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Description
TECHNICAL FIELD

[0001] The present invention generally relates to the
field of diagnostic spectroscopy. More specifically, the
present invention provides a method and apparatus for
non-invasive rapid screening or diagnosis of diabetes in
an individual by irradiating tissue with light comprising at
least one wavelength greater than 500 nm and less than
3300 nm, collecting and measuring optical information
from the tissue and applying multivariate techniques to
the optical information to predict the probability of a sub-
ject having diabetes.

BACKGROUND ART

[0002] In 1997, it was estimated that 15.7 million peo-
ple in the United States had diabetes, of which about
10.3 million were diagnosed and 5.4 million were undi-
agnosed. Due to the American lifestyle of poor diet and
being overweight, the incidence of diabetes is becoming
of epidemic proportions. Type Il diabetes accounts for
90 to 95% of all cases of diabetes in the Untied States,
making it and its attendant clinical and economic conse-
quences a major public health problem. While the prev-
alence of diabetes in the Unites States is about 5% of
the population, care for diabetes accounts for about 15%
of health care expenses.

[0003] The chronic hyperglycemia of diabetes is asso-
ciated with long-term damage, dysfunction, and failure
of various organs, especially the eyes, kidneys, nerves,
heart, and blood vessels. Most cases of type | diabetes
are detected soon after symptoms develop, which is not
the case for type Il diabetes. Individuals with undiag-
nosed type |l diabetes are at significantly higher risk for
coronary heart disease, stroke, and peripheral vascular
disease than the non-diabetic population. They also have
agreater likelihood of having dyslipidemia, hypertension,
and obesity. Early detection can reduce the burden of
type Il diabetes and its complications as well as lessen
the economic consequences.

[0004] Testing for diabetes can generally be divided
Into two categories, diagnostic testing and screening. "In-
dicating diabetes" is used herein to refer to either, or both,
of these. When an individual exhibits symptoms or signs
of the disease, diagnostic tests are performed and such
tests confirm whether the disease is present. The pur-
pose of screening is to identify a generally asymptomatic
individual who is at high risk to develop the disease or is
in the very early stages of the disease when symptoms
are difficult to identify. Two screening devices have been
developed for diabetes, both of which are questionnaires
based on risk factors for diabetes.

[0005] In 1993, the ADA disseminated a questionnaire
titled "Take the Test. Know the Score". This questionnaire
assessed both possible symptoms and historical risk fac-
tors. Points were given for certain responses; a score of
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less than or equal to 5 points was considered low risk for
diabetes, and a score of greater than 5 points was con-
sidered high risk. Subsequent testing among both United
States and United Kingdom populations found that the
test performed rather poorly. Two years later, another
questionnaire was developed in the United States with
data from the Second National Health and Nutritional Ex-
amination Survey. A test of the questionnaire in the pop-
ulation from which it was developed found a sensitivity
of 79% (i.e., 79% of the diabetics were identified as dia-
betics), a specificity of 65% (i.e., 35% of the non-diabetics
were identified as diabetics), and a PPV (positive predic-
tive value) of 10% (i.e., a positive indication from the
screen means the subject has a 10% chance of actually
having diabetes).

[0006] Another questionnaire, developed in the Neth-
erlands’ Hoom Study population, incorporated possible
symptoms, demographic and clinical characteristics, and
exercise preferences. When it was subsequently evalu-
ated in a separate subgroup of the Hoom Study popula-
tion, this questionnaire was found to have a sensitivity of
56%, a specificity of 72%, and a performance slightly
better than the ADA questionnaire for this population.
[0007] In summary, diabetes screening question-
naires, even with attempts to identify symptoms, perform
rather poorly as stand-alone screening tests. Further,
they are evidence of the need for an accurate screening
test to identify those at high risk of developing diabetes
or those in the early stages of diabetes prior to develop-
ment of symptoms present at a later disease state.
[0008] Incontrastto the screening questionnaires, two
types of tests are currently acceptable diagnostic devices
for diabetes. The fasting plasma glucose (FPG) test re-
quires no consumption of food or beverage other than
water for eight hours prior to testing. An intravenous sam-
ple of blood is drawn and tested. If the FPG test yields a
glucose level in excess of 126 mg/dl, the test must be
repeated at a later date. If both FPG glucose values are
in excess of 126 mg/d|, the patient is diagnosed as having
diabetes. The oral glucose tolerance test (OGTT) con-
sists of a 75 g oral glucose challenge. A two-hour post
load sample of blood with a value of 200 mg/dI or higher
is also an indication for re-testing. While the OGTT is the
more accurate of the two, the FPG is less demanding of
the subject’s time and is usually recommended for its
convenience rather than for its accuracy.

[0009] The ADA recommends using invasive tests
based on blood which are used for the diagnosis of dia-
betes to be also used as screening devices. The criteria
is if a fasting plasma glucose (FPG) test yields a value
of 126 mg/dI or higher; or if a casual plasma glucose test
yields a value of 200 mg/dl or higher; or if a 75-g OGTT
yields a value of 200 mg/dl or higher 2 hours later, the
patient is a candidate for diagnosis of diabetes. If on a
second day, one of the criteria is met a second time, then
adiagnosis of diabetes isjustified. Itis, however, believed
that these tests do not provide screening capability, as
they are unlikely to identify those at risk of developing
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diabetes or those in the early stages of the disease.
[0010] Another set of diabetes-related tests are known
which are not utilized for screening or diagnosis, but rath-
er as a measure of the patient’s long-term compliance
with the therapeutic program and the patient’s control of
the disease. These tests are based on glycosylated pro-
teins. Glucose will attach in a covalent bond to proteins
at a rate proportional to the glucose level. This process
is irreversible so the protein will remain glycosylated for
the rest of its life. The accumulation of glycosylated pro-
teins is dependent on the average life of the protein. Fruc-
tosamine is the product of glycosylated serum proteins
which have a normal turn-over rate of two to three weeks.
Hence, fructosamine is a marker of glucose control over
the previous month. While there are some commonly
available test instruments for fructosamine, they are not
commonly accepted by diabetologists due to the short
time window. Glycosylated hemoglobin (HbA 1c) is the
result of glycosylation of red blood cells which have a
normal turn-over of eight to ten weeks. Hence, HbA1c is
a marker for glucose control for the previous two to three
months. One other glycosylation process that has been
noted is glycosylated collagen (furosine). Glycosylated
collagen has a very long life and a slow turn-over. As
much as a thirteen-fold increase in glycosylated collagen
has been found in some diagnosed diabetic patients.
[0011] The concept of using multivariate methods to
classify elements into their parent populations was first
put forward by Fisher in 1936. With the emergence of the
computer In the 1960s, a number of authors proposed
using different techniques for the computer diagnosis of
disease. The techniques proposed included linear discri-
minant analysis (LDA), quadratic discriminant analysis
(QDA) and logistic regression (LR). The diagnosis of di-
abetes using multivariate techniques was proposed by
Gleser In 1972 where it was recommended to combine
the OGTT results with other environmental factors such
as age, sex, weight, etc.

