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ANALYTE DETECTION DEVICES AND METHODS WITH
HEMATOCRIT/VOLUME CORRECTION AND FEEDBACK CONTROL

FIELD OF THE INVENTION
The present invention is directed to techniques and devices for detection of

the presence and/or concentration of an analyte.

BACKGROUND OF THE INVENTION

In the following discussion certain articles and methods will be described for
background and introductory purposes. Nothing contained herein is to be construed
as an “admission” of prior art. Applicant expressly reserves the right to
demonstrate, where appropriate, that the articles and methods referenced herein do
not constitute prior art under the applicable statutory provisions.

According to the American Diabetes Association, diabetes is the fifth-
deadliest disease in the United States and kills more than 213,000 people a year, the
total economic cost of diabetes in 2002 was estimated at over $132 billion dollars,
and the risk of developing type I juvenile diabetes is higher than virtually all other
chronic childhood diseases.

A critical component in managing diabetes is frequent blood glucose
monitoring. Currently, a number of systems exist for self-monitoring by the patient.
One such system may be termed a photometric system or method. In such systems,
the first step is to obtain the sample of aqueous fluid containing an analyte to be
assayed, usually whole blood or fractions thereof. The sample of blood may be
obtained by a finger stick or other means.

The fluid sample is then contacted with an assay pad or membrane. Contact
is generally achieved by moving the assay pad or membrane into contact with the
liquid sample on the surface of the patient’s skin. Following application to the pad
or membrane, the target analyte present in the sample passes through the assay pad
or membrane by capillary, wicking, gravity flow and/or diffusion mechanisms.
Chemical reagents present in the pad or membrane react with the target analyte

producing a light absorbing reaction product, or color change.
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The assay pad or membrane is then inserted into a monitor where an optical
measurement is then made of this color change. In those embodiments where the
optical measurement is a reflectance measurement, a surface of the assay pad or
membrane is illuminated with a light source. Light is reflected from the surface of
the assay pad or membrane as diffuse reflected light. This diffuse light is collected
and measured, for example by the detector of a reflectance spectrophotometer. The
amount of reflected light is then related to the amount of analyte in the sample;
usually the amount of light reflected off the surface of the assay pad or membrane is
an inverse function of the amount of analyte contained in the sample.

An algorithm is employed to determine analyte concentration contained in
the sample based on the information provided by the detector. Representative
algorithms that may be employed where the analyte of interest is glucose and the
fluid sample is whole blood are disclosed, for example, in U.S. Pat. Nos. 5,049,487;
5,059,394, 5,843,692 and 5,968,760; the disclosures of which are incorporated
herein by reference.

Glucose monitoring technology that relies on the photometric method of
quantifying the glucose concentration in whole blood may be subject to errors
associated with variations in hematocrit level, or concentration of red blood cells
within the blood sample. Various methods have been employed to ensure the
accuracy and repeatability of measured glucose concentration using the photometric
method across a typical range of hematocrit levels. A normal hematocrit level is 42-
54% for men and 36-48% for women. Overall, the normal range is from 36-54%,
but for a variety of reasons, those who regularly test their glucose concentrations
may have hematocrit levels even lower (anemia) or higher (polycythemia) than these
normal ranges. This presents a challenge for the development of accurate glucose
monitoring. This is because the meter is typically designed or calibrated assuming
the sample will contain a hematocrit level somewhere in the normal range.
Diabetics and clinicians make critical medical decisions in the management of their
disease based on the readings provided by these meters. Thus, it would be
advantageous to have a photometric quantification method that is more accurate

across a broader range of hematocrit levels.
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Additionally, glucose monitors typically require that the user supply a
sufficient quantity of whole blood for an accurate reading. This volume has been
around 10 microliters or more in the past, but with the development of newer
quantification technologies, the minimum volume has been brought to as low as 1
microliter for photometric meters. This has reduced the burden on diabetics in their
testing by reducing the depth of the lancing and the effort to milk a relatively large
amount of blood from their lancing site. Again, the calibration of the meter is
developed with the assumption that this minimum supply has been delivered to the
test strip. If the user has not supplied a sufficient amount, then the meter generally
displays an error code and the user must test again. Further, a user may supply more
than the typical amount of blood to the test strip, which may lead to an inaccurate
result if the calibration of the strip is volume sensitive. It would be advantageous for
a photometric meter to have the ability to evaluate and adjust its internal calibration
by detecting the amount of fluid supplied to the reagent strip, and applying an
appropriate calibration parameter specifically chosen for that volume.

The development of a fully integrated glucose meter system requires
incorporating the processes of skin lancing, transfer of blood to the reagent test strip,
and quantification of whole blood glucose all in a single device. Such systems may
not require any user intervention at all during the quantification process as long as
sufficient sample volume is obtained. An automated catalyst, such as heat, vacuum,
or pressure may be utilized to obtain a sample of body fluid, or whole blood.

One such device relies on the application of a specific magnitude and
duration of a partial vacuum to the skin in order to facilitate the acquisition of a
minimum required sample volume. For some individuals, this pre-programmed
amount or duration of vacuum may be appropriate. For others, this pre-programmed
catalyst may produce either an insufficient or excessive amount of blood, as well as
other undesired outcomes, such as excessive bruising (for those with fragile
capillary networks), an unnecessary delay in obtaining results (for fast bleeding
individuals), as well as excessive residual blood left on the skin. Thus, it would be
advantageous if the sample quantification detector could also determine in real-time
whether or not a sufficient sample volume has been obtained for an accurate reading,

and provide this information as feedback to control the magnitude and/or duration of
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a catalyst. This feedback driven control would be a significant advantage for
integrated glucose monitoring technology.

