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DUAL MEASUREMENT ANALYTE DETECTION SYSTEM

Background
Field of the Invention

[0001] The invention relates in general to the field of analyte detection systems
for use in management of a chronic medical condition, and specifically to an analyte
measurement system configured to measure primary and secondary analytes to further aid
in management of the condition.

Description of the Related Art

[0002]  Diabetes Mellitus is a chronic condition which affects millions of people
in this country and around the world. About ten percent of these people have what is
termed “type 1 diabetes,” insulin-dependent diabetes and require regular injections of
insulin in order to maintain blood sugar levels within an acceptable range. Many of the
remaining (type 2) diabetics have “insulin resistance,” which is generally a failure of the
body’s cells to properly use insulin.

[0003] One complication associated with extreme hyperglycemic episodes is
known as ketoacidosis. When a patient becomes extremely hyperglycemic (has excessive
blood sugar) due to insufficient insulin, the body releases fat to be burned as energy. Often
the fat released is not completely metabolized, and ket(;nes are formed from the partially
metabolized fat. Once the ketone levels reach a certain concentration within the patient’s
blood, the body becomes far too acidic, resulting in a life-threatening condition.

[0004] Ketoacidosis often results from insufficient control of Diabetes Mellitus,
resulting in extreme hyperglycemia. In order to aid in preventing hyperglycemic episodes,
many home-use and portable glucose measuring devices have been made available for
simplifying the task of measuring a patient’s blood glucose level. These devices typically
report the patient’s blood glucose level within a predictable degree of accuracy. Even with
modern glucose monitoring equipment, situations arise in which patients become extremely
hyperglycemic. In such cases, it is helpful to know whether ketoacidosis has developed so
that the patient can seek appropriate care.

[0005] Some of these measurement devices are also able to measure ketone
levels of the patient’s blood. Typically such ketone-enabled measurement devices require

that the patient supply a second sample, or perform some other auxiliary action in order to

-1-



WO 2004/091387 PCT/US2004/011432

obtain the ketone measurement. Because hyperglycemia and ketoacidosis are associated
with symptoms which affect a person’s motor functions and cognitive abilities (drowsiness,
dehydration, difficulty breathing, etc), requiring additional activities of a patient in order to
test for ketone levels can‘be problematic.

[0006] Notwithstanding the particular advantages of the existing glucose and
ketone measurement technologies, there remains a need for further improvements to
combined glucose/ketone measurement meters.

Summary

[0007] Thus, in one embodiment a system is provided which comprises a device
for detecting first and second analytes in a material sample. The system further comprises
a processing circuit which determines whether a concentration of the first analyte exceeds a
previously-specified value, and activates said analyte detection device to measure a
concentration of a second analyte if said concentration of the first analyte exceeds the
previously specified value. Additionally, the system can further comprise a device
configured to prompt a user for a second measurement if the concentration of the first
analyte exceeds the previously-specified value.

[0008] In an alternative embodiment, an analyte detection system for detecting
more than one analyte comprises a detection device with an optical source and a detector
defining an optical path therebetween. The system further comprises a sample element for
receiving a material sample for analysis, and a processing circuit which controls the analyte
detection device to measure a first concentration of a first analyte in the sample, and
subsequently to measure a second concentration of a second analyte in the sample.:

[0009] In another embodiment, a device comprises an optical source configured
to emit electromagnetic radiation in the range of about 4.275 um to about 10.060 pm and a
detector positioned with respect to the source, so that the source and the detector define an
optical path therebetween. The device further comprises a sample element configured to
support a material sample in the optical path, and a first array of filters in the optical path
between the sample element and the source. The device also includes a second array of
filters disposed in the optical path between the sample element and the source, the second
array of filters being configured to allow electromagnetic radiation with one or more
nominal wavelengths of about 7.8 um (+ 0.2 pm), 8.3 pm (* 0.2 pm), 10.55 pm (* 0.2
um), and about 10.7 pm (% 0.2 pm) to impinge on the sample element.

[0010] A method for measuring concentrations of a plurality of analytes in a
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single sample. The method comprises providing a material sample, providing an analyte
detection system, and measuring a first concentration of a first analyte in the material
sample with the analyte detection system. The method further comprises determining
whether the first concentration of the first analyte falls outside of a previously-specified
range of values defined by first and second previously-specified values. If the first
concentration falls outside of the specified range, the method calls for measuring a second
concentration of a second analyte in the material sample.

[0011] According to another embodiment, a method of determining a medical
condition comprises providing an analyte detection system comprising an optical source
and a detector defining an optical path therebetween, and providing a sample element for
receiving a material sample for analysis. A material sample from the patient is engaged
with the sample element, and the sample element is placed in the analyte detection system.
The method further calls for measuring a first concentration of a first analyte in the sample,
and measuring a second concentration of the second analyte in the sample without
removing the sample element.

Brief Description of the Drawings

[0012] Figure 1 is a schematic illustration of one embodiment of an analyte
detection system.

[0013] Figure 2 is a schematic illustration of another embodiment of the analyte
detection system.

[0014] Figure 3 is a plan view of one embodiment of a filter wheel suitable for
use in the analyte detection system depicted in Figure 2.

[0015] Figure 4 is a partial sectional view of another embodiment of an analyte
detection system.

[0016] Figure 5 is a detailed sectional view of a sample detector of the analyte
detection system illustrated in Figure 4.

[0017] Figure 6 is a detailed sectional view of a reference detector of the
analyte detection system illustrated in Figure 4.

[0018] Figure 7 is a flowchart of one embodiment of a method of operation of
various embodiments of the analyte detection system.

[0019] Figure 8 is a plan view of one embodiment of a sample element suitable
for use in combination with various embodiments of the analyte detection system.

[0020] Figure 9 is a side elevation view of the sample element illustrated in
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Figure 8.
[0021]  Figure 10 is an exploded view of the sample element illustrated in Figure

[0022]  Figure 11 is a cross-sectional view of one embodiment of a sample
element configured for analysis of a sample at two separate pathlengths.

[0023]  Figure 12 is a cross-sectional view of the sample element of Figure 11,
as employed in an alternative method of analysis.

[0024] Figure 13 is a cross-sectional view of one embodiment of an analyte
detection system configured for changing an optical pathlength of a sample element.

[0025] Figure 14 is a cross-sectional view of another embodiment of an analyte
detection system configured for changing an optical pathlength of a sample element.

[0026] Figure 15 is a cross-sectional view of another embodiment of an analyte
detection system configured for changing an optical pathlength of a sample element.

[0027] Figure 16 is a cross-sectional view of the analyte detection system of
Figure 15, illustrating compression and expansion of a sample element employed therewith.

[0028] Figure 17 is a top plan view of another embodiment of a sample element
configured for analysis of a sample at two separate pathlengths.

[0029] Figure 18 is a sectional view of the sample element of Figure 17.

[0030]  Figure 19 is a bottom plan view of another embodiment of a sample
element configured for analysis of a sample at two separate pathlengths.

[0031] Figure 20 is a sectional view of the sample element of Figure 19.

[0032]  Figure 21 is an end sectional view of another embodiment of a sample
element.

[0033]  Figure 22 is plan view of one embodiment of a supplemental filter wheel
comprising a second filter array. '

[0034]  Figure 23 is a plan view of an embodiment of a filter wheel comprising
first and second filter arrays.

[0035]  Figure 24 is a plan view of an alternative embodiment of a filter wheel
comprising first and second filter arrays. “

[0036]  Figure 25 is a flow chart illustrating one embodiment of a dual
measurement algorithm having desired features and advantages.

[0037]  Figure 26 is a flow chart illustrating an alternative embodiment of a dual

measurement algorithm having desired features and advantages.
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[0038] Figure 27 is a flow chart illustrating an alternative embodiment of a dual
measurement having desired features and advantages.

Detailed Description of the Preferred Embodiments

[0039] 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 disclosed embodiments to other alternative embodiments and/or uses of the
invention and obvious modifications and equivalents thereof. Thus it is intended that the
scope of the invention herein disclosed should not be limited by the particular disclosed
embodiments described below.

[0040] 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 disclosed embodiments to other alternative embodiments and/or uses of the
invention and obvious modifications and equivalents thereof. Thus it is intended that the
scope of the invention 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 6ut in a manner 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.

[0041] Section I below discloses various embodiments of an analyte detection
system that may be used to detect the concentration of one or more analytes in a material
sample. Section II discloses various embodiments of a cuvette or sample element which
are suitable for use with the embodiments of the analyte detection system discussed in
Section I. The disclosed embodiments of the sample element are configured to support or
contain a material sample for analysis by the analyte detection 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
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be executed wholly or partly by appropriate processing hardware in the analyte detection
system to support computation of the concentration of the analyte(s) of interest in the
sample. Section III also discloses further variations of the analyte detection system and
sample element, which are configured for use in practicing the disclosed methods of
sample-element referencing.

[0042] Section IV 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 detection
system to compute the concentration of the analyte(s) of interest in the sample. Section V
discusses embodiments of a system for measuring concentrations of multiple analytes
contained in a single sample.

I. ANALYTE DETECTION SYSTEM

[0043] Figure 1 is a schematic 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.

[0044] The detection system 10 comprises an energy source 20 disposed along a
hlajor axis X of the system 10. When activated, 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
corhpn'ses an infrared energy beam.

[0045] 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.

[0046] With further reference to Figure 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 characteristics of the sample S at one or more wavelengths or

wavelength bands employed to analyze the sample. The processor 180 computes the
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concentration(s), absorbance(s), transmittance(s), etc. by executing a data processing
algorithm or program instructions residing within memory 185 accessible by the processor
180.

[0047]  In the embodiment shown in Figure 1, the filter 25 may comprise a
varying-passband filter, to facilitate changing, over time and/or during a measurement
taken with the detection 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. (In various other
embodiments, the filter 25 may be omitted altogether.) Some examples of a varying-
passband filter usable with the detection system 10 include, but are not limited to, a filter
wheel (discussed in further detail below), electronically tunable filter, Fabry-Perot
interferometer, or any other suitable varying-passband filter.

[0048] When the energy beam E is filtered with a varying-passband 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 Wavelength 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 then be analyzed by the processor 180
to determine the concentration of the analyte(s) of interest in the material sample S.

[0049] By analyzing the sample S at each wavelength or wavelength band in
this separate, sequential fashion, greater precision can be attained because the noise,
interference, etc. otherwise caused by the detection of wavelengths other than the
wavelength of immediate interest, is minimized. However, any other suitable detection
methodology may be used with the detection system 10, whether or not the system 10
includes a varying-passband filter.

[0050]  Although the use of a varying-passband filter offers certain advantages
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as discussed above, a fixed-passband filter may be used as an alternative filter 25, to permit
a selected wavelength or wavelength band to pass through the sample S for analysis
thereof.

[0051] As used herein, the term “material sample” (or, alternatively, “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 detection 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 derivatives 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 limitation, 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 but not 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, carboxyhemoglobin, organic molecules,
inorganic molecules, pharmaceuticals, cytochrome, various proteins and chromophores, -
microcalcifications, electrolytes, sodium, potassium, chloride, bicarbonate, and hormones.

[0052]  Figure 2 depicts another embodiment of the analyte detection system 10,
which may be generally similar to the embodiment illustrated in Figure 1, except as further
detailed below. Where possible, similar elements are identified with identical reference
numerals in the depiction of the embodiments of Figures 1 and 2.

[0053] The detection system 10 shown in Figure 2 includes a collimator 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 um 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 available from HawkEye Technologies of Milford, Connecticut.

[0054] With further reference to Figure 2, the primary filter 40 is mounted in a
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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 orthogonal to the major axis X) with a diameter of about 8 mm. Of course, any
other suitable size or shape may be employed. As discussed above, the primary filter 40
preferably operates as a broadband filter. In the illistrated embodiment, the primary filter
40 preferably allows only energy wavelengths between about 4 um and about 11 yum to
pass therethrough. However, other ranges of wavelengths can be selected. The primary
filter 40 advantageously reduces the filtering burden of secondary 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 Figure 2.

[0055] The primary filter 40 is preferably configured to 'substantially maintain
its operating characteristics (center wavelength, 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 “substantially

' 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.

