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METHOD OF DETERMINING ANALYTE
CONCENTRATION IN A SAMPLE USING
INFRARED TRANSMISSION DATA

CLAIM OF PRIORITY

This application claims the benefit of U.S. Provisional
Application No. 60/463,133, filed Apr. 15, 2003. This appli-
cation is a continuation of U.S. patent application Ser. No.
10/825,085, filed Apr. 15, 2004 now U.S. Pat. No. 7,271,912.
Each of these applications is hereby incorporated herein in its
entirety and made part of this specification.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The disclosure herein relates generally to methods for
determining the composition of a material sample by analyz-
ing electromagnetic energy that has been passed through or
emitted from the material sample.

2. Description of the Related Art

A large number of people suffer from diabetes and other
conditions in which the natural regulation of blood glucose
levels is impaired. For these people, monitoring blood glu-
cose level is an important part of health maintenance, and a
variety of techniques and instruments have been developed to
periodically measure glucose levels in blood samples for this
purpose.

Most of these methods involve a spectroscopic measure-
ment, where the absorption of electromagnetic energy of a
blood sample is measured and correlated to glucose concen-
tration. In some cases, the electromagnetic energy is at optical
wavelengths. Inthese systems, a chemical reagent is typically
added to the blood sample which chemically reacts with the
glucose and produces an absorption in the optical band
dependent on the amount of glucose present and which par-
ticipates in the reaction. In addition to the expense of manu-
facturing such reagent based systems, these assays may be
interfered with by other blood constituents that reduce their
accuracy and reproducibility.

Although reagent-based optical assays have been success-
fully produced and commercialized, blood absorption char-
acteristics in the infrared (IR) region of the electromagnetic
spectrum have been recently explored to measure blood glu-
cose concentrations. Using IR absorption characteristics has
advantages over reagent-based optical measurements since
glucose exhibits significant absorption in several IR wave-
length regions without the need to perform a reaction with
another chemical species that must be added to the blood
sample.

However, other chemical species including water, alanine,
albumin, hemoglobin, urea, lactate and others also absorb
strongly at several IR band frequencies. Some of these con-
stituents are present in the blood at concentrations of 50 or
100 times or more than the glucose concentration. Because
the sample absorption at any given wavelength is a sum of the
absorptions of each component at that wavelength, IR absorp-
tion measurements are complicated by the presence of these
other components. Consequently, methods that allow effec-
tive compensation and adjustments to measured IR absorp-
tion for the presence of other blood components would be
beneficial to provide a low cost and accurate system for dia-
betics and others in need of periodic glucose monitoring.

SUMMARY OF THE INVENTION

In certain embodiments, a method determines an analyte
concentration in a sample. The sample comprises the analyte
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and a substance. The method comprises providing absorption
data of the sample. The method further comprises providing
reference absorption data of the substance. The method fur-
ther comprises calculating a substance contribution of the
absorption data. The method further comprises subtracting
the substance contribution from the absorption data, thereby
providing corrected absorption data substantially free of a
contribution from the substance.

In certain embodiments, a method provides measurements
of constituents in a sample using infrared (IR) spectroscopy.
The method comprises providing absorption data of the
sample. The method further comprises correcting the absorp-
tion data for a non-analyte contribution to the absorption data.

In certain embodiments, a method uses infrared (IR) spec-
troscopy to determine a ratio of an analyte volume to the total
volume of a sample. The sample comprises the analyte, a first
substance, and a second substance. The method comprises
providing absorption data from the sample for a first set of
wavelengths in a wavelength region where a first-substance
absorption dominates. The method further comprises calcu-
lating a first quantity equal to the product of a first-substance
volume concentration and a path length of the sample. The
method further comprises providing absorption data from the
sample fora second set of wavelengths in a wavelength region
where the first-substance absorption and a second-substance
absorption dominate. The method further comprises calculat-
ing a second quantity equal to the product of a second-sub-
stance volume concentration and the path length of the
sample. The method further comprises providing absorption
data from the sample for a third set of wavelengths in a
wavelength region where the first-substance absorption, the
second-substance absorption, and an analyte absorption
dominate. The method further comprises calculating a third
quantity equal to the product of an analyte volume concen-
tration and the path length of the sample. The method further
comprises calculating a ratio of the third quantity divided by
the sum of the first quantity and the second quantity.

In certain embodiments, a method determines non-analyte
contributions to absorption data from a sample. The method
comprises inputting transmission measurements, filter
parameters, and water spectral properties. The method further
comprises calculating optical densities and filter constants.
The method further comprises estimating non-linear filter
terms and cuvette distortion matrix elements. The method
further comprises solving for a temperature change as a func-
tion of the path length. The method further comprises calcu-
lating new estimates of absorption and non-linear terms.

In certain embodiments, a method determines non-analyte
contributions to absorption data from a sample. The method
comprises inputting transmission measurements, filter
parameters, and water spectral properties. The method further
comprises calculating optical densities and filter constants.
The method further comprises estimating non-linear filter
terms and cuvette distortion matrix elements. The method
further comprises solving for a temperature change as a func-
tion of the path length. The method further comprises calcu-
lating new estimates of absorption and non-linear terms.

In certain embodiments, a method evaluates analyte con-
centration errors in absorption data from a sample. The
method comprises calculating transmission and optical den-
sities at four wavelengths for a water-filled cuvette. The four
wavelengths comprise two wavelengths dominated by
absorption by water, an analyte reference wavelength, and a
measurement wavelength. The method further comprises
using the optical densities to determine the water content at
the analyte reference wavelength and the measurement wave-
length. The method further comprises calculating expected
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optical density values at the analyte reference wavelength and
the measurement wavelength. The method further comprises
calculating residuals between the exact and calculated optical
densities at the analyte reference wavelength and the mea-
surement wavelength. The method further comprises deter-
mining the analyte concentration etror by calculating the
analyte concentration consistent with the difference between
the residuals at the analyte reference wavelength and the
measurement wavelength.

For purposes of summarizing the invention, certain
aspects, advantages and novel features of the invention have
been described herein above., It is to be understood, however,
that not necessarily all such advantages may be achieved in
accordance with any particular embodiment of the invention.
Thus, the invention may be embodied or carried out in a
manner that achieves or optimizes one advantage or group of
advantages as taught herein without necessarily achieving
other advantages as may be taught or suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of one embodiment of an
analyte detection system.

FIG. 2 is a schematic illustration of another embodiment of
the analyte detection system.

FIG. 3 is a plan view of one embodiment of a filter wheel
suitable for use in the analyte detection system depicted in
FIG. 2.

FIG. 4 is a partial sectional view of another embodiment of
an analyte detection system.

FIG. 5 is a detailed sectional view of a sample detector of
the analyte detection system illustrated in FIG. 4.

FIG. 6 is a detailed sectional view of a reference detector of
the analyte detection system illustrated in FIG. 4.

FIG. 7 is a flowchart of one embodiment of a method of
operation of various embodiments of the analyte detection
system.

FIG. 8 is a plan view of one embodiment of a sample
element suitable for use in combination with various embodi-
ments of the analyte detection system.

FIG. 9 is a side elevation view of the sample element
illustrated in FIG. 8.

FIG. 10 is an exploded view of the sample element illus-
trated in FIG. 8.

FIG. 11 is a cross-sectional view of one embodiment of a
sample element configured for analysis of a sample at two
separate pathlengths.

FIG. 12 is a cross-sectional view of the sample element of
FIG. 11, as employed in an alternative method of analysis.

FIG. 13 is a cross-sectional view of one embodiment of an
analyte detection system configured for changing an optical
pathlength of a sample element.

FIG. 14 1s a cross-sectional view of another embodiment of
an analyte detection system configured for changing an opti-
cal pathlength of a sample element.

FIG. 15 is a cross-sectional view of another embodiment of
an analyte detection system configured for changing an opti-
cal pathlength of a sample element.

FIG. 16 is a cross-sectional view of the analyte detection
system of FIG. 15, illustrating compression and expansion of
a sample element employed therewith.

FIG. 17 is a top plan view of another embodiment of a
sample element configured for analysis of a sample at two
separate pathlengths.

FIG. 18 is a sectional view of the sample element of FIG.
17.
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FIG. 19 is a bottom plan view of another embodiment of a
sample element configured for analysis of a sample at two
separate pathlengths.

FIG. 20 is a sectional view of the sample element of FIG.
19.

FIG. 21 is an end sectional view of another embodiment of
a sample element.

FIG. 22 schematically illustrates the major constituents of
three components mixed to produce blood samples.

FIG. 23 schematically illustrates a water-filled non-parallel
cuvette illuminated with parallel light that has passed through
an optical filter with known bandwidth and filter shape.

FIG. 24 illustrates the absorption of water in an exemplary
water region.

FIG. 25 illustrates an exemplary OD spectrum from a
blood sample overlaid with a water reference spectrum in the
wavelength range of 4 microns to 11 microns.

FIG. 26 illustrates an exemplary water OD spectrum show-
ing four wavelengths used for determining the individual
effects of various instrument factors.

FIG. 27 schematically illustrates a model of the cuvette
shape.

FIGS. 28A and 28B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of cuvette
shape parameters for a first set of wavelengths.

FIG. 28C is a graph of the distortion parameter correspond-
ing to FIGS. 28A and 28B.

FIG. 28D is a graph of the absorption spectrum with the
first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 29A and 29B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of cuvette
shape parameters for a first set of wavelengths.

FIG. 29C is a graph of the distortion parameter correspond-
ing to FIGS. 29A and 29B.

FIG. 29D is a graph of the absorption spectrum with the
first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 30A and 30B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of path
length for different filter bandwidths for a first set of wave-
lengths.

FIG. 30C is a graph of the absorption spectrum with the
first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 31A and 31B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of path
length for different filter bandwidths for a second set of wave-
lengths.

FIG. 31C is a graph of the absorption spectrum with the
second set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 32A and 32B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of water
temperature variation from nominal for a first set of wave-
lengths.

FIG. 32C is a graph of the absorption spectrum with the
first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 33A and 33B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of water
temperature variation from nominal for a second set of wave-
lengths.

FIG. 33C is a graph of the absorption spectrum with the
second set of wavelengths used in the calculation denoted by
vertical lines.
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FIGS. 34A and 34B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of filter
temperature variation from nominal for a first set of wave-
lengths.

FIG. 34C is a graph of the absorption spectrum with the
first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 35A and 35B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of filter
temperature variation from nominal for a second set of wave-
lengths.

FIG. 35C is a graph of the absorption spectrum with the
second set of wavelengths used in the calculation denoted by
vertical lines.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Although certain preferred embodiments and examples are
disclosed below, it will be understood by those skilled in the
art that the invention extends beyond the specifically dis-
closed embodiments to other alternative embodiments and/or
uses of the invention and obvious modifications and equiva-
lents thereof. Thus it is intended that the scope of the inven-
tion herein disclosed should not be limited by the particular
disclosed embodiments described below. In any method or
process disclosed herein, the acts or operations making up the
method/process may be performed in any suitable sequence,
and are not necessarily limited to any particular disclosed
sequence. For purposes of contrasting various embodiments
with the prior art, certain aspects and advantages of these
embodiments are described where appropriate herein. Of
course, it is to be understood that not necessarily all such
aspects or advantages may be achieved in accordance with
any particular embodiment. Thus, for example, it should be
recognized that the various embodiments may be carried out
in amanner that achieves or optimizes one advantage or group
of advantages as taught herein without necessarily achieving
other aspects or advantages as may be taught or suggested
herein.

Section [ below discloses various embodiments of an ana-
lyte detection system that may be used to detect the concen-
tration of one or more analytes in a material sample. Section
1I discloses various embodiments of a cuvette or sample ele-
ment which are suitable for use with the embodiments of the
analyte detection system discussed in Section 1. The disclosed
embodiments of the sample element are configured to support
or contain a material sample for analysis by the analyte detec-
tion system. In Section III, there are disclosed a number of
methods for sample-element referencing, which generally
comprises compensating for the effects of the sample element
itself on the measurement of analyte concentration. Any one
or combination of the methods disclosed in Section Il may be
executed wholly or partly by appropriate processing hard-
ware in the analyte detection system to support computation
ofthe concentration of the analyte(s) of interest in the sample.
Section IIT also discloses further variations of the analyte
detection system and sample element, which are adapted for
use in practicing the disclosed methods of sample-element
referencing.

Section 1V below discusses a number of computational
methods or algorithms which may be used to calculate the
concentration of the analyte(s) of interest in the sample, and/
or to compute or estimate other measures that may be used in
support of calculations of analyte concentrations. Any one or
combination of the algorithms disclosed in Section IV may be
executed by appropriate processing hardware in the analyte
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detection system to compute the concentration of the
analyte(s) of interest in the sample. Section V discusses a
number of measures of the performance of certain embodi-
ments of the analyte detection system.

1. Analyte Detection System

FIG.1is aschematic view of one embodiment of an analyte
detection system 10. The detection system 10 is particularly
suited for detecting the concentration of one or more analytes
in a material sample S, by detecting energy transmitted
through the sample, as will be discussed in further detail
below.

The detection system 10 comprises an energy source 20
disposed along a major axis X of the system 10. When acti-
vated, the energy source 20 generates an energy beam E
which advances from the energy source 20 along the major
axis X. In one embodiment, the energy source 20 comprises
an infrared source and the energy beam E comprises an infra-
red energy beam.

The energy beam E passes through a filter 25, also situated
on the major axis X, before reaching a sample element or
cuvette 120, which supports or contains the material sample
S. After passing through the sample element 120 and the
sample S, the energy beam E reaches a detector 145.

With further reference to FIG. 1, the detector 145 responds
to radiation incident thereon by generating an electrical signal
and passing the signal to a processor 180 for analysis. Based
on the signal(s) passed to it by the detector 145, the processor
computes the concentration of the analyte(s) of interest in the
sample S, and/or the absorbance/transmittance characteris-
tics of the sample S at one or more wavelengths or wavelength
bands employed to analyze the sample. The processor 180
computes the concentration(s), absorbance(s),
transmittance(s), etc. by executing a data processing algo-
rithm or program instructions residing within memory 185
accessible by the processor 180.

In the embodiment shown in FIG. 1, the filter 25 may
comprise a varying-passband filter, to facilitate changing,
over time and/or during a measurement taken with the detec-
tion system 10, the wavelength or wavelength band of the
energy beam E that may pass the filter 25 for use in analyzing
the sample S. Some examples of a varying-passband filter
usable with the detection system 10 include, but are not lim-
ited to, a filter wheel (discussed in further detail below),
electronically tunable filter, Fabry-Perot interferometer, or
any other suitable varying-passband filter.

When the energy beam E is filtered with a varying-pass-
band filter, the absorption/transmittance characteristics of the
sample S can be analyzed at a number of wavelengths or
wavelength bands in a separate, sequential manner. As an
example, assume that it is desired to analyze the sample S at
four separate wavelengths (Wavelength 1 through Wave-
length 4). The varying-passband filter is first operated or
tuned to permit the energy beam E to pass at Wavelength 1,
while substantially blocking the beam E at most or all other
wavelengths to which the detector 145 is sensitive (including
Wavelengths 2-4). The absorption/transmittance properties
of the sample S are then measured at Wavelength 1, based on
the beam E that passes through the sample S and reaches the
detector 145. The varying-passband filter is then operated or
tuned to permit the energy beam E to pass at Wavelength 2,
while substantially blocking other wavelengths as discussed
above; the sample S is then analyzed at Wavelength 2 as was
done at Wavelength 1. This process is repeated until all of the
wavelengths of interest have been employed to analyze the
sample S. The collected absorption/transmittance data can



US 7,593,108 B2

7

then be analyzed by the processor 180 to determine the con-
centration of the analyte(s) of interest in the material sample
S.

By analyzing the sample S at each wavelength or wave-
length band in this separate, sequential fashion, greater pre-
cision can be attained because the noise, interference, ete.
otherwise caused by the detection of wavelengths other than
the wavelength of immediate interest, is minimized. How-
ever, any other suitable detection methodology may be used
with the detection system 10, whether or not the system 10
includes a varying-passband filter.

Although the use of a varying-passband filter offers certain
advantages as discussed above, a fixed-passband filter may be
used as an alternative filter 25, to permit a selected wave-
length or wavelength band to pass through the sample S for
analysis thereof.

As used herein, the term “material sample” (or, alterna-
tively, “sample”) is a broad term and is used in its ordinary
sense and includes, without limitation, any collection of
material which is suitable for analysis by the analyte detec-
tion system 10. For example, the material sample S may
comprise whole blood, blood components (e.g., plasma or
serum), interstitial fluid, intercellular fluid, saliva, urine,
sweat and/or other organic or inorganic materials, or deriva-
tives of any of these materials. In one embodiment, whole
blood or blood components may be drawn from a patient’s
capillaries. As used herein, the term “analyte” is a broad term
and is used in its ordinary sense and includes, without limi-
tation, any chemical species the presence or concentration of
which is sought in the material sample S by the analyte
detection system 10. For example, the analyte(s) which may
be detected by the analyte detection system 10 include butnot
are limited to glucose, ethanol, insulin, water, carbon dioxide,
blood oxygen, cholesterol, bilirubin, ketones, fatty acids,
lipoproteins, albumin, urea, creatinine, white blood cells, red
blood cells, hemoglobin, oxygenated hemoglobin, carboxy-
hemoglobin, organic molecules, inorganic molecules, phar-
maceuticals, cytochrome, various proteins and chro-
mophores, microcalcifications, electrolytes, sodium,
potassium, chloride, bicarbonate, and hormones.

FIG. 2 depicts another embodiment of the analyte detection
system 10, which may be generally similar to the embodiment
illustrated in FIG. 1, except as further detailed below. Where
possible, similar elements are identified with identical refer-
ence numerals in the depiction of the embodiments of FIGS.
1 and 2.

The detection system 10 shown in FIG. 2 includes a colli-
mator 30 through which the energy beam E passes before
reaching a primary filter 40 disposed downstream of a wide
end 36 of the collimator 30. The primary filter 40 is aligned
with the source 20 and collimator 30 on the major axis X and
is preferably configured to operate as a broadband filter,
allowing only a selected band, e.g., between about 2.5 pm and
about 12.5 pm, of wavelengths emitted by the source 20 to
pass therethrough, as discussed below. In one embodiment,
the energy source 20 comprises an infrared source and the
energy beam E comprises an infrared energy beam. One
suitable energy source 20 is the TOMA TECH™ IR-50 avail-
able from HawkEye Technologies of Milford, Conn.

With further reference to FIG. 2, the primary filter 40 is
mounted in a mask 44 so that only those portions of the energy
beam E which are incident on the primary filter 40 can pass
the plane of the mask-primary filter assembly. The primary
filter 40 is generally centered on and oriented orthogonal to
the major axis X and is preferably circular (in a plane orthogo-
nal to the major axis X) with a diameter of about 8 mm. Of
course, any other suitable size or shape may be employed. As
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discussed above, the primary filter 40 preferably operates as a
broadband filter. In the illustrated embodiment, the primary
filter 40 preferably allows only energy wavelengths between
about 4 um and about 11 um to pass therethrough. However,
other ranges of wavelengths can be selected. The primary
filter 40 advantageously reduces the filtering burden of sec-
ondary filter(s) 60 disposed downstream of the primary filter
40 and improves the rejection of electromagnetic radiation
having a wavelength outside of the desired wavelength band.
Additionally, the primary filter 40 can help minimize the
heating of the secondary filter(s) 60 by the energy beam E
passing therethrough. Despite these advantages, the primary
filter 40 and/or mask 44 may be omitted in alternative
embodiments of the system 10 shown in FIG. 2.

The primary filter 40 is preferably configured to substan-
tially maintain its operating characteristics (center wave-
length, passband width) where some or all of the energy beam
E deviates from normal incidence by a cone angle of up to
about twelve degrees relative to the major axis X. In further
embodiments, this cone angle may be up to about 15 degrees
or 20 degrees. The primary filter 40 may be said to “substan-
tially maintain” its operating characteristics where any
changes therein are insufficient to affect the performance or
operation of the detection system 10 in a manner that would
raise significant concerns for the user(s) of the system in the
context in which the system 10 is employed.

In the embodiment illustrated in FIG. 2, a filter wheel 50 is
employed as a varying-passband filter, to selectively position
the secondary filter(s) 60 on the major axis X and/or in the
energy beam E. The filter wheel 50 can therefore selectively
tune the wavelength(s) of the energy beam E downstream of
the wheel 50. These wavelength(s) vary according to the
characteristics of the secondary filter(s) 60 mounted in the
filter wheel 50. The filter wheel 50 positions the secondary
filter(s) 60 in the energy beam E in a “one-at-a-time” fashion
to sequentially vary, as discussed above, the wavelengths or
wavelength bands employed to analyze the material sample S.

In alternative arrangements, the single primary filter 40
depicted in FIG. 2 may be replaced or supplemented with
additional primary filters mounted on the filter wheel 50
upstream of each of the secondary filters 60. As yet another
alternative, the primary filter 40 could be implemented as a
primary filter wheel (not shown) to position different primary
filters on the major axis X at different times during operation
of the detection system 10, or as a tunable filter.

The filter wheel 50, in the embodiment depicted in FIG. 3,
can comprise a wheel body 52 and a plurality of secondary
filters 60 disposed on the body 52, the center of each filter
being equidistant from a rotational center RC of the wheel
body. The filter wheel 50 is configured to rotate about an axis
which is (i) parallel to the major axis X and (ii) spaced from
the major axis X by an orthogonal distance approximately
equal to the distance between the rotational center RC and any
of the center(s) of the secondary filter(s) 60. Under this
arrangement, rotation of the wheel body 52 advances each of
the filters sequentially through the major axis X, so as to act
upon the energy beam E. (However, depending on the
analyte(s) of interest or desired measurement speed, only a
subset of the filters on the wheel 50 may be employed in a
given measurement run.) In the embodiment depicted in FIG.
3, the wheel body 52 is circular; however, any suitable shape,
such as oval, square, rectangular, triangular, etc. may be
employed. A home position notch 54 may be provided to
indicate the home position of the wheel 50 to the position
sensor 80.

