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7) ABSTRACT

A method of determining the analyte concentration of a test
sample is described. A temperature gradient is introduced in
the test sample and infrared radiation detectors measure
radiation at selected analyte absorbance peak and reference
wavelengths. Reference and analytical signals are detected.
In the presence of the selected analyte, parameter differences
between reference and analytical signals are detectable.
These parameter differences, having a relationship to analyte
concentration, are measured, correlated, and processed to
determine analyte concentration in the test sample. Accuracy
is enhanced by inducing a periodically modulated tempera-
ture gradient in the test sample. The analytical and reference
signals may be measured continuously and the parameter
difference integrated over the measurement period to deter-
mine analyte concentration.
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METHOD FOR DETERMINING ANALYTE
CONCENTRATION USING PERIODIC
TEMPERATURE MODULATION AND PHASE
DETECTION

RELATED APPLICATION

[0001] This application is related to, and incorporates by
reference, the concurrently filed application, Attorney
Docket No. P855, entitled “Solid-state Non-invasive Infra-
red Absorption Spectrometer for the Generation and Capture
of Thermal Gradient Spectra from Living Tissue”.

FIELD OF INVENTION

[0002] This invention relates to methods of determining
the presence and concentration of analytes in a test sample.
More specifically, the present invention relates to methods
for non-invasively determining the analyte concentrations in
human or animal subjects. Most specifically, the present
invention relates to a non-invasive methods for the deter-
mination of blood glucose concentration in a human patient.

BACKGROUND OF THE INVENTION

[0003] The analysis of samples and the determination of
the presence or concentration of chemical species contained
therein is a common and important process in chemistry and
biology. Particularly important is the analysis of biological
fluids, such as blood, urine, or saliva, to determine the
concentration of various constituents. Also of great impor-
tance is the measurement of the concentration of various
chemical constituents embedded within biological materials,
such as tissue. Chemical analysis of blood, urine, and other
biological fluids is crucial to the diagnosis, management,
treatment, and care of a wide variety of diseases and medical
conditions. In the case of diabetes, monitoring of blood
glucose levels several times a day is necessary to the
efficient management of this disease in many patients.
Analysis of various blood components is of importance in
both the diagnosis and treatment of diseases of the circula-
tory system. For example, the level of various types of
cholesterol in the blood has a strong correlation with the
onset of heart disease. Urine analysis provides valuable
information relating to kidney function and kidney disease.
The concentration of alcohol in the blood is known to be
related to a subject’s physical response time and coordina-
tion and can provide information related to, for example, the
individual’s fitness to drive a motor vehicle.

[0004] Additionally, there are many instances where it is
desirable to measure the local concentration of chemical
constituents in tissue, either in-vivo or in-vitro. For example,
in stroke victims it is important to monitor the degree of
brain edema or the concentration of various metabolic
chemical constituents in the brain that serve as indicators of
brain function. Such indicators include fatty acid com-
pounds, water, blood, lactates, and certain proteins and
lipids. Other specific examples may include the monitoring
of tissue oxygenation or tissue blood perfusion as a means
to of gauging the metabolic function of a human or animal
subject.

[0005] Moreover, in many applications, a “real-time”
measurement of chemical concentration in biological fluids
is important. Current invasive methods require that a sample
of fluid be removed from a subject and then analyzed in one
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or more chemical tests. The tests can be expensive and
require skilled technicians to remove and analyze the
samples. Furthermore, the analysis of samples may have an
undesirably long turn-around time. Additionally, the tests are
usually made in centralized clinical laboratories with a
resulting complexity of sample tracking and quality control.
These circumstances create additional problems related to
the potential change in the chemical composition of the fluid
between extraction and analysis and, even more detrimen-
tally, the possibility of a sample being confused with the
samples of other patients.

[0006] Tt is also advantageous to analyze the chemical
nature of sample materials without physically extracting a
sample from the subject. For example, it is advantageous to
examine the chemical makeup of human blood without
taking a blood sample. In addition to time and cost consid-
erations such invasive testing causes skin trauma, pain, and
generates blood waste.

[0007] For all of the foregoing reasons methods of “non-
invasive” testing have long been considered an attractive
alternative to invasive testing. However, prior non-invasive
testing methods have suffered from a number of practical
drawbacks. The present invention is a method of analytical
and quantitative testing for the presence of chemical species
in a test sample. The method is non-invasive and has wide
utility, being easily applicable to the non-invasive measure-
ment of humans, animals, plants, or even packaged materi-
als. Being highly versatile the method is broadly applicable
to both in-vivo and in-vitro samples.

[0008] 1. Brief Description of Related Art

[0009] The concept of non-invasive testing Iis not
unknown in the art. What has been elusive is the ability of
quickly, easily, cheaply and accurately conducting measure-
ments.

[0010] Certain infrared (IR) detection techniques are
known and have been used to detect the presence of chemi-
cal constituents in the blood. Specific examples include the
IR detection of oxygen saturation, nitrous oxide concentra-
tion, carbon dioxide concentration, or measurement of oxi-
dative metabolism, and blood glucose levels. The goal of
these inventions is the determination of human blood chem-
istry. A typical present technology projects light into the
body while measuring the light after it passes through the
body. Comparing the input beam with an exit beam allows
a rough determination of blood chemistry. Unfortunately,
these techniques suffer from a number of inadequacies, most
especially, tissue interference, lack of specificity, and limited
accuracy. A number of prior art patents describing such
techniques are set forth below.

[0011] Kaiser describes, in Swiss Patent No. 612,271, a
technique for using an IR laser as a radiation source to
measure glucose concentrations in a measuring cell. This
technique uses venous blood passed through extra-corporeal
cuvettes at high blood flow rates. This has the undesirable
effect of heating the blood and requiring that the blood be
removed from the patient’s body. Kaiser does not describe
a non-invasive technique for measuring glucose concentra-
tion.

[0012] March, in U.S. Pat. No. 3,958,560, describes a
“noninvasive” automatic glucose sensor system which
projects polarized IR light into the cornea of the eye. A
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sensor detects the rotation of this polarized IR light as it
passes between the eyelid and the cornea. The rotation of
polarized light is correlated to glucose concentration.
Although this technique does not require the withdrawal of
blood, —and is thus, “noninvasive”, the device may cause
considerable discomfort to the patient due to the need to
place it on the patient’s eye. Furthermore, March does not
use an induced temperature gradient or absorbance spec-
troscopy as does the present invention. As a result, the
present invention involves no physical discomfort and is
more accurate.

[0013] Hutchinson, in U.S. Pat. No. 5,009,230, describes
a glucose monitor which uses polarized IR light to non-
invasively detect glucose concentration in a person’s blood
stream. The method requires an external IR source, which is
passed through a portion of the human body. However, the
accuracy of measurement is limited by the wavelengths of
the polarized light beam (940-1000 nm) being used. Unlike
the present invention, Hutchinson relies on detected changes
in the polarization of the incident light beam. Furthermore,
Hutchinson does not use an induced temperature gradient as
does the present invention.

[0014] Similar limitations are found in Dahne, et al., in
U.S. Pat. No. 4,655,225, which describes a similar spectro-
photometric technique. Dahne uses a directional external IR
radiation source to emit a beam. Reflected and transmitted
light from the beam is used to determine the glucose
concentration. Dahne differs from other techniques in using
radiation at wavelengths between 1000-2500 nm. Unlike
Dahne, the present invention is not confined to using wave-
lengths between 1000-2500 nm. Dahne also does not use an
induced temperature gradient as does the present invention.

[0015] Mendelson, et al., in U.S. Pat. No. 5,137,023, uses
a different concept known as pulsatile photoplethysmogra-
phy to detect blood analyte concentration. The instrument of
Mendelson is based on the principles of light transmission
and reflection photoplethysmography, whereby analyte mea-
surements are made by analyzing either the differences or
ratios between two different IR radiation sources that are
transmitted through an appendage or reflected from tissue
surface before or after blood volume change occurs in
response to systolic and diastolic phases of the cardiac cycle.
Once again, the technique requires the use of external IR
sources and is susceptible to interference from body tissue
and other blood compounds.

[0016] Rosenthal, et al., in U.S. Pat. No. 5,028,787, dis-
closes a non-invasive blood glucose monitor which also uses
IR energy in the near IR range (600-1100 nm) to measure
glucose. As with the above-mentioned devices, these wave-
lengths suffer from poor analyte absorption which results in
poor resolution and insufficient specificity.

[0017] Cho, et al, in PCT No. PCT/DE95/00864, dis-
closes a blood glucose monitor which uses heat flux gener-
ated in a patients fingertip to measure metabolic rate. Indi-
rectly, this approximation of metabolic rate is used to
measure approximate glucose concentration.

[0018] Major steps, forward are embodied in the glucose
measuring techniques disclosed in the patents to Braig, et al.,
U.S. Pat. No. 5,313,941 (°941). However, the 941 patent
requires an independent external IR source to determine
blood analyte concentration.
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[0019] Optiscan, Inc of Alameda, Calif. has expanded the
concept of gradient absorbance spectroscopy and demon-
strated the utility of non-invasively measuring differential
absorbance to determine blood glucose concentration in
human subjects in patent application Ser. Nos. 08/816,723
and 08/820,378, both of which are hereby incorporated by
reference.

[0020]

[0021] An understanding of the present invention requires
an understanding of the concepts of transmission spectros-
copy and gradient spectroscopy.

