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ABSTRACT 

A method is provided for continually or continuously mea 
suring the concentration of target chemical analytes present 
in a biological system, and processing analyte-speci?c sig 
nals to obtain a measurement value that is closely correlated 
With the concentration of the target chemical analyte in the 
biological system. One important application of the inven 
tion involves a method for signal processing in a system for 
monitoring blood glucose values. 
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SIGNAL PROCESSING FOR MEASUREMENT OF 
PHYSIOLOGICAL ANALYTES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of US. patent 
application Ser. No. 10/384,443, ?led Mar. 7, 2003, Which is 
a continuation of US. patent application Ser. No. 09/894, 
783, ?led Feb. 27, 2001, now US. Pat. No. 6,595,919, Which 
is a continuation of US. patent application Ser. No. 09/309, 
728, ?led May 11, 1999, now US. Pat. No. 6,233,471, 
Which claims priority to US. Provisional Patent Application 
Ser. No. 60/085,344, ?led May 13, 1998, and Which appli 
cations are incorporated herein by reference in their entire 
ties. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to methods for 
continually or continuously measuring the concentration of 
target chemical analytes present in a biological system. 
More particularly, the invention relates to methods for 
processing signals obtained during measurement of physi 
ological analytes. One important application of the invention 
involves a method for monitoring blood glucose concentra 
tions. 

BACKGROUND OF THE INVENTION 

[0003] A number of diagnostic tests are routinely per 
formed on humans to evaluate the amount or existence of 
substances present in blood or other body ?uids. These 
diagnostic tests typically rely on physiological ?uid samples 
removed from a subject, either using a syringe or by pricking 
the skin. One particular diagnostic test entails self-monitor 
ing of blood glucose levels by diabetics. 

[0004] Diabetes is a major health concern, and treatment 
of the more severe form of the condition, Type I (insulin 
dependent) diabetes, requires one or more insulin injections 
per day. Insulin controls utiliZation of glucose or sugar in the 
blood and prevents hyperglycemia Which, if left uncor 
rected, can lead to ketosis. On the other hand, improper 
administration of insulin therapy can result in hypoglycemic 
episodes, Which can cause coma and death. Hyperglycemia 
in diabetics has been correlated With several long-term 
effects of diabetes, such as heart disease, atherosclerosis, 
blindness, stroke, hypertension and kidney failure. 

[0005] The value of frequent monitoring of blood glucose 
as a means to avoid or at least minimiZe the complications 
of Type I diabetes is Well established. Patients With Type II 
(non-insulin-dependent) diabetes can also bene?t from 
blood glucose monitoring in the control of their condition by 
Way of diet and exercise. 

[0006] Conventional blood glucose monitoring methods 
generally require the draWing of a blood sample (e.g., by 
?ngerprick) for each test, and a determination of the glucose 
level using an instrument that reads glucose concentrations 
by electrochemical or calorimetric methods. Type I diabetics 
must obtain several ?ngerprick blood glucose measurements 
each day in order to maintain tight glycemic control. HoW 
ever, the pain and inconvenience associated With this blood 
sampling, along With the fear of hypoglycemia, has led to 
poor patient compliance, despite strong evidence that tight 
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control dramatically reduces long-term diabetic complica 
tions. In fact, these considerations can often lead to an 
abatement of the monitoring process by the diabetic. See, 
e.g., The Diabetes Control and Complications Trial 
Research Group (1993) New Engl. J. Med. 329:977-1036. 

[0007] Recently, various methods for determining the con 
centration of blood analytes Without draWing blood have 
been developed. For example, US. Patent No. 5,267,152 to 
Yang et al. describes a noninvasive technique of measuring 
blood glucose concentration using near-IR radiation di?fuse 
re?ection laser spectroscopy. Similar near-IR spectrometric 
devices are also described in US. Pat. No. 5,086,229 to 
Rosenthal et al. and US. Pat. No. 4,975,581 to Robinson et 
al. 

[0008] US. Pat. No. 5,139,023 to Stanley et al., and US. 
Pat. No. 5,443.080 to D’Angelo et al. describe transdermal 
blood glucose monitoring devices that rely on a permeability 
enhancer (e.g., a bile salt) to facilitate transdermal move 
ment of glucose along a concentration gradient established 
betWeen interstitial ?uid and a receiving medium. US. Pat. 
No. 5,036,861 to SembroWich describes a passive glucose 
monitor that collects perspiration through a skin patch, 
Where a cholinergic agent is used to stimulate perspiration 
secretion from the eccrine sWeat gland. Similar perspiration 
collection devices are described in US. Pat. No. 5,076,273 
to Schoendorfer and US. Pat. No. 5,140,985 to Schroeder. 

[0009] In addition, US. Pat. No. 5,279,543 to Glikfeld et 
al. describes the use of iontophoresis to noninvasively 
sample a substance through skin into a receptacle on the skin 
surface. Glikfeld teaches that this sampling procedure can be 
coupled With a glucose-speci?c biosensor or glucose-spe 
ci?c electrodes in order to monitor blood glucose. Finally, 
International Publication No. WO 96/00110, published 4 
Jan. 1996, describes an iontophoretic apparatus for trans 
dermal monitoring of a target substance, Wherein an ionto 
phoretic electrode is used to move an analyte into a collec 
tion reservoir and a biosensor is used to detect the target 
analyte present in the reservoir. 

SUMMARY OF THE INVENTION 

[0010] The present invention provides a method for con 
tinually or continuously measuring the concentration of an 
analyte present in a biological system. The method entails 
continually or continuously detecting an analyte from the 
biological system and deriving a raW signal therefrom, 
Wherein the raW signal is related to the analyte concentra 
tion. A number of signal processing steps are then carried out 
in order to convert the raW signal into an initial signal output 
that is indicative of an analyte amount. The converted signal 
is then further converted into a value indicative of the 
concentration of analyte present in the biological system. 

[0011] The raW signal can be obtained using any suitable 
sensing methodology including, for example, methods 
Which rely on direct contact of a sensing apparatus With the 
biological system; methods Which extract samples from the 
biological system by invasive, minimally invasive, and 
non-invasive sampling techniques, Wherein the sensing 
apparatus is contacted With the extracted sample; methods 
Which rely on indirect contact of a sensing apparatus With, 
the biological system; and the like. In preferred embodi 
ments of the invention, methods are used to extract samples 
from the biological sample using minimally invasive or 
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non-invasive sampling techniques. The sensing apparatus 
used With any of the above-noted methods can employ any 
suitable sensing element to provide the raW signal including, 
but not limited to, physical, chemical, electrochemical, 
photochemical, spectrophotometric, polarimetric, calorimet 
ric, radiometric, or like elements. In preferred embodiments 
of the invention, a biosensor is used Which comprises an 
electrochemical sensing element. 

[0012] In one particular embodiment of the invention, the 
raW signal is obtained using a transdermal sampling system 
that is placed in operative contact With a skin or mucosal 
surface of the biological system. The sampling system 
transdermally extracts the analyte from the biological sys 
tem using any appropriate sampling technique, for example, 
iontophoresis. The transdermal sampling system is main 
tained in operative contact With the skin or mucosal surface 
of the biological system to provide for such continual or 
continuous analyte measurement. 

[0013] The analyte can be any speci?c substance or com 
ponent that one is desirous of detecting and/ or measuring in 
a chemical, physical, enZymatic, or optical analysis. Such 
analytes include, but are not limited to, amino acids, enZyme 
substrates or products indicating a disease state or condition, 
other markers of disease states or conditions, drugs of abuse, 
therapeutic and/or pharmacologic agents, electrolytes, 
physiological analytes of interest (e.g., calcium, potassium, 
sodium, chloride, bicarbonate (C02), glucose, urea (blood 
urea nitrogen), lactate, hematocrit, and hemoglobin), lipids, 
and the like. In preferred embodiments, the analyte is a 
physiological analyte of interest, for example glucose, or a 
chemical that has a physiological action, for example a drug 
or pharmacological agent. 

[0014] Accordingly, it is an object of the invention to 
provide a method for continually or continuously measuring 
an analyte present in a biological system, Wherein raW 
signals are obtained from a suitable sensing apparatus, and 
then subjected to signal processing is techniques. More 
particularly, the raW signals undergo a data screening 
method in order to eliminate outlier signals and/or poor 
(incorrect) signals using a prede?ned set of selection criteria. 
In addition, or alternatively, the raW signal can be converted 
in a conversion step Which (i) removes or corrects for 
background information, (ii) integrates the raW signal over 
a sensing time period, (iii) performs any process Which 
converts the raW signal from one signal type to another, or 
(iv) performs any combination of steps (i), (ii) and/or (iii). 
In preferred embodiments, the conversion step entails a 
baseline background subtraction method to remove back 
ground from the raW signal and an integration step. In other 
embodiments, the conversion step can be tailored for use 
With a sensing device that provides both active and reference 
(blank) signals; Wherein mathematical transformations are 
used to individually smooth active and reference signals, 
and/ or to subtract a Weighted reference (blank) signal from 
the active signal. In still further embodiments, the conver 
sion step includes correction functions Which account for 
changing conditions in the biological system and/or the 
biosensor system (e.g., temperature ?uctuations in the bio 
logical system, temperature ?uctuations in the sensor ele 
ment, skin conductivity ?uctuations, or combinations 
thereof). The result of the conversion step is an initial signal 
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output Which provides a value Which can be correlated With 
the concentration of the target analyte in the biological 
sample. 
[0015] It is also an object of the invention to provide a 
signal processing calibration step, Wherein the raW or initial 
signals obtained as described above are converted into an 
analyte-speci?c value of knoWn units to provide an inter 
pretation of the signal obtained from the sensing device. The 
interpretation uses a mathematical transformation to model 
the relationship betWeen a measured response in the sensing 
device and a corresponding analyte-speci?c value. Such 
mathematical transformations can entail the use of linear or 
nonlinear regressions, or neural netWork algorithms. In one 
embodiment, the calibration step entails calibrating the 
sensing device using a single- or multi-point calibration, and 
then converting post-calibration data using correlation fac 
tors, time corrections and constants to obtain an analyte 
speci?c value. Further signal processing can be used to 
re?ne the information obtained in the calibration step, for 
example, Where a signal processing step is used to correct 
for signal differences due to variable conditions unique to 
the sensor element used to obtain the raW signal. In one 
embodiment, this further step is used to correct for signal 
time-dependence, particularly signal decline. In another 
embodiment, a constant o?‘set term is obtained, Which offset 
is added to the signal to account for a non-Zero signal at an 
estimated Zero analyte concentration. 

[0016] Further, the methods of the present invention 
include enhancement of skin permeability by pricking the 
skin With micro-needles. In addition, the sampling system 
can be programed to begin execution of sampling and 
sensing at a de?ned time(s). 

[0017] It is yet a further object of the invention to provide 
a monitoring system for continually or continuously mea 
suring an analyte present in a biological system. The moni 
toring system comprises, in operative combination: (a) a 
sampling means for continually or continuously extracting 
the analyte from the biological system, (b) a sensing means 
in operative contact With the analyte extracted by the sam 
pling means, and (c) a microprocessor means in operative 
communication With the sensing means. The sampling 
means is adapted for extracting the analyte across a skin or 
mucosal surface of a biological system. The sensing means 
is used to obtain a raW signal from the extracted analyte, 
Wherein the raW signal is speci?cally related to the analyte. 
The microprocessor means is used to subject the raW signal 
to a conversion step, thereby converting the same into an 
initial signal output Which is indicative of the amount of 
analyte extracted by the sampling means, and then perform 
a calibration step Which correlates the initial signal output 
With a measurement value indicative of the concentration of 
analyte present in the biological system at the time of 
extraction. In one embodiment, the monitoring system uses 
iontophoresis to extract the analyte from the biological 
system. In other embodiments, the monitoring system is 
used to extract a glucose analyte from the biological system. 
Further, the microprocessor can be programed to begin 
execution of sampling and sensing at a de?ned time(s). 