Photometric assay pads or membranes for analyte concentration
measurements typically produce a circular or linear spot when the chemical reagents
contained therein react with a fluid containing a specific analyte, such as glucose,
within whole blood. An ideal spot may be defined as one in which the color across
the spot is uniform and indicative of the concentration of the analyte. A spot which
is not ideal may be manifest in one or more of the following ways: non-uniformity
of the primary color (e.g., variations in the intensity of blue); presence of non-
primary color, such as red, which may be associated with the presence and/or lysis
of blood cells, and the above color variations may be distributed randomly or non-
uniformly across the spot.

For a variety of reasons, the quality of a spot developed as a result of an
analyte reacting with the reagent membrane may not be ideal as described above.
Such reasons may include one or more of: flaws or manufacturing variations in the
membrane structure; variations in the concentration of the reagent enzyme;
mishandling of the membrane during manufacturing; and unintended chemical
reactions between the fluid and/or analyte and the reagent structure and/or
membrane chemistry (such as another medical drug within the blood sample reacting
with the reagent enzyme).

Most devices on the market cannot detect or correct for low quality spots.
Their sensors, typically one or more photodiodes, do not have the ability to
discretely analyze the flaws within a reagent spot. Thus, there exists a risk that these

systems may not provide an accurate reading in circumstances of a non-ideal spot.

SUMMARY OF THE INVENTION

According to the present invention, the state of the art has been advanced
through the provision of arrangements, devices and techniques such as those
described further herein, for accurately, efficiently, and economically determining
the presence and/or concentration of an analyte. According to the present invention,
the state of the art has been advanced, especially, but not exclusively, within the

context of personal glucose monitoring devices and techniques. Additionally, or
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alternatively, according to the present invention arrangements, devices and
techniques are provided which may overcome one or more of the abovementioned
shortcomings associated with conventional systems and methods.

Devices and methods are contemplated that may employ a detector
comprising an array of detector elements or pixels to detect color change or intensity
of reflected light associated with a photometric chemical reaction between the
analyte and reagent chemistry. Optionally, the detector elements comprise CMOS-
based detector elements. In particular, the CMOS detector elements help correct for
differences in hematocrit levels and/or volumes associated with samples under
analysis. An additional aspect of the present invention provides for CMOS-based
detector elements that can provide feedback control for a connected device that
performs automated whole blood sampling and detection of an analyte. In yet
another aspect of the present invention, feedback from CMOS detection eleménts is
used to compensate for non-ideal reaction spot characteristics.

According to one aspect, the present invention provides a device for
monitoring the concentration of an analyte present in bodily fluid, the device
comprising a detector, the detector comprising a detector element or pixel, the
element or pixel comprising a CMOS sensor, a CCD sensor, a photodiode or an
infrared sensor, including both near-field and mid-field infrared sensors. Other
sensing systems also contemplated within the scope of the present invention include
infrared, ultraviolet'and fluorescent sensing systems and electrochemical sensing
systems, including reagentless sensing approaches.

It is therefore to be understood that reference herein to the detector array of
the present invention may include any suitable detector element(s). The present
invention is thus not limited to embodiments of the invention including CMOS or
CCD detector elements, photodiodes, infrared, fluorescent, ultraviolet or
electrochemical detector elements.

It is to be understood that the detector array is not limited only to linear
arrays. Non-linear arrays, such as polar or area arrays, are also contemplated by the
present invention.

It is to be understood that reference herein to first, second, third and fourth

components (etc.) does not limit the present invention to embodiments where each
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of these components is physically separable from one another. For example, a single
physical element of the invention may perform the features of more than one of the
claimed first, second, third or fourth components. Conversely, a plurality of
separate physical elements working together may perform the claimed features of
one of the claimed first, second, third or fourth components. Similarly, reference to
first, second (etc.) method steps does not limit the invention to only separate steps.
According to the invention, a single method-step may satisfy multiple steps
described herein. Conversely, a plurality of method steps could, in combination,
constitute a single method step recited herein.

According to an aspect of the present invention, there are provided devices,
arrangements and methods for quantifying the concentration of an analyte present in
bodily fluid, comprising: an assay pad comprising at least one chemical reagent
capable of producing a detectable signal in the form of a reaction spot upon reaction
with the analyte; a light source; a detector; a processor; and a memory in
communication with the processor, the memory comprising: (a) at least one value
indicative of one or more of: (i) the level of hematocrit contained in the sample; (ii)
the volume of the sample applied to the assay pad; or (iii) imperfections present in
the reaction spot; and (b) at least one algorithm for calculating the concentration of
the analyte contained in the sample.

According to a further aspect of the present invention, there are provided
devices, arrangements and methods for quantifying the concentration of an analyte
present in bodily fluid, comprising: providing an assay pad comprising at least one
chemical reagent; introducing a sample onto the assay pad; producing a detectable
signal in the form of a reaction spot upon reaction of the at least one chemical
reagent with the analyte; generating a signal based on light reflected off the assay
pad; calculating at least one value indicative to one or more of: (i) the level of
hematocrit contained in the sample; (ii) the volume of the sample applied to the
assay pad; or (iii) imperfections present in the reaction spot; and calculating the
concentration of analyte contained in the sample by factoring in the at least one
value.

According to the above, the device may comprise a glucose meter integrating

some or all of the above-described features. The integrated device may be
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configured to perform at least one such photometric analysis before reloading
disposable components thereof becomes necessary. The integrated device may be
handheld or wearable. The integrated device may be in the general form of a
wristwatch.

According to the present invention, the detector elements may comprise
CMOS-based detector elements. Moreover, the detector array may be in the form of
a linear array of CMOS-based detector elements or pixels.