[0012] Geladi et al. conducted a study that looked at
using multivariate near-infrared (NIR) spectroscopic
measurements with diabetics and non-diabetics. The ar-
ticle discussed the consequences of the changes in the
microarteries and the resultant decreased blood flow re-
sulting in tissue edema. The article discusses the use of
Multi-frequency Bioelectric Impedance Analysis as well
as near-infrared spectroscopy to detect the skin damage.
The authors note a difference in the spectra between
diabetics and non-diabetics, relating the differences to
damage of the microarteries. A device according to the
preamble of claim 1 is known from EP 631 137.

DISCLOSURE OF INVENTION

[0013] The present Invention includes an apparatus
for determining the probability, progression or level of
diabetes in an individual and a method for indicating high
risk of developing diabetes. The apparatus can be utilized
to detect type Il diabetes before it is clinically identifiable
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through other methods currently in use such as the oral
glucose tolerance test or a the fasting plasma glucose
test.

[0014] The apparatus of the present invention include
the in vivo use of near-infrared spectroscopy in the region
of 20,000 to 3000 cm™! (500 to 3300 nm) to do any of
detect, screen, diagnose, and stage the progression of
complications or predict a probability of type Il diabetes
in an individual. The optical information can be used to
generate a predictor of disease using multivariate tech-
nigues such as discriminant analysis, quadratic discrimi-
nant analysis, logistic regression, neural nets or partial
least squares. A basis of discrimination in the methods
disclosed herein is based at least in part on detecting
glycosylated collagen (furosine) in the tissue being test-
ed.

[0015] Thus, the light utilized includes least one wave-
length indicative of glycosylation end products which is
evidenced at least in part by glycosylated collagen con-
tent in the tissue. Further, the resulting analyzed optical
information or spectral data also includes information or
a measurement of light from the at least one wavelength
indicative of glycosylation end products, evidenced by
glycosylated collagen content in the tissue. In one em-
bodiment, the at least one wavelength indicative of gly-
cosylated collagen contentincludes a wavelength select-
ed from the following bands: 2240nm-2300nm, 2145nm-
2200nm, 2025nm-2060nm, and 1670nm-1745nm.
[0016] In another embodiment of the present inven-
tion, the light source and the resulting tissue optical in-
formation or spectral datainclude at least a second wave-
length and wavelength information or measurement in-
dicative of glycosylated collagen content in the tissue.
Again, this second wavelength can be selected from the
bands set forth above.

A device according to the invention is defined in claim 1,
a method in claim 8.

[0017] Asystemcanfurtherinclude an FTIR spectrom-
eter subsystem optically coupled to the tissue sampling
subsystem to receive at least a portion of the light dif-
fusely reflected from the tissue, with the FTIR spectrom-
eter subsystem including a spectrometer that creates an
interferogram and a detector which receives the inter-
ferogram and converts it to an electrical representation.
The system further can include a data acquisition sub-
system which receives the electrical representation of
the Interferogram and includes means for amplifying and
filtering the electrical representation and converting the
resulting electrical signal to its digital representation. The
system can also include a computing subsystem for re-
ceiving the digital representation which further includes
a calibration model derived from a multivariate analysis
for detecting the probability, progression or level of dia-
betes wherein the calibration model includes at least one
factor dependent on measurement of the at least one
wavelength indicative of glycosylation end products as
evidenced by glycosylated collagen content in human
tissue. The algorithm can be used to classify the individ-
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ual as diabetic or non-diabetic.
BRIEF DESCRIPTION OF DRAWINGS
[0018]

Figure 1 is a plot depicting the difference in mean
spectra of a sample population of diabetic and non-
diabetic individuals compared with the spectrum of
collagen;

Figure 2 is a plot depicting discriminant distance be-
tween diabetics and non-diabetics in a set of collect-
ed spectral data;

Figure 3 is a plot depicting Mahalanobis distance for
the data of Figure 2;

Figure 4 is a schematic depiction of a non-invasive
spectrometer system;

Figure 5 is a diagrammed view of a system incorpo-
rating filters which eliminate selected wavelengths
of radiation from the illumination source;

Figure 6 is a perspective view of elements of a tissue
sampling subsystem;

Figure 7 is a plan view of the sampling surface of the
tissue sampling subsystem of Figure 6 showing an
arrangement of input and output optical fiber ends;
Figure 8 is a perspective view of an ergonomic ap-
paratus for holding the sampling surface and posi-
tioning a tissue surface thereon; and

Figure 9 is a simplified schematic view of an FTIR
spectrometer.

MODES FOR CARRYING OUT THE INVENTION AND
INDUSTRIAL APPLICABILITY

[0019] The following detailed description should be
read with reference to the drawings in which similar ele-
ments in different drawings are numbered the same. The
drawings, which are not necessarily to scale, depictillus-
trative embodiments that are not intended to limit the
scope of the invention.

[0020] Embodiments of the present invention include
apparatus and methods useful for providing rapid, accu-
rate diagnosis of diabetes without the incumbent draw-
backs of the present fasting plasma glucose test or the
oral glucose tolerance test. The methods and apparatus
can also be used for screening diabetes, including type
Il diabetes, before it is clinically identifiable through other
methods currently in use. The method uses near-infrared
spectroscopy to non-invasively interrogate the tissue of
the subject to detect the presence or progression of di-
abetes.

[0021] The method, in one embodiment, includes the
in vivo use of optical spectroscopy with wavenumbers in
the region of 20,000 to 3000 cm™! (wavelengths in the
region of 500 to 3300 nm) to screen or diagnose type ||
diabetes mellitus. The optical information which may be
processed in the form of spectra can be used to generate
a predictor of disease using multivariate methods such
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as linear discriminant analysis, quadratic discriminant
analysis, logistic regression, neural nets, and partial least
squares regression. The method of discrimination is
based in part on detecting evidence of elevated glucose
as seen by the level of glycosylation end products pref-
erably evidenced by glycosylated collagen (furosine) in
the tissue analyzed.

[0022] Individuals who have been diagnosed with di-
abetes have an elevated level of glycosylated collagen
and glycosylated collagen levels can be utilized as a dis-
tinct marker of long-term glucose control. Applicants
have found that near-infrared spectroscopic techniques
can be utilized with multivariate techniques to provide
both screening and diagnosis of diabetes based on
changes in the tissue associated with increasing levels
of glycosylation end products such as glycosylated col-
lagen. It is possible that, as collagen glycosylates, it un-
ravels and cross-links which causes an increased level
of scatter for light. The increased level of scatter results
in more light returned, or in other words, less absorption
of light. Also, glycosylated collagen directly absorbs light
around several characteristic wavelengths. In the
present invention, tissue can be irradiated with light hav-
ing at least one wavelength that is indicative of glyco-
sylated collagen content in the tissue (by increased scat-
ter or by increased direct absorption). Multiple or groups
of wavelengths of light which are indicative of level of
glycosylated collagen are utilized. Suitable wavelengths
include, but are not limited to, wavelengths selected the
following bands: 2240nm-2300nm, 2145nm-2200nm,
2025nm-2060nm, and 1670nm-1745nm.