[0022] Basic transmission spectroscopy identifies analytes
(an analyte is defined as a chemical species sought to be
identified by the present invention) by comparing a light
beam passed through a test sample to a reference beam not
passed through the sample. Typically, transmission spectros-
copy requires the test sample be removed from its native
environment to a sample holder for analysis. The absorbance
spectrum of the sample is examined. At specific wavelengths
(known as analyte absorbance peaks) the light from the
beams are compared. By using Beer’s Law and comparing
the sample beam with the reference beam in selected absor-
bance regions the absorbance of a sample may be measured
and a determination of analyte concentration may be made.
This is known as classical transmission cell spectroscopy.
Strictly speaking, this method is unsuitable for non-invasive
measurement. Significant problems being the need for
extracting samples and the inability to accurately determine
the pathlength of the beams used to analyze in-vivo samples.
Progress has been made in overcoming these limitations as
shown in the patents to Braig, et al., in U.S. Pat. Nos. "941,
’847, and 672 and in the patent application Ser. Nos.
08/816,723 and 08/820,378. These patents and patent appli-
cations have laid the groundwork for the novel advances
embodied in the present invention and are hereby incorpo-
rated by reference.

[0023] An understanding of the radiation emission char-
acteristics of matter are also needed. All objects at a tem-
perature greater than 0°K emit electromagnetic radiation in
the form of photons. Ideal blackbody radiators (object
having an emissivity coefficient e =1.0) radiate energy
according to the Stefan-Boltzmann Law and Planck’s Equa-
tion (i.e. radiation output increases with increasing tempera-
ture). Additionally, many non-blackbody objects demon-
strate near-blackbody radiation characteristics. For example,
the human body’s spectral radiation characteristics are very
similar to that of a blackbody radiator and may be described
as a “graybody” distribution (for example, having an e_, of
about 0.9). These radiative characteristics provide known
sources of IR radiation which may be used to non-invasively
analyze the constituents of a test sample.

[0024] Furthermore, an analysis of radiation behavior
shows that, in objects at a constant and uniform temperature,
photons emitted from the interior of the object are reab-
sorbed within 10-20 um of the point of origin. Thus, an
external radiation detector cannot detect radiation emitted
from deeper than 20 um inside an object. Under these
conditions, only an object’s surface emission spectrum is
detectable by a detector. This poses a significant problem for
non-invasive measurement techniques seeking to analyze
chemical characteristics present deeper within an object.

[0025] The field of gradient spectroscopy was developed,
in part, in an attempt to overcome the photon reabsorption

2. Scientific Background of the Invention
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problem. The Optiscan U.S. patent applications Ser. Nos.
08/816,723 and 08/820,378 disclose a thermal gradient,
induced by a single temperature event and a measurement of
differences in signal magnitude to non-invasively measure
human test samples. The Optiscan applications use a tem-
perature gradient induced by a single temperature event to
non-invasively determine the glucose concentration in a
human test subject by analyzing differences in signal mag-
nitude at selected wavelengths.

[0026] In the absence of a temperature gradient, emitted
photons are reabsorbed by a test sample, after they travel
only a short distance. By inducing a temperature gradient in
a test sample, photons travel greater distances before reab-
sorption by the sample. This allows radiation emitted from
deep inside the sample to reach the surface where it can be
detected by a radiation detector. Additionally, the larger the
gradient, the greater the detector signal is, improving the
signal-to-noise ratio. The present invention utilizes this
phenomenon to analyze the chemical composition of the
sample without the need to pass an externally applied light
beam completely through the sample.

[0027] Briefly, in the context of the present invention, a
temperature gradient exists where the temperature of a
material varies according to some arbitrary function, usually
related to depth or time or both. For example, if some
material is at an initial temperature (e.g., 37° C.) and a
surface of the material is cooled to some lower temperature
(e.g., 10° C.) a gradient is induced in the material with the
cooled surface being at approximately 10° C. and the deeper
(and as yet unaffected) regions being at approximately 37°
C. A temperature gradient exists between the two extremes.

[0028] The present invention integrates all of the above-
mentioned concepts to provide a method of analyzing the
constituents of a test sample.

OBIJECTS OF THE INVENTION

[0029] Accordingly, an object of the present invention is to
provide a new and improved method for detecting and
quantifying various chemical analytes present within a test
sample. In particular, an object of the present invention is to
determine the absolute or relative concentration of chemical
species contained in a test sample medium. Another object
of the present invention to provide a non-invasive method of
quantifying various chemical analytes within biological
media.

[0030] A specific object of the invention is to provide a
new and improved method for measuring the concentration
in human, animal, and plant subjects of chemical species,
such as glucose, insulin, water, carbon dioxide, alcohol,
blood oxygen, cholesterol, bilirubin, ketones, fatty acids,
lipoproteins, albumin, urea, creatinine, cytochrome, various
proteins and chromophores, microcalcifications, and hor-
mones, white blood cells, red blood cells, hemoglobin,
oxygenated hemoglobin, carboxyhemoglobin, organic mol-
ecules, inorganic molecules, and inorganic molecules, such
as phosphorus or various drugs and pharmaceuticals in
blood, urine, saliva, or other body fluids. A further object of
the invention is to make such measurements non-invasively,
quickly, easily, and with extreme accuracy.

BRIEF SUMMARY OF THE INVENTION

[0031] The present invention describes a method for quan-
titatively determining the chemical composition of a test
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sample. Test samples may be chosen from a broad range of
in-vivo or in-vitro samples. The present method uses a
radiation detector, a data processing means, and a means for
inducing a periodic thermal gradient in the test sample. The
method generally comprises the steps of providing a test
sample, inducing a thermal gradient in the sample, using the
detector for measuring analytical signals from the sample at
one or more predetermined wavelengths. Simultaneously,
one or more reference signals are measured at reference
wavelengths. The analytical and reference signals are com-
pared to determine a parameter. The parameter may be phase
difference, signal amplitude difference, or frequency differ-
ence. The parameter information is correlated with empiri-
cally determined analyte concentration information by the
data processing means, thereby determining the analyte
concentration of the sample. This information is transmitted
as an electrical signal for further processing.

[0032] A particularly useful parameter is a measurement
of the phase difference (or phase delay) between said ana-
lytical and one or more of said reference signals. The
magnitude of the phase difference is correlated with data
stored in a data processing means to determine analyte
concentration.

[0033] The accuracy of the method is substantially
enhanced by inducing a periodically modulated temperature
gradient in the sample, measuring the reference and analyti-
cal signals, continuously monitoring the parameters between
the reference and analytical signals, and then integrating the
parameter information over a test period. Correlation of this
information with empirically determined analyte concentra-
tion information allows the analyte concentration of the
sample to be determined and transmitted as an electrical
signal for further processing.

[0034] Alternatively, when using a periodically modulated
temperature gradient and phase difference information, the
phase may be monitored at reference and analytical phase
signal “zero crossings” to determine phase delay and thereby
determine analyte concentration.

[0035] Additionally, the present method may be used to
monitor analyte concentration at varying depths inside a test
sample. This is accomplished by introducing two or more
periodic temperature gradients in a sample at two or more
driving frequencies. The resulting signals are processed to
extract phase information and determine analyte concentra-
tion at varying depths within a sample. This has particular
usefulness in analyzing analyte concentrations in test
samples having non-uniform properties.

[0036] Finally, the method of the present invention may be
used to non-invasively determine the blood glucose concen-
tration of human and animal test subjects.

[0037] Other features of the invention are disclosed or
made apparent in the section entitled “Detailed Description
of the Invention”.

BRIEF DESCRIPTION OF DRAWINGS

[0038] For a fuller understanding of the present invention,
reference is made to the accompanying drawings, which
detail various aspects of the invention.

[0039] FIG. 1 is a graphical representation of the tem-
perature effect on a blackbody radiator in units of emitted
energy at a given wavelength.
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[0040] FIG. 2 is a graphical comparison of a true black-
body radiation spectrum with the emission spectrum of a
human body, given in units of emitted energy at a given
wavelength.

[0041] FIG. 3 is a graphical representation of detector
signal response to an induced temperature gradient with the
y-axis representing detector signal intensity and the x-axis
representing time.

[0042] FIGS. 4(I)(a) through 4(IV)(b) are schematic dia-
grams showing the effect of a thermal gradient on radiation
emitted from the skin’s surface. The (a) series of Figures
depict gradient effects in a physical test sample material. The
(D) series of Figures are graphical depictions of the gradient
effects as functions of detector signal and time.

[0043] FIGS. 5 and 6 are the photon emission effects on
cross-section views of a test sample in the presence and
absence of a temperature gradient.

[0044] FIG. 7 is a block diagram showing a satisfactory
apparatus for implementing the method of the present inven-
tion.

[0045] FIG. 8 is a flowchart showing an embodiment of
the present invention.

[0046] FIGS. 9,10, and 11 show the absorbance spectra of
water, ethanol, and glucose, respectively.

[0047] FIG. 12 is a graphical representation of the skin’s
response to a single induced temperature gradient with the
y-axis representing detector signal intensity and the x-axis
representing time.

[0048] FIG. 13 is a flowchart showing a second embodi-
ment of the present invention.

[0049] FIG. 14 is a graphical representation of skin
response to a periodically modulated temperature gradient
with the y-axis representing detector signal intensity and the
X-axis representing time.

[0050] FIG. 15 is a graphical representation of skin
response to a periodically modulated temperature gradient
with the y-axis representing unnormalized detector signal
intensity and the x-axis representing time.