In one embodiment, the wheel body 52 can be formed from
molded plastic, with each of the secondary filters 60 having a
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5 mmx5 mm square configuration and a thickness of 1 mm.
Each of the filters 60, in this embodiment of the wheel body
52, is axially aligned with a circular aperture of 4 mm diam-
eter, and the aperture centers define a circle of about 1.70
inches diameter, which circle is concentric with the wheel
body 52. The body 52 itselfis circular, with an outside diam-
eter of 2.00 inches.

Each of the secondary filter(s) 60 is preferably configured
to operate as a narrow band filter, allowing only a selected
energy wavelength or wavelength band (i.e., a filtered energy
beam (Ef) to pass therethrough. As the filter wheel 50 rotates
about its rotational center RC, each of the secondary filter(s)
60 is, in turn, disposed along the major axis X for a selected
dwell time corresponding to each of the secondary filter(s) 60.

The “dwell time” for a given secondary filter 60 is the time
interval, in an individual measurement run of the system 10,
during which both of the following conditions are true: (i) the
filter is disposed on the major axis X; and (ii) the source 20 is
energized. The dwell time for a given filter may be greater
than or equal to the time during which the filter is disposed on
the major axis X during an individual measurement run. In
oneembodiment of the analyte detection system 10, the dwell
time corresponding to each of the secondary filter(s) 60 is less
than about 1 second. However, the secondary filter(s) 60 can
have other dwell times, and each of the filter(s) 60 may have
a different dwell time during a given measurement run.

Referring again to FIG. 2, a stepper motor 70 is connected
to the filter wheel 50 and is configured to generate a force to
rotate the filter wheel 50. Additionally, a position sensor 80 is
disposed over a portion of the circumference of the filter
wheel 50 and may be configured to detect the angular position
of the filter wheel 50 and to generate a corresponding filter
wheel position signal, thereby indicating which filter is in
position on the major axis X. Alternatively, the stepper motor
70 may be configured to track or count its own rotation(s),
thereby tracking the angular position of the filter wheel, and
pass a corresponding position signal to the processor 180.
Two suitable position sensors are models EE-SPX302-W2A
and EE-SPX402-W2A available from Omron Corporation of
Kyoto, Japan.

From the secondary filter 60, the filtered energy beam (Ef)
passes through a beam splitter 100 disposed along the major
axis X and having a face 1004 disposed at an included angle
0 relative to the major axis X. The splitter 100 preferably
separates the filtered energy beam (Ef) into a sample beam
(Es) and a reference beam (Er).

With further reference to FIG. 2, the sample beam (Es)
passes next through a first lens 110 aligned with the splitter
100 along the major axis X. The first lens 110 is configured to
focus the sample beam (Es) generally along the axis X onto
the material sample S. The sample S is preferably disposed in
a sample element 120 between a first window 122 and a
second window 124 of the sample element 120. The sample
element 120 is further preferably removably disposed in a
holder 130, and the holder 130 has a first opening 132 and a
second opening 134 configured for alignment with the first
window 122 and second window 124, respectively. Alterna-
tively, the sample element 120 and sample S may be disposed
on the major axis X without use of the holder 130.

At least a fraction of the sample beam (Es) is transmitted
through the sample S and continues onto a second lens 140
disposed along the major axis X. The second lens 140 is
configured to focus the sample beam (Es) onto a sample
detector 150, thus increasing the flux density of the sample
beam (Es) incident upon the sample detector 150. The sample
detector 150 is configured to generate a signal corresponding
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to the detected sample beam (Es) and to pass the signal to a
processor 180, as discussed in more detail below.

The reference beam (Er) is directed from the beam splitter
100 to a third lens 160 disposed along a minor axis Y gener-
ally orthogonal to the major axis X. The third lens 160 is
configured to focus the reference beam (Er) onto a reference
detector 170, thus increasing the flux density of the reference
beam (Er) incident upon the reference detector 170. In one
embodiment, the lenses 110, 140, 160 may be formed from a
material which is highly transmissive of infrared radiation,
for example germanium or silicon. In addition, any of the
lenses 110, 140 and 160 may be implemented as a system of
lenses, depending on the desired optical performance. The
reference detector 170 is also configured to generate a signal
corresponding to the detected reference beam (Er) and to pass
the signal to the processor 180, as discussed in more detail
below. Except as noted below, the sample and reference
detectors 150, 170 may be generally similar to the detector
145 illustrated in FIG. 1. Based on signals received from the
sample and reference detectors 150, 170, the processor 180
computes the concentration(s), absorbance(s),
transmittance(s), etc. relating to the sample S by executing a
data processing algorithm or program instructions residing
within the memory 185 accessible by the processor 180.

In further variations ofthe detection system 10 depicted in
FIG. 2, the beam splitter 100, reference detector 170 and other
structures on the minor axis Y may be omitted, especially
where the output intensity of the source 20 is sufficiently
stable to obviate any need to reference the source intensity in
operation of the detection system 10. Furthermore, in any of
the embodiments of the analyte detection system 10 disclosed
herein, the processor 180 and/or memory 185 may reside
partially or wholly in a standard personal computer (“PC”)
coupled to the detection system 10.

FIG. 4 depicts a partial cross-sectional view of another
embodiment of an analyte detection system 10, which may be
generally similar to any of the embodiments illustrated in
FIGS. 1-3, except as further detailed below. Where possible,
similar elements are identified with identical reference
numerals in the depiction of the embodiments of FIGS. 1-4.

The energy source 20 of the embodiment of FIG. 4 prefer-
ably comprises an emitter area 22 which is substantially cen-
tered on the major axis X. In one embodiment, the emitter
area 22 may be square in shape. However the emitter area 22
can have other suitable shapes, such as rectangular, circular,
elliptical, etc. One suitable emitter area 22 is a square of about
1.5 mm on a side; of course, any other suitable shape or
dimensions may be employed.

The energy source 20 is preferably configured to selectably
operate at a modulation frequency between about 1 Hz and 30
Hz and have a peak operating temperature of between about
1070 degrees Kelvin and 1170 degrees Kelvin. Additionally,
the source 20 preferably operates with a modulation depth
greater than about 80% at all modulation frequencies. The
energy source 20 preferably emits electromagnetic radiation
in any of a number of spectral ranges, e.g., within infrared
wavelengths; in the mid-infrared wavelengths; above about
0.8 um; between about 5.0 um and about 20.0 pm; and/or
between about 5.25 um and about 12.0 um. However, in other
embodiments, the detection system 10 may employ an energy
source 20 which is unmodulated and/or which emits in wave-
lengths found anywhere from the visible spectrum through
the microwave spectrum, for example anywhere from about
0.4 pm to greater than about 100 pm. In still other embodi-
ments, the energy source 20 can emit electromagnetic radia-
tion in wavelengths between about 3.5 pm and about 14 pm,
or between about 0.8 um and about 2.5 pm, or between about
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2.5 wm and 20 um, or between about 20 um and about 100 pum,
or between about 6.85 pum and about 10.10 um. In yet other
embodiments, the energy source 20 can emit electromagnetic
radiation within the radio frequency (RF) range or the tera-
hertz range. All of the above-recited operating characteristics
are merely exemplary, and the source 20 may have any opet-
ating characteristics suitable for use with the analyte detec-
tion system 10.

A power supply (not shown) for the energy source 20 is
preferably configured to selectably operate with a duty cycle
of between about 30% and about 70%. Additionally, the
power supply is preferably configured to selectably operate at
a modulation frequency of about 10 Hz, or between about 1
Hz and about 30 Hz. The operation of the power supply can be
in the form of a square wave, a sine wave, or any other
waveform defined by a user.

With further reference to FIG. 4, the collimator 30 com-
prises a tube 30a with one or more highly-reflective inner
surfaces 32 which diverge from a relatively narrow upstream
end 34 to a relatively wide downstream end 36 as they extend
downstream, away from the energy source 20. The narrow
end 34 defines an upstream aperture 34a which is situated
adjacent the emitter area 22 and permits radiation generated
by the emitter area to propagate downstream into the colli-
mator. The wide end 36 defines a downstream aperture 36a.
Like the emitter area 22, each of the inner surface(s) 32,
upstream aperture 3da and downstream aperture 36a is pref-
erably substantially centered on the major axis X.

As illustrated in FIG. 4, the inner surface(s) 32 of the
collimator may have a generally curved shape, such as a
parabolic, hyperbolic, elliptical or spherical shape. One suit-
able collimator 30 is a compound parabolic concentrator
(CPC). In one embodiment, the collimator 30 can be up to
about 20 mm in length. In another embodiment, the collima-
tor 30 can be up to about 30 mm in length. However, the
collimator 30 can have any length, and the inner surface(s) 32
may have any shape, suitable for use with the analyte detec-
tion system 10.

The inner surfaces 32 of the collimator 30 cause the rays
making up the energy beam E to straighten (i.e., propagate at
angles increasingly parallel to the major axis X) as the beam
E advances downstream, so that the energy beam E becomes
increasingly or substantially cylindrical and oriented substan-
tially parallel to the major axis X. Accordingly, the inner
surfaces 32 are highly reflective and minimally absorptive in
the wavelengths of interest, such as infrared wavelengths.

The tube 30a itself may be fabricated from a rigid material
such as aluminum, steel, etc., as long as the inner surfaces 32
are coated or otherwise treated to be highly reflective in the
wavelengths of interest. For example, a polished gold coating
may be employed. Preferably, the inner surface(s) 32 of the
collimator 30 define a circular cross-section when viewed
orthogonal to the major axis X; however, other cross-sec-
tional shapes, such as a square or other polygonal shapes,
parabolic or elliptical shapes may be employed in alternative
embodiments.

As noted above, the filter wheel 50 shown in FIG. 4 com-
prises a plurality of secondary filters 60 which preferably
operate as narrow band filters, each filter allowing only
energy of a certain wavelength or wavelength band to pass
therethrough. In one configuration suitable for detection of
glucose in a sample S, the filter wheel 50 comprises twenty or
twenty-two secondary filters 60, each of which is configured
to allow a filtered energy beam (Ef) to travel therethrough
with a nominal wavelength approximately equal to one of the
following: 3 wm, 4.06 pm, 4.6 pm, 4.9 pm, 5.25 um, 6.12 pm,
6.47 pm, 7.98 um, 8.35 um, 9.65 pm, and 12.2 um. (Moreover,
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this set of wavelengths may be employed with any of the
embodiments of the analyte detection system 10 disclosed
herein.) Each secondary filter’s 60 center wavelength is pref-
erably equal to the desired nominal wavelength plus or minus
about 2%. Additionally, the secondary filters 60 are prefer-
ably configured to have a bandwidth of about 0.2 um, or
alternatively equal to the nominal wavelength plus or minus
about 2%-10%.

In another embodiment, the filter wheel 50 comprises
twenty secondary filters 60, each of which is configured to
allow a filtered energy beam (Ef) to travel therethrough with
a nominal center wavelengths of: 4.275 um, 4.5 pm, 4.7 pum,
5.0um, 5.3um, 6.056 um, 7.15um, 7.3 um, 7.55 um, 7.67 pm,
8.06 um, 8.4 pm, 8.56 um, 8.87 pm, 9.15 um, 9.27 pm, 9.48
um, 9.68 um, 9.82 wm, and 10.06 pm. (This set of wavelengths
may also be employed with or in any of the embodiments of
the analyte detection system 10 disclosed herein.) In still
another embodiment, the secondary filters 60 may conform to
any one or combination of the following specifications: center
wavelength tolerance of £0.01 pm; half-power bandwidth
tolerance of +0.01 pm; peak transmission greater than or
equal to 75%: cut-on/cut-off slope less than 2%; center-wave-
length temperature coefficient less than 0.01% per degree
Celsius; out of band attenuation greater than OD 5 from 3 pm
to 12 um; flatness less than 1.0 waves at 0.6328 um,; surface
quality of E-E per Mil-F—48616; and overall thickness of
about 1 mm.

In still another embodiment, the secondary filters men-
tioned above may conform to any one or combination of the
following half-power bandwidth (“HPBW”) specifications:

Center Wavelength (um) HPBW (um)
4275 0.05
45 0.18
47 0.13
5.0 0.1
53 0.13
6.056 0.135
7.15 0.19
73 0.19
755 0.18
7.67 0.197
8.06 0.3
84 0.2
8.56 0.18
8.87 0.2
9.15 0.15
9.27 0.14
948 0.23
9.68 0.3
9.82 0.34

10.06 0.2

In still further embodiments, the secondary filters may
have a center wavelength tolerance of +0.5% and a half-
power bandwidth tolerance of +0.02 pm.

Of course, the number of secondary filters employed, and
the center wavelengths thereof, may vary in further embodi-
ments of the system 10, whether such further embodiments
are employed to detect glucose, or other analytes instead of or
in addition to glucose. For example, in another embodiment,
the filter wheel 50 can have fewer than fifty secondary filters
60. In still another embodiment, the filter wheel 50 can have
fewer than twenty secondary filters 60. In yet another
embodiment, the filter wheel 50 can have fewer than ten
secondary filters 60.

In one embodiment, the secondary filters 60 each measure
about 10 mm long by 10 mm wide in a plane orthogonal to the
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major axis X, with a thickness of about 1 mm. However, the
secondary filters 60 can have any other dimensions suitable
for operation of the analyte detection system 10. Additionally,
the secondary filters 60 are preferably configured to operate at
atemperature of between about 5° C. and about 35° C. and to
allow transmission of more than about 75% of the energy
beam E therethrough in the wavelength(s) which the filter is
configured to pass.

According to the embodiment illustrated in FIG. 4, the
primary filter 40 operates as a broadband filter and the sec-
ondary filters 60 disposed on the filter wheel 50 operate as
narrow band filters. However, one of ordinary skill in the art
will realize that other structures can be used to filter energy
wavelengths according to the embodiments described herein.
For example, the primary filter 40 may be omitted and/or an
electronically tunable filter or Fabry-Perot interferometer
(not shown) can be used in place of the filter wheel 50 and
secondary filters 60. Such a tunable filter or interferometer
can be configured to permit, in a sequential, “one-at-a-time”
fashion, each of a set of wavelengths or wavelength bands of
electromagnetic radiation to pass therethrough for use in ana-
lyzing the material sample S.

A reflector tube 98 is preferably positioned to receive the
filtered energy beam (Ef) as it advances from the secondary
filter(s) 60. The reflector tube 98 is preferably secured with
respect to the secondary filter(s) 60 to substantially prevent
introduction of stray electromagnetic radiation, such as stray
light, into the reflector tube 98 from outside of the detection
system 10. The inner surfaces of the reflector tube 98 are
highly reflective in the relevant wavelengths and preferably
have a cylindrical shape with a generally circular cross-sec-
tion orthogonal to the major and/or minor axis X, Y. However,
the inner surface of the tube 98 can have a cross-section of any
suitable shape, such as oval, square, rectangular, etc. Like the
collimator 30, the reflector tube 98 may be formed from a
rigid material such as aluminum, steel, etc., as long as the
inner surfaces are coated or otherwise treated to be highly
reflective in the wavelengths of interest. For example, a pol-
ished gold coating may be employed.

According to the embodiment illustrated in FIG. 4, the
reflector tube 98 preferably comprises a major section 98a
and a minor section 985. As depicted, the reflector tube 98 can
be T-shaped with the major section 98a having a greater
length than the minor section 985. In another example, the
major section 98a and the minor section 985 can have the
same length. The major section 98a extends between a first
end 98¢ and a second end 984 along the major axis X. The
minor section 985 extends between the major section 984 and
a third end 98e along the minor axis Y.

The major section 98a conducts the filtered energy beam
(Ef) from the first end 98¢ to the beam splitter 100, which is
housed in the major section 98a at the intersection of the
major and minor axes X, Y. The major section 98a also con-
ducts the sample beam (Es) from the beam splitter 100,
through the first lens 110 and to the second end 984. From the
second end 984 the sample beam (Es) proceeds through the
sample element 120, holder 130 and second lens 140, and to
the sample detector 150. Similarly, the minor section 985
conducts the reference beam (Er) from the beam splitter 100,
through the third lens 160 and to the third end 98e. From the
third end 98e the reference beam (Er) proceeds to the refer-
ence detector 170.

The sample beam (Es) preferably comprises from about
75% to about 85% of the energy of the filtered energy beam
(Ef). More preferably, the sample beam (Es) comprises about
80% of the energy of the filtered energy beam (Es). The
reference beam (Er) preferably comprises from about 15%
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and about 25% of the energy of the filtered energy beam (Es).
More preferably, the reference beam (Er) comprises about
20% of the energy of the filtered energy beam (Ef). Of course,
the sample and reference beams may take on any suitable
proportions of the energy beam E.

The reflector tube 98 also houses the first lens 110 and the
third lens 160. As illustrated in FIG. 4, the reflector tube 98
houses the first lens 110 between the beam splitter 100 and the
second end 984. The first lens 110 is preferably disposed so
that a plane 112 of the lens 110 is generally orthogonal to the
major axis X. Similarly, the tube 98 houses the third lens 160
between the beam splitter 100 and the third end 98e. The third
lens 160 is preferably disposed so that a plane 162 of the third
lens 160 is generally orthogonal to the minor axis Y. The first
lens 110 and the third lens 160 each has a focal length con-
figured to substantially focus the sample beam (Es) and ref-
erence beam (Er), respectively, as the beams (Fs, Er) pass
through the lenses 110, 160. In particular, the firstlens 110 is
configured, and disposed relative to the holder 130, to focus
the sample beam (Es) so that substantially the entire sample
beam (Es) passes through the material sample S, residing in
the sample element 120. Likewise, the third lens 160 is con-
figured to focus the reference beam (Er) so that substantially
the entire reference beam (Er) impinges onto the reference
detector 170.

The sample element 120 is retained within the holder 130,
which is preferably oriented along a plane generally orthogo-
nal to the major axis X. The holder 130 is configured to be
slidably displaced between a loading position and a measure-
ment position within the analyte detection system 10. In the
measurement position, the holder 130 contacts a stop edge
136 which is located to orient the sample element 120 and the
sample S contained therein on the major axis X.

The structural details of the holder 130 depicted in FIG. 4
are unimportant, so long as the holder positions the sample
element 120 and sample S on and substantially orthogonal to
the major axis X, while permitting the energy beam E to pass
through the sample element and sample. As with the embodi-
ment depicted in FIG. 2, the holder 130 may be omitted and
the sample element 120 positioned alone in the depicted
location on the major axis X. However, the holder 130 is
useful where the sample element 120 (discussed in further
detail below) is constructed from a highly brittle or fragile
material, such as barium fluoride, or is manufactured to be
extremely thin.

As with the embodiment depicted in FIG. 2, the sample and
reference detectors 150, 170 shown in FIG. 4 respond to
radiation incident thereon by generating signals and passing
them to the processor 180. Based these signals received from
the sample and reference detectors 150, 170, the processor
180 computes the concentration(s), absorbance(s), transmit-
tance(s), etc. relating to the sample S by executing a data
processing algorithm or program instructions residing within
the memory 185 accessible by the processor 180. In further
variations of the detection system 10 depicted in FIG. 4, the
beam splitter 100, reference detector 170 and other structures
on the minor axis Y may be omitted, especially where the
output intensity of the source 20 is sufficiently stable to obvi-
ate any need to reference the source intensity in operation of
the detection system 10.

FIG. 5 depicts a sectional view of the sample detector 150
in accordance with one embodiment. The sample detector
150 is mounted in a detector housing 152 having a receiving
portion 1524 and a cover 1525. However, any suitable struc-
ture may be used as the sample detector 150 and housing 152.
The receiving portion 152a preferably defines an aperture
152¢ and a lens chamber 152d, which are generally aligned
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with the major axis X when the housing 152 is mounted in the
analyte detection system 10. The aperture 152¢ is configured
to allow at least a fraction of the sample beam (Es) passing
through the sample S and the sample element 120 to advance
through the aperture 152¢ and into the lens chamber 1524.

The receiving portion 152a houses the second lens 140 in
the lens chamber 1524 proximal to the aperture 152¢. The
sample detector 150 1s also disposed in the lens chamber 1524
downstream of the second lens 140 such that a detection plane
154 of the detector 150 is substantially orthogonal to the
major axis X. The second lens 140 is positioned such that a
plane 142 of the lens 140 is substantially orthogonal to the
major axis X. The second lens 140 is configured, and is
preferably disposed relative to the holder 130 and the sample
detector 150, to focus substantially all of the sample beam
(Es) onto the detection plane 154, thereby increasing the flux
density of the sample beam (Es) incident upon the detection
plane 154.

With further reference to FIG. 5, a support member 156
preferably holds the sample detector 150 in place in the
receiving portion 152¢. In the illustrated embodiment, the
support member 156 is a spring 156 disposed between the
sample detector 150 and the cover 1525. The spring 156 is
configured to maintain the detection plane 154 of the sample
detector 150 substantially orthogonal to the major axis X. A
gasket 157 is preferably disposed between the cover 1525 and
the receiving portion 152« and surrounds the support member
156.

The receiving portion 152a preferably also houses a
printed circuit board 158 disposed between the gasket 157
and the sample detector 150. The board 158 connects to the
sample detector 150 through at least one connecting member
150a. The sample detector 150 is configured to generate a
detection signal corresponding to the sample beam (Es) inci-
dent on the detection plane 154. The sample detector 150
communicates the detection signal to the circuit board 158
through the connecting member 150q, and the board 158
transmits the detection signal to the processor 180.

In one embodiment, the sample detector 150 comprises a
generally cylindrical housing 1504, e.g., a type TO-39 “metal
can” package, which defines a generally circular housing
aperture 1505 at its “upstream” end. In one embodiment, the
housing 150a has a diameter of about 0.323 inches and a
depth of about 0.248 inches, and the aperture 1505 may have
a diameter of about 0.197 inches.