[0023] Applicants have found that the detection or
screening of diabetes utilizing near-infrared spectrosco-
py is facilitated by measuring the optical information or
spectrum of an individual’s tissue and looking atidentified
peaks for the presence of elevated levels of glycosylation
end products at multiple wavelengths. Thus, in an em-
bodiment for diagnosing or screening diabetes, data
comprising near-infrared optical information or spectra
and blood glucose readings from non-diabetics, subjects
with impaired glucose tolerance and newly diagnosed
type Il diabetics is utilized in the multivariate analysis.
The optical information or spectra used can correspond
to concurrent blood glucose levels less than some max-
imum level, for example 125 mg./dl, to prevent transient
glucose levels from being the predictor for disease state.
Other methods can be utilized to delimit the effect of blood
glucose level in a particular individual. A fasting glucose
tolerance test and an oral glucose tolerance test can also
be administered to the subjects to confirm their member-
ship in one of the three above classes. The data can
include a sufficient number of subjects in each of the
three categories to develop a calibration so that the dis-
crimination algorithms developed utilizing this database
create predictors that give proper determination of the
disease state of the individual. Further, optical informa-
tion and spectra are terms used throughout this disclo-
sure. However, it is recognized that measuring a spec-
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trum is only one of many ways to encode optical infor-
mation for analysis. In preferred embodiments, spectral
data is utilized.

[0024] For calibration development, a database can
be utilized including near-infrared spectra, fasting glu-
cose tolerance tests and oral glucose tolerance test re-
sults for at least 3000 believed non-diabetics. A fasting
oral glucose tolerance test and an oral glucose tolerance
test can be administered to each participant to determine
that subject’s true disease state. Given the incidence of
undiagnosed diabetes In the United States, it is believed
that a sufficient sample of approximately 75 undiagnosed
type Il diabetics would be identified in the database by
the glucose tolerance tests employed. The undiagnosed
diabetic can be a preferred subject as the extent of gly-
cosylation of collagen can be more typical for screening
than for one who had already been diagnosed and is
under some treatment for diabetes. This method allows
an accurate calibration to be established which helps in
accurate classification of newly tested individuals. It also
provides the basis for screening those patients at high
risk for developing diabetes or having diabetes, but not
yet experiencing readily identifiable symptoms as com-
pared to those having been diagnosed earlier with dia-
betes.

[0025] A suitable database can also include the use of
non-diabetics in an at-risk population. One such popula-
tion can include subjects who are seriously overweight
orclose relatives of patients with type |l diabetes. Another
such population can include non-diabetics from certain
ethnic groups with very high propensities for type Il dia-
betes such as the Pima Indians. Again, the oral glucose
tolerance tests can be used on all subjects to determine
their particular disease state.

[0026] The ability of near-infrared spectroscopy to
measure an individual’s tissue and the use of multivariate
analysis on a database of individuals to classify the test
individual based on glycosylated collagen can be illus-
trated by examining and understanding the progression
of glycosylation end products with the advance of type Il
diabetes. For example, in pre-diabetic subjects there is
an apparent mismatch between the initial insulin re-
sponse to a carbohydrate load and the glucose produc-
tion resulting from that load. This mismatch results in a
prolonged post-prandial rise of glucose. The production
of glycosylated end products is believed proportional to
the average glucose level and duration of increased glu-
cose levels. This results in an increased rate of glyco-
sylation and an increased accumulation of glycosylation
end products as evidenced by increased accumulation
of such materials as glycosylated collagen. The accumu-
lation is believed amplified by the extreme persistence
of collagen. As a result, the glycosylated collagen is an
early marker for the excessive elevated post-prandial ex-
cursions in pre and early diabetic patients. As the diabe-
tes progresses to the state of frank diabetes, the glucose
levelis permanently elevated. Ifthe patient receives med-
ical care to control the glucose levels, the rate of glyco-
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sylation reaches an equilibrium state. Consequently, the
most rapid rise in the glycosylation of collagen is believed
to occur early in the progression of diabetes. This is ex-
actly the condition when screening or diagnosis is most
desirable and effective in the long-term management of
the disease. Due to the long lifetime of collagen, the ac-
cumulation of glycosylated collagen is rapid in the early
stage before any type of equilibrium is reached. This
makes glycosylated collagen a sensitive marker for mon-
itoring the early progression of diabetes mellitus. Further,
the long lifetime of collagen makes glycosylated collagen
amarker of long-term control and it is a marker of diabetic
complications which make it useful to diagnose the stage
of the disease.

[0027] To show the ability to diagnose type Il diabetes
with near-infrared spectroscopy combined with multivar-
iate analysis, utilizing the method and apparatus of the
present invention, an experimental data set was devel-
oped using 18 type Il diabetics with good glucose control
and 20 non-diabetics. The diabetics covered a range
from 1 year since diagnosis to 10 years. The optical re-
sponses of their tissue were collected using a Fourier
transform infrared (FTIR) spectrometer and system as
described in herein. The measurements were made on
the underside of the forearm. A total of 913 near-infrared
spectra were used with 461 of the near-infrared spectra
being from type Il diabetics, and 452 spectra from non-
diabetics. Corresponding blood glucose measurements
were made using capillary blood measured with a Yellow
Springs Instruments, inc. blood analyzer. Only near-in-
frared measurements that corresponded to a blood glu-
cose level less than or equal to 125 mg/dl were used in
order to prevent the glucose level being the delineating
element in the comparison between type Il diabetics and
non-diabetics. The spectra collected were screened for
poor insertion of the forearm onto the tissue sampler of
the invention. The spectra were also scaled with the
mean intensity spectrum to make the noise more homo-
geneous over the wavenumber range.

[0028] The difference in mean spectra between type
Il diabetics and non-diabetics is compared with the spec-
trumfor collagenin Figure 1. As can be seen, the collagen
peaks at 1690 nm, 1725 nm, 2040 nm, 2170 nm or 2270
nm (4400, 4600, 4900, 5800 and 5925 cm-!) are repeated
in the difference spectra of type Il diabetics and non-
diabetics. Anincreased absorption in the prevalent water
region about 1425 nm (7000 cm-1) can be observed. It
should be noted that while the 1920 nm (5200 cm™1) water
band has similarinformation, the absorbance in that band
is so great as to give a very low signal-to-noise ratio.
[0029] Thedataanalysis shows an ability to distinguish
between the disease state of type Il diabetics and non-
diabetics. Figure 2 shows the separation for the two
groups from the diseased and non-diseased population.
Avery clear distinction of groups is seen. Further, a Baye-
sian discriminant function was used to discriminate type
Il diabetics from non-diabetics. Using the information that
approximately 10% of the adult U.S. population has type
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Il diabetes, the Bayesian discriminant function produces
the posterior probabilities for the subjects from the two
groups to be non-diabetic as shown in Figure 3. The Ma-
halanobis distance analysis yields a sensitivity of the in-
strument of 100%, a selectivity of 98.9% and a positive
predictive value of 98.9%. It can also be calibrated on
each subject to give estimates of the progression of the
disease in a pre-diabetic patient as well as a marker of
disease control similar to HbA1c. The Bayesian analysis
can also use a prior probability based on environmental
risk factors such as used by the ADA test "Take the test,
know the score."

