce the size of the optical system to 
about 75% of the size of an optical system using LED exci 
tation. Thus, e.g., a transmitter device 10 employing a laser 
diode as the illumination source of its optical interrogating 
system may have a volume of about 15 cm and a weight of 
about 10 g. 
0303 To use a red laser diode, the (assay) chemistry must 
be red-shifted, meaning that new fluorophores operating at 
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higher wavelengths must be used, in order to operate in a 
range where the laser diode is able to excite the chemistry. In 
this regard, it has been found that several fluorophores, 
including AF647, QSY 21, and AF750 may be used in con 
junction with a laser diode source at 645 nm. See FIG. 44. 
0304) To further miniaturize the optical system and thus 
reduce the size of the transmitter 10, it is beneficial to incor 
porate the laser diode into the stacked planar integrated opti 
cal system (SPIOS) format discussed above. It has been found 
that such an implementation further decreases the transmitter 
size to about 11 cm. 
(0305 Sterilization, Storage, and Shelf-Life Stability 
0306 A typical electrochemical sensor—e.g., the Enlite(R) 
sensor—may normally be stored at room temperature and 
ambient atmospheric relative humidity levels. To enable stor 
age of the orthogonally redundant sensor (which may include 
Such an electrochemical sensor) under these same conditions 
and, at the same time, maintain desired usability, embodi 
ments of the invention include a dry version of the assay for 
the optical sensor. The term “dry chemistry” as used in this 
context refers to the dry form of the assay as compared to the 
original wet composition. The dry chemistry may, for 
example, be in the form of a freeze dried powder or suspended 
in a polymer, and not only enables dry packaging and dry 
storage, but also improves shelflifestability. The assay chem 
istry may, e.g., be dried via a lyophilization step, which 
includes freezing the assay and Sublimation of liquid media 
through rapid vacuum drying. 
0307 Moreover, as noted previously, a typical electro 
chemical sensor is usually sterilized through a (e-beam) 
radiation sterilization process. Application of the same ster 
ilization process to an optical sensor, or to an orthogonally 
redundant sensor that includes an optical sensor, however, 
presents practical challenges, as e-beam radiation may detri 
mentally affect the assay chemistry and, as such, result in loss 
of (optical) sensorresponse. In this regard, in embodiments of 
the invention, a protective formulation may be included in the 
assay to counteract the harmful effects of e-beam on, e.g., 
MBL and fluorescent dyes. The protective formulation 
includes protective chemical agents that, in addition to with 
standing radiation sterilization effects, also facilitate sensor 
hydration and startup. 
0308 With regard to the above-described dry chemistry 
and protective formulation, it has also been discovered that, 
even without the protective formulation, optical sensors using 
the dry chemistry described above show little change in sen 
Sor response when exposed to e-beam radiation. In addition, 
the dry chemistry in fiber sensors has been shown to retain its 
stability in the dry state for three months at 5° C. 
0309 Connectivity and Data Warehousing 
0310 Connectivity and data warehousing are integrated 
with the orthogonally redundant sensor System through com 
munication with networking products available, e.g., from 
Medtronic, Inc., including a handheld monitor (Such as, e.g., 
MySentryTM Glucose Monitor) and Care|LinkR) therapy man 
agement software. 
0311. In one embodiment, the Medtronic system provides 
data transfer capability between the Medtronic Patient Net 
work (MPN) and internet-based Medtronic CareLink R. 
therapy management Software system. This system is 
designed to efficiently provide data downloading, warehous 
ing, and reports for patients and their healthcare providers 
(HCPs). Patients and HCPs use Care|Link(R) reports in many 
ways, including reviewing data, understanding behavior, and 
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optimizing therapy. Additional reports provide decision Sup 
port in a “professional version of the Care|LinkR) system 
(available to HCPs) that streamlines data analysis in the clini 
cal setting and highlights opportunities for therapy modifica 
tions that can drive improved outcomes. 
0312. In a further embodiment, a Connected Care system 
includes an On Body Communicator (OBC) utilizing cur 
rently available mobile networks technology. The system pro 
vides the Patient, a Loved One, and a Physician access to 
information from the Patient's MPN in near real-time. See 
FIG. 45. 