[0056] In the embodiment illustrated in Figure 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.

[0057]  In alternative arrangements, the single primary filter 40 depicted in

Figure 2 may be replaced or supplemented with additional primary filters mounted on the
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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.

[0058] The filter wheel 50, in the embodiment depicted in Figure 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
cach 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 Figure 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 a
position sensor 80.

[0059] In one embodiment, the wheel body 52 can be formed from molded
plastic, with each of the secondary filters 60 having a 5 mm x 5 mm square configuration
and a thickness of 1 mm. Each of the filters 60, in this embodiment of the wheel body, is
axially aligned with a circular aperture of 4 mm diameter, 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 itself is circular, with an outside diameter of 2.00 inches.

[0060] 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.

[0061]  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
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which the filter is disposed on the major axis X during an individual measurement run. In
one embodiment 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.

[0062] Referring again to Figure 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,
the 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.

[0063] 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 100a
(iisposed 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).

[0064] With further reference to Figure 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 alignmenf with the first
window 122 and second window 124, respectively. Alternatively, the sample element 120
and sample S may be disposed on the major axis X without use of the holder 130. ,

[0065] 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 to the
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detected sample beam (Es) and to pass the signal to a processor 180, as discussed in more
detail below. :

[0066] The reference beam (Er) is directed from the beam splitter 100 to a third
lens 160 disposed along a minor axis Y generally 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
Figure 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 sarﬁple S by executing a data processing algorithm or program instructions residing
within the memory 185 accessible by the processor 180.

[0067] In further variations of the detection system 10 depicted in Figure 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.

[0068] Figure 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 Figures 1-3, except as further detailed below. Where possible, similar
elements are identified with identical reference numerals in the depiction of the
embodiments of Figures 1-4.

[0069] The energy source 20 of the embodiment of Figure 4 preferably
comprises an emitter area 22 which is substantially centered 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
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area 22 is a square of about 1.5 mm on a side; of course, any other suitable shape or
dimensions may be employed.

[0070] 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 pm and about 20.0 um; and/or
between about 5.25 pm 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
wavelengths found anywhere from the visible spectrum through the microwave spectrum,
for example anywhere from about 0.4 um to greater than about 100 pm. In still other
embodiments, the energy source 20 can emit electromagnetic radiation in wavelengths
between about 3.5 pm and about 14 pum, or between about 0.8 pm and about 2.5 um, or
between about 2.5 um and 20 pm, or between about 20 um and about 100 pm, or between
about 6.85 pm and about 10.10 pm. In yet other embodiments, the energy source 20 can
emit electromagnetic radiation within the radio frequency (RF) range or the terahertz range.
All of the above-recited operating characteristics are merely exemplary, and the source 20
may have any operating characteristics suitable for use with the analyte detection system
10. ' |

[0071] 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 10Hz, 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.

[0072]  With further reference to Figure 4, the collimator 30 comprises 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
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by the emitter area to propagate downstream into the collimator. The wide end 36 defines
a downstream aperture 36a. Like the emitter area 22, each of the inner surface(s) 32,
upstream aperture 34a and downstream aperture 36a is preferably substantially centered on
the major axis X.

[0073] As illustrated in Figure 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 suitable 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 collimator 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 detection system 10.

[0074] 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 substantially 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.

[0075] The tube 30a itself may be fabricated from a rigid material such as
aluminum, steel, or any other suitable material, 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-sectional shapes, such as a square or other polygonal shapes,
parabolic or elliptical shapes may be employed in alternative embodiments.

[0076] As noted above, the filter wheel 50 shown in Figure 4 comprises 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 pm, 4.06 pm, 4.6 pum, 4.9 um, 5.25 pm,
6.12 pym, 6.47 pm, 7.98 pm, 8.35 um, 9.65 um, and 12.2 um. (Moreover, this set of

wavelengths may be employed with or in any of the embodiments of the analyte detection
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system 10 disclosed herein.) Each secondary filter’s 60 center wavelength is preferably
equal to the desired nominal wavelength plus or minus about 2%. Additionally, the
secondary filters 60 are preferably configured to have a bandwidth of about 0.2 pm, or
alternatively equal to the nominal wavelength plus or minus about 2%-10%.

[0077]
filters 60, each of which is configured to allow a filtered energy beam (Ef) to travel

In another embodiment, the filter wheel 50 comprises twenty secondary

therethrough with a nominal center wavelengths of: 4.275 pm, 4.5 pm, 4.7 pm, 5.0 pm, 5.3
pm, 6.056 pm, 7.15 pm, 7.3 um, 7.55 pm, 7.67 pum, 8.06 um, 8.4 um, 8.56 pm, 8.87 pm,
9.15 um, 9.27 pm, 9.48 pum, 9.68 wm, 9.82 um, 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 um; half-power bandwidth tolerance of + 0.01 um; peak transmission greater than or
equal to 75%; cut-on/cut-off slope less than 2%; center-wavelength temperature coefficient
less than .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 pm; surface quality of E-E per Mil-F-48616;
and overall thickness of about 1 mm.

[0078]

conform to any one or combination of the following half-power bandwidth (“HPBW?)

In still another embodiment, the secondary filters mentioned above may

specifications:

Center Wavelength (um) HPBW (um) Center Wavelength (um) HPBW (um)

4.275 0.05 8.06 0.3

4.5 0.18 8.4 0.2

4.7 0.13 8.56 0.18

5.0 0.1 8.87 0.2

5.3 0.13 9.15 0.15

6.056 0.135 9.27 0.14

7.15 0.19 9.48 0.23

7.3 0.19 9.68 0.3

7.55 0.18 9.82 0.34

7.67 0.197 10.06 0.2
[0079] 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.

[0080]
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wavelengths and other characteristics thereof, may vary in further embodiments 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.

[0081] In one embodiment, the secondary filters 60 each measure about 10 mm
long by 10 mm wide in a plane orthogonal to the major axis X, with a thickness of about 1
mm. However, the secondary filters 60 can have any other (e.g., smaller) dimensions
suitable for operation of the analyte detection system 10. Additionally, the secondary
filters 60 are preferably configured to operate at a temperature 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.

[0082] According to the embodiment illustrated in Figure 4, the primary filter
40 operates as a broadband filter and the secondary 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 analyzing the material sample S.

[0083] 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-section 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
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treated to be highly reflective in the wavelengths of interest. For example, a polished gold
coating may be employed.

[0084] According to the embodiment illustrated in Figure 4, the reflector tube
98 preferably comprises a major section 98a and a minor section 98b. As depicted, the
reflector tube 98 can be T-shaped with the major section 98a having a greater length than
the minor section 98b. In another example, the major section 98a and the minor section
98b can have the same length. The major section 98a extends between a first end 98¢ and a
second end 98d along the major axis X. The minor section 98b extends between the major
section 98a and a third end 98¢ along the minor axis Y.

[0085] The major section 98a conducts the filtered energy beam (Ef) from the
first end 98c 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 conducts the
sample beam (Es) from the beam splitter 100, through the first lens 110 and to the second
end 98d. From the second end 98d 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 98b 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 reference detector 170.

[0086] 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% 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.

[0087] The reflector tube 98 also houses the first lens 110 and the third lens
160. As illustrated in Figure 4, the reflector tube 98 houses the first lens 110 between the
beam splitter 100 and the second end 98d. The first lens 110 is preferably disposed so that
aplane 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 98¢. 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 configured to substantially focus the sample beam (Es) and reference beam (Er),
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respectively, as the beams (Es, Er) pass through the lenses 110, 160. In-particular, the first
lens 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 configured to focus the
reference beam (Er) so that substantially the entire reference beam (Er) impinges onto the
reference detector 170.

[0088] The sample element 120 is retained within the holder 130, which is
preferably oriented along a plane generally orthogonal to the major axis X. The holder 130
is configured to be slidably displaced between a loading position and a measurement
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. 4

[0089] The structural details of the holder 130 depicted in Figure 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 embodiment depicted in Figure 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.

[0090] As with the embodiment depicted in Figure 2, the sample and reference
detectors 150, 170 shown in Figure 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), 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 of the detection system 10 depicted in Figure 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
obviate any need to reference the source intensity in operation of the detection system 10.

[0091] Figure 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 152a and a cover 152b. However, any suitable
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structure 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 with the major axis X when the housing 152 is mounted in the analyte detection
system 10. The aperture 152c¢ 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 152d.

[0092] The receiving portion 152a houses the second lens 140 in the lens
chamber 152d proximal to the aperture 152c. The sample detector 150 is also disposed in
the lens chamber 152d 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 majo’r 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.

[0093] With further reference to Figure 5, a support member 156 preferably
holds the sample detector 150 in place in the receiving portion 152a. In the illustrated
embodiment, the support member 156 is a spring 156 disposed between the sample detector-
150 and the cover 152b. 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 152b and the receiving portion 152a and surrounds
the support member 156.

[0094] 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) incident on the detection plane 154. The sample detector 150 communicates the
detection signal to the circuit board 158 through the connecting member 150a, and the
board 158 transmits the detection signal to the processor 180.

[0095] 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 150b 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
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150b may have a diameter of about 0.197 inches.

[0096] A detector window 150c is disposed adjacent the aperture 150b, with its
upstream surface preferably about 0.078 inches (+/- 0.004 inches) from the detection plane
154. (The detection plane 154 is located about 0.088 inches (+/- 0.004 inches) from the
upstream edge of the housing 150a, where the housing has a thickness of about 0.010
inches.) The detector window 150c 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 absorbance in the
wavelengths of interest. Preferably, the transmittance of the detector window 150c¢ does
not vary by more than 2% across its passband. The window 150c is preferably about 0.020
inches in thickness. The sample detector 150 preferably substantially retéins its operating
characteristics across a tempefature range of -20 to +60 degrees Celsius. ‘

[0097] Figure 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 suitable
structure may be used as the sample detector 150 and housing 152. The receiving portion
172a preferably defines an aperture 172¢ and a chamber 172d which are generally aligned -
with the minor axis Y, when the housing 172 is mounted in the analyte detection system 10.
The aperture 172c is configured to allow the reference beam (Er) to advance through the
aperture 172¢ and into the chamber 172d.

[0098] The receiving portion 172a houses the reference detector 170 in the
chamber 172d proximal to the aperture 172¢c. The reference detector 170 is disposed in the
chamber 172d 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..

[0099]  With further reference to Figure 6, a support member 176 preferably
holds the reference detector 170 in place in the receiving portion 172a. In the illustrated
embodiment, the support member 176 is a spring 176 disposc?d between the reference
detector 170 and the cover 172b. The spring 176 is configured to maintain the detection
plane 174 of the reference detector 170 substantially orthogonal to the minor axis Y. A
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gasket 177 is preferably disposed between the cover 172b and the receiving portion 172a
and surrounds the support member 176.

[0100]  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 member 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.

[0101] In one embodiment, the construction of the reference detector 170 is
generally similar to that described above with regard to the sample detector 150.

[0102] In one embodiment, the sample and reference detectors 150, 170 are
both configured to detect electromagnetic radiation in a spectral wavelength range of
between about 0.8 um and about 25 pm. However, any suitable subset of the foregoing set
of wavelengths can be selected. In another embodiment, the detectors 150, 170 are
configured to detect electromagnetic radiation in the wavelength range of between about
4pm 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.

[0103] In one embodiment, the sample and reference detector subsystems 150,
176 may further comprise a system (not shown) for regulating the temperature of the
detectors. Such a temperature-regulation 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 preferably has a control rate of about 60 Hz and, along with
the heat source and thermistor, maintains the temperature of the detectors 150, 170 within
about 0.1 °C of the desired temperature.

[0104] The detectors 150, 170 can operate in either a voltage mode or a current
mode, wherein either mode of operation preferably includes the use of a pre-amp module.

Suitable voltage mode detectors for use with the analyte detection system 10 disclosed
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herein include: models LIE 302 and 312 by InfraTec of Dresden, Germany; model 1.2002
by BAE Systems of Rockville, Maryland; 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.