[0030] The above description shows the ability of the
present disclosure to diagnose diabetes. The present in-
vention’s ability to screen those individuals tested who
have a high risk of developing diabetes or who have di-
abetes in the earliest stages is a natural extension from
the above model. A database can be developed which
includes spectra of individuals at a time prior to being
able to diagnose diabetes using the glucose tolerance
tests, yet subsequently, these individuals develop diabe-
tes. Thus, the database can be developed over time so
that spectra of those in the early stages of diabetes are,
in fact, confirmed to be indicative of the onset of the dis-
ease based on known analyses later in time. This can
require monitoring of many individuals over an extended
period of time. However, as previously discussed, build-
ing of the database can be focused on those individuals
who are believed at risk for developing diabetes based
on family history and other factors such as those in the
screening questionnaires. Also, as previously stated, a
large sample population of yet undiagnosed individuals
will likely identify many individuals early in the progres-
sion of the disease. Further, the ability of the present
invention to detect the early changes in glycosylated col-
lagen is enhanced by a system for measurement of the
spectroscopic data in the tissue. Embodiments of the ap-
paratus and method are described below.

[0031] Alsoinanembodiment of the presentinvention,
an algorithm can be developed to discriminate member-
ship in the population within a database. The algorithm
can use partial least squares (PLS) to reduce the dimen-
sionality of the near-infrared spectra together with quad-
ratic discriminant analysis since the variation of near-in-
frared spectra for diabetics is considerably greater than
the near-infrared spectra for non-diabetics. The spectra
in the database make up the rectangular matrix with the
number of rows equal to the number of near-infrared
spectra and the number of columns equal to the number
of frequencies in the spectra. The columns of the spectral
matrix are usually highly correlated; however, the discri-
minant analysis can work better if the matrix can be trans-
formed to be uncorrelated. Likewise, the correlation be-
tween columns implies that fewer columns can be used
once transformed. While principle component analysis
(PCA) can be used to accomplish these two tasks, partial
least squares (PLS) used to predict the disease state
(diabetic versus non-diabetic) can accomplish the same
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thing while making the columns more highly correlated
with the disease stage of the subject and reducing the
number of factors needed in the prediction.

[0032] While linear discriminant analysis (LDA) can be
used to develop a predictor of disease state, LDA as-
sumes the covariance matrix of the spectra within each
group is the same. This assumption, unfortunately, is not
true as the diabetic population is far more variable in sev-
eral characteristics, including their near-infrared spectra.
So, the covariance matrix cannot be expected to be equal
over the different disease stage groups. Quadratic dis-
criminant analysis (QDA), on the other hand, assumes a
different covariance matrix for each population. Hence,
QDA can be used to develop the predictors of disease
state. An offshoot of the LDA and QDA is the Bayesian
classifier which predicts the probability of diabetes. Risk
factors for diabetes can be incorporated into the prior
probability for a Bayesian analysis. Other processing
steps such as multiplicative scatter correction (MSC) and
normalization are not necessarily needed to accurately
discriminate near-infrared spectra as to the disease state
of the subject, although they can be utilized.

[0033] An apparatus for diagnosing or screening for
diabetes incorporates an illumination subsystem which
generates near-infrared light, a tissue sampling acces-
sory which irradiates and collects light from tissue, a
spectrometer, a data acquisition subsystem, a reference
device for calibration maintenance, a processing unit,
and calibration coefficients based on certain multivariate
algorithms. Each subsystem has significant impact on
the accuracy of the predictions of presence of diabetes
mellitus. Examples of the first six subsystems suitable
for the present invention are disclosed in detail in U.S.
Patent Application US 2003 0023152.

[0034] In one embodiment of the system, the spectral
encoding is performed after light has interacted with the
tissue. The light source can be an illumination device as
disclosed in U.S. Patent Application US 2003 007147.
Examples of light sources include tungsten filaments,
QTH, glowbars or any continuous wave gray body sourc-
es. The sampler can include a blocker that separates the
input light from the output light as disclosed in U.S. Patent
No. 6,230,034, entitled Diffuse Reflectance Monitoring
Apparatus. The spectrometer can be any device that al-
lows the interpretation of the wavelength information from
the modified light exiting the tissue interface. Such sys-
tems include Fourier transform infrared spectrometers,
acousto-optical tunable filters, dispersive spectrometers
utilizing a detector array, a stepped dispersive system
with a single detector, and an encoded spectrometer
such as a Hadamard transform device. Examples of suit-
able photo-detectors include photovoltaic detectors such
as Si, InGaAs, InAs, Ge and InSb, photo-conductive de-
tectors such as PbS and PbSe, and pyroelectric detec-
tors such as DTGS and lithium tantalate.

[0035] In another embodiment of the system, the light
is encoded prior to interrogating the tissue. The spec-
trometer can be any device that encodes the wavelength



11 EP 1 494 577 B1 12

information in the light entering the tissue interface. Ex-
emplary devices are disclosed in U.S. Patent Application
US 2002 0171834. Such systems can include stepped
dispersive spectrometers or an encoded spectrometer
such as a Hadamard transform device or an FTIR. Ex-
amples of suitable photo-detectors include photovoltaic
detectors such as Si, InGaAs, InAs, Ge and InSe, photo-
conductive detectors such as PbS and PbSe, and pyro-
electric detectors such as DTGS and lithium tantalate.
[0036] Since for many tissue test sites collagen is with-
in 2 mm of the surface, the near-infrared light should be
In a range of wave numbers that will penetrate tissue to
that depth in order to interrogate the collagen containing
tissue. Light having wavelengths in region from 1250 nm
to 2500 nm (wavenumbers in the region from 8000 to
4000 cm1) is suitable for analysis according to the
presentinvention. Some sites that contain collagen within
2 mm of the surface include the underside of the forearm,
the thigh, the calf, the back of the hand and the thenar.
[0037] Referring now to Figure 4, a system for diag-
nosing or screening for diabetes is depicted in schematic
view. The overall system includes six subsystems. The
subsystems include an illumination subsystem 100, a tis-
sue sampling subsystem 200, a calibration maintenance
subsystem 300, an FTIR spectrometer subsystem 400,
a data acquisition subsystem 500 and an embedded
processing subsystem 600. The subsystems can be de-
signed and integrated in order to ensure that the signal-
to-noise ratio is preserved to the maximum amount. The
net analyte signal-to-noise ratio is directly related to the
accuracy and precision of the non-invasive classification
of individuals as diabetic or non-diabetic by near-infrared
spectroscopy with the present invention.

[0038] The subsystems can provide reproducible and
preferably uniform radiance of the tissue, low tissue sam-
pling variance, depth targeting of the collagen-bearing
layers of the tissue, efficient collection of diffuse reflect-
ance spectra from the tissue, high optical throughput,
high photometric accuracy, large dynamic range, excel-
lent thermal stability, effective calibration maintenance,
effective calibration transfer, built-in quality control and
ease-of-use. Each of the subsystems is discussed below
in detail.