According to the present invention, an integrated device may include means
for extracting a sample of bodily fluid and can comprise a skin piercing member and
the application of one or more of: (i) vacuum; (ii) positive pressure; and (iii) heat.

According to the present invention, as described above, the device may
further comprise a computer-readable medium, the medium comprising at least one
of an algorithm and a look-up table. According to the present invention, the device
may further comprise a microprocessor controller.

The above-described invention may further comprise at least one of a light
source, one or more lenses, one or more light transmission elements (e.g. optical
fibers), optical diffusers and optical filters.

In certain embodiments of the above-described invention, the assay pad may
comprise at least one chemical reagent that produces a color change defining a

reaction spot upon reaction with the analyte.

BRIEF DESCRIPTION OF THE DRAWINGS

The preferred embodiments are illustrated in the drawings in which like
reference numerals refer to the like elements and in which:

Figure 1 is a flow diagram of a mode of operation according to certain
aspects of the present invention.

Figure 2 is a schematic illustration of an arrangement formed according to
the principles of the present invention.

Figure 3 is a schematic diagram of a portion of the arrangement of Fig. 2.

Figure 4 is a perspective view of a device formed according to an
embodiment of the present invention.

Figure 5 is a partial cutaway view of Fig. 4.
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DETAILED DESCRIPTION OF THE INVENTION

Exemplary arrangements and methods for the detection and measurement of
the presence and/or concentration of a target analyte, such as glucose, bilirubin,
alcohol, controlled substances, toxins, hormones, proteins, etc., will now be
described.

In broader aspects, the current invention provides the ability to correct for
broad variations in sample hematocrit levels in the measurement of an analyte, such
as glucose, during the course of the test. The invention takes advantage of an
imaging array of detectors to perform this correction and does not require any
additional hardware. In other words, no other distinct sensors or detectors, other
than the imaging array, are required to calculate the correction. The very sensor that
is used to quantify the analyte within the sample may also correct for hematocrit.
Strategic algorithms that process the data from the imaging array provide real-time
or near real-time information about the sample hematocrit level. Thus, more
accurate results, regardless of the hematocrit level of the user, may be obtained via
correction based on the hematocrit level of the sample.

The current invention may also use appropriate algorithms to permit real-
time sensing of the amount of sample volume delivered to an assay pad. With this
information, appropriate calibration parameters may be selected corresponding to
the actual delivered volume. To correct for sample volume, algorithms similar to
those used for hematocrit correction may be used, where volume is substituted for
hematocrit and a unique formulation and corresponding constants are determined.

The present invention offers the flexibility to improve the accuracy of
measured glucose for a broad range of sample volumes that are typically delivered to
the assay pad of the meter system. In addition, sampling catalysts such as vacuum,
heat, pressure, etc. may be implemented or provided automatically by the device to
help ensure sufficient sample volume is collected and analyzed. The invention
provides information to the meter system to know when and how much of the
catalyst is sufficient. Since the invention can measure or estimate the volume of the
sample delivered to the assay pad, it can also provide feedback to start, maintain or

terminate the catalysts, as well as increase or decrease the magnitude of the catalyst,
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based on this measured volume. This offers the advantage of adapting the device
function to the user’s real-time skin physiology, minimizing the risks associated
with the catalysts (bruising, scarring, excessive bleeding), reducing the energy
consumed by the system, and reducing the chance of a wasted test operation (and the
associated user’s time, battery supply, and cost of test strip) by ensuring a minimum
sample volume is obtained, as well as minimizing the overall time to get a result
from the system.

According to additional broad aspects, the present invention can process data
received from the detector array to compensate for irregularities or imperfections
present in a reaction spot in order to improve accuracy of the analyte concentration
method. The present invention includes devices, arrangements and methods that
include any of the above referenced aspects individually, as well as combinations of
some or all of these aspects.

The current invention may employ a linear CMOS imaging detector array.
Contrary to other approaches that describe the use of 2-D CCD imaging detector
arrays, the linear CMOS array detects light across a single row of optical detectors
(pixels) whose output is proportional to the amount of light incident to the pixel.
Linear detector arrays offer an advantage over 2-D imaging systems in simplicity
and efficiency in processing the image information as long as the expected location
of reagent chemistry reaction or reagent spot is known and the associated light,
which may be supplied by an LED, is reflected from this area and is imaged
appropriately by the CMOS array.

The CMOS detector array may have an overall size that is comparable to the
size of the assay pad and the expected range of spot sizes that develop on the pad.
According to one alternative, the detector can be larger than the size of the pad.
This construction can allow wider tolerances in the relative position of the assay pad
and the detector, and provide for additional in-process error detection and recovery
(e.g., detecting or correcting for assay pad motion).

In addition to light sources such as LED’s, various optical components such
as lenses, diffusers, light pipes, etc. may be integrated into the system to optimize
the image size and resolution. Such a system may utilize a commercially available

linear CMOS detector array such as part # TSL1401R or TSL1401CS; from TAQOS,
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Plano, TX. This detector has 128 pixels across an array of ~49mm in length. Light
reflected off of white surfaces, such as an unreacted reagent pad, and received by the
CMOS detector results in a signal from each pixel that is conditioned to produce a
near maximum response up to 5 volts. Darker surfaces, such as from a color change
associated with a reagent spot, will produce lower voltage response for each pixel
depending on the reagent chemistry, light source, optical path, and ultimately, the
concentration of the analyte (e.g., glucose).

A number of different arrangements comprising a quantification member,
such as an assay pad, a sensor or detector, and one or more additional components
are contemplated by the present inventions. Additional exemplary arrangements are
described in U.S. Application Serial No. 10/394,230, entitled ANALYTE
CONCENTRATION DETECTION DEVICES AND METHODS, the entire content
of which is incorporated by reference herein.