A detector window 150¢ is disposed adjacent the aperture
1505, with its upstream surface preferably about 0.078 inches
(+/-0.004 inches) from the detection plane 154. (The detec-
tion plane 154 is located about 0.088 inches (+/-0.004 inches)
from the upstream edge of the housing 150a, where the hous-
ing has a thickness of about 0.010 inches.) The detector
window 150¢ is preferably transmissive of infrared energy in
at least a 3-12 micron passband; accordingly, one suitable
material for the window 150c is germanium. The endpoints of
the passband may be “spread” further to less than 2.5 microns,
and/or greater than 12.5 microns, to avoid unnecessary absor-
bance in the wavelengths of interest. Preferably, the transmit-
tance of the detector window 150c¢ does not vary by more than
2% across its passband. The window 150c is preferably about
0.020inches in thickness. The sample detector 150 preferably
substantially retians its operating characteristics across a tem-
perature range of -20 to +60 degrees Celsius.

FIG. 6 depicts a sectional view of the reference detector
170 in accordance with one embodiment. The reference
detector 170 is mounted in a detector housing 172 having a
receiving portion 172a and a cover 172b. However, any suit-
able structure may be used as the sample detector 150 and
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housing 152. The receiving portion 172a preferably defines
an aperture 172¢ and a chamber 1724 which are generally
aligned with the minor axis Y, when the housing 172 is
mounted in the analyte detection system 10. The aperture
172¢ is configured to allow the reference beam (Er) to
advance through the aperture 172¢ and into the chamber
172d.

The receiving portion 172a houses the reference detector
170 in the chamber 172d proximal to the aperture 172¢. The
reference detector 170 is disposed in the chamber 1724 such
that a detection plane 174 of the reference detector 170 is
substantially orthogonal to the minor axis Y. The third lens
160 is configured to substantially focus the reference beam
(Er) so that substantially the entire reference beam (Er)
impinges onto the detection plane 174, thus increasing the
flux density of the reference beam (Er) incident upon the
detection plane 174.

With further reference to FIG. 6, a support member 176
preferably holds the reference detector 170 in place in the
receiving portion 172¢. In the illustrated embodiment, the
support member 176 is a spring 176 disposed between the
reference detector 170 and the cover 172b. The spring 176 is
configured to maintain the detection plane 174 of the refer-
ence detector 170 substantially orthogonal to the minor axis
Y. A gasket 177 is preferably disposed between the cover
1725 and the receiving portion 172a and surrounds the sup-
port member 176.

The receiving portion 172a preferably also houses a
printed circuit board 178 disposed between the gasket 177
and the reference detector 170. The board 178 connects to the
reference detector 170 through at least one connecting mem-
ber 170a. The reference detector 170 is configured to generate
a detection signal corresponding to the reference beam (Er)
incident on the detection plane 174. The reference detector
170 communicates the detection signal to the circuit board
178 through the connecting member 170a, and the board 178
transmits the detection signal to the processor 180.

In one embodiment, the construction of the reference
detector 170 is generally similar to that described above with
regard to the sample detector 150.

In one embodiment, the sample and reference detectors
150, 170 are both configured to detect electromagnetic radia-
tion in a spectral wavelength range of between about 0.8 pm
and about 25 um. However, any suitable subset of the fore-
going set of wavelengths can be selected. In another embodi-
ment, the detectors 150, 170 are configured to detect electro-
magnetic radiation in the wavelength range of between about
4 pm and about 12 pm. The detection planes 154, 174 of the
detectors 150,170 may each define an active area about 2 mm
by 2 mm or from about 1 mm by 1 mm to about 5 mm by 5
mm; of course, any other suitable dimensions and proportions
may be employed. Additionally, the detectors 150, 170 may
be configured to detect electromagnetic radiation directed
thereto within a cone angle of about 45 degrees from the
major axis X.

In one embodiment, the sample and reference detectors
150, 170 further comprise a system (not shown) for regulating
the temperature of the detectors. Such a temperature-regula-
tion system may comprise a suitable electrical heat source,
thermistor, and a proportional-plus-integral-plus-derivative
(PID) control. These components may be used to regulate the
temperature of the detectors 150, 170 at about 35° C. The
detectors 150, 170 can also optionally be operated at other
desired temperatures. Additionally, the PID control prefer-
ably has a control rate of about 60 Hz and, along with the heat
source and thermistor, maintains the temperature of the detec-
tors 150, 170 within about 0.1° C. of the desired temperature.
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The detectors 150,170 can operate in either a voltage mode
or a current mode, wherein either mode of operation prefer-
ably includes the use of a pre-amp module. Suitable voltage
mode detectors for use with the analyte detection system 10
disclosed herein include: models LIE 302 and 312 by
InfraTec of Dresden, Germany; model 1.2002 by BAE Sys-
tems of Rockville, Md.; and model LTS-1 by Dias of Dresden,
Germany. Suitable current mode detectors include: InfraTec
models LIE 301, 315, 345 and 355; and 2x2 current-mode
detectors available from Dias.

In one embodiment, one or both of the detectors 150, 170
may meet the following specifications, when assuming an
incident radiation intensity of about 9.26x10™* watts (rms)
percm?, at 10 Hz modulation and within a cone angle of about
15 degrees: detector area of 0.040 cm? (2 mmx2 mm square);
detector input of 3.70x10~> watts (rms) at 10 Hz; detector
sensitivity of 360 volts per watt at 10 Hz; detector output of
1.333x107 volta (rms) at 10 Hz; noise of 8.00x10* volta/
sqrtHz at 10 Hz; and signal-to-noise ratios of 1.67x10° rms/
sqrtHz and 104 .4 dB/sqrtHz; and detectivity of 1.00x10” cm
sqrtHz/watt.

In alternative embodiments, the detectors 150, 170 may
comprise microphones suitable for operation of the detection
system 10 in a photoacoustic mode.

Any of the disclosed embodiments of the analyte detection
system 10 may comprise a near-patient testing system. As
used herein, “near-patient testing system” is used in its ordi-
nary sense and includes, without limitation, test systems that
are configured to be used where the patient is rather than
exclusively in a laboratory, e.g., systems that can be used at a
patient’s home, in a clinic, in a hospital, or even in a mobile
environment. Users of near-patient testing systems can
include patients, family members of patients, clinicians,
nurses, or doctors. A “near-patient testing system” could also
include a “point-of-care” system.

The components of any of the embodiments of the analyte
detection system 10 may be partially or completely contained
in an enclosure or casing (not shown) to prevent stray elec-
tromagnetic radiation, such as stray light, from contaminating
the energy beam E. Any suitable casing may be used. Simi-
larly, the components of the detection system 10 may be
mounted on any suitable frame or chassis (not shown) to
maintain their operative alignment as depicted in FIGS. 1-2
and 4. The frame and the casing may be formed together as a
single unit, member or collection of members.

Any of the disclosed embodiments of the analyte detection
system 10 may in one embodiment be configured to be oper-
ated easily by the patient or user. As such, the system 10 is
may comprise a portable device. As used herein, “portable” is
used in its ordinary sense and means, without limitation, that
the system 10 can be easily transported by the patient and
used where convenient. For example, the system 10 is advan-
tageously small. In one preferred embodiment, the system 10
is small enough to fit into a purse or backpack. In another
embodiment, the system 10 is small enough to fit into a pants
pocket. In still another embodiment, the system 10 is small
enough to be held in the palm of a hand of the user.

When enclosed in the external casing (not shown), the
analyte detection system 10 is advantageously no larger than
5.4 inches long by 3.5 inches wide by 1.5 inches deep. In
further embodiments, the enclosed system 10 may be no more
than about 80% or 90% of this size. In still further embodi-
ments, the enclosed analyte detection system 10 takes up less
than about one-half, or less than about one-tenth the volume
of a laboratory-grade Fourier Transform Infrared Spectrom-
eter (FTIR), which typically measures about 2 feet wide by
one foot high by one foot deep. Accordingly, in these embodi-
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ments the enclosed analyte detection system 10 has a volume
of less than about 1750 cubic inches, or less than about 350
cubic inches. In still another embodiment, the analyte detec-
tion system 10 measures about 3.5 inches by 2.5 inches by 2.0
inches, and/or has a volume of about 10 cubic inches. Despite
its relatively small size as disclosed above, the analyte detec-
tion system 10 achieves very good performance in a variety of
measures, as detailed below. However, the analyte detection
system 10 is not limited to these sizes and can be manufac-
tured to other dimensions.

In one method of operation, the analyte detection system
10 shown in FIG. 2 or 4 measures the concentration of an
analyte in the material sample S, in part, by comparing the
electromagnetic radiation detected by the sample and refer-
ence detectors 150, 170. During operation of the detection
system 10, each of the secondary filter(s) 60 is sequentially
aligned with the major axis X for a dwell time corresponding
to the secondary filter 60. (Of course, where an electronically
tunable filter or Fabry-Perot interferometer is used in place of
the filter wheel 50, the tunable filter or interferometer is
sequentially tuned to each of a set of desired wavelengths or
wavelength bands in lieu of the sequential alignment of each
of the secondary filters with the major axis X.) The energy
source 20 is then operated at (any) modulation frequency, as
discussed above, during the dwell time period. The dwell time
may be different for each secondary filter 60 (or each wave-
length or band to which the tunable filter or interferometer is
tuned). In one embodiment of the detection system 10, the
dwell time for each secondary filter 60 is less than about 1
second. Use of a dwell time specific to each secondary filter
60 advantageously allows the detection system 10 to operate
for a longer period of time at wavelengths where errors can
have a greater effect on the computation of the analyte con-
centration in the material sample S. Correspondingly, the
detection system 10 can operate for a shorter period of time at
wavelengths where errors have less effect on the computed
analyte concentration. The dwell times may otherwise be
nonuniform among the filters/wavelengths/bands employed
in the detection system.

For each secondary filter 60 selectively aligned with the
major axis X, the sample detector 150 detects the portion of
the sample beam (Es), at the wavelength or wavelength band
corresponding to the secondary filter 60, that is transmitted
through the material sample S. The sample detector 150 gen-
erates a detection signal corresponding to the detected elec-
tromagnetic radiation and passes the signal to the processor
180. Simultaneously, the reference detector 170 detects the
reference beam (Er) transmitted at the wavelength or wave-
length band corresponding to the secondary filter 60. The
reference detector 170 generates a detection signal corre-
sponding to the detected electromagnetic radiation and passes
the signal to the processor 180. Based on the signals passed to
it by the detectors 150, 170, the processor 180 computes the
concentration of the analyte(s) of interest in the sample S,
and/or the absorbance/transmittance characteristics of the
sample S at one or more wavelengths or wavelength bands
employed to analyze the sample. The processor 180 computes
the concentration(s), absorbance(s), transmittance(s), etc. by
executing a data processing algorithm or program instruc-
tions residing within the memory 185 accessible by the pro-
cessor 180.

The signal generated by the reference detector may be used
to monitor fluctuations in the intensity of the energy beam
emitted by the source 20, which fluctuations often arise due to
drift effects, aging, wear or other imperfections in the source
itself. This enables the processor 180 to identify changes in
intensity of the sample beam (Es) that are attributable to
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changes in the emission intensity of the source 20, and not to
the composition of the sample S. By so doing, a potential
source of error in computations of concentration, absorbance,
etc. is minimized or eliminated.

In one embodiment, the detection system 10 computes an
analyte concentration reading by first measuring the electro-
magnetic radiation detected by the detectors 150, 170 at each
center wavelength, or wavelength band, without the sample
element 120 present on the major axis X (this is known as an
“air” reading). Second, the system 10 measures the electro-
magnetic radiation detected by the detectors 150, 170 for each
center wavelength, or wavelength band, with the sample ele-
ment 120 present on the major axis X, but without the material
sample S (i.e., a “dry” reading). Third, the system 10 mea-
sures the electromagnetic radiation detected by the detectors
150, 170 with an opaque element or mask (such as a second-
ary filter 60 which is substantially opaque in the
wavelength(s) of interest) disposed on the major axis X
between the source 20 and beam splitter 100, and/or with the
source 20 switched off (i.e., a “dark” reading). Fourth, the
system 10 measures the electromagnetic radiation detected
by the detectors 150, 170 for each center wavelength, or
wavelength band, with the material sample S present in the
sample element 120, and the sample element 120 and sample
S in position on the major axis X (i.e., a “wet” reading).
Finally, the processor 10 computes the concentration(s),
absorbance(s) and/or transmittances relating to the sample S
based on these compiled readings.

FIG. 7 depicts a further embodiment of a method 190 of
operating either of the analyte detection systems 10 depicted
in FIG. 2 or FIG. 4 (or, alternatively, any suitable detection
system). In the following description, the method 190 is con-
ducted in the transmittance domain; however, it may alterna-
tively be performed in the absorbance domain with the rel-
evant measures adjusted accordingly for working with
absorbance measures rather than transmittance measures.

In an operational block 190a, a “dark” reading is taken as
discussed above, wherein the processor 180 computes a dark
transmittance reading TD, which is stored in memory. Next,
an “air” reading is taken, as discussed above, in an operational
block 1905. This operation may comprise computing and
storing an air transmittance reading TA, and a gain factor GF
which equals 100%/TA (see operational block 190¢), as well
as a simultaneous air reference intensity RIA (operational
block 190d), based on the output of the reference detector 170
during the airreading. In one embodiment, any or all of the air
transmittance reading TA, gain factor GF and air reference
intensity RIA are computed at each of the wavelengths or
wavelength bands of interest, yielding, for example, TA, ;,
TA,,, ... TA,,; GF,,, GF,,, . . . GF,,; etc.

In operational block 190e, a “wet” reading is taken as
described above, with the sample element and sample S
therein positioned on the major axis X. The wet reading yields
a series of wavelength-specific transmittance values T, |,
T,,, ... T,, in each of the wavelengths or bands of interest,
which values are stored in memory, along with simulta-
neously-recorded corresponding wet reference intensities
RIW, ;, RIW,,, ... RIW, , which arise from the output of the
reference detector 170 at each wavelength/band of interest
while the wet reading is taken. The wet reading is then shifted
(see block 190f) by subtracting the dark transmittance
reading(s) from each of the wavelength-specific transmit-
tance values T, ;, T, ,, . . . T,,,, yielding shifted transmittance
values TS, |, TS,,, . . . TS, . In block 190g, the shifted
transmittance values are scaled by multiplying each of the
values TS, ;, TS, .. ... TS,,, by the previously-computed gain
factor (s) GF. Where wavelength-specific gain factors GF, ;,
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GF,,, . . . GF,,, have been computed, each shifted transmit-
tance value TS, , is multiplied by its corresponding gain factor
GF,,. Either option yields shifted, scaled transmittance values
TSS, |, TSS;,, .. . TSS,,.

In operational block 1904, each of the shifted, scaled trans-
mittance values TSS, |, TSS,,, . . . TSS,,, is source-refer-
enced. First, a series of reference factors RF, |, RF, ,,...RF,,,
are computed by dividing the air reference intensity RIA by
each of the wet reference intensities RIW, ,, RIW,, . . .
RIW, . Where a series of air reference intensities RIA, |,
RIA,., . .. RIA,, have been compiled, each air reference
intensity RIA,, is divided by its corresponding wet reference
intensity RIW,, to generate the reference factors RF,,
RF,,, . . . RF,,. Each of the shifted, scaled transmittance
values TSS, ,, TSS,,, . . . TSS,,, is source-referenced by
multiplying it by the corresponding reference factor RF, ,,
RF,,, ... RF,,, to generate shifted, scaled, source-referenced
transmittance values TSSR; |, TSSR,,, . .. TSSR, ..

Each of the shifted, scaled, source-referenced transmit-
tance values TSSR, |, TSSR, ,, ... TSSR; , is sample-element
referenced in operational block 190, to yield final transmit-
tance values TF, |, TF, 5, ... TF, . Any of the sample-element
referencing methods disclosed herein may be employed.
While the sample-element referencing operation 190i is
depicted at the end of the illustrated method 190, this refer-
encing 190/ may in practice comprise a number of sub-op-
erations that are intermingled with the other operations of the
method 190, as will become apparent from the discussion
herein of the various sample-element referencing methods.
Regardless of the nature of the sample-element referencing
operation, the final transmittance values TF, ;, TF,,, . .. TF,,,
may then be employed to compute the concentration of the
analyte(s) of interest in the sample S.

In further embodiments, any suitable variation of the
method 190 may be employed. Any one or combination of the
operations 190a-190; may be omitted, depending on the
desired level of measurement precision. For example, the
dark reading 1904 and subsequent shift 190/ may be omitted.
Instead of or in addition to omission of these operations 190a,
190f; the air reading 1905 may be omitted, in whole or in part.
Where measurement/computation of the air transmittance
reading TA and gain factor GF (block 190¢) are omitted, the
scaling operation 190g may also be omitted; likewise, where
measurement/computation of the air reference intensity RIA
(block 190d) is omitted, the source referencing operation
190/ may also be omitted. Finally, instead or in addition to the
foregoing omissions, the sample element referencing opera-
tion 190i may be omitted.

In any variation of the method 190, the operations may be
performed in any suitable sequence, and the method 190 is by
no means limited to the sequence depicted in FIG. 7 and
described above. Although, in the foregoing discussion of the
method 190, a number of measurements and computations
are performed in the transmittance domain, in further
embodiments any or all of these measurements and compu-
tations may be performed in the absorbance or optical density
domain. Under the foregoing discussion, the method 190
includes “live” computation/measurement of the dark trans-
mittance reading TD, air transmittance reading TA, gain fac-
tor GF and air reference intensity RIA, during a measurement
run of the detection system 10. In further embodiments of the
method 190, any or all of these values may be predetermined
or computed in a previous measurement, then stored in
memory for use in a number of subsequent measurement
runs, during which the value in question is recalled from
memory for use as described above, rather than measured/
computed anew.
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In still further embodiments, any of the computational
algorithms or methods discussed below may be employed to
compute the concentration of the analyte(s) of interest in the
sample S from (any) final transmittance values TF, |, TF, 5, . ..
TF,,, output by any of the embodiments of the method 190
discussed herein. Any of the disclosed embodiments of the
method 190 may reside as program instructions in the
memory 185 so as to be accessible for execution by the
processor 180 of the analyte detection system 10.

In one embodiment, the processor 180 is configured to
communicate the analyte concentration results and/or other
information to a display controller (not shown), which opet-
ates a display (not shown), such as an LCD display, to present
the information to the user. In one embodiment, the processor
180 can communicate to the display controller only the con-
centration of glucose in the material sample S. In another
embodiment, the processor 180 can communicate to the dis-
play controller the concentration of ketone in addition to the
concentration of glucose in the material sample S. In still
another embodiment, the processor 180 can communicate to
the display controller the concentration of multiple analytes
in the material sample S. In yet another embodiment, the
display outputs the glucose concentration with a resolution of
1 mg/dL.

Additional capabilities of various embodiments of the ana-
lyte detection system 10, and other related information, may
be found in U.S. patent application No. 10/826,004, filed on
even date herewith, titled SYSTEM AND METHOD FOR
MANAGING A CHRONIC MEDICAL CONDITION. The
entire contents of this patent application is hereby incorpo-
rated herein in its entirety by this reference and made a part of
this specification.

I1. Sample Element

In view of the foregoing disclosure of certain embodiments
of the analyte detection system 10, the following section
discusses various embodiments of a cuvette or sample ele-
ment for use with the analyte detection system 10. As used
herein, “sample element” is a broad term and is used in its
ordinary sense and includes, without limitation, structures
that have a sample chamber and at least one sample chamber
wall, but more generally includes any of a number of struc-
tures that can hold, support or contain a material sample and
that allow electromagnetic radiation to pass through a sample
held, supported or contained thereby; e.g., a cuvette, test strip,
etc.

FIGS. 8 and 9 depict a cuvette or sample element 120 for
use with any of the various embodiments of the analyte detec-
tion system 10 disclosed herein. Alternatively, the sample
element 120 may be employed with any suitable analyte
detection system. The sample element 120 comprises a
sample chamber 200 defined by sample chamber walls 2024-
d. The sample chamber 200 is configured to hold a material
sample which may be drawn from a patient, for analysis by
the detection system with which the sample element 120 is
employed. Alternatively, the sample chamber 200 may be
employed to hold other organic or inorganic materials for
such analysis.

In the embodiment illustrated in FIGS. 8-9, the sample
chamber 200 is defined by first and second lateral chamber
walls 202a, 2025 and upper and lower chamber walls 202c,
202d; however, any suitable number and configuration of
chamber walls may be employed. At least one of the upper
and lower chamber walls 202¢, 2024 is formed from a mate-
rial which is sufficiently transmissive of the wavelength(s) of
electromagnetic radiation that are employed by the analyte
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detection system 10 (or any other system with which the
sample element is to be used). A chamber wall which is so
transmissive may thus be termed a “window;” in one embodi-
ment, the upper and lower chamber walls 202¢, 202d com-
prise first and second windows so as to permit the relevant
wavelength(s) of electromagnetic radiation to pass through
the sample chamber 200. In another embodiment, these first
and second windows are similar to the first and second win-
dows 122, 124 discussed above. In yet another embodiment,
only one of the upper and lower chamber walls 202¢, 2024
comprises a window; in such an embodiment, the other of the
upper and lower chamber walls may comprise a reflective
surface configured to back-reflect any electromagnetic
energy emitted into the sample chamber 200 by the analyte
detection system with which the sample element 120 is
employed. Accordingly, this embodiment is well suited for
used with an analyte detection system in which a source and
a detector of electromagnetic energy are located on the same
side as the sample element.