[0039] The illumination subsystem 100 generates the
near-infrared (NIR) light used to interrogate the tissue of
a human for the non-invasive determination of disease
state. The illumination subsystem, in an exemplary em-
bodiment, contains a broadband, polychromatic light
source 14 that emits radiation in the near-infrared portion
of the spectrum. The light source 14 may emit radiation
outside of the near-infrared, also. An example of a suit-
able light source 14 would be a 40-watt, 22.8-volt tung-
sten filament lamp. The light source 14 is typically driven
by a regulated power supply. The power supply may sup-
ply the lamp with constant current, constant voltage or
constant power. The power supply for the light source
can provide regulation of current, voltage or power to
keep the color temperature and emissivity of the light
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source as stable as possible. Fluctuations of the light
source’s color temperature and emissivity can be a
source of noise in the non-invasive measurement and
can reduce the net analyte signal to noise ratio (SNR)
and, subsequently, the accuracy and prediction capabil-
ity of the measurement.

[0040] The overall system of the present invention can
include a power supply which provides regulated, low
noise power to all of the subsystems. The power supply
can be a 300-watt, quad output, resonant power, medical
grade, AC power to DC converter that provides output
voltages of +28, +15, -15, and +5 VDC. The ripple on
each of the voltages can be less than 20 millivolts peak-
to-peak and the switching frequency of the supply can
be greater than 200 kilohertz to facilitate additional filter-
ing of the power and to further reduce noise. Additionally,
the power supply can have a conversion efficiency of at
least 80% which can be important to reduce the thermal
loading of the non-invasive instrument to the point that
only convection cooling is required for normal device op-
eration. The illumination subsystem 100 utilizes 28 VDC
power from the power supply to drive the light source. A
DC-to-DC converter can regulate the input power down
to 21.4 VDC and also can provide a soft start function
that gradually turns on the light source when the system
is first turned on. The soft start function can extend the
useful life of the light source by eliminating startup tran-
sients and limiting the current required to initially power
the light source.

[0041] In addition to the light source and regulated
power supply, the illumination subsystem can contain op-
tical elements 12,13,90 that collect the radiation from the
light source and transfer that light to the input of the tissue
sampling subsystem. The elements that makeup the
transfer optics can include collimating and/or condensing
optics, optical filters, optical diffusers, a homogenizer or
light pipe for scrambling and the corresponding mechan-
ical components to hold the optics and light source.
[0042] The collimating optics can be refractive (e.g., a
lens) or reflective (e.g., an elliptical mirror) elements. The
condensing optics can also be refractive or reflective.
Materials for lenses and mirrors are known in the art. The
reflective optics can have a smooth finish, a rough finish
or a faceted finish depending on the configuration of the
illumination subsystem. A rough or faceted finish for the
reflective optics can destroy the coherence of the light
source image and create a more uniform radiance pat-
tern. The refractive optics can be spherical or aspherical.
A Fresnel lens is a special type of aspherical lens that
also can be employed. The collimating and/or condens-
ing optics can collect radiation from the source and trans-
fer the radiation to the input of the tissue sampling sub-
system 200 or to other optical elements that perform ad-
ditional operations on the light before it is passed to the
tissue sampling subsystem 200.

[0043] One or more optical filters 13 can be employed
to preferentially pass radiation only in the spectral region
of interest. The optical filter can be one or a combination
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oflong pass, short pass, or band passfilters. These filters
can be absorptive, interference or dichroic in nature. In
some embodiments, the optical filters are anti-reflection
coated to preserve the transmittance of light in the spec-
tral region of interest. These filters can also perform spec-
tral shaping of the radiation from the light source to em-
phasize certain portions of the near-infrared spectrum
over others. The optical filtering can bandlimit the radia-
tion impinging on the tissue and increase the SNR in the
region of interest and to keep from burning or otherwise
damaging the tissue of the subject. Bandlimiting the ra-
diation can improve the effective SNR by reducing de-
tector Shot noise that results from unwanted radiation
outside the spectral region of interest.

[0044] The optical diffusers 13 and scramblers 90 in
the illumination subsystem can provide reproducible and
uniform radiance at the input of the tissue sampling sub-
system 200. Uniform radiance can help ensure good pho-
tometric accuracy and even illumination of the tissue.
Uniform radiance can also help reduce errors associated
with manufacturing differences between light sources.
Uniform radiance is utilized in the present invention for
achieving accurate prediction of disease state.

[0045] An example of an optical diffuser is a ground
glass plate. The ground surface of the plate effectively
scrambles the angle of the radiation emanating from the
light source and its transfer optics. A light pipe can be
used to scramble the intensity of the radiation such that
the intensity is uniform at the output of the light pipe. In
addition, light pipes with a double bend can scramble the
angles of the radiation. For creation of uniform intensity
and angular distribution, the cross section of the light pipe
should not be circular. Square, hexagonal and octagonal
cross sections can be effective scrambling geometries.
The output of the light pipe may directly couple to the
input of the tissue sampler or may be used in conjunction
with additional transfer optics before the light is sent to
the tissue sampler.

[0046] Now referring to Figure 5, another aspect of the
present disclosure is depicted. The system depicted pro-
vides spectral filtering or bandpass filtering to eliminate
unnecessary wavelengths or bands of wavelengths from
the light prior to contact with the tissue. This is accom-
plished by placing one or more elements between the
light source and tissue. The elements can include ab-
sorptive filters fabricated of any transparent or partially
transparent substrate; single layer or multi-layer dielec-
tric coatings deposited on any transparent or partially
transparent substrate; a grating or prism which disperses
the radiation, permitting unwanted wavelengths to be
blocked from reaching the tissue; and/or an aperture
which selectively blocks undesirable radiation.

[0047] A system for bandpass filtering is depicted in
Figure 5, which depicts a light source 101 placed within
an electrical reflector 102. Figure 5 also depicts a hex-
agonal S-bend light pipe 104 to receive light from the
source 101. A series of filters are placed between the
light source 101 and the light pipe 104. The first optical
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filter is a silicon filter 106 which is anti-reflection coated
to transmit at least ninety percent (90%) of the in band
incident light. The silicon filter passes wavelengths of
light longer than 1.1 micron. The second optical filter can
be a KOPP 4-67 colored glass filter 108 that, in combi-
nation with the silicon filter, passes lightin the 1.2 to0 2.5
micron spectral region. The slope of the KOPP filter is
such that it preferentially passes light at wavelengths be-
tween 2.0 and 2.5 micron. The third optical filter can be
an ORIEL WG295 absorption filter 110 that cuts out
wavelengths longer than 2.5 micron. The front surface
of the WG295 filter can be polished or finely ground. If
the front surface is finely ground, the WG295 acts as a
diffuser as well as a light filter. These filters can prevent
burning of the tissue, while enhancing the signal-to-noise
ratio of the system by band limiting the light to only the
spectral region of interest. Band limiting the light can re-
duce shot noise generated by the photon flux incident on
the detector.