[0105] In one embodiment, one or both of the detectors 150, 170 may meet the
following specifications, when assuming an incident radiation intensity of about 9.26 x 10
watts (rms) per cm?, at 10 Hz modulation and within a cone angle of about 15 degrees:
detector area of 0.040 cm” (2 mm x 2 mm square); detector input of 3.70 x 10™ watts (rms)
at 10 Hz; detector sensitivity of 360 volts per watt at 10 Hz; detector output of 1.333 x 10
volts (rms) at 10 Hz; noise of 8.00 x 10 volts/sqrtHz at 10 Hz; and signal-to-noise ratios of
1.67 x 10° rms/sqrtHz and 104.4 dB/sqrtHz; and detectivity of 1.00 x 10° cm sqrtHz/watt.

[0106] In alternative embodiments, the detectors 150, 170 may comprise
microphones and/or other sensors suitable for operation of the detection system 10 in a
photoacoustic mode.

[0107] 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 ordinary 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.

[0108] 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 electromagnetic radiation, such as stray light, from contaminating the
energy beam E. Any suitable casing may be used. Similarly, 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 Figures 1-2 and 4. The frame and the
casing may be formed together as a single unit, member or collection of members.

[0109]  Any of the disclosed embodiments of the analyte detection system 10
may in one embodiment be configured to be operated 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

22



WO 2004/091387 PCT/US2004/011432

transported by the patient and used where convenient. For example, the system 10 is
advantageously 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.

[0110] 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 embodiments, 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 Spectrometer (FTIR), which typically
measures about 2 feet wide by one foot high by one foot deep. Accordingly, in these
embodiments 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 detection 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 detection 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 manufactured to other dimensions.

[0111] In one method of operation, the analyte detection system 10 shown in
Figures 2 or 4 measures the concentration of one or more analytes in the material sample S,
in part, by comparing the electromagnetic radiation detected by the sample and reference
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 F abry-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 wavelength 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
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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
concentration 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.

[0112] 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 generates a detection signal corresponding to
the detected electromagnetic radiation and passes the signal to the processor 180.
Simultaneously, the reference detector 170 detects the reference beam (Er) transmitted at
the wavelength or wavelength band corresponding to the secondary filter 60. The reference
detector 170 generates a detection signal corresponding 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 instructions residing within the memory
185 accessible by the processor 180.

[0113] 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 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.

[0114] In one embodiment, the detection system 10 computes an analyte
concentration reading by first measuring the electromagnetic 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 electromagnetic radiation detected by the detectors 150, 170 for
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each center wavelength, or wavelength band, with the sample element 120 present on the
major axis X, but without the material sample S (i.e., a “dry” reading). Third, the system
10 measures the electromagnetic radiation detected by the detectors 150, 170 with an
opaque element or mask (such as a secondary 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.

[0115] Figure 7 depicts a further embodiment of a method 190 of operating
either of the analyte detection systems 10 depicted in Figure 2 or Figure 4 (or, alternatively,
any suitable detection system). In the following description, the method 190 is conducted
in the transmittance domain; however, it may alternatively be performed in the absorbance
domain with the relevant measures adjusted accordingly for working with absorbance
measures rather than transmittance measures.

[0116] 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 190b. This operation may comprise computing and storing an air transmittance
reading TA, and a gain factor GF which equals 100%/TA (see operational block 190c), as
well as a simultaneous air reference intensity RIA (operational block 190d), based on the
c;utput of the reference detector 170 during the air reading. 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, TAy 1, TAy, ... TAan; GFay, GFho, ... GFyp; etc.

[0117] 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 Ta1, Tag, ... Tay in each
of the wavelengths or bands of interest, which values are stored in memory, along with

simultaneously-recorded corresponding wet reference intensities RIWj1, RIW)a, ... RTW),
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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
transmittance values Tyi, Taz, ... Tan, yielding shiﬁed transmittance values TSy, TSy, ...
TSn. In block 190g, the shifted transmittance values are scaled by multiplying each of the
values TSy, TSaz, ... TSuy by the previously-computed gain factor (s) GF. Where
wavelength-specific gain factors GFy;, GFyy, ... GFy, have been computed, each shifted
transmittance value TS;; is multiplied by its corresponding gain factor GF,;. Fither option
yields shifted, scaled transmittance values TSSy;, TS Sx2, ... TSSsp.

[0118] In operational block 190h, each of the shifted, scaled transmittance
values TSSy1, TSSx2, ... TSSy, is source-referenced. First, a series of reference factors
RFw1, RFy2, ... RFy, are computed by dividing the air reference intensity RIA by each of the
wet reference intensities RIW3;, RIWy2, ... RIWj,. Where a series of air reference
intensities RIAy;, RIAy, ... RIA,, have been compiled, each air reference intensity RIAy;
is divided by its corresponding wet reference intensity RIW,; to generate the reference
factors RFy1, RFy, ... RFa,. Each of the shifted, scaled transmittance values TSSy1, TSSya,
. TSSyn is source-referenced by multiplying it by the corresponding reference factor RFy,
RF2, ... RFa, to generate shifted, scaled, source-referenced transmittance values TSSRy1,
TSSRyy, ... TSSRy,.

[0119] Each of the shifted, scaled, source-referenced transmittance values
TSSRui, TSSRy, ... TSSRy, is sample-element referenced in operational block 190i, to
yield final transmittance values TFM; TF2, ... TFu. 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
referencing 190i may in practice comprise a number of sub-operations 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 TFrn1, TFhg, ... TFy,
may then be employed to compute the concentration of the analyte(s) of interest in the
sample S.

[0120]  In further embodiments, any suitable variation of the method 190 may be

employed. Any one or combination of the operations 190a-190i may be omitted,
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depending on the desired level of measurement precision. For example, the dark reading
190a and subsequent shift 190f may be omitted. Instead of or in addition to omission of
these operations 190a, 190f, the air reading 190b may be omitted, in whole or in part.
Where measurement/computation of the air transmittance reading TA and gain factor GF
(block 190c) 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 190h may also be omitted. Finally, instead or in addition to
the foregoing omissions, the sample element referencing operation 190i may be omitted.

[0121]  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 sequencé depicted
in Figure 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 computations may be performed
in the absorbance or optical density domain. Under the foregoing discussion, the method
190 includes “live” computation/measurement of the dark transmittance reading TD, air
transmittance reading TA, gain factor 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.

[0122] 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 TFy;, TFj2, ... TFan 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.

[0123]  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 operates 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 concentration of glucose in the material sample S. In another

embodiment, the processor 180 can communicate to the display controller the concentration
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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.

SAMPLE ELEMENT

[0124] 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 element for use with the analyte detection system 10. As used herein,
“sample elemeﬁ ” 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 structures 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.

[0125] Figures 8 and 9 depict a cuvette or sample element 120 for use with any
of the various embodiments of the analyte detection 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 202. 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. |

[0126] In the embodiment illustrated in Figures 8-9, the sample chamber 200 is
defined by first and second lateral chamber walls 202a, 202b and upper and lower chamber
walls 202¢, 202d; however, any suitable number and configuration of chamber walls may
be employed. At least one of the upper and lower chamber walls 202¢, 202d is formed
from a material which is sufficiently transmissive of the wavelength(s) of electromagnetic
radiation that are employed by the analyte 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 embodiment, the upper and lower chamber walls 202c¢,
202d comprise 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 windows
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122, 124 discussed above. In yet another embodiment, only one of the upper and lower
chamber walls 202c, 202d 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.

[0127] In various embodiments, the material that makes up the window(s) of the
sample element 120 is completely transmissive, i.e., it does not absorb any of the
electromagnetic radiation 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 stable for a relatively long period of time. 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 window(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
polyethylene suitable for constructing the sample element 120 is type 220, as extruded,
available from KUBE Ltd. of Staefa, Switzerland.

[0128] In one embodiment, the sample element 120 is configured to allow
sufficient transmission of electromagnetic energy having a wavelength of between about 4
pm and about 10.5 pm through the window(s) thereof. However, the sample element 120
can be configured to allow transmission of wavelengths 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 electromagnetic radiation wavelength transmitted through the
secondary filter(s) 60. In still another embodiment, the sample element 120 is configured

to allow transmission of about 75% of the electromagnetic energy incident upon the sample
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chamber 200 therethrough. Preferably, the sample chamber 200 of the sample element 120
is configured to allow a sample beam (Es) advancing toward the material sample S within a
cone angle of 45 degrees from the major axis X (see Figures 1, 2) to pass therethrough.

[0129] In the embodiment illustrated in Figures 8-9, the samplé 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 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.

[0130] In operation, the supply opening 206 of the sample element 120 is
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 passage 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.

[0131] Where the upper and lower chamber walls 202c, 202d 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
Figure 9). In various embodiments, the pathlength is between about 1 um and about 300
pm, between about 1 pm and about 100 pm, between about 25 um and about 40pum,
between about 10 pm and about 40 pm, between about 25 pm and about 60 pm, or between
about 30 pm and about 50 pm. In still another embodiment, the optical pathlength is about
25 ym. 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
202c, 202d 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 pm of planar (flat),
depending on the analyte detection system with which the sample element 120 is to be
used.

[0132] In one embodiment, the transverse size of the sample chamber 200 (.e.,
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the size defined by the lateral chamber walls 202a, 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 diameter of about 4 mm.

[0133] The sample element 120 shown in Figures 8-9 has, in one embodiment,
sizes and dimensions specified as follows. The supply passage 204 preferably has a length
of about 17.7 mm, a width 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 mm to 2 mm and a width of about 3.8 mm to 4 mm, with a thickness substantially
equal to the pathlength between the walls 202c, 202d. The vent aperture 210 is of
sﬁbstantially 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.

[0134] The sample element 120 is preferably sized to receive a material sample
S having a volume less than or equal to about 3 pL (or less than or equal to about 2 pL, or
less than or equal to about 1 pL) and more preferably a material sample S having a volume
less than or equal to about 0.85 puL. 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 detector 150, the intensity of the radiation emitted by
the energy source 20, the expected flow properties of the sample, and 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 vacuum action, or a combination of wicking, capillary action,
and/or vacuum action.

[0135] Figure 10 depicts one approach to constructing the sample element 120.
In this approach, the sample element 120 comprises 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 202c¢, and
the third layer 240 forms the lower chamber wall 202d. 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 the layer(s) 220/240
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in which the wall(s) are located. Alternatively, the entirety of the layer(s) 220/240 may be
formed of the material selected to form the window(s)/wall(s) 202¢, 202d. In this case, the
window(s)/wall(s) 202c, 202d are integrally formed with the layer(s) 220, 240 and simply
comprise the regions of the respective layer(s) 220, 240 which overlie the sample chamber
200.

[0136] With further reference to Figure 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 deposited 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
2006, vent passage 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 of the materials disclosed above as
suitable for forming the window(s) of the sample element 120.

[0137] The sample chamber 200 preferably comprises a reagentless 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 minutes) 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.

[0138]  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 membrane, 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) remains at the filter/membrane. In various embodiments, the filter/membrane may be
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constructed 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, NY.

SAMPLE ELEMENT REFERENCING

[0139] 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 combination 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 methods disclosed in this section may be
employed as the sample-element referencing operation 190i of various embodiments of the
method 190 depicted in Figure 7 and discussed above.

[0140] Where employed as the sample-element referencing operation 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, i.e. by computing a sample-
efement referenced transmittance, absorbance or optical density at each wavelength/band
analyzed by the analyte detection system in question.

[0141] As discussed above, materials having some electromagnetic 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 computing the
concentration of the analyte(s) of interest. Such scattering 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
element. Devices and methods for overcoming imperfect transmission properties of
materials employed in sample elements are now discussed with reference to Figures 11-21.

[0142] In one embodiment, an empty, unused sample element, such as the
sample element 120, can be referenced by determining the reference level of absorbance/
transmittance (and scattering) of the sample element 120. In certain embodiments, the

method comprises positioning the sample chamber 200 of the sample element 120 within
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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 analytical level of
absorbance or transmittance by the combination of the sample and the windows 202c,
202d. Upon determining the reference and analytical levels of absorbance or transmittance,
the analyte detection system 10 can account for absorption/transmission effects of the
material comprising the windows 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 202c, 202d) can comprise calculating an 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.