[0051] FIG. 16 is a schematic illustration of the human
skin.
[0052] FIG. 17 is a graphical representation of skin

response to a periodically modulated temperature gradient
with the y-axis representing the depth to which the gradient
penetrates and the x-axis representing the time that the-skin
has been exposed to a 10° C. cooling source.

[0053] FIG. 18 is a graphical representation of skin
response to a periodically modulated temperature gradient
with the y-axis representing the depth to which the gradient
penetrates and the x-axis representing the frequency of a
gradient cooling/heating cycle.

[0054] FIG. 19 is a graphical representation of skin
response to a two sequential periodically modulated tem-
perature gradients with the y-axis representing relative
detector signal intensity and the x-axis representing the time
or phase angle.

[0055] FIG.20is a flowchart showing a third embodiment
of the present invention.
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[0056] FIG. 21 is a graphical representation of skin
response to a two superimposed periodically modulated
temperature gradients with the y-axis representing relative
detector signal intensity and the x-axis representing the time
or phase angle.

[0057] Reference numbers refer to the same or equivalent
parts of the invention throughout the several figures of the
drawings.

DETAILED DESCRIPTION OF THE
INVENTION

[0058] The present invention goes beyond the existing art
by advantageously exploiting phase effects caused by
induced temperature gradients to determine analyte concen-
tration. The following example illustrates the general prin-
ciples of the present invention.

[0059] A test sample containing analytes is provided. The
term. “test sample” shall be interpreted broadly to include
any type of analytical sample. In its most basic form the
sample comprises a sample medium and the chemical ana-
lytes contained therein. The term medium is broad in its
application. The medium may be comprised of solids or
fluids or any combination thereof. The medium may com-
prise biological material.

[0060] The present method may be applied to any type of
material ordinarily analyzed using transmission cell spec-
troscopy. Biological materials such as human, animal, or
plant material may be analyzed. These biological samples
may be analyzed, either in-vivo or in-vitro. The method is
versatile and may be applied to a wide range of samples,
including but not limited to, in-vivo blood samples or
in-vivo analysis of fruit contents, for example, testing grapes
remaining on the vine for sugar content. Although most
advantageously used as a method for non-invasively mea-
suring analyte concentrations in living subjects, the method
finds utility as a method for analyzing invasively removed
samples such as blood or saliva removed from a subject and
placed in a glass cuvette for analysis. The device may even
be used to determine analyte concentrations in packaged
meats without opening a plastic wrapper.

[0061] The method of the present invention requires an
induced temperature gradient and monitoring of radiation
emitted from test samples. A satisfactory means for meeting
this requirement is described in the concurrently filed appli-
cation having the LaRiviere, Grubman, & Payne Docket No.
P855, entitled “Solid-state Non-invasive Infrared Absorp-
tion Spectrometer for the Generation and Capture of Ther-
mal Gradient Spectra from Living Tissue”.

[0062] FIG. 1 shows the radiation distribution of a black-
body radiator (e,,=1) in comparison to a “graybody” radiator
(e.g. human skin; e, of approximately 0.9). FIG. 2 shows
the effect of temperature on spectral radiation emitted from
the same body at increasing temperatures T, T,, and T..

[0063] FIG. 3 graphically depicts a radiation detector
output 31 of a typical sample monitored over time. Prior to
inducing a temperature event, no gradient exists in the
sample. Using a uniformly warm test sample at an initial
temperature T;, a detector signal 31 of constant intensity I,
is measured. Without a temperature gradient, the signal 31
remains at a constant intensity [,
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[0064] By subjecting a sample to a temperature event, a
temperature gradient is produced. To induce a gradient, the
temperature event must be either cooler or warmer than the
temperature T; of the sample. Either one works equally well.
FIG. 3 illustrates the principle as applied to a cooling event.
A cooling temperature T, is induced in the sample at a time
te. Subsequently, the temperature of the sample begins to
drop, resulting in a lower detector signal 31. At some later
time tg, the temperature reaches a new (and lower) equilib-
rium temperature, resulting in a lower detector signal 31
having intensity I.. The opposite would be true if the sample
was heated, resulting in a higher final equilibrium tempera-
ture and higher output signal intensity.

[0065] Another aspect of the surface cooling event is that,
although the surface itself cools almost immediately due to
its close physical proximity to the cooling event, the under-
lying regions, being further from the cooling source, cool
somewhat more slowly. This phenomenon is schematically
depicted in FIGS. 4(I)(a) through 4(IV)(d). FIG. 4(I)(a)
depicts a typical sample material 40 prior to inducing a
temperature event. The sample 40 depicted is at an arbi-
trarily warm uniform temperature T; (e.g., 30° C.). This
means that the surface S of the sample 40 is at or about 30°
C. and the interior d of the sample 40 is still at T;(about 30°
C.) and no gradient is present. As shown in FIG. 4(I)(b), if
no temperature event is induced in the sample 40, the
temperature of the sample remains constant, no gradient
exists, and a constant detector signal 31 is observed at an
initial signal intensity I,.

[0066] Referring to FIGS. 4(I1)(a) and 4(I)(b), if at some
later time t the surface is subject to a cooling event (for
example using a cooling event temperature T of 10° C.),
this situation begins to change. At first only the surface cools
(shown as 10° C)), the rest of the sample remaining at an
initial temperature T; (e.g. 30° C.). Just underneath the
surface S, the sample begins to cool slightly from the initial
temperature (30° C.). This results in a small temperature
gradient G. This decline in temperature is accompanied by
a decline in detector output signal 31 as shown in FIG.
4(1D(D).

[0067] FIGS. 4(I1T)(a) and 4(IIT)(b) show the effects of the
cooling event after some time ty. Under the continued
influence of the cooling event, the deeper regions of the
sample continue to cool, enlarging the depth and magnitude
of the gradient G. As the temperature of the sample 40 cools
and the gradient increases, the detector signal 31 falls off,
reflecting the effects of the declining temperature. As is
obvious from the example above, the gradient effect is time
dependent. Meaning, the longer the surface S is subjected to
the cooling event, the colder the deeper regions of the
sample will become. The lower limit on temperature being
dictated by the temperature T, of the temperature event.
Over time, the gradient G expands into the deeper regions of
the sample 40. This creates a time-dependent temperature
gradient in the sample.

[0068] Finally, as shown in FIGS. 4(IV)(a) and 4(IV)(b),
the sample 40 reaches a new cooler steady state temperature
(e.g. 10° C) and the gradient G disappears. Consequently,
the detected signal 31 from the sample 40 equilibrates at a
new, lower, level .

[0069] The time-varying nature of the temperature gradi-
ent may be exploited in a novel way to determine the
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concentration of various analytes contained in a test sample.
By combining the effects of an induced temperature gradient
with the principles of transmission cell spectroscopy, the
present invention embodies an extremely accurate and non-
invasive method of determining analyte concentration,
which goes far beyond existing technologies.

[0070] FIGS. 5 and 6 illustrate the transmission/absor-
bance aspect of the present invention. FIG. 5 is a cross-
section view of a typical sample material 40 at an arbitrarily
warm uniform temperature (e.g., about 37° C.). For illus-
trative purposes, the sample 40 of FIG. 5 is shown having
a surface S and layers 40a, 40b, 40c, and 40d each repre-
senting successively deeper portions of the sample. Each
layer being approximately 10 gm further inside the sample
40. Layer 404 being 30 um beneath the sample surface S.
Without a gradient, photons P, emitted within the sample are
reabsorbed by the sample within a very short distance
(approximately 10-20 gm). Only photons Pg emitted at or
near the surface S exit the sample to be detected by an
external detector 60. The radiation emission spectra of these
photons Py is determined by the temperature and emissivity
¢, of the sample 40.

[0071] FIG. 6 shows the effects of inducing a gradient in
the sample 40 of FIG. 5. The surface S has been cooled (e.g.
to about 10° C.) while a deeper layer 40d remains warm (e.g.
37° C.) with the intervening layers 40a, 40b, 40c, exhibiting
gradually cooler temperatures as the 10° C. surface S is
approached. As previously explained, in the presence of a
gradient, photons emitted from within the sample 40 travel
much further before reabsorption by the sample 40. For
example, an internal photon Py is emitted from the sample 40
from layer 404 and travels through layers 40a, 40D, 40c, and
S. Since the photon P; is not reabsorbed by the sample 40,
it can be detected by a radiation detector 60. Additionally,
the internally emitted photons P; have a known characteristic
radiation emission spectra based on the radiation emission
characteristics of the sample material and temperature of the
sample at the point at which the photon P; was emitted.
Photons P; are detected and measured in concert with the
photons Py emitted at or near the surface S, providing an
overall radiation picture of the sample 40.

[0072] Referring to FIG. 6, the internally emitted photons
P, pass through intervening sample material 40a, 40b, 40c,
and S. The intervening material 40a, 40b, 40c, and S absorbs
some of the radiation reducing radiation output by the time
it reaches the detector 60. The analytes in the intervening
regions 40a, 40b, 40c, and S absorb radiation at specific
characteristic wavelengths. This reduces the radiation output
at those wavelengths in a concentration-dependent manner.
By comparing a detector signal at selected absorbance peak
wavelengths with a reference signal at selected reference
wavelengths, the analyte concentration may be determined.