When coupled with an assay pad containing a photometric reagent, the
sensor detects the change in color of the pad, and the output is processed as a change
in voltage relative to that of the original reagent color. Typically, about 10-50% of
the pixels across the array are sufficient to resolve a spot of color change, but this
can depend on a variety of factors, including CMOS sensor design, sample volume
size, reagent dynamics, and the optical path between the pad and sensor.

Since the arrangements and techniques of the present invention can perform
the assay without all of the pixels in the sensor array being in optical registry with
the reagent spot, it is contemplated by the present invention to utilize these free
pixels in one or more possible ways. For example, a second assay may be
performed at a different area of the same assay pad, or on separate assay pad, at a
location corresponding to the aforementioned unused pixels. The unused pixels may
be used for calibration or as a control. For instance, a control solution having a
known concentration of analyte may be introduced in the area of the assay pad, or
onto a separate pad, in the area of the unused pixels. The control solution reacts
with the reagent and the signal produced by pixels can be calibrated in accordance
with the known analyte concentration. According to another alternative, a means for
calibrating the reagent for lot information may be provided in the area of the unused

pixels, thereby eliminating the need for the user to set reagent lot calibration codes.
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A similar arrangement and technique would be to utilize a standard color in registry
with the unused pixels that produces a known reflectance signal. Upon reading this
known signal, the arrangement, via a microprocessor and associated software and
electronic components, can verify whether or not the device is functioning properly.

According to certain embodiments, sensor data can be acquired with an
analog-to-digital capture device, such as a PC board, and processed as a linear
dimension data array whose size corresponds to the number of pixels in the imaging
array, such as 128 or 256 pixels. This data array will change over time as the
reaction between the analyte (glucose) and the reagent enzymes develops, reaches
saturation and begins to dry out.

According to one embodiment, the current invention incorporates an
algorithm for processing the information in the data array over time to detect and
correct for the hematocrit in the blood sample. The rate of color change over time
across the detector array, and thus rate of change in signal of the data array, is
dependent upon the relative amount of plasma in the sample. A relatively high
plasma content in a given sample size will cause the sample to react with the reagent
chemistry faster and develop a change in color more quickly than a relatively
smaller plasma content. Since hematocrit level is inversely proportional to plasma
content, the rate of color change can be scaled inversely to hematocrit level.

The relation between rate of color change and hematocrit level will depend
upon a variety of variables, including the volume of the sample delivered to the
assay pad as well as the inherent reagent chemistry, optical path, light source and
detector array. Consequently, a unique correlation calibration between color change
rate as detected by the CMOS imager and blood hematocrit level can be empirically
determined and programmed into a memory device as a lookup table, or calculation.

Exemplary, non-limiting algorithm formulations to accomplish the above

include;

1. Het adA(x,t)/8t; where Het = hematocrit, o implies proportional to, 8/8t =
is the partial derivative with respect to time (a measure of rate of
change), and A(x,t) is a measure of the array signal strength in the sensor

at position x at time t.
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Proportionality may be linear and of the form Hct = m(8A(x,t)/6t) + C;
where m and C are constants determined empirically. Hematocrit
proportionality correction may also be better represented by polynomial,

exponential, power or other functions.

2. Hematocrit abA(x,t)/dx ; where Hct and o, are as defined above, and 8/6x
= is the partial derivative with respect to position x.

Again, proportionality may be linear and of the form Het = m(8A(x,t)/8x) +

C; where m and C are constants determined empirically. Proportionality

may also be non-linear and represented by logarithmic, polynomial,

exponential or other equations.

3. Hematocrit adA(x,t)/ 6x dt;; where Het and o are as defined above, and

8/6x Ot = is the partial derivative with respect to position x and time t.

4. Hematocrit aSZA(x,t)/Szx 8%t;, where Het and o, are as defined above, and
8%/ 8% x 8% = is the second order partial derivative with respect to position
x and time t.

Pixel position x ranges from the lower to upper limits and in the case of a
256 pixel array, would range from 1 to 256. For a variety of reasons, the algorithm
may be limited to the evaluation of specific positions or ranges within the array,
such as between x=x_lower and x=x_ upper, where x_lower may be 40 and x_upper
may be 80.

Time t as referred to in these algorithms can refer to the time elapsed
between known events within the analyte quantification process. For example, t0
may be defined at the point in which blood is first presented to the reagent
membrane, or when the imaging array first detects a predetermined threshold change
corresponding to the arrival of the analyte to the reagent membrane.

Array signal strength A(x,t) corresponds to a measure of the color of the
reagent membrane. Typically, this signal is initially processed as a voltage or a
current. Those skilled in the art of photometric reagent signal process will

appreciate that subsequent transformation of this data into a measure of normalized
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reflectance R and/or to absorption via the well-known calculation of K/S may be

represented by A(x,t). For example:

K/S (x,£)= (1-R)*/2R; where R = A(X,)ceacted/ A(X,Dunreacted

where A(X,unreactea TEfErSs 10 the array signal corresponding to the reagent
membrane prior to any reaction with the analyte, and A(X,t)racted the array signal
corresponding to the membrane as it reacts with the analyte at array position x at
time t.

Those skilled in the art will appreciate that combinations of these and/or
other similar algorithms would mathematically capture the relation between
hematocrit and the rate of change of spot development in the membrane.
Furthermore, the skilled reader would appreciate that the proportionality constants
(m and C) are dependent upon the conditions of the reagent membrane (material,
chemistry, lighting), the hardware and software specifications, and the nature and
method in which the analyte is delivered to the membrane.