[0143] The difference-calculation alternative is employed where the sample
clement referencing method is performed in the absorbance or optical density domain, and
the ratio-calculation 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.
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 analysis 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.

[0144] Figure 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 Figure 11, the sample element 302 comprises a referencing chamber 304 situated
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between first and second referencing windows 304a, 304b; and a sample chamber 306
situated between first and second sample windows 3062, 306b. In one embodiment, the
separation (i.e., pathlength) between the inner surfaces of the referencing windows 304a,
304b is different than the separation (i.e., pathlength) between the inner surfaces of the
sample windows 306a, 306b. In certain embodiments, the pathlength of the referencing
chamber 304 is smaller than that of the sample chamber 306, while in other embodiments
the pathlength of the sample chamber 306 is smaller than that of the referencing chamber
304. In still other embodiments, the pathlength of the referencing chamber 304 is
substantially zero. In one embodiment, 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.

[0145] As illustrated in Figure 11, the first referencing window 304a and first
sample window 306a are preferably of substantially similar thickness, and the second
referencing window 304b and second sample window 306b are preferably of substantially
similar thickness as well. In one embodiment, all of the windows 304a, 304b, 306a, 306b
are of substantially similar thickness. However, in other embodiments these thicknesses
may differ among the windows.

[0146] In one embodiment, one or more of the outer surfaces of one or more of
the windows 304a, 304b, 306a, 306b is textured. This may be done by, for example,
sanding the surface(s) in question, and/or molding or otherwise constructing them to have a
relatively non-smooth surface finish. Depending on the materials employed to construct
the sampie 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 202c, 202d of the sample element 120.

[0147] In one method of operation, the sample element 302 is coupled with an
analyte detection system 10 which utilizes a 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 referencing chamber 304 (in those embodiments
where the referencing 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 referencing windows 304a,
304b reside within an optical path of a reference beam 308 of electromagnetic radiation.

The reference beam 308 is then passed through the referencing chamber 304 (and, where
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applicable, that portion of the sample contained therein), and referencing windows 304a,
304b. 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 referencing
windows 304a, 304b. The sample element 302 i$ placed into an analytical position wherein
the sample chamber 306 and sample windows 306a, 306b 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, 306b. The analyte detection system 10
determines an analytical level of absorbance or transmittance 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, 306b. In one embodiment, reference and
analytical levels of absorbance or transmittance are measured at each wavelength/band
analyzed by the analyte detection system 10.

[0148] 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 determining 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 comprising the sample element 302) can
comprise calculating a difference between the two. Alternatively, analyzing the levels can
comprise calculating a ratio of the analytical level to the reference level.

[0149] The difference-calculation alternative is employed where the sample
element referencing method is performed in the absorbance or optical density domain, and
the ratio-calculation 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
calculation or ratio calculation is performed on the (reference level, analytical level) pair
measured at each wavelength/band in the series.

[0150] The resulting data set (for example, an absorbance or transmittance
spectrum assembled from sample-clement referenced 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 analysis may be performed by employing any suitable method,
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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.

[0151] Where significant differences arise between the thicknesses of the first
referencing window 304a and first sample window 306a, or between the thicknesses of the
first referencing window 304a and first sample window 306a, the absorbance)transmittance
data output by the ratio-calculation/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 determine analyte concentration.

[0152]  In another method of operation depicted in Figure 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 Figure 12, the
sample element 302 is placed within the analyte detection system 10 so that the referencing
chamber 304 and referencing windows 304a, 304b reside within the path of the reference
beam 308 and so that the sample chamber 306 and sample windows 306a, 306b reside
within the path of an analytical beam 312. The reference beam 308 passes through the
referencing chamber 304 (and, where applicable, any portion of the sample contained
therein), and referencing windows 304a, 304b, and the analytical beam 312 passes through
the sample chamber 306, that portion of the sample contained therein, and the sample
windows 306a, 306b. 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 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 material comprising the sample windows 306a,
306b.

[0153]  Upon determining the reference and analytical levels of absorbance or
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transmittance, the analyte detection system 10 can account for absorbance or transmittance
effects of the material comprising the sample element 302 when determining 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 comprising the sample element 302) can
comprise calculating a difference between the two. Alternatively, analyzing the levels can
comprise calculating a ratio of the analytical level to the reference level.

[0154] The difference-calculation alternative is employed where the sample
element referencing method is performed in the absorbance or optical density domain, and
the ratio-calculation 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
caloulation or ratio calculation is performed on the (reference level, analytical level) pair
measured at each wavelength/band in the series.

[0155] The resulting data set (for example, an absorbance or transmittance
spectrum  assembled from sample-element referenced 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 analysis 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.

[0156] Where significant differences arise between the thicknesses of the first
referencing window 304a and first sample window 306a, or between the thicknesses of the
first referencing window 304a and first sample window 306a, the absorbance/transmittance
data output by the ratio-calculation/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 determine analyte concentration.

[0157]  In certain embodiments, a sample element may be referenced so as to

overcome transmission properties of the materials comprising the sample element by
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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 pathlength 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) disclosed above.

[0158] Figure 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 embodiments, the analyte detection
system 406 may comprise any suitable analyte detection system, with additional structure:
as further described below.

[0159]  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 hollow.
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 compression by the compressors 408, 4009.

[0160] As illustrated in Figure 13, the analyte detection system 406 includes a
proximity switch 445 which, in certain embodiments, 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 advantageously control the forces exerted on the
sample element 402 by the compressors 408, 409. In one embodiment, upon activation of

the proximity switch 445 by the inserted sample element 402, the compressors 408, 409
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contact the sample element 402 and exert oppositely-directed forces 410, 411, respectively,
on the sample element 402. In certain embodiments, the forces 410, 411 are sufficiently
small so as to avoid substantially compressing the sample element 402. In one such
embodiment, the sample element 402 is optimally positioned 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 Figure 13.

[0161] 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.

[0162] 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 compression forces 410, 411, while-
in other embodiments, the deformation is elastic.

[0163] 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 absorbance or transmittance by the sample which is substantially free

of contributions from the absorbance or transmittance of the material comprising the
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sample element 402. Such measurements can increase the accuracy of the analyte
concentration measurements performed by the system 10 based on the sample-clement
referenced absorbance or transmittance measurements. 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.

[0164] In the embodiment illustrated by Figure 13, the compressors 408, 409
decrease the optical pathlength of the sample chamber 404 by compressing the sample
chamber 404. Figure 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 substantially the
same as the analyte detection system 406 illustrated in Figure 13, except with regard to the
compressors. As shown in Figure 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 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-directed forces 410, 411, respectively, across an area of the sample
chamber 404.

[0165] The compressor windows 512, 513 are preferably at least partially
optically transmissive in the range of electromagnetic radiation comprising the beam 443.
In one embodiment, one or both of the cbmpressor 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 contributions due to absorbance or
transmittance of the material from measurements of the concentration of the analyte(s) of
interest. In another embodiment, the absorbance of one or both of the compressor windows
512, 513 is stable for only a relatively short period of time, but the analyte detection system
506 is configured to observe the absorbance of the material and substantially eliminate it

trom the analyte measurement before the material properties change significantly.
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[0166] In various embodiments, the compressor windows 512, 513 may be
formed from silicon, germanium, polyethylene, or polypropylene, and/or any other suitable
infrared-transmissive material.

[0167] In certain embodiments, a sample element is referenced so as to
overcome transmission properties of the material comprising 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
surfaces 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 absorbance or transmittance by the sample within
the sample chamber.

[0168] Figures 15-16 illustrate an embodiment of an analyte detection 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.

[0169] As illustrated in Figure 16, when the analyte detection system 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 of the 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 detection system 606 to compute a sample-clement referenced
measurement of the absorbance or transmittance of the sample, using any of the analysis
methods disclosed above. Thus, the analyte detection system 606 substantially eliminates

the contribution of absorbance or transmittance of the material comprising the sample
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element 602 in order to increase the accuracy of the analyte concentration 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, 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.

[0170] Figures 17-18 depict another embodiment of the sample element 302
discussed above in connection with Figures 11-12. Except as further detailed below, the
embodiment of the sample element 302 depicted in Figures 17-18 may be generally similar
to the sample element 120 disclosed above, and/or the sample element 302 of Figures 11-
12. In addition, the sample element 302 depicted in Figures 17-18 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 element 302
depicted in Figures 11-12.

[0171] 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 304b. 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:
306b. The struts 320, 322 are preferably oriented in the chambers 304, 306 so that they
extend generally parallel to an optical axis of a beam 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 element 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.

[0172] The struts 320, 322 depicted in Figures 17-18 comprise members having
sufficient column and tensile strength to minimize or prevent inward or outward deflection
of the referencing windows 304a, 304b and sample windows 306a, 306b, respectively. The
struts 320, 322 advantageously assist in preserving the planarity of the windows 304a,
304b, 306a, 306b, thereby enhancing the accuracy of some analyte-concentration
measurements taken with the sample element 302. Although various computational
algorithms are disclosed below for preserving measurement accuracy despite imperfections

in sample-element geometry (e.g., pathlength, window planarity, window parallelism), the
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struts 320, 322 may be employed instead of or in addition to various combinations of such
algorithms when measuring analyte concentrations.

[0173] 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 304a/306a to the second
window 304b/306b; however, a varying cross-section may be employed.

[0174] In the embodiment shown in Figures 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 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-chamber struts. Similarly, strut(s) may be
employed in only one, or both, of the referencing and sample chambers 304, 306.

[0175] In one embodiment, each of the struts 320, 322 is substantially 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 substantially 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
304a/304b and one of the windows 306a/306b, in axial alignment with each strut. The
mask layers are substantially opaque to the wavelength(s) of interest and are shaped and
sized to conform to the (largest) cross-section of the corresponding struts, so as to
substantially 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.

[0176] 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

-44.



WO 2004/091387 PCT/US2004/011432

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 of the struts,
their absorbance/transmittance can be accounted for in computing analyte concentrations,
despite their difference 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.

[0177] 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 wavelengths are employed in the measurement of analyte concentrations, the
strut(s) may be formed from silicon, germanium, polyethylene, polypropylene, or a
combination thereof.

[0178]  Figure 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 chambers 304, 306, respectively. The vent and supply passages 324, 326 may
be generally similar to their counterparts disclosed above in connection with the sample:
element 120. In addition, the vent passage 324 and supply passage 326 may be employed
in aﬁy of the embodiments of the sample element 302 discussed herein.

[0179] It is 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 202d.

[0180] Figures 19 and 20 depict yet another embodiment of the sample element
302 discussed above in connection with Figures 11-12 and 17-18. BExcept as further
detailed below, the embodiment of the sample element 302 depicted in Figures 19-20 may
be generally similar to the sample element 120 disclosed above, and/or the sample elements
302 of Figures 11-12 and 17-18. In addition, the sample element 302 depicted in Figures
19-20 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 Figures 11-12 and 17-18.

[0181] The sample element 302 depicted in Figures 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
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stiffening layer 304 may be formed from the materials 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 304b, 306b.
Other than the opening 342, the stiffening layer 340 is preferably coextensive with the
underside of the sample element 302.

- [0182] 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 Figures 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.

[0183] 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.

[0184] Figure 21 depicts another embodiment of the sample element 302
discussed above in connection with Figures 11-12 and 17-20. Except as further detailed
below, the embodiment of the sample element 302 depicted in Figure 21 may be generally-
similar to the sample element 120 disclosed above, and/or the sample elements 302 of
Figures 11-12 and 17-20. In addition, the sample element 302 depicted in Figure 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 Figures 11-12 and 17-20.

[0185]  The sample element 302 depicted in Figure 21 further comprises
stiffening ribs 350 which are integrally formed with one or both of the first and second
referencing windows 304a, 304b. The stiffening ribs 350 preferably extend across the
entire length of the windows 304a, 304b, and may continue into the balance of the sample
element 302. The stiffening ribs 350 depicted in Figure 21 are arranged to extend
longitudinally across the windows 304a, 304b 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 detection system 10, the ribs 350 extend

generally orthogonal to the major axis X and/or the energy beam E. In other embodiments,
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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, 304b, 306a, 306b, or the windows 202¢c, 202d of the
sample element 120.