0313. The primary function of the OBC is to provide 
mobile ambulatory MPN connectivity and data processing. 
The OBC communicates with the Medtronic proprietary RF 
protocol to establish communications with the MPN and 
deliver them to “the cloud' through a cellular network capa 
bility. Data can then be retrieved from the cloud and sent to the 
Care|Link R. Personal internet-based system. When a cellular 
signal is unavailable, the OBC continues to maintain opera 
tions required to collect and process data from the MPN until 
the cellular signal is re-established. Once data in the cloud is 
available in a near real-time, the Care link(R) system can 
deliver features designed for commercially available web 
enabled electronics devices Such as Smartphones and tablets. 
0314. As noted previously in connection with FIGS. 1 and 
11, in a preferred embodiment, the OBC may be in the form 
of a handheld controller or monitor with integrated blood 
glucose meter used for calibration. The handheld monitor is 
designed to work in conjunction with the orthogonally redun 
dant sensor system. In addition to sending data to the cloud, 
the handheld monitor improves accuracy through the use of 
algorithms to provide an error check, ensuring that inaccurate 
blood glucose readings are not communicated. 
0315. While the description above refers to particular 
embodiments of the present invention, it will be understood 
that many modifications may be made without departing from 
the spirit thereof. The accompanying claims are intended to 
cover such modifications as would fall within the true scope 
and spirit of the present invention. 
0316 The presently disclosed embodiments are therefore 

to be considered in all respects as illustrative and not restric 
tive, the scope of the invention being indicated by the 
appended claims, and all changes which come within the 
meaning and range of equivalency of the claims are therefore 
intended to be embraced therein. 

What is claimed is: 

1. A method of correcting for a drift component of an 
output signal of a sensor, the method comprising: 

measuring the output signal of the sensor over time to 
obtain a plurality of output signal measurements as a 
function of time, wherein each of said output signal 
measurements comprises a true output signal compo 
nent and said drift component as a function of time; 

calculating, as a function of time, an estimate of the drift 
component of the plurality of output signal measure 
ments; and 

calculating an estimate of the true output signal component 
as a function of time based on said estimate of the drift 
component. 

2. The method of claim 1, wherein said estimate of the drift 
component is calculated as a function of said plurality of 
output signal measurements. 
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3. The method of claim 2, wherein said estimate of the drift 
component is calculated as a moving average in accordance 
with the relation: 

t 

ort, 

wherein 2(t) is the estimate of the drift component at time t, 
y(T) is the measured output signal, and T is a window of 
observation of length. To over time. 

4. The method of claim3, wherein values of To fall within 
a range between about 12 hours and several days. 

5. The method of claim3, wherein the estimate of the drift 
component is calculated Successively over time, with Succes 
sive calculations being made in accordance with respective 
windows of observation. 

6. The method of claim 5, wherein the windows of obser 
Vation for the Successive calculations are of the same length. 

7. The method of claim 5, wherein the windows of obser 
Vation for the Successive calculations overlap. 

8. The method of claim 5, further including modifying said 
estimate of the drift component by applying a weighting 
function to said plurality of output signal measurements. 

9. The method of claim 8, wherein higher weights are 
assigned to more-recent output signal measurements. 

10. The method of claim 8, wherein the output signal 
measurements are multiplied with an exponentially decaying 
function of time prior to calculation of the estimate of the drift 
component. 

11. The method of claim 1, wherein said estimate of the 
drift component is calculated through regression over a win 
dow of observation of length To. 

12. The method of claim 11, wherein values of To fall 
within a range between about 12 hours and several days. 

13. The method of claim 11, wherein the estimate of the 
drift component is calculated Successively over time, with 
Successive calculations being made in accordance with 
respective windows of observation. 