Thus, the appropriate calibration factor relating reflected light to glucose
concentration would then be chosen based on the hematocrit level. When the
consumer uses the device, the meter detects color change and applies the correct
calibration factor for the user’s hematocrit level to the calculation of glucose content
made by an algorithm also contained in the same, or a different memory device.

As an example of the above, if the glucose calibration curve is of the form:

R =m x [Glucose Concentration] + b; where R = the as-measured reflected
light signal, and m and b are empirically determined constants.

A corrected signal R, could be derived from a look-up table of correction

factors, Fy, as a function of hematocrit level:

RC=FhXR

This corrected signal would then be substituted into the above equation to

calculate the hematocrit-adjusted glucose concentration.
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Processing the data generated by the change in color caused by the reaction
between the analyte and reagent chemistry in conjunction with the speed and
capacity of today’s microprocessors would not add to the required time to process
the sample, yet would substantially increase the accuracy and reduce the variability
for analyte concentration measurements associated with different whole blood
hematocrit levels.

Various alternatives and modifications to the above-described embodiment
related to detector data analysis to determine hematocrit levels are possible. For
example, such alternatives and modifications include one or more of: evaluating the
rate of pixel signal changes with respect to time; evaluating the rate of pixel change
with respect to time and with respect to associated pixels that also are changing (i.e.,
spatial and temporal rate of change); evaluating the rate of pixel change with respect
to time for an individual pixel; evaluating the rate of pixel change with respect to
time for multiple pixels; evaluating the rate of pixel change with respect to time for
the pixel that detects the largest change in color when enzymatic reaction and color
change is complete; evaluating the rate of pixel change with respect to time for the
pixel that detects the largest change in color during the ongoing enzymatic reaction;
evaluating the rate of pixel change with respect to time for the pixel that detects the
largest change in color after a lapse of a predetermined amount of time before any
enzymatic reaction has actually occurred; and evaluating the resolved volume of the
sample (as described earlier) at a specific time for which a fixed, prescribed amount
of blood has been delivered to the reagent pad (since measured sample size is
proportional to plasma volume, which is inversely proportional to hematocrit).

Using the aforementioned detector array, the invention also contemplates
novel arrangements, devices and methods for quantifying, in real-time, the amount
of sample delivered to an analyte quantification member, such as an assay pad. This
method takes advantage of the discrete data provided by individual detector
elements or pixels. As a reaction spot begins to develop in the assay pad, the system
described earlier can resolve a particular dimension associated with the size of the
spot, such as width. This invention does not require that the spot be of a particular
shape, such as round, square, or rectangular, as long as the detector array is oriented

to resolve at least one dimension of the spot that is proportional to sample volume.
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Assuming the assay pad and the method by which the blood is delivered to the pad
has been optimized to reduce the variability in spot development, the spot size will
be proportional to the volume of blood sample.

The imaging system can resolve the spot size by identifying how many
pixels or detector elements have detected a color change. Although the color change
associated with the chemical reaction between analyte and enzyme may not be
completed or reached equilibrium, the quantification of the number of pixels that
have detected a predetermined threshold change in color will be proportional to the
spot size. Thus, a real-time assessment of the spot size and thus volume can be
computed.

Accordingly, the effect on glucose concentration calculations associated with
various sample volumes may be empirically determined, and a lookup table,
equation, or calculation incorporated in a memory device which may then be used to
select an appropriate predetermined calibration factor to provide a more accurate
reading of the analyte concentration for a particular sample volume. Thus, an
appropriate calibration factor based on the actual sample volume may be applied to
an algorithm used to calculate glucose concentration.

As an example of the above, if the glucose calibration curve is of the form:

R =m x [Glucose Concentration] + b; where R = the as-measured reflected
light signal, and m and b are empirically determined constants. A corrected signal
R., could be derived from a look-up table of correction factors, Fy, as a function of

sample volume:

Rc=FvXR

This corrected signal would then be substituted into the above equation to
calculate the volume-adjusted glucose concentration.

Various alternatives and modifications to the above-described embodiment
related to detector array data analysis to determine sample size are possible, for
example, such alternatives and modifications include one or more of: computing the
number of pixels that have detected a change in color above a prescribed constant

threshold at a particular point in time during the enzymatic reaction; computing the
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number of pixels that have detected a change in color above a prescribed constant
threshold at multiple points in time during the enzymatic reaction; computing the
number of pixels that have detected a change in color above a prescribed constant
threshold at a time in which the enzymatic reaction is complete; computing the
number of pixels that have detected a change in color above a variable threshold
across the array; using above strategies to correlate output to actual sample volume
at reagent pad; and using above strategies to predict sample volume fo be delivered
to assay pad after a predetermined amount of time.

Using the aforementioned detector array to detect the volume of the sample,
the volume information can be used as feedback information, and utilized in devices
such as an mtegrated meter. The definition of an integrated device or meter in this
context includes one which includes the functions of acquiring a sample of body
fluid or blood from the skin, transporting the body fluid or blood from the skin to a
quantification area or assay pad, and quantifying the analyte (e.g.- glucose) in the
sample via a photometric method.