[0018] Additional objects, advantages and novel features 
of the invention Will be set forth in part in the description 
Which folloWs, and in part Will become apparent to those 
skilled in the art upon examination of the folloWing, or may 
be learned by practice of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1A depicts a top plan vieW of an iontophoretic 
collection reservoir and electrode assembly for use in a 
transdermal sampling device constructed according to the 
present invention. 

[0020] FIG. 1B depicts the side vieW of the iontophoretic 
collection reservoir and electrode assembly shoWn in FIG. 
1A. 

[0021] FIG. 2 is a pictorial representation of an ionto 
phoretic sampling device Which includes the iontophoretic 
collection reservoir and electrode assembly of FIGS. 1A and 
1B. 

[0022] FIG. 3 is a representation of one embodiment of a 
bimodal electrode design. The ?gure presents an overhead 
and schematic vieW of the electrode assembly 33. In the 
?gure, the bimodal electrode is shoWn at 30 and can be, for 
example, a Ag/AgCl iontophoretic/counter electrode. The 
sensing or Working electrode (made from, for example, 
platinum) is shoWn at 31. The reference electrode is shoWn 
at 32 and can be, for example, a Ag/AgCl electrode. The 
components are mounted on a suitable nonconductive sub 
strate 34, for example, plastic or ceramic. The conductive 
leads 37 leading to the connection pad 35 are covered by a 
second nonconductive piece 36 of similar or different mate 
rial. In this example of such an electrode the Working 
electrode area is approximately 1.35 cm2. The dashed line in 
FIG. 3 represents the plane of the cross-sectional schematic 
vieW presented in FIG. 4. 

[0023] FIG. 4 is a representation of a cross-sectional 
schematic vieW of the bimodal electrodes as they may be 
used in conjunction With a reference electrode and a hydro 
gel pad. In the ?gure, the components are as folloWs: 
bimodal electrodes 40 and 41; sensing electrodes 42 and 43; 
reference electrodes 44 and 45; a substrate 46; and hydrogel 
pads 47 and 48. 

[0024] FIG. 5 is an exploded pictorial representation of 
components from a preferred embodiment of the automatic 
sampling system of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0025] Before describing the present invention in detail, it 
is to be understood that this invention is not limited to 
particular compositions or biological systems as such may, 
of course, vary. It is also to be understood that the termi 
nology used herein is for the purpose of describing particular 
embodiments only, and is not intended to be limiting. 

[0026] It must be noted that, as used in this speci?cation 
and the appended claims, the singular forms “a”, “an” and 
“the” include plural referents unless the content clearly 
dictates otherWise. Thus, for example, reference to “a time 
dependent variable” includes a mixture of tWo or more such 
variables, reference to “an electrochemically active species” 
includes tWo or more such species, reference to “an analyte” 
includes mixtures of analytes, and the like. 

[0027] All publications, patents and patent applications 
cited herein, Whether supra or infra, are hereby incorporated 
by reference in their entirety. 

[0028] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
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understood by one of ordinary skill in the art to Which the 
invention pertains. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice for testing of the present invention, the 
preferred materials and methods are described herein. 

[0029] In describing and claiming the present invention, 
the folloWing terminology Will be used in accordance With 
the de?nitions set out beloW. 

De?nitions 

[0030] The terms “analyte” and “target analyte” are used 
herein to denote any physiological analyte of interest that is 
a speci?c substance or component that is being detected 
and/or measured in a chemical, physical, enZymatic, or 
optical analysis. A detectable signal (e.g., a chemical signal 
or electrochemical signal) can be obtained, either directly or 
indirectly, from such an analyte or derivatives thereof. 
Furthermore, the terms “analyte” and “substance” are used 
interchangeably herein, and are intended to have the same 
meaning, and thus encompass any substance of interest. In 
preferred embodiments, the analyte is a physiological ana 
lyte of interest, for example, glucose, or a chemical that has 
a physiological action, for example, a drug or pharmaco 
logical agent. Interstitial ?uid may comprise the analyte (for 
example, glucose). 

[0031] A “sampling device” or “sampling system” refers 
to any device for obtaining a sample from a biological 
system for the purpose of determining the concentration of 
an analyte of interest. As used herein, the term “sampling” 
means invasive, minimally invasive or non-invasive extrac 
tion of a substance from the biological system, generally 
across a membrane such as skin or mucosa. The membrane 

can be natural or arti?cial, and can be of plant or animal 
nature, such as natural or arti?cial skin, blood vessel tissue, 
intestinal tissue, and the like. Typically, the sampling means 
are in operative contact With a “reservoir,” or “collection 
reservoir,” Wherein the sampling means is used for extract 
ing the analyte from the biological system into the reservoir 
to obtain the analyte in the reservoir. A “biological system” 
includes both living and arti?cially maintained systems. 
Examples of minimally invasive and noninvasive sampling 
techniques include iontophoresis, sonophoresis, suction, 
electroporation, thermal poration, passive diffusion, 
micro?ne (miniature) lances or cannulas, subcutaneous 
implants or insertions, and laser devices. Sonophoresis uses 
ultrasound to increase the permeability of the skin (see, e. g., 
Menon et al. (1994) Skin Pharmacology 7:130-139). Suit 
able sonophoresis sampling systems are described in Inter 
national Publication No. WO 91/ 12772, published 5 Sep. 
1991. Passive diffusion sampling devices are described, for 
example, in International Publication Nos.: WO 97/38126 
(published 16 Oct. 1997); WO 97/42888, WO 97/42886, 
WO 97/42885, and WO 97/42882 (all published 20 Nov. 
1997); and WO 97/43962 (published 27 Nov. 1997). Laser 
devices use a small laser beam to burn a hole through the 
upper layer of the patient’s skin (see, e.g., Jacques et al. 
(1978) J. Invest. Dermatology 88:88-93). Examples ofinva 
sive sampling techniques include traditional needle and 
syringe or vacuum sample tube devices. 

[0032] The term “collection reservoir” is used to describe 
any suitable containment means for containing a sample 
extracted from a biological system. For example, the col 
lection reservoir can be a receptacle containing a material 
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Which is ionically conductive (e. g., Water With ions therein), 
or alternatively, it can be a material, such as, a sponge-like 
material or hydrophilic polymer, used to keep the Water in 
place. Such collection reservoirs can be in the form of a 
hydrogel (for example, in the form of a disk or pad). 
Hydrogels are typically referred to as “collection inserts.” 
Other suitable collection reservoirs include, but are not 
limited to, tubes, vials, capillary collection devices, cannu 
las, and miniaturiZed etched, ablated or molded ?oW paths. 

[0033] A “housing” for the sampling system can further 
include suitable electronics (e.g., microprocessor, memory, 
display and other circuit components) and poWer sources for 
operating the sampling system in an automatic fashion. 

[0034] A “monitoring system,” as used herein, refers to a 
system useful for continually or continuously measuring a 
physiological analyte present in a biological system. Such a 
system typically includes, but is not limited to, sampling 
means, sensing means, and a microprocessor means in 
operative communication With the sampling means and the 
sensing means. 

[0035] The term “arti?cial,” as used herein, refers to an 
aggregation of cells of monolayer thickness or greater Which 
are groWn or cultured in vivo or in vitro, and Which function 
as a tissue of an organism but are not actually derived, or 
excised, from a pre-existing source or host. 

[0036] The term “subject” encompasses any Warm 
blooded animal, particularly including a member of the class 
Mammalia such as, Without limitation, humans and nonhu 
man primates such as chimpanZees and other apes and 
monkey species; farm animals such as cattle, sheep, pigs, 
goats and horses; domestic mammals such as dogs and cats; 
laboratory animals including rodents such as mice, rats and 
guinea pigs, and the like. The term does not denote a 
particular age or sex. Thus, adult and neWbom subjects, as 
Well as fetuses, Whether male or female, are intended to be 
covered. 

[0037] As used herein, the term “continual measurement” 
intends a series of tWo or more measurements obtained from 
a particular biological system, Which measurements are 
obtained using a single device maintained in operative 
contact With the biological system over the time period in 
Which the series of measurements is obtained. The term thus 
includes continuous measurements. 

[0038] The term “transdermal,” as used herein, includes 
both transdermal and transmucosal techniques, i.e., extrac 
tion of a target analyte across skin or mucosal tissue. Aspects 
of the invention Which are described herein in the context of 
“transdermal,” unless otherWise speci?ed, are meant to 
apply to both transdermal and transmucosal techniques. 

[0039] The term “transdermal extraction,” or “transder 
mally extracted” intends any noninvasive, or at least mini 
mally invasive sampling method, Which entails extracting 
and/ or transporting an analyte from beneath a tissue surface 
across skin or mucosal tissue. The term thus includes 
extraction of an analyte using iontophoresis (reverse ionto 
phoresis), electroosmosis, sonophoresis, microdialysis, suc 
tion, and passive diffusion. These methods can, of course, be 
coupled With application of skin penetration enhancers or 
skin permeability enhancing technique such as tape stripping 
or pricking With micro-needles. The term “transdermally 
extracted” also encompasses extraction techniques Which 
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employ thermal poration, electroporation, micro?ne lances, 
micro?ne canulas, subcutaneous implants or insertions, and 
the like. 

[0040] The term “iontophoresis” intends a method for 
transporting substances across tissue by Way of an applica 
tion of electrical energy to the tissue. In conventional 
iontophoresis, a reservoir is provided at the tissue surface to 
serve as a container of material to be transported. lonto 
phoresis can be carried out using standard methods knoWn 
to those of skill in the art, for example, by establishing an 
electrical potential using a direct current (DC) betWeen ?xed 
anode and cathode “iontophoretic electrodes,” alternating a 
direct current betWeen anode and cathode iontophoretic 
electrodes, or using a more complex Waveform such as 
applying a current With alternating polarity (AP) betWeen 
iontophoretic electrodes (so that each electrode is alternately 
an anode or a cathode) 

[0041] The term “reverse iontophoresis” refers to the 
movement of a substance from a biological ?uid across a 
membrane by Way of an applied electric potential or current. 
In reverse iontophoresis, a reservoir is. provided at the tissue 
surface to receive the extracted material. 

[0042] “Electroosmosis” refers to the movement of a 
substance through a membrane by Way of an electric ?eld 
induced convective How. The terms iontophoresis, reverse 
iontophoresis, and electroosmosis, Will be used interchange 
ably herein to refer to movement of any ionically charged or 
uncharged substance across a membrane (e.g., an epithelial 
membrane) upon application of an electric potential to the 
membrane through an ionically conductive medium. 

[0043] The term “sensing device, sensing means,” or 
“biosensor device” encompasses any device that can be used 
to measure the concentration of an analyte, or derivative 
thereof, of interest. Preferred sensing devices for detecting 
blood analytes generally include electrochemical devices 
and chemical devices. Examples of electrochemical devices 
include the Clark electrode system (see, e.g., Updike, et al., 
(1967) Nature 2141986-988), and other amperometric, cou 
lometric, or potentiometric electrochemical devices. 
Examples of chemical devices include conventional 
enZyme-based reactions as used in the Lifescan® glucose 
monitor (Johnson and Johnson, NeW Brunswick, NJ.) (see, 
e.g., U.S. Pat. No. 4,935,346 to Phillips, et al.). 