In various embodiments, the material that makes up the
window(s) of the sample element 120 is completely transmis-
sive, 1.e., it does not absorb any of the electromagnetic radia-
tion from the source 20 and first and second filters 40, 60 that
is incident upon it. In another embodiment, the material of the
window(s) has some absorption in the electromagnetic range
of interest, but its absorption is negligible. In yet another
embodiment, the absorption of the material of the window(s)
is not negligible, but it is known and stable for a relatively
long period oftime. In another embodiment, the absorption of
the window(s) is stable for only a relatively short period of
time, but the analyte detection system 10 is configured to
observe the absorption of the material and eliminate it from
the analyte measurement before the material properties can
change measurably. Materials suitable for forming the win-
dow(s) of the sample element 120 include barium fluoride,
silicon, polypropylene, polyethylene, or any polymer with
suitable transmissivity (i.e., transmittance per unit thickness)
in the relevant wavelength(s). Where the window(s) are
formed from a polymer, the selected polymer can be isotactic,
atactic or syndiotactic in structure, so as to enhance the flow
of the sample between the window(s). One type of polyeth-
ylene suitable for constructing the sample element 120 is type
220, as extruded, available from KUBE Ltd. of Staefa, Swit-
zerland.

In one embodiment, the sample element 120 is configured
to allow sufficient transmission of electromagnetic energy
having a wavelength of between about 4 um and about 10.5
pm through the window(s) thereof. However, the sample ele-
ment 120 can be configured to allow transmission of wave-
lengths in any spectral range emitted by the energy source 20.
In another embodiment, the sample element 120 is configured
to receive an optical power of more than about 1.0 MW/cm?
from the sample beam (Es) incident thereon for any electro-
magnetic radiation wavelength transmitted through the sec-
ondary filter(s) 60. In still another embodiment, the sample
element 120 is configured to allow transmission ofabout 75%
of the electromagnetic energy incident upon the sample
chamber 200 therethrough. Preferably, the sample chamber
200 of the sample element 120 is configured to allow a sample
beam (FEs) advancing toward the material sample S within a
cone angle of 45 degrees from the major axis X (see FIGS. 1,
2) to pass therethrough.

In the embodiment illustrated in FIGS. 8-9, the sample
element further comprises a supply passage 204 extending
from the sample chamber 200 to a supply opening 206 and a
vent passage 208 extending from the sample chamber 200 to
a vent opening 210. While the vent opening 210 is shown at
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one end of the sample element 120, in other embodiments the
vent opening 210 may be positioned on either side of the
sample element 120, so long as it is in fluid communication
with the vent passage 208.

In operation, the supply opening 206 of the sample element
120is placed in contact with the material sample S, such as a
fluid flowing from a wound on a patient. The fluid is then
transported through the sample supply passage 204 and into
the sample chamber 200 via capillary action. The vent pas-
sage 208 and vent opening 210 improve the sample transport
by preventing the buildup of air pressure within the sample
element and allowing the sample to displace the air as the
sample flows to the sample chamber 200.

Where the upper and lower chamber walls 202¢, 2024
comprise windows, the distance T (measured along an axis
substantially orthogonal to the sample chamber 200 and/or
windows 202a, 202b, or, alternatively, measured along an
axis of an energy beam (such as but not limited to the energy
beam E discussed above) passed through the sample chamber
200) between them comprises an optical pathlength (see FIG.
9). In various embodiments, the pathlength is between about
1 pm and about 300 pm, between about 1 um and about 100
um, between about 25 um and about 40 um, between about 10
pm and about 40 pm, between about 25 pm and about 60 pm,
or between about 30 um and about 50 um. In still another
embodiment, the optical pathlength is about 25 um. In some
instances, it is desirable to hold the pathlength T to within
about plus or minus 1 pm from any pathlength specified by the
analyte detection system with which the sample element 120
is to be employed. Likewise, it may be desirable to orient the
walls 202¢, 2024 with respect to each other within plus or
minus 1 pm of parallel, and/or to maintain each of the walls
202¢, 202d to within plus or minus 1 um of planar (flat),
depending on the analyte detection system with which the
sample element 120 is to be used.

In one embodiment, the transverse size of the sample
chamber 200 (i.e., the size defined by the lateral chamber
walls 2024, 202b) is about equal to the size of the active
surface of the sample detector 150. Accordingly, in a further
embodiment the sample chamber 200 is round with a diam-
eter of about 4 mm.

The sample element 120 shown in FIGS. 8-9 has, in one
embodiment, sizes and dimensions specified as follows. The
supply passage 204 preferably has alength of about 17.7 mm,
awidth of about 0.7 mm, and a height equal to the pathlength
T. Additionally, the supply opening 206 is preferably about 3
mm wide and smoothly transitions to the width of the sample
supply passage 204. The sample element 120 is about 0.375
inches wide and about one inch long with an overall thickness
of between about 1.025 mm and about 1.140 mm. The vent
passage 208 preferably has a length of about 1.8 mmto 2 mm
and a width of about 3.8 mm to 4 mm, with a thickness
substantially equal to the pathlength between the walls 202¢,
202d. The vent aperture 210 is of substantially the same
height and width as the vent passage 208. Of course, other
dimensions may be employed in other embodiments while
still achieving the advantages of the sample element 120.

The sample element 120 is preferably sized to receive a
material sample S having a volume less than or equal to about
3 uL (or less than or equal to about 2 pL, or less than or equal
to about 1 ul) and more preferably a material sample S
having a volume less than or equal to about 0.85 pL. Of
course, the volume of the sample element 120, the volume of
the sample chamber 200, etc. can vary, depending on many
variables, such as the size and sensitivity of the sample detec-
tor 150, the intensity of the radiation emitted by the energy
source 20, the expected flow properties of the sample, and
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whether flow enhancers are incorporated into the sample
element 120. The transport of fluid to the sample chamber 200
is achieved preferably through capillary action, but may also
be achieved through wicking, or a combination of wicking
and capillary action.

FIG. 10 depicts one approach to constructing the sample
element 120. In this approach, the sample element 120 com-
prises a first layer 220, a second layer 230, and a third layer
240. The second layer 230 is preferably positioned between
the first layer 220 and the third layer 240. The first layer 220
forms the upper chamber wall 202¢, and the third layer 240
forms the lower chamber wall 2024. Where either of the
chamber walls 202¢, 202d comprises a window, the
window(s)/wall(s) 202¢/202d in question may be formed
from a different material as is employed to form the balance
of thelayer(s) 220/240 in which the wall(s) are located. Alter-
natively, the entirety ofthe layer(s) 220/240 may be formed of
the material selected to form the window(s)/wall(s) 202c,
202d. In this case, the window(s)/wall(s) 202¢, 202d are
integrally formed with the layer(s) 220, 240 and simply com-
prise the regions of the respective layer(s) 220, 240 which
overlie the sample chamber 200.

With further reference to FIG. 10, the second layer 230
may be formed entirely of an adhesive that joins the first and
third layers 220, 240. In other embodiments, the second layer
230 may be formed from similar materials as the first and
third layers, or any other suitable material. The second layer
230 may also be formed as a carrier with an adhesive depos-
ited on both sides thereof. The second layer 230 includes
voids which at least partially form the sample chamber 200,
sample supply passage 204, supply opening 206, vent pas-
sage 208, and vent opening 210. The thickness of the second
layer 230 can be the same as any of the pathlengths disclosed
above as suitable for the sample element 120. The first and
third layers can be formed from any ofthe materials disclosed
above as suitable for forming the window(s) of the sample
element 120.

The sample chamber 200 preferably comprises a reagent-
less chamber. In other words, the internal volume of the
sample chamber 200 and/or the wall(s) 202 defining the
chamber 200 are preferably inert with respect to the sample to
be drawn into the chamber for analysis. As used herein,
“inert” is a broad term and is used in its ordinary sense and
includes, without limitation, substances which will not react
with the sample in a manner which will significantly affect
any measurement made of the concentration of analyte(s) in
the sample with the analyte detection system 10 or any other
suitable system, for a sufficient time (e.g., about 1-30 min-
utes) following entry of the sample into the chamber 200, to
permit measurement of the concentration of such analyte(s).
Alternatively, the sample chamber 200 may contain one or
more reagents to facilitate use of the sample element in
sample assay techniques which involve reaction of the sample
with a reagent.

In one embodiment, the sample element may be configured
to separate plasma from a whole-blood or other similar
sample, via employment of an appropriate filter or mem-
brane, between the entry point of the sample into the sample
element, and the sample chamber(s). In a sample element so
configured, the plasma flows downstream from the filter/
membrane, to the sample chamber(s). The balance of the
sample (e.g., blood cells) remais at the filter/membrane. In
various embodiments, the filter/membrane may be con-
structed from microporous polyethylene or microporous
polytetrafluoroethylene. In another embodiment, the filter/
membrane may be constructed from BTS-SP media available
from Pall Corporation of East Hills, N.Y.
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Additional information on sample elements, methods of
use thereof, and related technologies may be found in U.S.
patent application No. 10/825,223, filed on even date here-
with, titled SAMPLE ELEMENT WITH BARRIER MATE-
RIAL. The entire contents of this patent application is hereby
incorporated herein in its entirety by this reference and made
a part of this specification.

1II. Sample Element Referencing

In this section, there are disclosed a number of methods for
sample-element referencing, which generally comprises
compensating for the effects of the sample element on the
measurement of analyte concentration. Any one or combina-
tion of the methods disclosed in this section may reside as
program instructions in the memory 185 so as to be accessible
for execution by the processor 180 of the analyte detection
system 10. In addition, any one or combination of the meth-
ods disclosed in this section may be employed as the sample-
element referencing operation 190i of various embodiments
of the method 190 depicted in FIG. 7 and discussed above.

Where employed as the sample-element referencing opera-
tion 190i of the method 190 (or where otherwise employed),
any of the methods disclosed in this section may be performed
in a wavelength-specific fashion, 1.e. by computing a sample-
element referenced transmittance, absorbance or optical den-
sity at each wavelength/band analyzed by the analyte detec-
tion system in question.

As discussed above, materials having some electromag-
netic radiation absorption in the spectral range employed by
the analyte detection system 10 can be used to construct some
or all of the sample element 120. The accuracy of an analyte
detection system, such as the system 10 disclosed herein, may
be improved by accounting for any scattering or absorption
phenomena attributable to the sample element when comput-
ing the concentration of the analyte(s) of interest. Such scat-
tering or absorption due to imperfect transmission properties
of the materials of the sample element may be overcome by
determining at least one reference level of absorbance of the
sample element and then removing the reference level from a
subsequent measurement performed with the sample ele-
ment. Devices and methods for overcoming imperfect trans-
mission properties of materials employed in sample elements
are now discussed with reference to FIGS. 11-21.

In one embodiment, an empty, unused sample element,
such as the sample element 120, can be referenced by deter-
mining the reference level of absorbance/transmittance (and
scattering) of the sample element 120. In certain embodi-
ments, the method comprises positioning the sample chamber
200 of the sample element 120 within the sample beam Es
which passes through the windows 202¢, 202d. The analyte
detection system 10 then determines a reference level of
absorbance or transmittance by the windows 202¢, 202d. A
sample material is then drawn into the sample chamber 200.
The sample beam Es is then passed through the windows
202¢, 202d of the sample chamber 200 as well as the sample
itself. The analyte detection system 10 determines an analyti-
cal level of absorbance or transmittance by the combination
of the sample and the windows 202¢, 202d. Upon determining
the reference and analytical levels of absorbance or transmit-
tance, the analyte detection system 10 can account for absorp-
tion/transmission effects of the material comprising the win-
dows 202¢, 202d when determining the concentration of the
analyte(s) of interest. Analyzing the reference and analytical
levels of absorbance or transmittance (in other words,
accounting for the absorbance/transmittance effects of the
material comprising the windows 202¢, 202d) can comprise
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calculating a difference in optical density between the two.
Alternatively, analyzing the levels can comprise calculating a
ratio of the analytical level of transmission to the reference
level of transmission.

The difference-calculation alternative is employed where
the sample element referencing method is performed in the
absorbance or optical density domain, and the ratio-calcula-
tion alternative is employed where the method is performed in
the transmittance domain. The resulting data set (typically, an
absorbance or transmittance spectrum assembled from
sample-element referenced absorbance/transmittance mea-
surements taken at each wavelength/band analyzed by the
detection system 10) can then be analyzed to compute the
concentration of the analyte(s) of interest in the sample. This
concentration analysis may be performed by employing any
suitable method, including but not limited to any of the vari-
ous computational algorithms discussed in further detail in
Section IV below. For example, any of the methods disclosed
below for determining analyte concentration(s) independent
of the optical pathlength through the sample, may be
employed.

FIG. 11 is a schematic illustration of a sample element 302
configured to be referenced by an analyte detection system,
such as but not limited to the analyte detection system 10
disclosed above, in accordance with methods described in
detail below. Except as further described herein, the sample
element 302 may in one embodiment be similar to any of the
embodiments of the sample element 120 discussed above. As
depicted in FIG. 11, the sample element 302 comprises a
referencing chamber 304 situated between first and second
referencing windows 304a, 3045; and a sample chamber 306
situated between first and second sample windows 306a,
3064. In one embodiment, the separation (i.e., pathlength)
between the inner surfaces of the referencing windows 304a,
3045 is different than the separation (i.e., pathlength)
between the inner surfaces of the sample windows 306q,
3064. In certain embodiments, the pathlength of the referenc-
ing chamber 304 is smaller than that of the sample chamber
306, while in other embodiments the pathlength ofthe sample
chamber 306 is smaller than that of the referencing chamber
304. In still other embodiments, the pathlength of the refer-
encing chamber 304 is substantially zero. In one embodi-
ment, one of the chambers 304, 306 has a pathlength of about
10 microns, and the other of the chambers has a pathlength of
about 30 microns.

As illustrated in FIG. 11, the first referencing window 304a
and first sample window 306a are preferably of substantially
similar thickness, and the second referencing window 3045
and second sample window 3065 are preferably of substan-
tially similar thickness as well. In one embodiment, all of the
windows 304a, 3045, 3064, 3065 are of substantially similar
thickness. However, in other embodiments these thicknesses
may differ among the windows.

In one embodiment, one or more of the outer surfaces of
one or more of the windows 304a, 30454, 306a, 3065 1s tex-
tured. This may be done by, for example, sanding the
surface(s) in question, and/or molding or otherwise con-
structing them to have a relatively non-smooth surface finish.
Depending on the materials employed to construct the sample
element, texturing may improve the optical qualities of the
sample element by reducing fringing. This texturing may be
employed with any of the embodiments of the sample element
disclosed herein by, for example, texturing one or both of the
outer surfaces of the windows 202¢, 2024 of the sample
element 120.

In one method of operation, the sample element 302 is
coupled with an analyte detection system 10 which utilizes a
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single beam of electromagnetic radiation for referencing the
sample element 302 and for measuring the concentration of
an analyte in the sample. A sample is drawn into the refer-
encing chamber 304 (in those embodiments where the refer-
encing chamber is of sufficient pathlength or volume) and
into the sample chamber 306. The sample element 302 is
placed in a reference position within the analyte detection
system 10 wherein the referencing chamber 304 and refer-
encing windows 304a, 3045 reside within an optical path of a
reference beam 308 of electromagnetic radiation. The refer-
ence beam 308 is then passed through the referencing cham-
ber 304 (and, where applicable, that portion of the sample
contained therein), and referencing windows 304a, 3045. The
analyte detection system 10 determines a reference level of
absorbance or transmittance of the reference beam 308 due to
absorbance or transmittance by the combination of (any)
sample within the referencing chamber 304 and the referenc-
ing windows 3044, 3046. The sample element 302 is placed
into an analytical position wherein the sample chamber 306
and sample windows 306a, 3065 reside within the optical
path of an analytical beam 310. The analytical beam 310 is
then passed through the sample-filled sample chamber 306
and sample windows 306a, 3065. The analyte detection sys-
tem 10 determines an analytical level of absorbance or trans-
mittance of the analytical beam 310 due to absorbance or
transmittance by the combination of the sample within the
sample chamber 306 and the sample windows 306a, 3065. In
one embodiment, reference and analytical levels of absor-
bance or transmittance are measured at each wavelength/band
analyzed by the analyte detection system 10.

Upon determining the reference and analytical levels of
absorbance or transmittance, the analyte detection system 10
can account for absorbance or transmittance effects of the
material comprising the sample element 302 when determin-
ing the concentration of the analyte(s) of interest in the
sample. Analyzing the reference and analytical levels of
absorbance or transmittance (in other words, accounting for
the absorbance or transmittance effects of the material com-
prising the sample element 302) can comprise calculating a
difference between the two. Alternatively, analyzing the lev-
els can comprise calculating a ratio of the analytical level to
the reference level.

The difference-calculation alternative is employed where
the sample element referencing method is performed in the
absorbance or optical density domain, and the ratio-calcula-
tion alternative is employed where the method is performed in
the transmittance domain. Where reference and analytical
levels of absorbance or transmittance have been measured in
each of a series of wavelengths/bands, the difference calcu-
lationorratio calculation is performed on the (reference level,
analytical level) pair measured at each wavelength/band in
the series.

The resulting data set (for example, an absorbance or trans-
mittance spectrum assembled from sample-element refer-
enced absorbance/transmittance measurements taken at each
wavelength/band analyzed by the detection system 10) can
then be analyzed to compute the concentration of the
analyte(s) of interest in the sample. This concentration analy-
sis may be performed by employing any suitable method,
including but not limited to any of the various computational
algorithms discussed in further detail in Section IV below. For
example, any of the methods disclosed below for determining
analyte concentration(s) independent of the optical path-
length through the sample, may be employed.

Where significant differences arise between the thick-
nesses of the first referencing window 3044 and first sample
window 3064, or between the thicknesses of the first refer-
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encing window 304a and first sample window 306a, the
absorbance/transmittance data output by the ratio-calcula-
tion/difference calculation procedure may “include” some of
the absorbance/transmittance aspects of the window material.
Accordingly, where desired various embodiments of the
methods disclosed in Section IV below for removing non-
analyte contributions from absorption data, may be employed
when analyzing the absorbance/transmittance data to deter-
mine analyte concentration.

In another method of operation depicted in FIG. 12, the
sample element 302 is coupled with an analyte detection
system 10 which utilizes separate beams of electromagnetic
radiation for referencing the sample element 302 and for
measuring the concentration of an analyte in the sample. A
sample is drawn into the referencing chamber 304 (in those
embodiments where the referencing chamber is of sufficient
volume) and into the sample chamber 306 of the sample
element 302. As depicted in FIG. 12, the sample element 302
is placed within the analyte detection system 10 so that the
referencing chamber 304 and referencing windows 304a,
3045 reside within the path of the reference beam 308 and so
that the sample chamber 306 and sample windows 306a, 3065
reside within the path of an analytical beam 312. The refer-
ence beam 308 passes through the referencing chamber 304
(and, where applicable, any portion of the sample contained
therein), and referencing windows 3044, 3045, and the ana-
lytical beam 312 passes through the sample chamber 306, that
portion of the sample contained therein, and the sample win-
dows 306a, 3065. The analyte detection system 10 deter-
mines a reference level of absorbance or transmittance of the
reference beam 308 due to absorbance or transmittance by the
combination of (any) sample within the referencing chamber
304 and the material comprising the reference windows 304a,
304b, and determines an analytical level of absorbance or
transmittance of the analytical beam 312 due to absorbance or
transmittance by the combination of the sample and the mate-
rial comprising the sample windows 306a, 3065.

Upon determining the reference and analytical levels of
absorbance or transmittance, the analyte detection system 10
can account for absorbance or transmittance effects of the
material comprising the sample element 302 when determin-
ing the concentration of the analyte(s) of interest in the
sample. Analyzing the reference and analytical levels of
absorbance or transmittance (in other words, accounting for
the absorbance or transmittance effects of the material com-
prising the sample element 302) can comprise calculating a
difference between the two. Alternatively, analyzing the lev-
els can comprise calculating a ratio of the analytical level to
the reference level.

The difference-calculation alternative is employed where
the sample element referencing method is performed in the
absorbance or optical density domain, and the ratio-calcula-
tion alternative is employed where the method is performed in
the transmittance domain. Where reference and analytical
levels of absorbance or transmittance have been measured in
each of a series of wavelengths/bands, the difference calcu-
lation or ratio calculation is performed on the (reference level,
analytical level) pair measured at each wavelength/band in
the series.

The resulting data set (for example, an absorbance or trans-
mittance spectrum assembled from sample-element refer-
enced absorbance/transmittance measurements taken at each
wavelength/band analyzed by the detection system 10) can
then be analyzed to compute the concentration of the
analyte(s) of interest in the sample. This concentration analy-
sis may be performed by employing any suitable method,
including but not limited to any of the various computational
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algorithms discussed in further detail in Section IV below. For
example, any ofthe methods disclosed below for determining
analyte concentration(s) independent of the optical path-
length through the sample, may be employed.

Where significant differences arise between the thick-
nesses of the first referencing window 304a and first sample
window 3064, or between the thicknesses of the first refer-
encing window 304a and first sample window 306a, the
absorbance/transmittance data output by the ratio-calcula-
tion/difference calculation procedure may “include” some of
the absorbance/transmittance aspects of the window material.
Accordingly, where desired various embodiments of the
methods disclosed in Section TV below for removing non-
analyte contributions from absorption data, may be employed
when analyzing the absorbance/transmittance data to deter-
mine analyte concentration.

In certain embodiments, a sample element may be refer-
enced s0 as to overcome transmission properties of the mate-
rials comprising the sample element by drawing a sample into
the sample element and then compressing a sample chamber
of the sample element, thereby changing the separation (i.e.,
pathlength) between the inner surfaces of the sample chamber
by a predetermined amount. Such embodiments use a
deformable sample element and controllably change the path-
length of the beam of electromagnetic radiation passing
through the material of, and/or the sample within, the sample
chamber. The change in pathlength facilitates distinguishing
the absorbance or transmittance by the material of the sample
element from the absorbance or transmittance by the sample
within the sample chamber, by using any of the analysis
methods (i.e., difference-calculation, ratio-calculation) dis-
closed above.