[0073] Using this basic concept the present invention
overcomes many of the practical impediments encountered
in the prior art, including difficulties in resolving low analyte
concentrations and tissue interference problems. The
method of the present invention overcomes many of these
difficulties by introducing a large temperature gradient in the
sample to increase the detectable signal. Furthermore, by
inducing a periodic temperature gradient in a sample sub-
stantial increases in accuracy and a much larger signal-to-
noise ratio may be attained. The only limitations on gradient
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magnitude being the initial sample temperature and the
necessity to avoid damaging the sample by making it too hot
or too cold. These limitations become especially important
when living tissue samples are used. Too high a temperature
and the tissue burns, too cool and the tissue freezes. As a
result preferable temperatures range from about 0° C. to
about 40° C. for living test samples.

DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

[0074] In its most basic embodiment the present invention
provides a method for determining the concentration of
chemical analytes in a test sample. The method is typically
used in conjunction with a testing apparatus constructed for
measuring analyte concentration. As shown in the block
diagram of FIG. 7, such an apparatus 70 comprises a
thermal gradient inducing means 62, a radiation detector 60,
and a data processing means 64 for controlling the gradient
and determining analyte concentration based on detector
information and predetermined database. One satisfactory
apparatus for implementing the method of the present inven-
tion is described in Attorney Docket No. P855, entitled
“Solid-state Non-invasive Infrared Absorption Spectrometer
for the Generation and Capture of Thermal Gradient Spectra
from Living Tissue”.

[0075] In the analysis of test samples the tester typically
knows what analytes he is seeking. The analyte sought is
identified, and its IR absorbance spectrum analyzed. Analyte
absorbance peaks are identified. Once one or more absor-
bance peak wavelengths are identified, one or more refer-
ence wavelengths are chosen. A temperature gradient is
induced in the test sample. Subsequently, the sample radia-
tion emissions are monitored with an IR detector. Detector
signals are monitored. Signals are monitored at predefined
wavelength intervals defined by absorbance characteristics
of the analyte sought. These signals are referred to as
analytical emission signals or just analytical signals. Typi-
cally, the analytical signals are measured at analyte absor-
bance peak wavelengths. IR detector signals are also moni-
tored at so-called reference wavelengths. These are referred
to as reference emission signals or just reference signals. It
is advantageous to measure reference signals at wavelengths
do not overlap the analyte absorbance peaks and it is
advantageous if reference signals and analytical signals are
not measured at wavelengths that overlap absorbance peaks
of other possible constituents of the sample.

[0076] The reference wavelengths are typically dictated
by the absorbance spectrum of the main constituent of the
sample. Commonly, the main constituent is the medium in
which the analytes are suspended. Frequently, especially in
biological samples, the main constituent is water. Therefore,
any analyte measurement must take into consideration the
large amounts of water present. Reference measurements
may be taken in regions where sample media absorbance is
low (ie., transmission near 100%). However, there are
advantages to using reference measurements taken in
regions where the sample media absorbance is high (i.e.,
transmission near 0%). Alternatively, reference measure-
ments may be taken in regions bracketing the analyte
absorbance peaks in question. Ideally, analyte absorbance
peaks are chosen in regions where the absorbance effects of
the major constituents are small. It is the way in which the
information gathered at these absorbance and reference
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wavelengths is processed which allows the present invention
to determine analyte concentration.

[0077] The present invention combines detector output
measurements taken at the appropriate wavelengths with
analysis of the radiation emission spectra of the subject
material at known temperatures to facilitate the accurate
determination of analyte concentration.

[0078] As previously discussed, most analytical samples
exhibit blackbody or near blackbody radiative characteris-
tics. This allows an accurate prediction of the expected
radiation emission spectra based on temperature. Deviations
from this expected spectra at selected wavelengths provide
information used to determine analyte concentration.

[0079] A. Embodiment of the Present Invention Using a
Non-Periodic Gradient

[0080] An application of the present invention is illus-
trated in the following non-invasive determination of blood
ethanol concentration in a human test subject.

[0081] The major constituent of human blood is water.
Blood is essentially a suspension of biological compounds in
a water media. For the purpose of this illustration, the
analyte of interest is ethanol. FIGS. 9 and 10 depict the IR
spectra of water and glucose, respectively. Referring to FIG.
9, water absorbance peaks are present at 2.9 um and 6.1 ym.
A transmittance peak exists in the range of about 3.6 um to
4.2 um. Additionally an area of relatively uniform absor-
bance exists between about 6.8 um and about 11.0 um.
Referring to FIG. 10, ethanol absorbance peaks are shown
between about 9.3 um and 10.1 um.

[0082] For the sake of illustration, we assume that the
sample (blood and ethanol) has an emission spectrum simi-
lar to a blackbody radiator (FIG. 2). The blackbody radiative
characteristics provide a source of known IR radiation which
may be used to analyze the constituents of the sample.

[0083] Referring to FIGS. 7 and 8 an apparatus of FIG.
7 is employed according to the flowchart of FIG. §. In Step
100 a test sample 40 is provided at some arbitrarily warm
constant uniform initial temperature (e.g., approximately
37° C.), no gradient exists. In Step 102, a temperature
gradient is induced in the sample 40 (for example, by
subjecting the surface of the sample to a cooling event using
means 62). Radiation passing through the gradient passes
through the ethanol suspended in the sample and reaches the
surface where it is detected by an IR detector 60. In Step 104
radiation is measured at selected wavelengths (specifically,
at reference wavelengths and analyte absorbance peaks)
producing analytical signals and reference signals. In Step
106 analytical signals and reference signals are compared
and analyzed to determine phase differences caused by
changes in the absorbance spectra in the affected regions.
The present invention determines the analyte concentration
in the sample by comparing the absorbance effects of the
analyte with known absorbance information. This compari-
son and analysis is typically done using a data processing
means 64. In Step 108, this concentration information is then
transmitted, as an electrical signal, for further processing.

[0084] Referring to FIGS. 8 and 12, in Step 104, a first
reference signal 12A may be measured at a first reference
wavelength. In the case of ethanol in a water media, a first
reference signal is measured at a wavelength where water
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strongly absorbs (e.g., 2.9 um or 6.1 um as shown in FIG.
9). Because water strongly absorbs radiation at these wave-
lengths, the detector signal intensity is reduced at those
wavelengths. Moreover, at these wavelengths water absorbs
the photon emissions emanating from deep inside the
sample. The net effect being that a signal emitted from deep
inside the sample is not detected. The first reference signal
12Ais a good indicator of gradient effects near the sample
surface and is known as a surface reference signal. This
signal may be calibrated and normalized to a value of 1. For
greater accuracy, the detector signal at more than one first
reference wavelength may be measured. For example, both
2.9 um and 6.1 um may be chosen as first reference
wavelengths.

[0085] Still referring to FIG. 12, a second reference signal
12C may also be measured. The second signal 12C may be
measured at a wavelength where water has very low absor-
bance (e.g., 3.8 um or 5.5 um as shown in FIG. 7). Unlike
the first reference signal 12A, the second reference signal
12C is measured at a wavelength largely transparent to
radiation. This signal may also be calibrated and normalized
to a value of 1. This second reference signal 12C provides
the analyst with information concerning the deeper regions
of the sample, whereas the first signal 12A provides infor-
mation concerning the sample surface. As with the first
(surface) reference signal 12A, greater accuracy may be
obtained by using more than one second (deep) reference
signal 12C.

[0086] In order to determine analyte concentration, a third
signal 12B is also measured. This signal is measured at an
IR absorbance peak of the selected analyte. Ethanol peak
wavelengths are in the range of about 9.3-10.1 um (as shown
in FIG. 9). This detector signal may also be calibrated and
normalized to 1. As with the reference signals 12A, 12C, the
analytical signal 12B may be measured using more than one
absorbance peak.

[0087] Optionally, or additionally, reference signals may
be measured at wavelengths that bracket the analyte absor-
bance peak. Using the ethanol example, bracketing wave-
lengths may be chosen at 7.0-8.0 ym and 10.3-11.5 um.
These signals may also be calibrated and normalized to a
value of 1. These signals may be advantageously monitored
at reference wavelengths which do not overlap the analyte
absorbance peaks. Further, it is advantageous to measure
reference wavelengths and absorbance peaks which do not
overlap the absorbance peaks of other possible constituents
contained in the tissue. Corrections for known extraneous
biological matter contained in a sample may be made if
desired.

[0088] In Step 106, the analytical 12B and reference
signals 12A, 12C are compared. Referring to FIG. 12, the
signal intensities 12A, 12B, 12C all begin at an initial signal
intensity (all shown here at a normalized value of 1). This
reflects the baseline radiation behavior of a test sample in the
absence of a gradient. In Step 102, at some time, i, the
surface of the sample is subjected to a temperature event
which induces a temperature gradient in the sample surface.
This gradient can be induced by heating or cooling the
sample surface. The example shown in FIG. 12 uses cool-
ing, for example, using a 10° C. cooling event. Similar to
FIG. 3, the detector signal decreases over time. However,
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due to the effects of the temperature gradient and variances
in absorbance, each signal 12A, 12B, 12C decreases in
intensity.