[0044] A “biosensor” or “biosensor device” includes, but 
is not limited to, a “sensor element” Which includes, but is 
not limited to, a “biosensor electrode” or “sensing electrode” 
or “Working electrode” Which refers to the electrode that is 
monitored to determine the amount of electrical signal at a 
point in time or over a given time period, Which signal is 
then correlated With the concentration of a chemical com 
pound. The sensing electrode comprises a reactive surface 
Which converts the analyte, or a derivative thereof, to 
electrical signal. The reactive surface can be comprised of 
any electrically conductive material such as, but not limited 
to, platinum-group metals (including, platinum, palladium, 
rhodium, ruthenium, osmium, and iridium), nickel, copper, 
silver, and carbon, as Well as, oxides, dioxides, combinations 
or alloys thereof. Some catalytic materials, membranes, and 
fabrication technologies suitable for the construction of 
amperometric biosensors Were described by NeWman, J. D., 
et al. (Analytical Chemistry 67(24), 4594-4599, 1995). 
[0045] The “sensor element” can include components in 
addition to a biosensor electrode, for example, it can include 



US 2007/0038053 A1 

a “reference electrode,” and a “counter electrode.” The term 
“reference electrode” is used herein to mean an electrode 
that provides a reference potential, e.g., a potential can be 
established betWeen a reference electrode and a Working 
electrode. The term “counter electrode” is used herein to 
mean an electrode in an electrochemical circuit Which acts 
as a current source or sink to complete the electrochemical 
circuit. Although it is not essential that a counter electrode 
be employed Where a reference electrode is included in the 
circuit and the electrode is capable of performing the func 
tion of a counter electrode, it is preferred to have separate 
counter and reference electrodes because the reference 
potential provided by the reference electrode is most stable 
When it is at equilibrium. If the reference electrode is 
required to act further as a counter electrode, the current 
?owing through the reference electrode may disturb this 
equilibrium. Consequently, separate electrodes functioning 
as counter and reference electrodes are most preferred. 

[0046] In one embodiment, the “counter electrode” of the 
“sensor element” comprises a “bimodal electrode.” The term 
“bimodal electrode” as used herein typically refers to an 
electrode Which is capable of functioning non-simulta 
neously as, for example, both the counter electrode (of the 
“sensor element”) and the iontophoretic electrode (of the 
“sampling means”). 

[0047] The terms “reactive surface,” and “reactive face” 
are used interchangeably herein to mean the surface of the 
sensing electrode that: (l) is in contact With the surface of an 
electrolyte containing material (eg gel) Which contains an 
analyte or through Which an analyte, or a derivative thereof, 
?oWs from a source thereof; (2) is comprised of a catalytic 
material (e.g., carbon, platinum, palladium, rhodium, ruthe 
nium, or nickel and/ or oxides, dioxides and combinations or 
alloys thereof) or a material that provides sites for electro 
chemical reaction; (3) converts a chemical signal (e.g. 
hydrogen peroxide) into an electrical signal (e.g., an elec 
trical current); and (4) de?nes the electrode surface area that, 
When composed of a reactive material, is suf?cient to drive 
the electrochemical reaction at a rate suf?cient to generate a 

detectable, reproducibly measurable, electrical signal that is 
correlatable With the amount of analyte present in the 
electrolyte. 

[0048] The term “collection reservoir” and “collection 
insert” are used to describe any suitable containment means 
for containing a sample extracted from a biological system. 
The reservoir can include a material Which is ionically 
conductive (e.g., Water With ions therein), Wherein another 
material such as a sponge-like material or hydrophilic poly 
mer is used to keep the Water in place. Such collection 
reservoirs can be in the form of a hydrogel (for example, in 
the shape of a disk or pad). Other suitable collection 
reservoirs include, but are not limited to, tubes, vials, 
capillary collection devices, cannulas, and miniaturized 
etched, ablated or molded ?oW paths. 

[0049] An “ionically conductive material” refers to any 
material that provides ionic conductivity, and through Which 
electrochemically active species can diffuse. The ionically 
conductive material can be, for example, a solid, liquid, or 
semi-solid (e.g., in the form of a gel) material that contains 
an electrolyte, Which can be composed primarily of Water 
and ions (e.g., sodium chloride), and generally comprises 
50% or more Water by Weight. The material can be in the 
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form of a gel, a sponge or pad (e.g., soaked With an 
electrolytic solution), or any other material that can contain 
an electrolyte and alloW passage therethrough of electro 
chemically active species, especially the analyte of interest. 

[0050] The term “physiological effect” encompasses 
effects produced in the subject that achieve the intended 
purpose of a therapy. In preferred embodiments, a physi 
ological effect means that the symptoms of the 5 subject. 
being treated are prevented or alleviated. For example, a 
physiological effect Would be one that results in the prolon 
gation of survival in a patient. 

[0051] A “laminate”, as used herein, refers to structures 
comprised of at least tWo bonded layers. The layers may be 
bonded by Welding or through the use of adhesives. 
Examples of Welding include, but are not limited to, the 
folloWing: ultrasonic Welding, heat bonding, and inductively 
coupled localiZed heating folloWed by localiZed ?oW. 
Examples of common adhesives include, but are not limited 
to, pressure sensitive adhesives, thermoset adhesives, 
cyanocrylate adhesives, epoxies, contact adhesives, and heat 
sensitive adhesives. 

[0052] A “collection assembly”, as used herein, refers to 
structures comprised of several layers, Where the assembly 
includes at least one collection insert, for example a hydro 
gel. An example of a collection assembly of the present 
invention is a mask layer, collection inserts, and a retaining 
layer Where the layers are held in appropriate, functional 
relationship to each other but are not necessarily a laminate, 
i.e., the layers may not be bonded together. The layers may, 
for example, be held together by interlocking geometry or 
friction. 

[0053] An “autosensor assembly”, as used herein, refers to 
structures generally comprising a mask layer, collection 
inserts, a retaining layer, an electrode assembly, and a 
support tray. The autosensor assembly may also include 
liners. The layers of the assembly are held in appropriate, 
functional relationship to each other. 

[0054] The mask and retaining layers are preferably com 
posed of materials that are substantially impermeable to the 
analyte (chemical signal) to be detected (e.g., glucose); 
hoWever, the material can be permeable to other substances. 
By “substantially impermeable” is meant that the material 
reduces or eliminates chemical signal transport (e.g., by 
diffusion). The material can alloW for a loW level of chemi 
cal signal transport, With the proviso that chemical signal 
that passes through the material does not cause signi?cant 
edge effects at the sensing electrode. 

[0055] “Substantially planar” as used herein, includes a 
planar surface that contacts a slightly curved surface, for 
example, a forearm or upper arm of a subject. A “substan 
tially planar” surface is, for example, a surface having a 
shape to Which skin can conform, i.e., contacting contact 
betWeen the skin and the surface. 

[0056] By the term “printed” as used herein is meant a 
substantially uniform deposition of an electrode formulation 
onto one surface of a substrate (i.e., the base support). It Will 
be appreciated by those skilled in the art that a variety of 
techniques may be used to effect substantially uniform 
deposition of a material onto a substrate, e.g., Gravure-type 
printing, extrusion coating, screen coating, spraying, paint 
ing, or the like. 
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[0057] The term “enzyme” intends any compound or 
material Which catalyzes a reaction betWeen molecules to 
produce one or more reaction products. The term thus 
includes protein enzymes, or enzymatically active portions 
(fragments) thereof, Which proteins and/ or protein fragments 
may be isolated from a natural source, or recombinantly or 
synthetically produced. The term also encompasses 
designed synthetic enzyme mimetics. 

[0058] The term “time-dependent signal decline” refers to 
a detectable decrease in measured signal over time When no 
decrease or change in analyte concentration is actually 
occurring. The decrease in signal over time may be due to a 
number of different phenomena. 

[0059] The term “signal-to-noise ratio” describes the rela 
tionship betWeen the actual signal intended to be measured 
and the variation in signal in the absence of the analyte. The 
terms “S/N” and “SNR” are also used to refer to the 
signal-to-noise ratio. “Noise,” as used herein, refers to any 
undesirable signal Which is measured along With the 
intended signal. 

General Methods 

[0060] The present invention relates to use of a device for 
transdermally extracting and measuring the concentration of 
a target analyte present in a biological system. In preferred 
embodiments, the sensing device comprises a biosensor. In 
other preferred embodiments, a sampling device is used to 
extract small amounts of a target analyte from the biological 
system, and then sense and/ or quantify the concentration of 
the target analyte. Measurement With the biosensor and/or 
sampling With the sampling device can be carried out in a 
continual or continuous manner. Continual or continuous 
measurements alloW for closer monitoring of target analyte 
concentration ?uctuations. 

[0061] The analyte can be any speci?c substance or com 
ponent that one is desirous of detecting and/ or measuring in 
a chemical, physical, enzymatic, or optical analysis. Such 
analytes include, but are not limited to, amino acids, enzyme 
substrates or products indicating a disease state or condition, 
other markers of disease states or conditions, drugs of abuse, 
therapeutic and/or pharmacologic agents (e.g., theophylline, 
anti-HIV drugs, lithium, anti-epileptic drugs, cyclosporin, 
chemotherapeutics), electrolytes, physiological analytes of 
interest (e.g., urate/uric acid, carbonate, calcium, potassium, 
sodium, chloride, bicarbonate (CO2), glucose, urea (blood 
urea nitrogen), lactate/lactic acid, hydroxybutyrate, choles 
terol, triglycerides, creatine, creatinine, insulin, hematocrit, 
and hemoglobin), blood gases (carbon dioxide, oxygen, pH), 
lipids, heavy metals (e.g., lead, copper), and the like. In 
preferred embodiments, the analyte is a physiological ana 
lyte of interest, for example glucose, or a chemical that has 
a physiological action, for example a drug or pharmacologi 
cal agent. 

[0062] In order to facilitate detection of the analyte, an 
enzyme can be disposed in the collection reservoir, or, if 
several collection reservoirs are used, the enzyme can be 
disposed in several or all of the reservoirs. The selected 
enzyme is capable of catalyzing a reaction With the extracted 
analyte (in this case glucose) to the extent that a product of 
this reaction can be sensed, e.g., can be detected electro 
chemically from the generation of a current Which current is 
detectable and proportional to the concentration or amount 
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of the analyte Which is reacted. A suitable enzyme is glucose 
oxidase Which oxidizes glucose to gluconic acid and hydro 
gen peroxide. The subsequent detection of hydrogen perox 
ide on an appropriate biosensor electrode generates tWo 
electrons per hydrogen peroxide molecule Which create a 
current Which can be detected and related to the amount of 
glucose entering the device. Glucose oxidase (GOx) is 
readily available commercially and has Well knoWn catalytic 
characteristics. HoWever, other enzymes can also be used, so 
long as they speci?cally catalyze a reaction With an analyte 
or substance of interest to generate a detectable product in 
proportion to the amount of analyte so reacted. 

[0063] In like manner, a number of other analyte-speci?c 
enzyme systems can be used in the invention, Which enzyme 
systems operate on much the same general techniques. For 
example, a biosensor electrode that detects hydrogen per 
oxide can be used to detect ethanol using an alcohol oxidase 
enzyme system, or similarly uric acid With urate oxidase 
system, urea With a urease system, cholesterol With a cho 
lesterol oxidase system, and theophylline With a xanthine 
oxidase system. 

[0064] In addition, the oxidase enzyme (used for hydrogen 
peroxide-based detection) can be replaced With another 
redox system, for example, the dehydrogenase-enzyme 
NAD-NADH, Which offers a separate route to detecting 
additional analytes. Dehydrogenase-based sensors can use 
Working electrodes made of gold or carbon (via mediated 
chemistry). Examples of analytes suitable for this type of 
monitoring include, but are not limited to, cholesterol, 
ethanol, hydroxybutyrate, phenylalanine, triglycerides, and 
urea. Further, the enzyme can be eliminated and detection 
can rely on direct electrochemical or potentiometric detec 
tion of an analyte. Such analytes include, Without limitation, 
heavy metals (e.g., cobalt, iron, lead, nickel, zinc), oxygen, 
carbonate/carbon dioxide, chloride, ?uoride, lithium, pH, 
potassium, sodium, and urea. Also, the sampling system 
described herein can be used for therapeutic drug monitor 
ing, for example, monitoring anti-epileptic drugs (e.g., 
phenytion), chemotherapy (e.g., adriamycin), hyperactivity 
(e.g., ritalin), and anti-organ-rejection (e.g., cyclosporin). 