14. The method of claim 13, wherein the windows of obser 
Vation for the Successive calculations are of the same length. 

15. The method of claim 13, wherein the windows of obser 
Vation for the Successive calculations overlap. 

16. The method of claim 1, wherein said sensor is an optical 
glucose sensor. 

17. The method of claim 16, wherein the optical glucose 
sensor includes an assay having a first fluorophore and a 
reference fluorophore different from said first fluorophore, 
and wherein said output signal is a ratio of the fluorescence 
signal from the first fluorophore to the fluorescence signal 
from the reference fluorophore. 

18. A program code storage device, comprising: 
a computer-readable medium; and 
non-transitory computer-readable program code, stored on 

the computer-readable medium, the computer-readable 
program codehaving instructions, which when executed 
cause a microprocessor to: 
measure an output signal of a sensor over time to obtain 

a plurality of output signal measurements as a func 
tion of time, wherein each of said output signal mea 
Surements comprises a true output signal component 
and a drift component as a function of time; 
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calculate, as a function of time, an estimate of the drift 
component of the plurality of output signal measure 
ments; and 

calculate an estimate of the true output signal compo 
nent as a function of time based on said estimate of the 
drift component. 

19. The program code storage device of claim 18, the 
computer-readable program code including instructions, 
which when executed cause the microprocessor to calculate 
said estimate of the drift component as a function of said 
plurality of output signal measurements. 

20. The program code storage device of claim 19, wherein 
said estimate of the drift component is calculated as a moving 
average in accordance with the relation: 

t 

0.5 

wherein 2(t) is the estimate of the drift component at time t, 
y(T) is the measured output signal, and T is a window of 
observation of length. To over time. 

21. The program code storage device of claim 20, wherein 
values of To fall within a range between about 12 hours and 
several days. 

22. The program code storage device of claim 20, the 
computer-readable program code including instructions, 
which when executed cause the microprocessor to calculate 
the estimate of the drift component successively over time, 
with Successive calculations being made in accordance with 
respective windows of observation. 

23. The program code storage device of claim 22, wherein 
the windows of observation for the successive calculations 
are of the same length. 

24. The program code storage device of claim 22, wherein 
the windows of observation for the successive calculations 
overlap. 

25. The program code storage device of claim 22, the 
computer-readable program code further including instruc 
tions, which when executed cause the microprocessor to 
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modify said estimate of the drift component by applying a 
weighting function to said plurality of output signal measure 
mentS. 

26. The program code storage device of claim 25, the 
computer-readable program code further including instruc 
tions, which when executed cause the microprocessor to 
assign higher weights to more-recent output signal measure 
mentS. 

27. The program code storage device of claim 25, the 
computer-readable program code including instructions, 
which when executed cause the microprocessor to multiply 
the output signal measurements with an exponentially decay 
ing function of time prior to calculation of the estimate of the 
drift component. 

28. The program code storage device of claim 18, the 
computer-readable program code further including instruc 
tions, which when executed cause the microprocessor to cal 
culate said estimate of the drift component through regression 
over a window of observation of length To. 

29. The program code storage device of claim 28, wherein 
values of To fall within a range between about 12 hours and 
several days. 

30. The program code storage device of claim 28, the 
computer-readable program code further including instruc 
tions, which when executed cause the microprocessor to cal 
culate the estimate of the drift component successively over 
time, with Successive calculations being made in accordance 
with respective windows of observation. 

31. The program code storage device of claim 30, wherein 
the windows of observation for the successive calculations 
are of the same length. 

32. The program code storage device of claim 30, wherein 
the windows of observation for the successive calculations 
overlap. 

33. The program code storage device of claim 18, wherein 
said sensor is an optical glucose sensor. 

34. The program code storage device of claim 33, wherein 
the optical glucose sensor includes an assay having a first 
fluorophore and a reference fluorophore different from said 
first fluorophore, and wherein said output signal is a ratio of 
the fluorescence signal from the first fluorophore to the fluo 
rescence signal from the reference fluorophore. 

k k k k k 