[0089] Since the cooling of the sample is neither uniform
nor instantaneous, the surface cools before the deeper
regions of the sample cool. As each of the signals 12A, 12B,
12C are monitored as they drop in intensity, a pattern
emerges. Signal intensity declines as expected, but if the
signals are monitored as they reach a set amplitude value (or
series of amplitude values: 1210, 1211, 1212, 1213, 1214),
certain temporal effects are noted. After the cooling event is
induced at tn, the first (surface) reference signal 12A
declines in amplitude most rapidly, reaching a checkpoint
1210 first, at time t;,,. This is due to the fact that the first
reference signal 12A mirrors the sample’s radiative charac-
teristics near the surface of the sample. Since the sample
surface cools before the underlying regions, the surface
(first) reference signal 12A drops in signal intensity first.

[0090] Simultaneously, the second reference signal 12C is
monitored. Since the second reference signal 12C mirrors
the radiation characteristics of deeper regions inside the
sample, which do not cool as rapidly as the surface (due to
the time needed for the surface cooling to propagate into the
deeper regions of the sample), the intensity of signal 12C
does not decline until slightly later. Consequently, signal
12C does not reach magnitude 1210 until some later time
t;5c. This results in a time delay between the time t;, , that
the amplitude of the first reference signal 12A reaches the
checkpoint 1210 and the time t,, that the second reference
signal 12C reaches the same checkpoint 1210. This time
delay can be expressed as a phase difference @(}.). Addi-
tionally, a phase difference may be measured between the
analytical signal 12B and either or both reference signal
12A, 12C. These phase differences @(}) are compared in
Step 106 of FIG. 8. As the concentration of analyte
increases, the amount of absorbance at the analytical wave-
length increases. This reduces the intensity of the analytical
signal 12B in a concentration dependent way. Consequently,
the analytical signal 12B reaches intensity 1210 at some
intermediate time t;,5. The higher the concentration of
analyte, the more the analytical signal 12B shifts to the left.
As a result, with increasing analyte concentration, the phase
difference @()) relative to the first reference signal 12A
decreases and relative to the second reference signal 12C
(the deep tissue signal) the phase difference B(2.) increases.
These phase differences @(}.) are directly related to analyte
concentration and can be used to make accurate determina-
tions of analyte concentration.

[0091] Phase difference @().) between the surface refer-
ence signal 12A and the analytical signal 12B is represented
by the equation:

Q()‘)=|112A‘112c|
[0092] The magnitude of this phase difference decreases
with increasing analyte concentration.

[0093] Whereas, the difference @()) between the deep
12C and analytical 12B signals is represented by the equa-
tion:

Q()‘)=|t123‘t12c|

[0094] The magnitude of this phase difference increases
with increasing analyte concentration.
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[0095] Accuracy may be enhanced by choosing several
checkpoints, for example, 1210,1211, 1212,1213, and 1214
and averaging the phase difference @(h). The accuracy of
this method may be further enhanced by integrating the
phase difference @(h) continuously over the entire test
period. Because only a single temperature event has been
induced and because measurements must be taken only in
the presence of a temperature gradient all measurements
must be taken before a new lower equilibrium temperature
is reached and the signals stabilize at a new constant level I
and the gradient vanishes. Further accuracy may be obtained
by measuring detector signals at reference wavelengths
chosen near analyte absorbance peaks. The point should be
made that the method works equally well with temperature
gradients induced by heating.

[0096] Furthermore, the method of the present invention is
not limited to the determination of phase difference @()). At
any given time (for example, at time t.) the amplitude of the
analytical signal 12B may be compared to the amplitude of
either or both of the reference signals 12A, 12C. The
difference in signal magnitude may be correlated and pro-
cessed to determine analyte concentration. Also, the ana-
Iytical signal 12B and the reference signals 12A, 12C may
be processed for concentration dependent frequency infor-
mation. The differences in each of these parameters (phase,
magnitude, and frequency) may be processed using the data
processing means of the present invention (not shown) to
determine analyte concentration.

[0097] The invention is versatile, this method is not lim-
ited to the detection or quantification of in-vitro ethanol
concentration. As stated previously, the method may be used
on human, animal, or even plant subjects. The method may
be used to take non-invasive measurements of in-vivo
samples of virtually any kind. In addition to blood samples,
the method is adaptable and may be used to determine
chemical concentrations in other body fluids (e.g., urine or
saliva) once they have been extracted from a patient. In fact,
the method may be used for the measurement of in-vitro
samples of virtually any kind. The method is useful for
measuring the concentration of a wide range of additional
chemical analytes, including but not limited to, glucose,
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 mol-
ecules, inorganic molecules, pharmaceuticals, cytochrome,
various proteins and chromophores, microcalcifications,
hormones, as well as other chemical compounds. All that is
required is the careful selection of analytical and reference
wavelengths.

[0098] B. Embodiment of the Present Invention Using
Periodically Modulated Temperature Gradients.

[0099] The principles of the present invention may be
applied to a more elegant method of determining analyte
concentration. By using a periodically modulated tempera-
ture gradient, a more accurate determination of analyte
concentration may be made.

[0100] FIG. 13 is a flowchart of an embodiment of the
present invention using a periodically modulated tempera-
ture gradient to determine the analyte concentration of a
sample. In Step 200, a periodic gradient is induced in a
sample. In Steps 202 and 204, the radiation output of the
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sample is measured using at least one analytical signal and
at least on reference signal. In Step 206 the analytical and
reference signals are compared and processed. Subse-
quently, in Step 208, the processed information is used to
determine parameter differences between said analytical and
reference signals. In Step 210, the parameter signal is used
in conjunction with predetermined parameter information to
deduce the analyte concentration of the sample.

[0101] The following example illustrates a determination
of blood glucose concentration in a test sample. The param-
eter chosen in this example is phase difference (but may also
be frequency or amplitude). FIGS. 9 and 11 depict the IR
spectra of water and glucose, respectively. Referring to FIG.
9, water absorbance peaks are present at 2.9 um and 6.1 um.
A transmittance peak exists in the range of about 3.6 um to
4.2 pum. Additionally, an area of relatively uniform absor-
bance exists between about 6.8 ym and about 11.0 um.
Referring to FIG. 11, a number of glucose absorbance peaks
exist between about 6.5 ym and 11.0 ym.

[0102] As previously shown, in FIG. 12, once a gradient
is induced, the reference and analytical signals 12A, 12B,
12C are out of phase with respect to each other. This phase
difference @(3.) is present whether the gradient is induced
through heating or cooling. This feature of the invention has
tremendous advantages. The present invention advanta-
geously exploits the fact that phase difference @(.) exists in
the presence of both positive and negative gradients. By
alternatively subjecting the test sample to cyclic pattern of
heating then cooling, a continuous gradient may be induced
in a sample for an extended period of time.

[0103] The principle of a continuous gradient is illustrated
using a simple sinusoidally modulated temperature gradient.
FIG. 14 graphically depicts detector signals emanating from
a test sample. As with the previously disclosed embodiment
shown in FIG. 12, one or more reference signals 14A, 14C
are measured. One or more analytical signals 14B are also
monitored. These signals may optionally be normalized to a
value of 1. FIG. 14 shows the signals after normalization. At
some time t., a temperature event (e.g., cooling) is induced
at the sample surface. This causes a decline in detector
signal. As shown in FIG. 12, the signals (124, 12B, 12C)
decline until the gradient disappears and a new equilibrium
detector signal Ij; is reached. In the present embodiment
(FIG. 14), as the gradient begins to disappear at signal
intensity 1401 a heating event, at time ty, is induced in the
sample surface. As a result the detector output signals 14A,
14B, 14C will rise as the sample temperature rises. At some
later time t.,, another cooling event is induced, causing the
temperature and detector signals to decline. This cycle of
cooling and heating may be repeated over an arbitrarily long
time interval. Moreover, if the cooling and rewarning events
are timed properly, a periodically modulated temperature
gradient may be induced in the test sample. Such a periodic
gradient is the objective of Step 200 of FIG. 13.

[0104] As previously explained in the discussions relating
to FIG. 12, a phase difference @().) may be measured and
used to determine analyte concentration. In the present
embodiment, periodic reference (14A, 14C) and analytical
14B signals are measured in Steps 202 and 204. The
reference (14A, 14C) and analytical 14B wavelengths are
chosen for analysis based on the same considerations used to
determine the reference and analytical wavelengths shown
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in FIG. 12 (ie., absorbance peaks, transmission peaks,
non-interference with the media). FIG. 14 shows these
signals after an optional normalization step has occurred.

[0105] FIG. 14 shows that a first (surface) reference signal
14A declines and rises in intensity first. A second (deep
tissue) reference signal 14C declines and rises in a time-
delayed manner relative to the first reference signal 14A.
The analytical signal 14B exhibits a time delay dependent on
the analyte concentration. With increasing concentration, the
analytical signal 14B shifts to the left. As with FIG. 12 a
phase difference @()) may be measured.

[0106] In Steps 206 and 208, reference signals 14A, 14C
are compared with analytical signals 14B to determine a
phase difference @(3.). For example, a phase difference @(2.)
between the second reference signal 14C and an analytical
signal 14B, measured at some set amplitude 1402 is shown.
The phase difference @(A) can be used to determine the
phase difference between any reference signal 14A, 14C and
any analytical signal 14B to generate a phase signal as in
Step 208. The magnitude of the phase signal reflects the
analyte concentration of the sample. In Step 210 the phase
difference @(3.) information is correlated by the data pro-
cessing means 64 with previously determined phase infor-
mation (typically stored in the data processing means 64 of
FIG. 7) to determine the analyte concentration in the
sample.