[0065] The methods for measuring the concentration of a 
target analyte can be generalized as folloWs. An initial step 
(Step A) entails obtaining a raW signal from a sensing 
device, Which signal is related to a target analyte present in 
the biological system. The raW signal can be obtained using 
any suitable sensing methodology including, for example, 
methods Which rely on direct contact of a sensing apparatus 
With the biological system; methods Which extract samples 
from the biological system by invasive, minimally invasive, 
and non-invasive sampling techniques, Wherein the sensing 
apparatus is contacted With the extracted sample; methods 
Which rely on indirect contact of a sensing apparatus With 
the biological system; and the like. In preferred embodi 
ments of the invention, methods are used to extract samples 
from the biological sample using minimally invasive or 
non-invasive sampling techniques. The sensing apparatus 
used With any of the above-noted methods can employ any 
suitable sensing element to provide the signal including, but 
not limited to, physical, chemical, electrochemical, photo 
chemical, spectrophotometric, polarimetric, colorimetric, 
radiometric, or like elements. In preferred embodiments of 
the invention, a biosensor is used Which comprises an 
electrochemical sensing element. 
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[0066] After the raW signal has been obtained, the signal 
can undergo a data screening method (Step B) in order to 
eliminate outlier signals and/or poor (incorrect) signals 
using a prede?ned set of selection criteria. In addition, or 
alternatively, the raW signal can be converted in a conversion 
step (Step C) Which can (i) remove or correct for background 
information, (ii) integrate the signal over a sensing time 
period, (iii) perform any process Which converts the signal 
from one signal type to another, or (iv) perform any com 
bination of steps (i), (ii) and/or (iii). In preferred embodi 
ments, the conversion step entails a baseline background 
subtraction method to remove background from the raW 
signal and an integration step. In other embodiments, the 
conversion step can be tailored for use With a sensing device 
that provides both active and reference (blank) signals; 
Wherein mathematical transformations are used to individu 
ally smooth active and reference signals, and/or to subtract 
a Weighted reference (blank) signal from the active signal. In 
still further embodiments, the conversion step includes 
correction functions Which account for changing conditions 
in the biological system and/or the biosensor system (e.g., 
temperature ?uctuations in the biological system, tempera 
ture ?uctuations in the sensor element, skin conductivity 
?uctuations, or combinations thereof). The result of the 
conversion step is an initial signal output Which provides a 
value Which can be correlated With the concentration of the 
target analyte in the biological sample. 
[0067] In a calibration step (Step D), the raW signal 
obtained from Step A, or the initial signal obtained from 
Step B and/or Step C, is converted into an analyte-speci?c 
value of knoWn units to provide an interpretation of the 
signal obtained from the sensing device. The interpretation 
uses a one-to-one mathematical transformation to model the 

relationship betWeen a measured response in the sensing 
device and a corresponding analyte-speci?c value. Thus, the 
calibration step is used herein to relate, for example, an 
electrochemical signal (detected by a biosensor) With the 
concentration of a target analyte in a biological system. In 
one embodiment, the calibration step entails calibrating the 
sensing device using a single- or multi-point calibration, and 
then converting post-calibration data using correlation fac 
tors, time corrections and constants to obtain an analyte 
speci?c value. Further signal processing can be used to 
re?ne the information obtained in the calibration step, for 
example, Where a signal processing step is used to correct 
for signal differences due to variable conditions unique to 
the sensor element used to obtain the raW signal. In one 
embodiment, this further step is used to correct for signal 
time-dependence, particularly signal decline. In another 
embodiment, a constant offset term is obtained, Which offset 
is added to the signal to account for a non-Zero signal at an 
estimated Zero analyte concentration. 

[0068] The analyte value obtained using the above tech 
niques can optionally be used in a subsequent step (Step E) 
to predict future (time forecasting) or past (calibration) 
measurements of the target analyte concentration in the 
biological system. For example, a series of analyte values 
are obtained by performing any combination of Steps A, B, 
C, and/or D in an iterative manner. This measurement series 
is then used to predict unmeasured analyte values at different 
points in time, future or past. In this manner, lag times 
inherent in certain sampling and/or sensing techniques can 
be reduced or eliminated to provide real time measurement 
predictions. 
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[0069] In another optional step, analyte values obtained 
using the above techniques can be used in a subsequent step 
(Step F) to control an aspect of the biological system. In one 
embodiment, the analyte value obtained in Step D is used to 
determine When, and at What level, a constituent should be 
added to the biological system in order to control an aspect 
of the biological system. In a preferred embodiment, the 
analyte value can be used in a feedback control loop to 
control a physiological effect in the biological system. 

[0070] The above general methods (Steps Athrough F) are 
each independently useful in analyte sensing systems and 
can, of course, be used in a Wide variety of combinations 
selected for a particular biological system, target analyte, 
and/or sensing technique. For example, in certain applica 
tions, a measurement sequence can include Steps A, C, D, E 
and F, in other applications, a measurement sequence can 
include Steps A, B, C and D, and the like. The determination 
of particularly suitable combinations is Within the skill of the 
ordinarily skilled artisan When directed by the instant dis 
closure. Furthermore, Steps C through F are preferably 
embodied as one or more mathematical functions as 

described herein beloW. These functions can thus be carried 
out using a microprocessor in a monitoring system. 
Although these methods are broadly applicable to measuring 
any chemical analyte and/or substance in a biological sys 
tem, the invention is expressly exempli?ed for use in a 
non-invasive, transdermal sampling system Which uses an 
electrochemical biosensor to quantify or qualify glucose or 
a glucose metabolite. 

Step A: Obtaining the RaW Signal. 

[0071] The raW signal can be obtained using any sensing 
device that is operatively contacted With the biological 
system. Such sensing devices can employ physical, chemi 
cal, electrochemical, spectrophotometric, polarimetric, calo 
rimetric, radiometric, or like measurement techniques. In 
addition, the sensing device can be in direct or indirect 
contact With the biological system, or used With a sampling 
device Which extracts samples from the biological system 
using invasive, minimally invasive or non-invasive sam 
pling techniques. In preferred embodiments, a minimally 
invasive or non-invasive sampling device is used to obtain 
samples from the biological system, and the sensing device 
comprises a biosensor With an electrochemical sensing ele 
ment. In particularly preferred embodiments, a sampling 
device is used to obtain continual transdermal or transmu 
cosal samples from a biological system, and the analyte of 
interest is glucose. 

[0072] More speci?cally, a non-invasive glucose monitor 
ing device is used to measure changes in glucose levels in an 
animal subject over a Wide range of glucose concentrations. 
The sampling method is based on transdermal glucose 
extraction and the sensing method is based on electrochemi 
cal detection technology. The device can be contacted With 
the biological system continuously, and automatically 
obtains glucose samples in order to measure glucose con 
centration at preprogrammed intervals. 

[0073] Sampling is carried out continually by non-inva 
sively extracting glucose through the skin of the patient. 
More particularly, an iontophoretic current is applied to a 
surface of the skin of a subject. When the current is applied, 
ions or charged molecules pull along other uncharged mol 
ecules or particles such as glucose Which are draWn into a 
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collection reservoir placed on the surface of the skin. The 
collection reservoir may comprise any ionically conductive 
material and is preferably in the form of a hydrogel Which 
is comprised of a hydrophilic material, Water and an elec 
trolyte. 
[0074] The collection reservoir may further contain an 
enZyme Which catalyZes a reaction of glucose to form an 
easily detectable species. The enZyme is preferably glucose 
oxidase (GOx) Which catalyZes the reaction betWeen glucose 
and oxygen and results in the production of hydrogen 
peroxide. The hydrogen peroxide reacts at a catalytic surface 
of a biosensor electrode, resulting in the generation of 
electrons Which create a detectable biosensor current (raW 
signal). Based on the amount of biosensor current created 
over a given period of time, a measurement is taken, Which 
measurement is related to the amount of glucose draWn into 
the collection reservoir over a given period of time. In a 
preferred embodiment, the reaction is alloWed to continue 
until substantially all of the glucose in the collection reser 
voir has been subjected to a reaction and is therefore no 
longer detectable, and the biosensor current generated is 
related to the concentration of glucose in the subject at the 
approximate time of sample collection. 

[0075] When the reaction is complete, the process is 
repeated and a subsequent measurement is obtained. More 
speci?cally, the iontophoretic current is again applied, glu 
cose is draWn through the skin surface into the collection 
reservoir, and the reaction is catalyZed in order to create a 
biosensor current. These sampling (extraction) and sensing 
operations are integrated such that glucose is extracted into 
the hydrogel collection pad Where it contacts the GOx 
enZyme. The GOx enZyme converts glucose and oxygen in 
the hydrogel to hydrogen peroxide Which diffuses to the 
sensor and is catalyZed by the sensor to regenerate oxygen 
and form electrons. The electrons generate an electrical 
signal that can be measured, analyZed, and correlated to 
blood glucose. Optionally, one or more additional “active” 
collection reservoirs (each containing the GOx enzyme) can 
be used to obtain measurements. In one embodiment, tWo 
active collection reservoirs are used, and an average is taken 
betWeen signals from the reservoirs for each measurement 
time point. Obtaining multiple signals, and then averaging 
reads from each signals, alloWs for signal smoothing of 
unusual data points from a sensor that otherWise may not 
have been detected by data screening techniques. Further 
more, skin site variability can be detected, and “lag” and/or 
“lead” differences in blood glucose changes relative to 
extracted glucose changes can be mitigated. In another 
embodiment, a second collection reservoir can be provided 
Which does not contain the GOx enZyme. This second 
reservoir can serve as an internal reference (blank) for the 
sensing device, Where a biosensor is used to measure the 
“blank” signal from the reference reservoir Which signal is 
then used in a blank subtraction step as described beloW. 

[0076] A generaliZed method for continual monitoring of 
a physiological analyte is disclosed in International Publi 
cation No. WO 97/24059, published 10 Jul. 1997, Which 
publication is incorporated herein by reference. As noted in 
that publication, the analyte is extracted into a reservoir 
containing a hydrogel Which is preferably comprised of a 
hydrophilic material of the type described in International 
Publication No. WO 97/02811, published 30 Jan. 1997, 
Which publication is incorporated herein by reference. Suit 

Feb. 15, 2007 

able hydrogel materials include polyethylene oxide, poly 
acrylic acid, polyvinylalcohol and related hydrophilic poly 
meric materials combined With Water to form an aqueous 
gel. 
[0077] In the above non-invasive glucose monitoring 
device, a biosensor electrode is positioned on a surface of 
the hydrogel opposite the surface contacting the skin. The 
sensor electrode acts as a detector Which detects current 

generated by hydrogen peroxide in the redox reaction, or 
more speci?cally detects current Which is generated by the 
electrons generated by the redox reaction catalyZed by the 
platinum surface of the electrode. The details of such 
electrode assemblies and devices for iontophoretic extrac 
tion of glucose are disclosed in International Publication No. 
WO 96/00110, published 4 Jan. 1996, and International 
Publication No. WO 97/10499, published 2 Mar. 1997, 
Which publications are also incorporated herein by refer 
ence. 