[0048] Tissue sampling subsystem 200 can to intro-
duce radiation generated by the illumination subsystem
100 into the tissue of the subject and can collect the por-
tions of the radiation that are not absorbed by the tissue
and send that radiation to the FTIR spectrometer sub-
system 400 for measurement. Figures 6, 7 and 8 depict
elements of a tissue sampling subsystem 200. Referring
first to Figure 6, the tissue sampling subsystem 200 has
an optical input 202, a sampling surface 204 which forms
a tissue interface 206 that interrogates the tissue and an
optical output 207. The subsystem can further include an
ergonomic apparatus 210, depicted in Figure 8, which
holds the sampling surface 204 and positions the tissue
at the interface 206. A device that controls the tempera-
ture of the tissue interface can be included and, in some
embodiments, an apparatus which repositions the tissue
on the tissue interface in a repetitive fashion is included.
[0049] Theopticalinput202 ofthe tissue sampling sub-
system 200 receives radiation from the illumination sub-
system 100 (i.e., light exiting the light pipe) and transfers
thatradiation to the tissue interface 206. The optical input
can consist of a bundle of optical fibers that are arranged
in a geometric pattern that collects the most light possible
from the illumination subsystem. One arrangement is de-
picted in Figure 7. The plan view depicts the ends of the
input and output fibers in a geometry at the sampling
surface including six clusters 208 arranged in a circular
pattern. Each cluster includes four central output fibers
212 which collect diffusely reflected light from the tissue.
Around each grouping of four central output fibers 212
is a cylinder of material 215 which ensures about a 100
wm gap between the edges of the central output fibers
212 and the inner ring of input fibers 214. The 100 pum
gap can be important to target collagen in the tissue. As
shown in Figure 7, two concentric rings of input fibers
214 are arranged around the cylinder of material 215. As
shown in one embodiment, 32 input fibers surround the
four output fibers. The high ratio of input-to-output fibers
is maintained in recognition of loss within the tissue.
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[0050] All of the clustered input and output fibers can
be potted into a cluster ferrule which is glued into a sam-
plinghead216. The samplinghead 216 includes the sam-
pling surface 204 which can be polished flat to allow for-
mation of a good tissue interface. Likewise, the input fib-
ers can be clustered into a ferrule 218 connected at the
input ends to interface with the illumination subsystem
100. The output ends of the output fibers can be clustered
into aferrule 220 for interface with the FTIR spectrometer
subsystem 400.

[0051] Alternatively, the optical input can use a com-
bination of light pipes, refractive and/or reflective optics
to transfer the maximum amount of inputlight to the tissue
interface. The input optics of the tissue sampling subsys-
tem can collect as much light as possible from the illumi-
nation subsystem 100 in order to maximize the SNR
achieved by the overall system. In the present invention,
the placement of the illumination subsystem 100 and tis-
sue sampling subsystem 200 before the FTIR spectrom-
eter subsystem 400 can result in over an order of mag-
nitude improvementin throughputfor a given size of FTIR
spectrometer because the input to the tissue sampling
subsystem 200 is designed to handle the wide range of
angles from the illumination subsystem 100 and the small
output image size of the tissue sampling subsystem is
better matched to the throughput supported by a reason-
ably sized FTIR spectrometer. The benefits of source,
sample, FTIR spectrometer, detector (SSFD) configura-
tion for non-invasive classification of disease state can
be significant.

[0052] The tissue interface can irradiate the tissue in
a manner that targets the collagen bearing portions of
the tissue and discriminate against light that does not
travel a significant distance through those portions. As
stated above, the 100-pum gap discriminates against light
which contains little useful information. In addition, the
tissue interface can average over a certain area of the
tissue to reduce errors due to the heterogeneous nature
of the tissue. The tissue sampling interface can reject
specular (returned by specular reflection from the tissue
surface) and short pathlength rays and it can collect the
portion of the light that travels the desired pathlength
through the tissue with high efficiency in order to maxi-
mize the SNR of the system. The tissue sampling inter-
face can employ optical fibers to channel the light from
the input to the tissue in a predetermined geometry as
discussed above. The optical fibers can be arranged in
a pattern that targets certain layers of the tissue that con-
tain good glycosylated collagen information. The spacing
and placement of the input and output fibers can be ar-
ranged In an optimal manner to achieve effective depth
targeting. In addition to the use of optical fibers, the tissue
sampling interface can use a non-fiber based arrange-
ment that places a pattern of input and output areas on
the surface of the tissue when using diffuse reflectance.
Proper masking of the non-fiber based tissue sampling
interface can ensure that the inputlight travels a minimum
distance in the tissue and contains valid glycosylated col-
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lagen information. Finally, the tissue sampling interface
can be used to control the temperature of the tissue in a
predetermined fashion.

[0053] The tissue sampling subsystem can employ an
ergonomic apparatus or cradle 210 that positions the tis-
sue over the sampling interface 206 in a reproducible
manner. An ergonomic apparatus 210 is depicted in Fig-
ure 8. In the case of sampling the underside of the fore-
arm, an ergonomic cradle design can ensure good con-
tact with the sampling interface. The ergonomic cradle
210 includes a base 221 having an opening 223 there-
through. The opening is sized for receiving the sample
head 216 therein to position the sampling surface 204
generally coplanar with an upper surface 225 of the base
221. The ergonomic cradle 210 references the elbow and
upper arm of the subject via a bracket 222 in conjunction
with a float-to-fit handgrip 224 to accurately position the
forearm on the tissue sampling interface. Careful atten-
tion to the ergonomics of the tissue sampling Interface
can minimize sampling error. Errors in sampling the tis-
sue can be a major source of reduced accuracy for the
non-invasive classification of disease state.

[0054] The ergonomic cradle 210 can be designed
such that the forearm of the subject is reliably located
over the sample head 216. The bracket 222 forms an
elbow rest that sets the proper angle between the upper
arm and the sampling head 216, and also serves as a
registration point for the arm. The adjustable hand rest
224 is designed to hold the fingers in a relaxed manner.
The hand rest position can be adjusted for each subject
toaccommodate different forearm lengths. Alifting mech-
anism can be included which raises and lowers the cradle
periodically during sampling to break and reform the tis-
sue interface. Reformation of the interface can facilitate
reduction of sampling errors due to the rough nature and
inhomogeneity of the skin.