[0107] A further advantage of the present method is that
the phase difference @(}) is constant and continuous mea-
surements of phase may be integrated over the entire test
period for an extremely accurate measure of phase differ-
ence @()). By inducing and maintaining a temperature
gradient and integrating continuous measurements of phase
difference () throughout an entire test period, the signal-
to-noise ratio may be substantially increased resulting in
very accurate determinations of phase. Further, the accuracy
of the method may be improved by using more than one
reference signal and/or more than one analytical signal.

[0108] Additionally, the present method may be advanta-
geously employed to simultancously measure the concen-
tration of one or more analytes. By choosing reference and
analyte wavelengths that do not overlap, phase differences
can be simultaneously measured and processed to determine
analyte concentrations.

[0109] Although FIG. 14 illustrates the method used in
conjunction with a sinusoidally modulated temperature gra-
dient, the principle applies to temperature gradients con-
forming to any periodic function. In such more complex
cases, analysis using signal processing with Fourier trans-
forms or other techniques allows accurate determinations of
phase difference @().) and analyte concentration. Such pro-
cessing may be accomplished using the data processing
means 64 of FIG. 7.

[0110] C. Embodiment of the Present Invention Using
Periodic Monitoring of Phase Signal.

[0111] Referring to FIG. 15, further advantages of the
present invention include the ability to accurately determine
analyte concentration using non-continuous measurements
of phase. For example, the magnitude of the phase differ-
ences @()) may be determined by measuring the time
intervals between the amplitude peaks (or troughs) of the
reference signals 15A, 15C and the analytical signals 15B.
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Alternatively, the time intervals between the “zero cross-
ings” (the point at which the signal amplitude changes from
positive to negative, or negative to positive) may be used to
determine the phase difference (L) between analytical
signals 15B and the reference signals 15A, 15C. This
information is subsequently processed and a determination
of analyte concentration may then be made. The method has
the advantage of not requiring normalized signals.

[0112] D. Embodiment of the Present Invention Using
Periodic Gradients Induced at More Than One Driving-
Frequency.

[0113] Additionally, this application of the principles of
the invention allows non-invasive quantification of analyte
concentration in test samples comprised of heterogeneous
material, such as complex biological tissues. A typical
example being human skin.

[0114] The skin’s structure differs from the completely
uniform homogeneous examples previously described. As
shown in FIG. 16, skin is a layered structure. A thin layer of
stratum corneum approximately 10 gm thick 1610 covers the
surface of the skin, and contains no fluid. Underlying the
stratum corneum is a layer of epidermis 1611 approximately
100 um thick. The epidermis 1611 contains fluids (e.g.,
interstitial and intracellular fluids) which are important
because the fluids suspend analyte materials of interest (such
as glucose). Beneath the epidermis 1611 lies a thick layer of
derma 1612, which also contains fluid and suspended blood
analytes (for example, glucose). It is the methods for ana-
lyzing these suspended analytes that form the present
embodiment of the invention.

[0115] The human body’s spectral radiation characteristics
are very similar to that of the previously discussed black-
body radiator (FIG. 2). The near blackbody radiative char-
acteristics of the human body provide a source of known IR
radiation, which may be used to analyze the constituents of
human blood contained within the skin.

[0116] Ordinarily, the body’s internal temperature T; is
constant at approximately 37° C. At ordinary room tempera-
ture (e.g., 21° C.), a naturally occurring temperature gradient
exists in the skin. A21° C. room temperature is less than the
body’s 37° C. internal temperature T;. This causes a reduc-
tion of the skin’s surface temperature Tq to approximately
33° C. As a consequence, a small 4° C. temperature gradient
exists between the body’s 37° C. internal regions and the
skin’s 33° C. surface. Unfortunately, this naturally occurring
gradient is not sufficient and a larger gradient is needed. The
larger gradient equates greater detector signal and a better
picture of thermal behavior deeper inside the skin. The
present invention utilizes this phenomenon to analyze the
body’s chemical composition.

[0117] The present invention integrates all the previous
concepts in a method of determining analyte concentration
in heterogeneous (non-uniform) test samples. Specifically,
the method of the present invention may be used to non-
invasively determine the blood glucose concentration in
human subjects. It allows the measurement of specific
regions inside a test sample. This has significant advantages
when used to analyze samples having non-uniform analyte
distribution characteristics. This method finds particular
utility in the non-invasive analysis of biological tissues.

[0118] It will be recalled from the discussions concerning
FIGS. 4(I)(a) through 4(IV)(b) that the temperature gradient
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penetrates into a test sample on a time-dependent basis (i.c.,
the longer the surface temperature event was present, the
deeper the gradient penetrated into the sample). It is also
recalled that photons emitted from areas beneath the gradi-
ent are reabsorbed within 10-20 um of their point of origin,
meaning that photons emanating from beneath the gradient
do not reach the surface and are not detected. This allows the
present invention to examine “slices” of a test sample at
various depths.

[0119] FIGS. 17 and 18 illustrate this principle. FIG. 17
plots length of a temperature event versus depth of gradient.
FIG. 18 plots frequency of a periodic cooling/heating cycle
versus depth of gradient. Referring to FIG. 3, initially a test
sample is at some arbitrarily warm constant temperature
(e.g.,37° C.) when at some later time t, a cold event (e.g.,
10° C.) is induced in the test sample. As expected, the
detector signal 31 drops off as the sample cools. The
limitations of the cooling/heating cycle are dictated largely
by the limitations of the test sample. In the case of living
human tissue, a cooling temperature of less than about 0° C.
begins to freeze the tissue and a heating temperature of
greater than about 40° C. begins to cause discomfort to the
patient. This defines the limits of the heating and cooling
cycle used for human subjects.

[0120] Referring to FIG. 17, for a human subject, using a
temperature event of 10° C., after about 500 ms (millisec-
onds), the gradient penetrates to about 150 ym into the skin.
Consequently, referring to FIG. 18, a cooling/heating cycle
(also referred to as a driving frequency) of 1 Hz provides
information to a depth of about 150 um. It has also been
determined that exposure to a 10° C. cooling event for about
167 ms leads to a gradient that penetrates to a depth of 50
um (FIG. 17). Therefore, a cooling/heating cycle of 3 Hz
provides information to a depth of about 50 um (FIG. 18).
By subtracting the detector signal information measured at
a 3 Hz driving frequency from the detector signal informa-
tion measured at a 1 Hz driving frequency, a picture of skin
between 50 and 150 ym emerges.

[0121] This concept has particular usefulness when used
to make non-invasive measurements of non-uniform or
layered samples such as living tissue. The present invention
uses a first (fast) driving frequency to induce a shallow
temperature gradient and a second (slow) driving frequency
to induce deeper gradients. The individual requirements for
driving frequencies are determined by test sample and
temperatures of the heating and cooling events. The phase
information measured at each driving frequency is corre-
lated and processed by a data processing means to accurately
determine the analyte concentration.

[0122] In human skin the stratum corneum 1610 is 10-30
um thick and provides little useful information concerning
the concentration of blood analytes. However, the underly-
ing derma 1611 and epidermis 1612 contain fluids which
contain significant amounts of analytes. The present inven-
tion provides a method for determining analyte concentra-
tion in the underlying layers 1611, 1612 while compensating
for the inaccuracies induced by the overlying stratum cor-
neum 1610.

[0123] The present invention relies on the introduction of
two sequentially implemented gradients. Each gradient hav-
ing a different driving frequency. This embodiment also
relies on the detection and measurement of phase differences
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((5.) between reference 19C, 19C' and analytical 19B, 19B'
signals. The present invention measures the phase differ-
ences @(h) at both fast (e.g., 3 Hz) and slow (e.g., 1 Hz)
driving frequencies. Referring to FIG. 19, a slow cycle (e.g.,
1 Hz) provides measurements of analyte concentration in the
region from 0 to about 150 gm. An analytical signal 19B is
measured and a reference signal 19C is measured. A phase
delay @(3) is measured. The phase delay between 19B and
19C (this is similar to the phase delay between the analytical
signal 14B and the deep tissue reference signal 14C of FIG.
14) is relatively longer at higher analyte concentrations. The
slow driving frequency continues for arbitrarily chosen
number of cycles (in region SL;), for example, two full
cycles. Then a higher driving frequency (fast cycle) tem-
perature modulation is induced. Due to the higher frequency
of the fast cycle (e.g., 3 Hz), only information contained in
the shallower regions (e.g., the regions from 0-50 um) of the
skin is measured. An analytical signal 19B' is measured and
a reference signal 19C' is measured at the higher driving
frequency and the phase delay @(2.)' is determined. Since the
shallower regions (ic., the stratum corneum, 10-30 gm
thick) have a lower analyte concentration, the phase delay is
relatively smaller @())'". The fast cycle is also run through a
number of cycles (for example, in region fi, e.g., two cycles).
By running through the fast and slow cycles a few times, the
various phase delays @(2), @())' can be integrated over
time. In fact, the pattern may be continued for any amount
of time. The fast cycle (shallow tissue) phase data @())' is
subtracted from the slow cycle data @(h), providing an
accurate determination of analyte concentration in the region
between 50 to 150 um in depth.