[0078] Referring noW to FIGS. 1A and 1B, an ionto 
phoretic collection reservoir and electrode assembly for use 
in a transdermal sensing device is generally indicated at 2. 
The assembly comprises tWo iontophoretic collection reser 
voirs, 4 and 6, each having a conductive medium 8, and 10 
(preferably cylindrical hydrogel pads), respectively dis 
posed therein. First (12) and second (14) ring-shaped ion 
tophoretic electrodes are respectively contacted With con 
ductive medium 8 and 10. The ?rst iontophoretic electrode 
12 surrounds three biosensor electrodes Which are also 
contacted With the conductive medium 8, a Working elec 
trode 16, a reference electrode 18, and a counter electrode 
20. A guard ring 22 separates the biosensor electrodes from 
the iontophoretic electrode 12 to minimiZe noise from the 
iontophoretic circuit. Conductive contacts provide commu 
nication betWeen the electrodes and an associated poWer 
source and control means as described in detail beloW. A 
similar biosensor electrode arrangement can be contacted 
With the conductive medium 10, or the medium can not have 
a sensor means contacted thereWith. 

[0079] Referring noW to FIG. 2, an exploded vieW of the 
key components from a preferred embodiment of an ionto 
phoretic sampling system is presented. In FIG. 2, the ion 
tophoretic collection reservoir and electrode assembly 2 of 
FIGS. 1A and 1B is shoWn in exploded vieW in combination 
With a suitable iontophoretic sampling device housing 32. 
The housing can be a plastic case or other suitable structure 
Which preferably is con?gured to be Worn on a subjects arm 
in a manner similar to a Wrist Watch. As can be seen, 
conductive media 8 and 10 (hydrogel pads) are separable 
from the assembly 2; hoWever, When the assembly 2 and the 
housing 32 are assembled to provide an operational ionto 
phoretic sampling device 30, the media are in contact With 
the electrodes to provide a electrical contact thereWith. 

[0080] In one embodiment, the electrode assemblies can 
include bimodal electrodes as shoWn in FIG. 3. 

[0081] Referring noW to FIG. 5, an exploded vieW of the 
key components from one embodiment of an iontophoretic 
sampling system (e.g., one embodiment of an autosensor 
assembly) is presented. The sampling system components 
include tWo biosensor/iontophoretic electrode assemblies, 
504 and 506, each of Which have an annular iontophoretic 
electrode, respectively indicated at 508 and 510, Which 
encircles a biosensor 512 and 514. The electrode assemblies 
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504 and 506 are printed onto a polymeric substrate 516 
Which is maintained Within a sensor tray 518. A collection 
reservoir assembly 520 is arranged over the electrode assem 
blies, Wherein the collection reservoir assembly comprises 
tWo hydrogel inserts 522 and 524 retained by a gel retaining 
layer 526 and a mask layer 528. 

[0082] In one embodiment, the electrode assemblies can 
include bimodal electrodes as shoWn in FIG. 3. Modi?ca 
tions and additions to the embodiment of FIG. 5 Will be 
apparent to those skilled in the art in light of the teachings 
of the present speci?cation. 

[0083] The components described herein are intended for 
use in a automatic sampling device Which is con?gured to be 
Worn like an ordinary WristWatch. As described in Interna 
tional Publication No. WO 96/00110, published 4 Jan. 1996, 
the WristWatch housing (not shoWn) contains conductive 
leads Which communicate With the iontophoretic electrodes 
and the biosensor electrodes to control cycling and provide 
poWer to the iontophoretic electrodes, and to detect electro 
chemical signals produced at the biosensor electrode sur 
faces. The WristWatch housing can further include suitable 
electronics (e.g., microprocessor, memory, display and other 
circuit components) and poWer sources for operating the 
automatic sampling system. 

[0084] Modi?cations and additions to the embodiment of 
FIG. 2 Will be apparent to those skilled in the art in light of 
the teachings of the present speci?cation. 

[0085] A poWer source (e.g., one or more rechargeable or 
nonrechargeable batteries) can be disposed Within the hous 
ing 32 or Within the straps 34 Which hold the device in 
contact With a skin or mucosal surface of a subject. In use, 
an electric potential (either direct current or a more complex 
Waveform) is applied betWeen the tWo iontophoretic elec 
trodes 12 and 14 such that current ?oWs from the ?rst 
iontophoretic electrode 12, through the ?rst conductive 
medium 8 into the skin or mucosal surface, and then back 
out through the second conductive medium 10 to the second 
iontophoretic electrode 14. The current How is suf?cient to 
extract substances including an analyte of interest through 
the skin into one or both of collection reservoirs 4 and 6. The 
electric potential may be applied using any suitable tech 
nique, for example, the applied current density may be in the 
range of about 0.01 to 0.5 mA/cm2. In a preferred embodi 
ment, the device is used for continual or continuous moni 
toring, and the polarity of iontophoretic electrodes 12 and 14 
is alternated at a rate of about one sWitch every 10 seconds 
to about one sWitch every hour so that each electrode is 
alternately a cathode or an anode. The housing 32 can further 
include an optional temperature sensing element (e.g., a 
thermistor, thermometer, or thermocouple device) Which 
monitors the temperature at the collection reservoirs to 
enable temperature correction of sensor signals as described 
in detail beloW. The housing can also include an optional 
conductance sensing element (e.g., an integrated pair of 
electrodes) Which monitors conductance at the skin or 
mucosal surface to enable data screening correction or 
invalidation of sensor signals as also described in detail 
beloW. 

[0086] After a suitable iontophoretic extraction period, 
one or both of the sensor electrode sets can be activated in 
order to detect extracted substances including the analyte of 
interest. Operation of the iontophoretic sampling device 30 
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is controlled by a controller 36 (e.g., a microprocessor), 
Which interfaces With the iontophoretic electrodes, the sen 
sor electrodes, the poWer supply, the optional temperature 
and/or conductance sensing elements, a display and other 
electronics. For example, the controller 36 can include a 
programmable a controlled circuit source/sink drive for 
driving the iontophoretic electrodes. PoWer and reference 
voltage are provided to the sensor electrodes, and signal 
ampli?ers can be used to process the signal from the 
Working electrode or electrodes. In general, the controller 
discontinues the iontophoretic current drive during sensing 
periods. A sensor con?dence loop can be provided for 
continually monitoring the sampling system to insure proper 
operations. 
[0087] In a further aspect, the sampling device can operate 
in an alternating polarity mode using ?rst and second 
bimodal electrodes (FIG. 4, 40 and 41) and tWo collection 
reservoirs (FIG. 4, 47 and 48). Each bi-modal electrode 
(FIG. 3, 30; FIG. 4, 40 and 41) serves tWo functions 
depending on the phase of the operation: (1) an electro 
osmotic electrode (or iontophoretic electrode) used to elec 
trically draW analyte from a source into a collection reser 
voir comprising Water and an electrolyte, and to the area of 
the electrode subassembly; and (2) as a counter electrode to 
the ?rst sensing electrode at Which the chemical compound 
is catalytically converted at the face of the sensing electrode 
to produce an electrical signal. 

[0088] The reference (FIG. 4, 44 and 45; FIG. 3, 32) and 
sensing electrodes (FIG. 4, 42 and 43; FIG. 3, 31), as Well 
as, the bimodal electrode (FIG. 4, 40 and 41; FIG. 3, 30) are 
connected to a standard potentiostat circuit during sensing. 
In general, practical limitations of the system require that the 
bimodal electrode Will not act as both a counter and ionto 
phoretic electrode simultaneously. 

[0089] The general operation of an iontophoretic sampling 
system is the cyclical repetition of tWo phases: (1) a reverse 
iontophoretic phase, folloWed by a (2) sensing phase. During 
the reverse iontophoretic phase, the ?rst bimodal electrode 
(FIG. 4, 40) acts as an iontophoretic cathode and the second 
bimodal electrode (FIG. 4, 41) acts as an iontophoretic 
anode to complete the circuit. Analyte is collected in the 
reservoirs, for example, a hydrogel (FIG. 4, 47 and 48). At 
the end of the reverse iontophoretic phase, the iontophoretic 
current is turned off. During the sensing phase, in the case 
of glucose, a potential is applied betWeen the reference 
electrode (FIG. 4, 44) and the sensing electrode (FIG. 4, 42). 
The chemical signal reacts catalytically on the catalytic face 
of the ?rst sensing electrode (FIG. 4. 42) producing an 
electrical current, While the ?rst bi-modal electrode (FIG. 4, 
40) acts as a counter electrode to complete the electrical 
circuit. 

[0090] The electrode described is particularly adapted for 
use in conjunction With a hydrogel collection reservoir 
system for monitoring glucose levels in a subject through the 
reaction of collected glucose With the enZyme glucose 
oxidase present in the hydrogel matrix. 

[0091] The bi-modal electrode is preferably comprised of 
Ag/AgCl. The electrochemical reaction Which occurs at the 
surface of this electrode serves as a facile source or sink for 

electrical current. This property is especially important for 
the iontophoresis function of the electrode. Lacking this 
reaction, the iontophoresis current could cause the hydroly 



US 2007/0038053 A1 

sis of Water to occur at the iontophoresis electrodes causing 
pH changes and possible gas bubble formation. The pH 
changes to acidic or basic pH could cause skin irritation or 
burns. The ability of an Ag/AgCl electrode to easily act as 
a source of sink current is also an advantage for its counter 
electrode function. For a three electrode electrochemical cell 
to function properly, the current generation capacity of the 
counter electrode should not limit the speed of the reaction 
at the sensing electrode. In the case of a large sensing 
electrode, the counter electrode should be able to source 
proportionately larger currents. 

[0092] The design of the sampling system provides for a 
larger sensing electrode (see for example, FIG. 3) than 
previously designed. Consequently, the siZe of the bimodal 
electrode should be sufficient so that When acting as a 
counter electrode With respect to the sensing electrode the 
counter electrode does not become limiting the rate of 
catalytic reaction at the sensing electrode catalytic surface. 

[0093] TWo methods exist to ensure that the counter 
electrode does not limit the current at the sensing electrode: 
(1) the bi-modal electrode is made much larger than the 
sensing electrode, or (2) a facile counter reaction is pro 
vided. 

[0094] During the reverse iontophoretic phase, the poWer 
source provides a current How to the ?rst bi-modal electrode 
to facilitate the extraction of the chemical signal into the 
reservoir. During the sensing phase, the poWer source is used 
to provide voltage to the ?rst sensing electrode to drive the 
conversion of chemical signal retained in reservoir to elec 
trical signal at the catalytic face of the sensing electrode. The 
poWer source also maintains a ?xed potential at the electrode 
Where, for example hydrogen peroxide is converted to 
molecular oxygen, hydrogen ions, and electrons, Which is 
compared With the potential of the reference electrode 
during the sensing phase. While one sensing electrode is 
operating in the sensing mode it is electrically connected to 
the adjacent bimodal electrode Which acts as a counter 
electrode at Which electrons generated at the sensing elec 
trode are consumed. 

[0095] The electrode sub-assembly can be operated by 
electrically connecting the bimodal electrodes such that each 
electrode is capable of functioning as both an iontophoretic 
electrode and counter electrode along With appropriate sens 
ing electrode(s) and reference electrode(s), to create stan 
dard potentiostat circuitry. 

[0096] A potentiostat is an electrical circuit used in elec 
trochemical measurements in three electrode electrochemi 
cal cells. A potential is applied betWeen the reference 
electrode and the sensing electrode. The current generated at 
the sensing electrode ?oWs through circuitry to the counter 
electrode (i.e., no current ?oWs through the reference elec 
trode to alter its equilibrium potential). TWo independent 
potentiostat circuits can be used to operate the tWo biosen 
sors. For the purpose of the present sampling system, the 
electrical current measured at the sensing electrode subas 
sembly is the current that is correlated With an amount of 
chemical signal. 

[0097] With regard to continual operation for extended 
periods of time, Ag/AgCl electrodes are provided herein 
Which are capable of repeatedly forming a reversible couple 
Which operates Without unWanted electrochemical side reac 
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tions (Which could give rise to changes in pH, and liberation 
of hydrogen and oxygen due to Water hydrolysis). The 
Ag/AgCl electrodes of the present sampling system are thus 
formulated to Withstand repeated cycles of current passage 
in the range of about 0.01 to 1.0 mA per cm2 of electrode 
area. With regard to high electrochemical purity, the 
Ag/AgCl components are dispersed Within a suitable poly 
mer binder to provide an electrode composition Which is not 
susceptible to attack (e.g., plasticiZation) by components in 
the collection reservoir, e.g., the hydrogel composition. The 
electrode compositions are also formulated using analytical 
or electronic-grade reagents and solvents, and the polymer 
binder composition is selected to be free of electrochemi 
cally active contaminants Which could diffuse to the biosen 
sor to produce a background current. 