[0055] The image formed by the output of the tissue
sampling subsystem is typically an order of magnitude
smaller in size than its input. This input image to output
image ratio can match the throughput supported by the
FTIR spectrometer while maximizing the overall system
signal to noise ratio. The output of the tissue sampling
subsystem 200 transfers the portion of the light not ab-
sorbed by the tissue that has traveled an acceptable path
through the tissue to the input of the FTIR spectrometer
subsystem 400. The output of the tissue sampling sub-
system 200 can use any combination of refractive and/or
reflective optics to produce a collimated beam that will
be modulated by the FTIR spectrometer. The diffusely
reflected light collected by the output fibers 207 of the
sampler head 216 can be collimated by a plano-aspheric
lens made of ZnSe. The design of the lens can be such
that the collimated beam has less than five degrees of
divergence. This lens 228 is schematically depicted in
Figure 4 as part of the FTIR spectrometer subsystem
400. The collimating lens 228 produces a beam with low
optical distortion that serves as the proper input to the
FTIR spectrometer discussed below.
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[0056] As shown in Figure 4, the FTIR spectrometer
subsystem 400 includes a spectrometer 230 that modu-
lates the sufficiently collimated light from the tissue sam-
pling subsystem 200 to create an interferogram which is
received by a detector 232. The interferogram spatially
encodes the near-infrared spectrum collected by the tis-
sue sampling subsystem. Figure 9 schematically depicts
one embodiment of an FTIR spectrometer 230 which in-
cludes a beamsplitter 234 and compensator optics 236,
a fixed retro-reflector 238 and a moving retro-reflector
240. The collimated input light 242 impinges on the beam-
splitter optic 234 and is partially reflected and partially
transmitted by the coating on the back surface of the
beamsplitter 234. The reflected light passes back through
the beamsplitter optic 234 and reflects off the fixed retro-
reflector 238 and back to the beamsplitter 234. The trans-
mitted light passes through the compensator optic 236
and reflects off the moving retro-reflector 240 and back
to the beamsplitter 234. The transmitted and reflected
portions of the light recombine at the beamsplitter to cre-
ate an interference pattern or interferogram. The amount
of constructive and/or destructive interference between
the transmitted and reflected beams is dependent on the
spectral content of the collimated input beam 242 and on
the optical path difference between the fixed retro-reflec-
tor 238 and the moving retro-reflector 240.

[0057] In one embodiment, the non-invasive FTIR
spectrometer subsystem 400 utilizes an FTIR spectrom-
eter 230 manufactured by Bomem. This spectrometer
utilizes a single plate that contains beamsplitter and com-
pensator functions. In addition, cube corners are used
as the end mirrors and both cube corners are moved on
a wishbone suspension to create the optical path differ-
ence and the subsequent interference record. The
Bomem WorkIR™ FTIR spectrometer achieves thermal
stability and spectral complexity performance for making
non-invasive diabetes disease state analysis with near-
infrared spectroscopy. The FTIR spectrometer modu-
lates the collimated light from the tissue sampler to spa-
tially encode the near-infrared spectrum into an interfero-
gram. The spectral resolution of the interferogram can
be in the range of 7.5 to 64 wavenumbers. The range of
spectral resolution is 30 - 50 wavenumbers. The interfer-
ometer will produce either a single-sided or a double-
sided interferogram;the double-sided interferogram can
achieve a higher SNR. The resulting interferogram can
be passed to a condensing lens 244, as shown in Figure
4, and this lens focuses the light onto the detector 232.
The condensing lens 244 is a double convex design with
each surface being aspherical in nature. The lens mate-
rialis ZnSe. The detector 232 can be a thermo-electrically
cooled, Tmm diameter, extended range, InGaAs detector
that is sensitive to light in the 1.2 to 2.5 wm region of the
spectrum. The detector 232 converts the optical inter-
ferogram into its electrical equivalent.

[0058] Any photodetector that satisfies basic sensitiv-
ity, noise and speed requirements can be used with the
present invention. A suitable photodetector can have a
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shunt resistance greater than 6000 ohms, a terminal ca-
pacitance less than 6 nano farads and a minimum pho-
tosensitivity of 0.15 amps per watt over the 1.2 to 2.5
micron spectral region. In addition, the photodetector can
have a cut-off frequency greater than or equal to 1000
hertz. The shunt resistance of the photodetector defines
the Johnson or thermal noise of the detector. The pho-
todetector’s performance can be improved by making the
Johnson noise of the detector be low relative to the pho-
tonflux atthe detector. The terminal capacitance governs
the cut-off frequency of the photodetector and can also
be a factor in the high frequency noise gain of the pho-
todetector amplifier. The photo sensitivity can directly im-
pact the signal portion of the SNR equation.

[0059] The optical interferogram can be converted to
an electrical signal by the detector and this signal re-
ceived by the data acquisition subsystem 500. The data
acquisition subsystem 500 amplifies and filters the elec-
trical signal from the detector and then converts the re-
sulting analog electrical signal to its digital representation
with an analog to digital converter. The analog electronics
and ADC can support the high SNR and linearity inherent
in the interferogram. The data acquisition subsystem 500
supports at least 100 dbc of SNR plus distortion. The
data acquisition subsystem 500 produces a digitized
interferogram that has uniform spatial displacement be-
tween samples. The data acquisition subsystem 500 also
receives the reference laser signal from the FTIR spec-
trometer subsystem 400. Both the near-infrared signal
and the reference laser can be digitized by a 24-bit delta-
sigma ADC operated at 96 kilohertz. The digital output
of the ADC can be processed by a signal processor to
produce an interferogram that is sampled at constant
spatial intervals. The interferograms can be passed to
the embedded computer subsystem 600 for further
processing, as discussed below. Traditionally, the zero
crossings of the reference laser are utilized to mark con-
stant spatial intervals for sampling of the interferogram.
The zero crossings of the reference laser are spaced at
intervals equal to half the wavelength of the monochro-
matic light emitted by the laser.

[0060] Further, the data acquisition subsystem 500
can utilize a constant time sampling, dual channel, delta-
sigma analog-to-digital converter (ADC) to support the
SNR and photometric accuracy requirements of the
present disease state analysis. The delta-sigma ADC can
support sampling rates of over 100 kHz per channel, have
a dynamic range in excess of 117 dbc and have total
harmonic distortion less than -105 dbc.

[0061] There are other types of data acquisition sys-
tems for the FTI R spectrometer and photodetector that
are known inthe artand could be employed inthe present
invention if they provide the following performance char-
acteristics for constant spatial sampling, dynamic range,
SNR, harmonic distortion and sampling speed. There is
an allowable error in determining the constant spatial
sampling intervals of the interferogram, and the spatial
sampling interval determination should have a maximum
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spatial sampling jitter of +/- 25 nanometers in order to
preserve a SNR of 100 dbc at

1.2 microns (8000 cm™1). Levels of spatial sampling jitter
greater than +/- 25 nanometers can introduce frequency
modulation artifacts into the spectra and can degrade the
signal. In addition, the data acquisition subsystem can
support a dynamic range of at least 100 dbc, a SNR of
90 dbc and have total harmonic distortion less than 90
dbc. Finally, the ADC of the data acquisition subsystem
can be able to sample at speeds of 5,000 samples per
second or greater in order to support a minimum FTIR
moving mirror scanning speed of 0.25 centimeters per
second.

[0062] The constant time sampling data acquisition
subsystem 500 has several distinct advantages over the
more traditional methods of acquiring interferograms
from an FTIR spectrometer. These advantages include
greater dynamic range, lower noise, reduced spectral ar-
tifacts, detector noise limited operation and simpler and
less expensive analog electronics. In addition, the con-
stant time sampling technique improves the vibration im-
munity of the FTIR because it can digitally compensate
for delay mismatches between the laser reference and
infrared detectors and can back out the non-ideal aspects
of the electronics’ transfer function. The constant time
sampling technique can require increased computational
and memory requirements to translate the constant time
samples of the interferogram to constant spatial samples.
A high performance digital signal processor (DSP) can
provide the additional computation and memory require-
ments to attain the performance enhancements of the
constant time sampling technique.