[0124] FIG. 20 is a flowchart depicting an embodiment of
the present invention having more than one gradient driving
frequency. In Step 300, shallow and deep gradients are
cyclically induced in a test sample. In Steps 302, 304, 306,
and 308, respectively, measurements are made of a shallow
analytical signal 19B', a shallow reference signal 19C', a
deep analytical signal 19B, and a deep reference signal 19C.
It should be noted that one or more shallow analytical
signals 19B', one or more shallow reference signals 19C',
one or more deep analytical signals 19B, and a deep refer-
ence signals 19C may be measured. In Step 310, the shallow
analytical signals 19B' of Step 302 and the shallow reference
signals 19C' of Step 304 are compared to form a shallow
parameter signal (for example, a shallow phase signal). In
Step 312, the deep analytical signals 19B of Step 306 and the
deep reference signals 19C of Step 308 are compared to
form a deep parameter signal (for example, a deep phase
signal). In Step 314 the shallow parameter signal of Step 310
is processed with the deep parameter signal of Step 312 to
determine a combined parameter signal. In Step 316 the
combined parameter signal of Step 314 is used to deduce the
analyte concentration of the test sample.

[0125] Additionally, the two driving frequencies (e.g., 1
Hz and 3 Hz) can be multiplexed as shown in FIG. 21. The
fast (3 Hz) and slow (1 Hz) driving frequencies can be
superimposed rather than sequentially implemented. During
analysis, the signals can be separated by frequency (using
Fourier transform or other techniques) using a data process-
ing means and independent measurements of phase delay at
each of the two driving frequencies may be calculated. Once
resolved, the two signals are processed by a data processing
means to determine absorbance and analyte concentration.
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[0126] E. Embodiment of the Present Invention Using
Periodic Gradients Induced at More Than One Driving
Frequency to Non-Invasively Determine Human Blood Glu-
cose Concentration.

[0127] The present invention may be used to quickly,
accurately, and, non-invasively determine the blood glucose
concentration in a human patient. The gradient driving
frequencies may be implemented sequentially (as in FIG.
19) or simultancously (as in FIG. 21). For illustrative
purposes the method of FIG. 19 will be used to determine
the blood glucose concentration of a human subject. A first
driving frequency is induced at about 1 Hz and penctrates
deeply into the fluid containing regions of the skin (e.g.
about 150 um). After a few cycles (preferably two cycles) a
second gradient is induced at a second driving frequency.
The second frequency is at approximately 3 Hz and induces
a shallow gradient which penetrates to just beneath the
stratus corneum. After a few cycles (preferably two cycles)
a gradient is again induced at the first frequency. In this way
the two driving frequencies are alternated over a test period.
The test period can be any length of time, but for conve-
nience, a sixty second test period serves well. It should also
be noted that the order of implementation of the first and
second driving frequencies can be freely altered.

[0128] Referring to FIG. 19, the analytical signals 19B,
19B' are measured at a glucose absorbance peak in the range
of 7-10 um. For example, the analytical signal may be
monitored using the glucose absorbance peak at 9.3 um.
Reference wavelengths are chosen. As disclosed herein, the
signal may be monitored at one or more wavelengths. The
reference signal 19C, 19C' shown in FIG. 19 is measured at
a water transmission peak, for example, at about 4 um. The
signal when measured at a transmission peak reflects gra-
dient effects deep within the skin. As with all embodiments
more then one reference wavelength may be monitored for
increased accuracy.

[0129] After the first gradient is induced at a first driving
frequency a first analytical signal 19B, and a first reference
signal 19C are monitored. The first analytical signal 19B and
the first reference signal 19C are compared. Based on the
comparison, a phase difference between the first analytical
signal 19B and the first reference signal 19C is measured.
This phase difference forms a first phase signal @(1). This
first phase signal @().) measures phase differences deeply
into the skin, including the stratum corneum. The first phase
signal @(3) is monitored as the cooling/heating cycle runs
for an arbitrary number of cycles, preferably two.

[0130] A second gradient is then induced at a higher
frequency (e.g. 1 Hz). This high frequency gradient pen-
etrates to just below the stratum corneum. A second ana-
Iytical signal 19B' and a second reference signal 19C' are
monitored. The second analytical signal 19B' and the second
reference signal 19C' are compared. Based on the compari-
son, a phase difference between the second analytical signal
19B' and the second reference signal 19C' is measured. This
phase difference forms a second phase signal @(r)'. The
second phase signal @(i)' measures phase in the shallow
regions of the skin like the stratum corneum. The second
phase signal @().)' is monitored as the cooling/heating cycle
runs for an arbitrary number of cycles, for example, two or
more.

[0131] The first and second gradients are measured repeat-
edly over a test period (e.g. about 5-10 seconds). The first
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phase signal B(A.) is subtracted from the second phase signal
((3.) to form a combined phase signal. The combined signal
compensates for the effects of the surface and stratum
corneum to provide an accurate measure of the phase
difference only in the fluid containing regions of the skin, as
measured throughout the test period. This combined phase
signal information is correlated with previously determined
data relating phase to glucose concentration and the con-
centration of blood glucose in the patient is determined. This
patient blood glucose information can be transmitted, as an
electrical signal, for further processing.

[0132] The present invention discloses a method for mea-
suring radiation absorbance effects and determining analyte
concentration in test samples. The procedure has been
optimized and illustrated with regard to samples containing
large relative quantities of water. The method is widely
applicable to homogeneous materials and especially hetero-
geneous or layered materials provided that useful wave-
lengths can be identified: (1) a reference wavelength where
radiation transmission is high and/or (2) a reference wave-
length where radiation transmission is low; (3) analyte
absorbance peak where interference with the reference
wavelength is low. In particular, the present invention is
useful in aqueous systems in the analysis of glucose con-
centration.

[0133] From the foregoing, it will be obvious to one with
ordinary skill in the art that application of the principles
taught herein provides the following advantages:

[0134] providing a method for analyzing liquid or gas
or solids or any combination thereof;

[0135] providing a method for analyzing heteroge-
neous or non-uniform sample materials, including
semisolids such as biological material,

[0136] providing significantly improved resolution
over prior methodologies;

[0137] providing a non-invasive method of determin-
ing the concentration of low levels of analytes;

[0138] providing a highly accurate determination of
analyte concentration,

[0139] providing a method of determining analyte
concentration at varying depths of a sample material,

[0140] providing a method of determining local ana-
lyte concentration in heterogeneous or non-uniform
sample materials;

[0141] accurately measuring low analyte concentra-
tions, for example, glucose concentrations in the
range of 100 mg/dL or blood ethanol at 0.1%;

[0142] measuring, with a high degree of precision
and repeatability, analyte concentrations within an
acquired data set;

[0143] using a periodically varying temperature gra-
dient to gain information regarding analyte concen-
tration;

[0144] using phase information to determine analyte
concentration;

[0145] using continuously integrated phase informa-
tion in conjunction with the periodically induced
temperature gradient to increase measurement accu-
racy;
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[0146] using intermittently measured phase informa-
tion, such as “zero crossings” or signal peaks and
troughs, in conjunction with a periodically driven
temperature gradient to accurately determine analyte
concentration;

[0147] wusing amplitude information to determine
analyte concentration;

[0148] wusing continuously integrated amplitude
information in conjunction with the periodically
induced temperature gradient to increase measure-
ment accuracy,

[0149] wusing intermittently measured amplitude
information, such as “zero crossings” or signal peaks
and troughs, in conjunction with a periodically
driven temperature gradient to accurately determine
analyte concentration;

[0150] wusing frequency information to determine
analyte concentration;

[0151] wusing continuously integrated frequency
information in conjunction with the periodically
induced temperature gradient to increase measure-
ment accuracy,

[0152] using intermittently measured frequency
information, such as “zero crossings” or signal peaks
and troughs, in conjunction with a periodically
driven temperature gradient to accurately determine
analyte concentration.

[0153] The present invention has been shown and
described with regard to certain preferred embodiments.
However, it should be readily apparent to those of ordinary
skill in the art-that various changes and modifications in
form or detail may be made with departure from the spirit
and scope of the invention as set forth in the appended
claims. In particular, the invention disclosed herein is not
limited to detection of ethanol or glucose, but may be used
to quantify analyte concentration of a wide variety of
analytes.

[0154] Furthermore, the invention is not confined to use
on in-vivo human test subjects. The invention may be used
on animals and plants and on in-vitro samples.

[0155] Finally, the invention disclosed may be practiced
without any element not specifically disclosed herein.

The applicants claim:

1. A method of analyzing a test sample utilizing a radia-
tion detector, a data processing means, and a means for
inducing a thermal gradient in said sample, said method
comprising the steps of:

a) providing a test sample;
b) inducing a thermal gradient in said test sample;

¢) responsive to said inducing step, measuring at least one
reference signal emitted by said sample;

d) further responsive to said inducing step, measuring at
least one analytical signal emitted by said sample;

¢) comparing said reference and analytical signals to
determine parameter information; and
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f) transmitting said parameter information, as an electrical

signal for further processing.

2. A method as in claim 1 wherein said step (e) of
comparing said reference and analytical signals to determine
parameter information includes comparing said reference
and analytical signals to determine phase difference infor-
mation between said analytical and reference signals.

3. Amethod as in claim 2 wherein said step of comparing
phase difference information includes the step of deducing
the analyte concentration of said sample based on said phase
difference information.

4. A method as in claim 3 wherein said step of deducing
the analyte concentration includes correlating said phase
information with known information regarding analyte con-
centration and phase.

5. A method as in claim 2 wherein said at least one
analytical signal is measured at one or more predefined
wavelengths.

6. A method as in claim 3 wherein said predefined
wavelength intervals are defined by analyte absorbance
peaks.

7. A method as in claim 2 wherein said at least one
reference signal is measured at one or more predefined
wavelength intervals.