[0098] Since the Ag/AgCl iontophoretic electrodes must 
be capable of continual cycling over extended periods of 
time, the absolute amounts of Ag and AgCl available in the 
electrodes, and the overall Ag/AgCl availability ratio, can be 
adjusted to provide for the passage of high amounts of 
charge. Although not limiting in the sampling system 
described herein, the Ag/AgCl ratio can approach unity. In 
order to operate Within the preferred system Which uses a 
biosensor having a geometric area of 0.1 to 3 cm2, the 
iontophoretic electrodes are con?gured to provide an 
approximate electrode area of 0.3 to 1.0 cm2, preferably 
about 0.85 cm2. These electrodes provide for reproducible, 
repeated cycles of charge passage at current densities rang 
ing from about 0.01 to 1.0 mA/cm2 of electrode area. More 
particularly, electrodes constructed according to the above 
formulation parameters, and having an approximate elec 
trode area of 0.85 cm2, are capable of a reproducible 5 total 
charge passage (in both anodic and cathodic directions) of 
270 mC, at a current of about 0.3 mA (current density of 0.35 
mA/cm2) for 48 cycles in a 24 hour period. 

[0099] Once formulated, the Ag/AgCl electrode composi 
tion is af?xed to a suitable rigid or ?exible nonconductive 
surface as described above With respect to the biosensor 
electrode composition. A silver (Ag) underlayer is ?rst 
applied to the surface in order to provide uniform conduc 
tion. The Ag/AgCl electrode composition is then applied 
over the Ag underlayer in any suitable pattern or geometry 
using various thin ?lm techniques, such as sputtering, 
evaporation, vapor phase deposition, or the like, or using 
various thick ?lm techniques, such as ?lm laminating, 
electroplating, or the like. Alternatively, the Ag/AgCl com 
position can be applied using screen printing, pad printing, 
inkjet methods, transfer roll printing, or similar techniques. 
Preferably, both the Ag underlayer and the Ag/AgCl elec 
trode are applied using a loW temperature screen print onto 
a polymeric substrate. This loW temperature screen print can 
be carried out at about 125 to 1600 C, and the screening can 
be carried out using a suitable mesh, ranging from about 
100-400 mesh. 

[0100] User control can be carried out using push buttons 
located on the housing 32, and an optional liquid crystal 
display (LCD) can provide visual prompts, readouts and 
visual alarm indications. The microprocessor generally uses 
a series of program sequences to control the operations of 
the sampling device, Which program sequences can be 
stored in the microprocessor’s read only memory (ROM). 
Embedded softWare (?rmWare) controls activation of mea 
surement and display operations, calibration of analyte read 
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ings, setting and display of high and loW analyte value 
alarms, display and setting of time and date functions, alarm 
time, and display of stored readings. Sensor signals obtained 
from the sensor electrodes are processed before storage and 
display by one or more signal processing functions or 
algorithms Which are described in detail beloW. The micro 
processor can also include an electronically erasable, pro 
grammable, read only memory (EEPROM) for storing cali 
bration parameters (as described in detail beloW), user 
settings and all doWnloadable sequences. 

Step B: Data Screening Methodologies. 

[0101] The raW signal obtained from the above-described 
glucose monitoring device can be screened to detect devia 
tions from expected behavior Which are indicative of poor or 
incorrect signals that Will not correlate With blood glucose. 
Signals that are identi?ed as poor or incorrect in this data 
screen may be discarded or otherWise corrected for prior to 
any signal processing and/or conversion in order to maintain 
data integrity. In the method of the invention, an objective 
set of selection criteria is established Which can then be used 
to accept or discard signals from the sensing device. These 
selection criteria are device- and analyte-speci?c, and can be 
arrived at empirically by Way of testing various devices in 
particular applications. 

[0102] In the particular context of transdermal blood glu 
cose monitoring using iontophoretic extraction and electro 
chemical detection, the folloWing data screens can be 
employed. As discussed above, the iontophoretic extraction 
device can include tWo collection reservoirs. Thus, in active/ 
blank systems, Wherein one reservoir is active (contains the 
GOx enZyme) and one reservoir is blank, each reservoir 
contains an iontophoretic electrode and a sensing electrode. 
Signals from both the active and the blank reservoirs are 
screened, and an error in either the active, or the active and 
blank signal can be used to invalidate or correct the mea 
surement from the cycle. In multiple active systems 
(Wherein tWo or more reservoirs contain the GOx enZyme 
and iontophoretic and sensing electrodes), signals from one 
or more of the active reservoirs are screened, and an error 
can be used to invalidate or correct the measurement from 
the cycle. 

[0103] As With any chemical sensing method, transient 
changes in temperature during or betWeen measurement 
cycles, or betWeen measurements of blank and active sig 
nals, can alter background signal, reaction constants and/or 
dilfusion coef?cients. Accordingly, a temperature sensor is 
used to monitor changes in temperature over time. A maxi 
mum temperature change over time (d(temp)/d(time)) 
threshold value can then be used in a data screen to invali 
date a measurement. Such a threshold value can, of course, 
be set at any objective level, Which in turn can be empirically 
determined depending upon the particular extraction/ sensing 
device used, hoW the temperature measurement is obtained, 
and the analyte being detected. Ab solute temperature thresh 
old criteria can also be employed, Wherein detection of high 
and/ or loW temperature extremes can be used in a data 
screen to invalidate a measurement. Temperature monitoring 
can be carried out using a separate, associated temperature 
sensing device, or, preferably using a temperature sensor 
that is integral With the sensing device. A large number of 
temperature sensing elements are knoWn in the art (e.g., 
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thermometers, thermistors, thermocouples, and the like) 
Which can be used to monitor the temperature in the col 
lection reservoirs. 

[0104] Another data screen entails monitoring physiologi 
cal conditions in the biological system, particularly moni 
toring for a perspiration threshold. In this regard, perspira 
tion contains glucose, and perspiration occurring rapidly and 
in suf?cient quantities may affect the detected signal either 
before or during biosensor measurement. Accordingly, a 
sensor can be used to monitor perspiration levels for a given 
measurement cycle at time points before, during, and/or 
after iontophoresis, and before, during, and/or after glucose 
sensing. Detection of perspiration levels that exceed an 
objective threshold is then used in a data screen to invalidate 
poor measurements. Although a number of different mecha 
nisms can be used, skin conductance can be readily mea 
sured With a device contacted With the skin. Skin conduc 
tivity is related to perspiration. In one embodiment, if skin 
conductance as measured by a conductivity detector is 
greater than a predetermined level, then the corresponding 
measurement is invalidated. 

[0105] Yet further data screens Which are used in the 
practice of the invention take into consideration the expected 
behavior of the sampling/sensing device. In iontophoretic 
sampling, for example, there is a skin equilibration period 
before Which measurements Will generally be less accurate. 
During this equilibration period, the system voltage can be 
assessed and compared against an objective high voltage 
threshold. If this high voltage limit is exceeded, a data screen 
is used to exclude the corresponding analyte measurement, 
since the iontophoretic current Was not at a target value due 
to high skin resistance (as indicted by the high voltage 
level). 
[0106] In addition, the electrochemical signal during each 
sensing cycle is expected to behave as a smooth, monotoni 
cally decreasing signal Which represents depletion of the 
hydrogen peroxide by the sensor electrode. Signi?cant 
departure from this expected behavior is indicative of a poor 
or incorrect measurement (e.g., a non-monotonically 
decreasing signal is indicative of excessive noise in the 
biosensor signal), and thus monitoring signal behavior dur 
ing sensing operations provides yet a further data screen for 
invalidating or correcting measurements. 

[0107] RaW signal thresholds can also be used in the data 
screening method of the present invention. For example, any 
sensor reading that is less than some minimum threshold can 
indicate that the sampling/sensing device is not operating 
correctly, for example, Where the biosensor electrode is 
disconnected. In addition, any chemical sensor Will have a 
maximum range in Which the device can operate reliably. A 
reading greater than some maximal value, then, indicates 
that the measurement is off-scale, and thus possibly invalid. 
Accordingly, minimum and maximum signal thresholds are 
used herein as data screens to invalidate or correct measure 

ments. Such minimum and maximum thresholds can like 
Wise be applied to background measurements. 

[0108] A general class of screens can be applied that detect 
changes in signal, background, or voltage measurements. 
These screens are useful to assess the consistency of mea 
surements and can detect problems or inconsistencies in the 
measurements. Error messages can be relayed to a display 
screen on the monitoring device, and/or, recorded to a log. 
Examples of such screens include the folloWing: 
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[0109] (i) signaliPeak Stability. A large change in the 
peak of a sensor reading indicates a noisy signal. The peak 
of any given cathodal half cycle is de?ned as the difference 
betWeen the ?rst biosensor point and the temperature cor 
rected average of the last tWo points from the previous 
anodal half cycle. If the percentage difference betWeen 
successive peaks from the same sensor is greater than a 
predetermined value, for example, 30%, then an error is 
indicated. 

[0110] (ii) backgroundiBackground Precision. Divergent 
readings at the end of biosensing indicate an unstable 
biosensor signal. Because these readings are used to assess 
background current for a particular cycle, an unstable signal 
may lead to an erroneous data point. If the difference 
betWeen the last tWo anodal points (Where the last tWo 
anodal points are typically the last tWo biosensor currents 
measured after anodal extraction) used to calculate the 
baseline is greater than or equal to a predetermined value, 
for example, 6 nA (or, e.g., a percentage of the ?rst anodal 
point relative to the second anodal point), then an error is 
indicated. 

[0111] (iii) backgroundiBackground Stability. This 
check is to determine if the background current is changing 
too excessively, Which indicates a noisy signal and can result 
in inaccurate glucose readings. If the percentage difference 
betWeen successive background measurements is greater 
than or equal to a predetermined value, for example, 15%, 
then an error is indicated. 

[0112] (iv) voltageiVoltage Stability. If the glucose 
monitoring device is mechanically disturbed, there can be a 
larger change (e.g., larger relative to When the monitor is 
functioning under normal conditions) in iontophoresis volt 
age. This could lead to an aberrant reading. If the percentage 
difference betWeen successive cathodal or anodal ionto 
phoresis voltages is grater than a predetermined value, for 
example, 15%, then an error is indicated. 

[0113] (v) voltageiReference Electrode Check. When the 
electrode assembly includes a reference electrode (as When, 
for example, a bimodal electrode is employed) this check 
establishes the connectivity of the reference electrode to the 
sampling device and to the Working electrode. The biosensor 
is activated such that a current should ?oW from the Working 
electrode to the reference electrode. If the current measured 
is less than a threshold value, then an error is indicated and 
the measurement sequence can be terminated. 

[0114] As Will be appreciated by one of ordinary skill in 
the art upon reading this speci?cation, a large number of 
other data screens can be employed Without departing from 
the spirit of the present invention. 

Step C: The Conversion Step. 

[0115] Continuing With the method of the invention, the 
above-described iontophoretic sampling device is used to 
extract the analyte from the biological system, and a raW 
amperometric signal (e.g., nanoampere (nA) signal) is gen 
erated from the associated electrochemical biosensor device. 
This raW signal can optionally be subjected to a data 
screening step (Step B) to eliminate poor or incorrect 
signals, or can be entered directly into a conversion step to 
obtain an initial signal output Which is indicative of the 
amount of analyte extracted by the sampling system. 
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[0116] I. Ways of Obtaining Integrated Signals 

[0117] 1. Baseline Background. 