In this embodiment, a catalyst such as vacuum, heat, pressure, vibration or
similar action is preferably applied to the sampling site to facilitate the acquisition of
sufficient sample volume of blood. Catalysts such as these can be effective in
expressing sufficiently large volumes of blood even from alternative body sites that
are less perfused than the fingertips. To ensure that the catalyst is applied with
sufficient magnitude and duration, this invention provides a construction and method
to control the catalyst such that it operates for exactly as long as necessary. By
quantifying the sample volume delivered to the reagent pad in real-time, the detector
array and associated on-board data processing within the integrated device can
provide a feedback signal via a digital microprocessor controller or similar device
which indicates either to increase, decrease, or keep constant the magnitude of the
catalyst, as well as to either continue or stop the application of the catalyst. Those
experienced in the art of controlling such catalyst mechanisms will appreciate that
the control signal may be either binary or analog and use this information
accordingly to control a pump (for vacuum/pressure), a motor (for vibration), a

heating element (for increasing skin temperature) or combinations thereof.
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One such exemplary mode of operation is illustrated in Fig. 1. As illustrated
therein, a suitable catalyst, such as a vacuum created by a suitable mechanism or
pump is initiated. Shortly thereafter the signals from the detector array are analyzed
and the sample volume estimated. This volume is compared with a target sample
volume. If the volume is sufficient, the catalyst is turned off. If the volume is
insufficient, the reading and calculating processes are repeated until such time as the
target sample volume is reached. Once the target sample volume is reached, the
analyte concentration determination may continue.

Various alternatives and modifications to the above-described embodiment
related to detector array data analysis to provide feedback are possible. For
example, such alternatives and modifications may include one or more of: providing
a feedback signal corresponding to actual sample volume received at the assay pad;
providingk a feedback signal corresponding to predicted volume anticipated to be
delivered to assay pad; providing an analog feedback signal that is proportional to
the volume received at the assay pad; providing a digital feedback signal that
indicates either sufficient or insufficient quantity of sample volume received;
providing feedback signal based on imaging of an alternative location within the
meter that is not necessarily the reagent pad, but can also be imaged by the detector
array to detect whether a specific threshold of blood will be delivered to the reagent
pad; and providing feedback signal based on imaging of an alternative location
outside of the meter (such as on the skin) that can also be imaged by the detector
array to detect whether a specific threshold of blood will be delivered to the assay
pad.

The discrete nature of the detection elements or pixels also allows for
detection of flaws and to distinguish them from regions of the reaction spot that are
developing an appropriate or more ideal photometric reaction, even if they are
randomly distributed.

For example, a detector array is arranged to scan the reaction spot, optionally
coupled with appropriate optical magnification. An ideal spot will produce little or
no variation in signal response across the array. In the case of a non-ideal spot, the
response of the pixels will vary spatially and temporally. A quantification algorithm

which has one or more of the following features could correct and/or ignore the
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reaction spot flaw(s) and have the potential to provide a more accurate measurement
of the analyte concentration: identification and inclusion of data only from pixels
which correspond to the appropriate and expected color (e.g., screen for data
corresponding to various shades of blue only); identification and exclusion of data
from pixels which do not correspond to the appropriate and expected color (e.g.,
screen out data corresponding to shades of red); inclusion/exclusion of pixel
information which does not change at a rate with respect to time expected for the
appropriate color (e.g., rate of change of blue is not the same as that of non-blue
pixels); and inclusion/exclusion of pixel information which does not change at a rate
with respect to time after a specific elapsed time or during a specific time window
expected for the appropriate color (e.g., blue pixels change from time t1 to t2 by x%,
whereas non-blue pixels do not change by x% between time t1 through t2).

Combinations of the above strategies or similar ones may allow the
algorithm to successfully correct for non-ideal spots. It may even be the case that a
relatively small percentage of the spot area actually is ideal, yet if the detector array
can image this area, even 1 pixel could be sufficient to provide an accurate reading
of the analyte.

Figures 2-3 are schematic illustrations of at least some of the aspects of
arrangements, devices and methods of the present invention. As illustrated therein,
an arrangement 10, such as an integrated device or meter may include a detector
array 20, which can be provided in the form of a linear array of individual detection
elements 30. Each detection element 30 is capable of producing a signal. The
detection elements 30 may comprise one or more CMOS-based detection elements
or pixels. The linear array 20 is generally in optical registry with an assay pad 40.
The relative vertical position of the assay pad and detector array 20 may, of course,
differ from the illustrated embodiment. In addition, the assay pad 40 and the
detector array 20 may have a geometry that differs from that of the illustrated
embodiment. The detector array 20 may be larger than the assay pad 40.

The assay pad 40 preferably contains at least one reagent. A mechanism
may be provided to transport a sample of body fluid, such as blood, to the assay pad
40. According to the illustrated embodiment, a hollow member 60, such as a needle,

having one end in fluid communication with the assay pad may provide a
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mechanism for transport. As a sample of body fluid is applied to the assay pad 40, a
reaction between the reagent and the analyte of interest (e.g., glucose) results in a
color change on a surface of the assay pad 40 forming a reaction spot 50 in optical
registry with the array of detector elements 30. The detector array 20 corresponds in
location to the spot 50 produces a signal in response to the color change that is
indicative of the presence of the analyte of interest. The signal can be used to
estimate the volume of the sample applied to the reagent pad, monitor the kinetics of
the reaction between the reagent and the analyte, and ascertain irregularities in the
reaction spot 50, as described above. This information can then be used to correct
the output (e.g., concentration of analyte present in the sample) of the device to
account for the hematocrit level, volume of sample presented to the assay pad 40,
and/or irregularities in the reaction spot 50. The above-described arrangement 10 of
features may all be contained or integrated within a single device or meter.
Alternatively, one or a combination of any of the above-described features may be
incorporated into such a device.

The detector array 20 forms part of an arrangement 70 present in the device
10 for carrying out the various operations described herein. As best illustrated in
Figure 3, the detector 20 may contain a plurality of detector elements in signal
communication with a device 72 having timing and control logic. The timing and
control logic may include internal as well external control signals. These signals
typically include clock and frame start signals. External timing and control signals
may be generated by a microprocessor/microcontroller or other external circuitry.
The detector array 20 may have analog signal output. Alternatively, the detector 20
may have a digital data interface.