[0186] In any of these embodiments, any suitable size, shape and number of ribs
may be employed, other than those depicted in Figure 21. However, in one embodiment,
the configuration of ribs employed on the window 304a substantially matches that of the
window 306a, and the configuration of ribs employed on the window 304b 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.

[0187] The ribs 350 advantageously assist in preserving the planarity of the
windows 304a, 304b, 306a, 306b, thereby enhancing the accuracy of analyte-concentration
measurements taken with the sample element 302. Although various computational
algorithms are disclosed below for preserving measurement accuracy despite imperfections
in sample-element 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.

ALGORITHMS

[0188] This section 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
S, and/or to compute other measures that may be used in support of calculations 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. Alternatively, 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, MA, for
determining analyte concentrations or other measures. In addition, any one or combination
of the algorithms disclosed in this section may be employed in connection with any of the
embodiments of the method 190 depicted in Figure 7 and discussed above. For example,
the disclosed algorithms may be employed to compute the concentration of the analyte(s)

of interest in the sample S from (any) final transmittance values TFy1, TFs, ... TFy, output
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by the method 190.
A. Methods for Determining Blood Analyte Concentrations

[0189] In many measurements, the contribution from the analyte of interest
(e.g., glucose) to the measured absorption spectrum 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. Therefore, blood glucose measurements are
highly sensitive and vulnerable to inaccuracies.

[0190] If an accurate glucose measurement is desired, the characteristics of each
of the different blood constituents should be considered. Because the sample absorption at
any given wavelength is a sum of the absorptions of each component of the sample at that
wavelength, IR absorption measurements are complicated by the presence of these other
components. Consequently, to allow effective compensation and adjustments to measured
IR absorption for the presence of other blood components, 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 that intrinsic and measuring-
device-related variables may cause.

[0191] Advantageously, absorption data in the mid-IR spectral region (for
example, about 4 microns to about 11 microns) are used. Although water is the main
contributor to the total absorption across this spectral region, the peaks and other structures
present in the blood spectrum from about 6.8 microns to 10.5 microns are due to the
absorption spectra of other blood components. 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 blood constituents have a low and flat absorption spectrum in
the 8.5 to 10 micron range. The main exceptions are water and hemoglobin, both of which
absorb fairly strongly in this region, and which are also the two most significant blood
components in terms of concentration. Certain embodiments of the techniques described
herein are thus directed to removing the contributions of water and hemoglobin from this
spectral region to resolve the contribution, and thus concentration, of glucose in the sample.
B. Pathlength-Insensitive Determinations of Blood Analyte Concentrations

[0192] In certain embodiments, a method determines an analyte concentration

in a sample comprising the analyte and a substance. The method comprises providing an
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absorption spectrum 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 a selected absorption value in a selected
absorption wavelength range. The method further comprises subtracting a substance
confribution from the absorption spectrum. Thus, the method provides a corrected
absorption spectrum substantially free of a contribution from the substance.

[0193] In certain embodiments, providing the absorption spectrum comprises
providing the transmittance spectrum of the sample, with the transmittance spectrum
having a transmittance 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 measured as a function of wavelength.
Various configurations and devices can be used to provide the transmittance spectrum in
accordance with embodiments described herein.

[0194] In certain embodiments, the transmittance baseline is defined to be the
value of the transmittance spectrum at wavelengths 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 transmittance spectrum from the sample at these
wavelengths is expected to be nearly zero, various effects, such as instrumental 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.

[0195] In certain such embodiments, providing the absorption spectrum
comprises shifting the transmittance spectrum so that the transmittance baseline
approximately equals zero in a selected transmittance wavelength range. In certain
embodiments in which the sample comprises blood, the selected transmittance wavelength
range comprises wavelengths 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 and approximately 13 microns. The transmittance spectrum at these wavelengths

may be partially affected by contributions from various blood components that are present
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at low concentration levels. In still other such embodiments, the selected transmittance
wavelength range comprises wavelengths approximately equal to 3 microns. Each of these
wavelengths corresponds to a strong water absorption peak.

[0196] In embodiments in which there is a nonzero contribution to the
transmittance baseline, the transmittance spectrum may be shifted. In certain embodiments,
the transmittance spectrum is shifted so that the transmittance spectrum in the wavelength
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 transmittance
spectrum can be shifted in wavelength. In addition, the shifting of the transmittance
spectrum can be performed nonlinearly (e.g., shifting different wavelengths by differing
amounts across the transmittance spectrum).

[0197] 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:

A(2)= ln(}(lT)) :

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

[0198] In certain embodiments, the method comprises shifting the absorption-
spectrum so that its absorption baseline approximately 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 comprises
blood, 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
approximately 10 microns.

[0199]  In certain other embodiments in which the sample comprises blood, the
absorption baseline is defined to be the magnitude of the absorption spectrum at an
isosbestic wavelength 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 isosbestic wavelength by adding or subtracting a constant offset value across the entire

wavelength spectral data set. In addition, the shifting of the absorption spectrum can be
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performed nonlineatly (e.g., shifting the portions of the absorption spectrum 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 hemocrit level of the overall spectrum position relative to zero.

[0200] The effective isosbestic point can be expected to be different for
different proteins in different solutions. Exemplary whole blood proteins include, but are
not limited to, hemoglobin, albumin, globulin, and ferritin. These isosbestic wavelengths
can be used to obtain a current measure of the effective optical pathlength in the filled
cuvette, either before or during measurements at other vyavelength ranges.

[0201] Such information is very wuseful in subsequent calculations for
compensation of instrument-related pathlength non-linearities. Because the measured
absorption of the protein and water are identical at the isosbestic we;velength, the measured
absorption at the isosbestic wavelength is independent of the ratios of the protein
concentration and the water concentration (hemocrit 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 isosbestic wavelength is a measure of the pathlength of the sample only.
In certain embodiments, the observed absorption 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 analyte(s) of interest in a sample independent of optical pathlength, i.e.
without need for prior knowledge of the pathlength 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-related pathlength nonlinearities. In certain embodiments,
these measurements can be made before or concurrently with absorption measurements in
other wavelength ranges.

C. Subtraction of Non-Analyte Contributions From Absorption Data

[0202] One goal of the spectroscopic analysis can be to derive the ratio of the

analyte volume (for example, glucose volume) to the total blood volume. The process of

measuring a glucose concentration can include subtracting one or more contributions to the
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absorption spectrum from other substances in the blood that interfere with the detection of
the glucose. In certain embodiments, a reference substance absorption spectrum 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 procedure
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. 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 concentration ratios of the substances in
question. These determinations of the concentration ratios are substantially independent of
the optical pathlength through the sample. Such concentration ratios can be used to
determine the concentration of a selected substance within the sample regardless of the
optical path length through the sample.

[0203] In certain embodiments, the measured absorption spectrum can be
further corrected for other contributions which are not due to the analyte of interest. For
example, alcohol is a potentially interfering substance with the glucose measurement
because the absorptidn of alcohol is similar to that of glucose in the wavelength range of
interest. It is observed that the peak height ratio of the absorption 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 absorption spectra for mixtures of glucose and alcohol.
Thus, the peak height ratio can be used to determine the relative concentrations of alcohol
and glucose. The contribution from alcohol can then be subtracted from the measured
absorption spectrum. |

[0204] In certain embodiments, the measured absorption spectrum 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 spectrum can be
further corrected for contributions from a boundary 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 corresponding
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contributions across the measured absorption spectrum can be corrected by subtracting the
appropriate scaled reference absorption, such that the corrected absorption spectrum is
approximately zero for a selected range of wavelengths. In 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.

[0205] Temperature also affects the correct subtraction of the water contribution
to the total spectrum because the absorption spectrum of water changes with temperature
changes. It is therefore advantageous for the system to store several different 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
temperature 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 temperature 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.

[0206] The contribution of temperature to the absorption spectra can
alternatively be addressed by analyzing the sample spectrum itself, because different parts
of the water absorption spectrum are affected by temperature by different amounts. For
example, the absorbance difference of the water absorption 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
reference curves can be made. |

[0207] In certain embodiments, the reference substance absorption spectrum is
provided by correcting a stored spectrum for wavelength nonlinearities. For example,

where the substance comprises water, knowledge of the optical pathlength (based on the
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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 corrections 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 compensated for nonlinearities.

[0208] In certain embodiments, after correcting the measured absorption
spectrum for contributions of one or more substances, the corrected absorption spectrum is
fitted with reference analyte spectral data to provide a measure of the analyte concentration.
The reference analyte spectral data can include data at a wavelength near an analyte
absorption maximum. For example, the absorption spectrum of glucose includes various
peaks, with the two largest peaks at wavelengths of approximately 9.25 and 9.65 microns,
respectively. The absorption difference of the corrected absorption spectrum between a
wavelength of about 8.5 microns and a wavelength 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 quantity by total water, total
protein, or alternatively a combination of both.

[0209] Although the above discussion focuses on data sets comprising
measurements over the entire range of IR wavelengths, it will be appreciated that it is not
necessary to obtain data across the entire spectrum, but only at the discrete wavelengths
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.

[0210] For example, to characterize the water contribution, measurements 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
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is six values, two for each component. In embodiments where it is desired to zero the
transmittance curve and shift the absorbance values, it may be desirable to further make
transmittance 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 wavelengths 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.

[0211] In certain embodiments, the method uses the optical density (OD), which
can be expressed as:

OD; =(c,&

+c,a, te,a,)-d

wi g gl

where: d = cuvette path length;
c,, = water volume concentration;

¢, = hemocrit volume concentration;

¢, = glucose volume concentration;

«,,; = water absorption at wavelength ‘i’;

a,; = hemocrit absorption at wavelength ‘/’; and

o, = glucose absorption at wavelength 7’
The absorption of the various components (e.g., Owi, Oni, Ogi) at various wavelengths is a
property of the components themselves, 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, hemocrit, and
glucose (i.e., cytcitcg=1). Other embodiments can model the blood sample with more

components, fewer components, or different components.

[0212]  In certain embodiments, the method uses three two-wavelength sets.
The first set is in the wavelength region where water absorption dominates. The second set
is in a region where water and hemocrit absorptions dominate, and the third set in a region
where absorptions from all three components dominate. In certain embodiments, the
calculations are based on OD differences of each wavelength pair to reduce or minimize
offsets and baseline drift errors. Absorption values for the three components at each of the

six wavelengths are shown in Table 1:
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Wavelength | o oy Oy
1 Oy 0 0

2 L2 0 0

3 &, o 0

4 oy ) 0

5 x5 U5 s
6 & 6 X e L es

[0213] Substituting these values from Table 1 into the equation for OD yields

the following relations:

OD, =c,x,,d;

OD, =c,x ,d;

OD, =(c, &, +¢,t,,)-d ;

OD, =(c,&,, +c,0,,) d;

OD; = (c,@,s +¢,0,s + cgafgs) -d ;and

ODg = (¢, 0,5 + 0,05 +C o0 6) - d .

[0214] Certain embodiments of the method comprise computing the quantity 4
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:
_0OD,-0D,

4= -
(@, —,)

c,d. In certain embodiments in which the values of

water absorption at the two wavelengths is known or provided to the system, this ratio of
the difference of two measured absorption values with the difference of two reference
absorption values at the same wavelengths yields a water scaling factor 4 indicative of the
amount of water in the sample.

[0215] Using 4 and the water absorptions at each wavelength, the “water free”
OD can then be calculated and expressed by the following relation:

OD! =0D, - Aa,,.
In this way, the “water free” OD value equals the measured OD value minus the scaled
reference absorption value for water. Combining the above equations yields the following
relations:

OD; =c,a,; -d;

OD, =c,a;, d;

OD; = (¢, +c,,5)d ; and
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ODé =(c, )6 + cgag6) -d.

[0216] 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
hemocrit concentration and path length. The quantity B can be termed the “hemocrit
scaling factor,” and can be expressed by the following relation:

_ 0D, -0D,

Cpg —Cys

B =c,d .

In certain embodiments in which the values of hemocrit 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 hemocrit at the same
wavelengths yields a hemocrit scaling factor B indicative of the amount of hemocrit in the
sample.