[0118] In one embodiment, the raW or screened raW signal 
is processed in the conversion step in order to remove or 
correct for background information present in the signal. For 
example, many sensor devices Will have a signal Whether or 
not an analyte of interest is present, i.e., the background 
signal. One such background signal is the “baseline back 
ground,” Which, in the context of electrochemical detection, 
is a current (nA) generated by the sensing device indepen 
dent of the presence or absence of the analyte of interest. 
This baseline background interferes With measurement of 
analyte of interest, and the amount of baseline background 
can vary With time, temperature and other variable factors. 
In addition, electrochemically active interfering species and/ 
or residual analyte can be present in the device Which Will 
further interfere With measurement of the analyte of interest. 

[0119] This background can be transient background, 
Which is a current generated independent of the presence or 
absence of the analyte of interest and Which decreases over 
the time of sensor activation on the time scale of a mea 

surement, eventually converging With the baseline back 
ground signal. 
[0120] Accordingly, in one embodiment of the invention, 
a baseline background subtraction method is used during the 
conversion step in order to reduce or eliminate such back 
ground interferences from the measured initial signal output. 
The subtraction method entails activation of the electro 
chemical sensor for a suf?cient period of time to substan 
tially reduce or eliminate residual analyte and/or electro 
chemical signal that is not due to the analyte (glucose). After 
the device has been activated for a suitable period of time, 
and a stable signal is obtained, a measurement is taken from 
the sensor Which measurement can then be used to establish 
a baseline background signal value. This background signal 
value is subtracted from an actual signal measurement value 
(Which includes both analyte-speci?c and background com 
ponents) to obtain a corrected measurement value. This 
baseline background subtraction method can be expressed 
using the folloWing function: 

Wherein: (imW('c)) is the current measured by the sensor (in 
nA) at time "c; ('5) is the time after activation of the sensor; 
(ibkgnd('c)) is the background current (in nA); and (i('c)) is the 
corrected current (in nA). Measurement of the baseline 
background signal value is taken close in time to the actual 
signal measurement in order to account for temperature 
?uctuations, background signal drift, and like variables in 
the baseline background subtraction procedure. The baseline 
background signal value can be integrated for use With 
coulometric signal processing, or used as a discrete signal 
value in amperometric signal processing. In particular 
embodiments of the invention, continual measurement by 
the iontophoretic sampling device provides a convenient 
source for the baseline background measurement, that is, 
after an initial measurement cycle has be completed, the 
baseline background measurement can be taken from a 
previous measurement (sensing) cycle. 

[0121] 2. Temperature Correcting Baseline Background. 

[0122] In yet another embodiment of the invention, the 
conversion step is used to correct for changing conditions in 
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the biological system and/or the biosensor system (e.g., 
temperature ?uctuations in the biological system, tempera 
ture ?uctuations in the biosensor element, or combinations 
thereof). Temperature can affect the signal in a number of 
Ways, such as by changing background, reaction constants, 
and/or di?‘usion coe?icients. Accordingly, a number of 
optional temperature correction functions can be used in 
order to reduce these temperature-related e?cects on the 
signal. 

[0123] In order to correct for the effect that temperature 
?uctuations or differences may have on the baseline back 
ground subtracted signal, the folloWing temperature correc 
tion step can be carried out. More particularly, to compen 
sate for temperature ?uctuations, temperature measurements 
can be taken at each measurement time point Within the 
measurement cycle, and this information can be used to base 
a temperature correction algorithm Which adjusts the back 
ground current at every time point depending on the differ 
ence in temperature betWeen that time point and the tem 
perature When the previous background current Was 
measured. This particular temperature correction algorithm 
is based on an Arrhenius relationship betWeen the back 
ground current and temperature. 

[0124] The temperature correction algorithm assumes an 
Arrhenius-type temperature dependence on the background 
current, such as: 

Wherein: (ibkgnd) is the background current; (A) is a con 
stant; (K1) is termed the “Arrhenius slope” and is an 
indication of hoW sensitive the current is to changes in 
temperature; and (T) is the temperature in o K. 

[0125] Plotting the natural log of the background current 
versus the reciprocal of temperature provides a linear func 
tion having a slope of (—K1). Using a knoWn or derived 
value of K1 alloWs the baseline current at any time ('c) to be 
corrected using the folloWing function (Which is referred to 
herein as the “K1 temperature correction”): 

. . l l 

lbkgnicorrected = lbkgndJo 6XP[- K1[E — To 

Wherein: (ibkgnd, Corrected) is the temperature corrected base 
line current; (ibkgnd, To) is the baseline current at some 
reference temperature T10, for example, the baseline back 
ground measurement temperature; (K1) is the temperature 
correction constant; and (T1) is the temperature at time "c. For 
the purposes of the invention, (ibkgnd, To) is usually de?ned 
as the “previous” baseline current. As can be seen, instead of 
making a time-independent estimation of the baseline cur 
rent, the K1 temperature correction adjusts the baseline 
current in an Arrhenius fashion depending upon Whether the 
temperature increases or decreases during or betWeen bio 
sensor cycles. Determination of the constant K1 can be 
obtained by plotting the natural log of the background 
current versus the reciprocal of the temperature for a leam 
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ing set of data, and then using a best ?t analysis to ?t this plot 
With a line having a slope (—K1). 

[0126] RaW or screened amperometric signals from Step A 
or Step B, respectively (Whether or not subjected to the 
above-described baseline background subtraction and/or K1 
temperature correction), can optionally be re?ned in the 
conversion step to provide integrated coulometric signals. In 
one particular embodiment of the invention, any of the 
above amperometric signals (e.g., the current generated by 
the sensor) can be converted to a coulometric signal (nano 
coulombs (nC)) , Which represents the integration of the 
current generated by the sensor over time to obtain the 
charge that Was produced by the electrochemical reaction. 

[0127] In one embodiment, integration is carried out by 
operating the biosensor in a coulometric (charge-measuring) 
mode. Measuring the total amount of charge that passes 
through the biosensor electrode during a measurement 
period is equivalent to mathematically integrating the cur 
rent over time. By operating in the coulometric mode, 
changes in diffusion constants resulting from temperature 
?uctuations, possible changes in the diffusion path length 
caused by uneven or non-uniform reservoir thickness, and 
changes in sensor sensitivity, have little effect on the inte 
grated signal, Whereas these parameters may have a greater 
effect on single point (current) measurements. Alternatively, 
a functionally equivalent coulometric measurement can be 
mathematically obtained in the method of the invention by 
taking discrete current measurements at selected, preferably 
small, time intervals, and then using any of a number of 
algorithms to approximate the integral of the time-current 
curve. For example, integrated signal can be obtained as 
folloWs: 

Wherein: (Y) is the integrated signal (in nC); and (i("c)) is a 
current at time "c, and can be equal to imW("c) for an uncor 
rected raW signal, or imw("c)—ibkgnd("c) for a baseline back 
ground subtracted signal, or imw('c)_ibkgnd, Correcte01(1) for a 
baseline background subtracted and temperature corrected 
signal. 

[0128] 3. Temperature Correction of Active versus Blank 
Integrals. 

[0129] An additional temperature correction algorithm can 
be used herein to compensate for temperature dependence of 
a transient background (blank) signal. That is, in the active/ 
blank sampling system exempli?ed hereinabove, the analyte 
measurement (blood glucose) is generated by integrating an 
active signal and subtracting therefrom a blank signal (see 
the blank subtraction method, infra). The blank integral may 
be “artifactually” high or loW depending upon Whether blank 
signal Was measured at a higher or loWer temperature than 
the active signal. In order to normaliZe the blank integral to 
the temperature at Which the active signal Was measured, the 
following function can be used (Which is referred to herein 
as the “K2 temperature correction”): 
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wherein: (Y blank, Corrected) is the corrected blank integral; 
(Yblank) is the uncorrected blank integral (in nC); (K2) is the 
“blank integral correction constant”; and (Tnact) and 
(Tnblank) are the average temperature of the active and blank 
signal, respectively. The average temperature is obtained 
from averaging the ?rst n temperatures, such that (n) is also 
an adjustable parameter. Determination of the constant K2 
can be obtained from an Arrhenius plot of the log of the 
blank integral against l/Tnblank, using the reciprocal of the 
average of the ?rst n temperature values, and then using a 
best ?t analysis to ?t this plot With a line having a slope 
(—K2). 
[0130] Alternative temperature corrections Which can be 
performed during the conversion step are as folloWs. In one 
embodiment, an integral average temperature correction is 
used Wherein, for each measurement cycle, the integral 
average temperature is determined by the function: 

and then correcting for the temperature at subsequent time 
points using the function: 

Yt,corrected : YreXP [_ a[ 

Wherein: (Yt) is the uncorrected signal at time t; (Yt, Corrected) 
is the corrected signal at time t; (<Tt>) is the integral average 

temperature at time t; (<Tref>) is the integral average tem 
perature at the reference time (e.g., the calibration time); (t) 
is the time after sensor measurement is ?rst initiated; and (a) 
is an adjustable parameter Which is ?t to the data. 

[0131] In other embodiments, temperature correction 
functions can be used to correct for temperature differences 
betWeen multiple active signals, or betWeen active and blank 
signals. For example, in the active/blank sensing device 
exempli?ed herein, blank subtraction is used to cancel out 
much of the temperature-dependence in the active signal. 
HoWever, temperature transients during the monitoring 
period Will result in varying background currents, Which can 
result in signal errors When the current is multiplied by the 
total integration time in the instant conversion step. This is 
particularly true Where the active and blank integrals are 
disjointed in time, and thus possibly comprised of sets of 
background current values that occurred at different tem 
peratures. 

[0132] 4. Anodal Subtraction. 

[0133] In yet another alternative temperature correction, 
temperature measurements taken in the active and blank 
reservoirs at alternating anodal and cathodal phases during 
a measurement cycle are used in a subtraction method in 
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order to reduce the impact of temperature ?uctuations on the 
signals. In this regard, the active/blank reservoir ionto 
phoretic sampling system can be run under conditions Which 
alternate the active and blank reservoirs betWeen anodal and 
cathodal phases during a measurement cycle. This alloWs the 
blank anodal signal to be measured at the same time as the 
active, cathode signal, and temperature variations Will likely 
have similar impact on the tWo signals. The temperature 
correction function thus subtracts an adjusted anodal signal 
(taken at the same time as the cathodal signal) from the 
cathodal signal in order to account for the effect of tem 
perature on the background. More particularly, a number of 
related temperature correction functions Which involve frac 
tional subtraction of blank anode signals can be summariZed 
as folloWs: 

Y = Yact,cath — d * [Yblank,an — (Ybmnmn — Yblank,cath)] lave 11 ":2 

Yb! k, h 
Y = Yam”. — d * (manta. — AOS) * w 

Y: Y ,, —d*(Yb, k —AOS)*[M] acr,car an ,an Yact’an _ AOS ave rleerl 

Wherein: (Y act, Catch) is the active signal in the cathodal phase 
(in nC) ; (Y blank, an) is the blank signal in the anodal phase 
(in nC); (Y act, an) is the active signal in the anodal phase (in 
nC); (Yblank, Catch) is the blank signal in the cathodal phase 
(in nC); (Y) is the “blank anode subtracted” signal; (ave t1, 
t2) is the average of signals taken at tWo time points t1, and 
t2; (ave t1-t2) is the average of signals taken over the time 
period of tl-t2; (d) is a universal fractional Weight and is 
generally a function of time; and (AOS) is a universal anodal 
offset Which can be empirically obtained using standard 
mathematical techniques, and optionally adjusted using data 
taken from tWo previous time points, t1 and t2 (i.e., ave t1, t2) 
or using the average of data taken over the time period of 

tl-t2 (i.e., ave t1-t2). 