As illustrated, the detector may comprise an internal signal amplifier 74.
Alternatively, the signal amplifier 74 may be external, as indicated by the amplifier
74 shown in broken line. According to another alternative, the amplifier 74 may be
entirely omitted. According to yet another alternative, both an internal and external
amplifiers 74 may be provided.

The signal from the detector 20 is outputted to an analog/digital converter 76
(where no digital data interface is provided by the detector). The converter 76 is

connected to a bus 78, along with a memory 80 and an input/output device 82. The
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memory 80 may comprise one or more of RAM, ROM or EEPROM, as well as
other conventional memory devices. Whatever its form, the memory 80 preferably
contains at least one value indicative of hematocrit level, sample volume or reagent
spot imperfections. In this regard the memory may contain one or more of the
algorithms and look-up tables described herein.

The converter 76, the bus 78, the memory 80 and input/output device 82 may
be components of a microprocessor/microcontroller 84. According to an alternative
embodiment, the converter 76, memory 80 and input/output device 82 are external to
the microprocessor/microcontroller 84.

The input/output device 82 is in signal communication with various output
devices 86, 83; 90, 92, and can provide control signals thereto. These output devices
may include a device providing a catalyst to facilitate sample acquisition, as
described herein. For example, these devices may include one or more of a vacuum
pump, an actuation trigger device, a light source, a heat source, a vibration motor, or
combinations of any of the foregoing. Regardless of the form of these devices, they
are configured and arranged such that they are in signal communication with
input/output device 82 so as to be responsive to the control signals. These control
signals may be based on sample volume calculations made with the assistance of the
detector array, as described herein.

An integrated device formed according to the principles of the present
invention may have a number of suitable configurations. According to certain
embodiments the device is configured to perform testing by acquiring a sample of
blood from the user, transfer the sample to an analysis site, and determine the
concentration of a target analyte contained in the sample. These operations are all
performed with little or no user input. For example, these operations may
commence automatically according to a specified or predetermined schedule.
Alternatively, these operations may commence at the command of the user via, for
example, pressing a start button on the device.

The device may include disposable and reusable portions. The disposable
portion may include at least one skin piercing element/transport member and
analysis site (which may include an assay pad). The disposable portion may provide

the capability to perform a single test. After testing is complete, the disposable
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portion is discarded and replaced with a new disposable portion before performing
another test. Alternatively, the disposable portion includes a plurality of skin
piercing elements/transport members and analysis sites. Such disposable units
permit a plurality of tests to be performed before it is necessary to discard and
replace the disposable unit. The device may be either wearable or handheld, or both.

A non-limiting exemplary integrated device 100 is illustrated in Figs. 4 - 5.
As illustrated therein the device 100 generally comprises a functional portion 102,
and an optional attachment means or band 104. Thus according to the present
invention, the integrated device 100 may be wearable. In addition, or alternatively,
the integrated device may be operable as a hand-held device. For example,
according to the illustrated embodiment, the band 104 can be separated and/or
otherwise removed from the user, and the device 100 stored in a suitable case or in
the user’s pocket. The band can then be grasped and used to hold the device against
the skin to perform a testing operation.

The device 100 preferably includes at least one arrangement for performing a
measurement of the concentration of an analyte contained in a sample of blood.
According to the illustrated embodiment, the device 100 comprises at least one skin-
piercing element, at least one actuation member, such as a torsional spring element
as described in further detail herein, and at least one analysis site 110, which may
contain an assay pad. The at least one arrangement may form part of a disposable
portion or unit. According to one embodiment, the disposable unit allows for at
least one measurement of the concentration of an analyte contained in a sample of
blood prior to being discarded and replaced. According to a further embodiment, the
disposable unit allows for a plurality of measurements of the concentration of an
analyte contained in a sample of blood prior to being discarded and replaced.

According to certain alternative embodiments, the device may additionally
contain one or more of the features disclosed in U.S. Patent No. 6,540,975, U.S.
Patent Application Publications 2003/0153900, 2004/0191119, and published PCT
Applications WO 04/085995 and WO 04/0191693, the entire contents of which are
incorporated herein by reference.

While this invention is satisfied by embodiments in many different forms, as

described in detail in connection with preferred embodiments of the invention, it is
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understood that the present disclosure is to be considered as exemplary of the
principles of the invention and is not intended to limit the invention to the specific
embodiments illustrated and described herein. Numerous variations may be made
by persons skilled in the art without departure from the spirit of the invention. The
abstract and the title are not to be construed as limiting the scope of the present
invention, as their purpose is to enable the appropriate authorities, as well as the
general public, to quickly determine the general nature of the invention. Unless the
term “means” is expressly used, none of the features or elements recited herein
should be construed as means-plus-function limitations pursuant to

35U.8.C. §112,6.
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We Claim:
1. An arrangement for measuring the concentration of an analyte
contained in a sample of body fluid, the arrangement comprising:
an assay pad comprising at least one chemical reagent capable of producing a
detectable signal in the form of a reaction spot formed upon reaction with the
analyte;
a light source;
a detector array;
a processor; and
a memory in communication with the processor, the memory comprising:
(a) at least one value indicative of one or more of:
(1) the level of hematocrit contained in the sample;
(ii) the volume of the sample applied to the assay pad; or
(1ii) imperfections present in the reaction spot; and |
(b) at least one algorithm for calculating the concentration of the

analyte contained in the sample.

2. The arrangement of claim 1, wherein the analyte comprises glucose

and the body fluid comprises blood.

3. The arrangement of claim 1, wherein the detector array is a linear

array.

4. The arrangement of claim 1, wherein the detector array comprises at

least one of a linear array, a polar array, and an area array.

5. The arrangement of claim 1, wherein the detector array comprises a
plurality of detector elements, the detector elements comprising CMOS, CCD,

photodiode, infrared, fluorescent, ultraviolet or electrochemical elements.