[0217] By using B and the hemocrit absorptions at each wavelength, the
“glucose only” OD is calculated in certain embodiments to be expressed by the following

relation:
oD/ =0D] - Ba,, .
In this ‘way, the “glucose only” OD value equals the measured OD value minus the scaled

reference absorption values for water and for hemocrit.

[0218] From the above equations, the following relations can be calculated:

OD! =c,a .d ; and

g7es
" _
ODg =c,a,qd .

[0219] The glucose concentration path length product, given by the quantity C

which can be termed the “glucose scaling factor,” and which can be expressed by the

following relation:
AR
coDi=ony _
Qg — O g

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.

[0220]  The desired ratio of glucose volume to total blood volume can then be
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expressed (using the relation: cy+cptes=1) by the following relation:

¢ C
c, = £ = .
f ¢,+¢+c, A+B+C

By taking the ratio of the glucose scaling factor to the sum of the water scaling factor, the
hemocrit scaling factor, and the glucose scaling factor, the resulting concentration ratio Cg
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

[0221] In certain embodiments, the resulting absorption spectrum (e.g., after
being corrected for instrumental drift, optical pathlength, distortions, and contributions
from major components) can be fitted with a reference glucose absorption spectrum 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, hemoglobin, fibrinogen, lipoproteins, and transferrin. In certain
embodiments, the residual components include low molecular 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. Expression of integral optical density as sum of terms

[0222] In certain embodiments, various non-analyte contributions to the
measured absorption spectrum can be determined. For a water-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 by the

following relation:

oD, =(a,)d,,, —%dz Js, —A(a,,)2 —AJ,, (1—2(a,, i +%<an)2d2 )

avg avg avg

where

(@,)==—1dA- f,(A) a(A),

1
Nli
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a(A) = water absorption spectrum,
fn (A) = transmission spectrum of filter “n”
N, =[dAf,(A) = filter normalization,

2w = cuvette width,
d(x)=d,, +J5(x) = cuvette path length,

d,,. = average cuvette path length and the following relation is true: Idxé‘ x)=0,

= %ZL yjvabc -8(x)” = distortion parameter , and
W —w

[dAf, (DA (L) = ?\/‘1_ [dA- f£(A)- (a(/l) ~(a, >)2 = non-linear filter term.

n

J3 n

i

1
N n
2. Temperature effects on optical density
[0223] In addition, 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 by the following relation:

OD, =(a,,)dp, +(B,)AT,d,, +(r, AT d, +(a,) 4+T,,

avg W av; g n
where

1

'Tn = <§n >ATWAdeavg 2 dng 3n AJSn (1 - 2< >davg + ; < > dfvgj >

!

(aon> = NL [dA- f,(2)-a,(A), where «,(A1)= water absorption at AT, =AT, =0,

n

AT, = water temperature change,
AT, = filter temperature change,

(@)

(@) +{(BIAT, +(y,)AT, + (£, )AT,AT,,

1
(g.) =142 £,(A)-q4(D),

Nn

o, (4) . e
BA)= T = absorption water temperature sensitivity,

7, (A)= é‘a (1) _ oo, (4) O, _ absorption filter temperature sensitivity,
oT, oA I,
2

£ y=2%WN _BH) oA di, _ change in A(1) with filter

STOT, 6T,  di oI,
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temperature, and

dA,

o= ﬁlter “n” temperature sensitivity.
oT,

E. Subtraction of System and Temperature Effects From Absorption Data
[0224] The analysis of the absorption data preferably uses a finite number of
absorption measurements to determine the path length, water temperature, filter

temperature and cuvette shape. In certain embodiments, the analysis utilizes four OD

measurements which, assuming 7, =0 and (e, )=(a,, ), are expressed as a set of linear

equations to be solved expressed by the following relation:

0D, (1) < 1> < ) (@ 01> D oyg
0D, | _ <0‘02> (B,) (72) <0‘oz>2 | AT d,,, .
OD, <0‘03> (Bs) (75) (@ a3>2 AT d,,
oD, (o) (B) (» i) (@ o4>2 4

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 (;...T,). The next

avg? w2

estimate of (d AT, ,AT, A) can be found by solving the following relation:

avg ?

0D, -T; (@n) (B) (n) () oyg
0D, -T, _ <aoz> <:82> <7’2> <0‘2 >2 ) AT,d,,
OD, -1, <a03> <ﬁ3> <73> <“3 >2 Adeﬂvg .
OD~Li) \(oo) (Ba) (ra) (@)’ 4

This process can be repeated until estimates of path length, water temperature, filter
temperature and cuvette non-parallelism (i.e., the degree to which opposed walls/windows
of the sample chamber deviate from parallel) converge.

[0225] - 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 the equations above as follows:

OD, =(a,,)d . +(B,)AT,d,, +(y )ATdmg+< >A—%d2J +S,,

avg w avg avg

S, =(&,)AT,AT,d,,, —AJ3"(1—2< oy + ;< ) dfvg)
Rearranging the terms of these relations yields the following relation:
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avg

ODn—davg< on>+ d2 ‘] _Sn =da1'g<ﬁn>ATw+davg<7/n>ATf+<an>2A'

Embodiments in which this relation is used to analyze the absorption data are described
below.

1. Water temperature, filter temperature, cuvette shape analysis

[0226] In certain embodiments, the water temperature, filter temperature, and
cuvette shape are analyzed. In such embodiments, the analysis comprises “step 1” in which
transmission measurements, filter parameters and water spectral properties are inputted:

Transmission measurements (r,,7,, 75,74,

Filter curves [£,(4), £, (1), LA, (M),

diy dby dhy ddy |
8T, 8T, 6T, oI, |’

da, (1) op (ﬂ)}

Filter temperature sensitivities {

Wat tral rti A), B(A), )
ater spectral properties {ao( ), B(A) 5 )

[0227] Certain embodiments of the analysis further comprise “step 2” in which
optical densities and filter constants are calculated:

OD, =-In(z,),

(@) =512 £, (1) a1, (),

n

(B,) =~ £, B2,

Sa,(A) di,

1
W“F,,Id S =g e and
BQA) A,
(&)= Ja%f,,u 5T

[0228]  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:

Ty =21 dne - ~(@,)F

n

(an>2 = (aon>2, and
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S =0.
[0229] In certain embodiments, the analysis further comprises “step 4” in which

the analysis solves for (ATW,ATf,A) as a function of path length d using (OD1 ,OD,, 0D3)

and (OD,,0D,,0D, ). The values of (d ATW,ATf,A) are estimated by finding value of

avg ?

d where solutions for (ATW, AT, A) are same for both sets of transmission measurements:

OD, —d{a )+ %d%}n -5,

B
OD2—d<a02>+%d2J32—Sz =\ d(B,) d(y,) (a,)" || AT, |, and
ﬂ .

oD, ——d(ao3>+%d2J33 -, d

oD, —d<aa2>+%d2J32 -5, 5
1
OD3—d<ao3>+Ed2J33—S3 =\ d(B,) dly;) (a,) || AT, |.
B

oD, —d<a04>+%d2J34 -8, 4

[0230] In certain embodiments, the analysis further comprises “step 5” in which

new estimates of absorption and non-linear terms are calculated:

(@,)=(a,,)+ (B AT, +{y, AT, +(&,)AT, AT,

J,, = Ni [da- f(A)-(@()—(a,)), and

S” = <é:n >ATWAde - AJ3n(1 - 2<a" )d + ?12—<C¥" >2 dz)

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.

2. Water temperature, filter temperature, parallel cuvette analysis

[0231] In certain other embodiments, the water temperature aﬁd 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 1”7 in which transmission measurements, filter parameters and water spectral
properties are inputted:

Transmission measurements (,,7,,7;),

Filter curves [£; (1), f,(A), f5 (D],
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Filter temperature sensitivity {

i di, dﬂ]and

oT, 5T " oT
Water spectral properties [aa (A), B(A), 5“5/?) , 5/35 51/1)}

[0232] Certain embodiments of the analysis further comprise “step 2 in which

optical densities and filter constants are calculated:

OD, =-In(z,),

(@) =212 £,()-a, (D),

i

_ L .
(B,)= N [dA- £,(A)- B,

1 Sa,(A) di,
()= 1 ) ==t and

B2 dA,

(&)= Idﬂ AR

[0233] 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:

Ty, =i f2)- (- (e, )

<an>2 = <aon >2 2 a‘nd
S,=0.
[0234]  In certain embodiments, the analysis further comprises “step 4” in which

the analysis solves for (ATW,ATJ.) as a function of path length d using (OD,,0D,) and
(0D,,0D,). The values of (d AT,,AT ) are estimated by finding values of d where

avg?

solutions for (ATW,ATf )are same for both sets of transmission measurements:

|
ODI—d<aol>+5d Jy =5 (d(/gl) d(%)) (ATWJ .
— . . an
oD, —d<a02>+%d2.}32 =5, d(f,) d7,)) \AT;
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1
OD, —d(a,;)+-d"J, =8, :[czw d(yﬁj(ATwJ.
0D3—d<ao3>+%d2J33-Ss d(Bs) d(rs)) \AT,

[0235] In certain embodiments, the analysis further comprises “step 5” in which

new estimates of absorption and non-linear terms are calculated:

(a,)={a,,)+{B,)AT, +(, AT, +(&,)AT,AT,,

J,, = NL fdi-f(A)-(@(d) - (a,)) , and

S, =(&,)AT,AT,d — AJ,, (1 -2a,)d +%<o:n ) q? )

n

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 Instrument Factors

[0236] Transmission data measured at each wavelength by certain apparatuses
are typically affected by a combination of instrument factors and blood properties. The
instrument factors include, but are not limited to, filter temperature, cuvette shape and filter
characteristics (e.g., center wavelengths, temperature sensitivity, bandwidth, shape). 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 corresponding corrections are preferably made for each transmission value.
As described above in relation to transmission measurements, each of the instrument
factors can influence the transmission of a water-filled cuvette. In certain embodiments,
the analysis can predict the analyte concentration error introduced by the instrument factors
over the expected variation range for the apparatus.

[0237] 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 constituents. Once the water content is known, in certain embodiments, the water
contribution at each of the wavelengths outside the water region can be calculated and
removed. As described above, a 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 spectrum can then be subtracted from the blood spectrum to
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produce an effectively water-free spectrum.

[0238] 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.

[0239] 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, 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.

[0240] In certain embodiments, a method of evaluating the glucose error
comprises calculating the transmission and optical density (od,,od,,od,,od 4)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 (od,,0d,) to
determine the water content at the glucose reference and measurement wavelengths
(4,,4,). The method further comprises calculating the expected optical density
(OD,,,0D,,) at the glucose reference and measurement wavelengths. The method further
comprises calculating residuals (AOD,,AOD,), which are the difference between the exact
and calculated optical densities at the glucose reference and measurement wavelengths.
The method further comprises determining the glucose error by calculating the glucose
concentration consistent with residual difference (AOD, — AOD,).

[0241]  The optical density corresponding to 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 the following relation:

od, =-In(z,) = —lnI:L A [dAf,(A) de exp[-a, (1)d (x)]J ,
N, 2w

n 2 -W
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where

f,(A) = filter transmission,
N, = filter normalization,

d(x) = cuvette path length,

AT, =water temperature change,
AT, = filter 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.

[0242] The water absorption adjusted for water and filter temperature can be
expressed by the following relation:

a,(A) = a,(A)+ BAAT, +y,(DAT, + &, (A)AT,AT, .

An approximate solution for the optical density can be expressed by the following

relations:

oD, =(a,,)d,,, +AOD,, and

n

AOD, = —%dz T H(B)AT, A, +(7,)AT,d,, +<a,,)2A+-S,,,

avg wTavg

where d,,, = average cuvette path length and d(x)=d,, = A=0. In these equations,

four instrument factors which contribute to the optical density are specified by the

following parameters:
S, (A) = filter function,
AT, = water temperature change from nominal,
AT, = filter teniperature change from nominal,

d(x) = cuvette shape.
In addition, the average absorption through the filter is represented by <aon> and AOD,

represents the effects due to water temperature, filter temperature, filter shape and cuvette
shape.

1. Calculation of the analyte contribution errors

[0243] Considering 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
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factors for a particular simulation and the corresponding value of AOD,. The filter shape

8(A,)is a delta function representing an infinitely narrow filter at A, .