[0134] In still further embodiments of the invention, the 
conversion step can include a blank subtraction step, com 
bined data from tWo active reservoirs, and/or a smoothing 
step. 

[0135] The blank subtraction step is used to subtract the 
blank signal from the active signal in order to remove signal 
components that are not related to the analyte, thus obtaining 
a cleaner analyte signal. When raW signal is obtained from 
tWo active reservoirs the tWo raW signals can be averaged or 
a summed value of the tWo raW signals can be used. In the 
smoothing step, mathematical transformations are carried 
out Which individually smooth signals obtained from the 
active and blank collection reservoirs. These smoothing 
algorithms help improve the signal-to-noise ratio in the 
biosensor, by alloWing one to correct the signal measure 
ments obtained from the device to reduce unWanted noise 
While maintaining the actual signal sought. 

[0136] More particularly, a blank subtraction step is used 
in the active-blank iontophoretic sampling system of the 
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invention as follows. Signals from the blank (second) res 
ervoir, taken at, or about the same time as signals from the 
active (?rst) reservoir, are used to substantially eliminate 
signal components from the active signal that are not spe 
ci?cally related to the analyte. In this regard, the blank 
reservoir contains all of the same components as the active 
reservoir except for the GOx enzyme, and the blank signal 
should thus exhibit similar electrochemical current to the 
active signal, except for the signal associated With the 
analyte. Accordingly, the folloWing function can be used to 
subtract the blank signal from the active signal: 

Wherein: (Ymct) is the active signal (in nC) at time t; 
(Ygblank) is the blank signal (in nC) at time t; (Y t) is the 
“blank subtracted” signal at time t; and (d) is the time 
dependent fractional Weight for the blank signal, and d 
preferably =1. In relation to the equation shoWn above that 
is used to subtract the blank signal from the active signal, 
When tWo active reservoirs are used d preferably=—l, or, 
more generally, as shoWn in the equation beloW, the summed 
signal can be “Weighted” to account for different contribu 
tions of signal from each reservoir. 

[0137] In the case of tWo active reservoirs, each reservoir 
is capable of generating raW signal and each contains all of 
the same components. For example, Where tWo collection 
reservoirs are used for detecting glucose both reservoirs 
contain glucose oxidase. Accordingly, the folloWing func 
tion can be used: 

Wherein: “a” is the time-dependent fractional Weight for the 
?rst active signal; (Y t, actl) is the ?rst active signal (in nC) 
at time t; “b” is the time-dependent fractional Weight for the 
second active signal; (Y tma) is the second active signal (in 
nC) at time t; (Yt?) is the summed signal at time t. 

[0138] II. General Procedures for Smoothing Integrated 
Signals. 

[0139] In the smoothing step, the active signal obtained 
from the ?rst (active) reservoir can be smoothed using a 
smoothing function. In multiple active systems, the same 
smoothing can be applied to each signal before summing. In 
one embodiment, the function can be expressed as a recur 
sive function as folloWs: 

Wherein: (Y t, act) is the measurement of the active signal (in 
nC) at time t; (E, act) is the estimate of the active signal (in 
nC) at time t for t>1 (at t=l, Et, act=Yt, act) and (Wm) is the 
“estimate Weight” for the active biosensor, Wherein 
OéW S1. act — 

[0140] The reference (blank) signal obtained from the 
second reservoir can also be smoothed using a similar 
recursive smoothing function. This function can be 
expressed as folloWs: 

Wherein: (Yt, blank) is the measurement of the blank signal (in 
nC) at time t; (E, blank) is the estimate of the blank signal (in 
nC) at time t for t>1 (at t=l, Et, b1ank=Yt,b1ank) ; and (Wbmk) 
is the “estimate Weight” for the blank biosensor, Wherein 
0 i Wblank i 1 . 
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[0141] Once the active and blank signals have been indi 
vidually smoothed, the blank signal can be subtracted from 
the active signal in order to obtain a signal that is indicative 
of the glucose reaction only. As discussed above, the blank 
signal should exhibit a similar electrochemical current to the 
active signal, except for the signal associated With the 
glucose analyte. In the practice of the invention, this blank 
subtraction step can subtract the value of the smoothed blank 
signal per se, or a Weighted blank signal can be subtracted 
from the active signal, using the folloWing function to obtain 
a fractional subtraction: 

Wherein: (Enact) is the estimate of the active signal (in nC) 
at time t; (E, blank) is the estimate of the blank signal (in nC) 
at time t; (E) is the “blank subtracted” smoothed sensor 
signal at time t; and (d) is the time-dependent fractional 
Weight for the blank signal. 

[0142] The same recursive function can be used Wherein 
the order of the smoothing and blank subtraction steps are 
reversed such that: (Y t, act) is the integral of the active signal 
(in nC) at time t; (Yt, blank) is the integral of the blank signal 
(in nC) at time t; (Y t) is the “blank subtracted” sensor signal 
(in nC) at time t; (d) is the time-dependent fractional Weight 
for the blank signal; and 

[0143] This smoothing can alternatively be carried out on 
discrete (nA) sensor signals, With or Without temperature 
and/or background subtraction corrections. Smoothing can 
also be carried out on active signals or on averages of tWo 
or more active signals. Further modi?cations to these func 
tions Will occur to those of ordinary skill in the art, in light 
of the present enabling disclosure. 

Step D: The Calibration Step. 

[0144] Continuing With the method of the invention, any 
of the raW signals obtained from Step A, the screened raW 
signal obtained from Step B, or the initial output signal 
obtained from Step C (or from Steps B and C), can be 
converted into an analyte-speci?c value using a calibration 
step Which correlates the signal obtained from the sensing 
device With the concentration of the analyte present in the 
biological system. A Wide variety of calibration techniques 
can be used to interpret such signals. These calibration 
techniques apply mathematical, statistical and/or pattern 
recognition techniques to the problem of signal processing 
in chemical analyses, for example, using neural netWorks, 
genetic algorithm signal processing, linear regression, mul 
tiple-linear regression, partial linear regression, deconvolu 
tion, or principal components analysis of statistical (test) 
measurements. 

[0145] One method of calibration involves estimation 
techniques. To calibrate an instrument using estimation 
techniques, it is necessary to have a set of exemplary 
measurements With knoWn concentrations referred to as the 
calibration set (e.g., reference set). This set consists of m 
samples, each With n instrument variables contained in an m 
by n matrix (X), and an m by 1 vector (y), containing the 
concentrations. If a priori information indicates the relation 
ship betWeen the measurement and concentration is linear, 
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the calibration Will attempt to determine an n by 1 transfor 
mation or mapping (b), such that 

is an optimal estimate of y according to a prede?ned criteria. 
Numerous suitable estimation techniques useful in the prac 
tice of the invention are knoWn in the art. These techniques 
can be used to provide constant parameters, Which can then 
be used in a mathematical transformation to obtain a mea 
surement value indicative of the concentration of analyte 
present in the biological system at the times of measurement. 

[0146] In one particular embodiment, the calibration step 
may be carried out using arti?cial neural netWorks or genetic 
algorithms. The structure of a particular neural netWork 
algorithm used in the practice of the invention can vary 
Widely; hoWever, the netWork should contain an input layer, 
one or more hidden layers, and one output layer. Such 
netWorks can be optimiZed on training data set, and then 
applied to a population. There are an in?nite number of 
suitable netWork types, transfer functions, training criteria, 
testing and application methods, Which Will occur to the 
ordinarily skilled artisan upon reading the instant speci?ca 
tion. 

[0147] In the context of the iontophoretic glucose sam 
pling device described hereinabove (Which can contain an 
active collection reservoiriWith the GOx enZyme, and a 
blank collection reservoir; or alternately, tWo active reser 
voirs With the GOx enzyme), a preferred neural network 
algorithm Would use, for example, inputs selected from the 
folloWing to provide a blood glucose measurement: elapsed 
time since calibration; signal from the active reservoir; 
signal from the blank reservoir; signal from tWo active 
reservoirs (either averaged or summed); calibration time; 
measured temperature; applied iontophoretic voltage; skin 
conductance; blood glucose concentration, determined by an 
independent means, at a de?ned calibration point; back 
ground; background referenced to calibration; and, When 
operating in the training mode, measured glucose. 

[0148] Whether or not the calibration step is carried out 
using conventional statistical techniques or neural netWork 
algorithms, the calibration step can include a universal 
calibration process, a single-point calibration process, or a 
multi-point calibration process. In one embodiment of the 
invention, a universal calibration process is used, Wherein 
the above mathematical techniques are used to derive a 
correlation factor (or correlation algorithm) that alloWs for 
accurate, dependable quanti?cation of analyte concentration 
by accounting for varying backgrounds and signal interfer 
ences irrespective of the particular biological system being 
monitored. In this regard, the universal calibrant is selected 
to provide a close correlation (i.e., quantitative association) 
betWeen a particular instrument response and a particular 
analyte concentration, Wherein the tWo variables are corre 
lated. 

[0149] In another embodiment, a single-point calibration 
is used. More particularly, the single-point calibration pro 
cess can be used to calibrate measurements obtained by 
iontophoretic sampling methodologies using a reference 
measurement obtained by conventional (invasive) methods. 
Single-point calibration alloWs one to account for variables 
that are unique to the particular biological system being 
monitored, and the particular sensing device that is being 
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used. In this regard, the transdermal sampling device is 
generally contacted With the biological system (placed on 
the surface of a subject’s skin) upon Waking. After the 
device is put in place, it is preferable to Wait a period of time 
in order alloW the device to begin normal operations. 

[0150] Further, the sampling system can be pre-pro 
grammed to begin execution of its signal measurements (or 
other functions) at a designated time. One application of this 
feature is to have the sampling system in contact With a 
subject and to program the sampling system to begin 
sequence execution during the night so that it is available for 
calibration immediately upon Waking. One advantage of this 
feature is that it removes any need to Wait for the sampling 
system to Warm-up before calibrating it. 

[0151] In the context of glucose monitoring, a blood 
sample can be extracted When the device has attained normal 
operations, such that the invasive blood sample extraction is 
taken in a corresponding time period With a measurement 
cycle. Actual blood glucose levels can then be determined 
using any conventional method (e.g., calorimetric, electro 
chemical, spectrophotometric, or the like) to analyZe the 
extracted sample. This actual value is then used as a refer 
ence value in the single-point calibration process, Wherein 
the actual value is compared against the corresponding 
measured value obtained With the transdermal sampling 
device. In yet another embodiment, a multi-point calibration 
process is used, Wherein the above-described single-point 
calibration process is repeated at least once to provide a 
plurality of point calibrations. For example, the multi-point 
calibration process can be carried out at various time inter 
vals over the course of a continual or continuous measuring 
period. 

[0152] Continuing With the calibration step, the signals 
obtained from Step B and/or Step C, supra, can be subjected 
to further signal processing prior to calibration as folloWs. 
Referring particularly to the baseline background subtrac 
tion method of the conversion step (Step C), the corrected 
signal should theoretically be directly proportional to the 
amount of analyte (glucose) present in the iontophoretically 
extracted sample. HoWever, sometimes a non-Zero intercept 
is obtained in the correlation betWeen signal and reference 
glucose value. Accordingly, a constant o?fset term (Which 
can be positive or negative) is obtained Which can be added 
to the converted signal to account for a non-Zero signal at an 
estimated Zero blood glucose concentration. The offset can 
be added to the active sensor signal; or, in the case of an 
iontophoretic sampling system that obtains both active and 
blank signals, the offset can be added to the blank-subtracted 
active signal. 

[0153] The calibration step can be carried out using, for 
example, the single-point calibration method described here 
inabove. The reference blood glucose concentration thus 
obtained can then be used in the folloWing conversion 
factor: 

BGcal + P 

Em; + OS 
bgain — 

Wherein: (Ecal) is the blank-subtracted smoothed sensor 
signal (in nC) at calibration; (BGcal) is the reference blood 