8. A method as in claim 7 wherein said predefined
wavelength intervals are defined by the absorbance proper-
ties of the sample media.

9. A method as in claim 1 wherein said step of inducing
a thermal gradient in said test sample includes inducing a
periodic thermal gradient in said test sample.

10. Amethod of spectroscopically analyzing a test sample
utilizing a radiation detector and a means for inducing a
thermal gradient in said sample, said method comprising the
steps of:

a) providing a test sample;
b) inducing a thermal gradient in said test sample;

¢) responsive to said inducing step, measuring at least one
reference signal emitted by said sample;

d) further responsive to said inducing step, measuring at
least one analytical signal emitted by said sample;

¢) comparing said measured reference and said analytical
signals to determine phase difference information
between said analytical and reference signals;

f) using the magnitude of said phase difference to deter-
mine sample analyte concentration information; and

g) transmitting said concentration information, as an

electrical signal for further processing.

11. Amethod as in claim 10 wherein said step of inducing
a thermal gradient in said test sample comprises inducing
and maintaining a periodically modulated thermal gradient
in said test sample over a test period.

12. A method as in claim 11 wherein said step of com-
paring said measured reference and analytical signals
includes making continuous measurements of said phase
difference during the test period.

13. A method of determining the absolute or relative
concentration of a chemical analyte in a medium, said
method comprising the steps of:

a) inducing at least one periodically modulated thermal
gradient into said medium;
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b) responsive to said inducing step, measuring the radia-
tion emitted from said medium at a predetermined
wavelength related to said analyte, resulting in an
analytical signal;

¢) further responsive to said inducing step, measuring the
radiation emitted from said medium at least one refer-
ence wavelength, resulting in at least one reference
signal,

d) comparing the analytical signal with at least one of said
at least one reference signal;

¢) determining from said comparison, the phase difference
between said analytical signal and said at least one
reference signal to produce at least one phase signal;
and

f) deducing from said at least one phase signal the

concentration of said analytes in said medium.

14. A method as in claim 13 wherein said medium is a
solid or a liquid or a gas, or a mixture of one or more of said
solid or liquid or gas.

15. A method as in claim 13 wherein said medium is a
biological material.

16. A method as in claim 13 wherein said medium is
comprised of heterogeneous material.

17. A method as in claim 13 wherein the determination of
absolute or relative concentration of a chemical analyte in
said medium comprises a non-invasive determination of the
analyte concentration.

18. A method as in claim 13 where the chemical analyte
to be determined is selected from the group consisting of
glucose, insulin, water, carbon dioxide, alcohol, blood oxy-
gen, 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, microcal-
cifications, and hormones.

19. A method as in claim 13 wherein said step of mea-
suring the radiation emitted from said medium at a prede-
termined wavelength related to said analyte is measured at
an infrared radiation absorbance peak of said analyte.

20. A method as in claim 19 wherein said step of mea-
suring the radiation emitted from said medium at least one
reference wavelength is measured at wavelengths which
bracket said infrared radiation absorbance peak of said
analyte.

21. A method as in claim 13 wherein said step of mea-
suring the radiation emitted from said medium at said at least
one reference wavelength is measured at wavelengths where
the infrared radiation absorbance of said medium is high.

22. A method as in claim 13 wherein said step of mea-
suring the radiation emitted from said medium at said at least
one reference wavelength is measured at wavelengths where
the infrared radiation transmission of said medium is high.

23. Amethod as in claim 13 wherein said step of inducing
at least one periodically modulated thermal gradient into
said medium comprises inducing the periodic gradient at a
single driving frequency.

24. Amethod as in claim 13 wherein said step of inducing
at least one periodically modulated thermal gradient into
said medium comprises inducing two periodic gradients at
two different driving frequencies.
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25. A method as in claim 13 wherein said step of com-
paring the analytical signal with said at least one reference
signal includes continuously comparing said signals over a
measurement period.

26. A method as in claim 13 wherein said step of com-
paring the analytical signal with said at least one reference
signal includes intermittently comparing said signals over a
measurement period.

27. A method as in claim 13 wherein said step of com-
paring the analytical signal with said at least one reference
signal includes comparing said analytical signal and said
reference signals a their respective zero-crossings.

28. A method of determining the absolute or relative
concentration of a chemical analyte in a medium, said
method comprising the steps of:

a) inducing a shallow temperature gradient in said
medium using a first driving frequency;

b) inducing a deep temperature gradient in said medium
using a second driving frequency;

¢) responsive to said step of inducing a shallow tempera-
ture gradient, measuring a shallow analytical signal and
at least one shallow reference signal;

d) responsive to said step of inducing a deep temperature
gradient, measuring a deep analytical signal and at least
one deep reference signal;

¢) comparing the shallow analytical signal with said at
least one shallow reference signal;

f) comparing the deep analytical signal with said at least
one deep reference signal;

g) determining from the comparison of said shallow
signals, a parameter difference between said shallow
analytical signal and said at least one shallow reference
signal to produce at least one shallow parameter dif-
ference signal;

h) determining from the comparison of said deep signals,
the parameter difference between said deep analytical
signal and said at least one deep reference signal to
produce at least one deep parameter difference signal,

1) analyzing said at least one shallow parameter difference
signal together with said at least one deep parameter
difference signal to determine a combined parameter
difference signal; and

J) deducing from said combined parameter difference
signal, the concentration of said analytes in said
medium.

29. A method as in claim 28 wherein said parameter

difference includes a phase difference.

30. A method of determining the absolute or relative

concentration of blood glucose in a human or animal subject,
said method comprising the steps of:

a) providing a human or animal test subject;

b) inducing two periodic thermal gradients in the skin of
said test subject, a first gradient being driven at a first
frequency and a second gradient being driven at a
second frequency, said second gradient driving fre-
quency being greater than said first gradient driving
frequency, whereby said second frequency providing a
second gradient which extends to the shallower regions
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of the skin and said first frequency providing a first
gradient which extends deeper into the skin than said
second gradient;

¢) responsive to said inducing of the first gradient, mea-
suring the radiation emitted from the deeper regions of
the skin at a glucose absorbance peak wavelength,
resulting in a first analytical signal and at one or more
one reference wavelengths, resulting in a first reference
signal,

d) responsive to said inducing of the second gradient,
measuring the radiation emitted from the shallower
regions of the skin at a glucose absorbance peak
wavelength, resulting in a second analytical signal and
at one or more one reference wavelengths, resulting in
a second reference signal;

¢) comparing the first analytical signal with said one or
more first reference signals to determine a the phase
differences between said first analytical signal and said
first reference signals producing at least one first phase
signal,

f) comparing the second analytical signal with said one or
more second reference signals to determine a the phase
differences between said second analytical signal and
said second reference signals producing at least one
second phase signal; g) analyzing said at least one first
phase signal together with said at least one second
phase signal to determine a combined phase signal; and

j) deducing from said combined phase signal, the blood
glucose concentration in said test subject.

k) transmitting said blood glucose concentration informa-

tion, as an electrical signal, for further processing.

31. A method as in claim 30 wherein said first gradient
driving frequency is at about 1 hertz and said second
gradient driving frequency is at about 3 hertz.

33. Amethod as in claim 30 wherein said first and second
phase signals are sequentially implemented resulting in an
alternating frequency pattern in said combined phase signal.

33. Amethod as in claim 30 wherein said first and second
phase signals are implemented simultaneously resulting in
said first and second phase signals being superimposed in a
combined phase signal.

34. A method as in claim 30 wherein said step of mea-
suring the radiation emitted from the skin at least one
reference wavelength is measured at wavelengths which
bracket said glucose absorbance peak wavelength.
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35. A method as in claim 30 wherein said step of mea-
suring the radiation emitted from the skin at least one
reference wavelength is measured at wavelengths which is
near said glucose absorbance peak wavelength.

36. A method as in claim 30 wherein said step of mea-
suring the radiation emitted from the skin at said at least one
reference wavelength is measured at wavelengths where the
infrared radiation absorbance of the skin is high.

37. A method as in claim 36 wherein said radiation is
measured in the range of about 2.2 ym to about 3.8 um.

38. A method as in claim 36 wherein said radiation is
measured in the range of about 5.5 ym to about 6.5 um.

39. A method as in claim 30 wherein said step of mea-
suring the radiation emitted from the skin at said at least one
reference wavelength is measured at wavelengths where the
infrared radiation transmission of said medium is high.

40. A method as in claim 38 wherein said radiation is
measured in the range of about 3.8 ym to about 4.8 um.

41. A method as in claim 38 wherein said radiation is
measured in the range of about 7 um to about 11 pm.

42. A method of determining the absolute or relative
concentration of a chemical analyte in a medium, said
method comprising the steps of:

a) inducing at least one thermal gradient into said
medium;

b) responsive to said inducing step, measuring the radia-
tion emitted from said medium at a predetermined
wavelength related to said analyte, resulting in an
analytical signal;

¢) further responsive to said inducing step, measuring the
radiation emitted from said medium at least one refer-
ence wavelength, resulting in at least one reference
signal,

d) comparing the analytical signal with at least one of said
at least one reference, signals;

¢) determining from said comparison, a parameter
between said analytical signal and said at least one
reference signal; and

f) deducing from said parameter the concentration of said
analytes in said medium.
43. Amethod as in claim 42 wherein said step of inducing
at least one thermal gradient into said medium includes
inducing a periodically modulated temperature gradient.
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