Table 2:
£, () AT, AT, d(x) AOD,
Fﬂter Shape f;, (2') 0 0 davg —% djvg ']3)1
Water temp 5(/1,1 ) AT w 0 d(zvg <ﬂ n >AT wdavg
Filter temp o(4,) 0 AT, d g (7.,)AT 7@ g
Cuvette shape | 6(4,) |0 0 Aoy +£(¥) | (2,)" 4

[0244] Each simulation starts by calculating the set of exact optical densities

[odl,od2,0d3,od ,] using the relation for the exact optical density and the instrument

factors from Table 2. For all simulations, the calibration constants are the set

[(am), (0o )» (a3 ), (x4 )], and the approximate optical densities OD, =(a,, )d,,, +AOD, .

avg
[0245] 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:
J - od, —od, -
T (o)~ (ow)
The second two calibration constants can be used to predict the optical densities at (1,,4,)

as follows:

OD,, = <a03>-dc, and

OD,, =(e,,)-d,.

The residuals can be expressed by the following relations:
AOD, = OD,, —od,, and
AOD, =0D,, —od, .
The glucose error can be expressed by the following relation:
_AOD, -AOD, 1
h Ag, —Ag, d,’

4

Ac

g
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where (Ag,,Ag,) represents the glucose absorption at (4;,4,).

[0246] The glucose error for the corrected case can be determined by making
the following transformation:

od, - od, —AOD,,

and repeating the steps outlined above. The corrected glucose error is a measure of how
accurately the approximate optical densities equal the exact optical densities. 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.

[0247] In certain embodiments, the cuvette/sample chamber shape can be
modeled by introducing a curvature (Ac) and wedge (Ap) to a parallel cuvette/sample
chamber having a path length (do). The curvature can be modeled 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 niay also be
modeled.

[0248] Graphs of the uncorrected and corrected glucose error as a function of
cuvette shape parameters, path length, water temperature variation from nominal, and filter
temperature from nominal can be generated using the method described above. The
relative contributions of the various cuvette shape parameters 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 underestimates 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.

DUAL MEASUREMENT SYSTEM

[0249] With reference to Figures 22-27, various embodiments of a system for
measuring concentrations of multiple analytes contained in a single sample will now be
described. Although the following exemplary embodiments are described with reference to
measurements of glucose and ketone bodies as analytes, it will be recognized by the skilled
artisan that the system described herein could be practiced in connection with the
measurement of concentrations of other pluralities of analytes without losing the benefits of

the disclosed embodiments.
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[0250] In addition to various structures as described above (see Figures 1-7), an
analyte detection system 10 such as those described above, and which is further configured
to detect a supplemental analyte in the material sample S, further includes structure for
measuring a supplemental analyte within a sample ‘S’ supported in the sample element
120.

[0251]  In one embodiment, the structure for measuring a supplemental analyte
generally comprises a supplemental array of optical filters. In one embodiment as
illustrated in Figure 22, the supplemental filter array 1000 comprises a physical array of a
plurality of individual interference-type infrared filters, which for present purposes are
termed supplemental filters 1002. Such a physical filter éfray can be implemented as
supplemental filter wheel 1004 on which are mounted the supplemental filters 1002. Ih any
of the embodiments of the analyte detection system disclosed above, the supplemental filter
wheel 1004 may be positioned relative to the source 20 and the sample detector 150 such
that each supplemental filter 1002 can be moved, in a sequential, “one-at-a-time” fashion,
into the optical path (major axis X) between the source 150 and the sample element 120.
The supplemental ﬁlter’ wheel 1004 may, in certain embodiments, be positioned
immediately upstream or downstream of the filter wheel 50.

[0252] The supplemental filter array 1000 is generally configured to permit
electromagnetic radiation of selected wavelengths, or wavelength bands, to pass through
the specific filter 1002 positioned on the major axis X, the sample element 120 and any
material sample supported by the sample element, and to be received by the sample
detector 150. The supplemental filter wheel 1004 of Figure 22 also includes at least one
“blank” opening 1006 located thereon. During measurement of a concentration of a main
analyte (i.e., the analyte sought when employing the filter wheel 50 shown in Figures 1-2),
the wheel 1004 positions the blank opening 1006 in the optical path (e.g., on the major axis
X), thereby allowing electromagnetic radiation to pass, without being filtered, through the
supplemental filter wheel 1004. During a measurement of a supplemental analyte (i.e., the
analyte sought when employing the supplemental filter wheel 1004), the filter wheel 50 can
be rotated such that a similar blank opening located thereon is positioned in the optical
path, thereby permitting the radiation to pass, unfiltered, through the filter wheel 50.

[0253] In an alternative embodiment illustrated in Figure 23, both the secondary
filters 60 and the supplemental filters 1002 can be incorporated in a single filter wheel

1050. In such an embodiment, the filter wheel 1050 can be rotated to position appropriate
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filters within the optical path as needed for the particular analyte being measured.
Alternatively still, the secondary and supplemental filters can be arranged in concentric
circles or arcs. As will be recognized by the skilled artisan, a myriad of further physical
arrangements of first and supplemental filter arrays can alternatively be used as desired.

[0254] In ' still other alternative embodiments, the secondary and/or
supplemental filters arrays can comprise a solid state electronically-tunable filter capable of
cycling its pass-band among a variety of narrow spectral bands or a variety of selected
wavelengths. Such a filter is available, for example, from AEGIS SEMICONDUCTOR,
INC. In one embodiment, a single electronically tunable filter with a sufficient tunable
band is used for both main and supplemental analyte measurements. In an embodiment
employing a single electronically tunable filter, the structure for measuring a supplemental
analyte can simply include additional wavelength channels to which the filter can be tuned.
In an alternative embodiment, two or more electronically tunable filters with smaller
tunable bandwidths can be used for the main and supplemental analyte measurements. In
such an embodiment, the structure for measuring a supplemental analyte can comprise a
supplemental tunable filter.

[0255] As used herein, the term “filter” is a broad term, and is used in its
ordinary sense to refer without limitation to any device capable of limiting transmission of
electromagnetic radiation to a finite band of wavelengths. Thus, for example, individual
interference type filters as well as individual passband settings on a single electronically
tunable filter can be conéidered individual “filters” for the purposes of the present
discussion.

[0256] In one embodiment shown in Figure 24, the supplemental filter array
1000 comprises first and second filter arrays 1060, 1062 with corresponding first and
second filters 1070, 1072, all mounted on a filter wheel 1080. The first filters 1060 are
chosen with a center wavelength at a reference wavelength which is slightly above a
wavelength corresponding to the desired supplemental analyte. The second filters 1062
have a center wavelength which corresponds to a spectroscopic signature wavelength of the
desired supplemental analyte. The first and second filters 1070, 1072 are also typically
chosen to include relatively narrow bandwidths in order to provide sufficient isolation of
the target wavelength. For example, in some embodiments, the bandwidth can be about 0.2
um, or alternatively equal to the nominal wavelength plus or minus about 2%-10%. In

further embodiments, the bandwidth can be about 0.1 um.
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[0257] In one embodiment, the supplemental analyte of interest is beta-
hydroxybutyrate. According to this embodiment, the supplemental filter array 1000
permits electromagnetic radiation of at least the following nominal wavelengths to pass
through to the sample element and material sample: about 7.8 pum, about 8.3 um, about
10.55 um, and about 10.7 pm. In one embodiment, isolated transmission of a nominal
wavelength of about 10.55 um is particularly desirable.

[0258] According to one embodiment, an analyte detection system comprising a
dual measurement system can include an electronic signal processor (such as, without
limitation the processor 180) for executing computer algorithms. Thus, an analyte
detection system according to the present embodiment can include data storage and/or
processing capabilities. Such data storage and processing capabilities can be provided by
any suitable signal processor and storage medium. The analyte detection systems are
typically configured to store and execute one or more software algorithms to perform
functions such as manipulation or processing of the measurement data obtained by the
detection system. Thus, a portion of the data storage of the detection system can be
configured to include a “firmware” storage device which can be provided in addition to any
storage device dedicated to storing measurement data. Alternatively, a firmware package
and measurement data can be stored on a single piece of hardware. As used herein, the
term “firmware” is a broad term and is used in its ordinary sense and refers, without
limitation, to one or more strings of computer code which is stored in a read/write memory
chip or other updatable data storage device capable of retaining one or more strings of
computer code when a power source is disconnected from the device.

[0259] Thus, the data storage media (or devices) can include any specific
hardware recognized by the skilled artisan as suitable for temporarily and/or permanently
storing electronic data in an analyte detection system as described elsewhere herein. For
example, in one embodiment, a ROM chip can be used. Alternatively, a smart card, a
magnetic medium or any other suitable data storage device can also be used as desired and
as needed for a particular system. The meter preferably has sufficient storage capacity to
store data resulting from at least one day’s measurements. A data processor can be
employed, as described below, to execute digital code for manipulation and/or processing
of the measurement data, and/or for facilitating communication between the meter and
another digital system.

[0260] The analyte detection system also generally includes a user interface

-71-



WO 2004/091387 PCT/US2004/011432

including any of a variety of display devices and input devices for allowing a user to input
information to, and to read information output by the detection system. The user interface
can include a liquid crystal display, a field emission display, or any other graphic display
system or device. Additionally, a meter can also comprise an audio output device such as a
speaker or buzzer and/or a tactile output device such as a vibration module.

[0261]  According to one such algorithm, a determination as to whether or not a
measurement of a supplemental analyte should be taken can be conditioned on a
quantitative or qualitative result of a measurement of a main analyte. One embodiment of a
measurement algorithm 1100 to be executed by a signal processor incorporated into an
analyte detection system as described above will now be described with reference to Figure
25. If desired, the analyte detection system can be configured to prompt 1102 a patient for
a measurement at regular time intervals by emitting an audible, visible, or tactile alert
signal. Alternatively, a patient can manually initiate the measurement algorithm in order to
take an unscheduled analyte measurement. Once prompted, a patient can supply 1104 a
material sample to the analyte detection system. The analyte detection system then
measures 1106 a concentration C; of the main analyte within the sample. The main analyte
concentration C; is then compared 1108 to an upper reference value X. If the main analyte
concentration C; is greater than the upper reference value, then a second measurement 1110
is taken to determine a concentration C, of a supplemental analyte. Alternatively, initiation
of a second measurement can be called for if a value of the main analyte concentration C;
is smaller than a lower reference value Y (act 1112). However, if the main analyte
concentration C; falls within the acceptable range defined by the lower and upper reference
values then the measurement algorithm ends 1114.

[0262]  Figure 26 illustrates an alternative embodiment of a measurement
algorithxﬁ 1200 which operates substantially similarly to the algorithm 1100 of Figure 25
with the addition of an act 1216 for comparing the supplemental analyte concentration C,
against a reference value Z. A value of the supplemental analyte concentration C, which
exceeds (or falls below) the reference value Z can be indicative of a serious condition for
which the patient and/or a caregiver may need to take immediate action. Therefore, if the
measurement algorithm 1200 finds that the supplemental analyte concentration C2 exceeds
(or alternatively, falls below) the reference value Z, the analyte detection system can send
an alert signal 1218 to the patient in the form of an audible, visible, or tactile signal.

[0263] In an alternative embodiment, the alert signal can also be sent to a
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physician or caregiver to alert him or her of the patient’s condition. Such an alert signal
can be sent via a phone line, GSM network, internet connection, or any other
communication medium as desired. A physician or caregiver can then take whatever action
is necessary to mitigate any immediate dangers associated with the reported information.

[0264] In another alternative embodiment shown in Figure 27, a measurement
algorithm 1300 can be configured to prompt 1320 the patient for the second measurement
before conducting the second measurement. Such a prompt can include an audible, visible,
or tactile signal as desired. The prompt can request an action to be performed by the
patient before continuing with the measurement, or the prompt can merely comprise a
message informing the patient that a second measurement will be taken. An action
requested by the analyte detection system might include supplying the detection system
with information such as a time of the patient’s last meal, the patient’s physical location, or
other information which might be useful in providing care to the patient. Alternatively, an
action can simply include the patient’s confirmation that the second measurement will be
taken. Alternatively still, a prompt from the analyte detection system may include a request
for an additional material sample to be tested for a supplemental analyte concentration.