6. The arrangement of claim 1, further comprising at least one catalyst

device.
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7. The arrangement of claim 6, wherein the af least one catalyst device

comprises at least one of a vacuum pump, a vibration motor and a heating element.

8. The arrangement of claim 1, wherein the at least once catalyst device
is constructed and arranged to be responsive to control signals, the control signals

based on sample volume calculations.

9. The arrangement of claim 5, wherein at least a portion of the plurality
of detector elements are not in optical registry with the reagent spot and are
configured and arranged to analyze one or more of a control solution having a
known concentration of analyte introduced onto an area of the assay pad that is
different from the area of the reagent spot, a standard color producing a known

signal, and calibration information specific to the lot of the assay pad.

10.  The arrangement of claim 1, wherein the memory comprises at least
one look-up table, and the at least one value is stored in the at least one look-up

table.

11.  The arrangement of claim 1, wherein the memory comprises a
formula for deriving a corrected signal, the formula comprising:
R=F;:xR
where R is the corrected signal, Fy is the at least one value indicative of the level of

hematocrit or the volume of the sample.
12, The arrangement of claim 1, further comprising a needle having a
first end configured to pierce the skin, and a second end in fluid communication with

the assay pad.

13.  An analyte monitoring device comprising the arrangement of claim 1.
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14.  The analyte monitoring device of claim 13, wherein the arrangement
comprises a plurality of assay pads and a plurality of needles, thereby enabling the

performance of a plurality of analyte concentration measurements.

15.  The analyte monitoring device of claim 13, further comprising a band

for attaching the device to the body of the user.

16. A method of measuring the content of analyte contained in a sample
of body fluid, the method comprising:
providing an assay pad comprising at least one chemical reagent;
introducing a sample onto the assay pad;
producing a detectable signal in the form of a reaction spot formed upon
reaction of the at least one chemical reagent with the analyte;
generating a signal based on light reflected off the assay pad;
calculating at least one value indicative to one or more of}
(i) the level of hematocrit contained in the sample;
(i1) the volume of the sample applied to the assay pad; or
(1ii) imperfections present in the reaction spot; and
calculating the concentration of analyte contained in the sample by factoring

in the at least one value.

17.  The method of claim 16, wherein the analyte comprises glucose and

the body fluid comprises blood.
18.  The method of claim 16, wherein the step of generating a signal
based on light reflected off the assay pad comprises providing a detector array in

optical registry with at least the reaction spot on the assay pad.

19.  The method of claim 18, wherein the detector array comprises at least

one of a linear array, a polar array, and an area array.
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20.  The method of claim 19, wherein the detector array comprises a
plurality of detector elements, the detector elements comprising CMOS, CCD,

photodiode, infrared, fluorescent, ultraviolet or electrochemical elements.

21.  The method of claim 16, further comprising applying at least one

catalyst to the surface of the skin of the user to facilitate sample acquisition.

22.  The method of claim 21, wherein the at least one catalyst comprises

at least one of a vacuum pressure, positive pressure, vibration, and heat.

23.  The method of claim 21, wherein the step of applying at least once
catalyst comprises controlling application of the catalyst with a control signal based

on sample volume calculations.

24.  The method of claim 20, further comprising using at least a portion of
the plurality of detector elements not in optical registry with the reagent spot to
analyze one or more of a control solution having a known concentration of analyte
introduced onto an area of the assay pad that is different from the area of the reagent
spot, reading a standard color producing a known signal, and reading calibration

information specific to the lot of the assay pad.

25.  The method of claim 16, wherein the step of calculating comprises

acquiring the at least one value from at least one look-up table.

26.  The method of claim 16, wherein the step of calculating the
concentration of analyte comprises deriving a corrected signal from the formula
comprising:

R~=F:x R
where R; is the corrected signal, Fy is the at least one value indicative of the level of

hematocrit or the volume of the sample.
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27.  The method of claim 16, further comprising piercing the skin of the
user with a first end of a needle, and transporting a sample of blood through a

second end of the needle to the assay pad.

28.  An arrangement for measuring the concentration of an analyte
contained in a sample of body fluid, the arrangement comprising:

an assay pad comprising at least one chemical reagent capable of producing a
detectable signal in the form of a reaction spot formed upon reaction with the
analyte;

a light source;

a detector array;

a processor;

a memory in communication with the processor; and

at least one catalyst device constructed and arranged to be responsive to

control signals.

29.  The arrangement of claim 28, wherein the detector array comprises a
linear array of detector elements, the detector elements comprising CMOS, CCD,

photodiode, infrared, fluorescent, ultraviolet or electrochemical elements.

30. The arrangement of claim 28, wherein the at least one catalyst device

comprises at least one of a vacuum pump, a vibration motor and a heating element.

31. The arrangement of claim 28, wherein the at least one catalyst device
is constructed and arranged to be responsive to control sigﬁals derived from a signal

based on light reflected off the assay pad and detected by the detector array.
32. The arrangement of claim 28, wherein a lease one catalyst device is

constructed and arranged to be responsive to control signals derived from a signal

based on imaging of a surface on the skin of the user.
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33.  The arrangement of claim 28, wherein the detector array, processor
and memory are constructed and arranged to predict sample volume be delivered to

the assay pad.

34,  The arrangement of claim 33, wherein the sample volume to be
delivered to the assay pad is predicted based at least in part on a signal generated by
light reflected off the assay pad and detected by the detector array.

35.  Anintegrated meter comprising:
at least one piercing element;
at least one actuation member; and

the arrangement of claim 1.

36.  An integrated meter comprising:
at least one piercing element;
at least one actuation member; and

the arrangement of claim 28.
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