FIG. 13 is a cross-sectional view of one embodiment of an
analyte detection system 406 comprising compressors 408,
409 for deforming a sample element 402 between absorbance
or transmittance measurements. In some embodiments, the
analyte detection system 406 may be generally similar to the
system 10 disclosed above, and the sample element 402 may
be generally similar to the sample element 120 disclosed
above, except as further described below. In other embodi-
ments, the analyte detection system 406 may comprise any
suitable analyte detection system, with additional structure as
further described below.

As shown, the sample element 402 is positionable within
the analyte detection system 406 such that a sample chamber
404 of the sample element 402 is positioned between the
compressors 408, 409. Each compressor 408, 409 has a hol-
low portion 412 aligned with the major axis of the compressor
to allow for substantially unimpeded passage of a beam of
electromagnetic radiation through the compressors 408, 409
and through the sample chamber 404. In one embodiment, the
compressors 408, 409 may have a circular cross-section (i.e.,
the compressors 408, 409 are formed as cylinders). In other
embodiments, the compressors 408, 409 can have other cross-
sectional shapes. Preferably, the sample element 402 is made
of a material which is sufficiently pliable to allow for com-
pression by the compressors 408, 409.

As illustrated in FIG. 13, the analyte detection system 406
includes a proximity switch 445 which, in certain embodi-
ments, detects the insertion of the sample element 402 into the
analyte detection system 406. In response to the proximity
switch 445, the analyte detection system 406 can advanta-
geously control the forces exerted on the sample element 402
by the compressors 408, 409. In one embodiment, upon acti-
vation of the proximity switch 445 by the inserted sample
element 402, the compressors 408, 409 contact the sample
element 402 and exert oppositely-directed forces 410, 411,
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respectively, on the sample element 402. In certain embodi-
ments, the forces 410, 411 are sufficiently smallso as to avoid
substantially compressing the sample element 402. In one
such embodiment, the sample element 402 is optimally posi-
tioned within the optical path of the beam 443 of the analyte
detection system 406 and gently held in this optimal position
by the compressors 408, 409, as shown in FIG. 13.

The beam 443 of electromagnetic radiation is passed
through the sample chamber 404 to yield a first measurement
of absorbance or transmittance by the combination of the
sample and the sample element 402 once the sample is drawn
into the sample chamber 404. In certain embodiments, the
sample is drawn into the sample chamber 404 of the sample
element 402 prior to insertion of the sample element 402 into
the analyte detection system 406. In other embodiments, the
sample is drawn into the sample chamber 404 after the sample
element 402 is positioned in the analyte detection system 406.

After the first measurement of absorbance or transmittance
is taken, the analyte detection system 406 compresses the
sample element 402 by increasing the forces 410, 411 exerted
by the compressors 408, 409. These increased forces 410,411
more strongly compress the sample element 402. In response
to this stronger compression, the optical pathlength through
the sample element 402 is modified. Preferably, the sample
element 402 undergoes plastic deformation due to the com-
pression forces 410, 411, while in other embodiments, the
deformation is elastic.

Once the optical pathlength through the sample element
402 is modified, a second measurement of absorbance or
transmittance by the combination of the sample and the
sample element 402 is taken. The analyte detection system
406 then computes a sample-element referenced absorbance
or transmittance of the sample based on the first measurement
of absorbance or transmittance at the first pathlength and the
second measurement of absorbance or transmittance at the
second pathlength, using any of the analysis methods (i.e.,
difference-calculation, ratio-calculation) disclosed above.
Changing the optical pathlength facilitates distinguishing the
absorbance or transmittance by the material comprising the
sample element 402 from the absorbance or transmittance by
the sample within the sample chamber 404. Thus, the analyte
detection system 406 provides a measurement of the absor-
bance or transmittance by the sample which is substantially
free of contributions from the absorbance or transmittance of
the material comprising the sample element 402. Such mea-
surements can increase the accuracy of the analyte concen-
tration measurements performed by the system 10 based on
the sample-element referenced absorbance or transmittance
measurements. These analyte concentration measurements
may be performed by employing any suitable method, includ-
ing but not limited to any of the various computational algo-
rithms discussed in further detail in Section IV below. For
example, any ofthe methods disclosed below for determining
analyte concentration(s) independent of the optical path-
length through the sample, may be employed.

In the embodiment illustrated by FIG. 13, the compressors
408, 409 decrease the optical pathlength of the sample cham-
ber 404 by compressing the sample chamber 404. F1G. 14 is
a cross-sectional view of another embodiment of analyte
detection system 506 configured for changing the optical
pathlength of the sample element 402. The structure and
operation of the analyte detection system 506 are substan-
tially the same as the analyte detection system 406 illustrated
in FIG. 13, except with regard to the compressors. As shown
in FIG. 14, the compressor 508 comprises a first compressor
window 512, and the compressor 509 comprises a second
compressor window 513. The compressor windows 512, 513
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contact the sample chamber 404 when the compressors 508,
509 grip the sample element 402. The compressor windows
512, 513 serve to more evenly distribute the oppositely-di-
rected forces 410, 411, respectively, across an area of the
sample chamber 404.

The compressor windows 512, 513 are preferably at least
partially optically transmissive in the range of electromag-
netic radiation comprising the beam 443. In one embodiment,
one or both of the compressor windows 512, 513 comprises a
material that is substantially completely transmissive to the
electromagnetic radiation comprising the beam 443. In yet
another embodiment, the absorbance of the material of one or
both of the compressor windows 512, 513 is not negligible,
but it is known and stable for a relatively long period of time,
and is stored in memory (not shown) of the analyte detection
system 506 so that the system 506 can remove the contribu-
tions due to absorbance or transmittance of the material from
measurements of the concentration of the analyte(s) of inter-
est. In another embodiment, the absorbance of one or both of
the compressor windows 512, 513 is stable for only a rela-
tively short period of time, but the analyte detection system
506 is configured to observe the absorbance of the material
and substantially eliminate it from the analyte measurement
before the material properties change significantly.

In various embodiments, the compressor windows 512,
513 may be formed from silicon, germanium, polyethylene,
or polypropylene, and/or any other suitable infrared-trans-
missive material.

In certain embodiments, a sample element is referenced so
as to overcome transmission properties of the material com-
prising the sample element by drawing a sample such as
whole blood into the sample element and then compressing
the sample element to cause the sample chamber of the
sample element to expand in a controlled manner, thereby
controllably increasing the separation between the inner sur-
faces of the sample chamber. In this way, the compression of
the sample element increases the optical pathlength through
the sample chamber. The change in the optical pathlength
facilitates distinguishing the absorbance or transmittance by
the material comprising the sample element from the absor-
bance or transmittance by the sample within the sample
chamber.

FIGS. 15-16 illustrate an embodiment of an analyte detec-
tion system 606 configured for expanding a sample chamber
604 of a sample element 602. The analyte detection system
606 comprises a first profile 608 adjacent to a first chamber
window 612 of the sample chamber 604, and a second profile
609 adjacent to a second chamber window 613 of the sample
chamber 604. The profiles 608, 609 are open spaces into
which the chamber windows 612, 613 can expand when the
sample element 602 is forcibly compressed by the analyte
detection system 606. Preferably, the sample element 602 is
made of a material which is sufficiently pliable to allow for
expansion of the sample chamber 604 into the profiles 608,
609. Preferably, the sample element 602 undergoes plastic
deformation, while in other embodiments, the deformation is
elastic.

As illustrated in FI1G. 16, when the analyte detection sys-
tem 606 compresses the sample element 602, the analyte
detection system 606 exerts oppositely-directed forces 610,
611 on the sample element 602. This causes the chamber
windows 612, 613 to respectively expand into the profiles
608, 609, thereby increasing the separation between the inner
surfaces ofthe sample chamber 604 and increasing the optical
pathlength of the beam 443 through the sample chamber 604.
The change in optical pathlength enables the analyte detec-
tion system 606 to compute a sample-element referenced
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measurement of the absorbance or transmittance of the
sample, using any of the analysis methods disclosed above.
Thus, the analyte detection system 606 substantially elimi-
nates the contribution of absorbance or transmittance of the
material comprising the sample element 602 in order to
increase the accuracy of the analyte concentration measure-
ments performed by the system 10 based on the sample-
element referenced absorbance or transmittance measure-
ments. These analyte concentration measurements may be
performed by employing any suitable method, including but
not limited to any of the various computational algorithms
discussed in further detail in Section IV below. For example,
any of the methods disclosed below for determining analyte
concentration(s) independent of the optical pathlength
through the sample, may be employed.

FIGS. 17-18 depict another embodiment of the sample
element 302 discussed above in connection with FIGS. 11-12.
Except as further detailed below, the embodiment of the
sample element 302 depicted in FIGS. 17-18 may be gener-
ally similar to the sample element 120 disclosed above, and/
or the sample element 302 of FIGS. 11-12. In addition, the
sample element 302 depicted in FIGS. 17-18 may be
employed in practicing any of the sample-element referenc-
ing methods disclosed herein, including without limitation
those methods discussed in connection with the sample ele-
ment 302 depicted in FIGS. 11-12.

The sample element 302 further comprises a first strut 320
disposed in the referencing chamber 304 and extending from
the first referencing window 304a to the second referencing
window 3045. In addition, a second strut 322 is disposed in
the sample chamber 306 and extends from the first sample
window 306a to the second sample window 3065. The struts
320, 322 are preferably oriented in the chambers 304, 306 so
that they extend generally parallel to an optical axis of abeam
of energy passed through either of the chambers 304, 306,
when the sample element 302 is employed in measuring
analyte concentrations. For example, when the sample ele-
ment 302 is placed in the analyte detection system 10, the
strut(s) 320, 322 extend generally parallel to the major axis X
and/or the energy beam E.

The struts 320, 322 depicted in FIGS. 17-18 comprise
members having sufficient column and tensile strength to
minimize or prevent inward or outward deflection of the
referencing windows 304a, 3045 and sample windows 306a,
3064, respectively. The struts 320, 322 advantageously assist
in preserving the planarity of the windows 304a, 3045, 3064,
3064, thereby enhancing the accuracy of some analyte-con-
centration measurements taken with the sample element 302.
Although various computational algorithms are disclosed
below for preserving measurement accuracy despite imper-
fections in sample-element geometry (e.g., pathlength, win-
dow planarity, window parallelism), the struts 320, 322 may
be employed instead of or in addition to various combinations
of such algorithms when measuring analyte concentrations.

In the illustrated embodiment, the struts 320, 322 comprise
cylindrical members (i.e. having a circular cross-section);
however, any other suitable cross-sectional shape (including
without limitation oval, square, rectangular, triangular, etc.)
may be employed. In the illustrated embodiment, the struts
320, 322 maintain a substantially constant cross-section as
they extend from the first window 3044/306a to the second
window 3045/306b; however, a varying cross-section may be
employed.

In the embodiment shown in FIGS. 17-18, the struts 320,
322 are of substantially similar cross-sectional area, and a
single strut is employed in each of the chambers 304, 306.
However, the number of struts employed in each chamber
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may vary, as two, three, four or more may be used in each
chamber, and the total cross-sectional area of the referencing-
chamber struts may either equal (in one embodiment) or
differ from (in another embodiment) that of the sample-cham-
ber struts. Similarly, strut(s) may be employed in only one, or
both, of the referencing and sample chambers 304, 306.

In one embodiment, each of the struts 320, 322 is substan-
tially opaque to the wavelength(s) of energy employed by the
analyte detection system (such as the system 10) with which
the sample element 302 is employed. For example, the struts
320, 322 may be formed from a material which is substan-
tially opaque to the wavelength(s) of interest, in the source
intensity range employed by the detection system, and when
formed in a pathlength less than or equal to the shorter of the
struts 320, 322. In another example, the struts may be formed
from a material which does not meet the above criteria, but a
mask layer (not shown) may be positioned in each strut, or in
or on one of the windows 3044/304b and one of the windows
306a/3065, in axial alignment with each strut. The mask
layers are substantially opaque to the wavelength(s) of inter-
est and are shaped and sized to conform to the (largest)
cross-section of the corresponding struts, so as to substan-
tially prevent passage of the energy beam E through the struts
320, 322. In still further embodiments, any suitable structure
may be employed to substantially prevent passage of the
energy beam E through the struts 320, 322.

By making the struts 320, 322 substantially opaque to the
wavelength(s) of interest, or by otherwise preventing prevent
passage of the energy beam E through the struts 320, 322, the
absorbance/transmittance of the struts drops out from the
absorbance/transmittance data when the difference or ratio is
computed of the absorbance/transmittance measured in each
chamber 304, 306. In other words, by making the absorbance/
transmittance of the struts 320, 322 independent of the length
ofthe struts, their absorbance/transmittance can be accounted
for in computing analyte concentrations, despite their differ-
ence in length. In another embodiment, a similar result can be
obtained by otherwise constructing the struts 320, 322 to have
substantially equal absorbance or transmittance, but without
making the struts 320, 322 opaque.

In yet another embodiment, the strut(s) 320, 322 may be
formed from a material which is highly transmissive of the
wavelength(s) of interest. For example, where infrared wave-
lengths are employed in the measurement of analyte concen-
trations, the strut(s) may be formed from silicon, germanium,
polyethylene, polypropylene, or a combination thereof.

FIG. 17, as an upper plan view of the sample element 302,
also depicts a vent passage 324 and supply passage 326 in
fluid communication with the referencing and sample cham-
bers 304, 306, respectively. The vent and supply passages
324, 326 may be generally similar to their counterparts dis-
closed above in connection with the sample element 120. In
addition, the vent passage 324 and supply passage 326 may be
employed in any of the embodiments of the sample element
302 discussed herein.

Itis further contemplated that one or more struts of the type
presently disclosed may be employed in the sample chamber
200 of the sample element 120, so as to extend from the upper
window 202c¢ to the lower window 2024.

FIGS. 19 and 20 depict yet another embodiment of the
sample element 302 discussed above in connection with
FIGS. 11-12 and 17-18. Except as further detailed below, the
embodiment of the sample element 302 depicted in FIGS.
19-20 may be generally similar to the sample element 120
disclosed above, and/or the sample elements 302 of FIGS.
11-12 and 17-18. In addition, the sample element 302
depicted in FIGS. 19-20 may be employed in practicing any

5

10

15

20

25

30

40

45

50

55

60

65

34

of the sample-element referencing methods disclosed herein,
including without limitation those methods discussed in con-
nection with the sample elements 302 depicted in FIGS.
11-12 and 17-18.

The sample element 302 depicted in FIGS. 19-20 further
comprises a stiffening layer 340 which is secured to the
sample element 302, preferably on the underside thereof, by
any appropriate means, such as adhesives, heat bonding,
ultrasonic bonding, integral formation, etc. The stiffening
layer 340 is sized and shaped, and its material chosen, to
impart additional stiffness and rigidity to the sample element
302. The stiffening layer 304 may be formed from the mate-
rials used to form the balance of the sample element 302, or
other suitable materials as desired. The stiffening layer 340
includes an opening 342 which is aligned with the referencing
chamber 304 and sample chamber 306 to permit a beam of
electromagnetic energy (such as the beam E when the sample
element 302 is employed with the system 10) to pass to the
windows 3045, 3064. Other than the opening 342, the stiff-
ening layer 340 is preferably coextensive with the underside
of the sample element 302.

In other embodiments, a similar stiffening layer may be
secured to the upper side of the sample element 302, instead
of or in addition to the stiffening layer 340 depicted in FIGS.
19-20. Such an upper-side stiffening layer may include a
staggered portion to conform to the difference in thickness
between the reference and sample chambers 304, 306 on the
upper side of the sample element 302.

It is further contemplated that one or more stiffening layers
similar to the layer 340 may be employed with the sample
element 120 disclosed above, secured to one or both of the
first and third layers 220, 240.

FIG. 21 depicts another embodiment of the sample element
302 discussed above in connection with FIGS. 11-12 and
17-20. Except as further detailed below, the embodiment of
the sample element 302 depicted in FIG. 21 may be generally
similar to the sample element 120 disclosed above, and/or the
sample elements 302 of FIGS. 11-12 and 17-20. In addition,
the sample element 302 depicted in FIG. 21 may be employed
in practicing any of the sample-element referencing methods
disclosed herein, including without limitation those methods
discussed in connection with the sample elements 302
depicted in FIGS. 11-12 and 17-20.

The sample element 302 depicted in FIG. 21 further com-
prises stiffening ribs 350 which are integrally formed with
one or both of the first and second referencing windows 3044,
304b. The stiffening ribs 350 preferably extend across the
entire length of the windows 304a, 304, and may continue
into the balance ofthe sample element 302. The stiffening ribs
350 depicted in FIG. 21 are arranged to extend longitudinally
across the windows 304a, 3045 so that they extend generally
orthogonal to an optical axis of a beam of energy passed
through the chamber 304 when the sample element 302 is
employed in measuring analyte concentrations. For example,
when the sample element 302 is placed in the analyte detec-
tion system 10, the ribs 350 extend generally orthogonal to
the major axis X and/or the energy beam E. In other embodi-
ments, the ribs 350 may extend in any direction, so long as
they are oriented to extend generally orthogonal to such an
optical axis. Furthermore, the ribs 350 may be employed in
any combination of the windows 304a, 3045, 3064, 3065, or
the windows 202¢, 2024 of the sample element 120.

In any of these embodiments, any suitable size, shape and
number of ribs may be employed, other than those depicted in
FIG. 21. However, in one embodiment, the configuration of
ribs employed on the window 3044 substantially matches that
of the window 306a, and the configuration of ribs employed
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on the window 30454 substantially matches that of the window
306b. Such an arrangement may improve the accuracy of the
sample-element referencing methods employed with the
sample element 302.

The ribs 350 advantageously assist in preserving the pla-
narity of the windows 304a, 3045, 306a, 3065, thercby
enhancing the accuracy of analyte-concentration measure-
ments taken with the sample element 302. Although various
computational algorithms are disclosed below for preserving
measurement accuracy despite imperfections in sample-ele-
ment geometry (e.g., pathlength, window planarity, window
parallelism), the ribs 350 may be employed instead of or in
addition to various combinations of such algorithms when
measuring analyte concentrations.

IV. Algorithms

This section discusses a number of computational methods
or algorithms which may be used to calculate the concentra-
tion of the analyte(s) of interest in the sample S, and/or to
compute other measures that may be used in support of cal-
culations of analyte concentrations. Any one or combination
of the algorithms disclosed in this section may reside as
program instructions in the memory 185 so as to be accessible
for execution by the processor 180 of the analyte detection
system 10 to compute the concentration of the analyte(s) of
interest in the sample, or other relevant measures. Alterna-
tively, any one or combination of the algorithms disclosed in
this section may be executed by or in connection with a
Fourier Transform Infrared Spectrometer (FTIR) device,
such as the SPECTRUM ONE model available from Perkin-
Elmer Inc., of Wellesley, Mass., for determining analyte con-
centrations or other measures. In addition, any one or com-
bination of the algorithms disclosed in this section may be
employed in connection with any of the embodiments of the
method 190 depicted in FIG. 7 and discussed above. For
example, the disclosed algorithms may be employed to com-
pute the concentration of the analyte(s) of interest in the
sample S from (any) final transmittance values TF, ,, TF, 5, . ..
TF,,, output by the method 190.

A. Methods for Determining Analyte Concentrations

In many measurements, the contribution from the analyte
of interest (e.g., glucose) to the measured absorption spec-
trum is often only a small percentage of the contribution from
other substances within the sample. For example, blood by
volume is typically composed of about 70% water, about 30%
solids, mostly protein, and only about 0.1% glucose. Blood
also includes other species such as urea, alanine, and in some
cases alcohol or other sugars such as fructose. Similarly,
plasma includes only a small percentage of glucose, as well as
other species. Therefore, blood or plasma glucose measure-
ments are highly sensitive and vulnerable to inaccuracies.

Ifan accurate glucose measurement is desired, the charac-
teristics of each of the different constituents of the sample
should be considered. Because the sample absorption at any
given wavelength is a sum of the absorptions of each compo-
nent of the sample at that wavelength, IR absorption measure-
ments are complicated by the presence of these other compo-
nents. Consequently, to allow effective compensation and
adjustments to measured IR absorption for the presence of
other components of the blood or plasma, it is helpful to
understand which constituents are present in the sample,
understand their effects on the analyte that is being measured
(such as glucose), and correct for any differences thatintrinsic
and measuring-device-related variables may cause.

Advantageously, absorption data in the mid-IR spectral
region (for example, about 4 microns to about 11 microns) are
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used. Although water is the main contributor to the total
absorption across this spectral region, the peaks and other
structures present in the blood or plasma spectrum from about
6.8 microns to 10.5 microns are due to the absorption spectra
of other components of the blood or plasma. The 4 to 11
micron region has been found advantageous because glucose
has a strong absorption peak structure from about 8.5 to 10
microns, whereas most other constituents of the blood or
plasma have a low and flat absorption spectrum in the 8.5 to
10 micron range. The main exceptions are water and hemo-
globin, both of which absorb fairly strongly in this region, and
which are also the two most significant components in terms
of concentration in the blood or plasma. Certain embodiments
of the techniques described herein are thus directed to remov-
ing the contributions of water and hemoglobin from this
spectral region to resolve the contribution, and thus concen-
tration, of glucose in the sample.

B. Pathlength-Insensitive Determinations of Analyte Con-
centrations

In certain embodiments, a method determines an analyte
concentration in a sample comprising the analyte and a sub-
stance. The method comprises providing an absorption spec-
trum of the sample, with the absorption spectrum having an
absorption baseline. The method further comprises shifting
the absorption spectrum so that the absorption baseline
approximately equals aselected absorption value in a selected
absorption wavelength range. The method further comprises
subtracting a substance contribution from the absorption
spectrum. Thus, the method provides a corrected absorption
spectrum substantially free of a contribution from the sub-
stance.