[0265] The above embodiments have been broadly described in general terms of
concentration measurements of main and supplemental analytes. It will be understood that
the main and supplemental analytes can generally include any substances which may relate
to a particular medical condition, and should not be limited by the following examples.

[0266] With continued reference to Figures 25-27, some specific examples
relating to a patient with a diabetic condition will now be described. In the case of a patient
with a diabetic condition, an analyte detection system such as those described above will
typically prompt a patient for a measurement of a main analyte about four to eight times per
day, typically surrounding meal times. Alternatively, in the case of patients with a more
“brittle” diabetic condition, an analyte detection system may prompt a patient for
measurements about eight to ten or more times per day.

[0267] In diabetic cases, the main analyte of interest is typically a concentration
of glucose carried by a patient’s blood. The ultimate goal of diabetes management is to
maintain a blood glucose level as close as possible to a normal or target level. Some degree
of variation from this target level is considered to be acceptable; however, deviation from
the target level which is outside of an acceptable range can be dangerous to the patient’s

health. The exact value of a desired basal level will often vary from patient to patient, but
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typical desired target levels vary from about 120 to about 150 milligrams glucose per
deciliter of blood (non-diabetics typically have blood glucose levels of between about 90
and 110 mg/dL). Similarly, the acceptable degree of variation from the target level will
also tend to vary between patients, but in general, blood glucose levels between about 68
and about 200 mg/dL are considered to be acceptable for most people. The above values
are only intended as general examples, thus values outside of the above ranges might also
be possible.

[0268] Thus, when a analyte detection system prompts a patient for a first
measurement 1106, a patient will typically provide a sample to be tested. In the case of an

.analyte detection system such as those described above, a patient may place a drop of blood
into a sample element which will then be received by the analyte detection system to
determine a concentration Ci of glucose within the sample according to any appropriate
method such as those described above.

[0269] The value of the measured glucose concentration C; is then taken by the
signal processor and compared against a first reference value X. The first reference value
X is generally an upper limit of an acceptable range of glucose concentration. Thus, values
of the first reference value X can generally be expected to be between about 180 mg/dL and
about 210 mg/dL. If the measured glucose concentration C; falls below the upper reference
value, the concentration C; is compared against a lower reference value Y which is
generally chosen to correspond to a lower limit of an acceptable range of blood: glucose
concentration. Values of the lower reference concentration Y are generally between about
60 mg/dL and about 70 mg/dL. The skilled artisan will recognize, however, that ultimately
the determination of acceptable upper and lower reference values wﬂl generally be made by
a patient’s physician or other caregiver who is specifically trained in such matters.

[0270] If the measured glucose concentration C; is determined to be outside the
acceptable range defined by the upper and lower reference values, the analyte detection
system can prompt a patient to take a measurement of a supplemental analyte. In onej
embodiment, generally associated with a blood glucose concentration C; which exceeds an
acoeptable upper reference value X, the supplemental analyte of interest is a ketone. The
presence of excessive ketones in the bloodstream results in a condition known as
ketoacidosis in which the chemical balance of the patient’s body becomes too acidic. As
mentioned above, ketones are present in the human body in three forms: beta-

hydroxybutyrate (~80%), acetoacetic acid (~18%), and acetone (~2%). Since the ratios of
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these ketones relative to one another is generally consistent, measurement of a
concentration of any one of these compounds will generally correlate with an overall
ketone concentration of ketones in a patient’s bloodstream. Thus, in one embodiment,
beta-hydroxybutyrate is chosen as a supplemental analyte for determining a ketone
concentration of a patient’s bloodstream.

[0271] According to the present example, once the patient’s analyte detection
system determines that a supplemental analyte measurement should be taken, the analyte
detection system can continue to measure the previously-provided material sample (i.e., the
same material sample) supported or contained by. the sample element 120 for a
concentration of a ketone such as beta-hydroxybutyrate.

[0272] In the case of an infrared absorption spectroscopic analyte detection
system such as those described above, two measurements lasting for approximately 18
seconds each are taken with first and second filters. In one embodiment, the first filter is
configured to have a center wavelength of about 10.55 pm and a bandwidth of about
0.1pm, and the second filter is configured to have a center wavelength of about 10.70 pm
and a bandwidth of about 0.1 pm.

[0273] The skilled artisan will recognize that a concentration of any other
supplemental analyte can be determined using the system described above. -For example, in
some embodiments, the supplemental analyte can comprise an analyte which is a known
interferant in the measurement of the concentration of the main analyte. As used herein,
the term “interferant” is a broad term, and is used in its ordinary sense and refers, without
limitation; to any analyte that causes an appreciable interference during a measurement of a
main analyte. For example in some embodiments, where the main analyte is glucose,
appropriate interferants for use as the supplemental analyte can include alcohol.

[0274] In embodiments in which a desired supplemental analyte is a known
interferant, the concentration (or other results) of the measurement of the supplemental
analyte can be simply reported to the user per se. Alternatively or in addition, a message
can be reported to the user which indicates the likely effect of the supplemental
(interferant) analyte on the main analyte concentration (e.g., “result may be inaccurate,”
“result may be erroneously high,” or “result may be erroneously low”). Alternatively,
where the supplemental analyte concentration is within a range known to cause an
unacceptable degree of interference, the system can be configured to withhold a reporting

of a main analyte concentration, and/or direct the user to visit his/her physician,
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Alternatively still, the system can adjust the main analyte concentration based on the
concentration of the supplemental analyte and the known degree of interference caused by
the secondary analyte at the relevant (or measured) concentration(s) of the analyte(s).
[0275] Although certain embodiments and examples have been described
herein, it will be understood by those skilled in the art that many aspects of the methods
and devices shown and described in the present disclosure may be differently combined
and/or modified to form still further embodiments. Additionally, it will be reco gnized that
the methods described herein may be practiced using any device suitable for performing the
recited steps. Such alternative embodiments and/or uses of the methods and devices
described above and obvious modifications and equivalents thereof are intended to be
within the scope of the present disclosure. Thus, it is intended that the scope of the present
invention should not be limited by the particular embodiments described above, but should

be determined only by a fair reading of the claims that follow.
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WHAT IS CLAIMED IS:
L. An analyte detection system for detecting more than one analyte, the system
comprising:

an analyte detection device configured to measure a concentration of first
and second analytes in a material sample;

a processing circuit configured to determine whether a concentration of said
first analyte falls within a previously-specified range, and activates said analyte
detection device to measure a concentration of a second analyte if said
concentration of said first analyte falls outside of said previously specified range.

2. The system of Claim 1, wherein an upper value of said previously-specified
range is at least about 200mg/dL of said first analyte.

3. The system of Claim 1, further comprising an alert device coupled to the
processing circuit, wherein the processing circuit is. further configured to activate the alert

device when said concentration of said first analyte falls outside of said previously-

specified range.
4. The system of Claim 1, wherein said first analyte is glucose.
5. The system of Claim 1, wherein the second analyte is a ketone.
6. The system of Claim 5, wherein the second analyte is selected from the

group consisting of beta-hydroxy-butyrate, acetoacetate and acetone.

7. An analyte detection system for detecting more than one analyte, the system
comprising:

a sample element configured to receive a single material sample for
analysis;

an analyte detection device configured to measure a concentration of first
and second analytes in said material sample.

8. The system of Claim 7, further comprising a processing circuit which
controls said analyte detection device to measure a first concentration of a first analyte in
said sample, and subsequently to measure a second concentration of a second analyte in
said sample.

9. The system of Claim 7, the detection device further comprising an optical
source and a detector defining an optical path therebetween.

10.  The system of Claim 8, wherein the processing circuit is further configured

to measure said second concentration of said second analyte only after determining that
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said first concentration of said first analyte exceeds a previously-specified value.

11.  The system of Claim 10, wherein said previously-specified value is at least
180 mgy/dl.

12. The system of Claim 7, wherein said analyte detection device is an
absorption spectroscopy device.

13. The system of Claim 12, wherein said analyte detection device comprises an
array of optical filters.

14. The system of Claim 13, wherein said array of optical filters comprises a
filter wheel.

15. The system of Claim 13, wherein said array of optical filters comprises an
electronically tunable filter.

16. A device for measuring a concentration of an analyte in a material sample,
said device comprising:

an optical source configured to emit electromagnetic radiation in a range of
about 4.275 to about 10.060 pm;

a detector positioned with respect to the source, so that the source and the
detector define an optical path therebetween;

a sample element configured to support a material sample in said optical
path;

a first array of filters disposed in said optical path between said sample
element and said source, said first array of filters being configured to allow
electromagnetic radiation of a first set of previously determined values to impinge
on the sample element, the first set of previously determined values associated with
a first analyte;

a second array of filters disposed in said optical path between said sample
element and said source, said second array of filters being configured to allow
electromagnetic radiation of a second set of previously determined values to
impinge on the sample element, the second set of previously-determined values
associated with a second analyte .

17. The device of Claim 16, wherein the second set of previously determined
values includes wavelengths selected from the group comprising: about 7.8 pm, about 8.3
pm, about 10.55 pm and about 10.7um.

18.  The device of Claim 16, wherein the second set of previously determined
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values includes a wavelength of about 10.55 +.2 pm.

19.  The device of Claim 16, wherein the first array of filters comprises an
electronically-tunable optical filter.

20. The device of Claim 16, wherein the second array of filters comprises an
electronically-tunable optical filter.

21. A method for measuring concentrations of a plurality of analytes in a single
sample, the method comprising:

providing a material sample;

providing an analyte detection system;

measuring a first concentration of a first analyte in said material sample with
said analyte detection system;

determining whether said first concentration of said first analyte exceeds a
first previously-specified value, or is less than a second previously-specified value;
and ’

measuring a second concentration of a second analyte in said material
sample if said first concentration exceeds said first previously-specified value or if
said first concentration is less than said second previously-specified value.

22, The method of Claim 21, wherein said first previously-specified value is at
least about 200 mg/dl.

23.  The method of Claim 21, wherein said first analyte is glucose.

24.  The method of Claim 23, wherein the second analyte is a ketone.

25.  The method of Claim 24, wherein the second analyte is selected from the
group consisting of beta-Hydroxy-butyrate, acetoacetate and acetone.

26.  The method of Claim 21, further comprising simultaneously displaying a
value corresponding to the concentration of said first analyte and a value corresponding to
the concentration of the second analyte.

27. The method of Claim 21, wherein said determining step is performed by
said analyte detection system.

28. A method of determining a medical condition using an analyte detection
system, the method comprising:

providing an analyte detection system comprising an optical source and a
detector defining an optical path therebetween;

providing a sample element for receiving a material sample for analysis;

-79-



WO 2004/091387 PCT/US2004/011432

engaging a material sample from a patient with the sample element, and
placing the sample element in the analyte detection system;

measuring a first concentration of a first analyte in said sample; and

measuring a second concentration of a second analyte in said sample
without removing said sample element.

29.  The method of Claim 28, wherein measuring a second concentration of a
second analyte is performed after determining that said first concentration of said first
analyte exceeds a previously-specified value.

30.  The method of Claim 28, wherein said measuring said first concentration of
said first analyte is performed using absorption spectroscopy.

31.  The method of Claim 30, wherein said absorption spectroscopy includes
providing a filter array for analyzing an intensity of electromagnetic radiation having a
wavelength of about 10.55 pm and about 10.7pm.

32.  The method of Claim 31, wherein said measurement of said second
concentration comprises a total dwell time of between about 30 and about 40 seconds.

33.  The method of Claim 28, wherein said measuring said second concentration
of said second analyte is performed using absorption spectroscopy.

34.  The method of Claim 33, wherein said absorption spectroscopy includes
providing a filter array for analyzing an intensity of electromagnetic radiation having
wavelengths associated with the first and second analytes.

35.  The method of Claim 34, wherein said measurement of said second
concentration comprises a dwell time of between about 15 and about 20 seconds.

36.  The method of Claim 28, further comprising simultaneously displaying

concentration values of both said first and said second analyte concentrations.
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