In certain embodiments, providing the absorption spec-
trum comprises providing the transmittance spectrum of the
sample, with the transmittance spectrum having a transmit-
tance baseline. In certain embodiments, the transmittance
spectrum of the sample is provided by transmitting at least a
portion of an infrared signal through the sample. The infrared
signal comprises a plurality of wavelengths. The portion of
the infrared signal transmitted through the sample is mea-
sured as a function of wavelength. Various configurations and
devices can be used to provide the transmittance spectrum in
accordance with embodiments described herein.

In certain embodiments, the transmittance baseline is
defined to be the value of the transmittance spectrum at wave-
lengths at which transmittance is a minimum. For blood, this
value is typically at about 6.1-6.2 microns where water and
hemoglobin both are strong absorbers. While the transmit-
tance spectrum from the sample at these wavelengths is
expected to be nearly zero, various effects, such as instrumen-
tal error and thermal drift, can result in a nonzero contribution
to the transmittance baseline. In addition, effects such as
instrumental error and thermal drift can result in a wavelength
shift of known features in the transmittance spectrum from
the expected wavelengths of these features.

In certain such embodiments, providing the absorption
spectrum comprises shifting the transmittance spectrum so
that the transmittance baseline approximately equals zero ina
selected transmittance wavelength range. In certain embodi-
ments in which the sample comprises blood or plasma, the
selected transmittance wavelength range comprises wave-
lengths at which the transmittance is a minimum. In certain
such embodiments, the selected transmittance wavelength
range comprises wavelengths between approximately 6
microns and approximately 6.15 microns. In other such
embodiments, the selected transmittance wavelength range
comprises wavelengths between approximately 12 microns
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and approximately 13 microns. The transmittance spectrum
at these wavelengths may be partially affected by contribu-
tions from various components that are present at low con-
centration levels, In still other such embodiments, the
selected transmittance wavelength range comprises wave-
lengths approximately equal to 3 microns. Each of these
wavelengths corresponds to a strong water absorption peak.

In embodiments in which there is a nonzero contribution to
the transmittance baseline, the transmittance spectrum may
be shifted. In certain embodiments, the transmittance spec-
trum is shifted so that the transmittance spectrum in the wave-
length range of 6 to 6.2 microns is approximately equal to
zero. In embodiments in which known features are shifted in
wavelength from their expected wavelengths, the transmit-
tance spectrum can be shifted in wavelength. In addition, the
shifting of the transmittance spectrum can be performed non-
linearly (e.g., shifting different wavelengths by differing
amounts across the transmittance spectrum).

Providing the absorption spectrum further comprises
determining the absorption spectrum from the transmittance
spectrum. In certain embodiments, the relation between the
transmittance spectrum and the absorption spectrum is
expressed as:

where is the wavelength, A(A) is the absorption as a function
of wavelength, and T(A) is the transmittance as a function of
wavelength.

In certain embodiments, the method comprises shifting the
absorption spectrum so that its absorption baseline approxi-
mately equals a selected absorption value (such as 0, 0.5, 1,
etc.) in a selected absorption wavelength range. In certain
embodiments, the absorption baseline can be selected to be
defined by a portion of the absorption spectrum with low
absorption. In certain embodiments in which the sample com-
prises blood or plasma, the selected absorption wavelength
range comprises wavelengths between approximately 3.8
microns and approximately 4.4 microns. In certain other
embodiments, the selected absorption wavelength range
comprises wavelengths between 9 microns and approxi-
mately 10 microns.

In certain other embodiments in which the sample com-
prises blood, the absorption baseline is defined to be the
magnitude of the absorption spectrum at an isosbestic wave-
length at which water and a whole blood protein have
approximately equal absorptions. In such embodiments, the
absorption spectrum is shifted to a selected value at the isos-
bestic wavelength by adding or subtracting a constant offset
value across the entire wavelength spectral data set. In addi-
tion, the shifting of the absorption spectrum can be performed
nonlinearly (e.g., shifting the portions of the absorption spec-
trum in different wavelength ranges by different amounts).
Shifting the absorption spectrum such that the absorption is
set to some value (e.g., 0) at a protein-water isosbestic point
preferably helps remove the dependence on hemoglobin level
of the overall spectrum position relative to zero. For samples
comprising plasma containing whole blood protein, similar
techniques can be applied.

The effective isosbestic point can be expected to be differ-
ent for different proteins in different solutions. Exemplary
whole blood proteins include, but are not limited to, hemo-
globin, albumin, globulin, and ferritin. These isosbestic
wavelengths can be used to obtain a current measure of the
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effective optical pathlength in the filled cuvette, either before
or during measurements at other wavelength ranges.

Such information is very useful in subsequent calculations
for compensation of instrument-related pathlength non-lin-
earities. Because the measured absorption of the protein and
water are identical at the isosbestic wavelength, the measured
absorption at the isosbestic wavelength is independent of the
ratios of the protein concentration and the water concentra-
tion (hematocrit level). At an isosbestic wavelength, for a
given sample volume, the same amount of absorption would
be observed whether the sample was entirely water, entirely
protein, or some combination of the two. The absorption at
the isosbestic wavelength is then an indication of the total
sample volume, independent of the relative concentrations of
water and protein. Therefore, the observed absorption at an
1sosbestic wavelength is a measure of the pathlength of the
sample only. In certain embodiments, the observed absorp-
tion at an isosbestic wavelength can be useful for measuring
the effective optical pathlength for a sample. As a result,
various embodiments of the above-described method may be
employed to accurately determine the concentration of ana-
lyte(s) of interest in a sample independent of optical path-
length, i.e. without need for prior knowledge of the path-
length and/or without requiring that the sample chamber of
the sample element conform closely to a specified or expected
pathlength. Additionally, such information can be used in
subsequent calculations for compensation of instrument-re-
lated pathlength nonlinearities. In certain embodiments, these
measurements can be made before or concurrently with
absorption measurements in other wavelength ranges.

C. Subtraction of Absorption Due To Non-Analyte Compo-
nents of Sample

In certain embodiments, a method of analyzing blood
absorption data has two major components: data clean-up and
spectroscopic analysis. The goal of the data clean-up is to
remove instrumental artifacts from the data, so that what
remains is an accurate representation of the blood spectra.
This method is machine- and protocol-related and the clean-
up required for Fourier Transform Infrared (FTIR) spectrom-
eter data is considerably different from the clean-up required
for discrete-wavelength transmission data. While the exem-
plary embodiments discussed below are applied to blood
absorption data, other embodiments can be applied to plasma
absorption data as well.

The goal of the spectroscopic analysis is to derive the ratio
of the analyte volume (for example, glucose volume) to the
total blood volume using essentially artifact-free spectra. The
blood samples are primarily a mixture of three components:
plasma, hematocrit soup and glucose as illustrated in FIG. 22.
As illustrated in FIG. 22, “hematocrit soup” comprises the
combination or mixture of the components of blood other
than the plasma and glucose components.

Certain embodiments of the method are based on knowl-
edge of reference absorption spectra for each of the three
components. The protein content of plasma is ignored in
pooled-blood embodiments, because it is the same for each
blood sample. This is a liberty that can be taken with pooled
blood but that cannot be extended to individual blood
samples, where additional components will be required. The
reference spectra for water (plasma) and the analyte (for
example, glucose) can be determined with FTIR measure-
ments. The reference spectra for the hematocrit soup can be
determined from the differential hemoglobin spectra calcu-
lated using the blood data.

One goal of the spectroscopic analysis can be to derive the
ratio of the analyte volume (for example, glucose volume) to
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the total blood volume. The process of measuring a glucose
concentration can include subtracting one or more contribu-
tions to the absorption spectrum from other substances in the
blood that interfere with the detection of the glucose. In
certain embodiments, a reference substance absorption spec-
trum is provided and is scaled by multiplying it by a scaling
factor. The scaled reference substance absorption spectrum is
subtracted from the measured absorption spectrum. This pro-
cedure thus preferably provides the corrected absorption
spectrum which is substantially free of a contribution from
the substance.

Such procedures can be used to subtract the absorption
contributions of water and/or hemoglobin, as well as other
constituents of blood or plasma. In addition, the scaling factor
provides a measure of the absorption due to the substance of
the reference substance absorption spectrum. As described
more fully below, in embodiments in which multiple scaling
factors are determined for multiple substances, ratios of the
scaling factors provide information regarding the concentra-
tion ratios of the substances in question. These determina-
tions of the concentration ratios are substantially independent
of the optical pathlength through the sample. Such concen-
tration ratios can be used to determine the concentration of a
selected substance within the sample regardless of the optical
path length through the sample.

In certain embodiments, the measured absorption spec-
trum can be further corrected for other contributions which
are not due to the analyte of interest. In certain such embodi-
ments, the measured absorption spectrum can be corrected for
a substance which interferes with determining the analyte
concentration. In certain embodiments in which the sample
comprises a second substance which interferes with deter-
mining the analyte concentration to a lesser extent than does
the substance, the measured absorption spectrum can be fur-
ther corrected by calculating a second substance contribution
of the absorption data and subtracting the second substance
contribution from the absorption data, thereby providing cor-
rected absorption data substantially free of a contribution
from the second substance.

For example, alcohol is a potentially interfering substance
with the glucose measurement because the absorption of
alcohol is similar to that of glucose in the wavelength range of
interest. It is observed that the peak height ratio of the absorp-
tion peak at about 9.6 microns to the absorption peak at about
9.2 microns for pure glucose is approximately 1.1-1.2, and
the ratio for pure alcohol is approximately 3.0-3.2. This ratio
of peak heights varies between these two values for absorp-
tion spectra for mixtures of glucose and alcohol. Thus, the
peak height ratio can be used to determine the relative con-
centrations of alcohol and glucose. The contribution from
alcohol can then be subtracted from the measured absorption
spectrum. In certain embodiments, the process can be
repeated for other analytes of interest in sufficient quantities.

In certain embodiments, the measured absorption spec-
trum can be corrected for contributions from free protein,
which has an absorption peak centered around 7.1 microns. In
certain other embodiments, the measured absorption spec-
trum can be further corrected for contributions from a bound-
ary layer between water and a whole blood protein. Features
in the measured absorption spectrum due to components of
the boundary layer arise from interactions between the water
and whole blood protein. These spectral features are ascribed
to “bound” components or hydrated protein. The correspond-
ing contributions across the measured absorption spectrum
can be corrected by subtracting the appropriate scaled refer-
ence absorption, such that the corrected absorption spectrum
is approximately zero for a selected range of wavelengths. In
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certain embodiments, the range of wavelengths is between
about 7.0 and 7.2 microns, or alternatively between 7.9 and
8.1 microns, or alternatively at a combination of wavelength
ranges.

Temperature also affects the correct subtraction of the
water contribution to the total spectrum because the absorp-
tion spectrum of water changes with temperature changes. Tt
is therefore advantageous for the system to store several dif-
ferent water reference spectra, with each one applicable to a
selected temperature range. The appropriate reference would
be selected for scaling and subtraction based on the tempera-
ture of the sample. In some embodiments, hardware such as
thermocouples, heaters, and the like may be provided to
directly measure or control the temperature of the sample.
Although this approach may be suitable at times, it can be
difficult to accurately measure and control the blood tempera-
ture as the sample size is very small, and the actual blood
temperature may vary from the cuvette temperature or the
ambient temperature surrounding the cuvette.

The contribution of temperature to the absorption spectra
can alternatively be addressed by analyzing the sample spec-
trum itself, because different parts of the water absorption
spectrum are affected by temperature by different amounts.
For example, the absorbance difference of the water absorp-
tion spectrum between about 4.9 microns and 5.15 microns is
not very dependent on temperature, whereas the absorbance
difference between 4.65 microns and 4.9 microns is highly
temperature dependent. As temperature changes for a given
sample with constant water concentration, the absorbance
difference between 4.65 and 4.9 microns will change a lot,
and the absorbance difference between 4.9 and 5.15 microns
will not change much at all. Thus, the ratio of the absorbance
difference between two points having high temperature
dependence (e.g., 4.65 and 4.9 microns) to the absorbance
difference between two points having low temperature
dependence (e.g., 4.9 and 5.15 microns) can be used as a
measure of temperature. Once this measurement is made, an
appropriate selection from several different stored water ref-
erence curves can be made.

In certain embodiments, the reference substance absorp-
tion spectrum is provided by correcting a stored spectrum for
wavelength-dependent nonlinearities. For example, where
the substance comprises water, knowledge of the optical path-
length (based on the total sample absorption at one or more
isosbestic wavelengths) as well as the measured absorption at
one or more wavelengths dominated by water absorption
(e.g., between approximately 4.5 and 5 microns) can be used
to correct a stored reference water absorption spectrum for
wavelength nonlinearities across the spectrum. Such correc-
tions of the stored reference spectrum are advantageous for
reducing distortions in the final results. Similarly, prior
knowledge of optical pathlength based on total sample
absorption at an isosbestic wavelength, as well as on total
protein absorption in a selected wavelength range (e.g., 7.0-
7.2 microns, or 7.9-8.1 microns) allows for the modification
of a reference protein absorption spectrum that is compen-
sated for nonlinearities. Other wavelength-dependent nonlin-
earities to be corrected for can be produced by the sample
element, including, but not limited to, scattering and fringing.

In certain embodiments, after correcting the measured
absorption spectrum for contributions of one or more sub-
stances, the corrected absorption spectrum is fitted with ref-
erence analyte spectral data to provide a measure of the ana-
lyte concentration. The reference analyte spectral data can
include data at a wavelength near an analyte absorption maxi-
mum. For example, the absorption spectrum of glucose
includes various peaks, with the two largest peaks at wave-
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lengths of approximately 9.25 and 9.65 microns, respectively.
The absorption difference of the corrected absorption spec-
trum between a wavelength of about 8.5 microns and a wave-
length of approximately 9.65 microns can provide a measure
of the glucose concentration in the blood sample. Following
the definition of glucose in blood (i.e., a measure of glucose
per volume of the sample), a useful measure for glucose
concentration is preferably obtained from algorithmically-
derived infrared quantities by dividing the final glucose quan-
tity by total water, total protein, or alteratively a combination
of both.

Although the above discussion focuses on data sets com-
prising measurements over the entire range of IR wave-
lengths, it will be appreciated that it is not necessary to obtain
data across the entire spectrum, but only at the discrete wave-
lengths used in the analysis. In certain embodiments where
water and hemoglobin contributions are subtracted from a
whole blood spectrum to find glucose concentration, as little
as ten or fewer total measurements are needed. Additional
components to be subtracted may require one or two more
measurements each.

For example, to characterize the water contribution, mea-
surements at about 4.7 microns and 5.3 microns may be
obtained. For characterizing hemoglobin, measurements at
about 8.0 and 8.4 microns may be obtained. The glucose
characterization may involve a measure of the difference
between about 8.5 microns and 9.6 microns. This is six val-
ues, two for each component. In embodiments where it is
desired to zero the transmittance curve and shift the absor-
bance values, it may be desirable to further make transmit-
tance measurements at about the 6.1 micron water absorbance
peak and the 4.1 micron water/protein isosbestic point. As
described above, the addition of another data point at about
4.9 microns allows the determination of temperature. Another
measurement at the lower alcohol peak of about 9.25 microns
can be used to compensate the glucose measurement for
alcohol content as well as is also described above. In certain
embodiments, the values of optical density at these six wave-
lengths can be expressed as six linear equations which can be
solved to yield the glucose concentration path length and the
ratio of glucose volume to total blood volume.

In certain embodiments, the method uses the optical den-
sity (OD) for a parallel cuvette, parallel illumination and
“delta-function” filter, which can be expressed as:

OD=(C,,0,,+Ch0l+C0g:)d

where
d=cuvette path length;
c,,=water volume concentration;
¢,=hematocrit soup volume concentration;
¢c,~glucose volume concentration;
o, ~water absorption at wavelength ‘1’;
o, ~hematocrit soup absorption at wavelength ‘1’; and
0,,,~glucose absorption at wavelength ‘1.

The absorption of the various components (€.g., ., ;; O, C.;)
at various wavelengths is a property of the components them-
selves, and can be known or provided to the system for use in
the calculation of the analyte concentrations. In various
embodiments described below, the blood sample is modeled
as a three-component mixture of water, hematocrit soup, and
glucose (ie., ¢, +c;+c,=1). Other embodiments can model
the blood sample with more components, fewer components,
or different components.

In certain embodiments, the method uses three two-wave-
length sets. The first set is in the wavelength region where
water absorption dominates. The second set is in a region
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where water and hematocrit soup absorptions dominate, and
the third set in a region where absorptions from all three
components dominate. In certain embodiments, the calcula-
tions are based on OD differences of each wavelength pair to
reduce or minimize offsets and baseline drift errors. Absorp-
tion values for the three components at each of the six wave-
lengths are shown in Table 1:

Wavelength A, Uy O
1 a,, 0 a
2 [eN9 0 a
3 3 3 0
4 s [¢*9 0
5 s U5 Ogs
6 g (¢ Ogg

Substituting these values from Table 1 into Equation (1)
vyields the following relations:

OD;=¢,,0,,d; 2)
OD,=c,,01,,5d;
OD3=(c,,00,3+C,03) d;
OD4=(c,, 04+ CrOpa)-d;
ODs=(c,, 0, 5%Ch05+Co0s)d; and

ODg=(c,,04,6+C0yH+CoOge)d.

Certain embodiments of the method comprise computing
the quantity A which is equal to the product of the water
concentration and the path length. The quantity A can be
termed the “water scaling factor,” and can be expressed by the
following relation:

0D, - 0D,
= =cyd.

T @ - o)

®

In certain embodiments in which the values of water absorp-
tion at the two wavelengths is known or provided to the
system, this ratio of the difference of two measured absorp-
tion values with the difference of two reference absorption
values at the same wavelengths yields a water scaling factor A
indicative of the amount of water in the sample.

Using A and the water absorptions at each wavelength, the
“water free” OD can then be calculated and expressed by the
following relation:

OD/=0DrAa,;. O
In this way, the “water free” OD value equals the measured
OD value minus the scaled reference absorption value for
water. Combining Equation (9) and Equations (4)-(7) yields
the following relations:

ODy'=cyo43d; (10)

0D/ =c,4°d;

(11)
OD5/:(chah5+cgag5)-d; and (12)

OD/=(C) e+ ge)d

13)

In certain embodiments, the “water free” absorptions at
wavelengths 3 and 4 are used to calculate the quantity B
which is proportional to the product of the hematocrit soup
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concentration and path length. The quantity B can be termed
the “hematocrit soup scaling factor,” and can be expressed by
the following relation:

oD, - 0D}, (14
B — — —— =

@y — Apz

Cpa.

In certain embodiments in which the values of hematocrit
soup absorption at the two wavelengths is known or provided
to the system, this ratio of the difference of two “water free”
OD values with the difference of two reference absorption
values for hematocrit soup at the same wavelengths yields a
hematocrit soup scaling factor B indicative of the amount of
hematocrit soup in the sample.

By using B and the hematocrit soup absorptions at each
wavelength, the “glucose only” OD is calculated in certain
embodiments to be expressed by the following relation:

OD/'=0D/-Ba,. (15)

In this way, the “glucose only” OD value equals the measured
OD value minus the scaled reference absorption values for
water and for hematocrit soup.

From Equations (15), (12) and (13), the following relations
can be calculated:

(16)

ODs” =Ca0Lgsd; and

ODg"=c, o1 6d. 1n

The glucose concentration path length product, given by
the quantity C, canbe termed the “glucose scaling factor,” and
can be expressed by the following relation:

oD} -op! 18

—Cg.

@gs —dg5

In certain embodiments in which the values of glucose
absorption at the two wavelengths is known or provided to the
system, this ratio of the difference of two “glucose only” OD
values with the difference of two reference absorption values
for glucose at the same wavelengths yields a glucose scaling
factor C indicative of the amount of glucose in the sample.

The desired ratio of glucose volume to total blood volume
can then be expressed (using the relation ¢, +c,+c,=1) by the
following relation:

cg*d C
(cotchtcg)sd A+B+C

19

By taking the ratio of the glucose scaling factor to the sum of
the water scaling factor, the hematocrit soup scaling factor,
and the glucose scaling factor, the resulting concentration
ratio ¢, is substantially independent of the path length of the
sample. Thus, certain embodiments described herein provide
a method of determining the glucose content of a blood
sample independent of the path length of the blood sample.

D. System and Temperature Effects on Absorption

In certain embodiments, various non-analyte contributions
to the measured absorption spectrum can be determined.
Absorption by blood in the wavelength region from approxi-

20

25

30

35

40

45

50

55

65

44

mately 4.4 to 5.5 microns is primarily due to water. Trans-
mission or absorption measurements in this “water region”
can be used to determine the water content of the blood
sample without considering other blood constituents. At other
wavelengths, the measurements depend on the concentrations
and spectral properties of other blood components. In certain
embodiments, the measurements can also be influenced by
non-analyte contributions, including but not limited to, finite
filter widths, blood temperature, filter temperature and
cuvette shape. In certain embodiments, these effects can be
corrected at each wavelength before calculating the blood
component concentrations. The water region offers a conve-
nient wavelength range to separate system and temperature
effects from component concentration effects. Certain
embodiments of the analysis method utilize a model for trans-
mission of a water-filled cuvette illuminated with parallel
light as a function of cuvette shape, water temperature, filter
temperature, and filter shape. Embodiments are described
herein which use data from the water region to determine
system parameters for both non-parallel and parallel cuvettes.

In certain embodiments, the resulting absorption spectrum
(e.g., after being corrected for instrumental drift, optical path-
length, distortions, and contributions from major compo-
nents) can be fitted with a reference glucose absorption spec-
trum to remove the glucose contribution. This absorption
spectrum can be used further for individual determination of
residual components. In certain embodiments, the residual
components include high molecular weight substances,
including but not limited to, other proteins, albumin, hemo-
globin, fibrinogen, lipoproteins, and transferrin. In certain
embodiments, the residual components include low molecu-
lar weight substances, including but not limited to, urea,
lactate, and vitamin C. The final glucose measure can be
corrected for the presence of such lower level potentially
interfering substances by subtracting reference spectra of
specific substances, such as urea, from the residual data.

1. Integral Form of Optical Density

FIG. 23 schematically illustrates a water-filled non-parallel
cuvette illuminated with parallel light that has passed through
an optical filter with known bandwidth and filter shape. In
FIG. 23, the x-axis is perpendicular to the optic axis, the
cuvette shape (path length as a function ofx) is defined by the
function d(x), and the cuvette width is 2w. The transmission
through a filter for a water-filled non-parallel cuvette with
parallel illumination can be expressed by the following rela-
tion:

11

I Wd o (20)
%, 30 ) 4 [ dset-auital

T, =

where
a(h)=water absorption;
f (».)=filter transmission;
N, =filter normalization;
d(x)=cuvette path length; and
2w=cuvette width.

The filter normalization can be expressed by the following
relation:

N=JdM (0, e3)
and the path length across the cuvette can be expressed by the
following relation:

Ax)=d g +0(x),

g

22)
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where d is the average path length and the following relation
is true:

fwdxé(x) =0.

a. Expression of Integral Optical Density as Sum of Terms

23

In certain embodiments, the natural log optical density can
be derived in the following manner. By substituting Equation
(22) into Equation (20), the transmission can be expressed by
the following relation:

= L dAf,(A Ad, Wd )0 @9
ey f S0PV ] f daexpl-ai]

Using the following relations:
A=, J-h), and 23)
1 (26)

(@,) = I dA- f(A)- 2(),
the transmission can be expressed by the following relation:
11 27N

Tn = eXp[_<wn>davg]F . m

f A, 0)espl-A, Nelg] f " drexpl-a(Ms(],

which can be rewritten to be expressed by the following

relation:
. 1 (28)
T = expl—(an)da | f dA S (MK (Dexp[—A, (A)daye ],
where
29

K@) = %fvdxexp[—w(/l)é(x)].

—w

Expanding the exponential of Equation (29) yields the
following relation:

1 1 ,
K= — fw dx(l ~a(\S(x) + Ea/(/l)zé(x)z + h.o.t.).

2w

(30)

The first integral is equal to one, the second integral is equal
to zero, using Equation (23).

Thus, K(A) can be expressed by the following relation:

11 . 3D
KMD=1l+-— dx[aQ) 5(x)" + h.o.r].
22w,
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The distortion parameter A can be defined by the following
relation:

1 ) (32
A= Eﬁfwdx-é(x) R
and K(A) can be expressed by the following relation:
K()=1+4a(hP+h.o.t (33)

Neglecting the higher order terms and substituting Equa-
tion (33) into Equation (28), the transmission can be
expressed by the following relation:

1 ) 2 (34)
T = exp[_<an>davg]ﬁfdhfn m)[l + AQ(A) ]eXP[—An (‘\)davg]-

The transmission can be rewritten to be expressed by the
following relation:

Ty = [1 + 1y ]exp[— (@, )ong . (39
where:

| 36)
h= 5 [ siespl- ),
and

A ) (37
b= f A, (D) expl— A\ g .

By expanding the exponential in the first integral and keep-
ing terms up to A, *(A), Equation (36) can be rewritten to be
expressed by the following relation:

1 1, (39)
0= 5 [t 0] 1= 8,000 20300, |

Using Equations (25) and (26), the following relation can
be written:

Jdif, WA, ()0 (39

and Equation (36) can be rewritten to be expressed by the
following relation:

gvg 1 40

Ji=14+ AL, (VAZQ).

7 N,

The exponential in Equation (37) can be similarly expanded
to be expressed by the following relation:

A 1, @n
n=g f Aog A Lo VL = Ay (Ve + zAﬁu\)dfvg].
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Using Equation (25), Equation (37) can be rewritten to be
expressed by the following relation:

A 2 1 2 2
b= f Aang o D) = By QP [1 = 8V + 5 AT

] 42)
which, by completing the square, can be expressed by the
following relation:

J—A dAf(A @3
2SN ()

1
(@) = )80 1) + AN |1 = &y Wy + 5220 |

avg
Again, keeping terms up to order A *(M), I, can be

expressed by the following relation:

A ) 2 (44)
= AN (0n) - )+ o g i)+

1 .
(1 2oy + 5 a0 0

which after completing the integration can be expressed by
the following relation:

45)
b= Aa)? + o

n

1
z<wn>2d2

avg

[ 1= L) davg +

f dAfOAZA).

The combination of Equations (40) and (45) can then be
expressed by the following relation:

Ji+Jp= (46)

Lo g g A+ (1= 2oy + a2, |1
+§ 3+ <a/n/ +Vn - <an> avg+z<0'/n> avg |4 3ns

avg
where:

A7)

1 1 )
J3n = N—fd/\fn(/\)ﬁﬁ(/l) = frﬁ - (@) - (an)),

TN,

which is the non-linear filter term.

Substituting Equation (46) into Equation (35) yields the
following relation:

1 48
1+ zdfvgfsn +Ala)? + “9)

Tp = exp[—{@}davg |-

\ 1 2 12
A1 =2k + 5 o

Vg

Taking the natural log of Equation (48), the optical density
can be expressed by the following relation:

OD,, = —In(t,) 49)
12
1+ ;davgjm +
Z
= (@ )dg ~In Alap)? + .

‘]3n

avg

1
A1 =200y + 50

48

Using the approximation: 1n(1+€)=€, the optical density can
be expressed by the following relation:

1
0D, = <a’n>davg - ;dgvgJSn - A<a’n>2 = Adsy 1 22
E(‘%L) davg

5 [ 1 = 2an)davg + ] (50)

10 The first term on the right hand side of Equation (50) is
equal to the average water absorption through the filter mul-
tiplied by the path length. The second term s a correction due
to finite filter width and shape. The third term is a correction
due to the cuvette shape, and the last term is a cross-term
3 resulting from finite filter width and cuvette shape. Thus, for
awater-filled cuvette irradiated by light transmitted through a
filter “n,” the optical density can be expressed as being equal
to the average water absorption through the filter multiplied
by the pathlength, plus a correction term due to the finite filter
width and shape, plus a correction term due to the cuvette
shape, and a cross-term resulting from finite filter width and
cuvette shape. Equation (50) is preferably applied to a
restricted range of cuvette shapes and filter widths. As the
5 filters get wider and/or the cuvette shape variations larger,
additional terms are preferably used. Simulations, using
known properties of water, can be used to show that the terms
in Equation (50) sufficiently model the conditions in a blood
transmission apparatus.

—
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<
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30 2, Temperature Effects on Measured Optical Density

There are two primary temperature effects. First, the
absorption of water is temperature-dependent. Second, the
filter center wavelength shifts with temperature. Both of these
effects cause temperature-dependent changes of the mea-
sured transmission. The temperature effects can be modeled
by treating the filter transmission functions as fixed and
adjusting the water absorption to account for the change in
water temperature and shifting the water absorption to
40 account for the filter temperature. The absorption as a func-

tion of temperature change can be expressed by the following
relation:

%, (M= (M)+BINAT, 4y, (MATAHE,(MAT AT, 62

45
where o, (2)=water absorption at AT, =AT=0, and

dar,(A
0T,

) . - (52)
= abSOI‘leOIl water temperature sensitivity,

BV =

50
8a,(A)
o7,
Sa,() OA,
ST et

53

Ynld) =

= absorption filter temperature sensitivity,

55
82a,(N) (54)

8T,0T;

_ 9B

T STy

) dx,

TTax oty

&nld) =

60
= cross-term or the change in S(A)

with filter temperature,
AT, =water temperature change,
AT filter temperature change, and
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An

= filter “n” temperature sensitivity.

Substituting Equation (51) into Equation (26) yields the
following relation:

()= {ap )+ B IAT+ by AT (6, JAT, AT, (55)

where N,=[dAf,(}), and

1 (56)
(o = - [ dn-00-t0
which corresponds to the following relations:
1 ) (56.1)
(@)= 5 [ 100t
1 (56.2)
(B = A—,fdk-fn(/\)-[f(ﬂ),
1 (56.3)
) = 5 | A £ 7(D), and
(56.4)

1
=g f AN £(0-E,(0).

Equation (50) can be expressed by the following relation:

OD, =t Mgt (B AT, g (1 AT
<a,, >ZA+Tn, 67

where

1
T, = <§n>ATwAdeavg - Edgvg J3n = A3y

avg

[ 1 = 2(@) davg + ] (58)

1
§<wn>2d2

Thus, the optical density OD,, can be expressed to include
contributions to the measured absorption spectrum from
changes in water temperature, changes in filter temperature,
and a cross-term resulting from water and filter temperature
changes.

E. Subtraction of System and Temperature Effects From
Absorption Data

FIG. 24 illustrates the absorption of water in an exemplary
water region. The analysis of the absorption data preferably
uses a finite number of absorption measurements (for
example, at the wavelengths indicated in FIG. 24 by vertical
lines) in this wavelength region to determine the path length,
water temperature, filter temperature and cuvette shape.

In certain embodiments, the analysis utilizes four OD mea-
surements which, assuming T,=0 and (o, ={c,,), are
expressed as a set of linear equations to be solved expressed
by the following relation:

10

15

20

25

30

35

40

45

50

55

60

50
opyy (@) B ) @) [ dng (59
oDy | | {aw) (B) (r2) (@o2)® | | ATyde
OD; (o) (Bs) () (sl | | ATrdag |
OD) Vawy B) () (@oa®)\ A

The solution of this set of linear equations can provide an
initial estimate of the parameters (d,,,, AT,,, AT, A) which
are used to evaluate the non-linear terms (1, ... T,). The next
estimate of (d,,, ., AT,,, AT A) can be found by solving the
following relation:

oD, -T, (o) (B () (@) avg (60)
oD~ | (@) (B (v (@)t | | Alvdong

0Dy =T || (ags) (B () (@) | | ATydang |
ODe=T4) ooy (B (ra) (s A

This process can be repeated until estimates of path length,
water temperature, filter temperature and cuvette non-paral-
lelism (i.e., the degree to which opposed walls/windows of
the sample chamber deviate from parallel, which is referred to
at times as “bowing”) converge.

Measurements using this approach may not deliver the
desired accuracy over the entire range of temperature and
cuvette/sample chamber shape. Other approaches may be
used to yield more stable results. One such alternative
approach is based on rewriting Equations (57) and (58) to be
expressed by the following relations:

oD, = (61)
1
{@on)avg + (B} AT, evg + Yu)ATydvg + ()" A = 55,5 Ty + S,
1= 2 dayg + (62)
Sp = <§n>ATwAdeavg - Als, 1
E (wn>2 dgvg

Rearranging Equation (61) yields the following relation:

1, 63
=g d3n = Sn = ©

0D, = do (@en) + 5.

Aavg (Ba)AT,, + e (FuYATf +{) " A.

Embodiments in which Equation (63) is used to analyze the
absorption data are described below.

1. Water Temperature, Filter Temperature, Cuvette Shape
Analysis

In certain embodiments, the water temperature, filter tem-
perature, and cuvette shape are analyzed. In such embodi-
ments, the analysis comprises “step 1” in which transmission
measurements, filter parameters and water spectral properties
are inputted:

Transmission measurements (T, Ty, T3, Ty)s
Filter curves [f; (M), L), f,(0), £,(M)],
Filter temperature sensitivities
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ddy dAy dAs dAy
5T, o1, o1, oy

Water spectral properties

(1), A,

S, (1) )
A T]

Certain embodiments of the analysis further comprise
“step 2” in which optical densities and filter constants are
calculated:

0D, = -In(1,),
1
) = 3 f A £, a0,

1
B =5 f dA- [, B0,

R P
(h)—mf uld)- ) '6Tf’an
1 SR dA,

(fn>—mffd/\'fn(/\)'w'm-

In certain embodiments, the analysis further comprises
“step 3” in which the non-linear filter terms and cuvette
distortion matrix element are estimated using the following
relations:

1
=5 [ Qa1 @)

{at, P=(at,, P, and

S,=0.

n

In certain embodiments, the analysis further comprises
“step 4” in which the analysis solves for (AT,, AT, A) as a
function of path length d using (OD,, OD,, OD;) and (OD,,
OD,,0D,). The valuesof (d,, ., AT, , AT, A) are estimated by
finding value of d where solutions for (AT,,, AT A) are same

for both sets of transmission measurements:

1
OD| —d{ay )+ =d>J5; = 5,
Vet 3 S ay dny

ODz—d<¢1’oz>+%dZJ32—Sz =| d(Bo) dr) (an) |-
d(Bsy dlys) (@)

AT,

ATy |, and

—_——
o

1
OD; —d{a,3) + §d2‘]33 -5

1,
OD; - dagp)+ ~d2Jz - )
PTONRITRTIRET up) dn) ()

ODs - d(os) + 50y =S5 | =| dB) ) (@
apy dm @)\ A

AT,
.| AT¢ |.

L,
ODy — d{ap) + 5d"‘]34 -S4
In certain embodiments, the analysis further comprises

“step 57 in which new estimates of absorption and non-linear
terms are calculated:

52

{@n) = (@on) + <ﬁn>ATw + <7n>ATf + <§IL>ATWATfa

[

B = Ni f dA- f(1)- (@) = (@), and

1 )
S, = (E)AT,ATpd ~ AJgn(l —Uay)d + E(m%f}

10
In certain embodiments, the analysis further comprises “step

6” in which “step 4” and “step 57 are repeated until the
solution converges to a desired accuracy.

2. Water Temperature, Filter Temperature, Parallel Cuvette
Analysis

In certain embodiments, the water temperature and filter
temperature are analyzed for a parallel cuvette (i.e., one in
which opposed walls of the sample chamber are substantially
parallel). In such embodiments, the analysis comprises “step
17 in which transmission measurements, filter parameters and
water spectral properties are inputted:

Transmission measurements (T, , T,, Ts),

Filter curves [f, (M), V), £5(M)]

Filter temperature sensitivity

15

20

25
[d/n dh, d@}
a1y oty oty | "
30 .
Water spectral properties
daod) GBA)
2 A0, == T
35

Certain embodiments of the analysis further comprise
“step 2” in which optical densities and filter constants are
calculated:

40
OD,, = -In(t,,),
= ! dA- fu(A A
{on) = N_nf (A an(d),
45 1
(B = [axhi-p,
L L, dn )
= 37 [ i T an
50 1 OpA)  dA,
(6= 5 [ a0 52 5

In certain embodiments, the analysis further comprises
“step 3” in which the non-linear filter terms and cuvette
distortion matrix element are estimated using the following
relations:

60 J3n = Ni f dA- fQ)- (@) - (@)
(@) = {@on)?, and
S, =0.

65

In certain embodiments, the analysis further comprises
“step 4” in which the analysis solves for (AT,,, AT as a
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function of path length d using (OD,, OD,) and (OD,, OD;).
The values of (d, ., AT, , AT/ are estimated by finding value
of d where solutions for (AT,,, AT are the same for both sets
of transmission measurements:

1
_ 72 .
OD; —d{ay) + 2d Jy =5 _(d([’h) d(m)].[ATW

and
1 d ” d’ y: Al ]’
0Dy — d(ap) + —2d2J32 -5 (B diys) !

1 2
OD; ~dlac) + 5452 =52 _(d(ﬁz) d(72>]_ AT,
d(ps) diys)) ATy )

1
OD; —d{ay) + Ed2J33 -5

In certain embodiments, the analysis further comprises
“step 5 in which new estimates of absorption and non-linear
terms are calculated:

{@n) = {@on) +{BOAT, + (y)AT s + (E)AT,ATY,

1
I3 =

= f dA- f)- (@) - (@,))?, and

1 )
Sy = {E)AT, AT d — AJ3n(1 — Aay)d + §<an>2d~].

In certain embodiments, the analysis further comprises “step
6” in which “step 4” and “step 5” are repeated until the
solution converges to a desired accuracy.

F. Contribution to Analyte Concentration Errors by Instru-
ment Factors

Transmission data measured at each wavelength by certain
apparatuses are typically affected by a combination of instru-
ment factors and blood properties. The instrument factors
include, but are not limited to, filter temperature, cuvette
shape, filter characteristics (e.g., center wavelengths, tem-
perature sensitivity, bandwidth, shape), and detector and
source drift. The blood properties include, but are not limited
to, blood temperature, the relative concentrations of the blood
components and scattering. Before the transmission data are
used to calculate analyte (e.g., glucose) concentration, the
instrument factors are preferably determined and correspond-
ing corrections are preferably made for each transmission
value. As described above in relation to transmission mea-
surements, each of the instrument factors can influence the
transmission of a water-filled cuvette. In certain embodi-
ments, the analysis can predict the analyte concentration error
introduced by the instrument factors over the expected varia-
tion range for the apparatus.

As described above, transmission measurements in the
“water region” of wavelengths can be used to determine the
blood’s water content without considering other blood con-
stituents. Once the water content is known, in certain embodi-
ments, the water contribution at each of the wavelengths
outside the water region can be calculated and removed. FIG.
25 illustrates an exemplary OD spectrum from a blood sample
overlaid with a water reference spectrum in the wavelength
range of 4 microns to 11 microns. As shown in FIG. 25, the
water reference spectrum can be fitted to approximate the
blood spectrum in a wavelength range of approximately 4.7
microns to approximately 5.3 microns. The fitted water spec-
trum can then be subtracted from the blood spectrum to pro-
duce an effectively water-free spectrum.
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In certain transmission measurement systems, the filters
have finite width and shape, the cuvettes may or may not be
parallel, and the temperatures of the blood and filters may not
be controlled. These factors will cause transmission changes
that are not due to blood component changes or path length
changes. If they are not corrected, the analysis can have
corresponding errors in the calculated analyte concentration
(e.g., glucose errors). While each of these instrument factors
in isolation can result in a corresponding glucose error, in
actual systems, the glucose error will be due to a combination
of all the instrument factors.

In certain embodiments, the analysis described above can
be used to estimate the magnitude of the glucose error for
each instrument factor. The analysis can predict the optical
density as a function of cuvette shape, filter shape, water
temperature and filter temperature for a water-filled cuvette.
The glucose error can be evaluated using four wavelengths, as
illustrated in FIG. 26. The vertical lines of FIG. 26 denote
these four wavelengths, two in the water region, one at a
glucose reference wavelength (e.g., 8.45 microns) and one at
the peak of the glucose absorption (e.g., 9.65 microns). The
effects of each instrument factor can be studied separately.

In certain embodiments, a method of evaluating the glu-
cose error comprises calculating the transmission and optical
density (od;, od,, ods, od,) at each wavelength for a water-
filled cuvette with instrument factor under study. The method
further comprises using the optical density of the two water
measurements (0d,, 0d,) to determine the water content at the
glucose reference and measurement wavelengths (A5, A,).
The method further comprises calculating the expected opti-
cal density (OD,,_, OD,_) at the glucose reference and mea-
surement wavelengths. The method further comprises calcu-
lating residuals (AOD,, AOD,), which are the difference
between the exact and calculated optical densities at the glu-
cose reference and measurement wavelengths. The method
further comprises determining the glucose error by calculat-
ing the glucose concentration consistent with residual differ-
ence (AOD,-AOD,).

As described above, the transmission through a filter for a
water-filled non-parallel cuvette with parallel illumination
(e.g., exposed to a substantially cylindrical energy beam) can
be expressed by Equation (20), and the corresponding optical
density can be expressed by the following relation:

(64
od, = —In(7,) = -In

11 r
N ﬁfd/\f”mfdx exp[—wn(l)d(x)]],

where
f (\)=filter transmission,
N =filter normalization,
d(x)=cuvette path length,
AT, =water temperature change,
AT ilter temperature change, and
2w=cuvette width.

As used herein, the above relation is referred to as the “exact
optical density” because it does not include the various
approximations described herein.

As described above, the water absorption adjusted for
water and filter temperature can be expressed by Equation
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(51). An approximate solution for the optical density can be
expressed by the following relations:

OD, = {@ipn)dayg + AOD,,, and (65)
1 2 W2 (66)
AODn == Edavg‘]3n + <18n>Adeavg + <7n>Adeavg +{a) A+ Sna

where d, =average cuvette path length and dx)=
d,.,=A=0. In Equations (64), (65), and (66), four instrument
factors are specified by the following parameters:

£ (A)=filter function,

AT, =water temperature change from nominal,

AT #filter temperature change from nominal,

d(x)=cuvette shape.

In addition, the average absorption through the filter is rep-
resented by {a,,,) and AOD,, represents the effects due to
water temperature, filter temperature, filter shape and cuvette
shape.

1. Calculation of the Analyte Contribution Errors

The first four terms in Equation (66) represent the contri-
butions of the instrument factors to the optical density. Con-
sidering each instrument factor separately, AOD, becomes a
function only of that factor. This allows the calculation of the
glucose sensitivity for each factor and the evaluation of the
accuracy of the approximate solution for the optical density as
compared to the exact optical density. Table 2 shows the
values of each of the four instrument factors for various
simulations. Each row shows the values of the instrument
factors for a particular simulation and the corresponding
value of AOD,. The filter shape 3(%,) is a delta function
representing an infinitely narrow filter at A .

TABLE 2
£ AT, AT, d®) AOD,
Filter shape f,(N) 0 0 Qave 1,
- E davgJSn
Water temp o6(h,) AT, 0 dape <[5 > AT d
Filtertemp ~ 8(i,) 0 AT, dgye <y">AT;1 e
Cuvette shape  d(h,) 0 0 g + €(X) < 0:' " o

Each simulation starts by calculating the set of exact opti-
cal densities [od,, 0d,, 0d,, 0d,] using Equation (64) and the
instrument factors from Table 2. For all simulations, the cali-
bration constants are the set [(Cy, ), (@) (Cos ) (Cos)], the
form of which is expressed in Equation (56.1), and the pre-
dicted optical densities are expressed in Equation (65).

For the uncorrected case, the calculated path length (d.)
can be expressed using the exact optical densities from the
water region and the calibration constants in the following
relation:

ody — od) 67

{@0) - (aor)’

The second two calibration constants can be used to predict
the optical densities at (A5, A,) as follows:

ODs, {01, 0., and (6%)

0D, = <a’o4 >‘dc- (69
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The residuals can be expressed by the following relations:

AOD,=0D, ~od,, and (70)

AOD,=0D, ~o0d,. a1

The glucose error can be expressed by the following relation:

AOD, -AOD; 1
8= R hg
84— 283

d;’

where (Ag,, Ag,) represents the glucose absorption at (A,
Ay).

The glucose error for the corrected case can be determined
by making the following transformation:

od,—0d,~AOD,, (73)
and repeating the steps outlined in Equations (65) through
(72). The corrected glucose error is a measure of how accu-
rately the approximate optical densities given by Equation
(65) equal the exact optical densities given by Equation (64).
It is an indication of the range over which the instrument
parameter (in this case filter width) can vary and still be
predicted by the approximate equation.
2. Results

Graphs of the uncorrected and corrected glucose error as a
function of cuvette shape parameters, path length, water tem-
perature variation from nominal, and filter temperature from
nominal can be generated using the method described above.
The relative contributions of the various cuvette shape param-
eters can be compared to determine which parameters have
the larger effect on the resultant glucose error. This analysis
can demonstrate which sensitivities provide glucose errors
which are too large unless corrected for. This analysis under-
estimates the corrected errors since it does not include cross
terms when two or more factors are present. This analysis can
also show whether the approximate optical density expansion
agrees with the exact integral solution, that is, whether the
higher order terms are needed.

a. Cuvette Shape Sensitivity

FIG. 27 schematically illustrates a model of the cuvette
shape, which can model the bowing of the cuvette, which can
be used in the analysis. In the model, the curvature (Ac) and
wedge (Ap) are introduced to a parallel cuvette having a path
length (d,,). The curvature is shown as being on one side of the
cuvette, but the sensitivity is the same as if the same curvature
is distributed between the top and bottom surfaces. The
cuvette width is 2w. Other cuvette shapes may also be mod-
eled.

FIGS. 28A and 28B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of cuvette
shape parameters for a first set of wavelengths. FIG. 28C is a
graph of the distortion parameter corresponding to FIGS. 28A
and 28B. FIG. 28D is a graph of the absorption spectrum with
the first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 29A and 29B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of cuvette
shape parameters fora second set of wavelengths. FIG. 29C is
a graph of the distortion parameter corresponding to FIGS.
29A and 29B. FIG. 29D is a graph of the absorption spectrum
with the second set of wavelengths used in the calculation
denoted by vertical lines.
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b. Filter Shape Sensitivity

FIGS. 30A and 30B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of path
length for different filter bandwidths for a first set of wave-
lengths. F1G. 30C is a graph of the absorption spectrum with
the first set of wavelengths used in the calculation denoted by
vertical lines. In the calculation, each wavelength had identi-
cal gaussian-shaped filters with the filter bandwidth equal to
the full-width-half-maximum (FWHM).

FIGS. 31A and 31B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of path
length for different filter bandwidths for a first set of wave-
lengths. F1G. 31C is a graph of the absorption spectrum with
the first set of wavelengths used in the calculation denoted by
vertical lines. In the calculation, each wavelength had identi-
cal gaussian-shaped filters with the filter bandwidth equal to
the full-width-half-maximum (FWHM).

c. Water Temperature Sensitivity

FIGS. 32A and 32B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of water
temperature variation from nominal for a first set of wave-
lengths. F1G. 32C is a graph of the absorption spectrum with
the first set of wavelengths used in the calculation denoted by
vertical lines.

FIGS. 33A and 33B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of water
temperature variation from nominal for a first set of wave-
lengths. F1G. 33C is a graph of the absorption spectrum with
the first set of wavelengths used in the calculation denoted by
vertical lines. Water temperature sensitivity is minimum at
5.0 microns.

d. Filter Temperature Sensitivity

FIGS. 34A and 34B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of filter
temperature variation from nominal for a first set of wave-
lengths. The legend of FIG. 34A shows the filter temperature
sensitivity as a percentage of the center wavelength per
degree Celsius. All filters in the calculation had the same
temperature sensitivity. FIG. 34C is a graph of the absorption
spectrum with the first set of wavelengths used in the calcu-
lation denoted by vertical lines.

FIGS. 35A and 35B are graphs of the uncorrected and
corrected glucose error, respectively, as a function of filter
temperature variation from nominal for a second set of wave-
lengths. The legend of FIG. 35A shows the filter temperature
sensitivity as a percentage of the center wavelength per
degree Celsius. All filters in the calculation had the same
temperature sensitivity. FIG. 35C is a graph of the absorption
spectrum with the second set of wavelengths used in the
calculation denoted by vertical lines.

Further information can be found in U.S. Patent Applica-
tion Publication No. 2003/0090649, published May 15, 2003,
entitled “Reagent-Less Whole Blood Glucose Meter,” U.S.
patent application Ser. No. 10/319,409, filed Dec. 12, 2002,
entitled “Pathlength-Independent Methods For Optically
Determining Material Composition,” U.S. patent application
Ser. No. 10/366,540, filed Feb, 12, 2003, entitled “Method Of
Determining An Analyte Concentration In A Sample From
An Absorption Spectrum,” and U.S. Provisional Patent No.
60/463,133, filed Apr. 15, 2003, entitled “Method Of Deter-
mining Analyte Concentration In A Blood Sample In A
Cuvette Using Infrared Transmission Data.” The entire con-
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tents of these patent applications is hereby incorporated
herein inits entirety by this reference and is made a part of this
specification.

V. Performance

The various embodiments of the analyte detection system
10 disclosed above have been found to facilitate highly and
consistently accurate measurements of the concentrations of
various analytes, such as glucose, in a material sample S, such
as whole blood. Both the structure of the analyte detection
system 10 and the various methods of operation disclosed
herein contribute to the high performance and accuracy of the
analyte detection system 10. Generally, increasing accuracy
will be observed by employing one of the disclosed embodi-
ments of the analyte detection system 10 with as many of the
above-described methods as possible. However, no one
embodiment, component or method is considered essential.

High measurement accuracy is promoted by the use of any
of the methods disclosed above for (i) substantially removing
the contribution of one or more chemical species other than
the analyte of interest to the overall absorbance of the material
sample under analysis; (i1) compensating for variability in
optical pathlength through the material sample; (iii) substan-
tially removing the contribution of the sample element to the
overall absorbance of the sample element+material sample
system; (iv) adjusting for variability in the temperature of any
water in the material sample; (v) adjusting for variability in
the temperature of the optical filter(s) of the analyte detection
system; (vi) adjusting for variations in the physical structure
among the sample elements; and (vii) adjusting for time-
dependent variance in the intensity of the radiation source. Of
course, high measurement accuracy is promoted by the use of
any combination of these methods.

Accordingly, certain embodiments of the analyte detection
system 10 advantageously facilitates measurement of the
concentration of an analyte, for example glucose, within a
material sample, for example whole blood, blood compo-
nents or processed blood. Such measurements preferably
have a standard error (with a 95% confidence level) less than
about 30 mg/dL,, less than about 20 mg/dL, less than about 15
mg/dL, less than about 10 mg/dL, or equal to about 8.2
mg/dL, in various embodiments, when compared to corre-
sponding measurements of the material sample’s “actual”
analyte concentration (as measured by a conventional labo-
ratory-grade analyzer such as the type manufactured by Yel-
low Springs Instruments, Inc. of Yellow Springs, Ohio). In
still other embodiments, the standard error is (when assessed
under the same conditions) between about 30 mg/dl, and
about 8.2 mg/dl, between about 20 mg/dl. and about 8.2
mg/dL, between about 15 mg/dL and about 8.2 mg/dL, or
between about 10 mg/dL and about 8.2 mg/dL..

In some embodiments, the analyte detection system 10
performs such analyte-concentration measurements with
accuracies corresponding to a RMS average error (when com-
pared to “actual” measurements taken as discussed above)
less than about 30 mg/dL, less than about 20 mg/dl, less than
about 15 mg/dL, less than about 10 mg/dL, or equal to about
8.0 mg/dL. In still other embodiments, the RMS average error
is (when assessed under the same conditions) between about
30 mg/dL and about 8.0 mg/dL, between about 20 mg/dL and
about 8.0 mg/dL, between about 15 mg/dLl, and about 8.0
mg/dL, or between about 10 mg/dL and about 8.0 mg/dL.

The analyte detection system 10 achieves some or all of the
above accuracy measures with sample analysis times which
do not exceed 45 seconds or 30 seconds, in various embodi-
ments. As used herein, “analysis time” is a broad term and is
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used in its ordinary sense and includes, without limitation, the
time period between (i) the first receipt of data from the
material sample by the analyte detection system and (ii) the
last receipt of data from the material sample by the analyte
detection system.

The overall accuracy of embodiments of the analyte detec-
tion system 10 and of the methods for, inter alia, determining
the concentration of analyte(s) in a sample independent of
optical pathlength, as described above, alone or in combina-
tion, advantageously facilitate the use of sample elements that
deviate from a specified or expected pathlength through the
sample chamber. Previous conventional analyte detection
systems and methods required precisely-constructed, rela-
tively expensive sample elements to tightly control the optical
pathlength through the sample chamber. By employing an
embodiment of the analyte detection system 10 as disclosed
herein, and/or the disclosed methods for, inter alia, determin-
ing the concentration of analyte(s) in a sample independent of
optical pathlength, large numbers of measurements of analyte
(e.g., blood glucose) concentrations can be facilitated rela-
tively inexpensively by manufacturing or otherwise provid-
ing a relatively large quantity (for example, 1,000 or more) of
sample elements with a relatively wide variation in path-
length (from sample element to sample element). Various
embodiments of the disclosed devices and methods therefore
make optical detection of blood analytes economical for use
by everyday people, such as outpatient diabetics who need to
self-monitor their blood glucose levels. These sample ele-
ments which vary in pathlength can be employed with
embodiments of systems and methods described herein to
measure analyte concentrations on a large scale without sub-
stantial losses of accuracy among the individual measure-
ments. In one embodiment, these analyte-concentration mea-
surements taken with some or all of the quantity of sample
elements vield clinically acceptable accuracy. (As used
herein, the term “clinically acceptable accuracy” is a broad
term and is used in its ordinary sense and includes, without
limitation, (i) sufficient accuracy to meet requirements
imposed by relevant regulatory authorities and/or medical
practitioners; and/or (ii) sufficient accuracy to provide a sat-
isfactory diagnostic result for device users.) In another
embodiment, these analyte-concentrations measurements
taken with some or all of the quantity of sample elements
vield high accuracy as expressed by any of the measures of
accuracy detailed above. In one embodiment, the analyte
concentration measurements are made by employing any one
or combination of the embodiments of sample elements as
disclosed herein. In other embodiments, the sample elements
employed may simply comprise a sample chamber defined by
first and second walls, at least one of which is substantially
transmissive of infrared radiation, wherein the sample ele-
ments have substantially uniform external dimensions and
substantially uniform sample chamber volume.

In various embodiments, the sample elements can vary
from a specified, expected, or mean pathlength by more than
+/-1 micron, more than +/-2 microns, more than +/-4
microns, more than +/-5 microns, more than +/-8 microns, or
by +/-10 microns. In other embodiments, the sample ele-
ments can vary from the specified/expected/mean pathlength
by between +/-1 micron and +/-10 microns, between +/-2
microns and +/-10 microns, between +/-4 microns and +/-10
microns, between +/-5 microns and +/-10 microns, or
between +/-8 microns and +/-10 microns. In still other
embodiments, the quantity of sample elements can be char-
acterized by a standard deviation in optical pathlength. In one
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such embodiment, the standard deviation is greater than or
equal to about 0.256 microns. Such a standard deviation
equates to a tolerance of greater than or equal to +/-1.0
microns where: (i) the pathlength errors are normally distrib-
uted with a mean error of zero microns; (ii) erroneous path-
lengths which are smaller than a specified or expected path-
length are given a negative sense and erroneous pathlengths
larger than a specified or expected pathlength are given a
positive sense; and (iii) substantially 100% of the sample
elements in the quantity are to fall within the stated tolerance.
In other embodiments, the standard deviation is greater than
orequal to about 0.512 microns, greater than or equal to about
1.024 microns, greater than or equal to about 1.280 microns,
or greater than or equal to about 2.048 microns, cotrespond-
ing to pathlength tolerances of greater than or equal to +/=2.0,
4.0, 5.0, or 8.0 microns, under the above-stated statistical
conditions. In still other embodiments, the standard deviation
is about 2.560 microns, corresponding to a pathlength toler-
ance of +/- about 10.0 microns, under the above-stated sta-
tistical conditions. In various other embodiments, the stan-
dard deviation is between 0.256 microns and 2.560 microns,
between 0.512 microns and 2.560 microns, between 1.024
microns and 2.560 microns, between 1.280 microns and
2.560 microns, or between 2.048 microns and 2.560 microns.

In still other embodiments, the quantity of sample elements
can be characterized by a standard deviation in optical path-
length, the standard deviation selected to implement a path-
length tolerance of greater than or equal to +/-1.0, 2.0, 4.0,
5.0, or 8.0 microns, or to implement a pathlength tolerance
equal to about +/-10.0 microns, under the statistical condi-
tions which prevail in the quantity of sample elements, and in
light of the proportion (substantially 100%, for example, or
some proportion less than substantially 100%) of sample
elements which is desired to fall within the applicable path-
length tolerance. Alternatively, the quantity of sample ele-
ments can be characterized by a standard deviation in optical
pathlength, the standard deviation being selected to imple-
ment a pathlength tolerance between (i) any of +/-1.0/2.0/
4.0/5.0/8.0 microns and (ii) +/-10.0 microns, under the sta-
tistical conditions which prevail in the quantity of sample
elements, and in light of the proportion (substantially 100%,
for example, or some proportion less than substantially
100%) of sample elements which is desired to fall within the
applicable pathlength tolerance. In any of the embodiments
described herein, the standard deviation can comprise a popu-
lation standard deviation within the quantity of sample ele-
ments, or a sample standard deviation measured among a
subset of the quantity of sample elements. In addition, in any
of the embodiments described herein, analyte-concentration
measurements taken with some or all of the quantity of
sample elements yield clinically acceptable accuracy. In
another embodiment, analyte-concentration measurements
taken with some or all of the quantity of sample elements
vield high accuracy as expressed by any of the measures of
accuracy detailed above.

As used herein with reference to a sample element having
asample chamber defined by opposed walls/windows, “opti-
cal pathlength” (or, alternatively, “pathlength”) is a broad
term and is used in its ordinary sense and includes, without
limitation, the distance through the sample chamber from the
inner surface of one wall/'window to the inner surface of the
opposing wall/window, as measured along (or parallel to) the
optical axis of an energy beam passed through the sample
chamber when the sample element is employed with a suit-
able analyte detection system. Where the pathlength varies
within the sample chamber, the pathlength of the sample
element in question may comprise an average pathlength. As
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used herein, “expected optical pathlength” (or, alternatively,
“expected pathlength”) is a broad term and is used in its
ordinary sense and includes, without limitation, (i) a path-
length which has been recorded in the memory of a detection
system for use in computing analyte concentrations; (ii) a
pathlength specified for use in the detection system or
class(es) of detection system(s) in question; and/or (iii) a
pathlength at or near the center of a pathlength tolerance
range specified for the detection system or class(es) of detec-
tion system(s) in question.

The overall accuracy of the analyte detection system 10 as
described above and the methods for compensating for vari-
ability in optical pathlength through the material sample,
alone or in combination, advantageously facilitate the use of
sample elements wherein the windows that define the sample
chamber deviate from a parallel orientation with respect to
each other, or wherein one or both windows is nonplanar (due
to being bowed or otherwise curved, or bent). Accordingly,
certain embodiments described herein facilitate the use of a
sample element (such as, but not limited to, the various
embodiments disclosed above) with windows that define a
sample chamber therebetween but deviate from a parallel
orientation with respect to each other by more than about 1
micron. In further embodiments, the degree of deviation from
parallel can be more than 2 microns, more than 4 microns, or
canbe about 8 microns. In still other embodiments, the degree
of deviation from parallel can be between about 1 micron and
about 8 microns, between about 2 microns and about 8
microns, or between about 4 microns and about 8 microns. In
some embodiments, the degree of deviation from parallel
comprises an average deviation from parallel.

Other embodiments facilitate the use of a sample element
(such as, but not limited to, the various embodiments dis-
closed above) with at least one window that defines a sample
chamber, wherein the window deviates from planarity by
more than about 1 micron. In further embodiments, the degree
of deviation from planarity can be more than 2 microns, more
than 4 microns, or can be about 8 microns. In still other
embodiments, the degree of deviation from planarity can be
between about 1 micron and about 8 microns, between about
2 microns and about 8 microns, or between about 4 microns
and about 8 microns. In some embodiments, the degree of
deviation from planarity comprises an average deviation from
planarity.

Where a sample element comprises two or more sample
chambers, all of the preceding description relating to varia-
tioninoptical pathlength, window planarity, etc. may apply to
one, some or all of the sample chambers of the sample ele-
ment in question.

Accordingly, the detection system 10 is configured to
achieve exceptional accuracy with sample elements that are
within the preferred pathlength design tolerance and have
windows which are substantially planar and parallel. Addi-
tionally, the detection system 10 is configured to achieve
adequate or even exceptional accuracy with problematic
sample elements, like those with windows which are less
planar or parallel, or that do not conform to the preferred
pathlength design tolerance. In any of these embodiments of
the sample element, an analyte-concentration measurement
taken with the sample element yields clinically acceptable
accuracy, and/or high accuracy as expressed by any of the
accuracy measures detailed above.

While preferred embodiments of this invention have been
disclosed herein, those skilled in the art will appreciate that
changes and modifications may be made therein without
departing from the spirit and scope of the invention as defined
in the appended claims.
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What is claimed is:

1. A method of determining an analyte concentration in a
sample using infrared spectroscopy, the method comprising:

providing a source of infrared radiation comprising a plu-

rality of wavelengths and a detector responsive to infra-
red radiation at the plurality of wavelengths;

placing a sample in a sample element having a shape;

irradiating the sample element with infrared radiation from

the source after the sample has been placed inthe sample
element;

detecting with the detector at least a portion of the infrared

radiation transmitted through the sample element and
the sample;

determining measured absorption data at the plurality of

wavelengths, the measured absorption data determined
based at least in part on the detected portion of the
infrared radiation; and

correcting the measured absorption data to provide cor-

rected absorption data, wherein the corrected absorption
data is corrected for a non-analyte contribution that is, at
least in part, from the shape of the sample element.

2. The method of claim 1, wherein the sample comprises
blood.

3. The method of claim 1, wherein the sample comprises
plasma.

4. The method of claim 1, wherein the sample element
comprises a cuvette.

5. The method of claim 1, further comprising determining
an analyte concentration in the sample based at least in part on
the corrected absorption data.

6. The method of claim 5, wherein determining the analyte
concentration comprises correcting the corrected absorption
data for at least one substance that interferes with determining
the analyte concentration.

7. The method of claim 1, wherein correcting the measured
absorption data comprises correcting for a pathlength of the
sample element.

8. The method of claim 1, wherein correcting the measured
absorption data comprises correcting for bowing of the
sample element.

9. The method of claim 1, wherein correcting the measured
absorption data comprises correcting for at least one of a
curvature or a wedge of the sample element.

10. The method of claim 1, where correcting the measured
absorption data comprises correcting for a wavelength-de-
pendent non-analyte contribution to the measured absorption
data.

11. The method of claim 1, where correcting the measured
absorption data comprises correcting for a non-analyte con-
tribution based at least in part on a temperature of the sample.

12. The method of claim 1, further comprising separating a
blood sampleinto plasma and other constituents, and wherein
the sample comprises at least a portion of the plasma.

13. The method of claim 1, wherein at least some of the
plurality of wavelengths are between 4 microns and 11
microns.

14. The method of claim 1, wherein the sample comprises
blood or plasma, and at least some of the plurality of wave-
lengths are between 4.4 microns and 5.5 microns.

15. The method of claim 1, wherein correcting the mea-
sured absorption data comprises calculating a distortion
parameter representative of non-parallelism of the sample
element.

16. A method of determining an analyte concentration, the
method comprising:
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storing in a memory absorption data of a sample of body
fluid disposed in a sample element having a shape, the
absorption data comprising a plurality of wavelengths;

transforming the absorption data into corrected absorption
data using a processor configured to have access to the
memory, wherein transforming comprises correcting the
absorption data for a non-analyte contribution that is, at
least in part, from the shape of the sample element; and

calculating, with the processor, an analyte concentration in
the sample of body fluid, wherein calculating is based at
least in part on the corrected absorption data.

17. The method of claim 16, wherein correcting the absorp-
tion data comprises correcting for a pathlength of the sample
element.

18. The method of claim 16, wherein the sample element
comprises one or more windows, and correcting the absorp-
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tion data comprises correcting for a deviation from planarity
of at least one of the windows.

19. The method of claim 18, wherein correcting for a
deviation from planarity comprises correcting for a window
having a portion that is curved or bent.

20. The method of claim 16, wherein the sample element
comprises two opposed windows, and correcting the absorp-
tion data comprises correcting for a deviation of the two
opposed windows from a parallel orientation with respect to
each other.

21. The method of claim 16, wherein transforming the
absorption data further comprises correcting for the tempera-
ture of the sample of body fluid.

22. The method of claim 16, further comprising commu-
nicating information related to the analyte concentration to a
display.
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