[0063] The dataacquisition subsystem passes the dig-
itized, constant spatially sampled interferograms to the
embedded computer subsystem 600 for further process-
ing. The embedded computer subsystem 600 converts
the stream of interferograms to single beam spectra by
windowing the interferogram, performing phase correc-
tion of the windowed interferogram and then taking the
Fourier transform of the windowed and phase corrected
interferogram. Mertz and power phase correction meth-
ods can be used. The power phase correction method
can be simpler to implement, but results in noise that has
non-zero mean and is larger in magnitude by a factor of
1.414. The Mertz phase correction method can be more
complicated but can produce noise with zero mean and
does not inject noise from the imaginary portion of the
complex spectrum. The Mertz method can result in spec-
tra with higher photometric accuracy. When using multi-
variate analysis techniques, both phase correction meth-
ods result in equivalent prediction performance.

[0064] After converting the interferograms to single
beam spectra, the embedded computer system can
check the single beam spectra for outliers or bad scans.
An outlier sample or bad scan is one that violates the
hypothesized relationship between the measured signal
and the properties of interest (i.e., glycosylated collagen
measurement in human tissue). Examples of outlier con-
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ditions include conditions where the calibrated instru-
ment is operated outside of the specified operating rang-
es for ambient temperature, ambient humidity, vibration
tolerance, component tolerance, power levels, etc. In ad-
dition, an outlier can occur if the composition or concen-
tration of the sample is different than the composition or
concentration range of the samples used to build the cal-
ibration model. Any outliers or bad scans can be deleted
and the remaining good spectra are averaged together
to produce an average single beam spectrum for the
measurement. The average single beam spectrum can
be converted to absorbance by taking the negative base
10 logarithm (log10) of the spectrum. The absorbance
spectrum can be scaled by a single beam spectrum to
renormalize the noise. The resulting scaled absorbance
spectrum can then have calibration maintenance and/or
calibration transfer algorithms applied to it. Calibration
maintenance techniques are discussed in detail below
and in commonly assigned U.S. Patent Application Serial
No. 09/832,608, filed on April 11, 2001, and entitled "Op-
tically Similar Reference Samples and Related Methods
for Multivariate Calibration Models Used in Optical Spec-
troscopy", incorporated herein by reference. Calibration
transfer techniques are disclosed in commonly assigned
U.S. Patent Application Serial No. 09/563,865, filed May
3, 2000, entitled "Method and Apparatus for Spectro-
scopic Calibration Model Transfer", incorporated herein
by reference.

[0065] An algorithm stored in the embedded computer
subsystem can then be applied to the scaled absorbance
spectrum, as calibrated, to determine disease state. After
generating a disease state prediction, the embedded
computer subsystem 600 will report the predicted value
830 to the subject. Optionally, the embedded computer
subsystem 600 can report the level of confidence in the
goodness of the predicted value. If the confidence level
is low, the embedded computer subsystem 600 can with-
hold the predicted disease state and ask the subject to
retest. The classification can be reported visually on a
display, by audio and/or by printed means. Additionally,
the predicted disease state can be stored in memory in
order to form a historical record of the analysis.

[0066] The embedded computer subsystem 600 can
include a central processing unit (CPU), memory, stor-
age, a display and a communication link. An example of
a CPU is the Intel Pentium microprocessor. The memory
can be, for example, static random access memory
(RAM) and/or dynamic random access memory. The
storage can be accomplished with non-volatile RAM or
a disk drive. A liquid crystal display is an example of the
type of display that would be used in the device. The
communication link can be a high speed serial link, an
Ethernet link or a wireless communication link. The em-
bedded computer subsystem can produce disease state
predictions from the received and processed interfero-
grams, perform calibration maintenance, perform cali-
bration transfer, run instrument diagnostics, store a his-
tory of past analysis and other pertinent information, and
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in some embodiments, can communicate with remote
hosts to send and receive data and new software up-
dates.

[0067] The embedded computer system can also con-
tain a communication link that allows transfer of the sub-
ject’s prediction records and the corresponding spectra
to an external database. In addition, the communication
link can be used to download new software to the em-
bedded computer, update the multivariate calibration
model, provide information to the subject to enhance the
management of their disease, etc. The embedded com-
puter system is very much like an information appliance.
Examples of information appliances include personal
digital assistants, web-enabled cellular phones and
handheld computers.

Claims

1. An apparatus for determining the probability, pro-
gression or level of diabetes, the apparatus compris-

ing:

a light source that generates near-infrared light,
including light at at least one wavelength indic-
ative of glycosylated content in skin;

a sampling means for coupling the light to skin
in vivo and collecting the light modified by the
skin;

a near-infrared spectrometer coupled to the
sampling means for measuring the optical infor-
mation of the modified light collected from the
skin; and

means for processing the optical information to
detect glycosylated collagen in the skin to de-
termine the probability, progression or level of
diabetes, the means adapted to utilize an algo-
rithm having as a factor the optical information
from the at least one wavelength indicative of
glycosylated end product content in the skin,
characterised in that:

said algorithm being a multivariate algo-
rithm developed from a database of optical
information or spectral data of individuals
having a known disease state and utilizing
attenuation of intensities which is a function
of the glycosylated end products including
glycosylated collagen.

2. The apparatus of claim 1, wherein the at least one
wavelength indicative of glycosylation end products
is selected from the following bands: 2240nm-
2300nm, 2145nm-2200nm, 2025nm-2060nm, and
1670nm-1745nm.

3. The apparatus of claim 1, wherein the light source
generates light including a second wavelength indic-
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ative of glycosylated collagen content in the skin and
the algorithm includes a second factor dependent on
optical information at the second wavelength indic-
ative of glycosylated collagen content.

The apparatus of claim 1, wherein

the lightsource comprises anillumination subsystem
which generates the near-infrared light including at
least one wavelength indicative of glycosylated col-
lagen content in human skin; the sampling means
comprises a skin sampling subsystem optically cou-
pled to the illumination subsystem which receives at
least a portion of the infrared light, the skin sampling
subsystem including means for irradiating human
skin with at least a portion of the received infrared
light and collecting at least a portion of the light dif-
fusely reflected from the human skin;

the spectrometer comprises an FTIR spectrometer
subsystem optically coupled to the skin sampling
subsystem to receive at least a portion of the light
diffusely reflected from the skin, the FTIR spectrom-
eter subsystem including a spectrometer that cre-
ates an interferogram, the FTIR spectrometer sub-
system further including a detector which receives
the interferogram and converts the interferogram to
an electrical representation; and

the means for processing the optical information to
determine the probability, progression or level of di-
abetes comprises a data acquisition subsystem
which receives the electrical representation of the
interferogram, the data acquisition subsystem in-
cluding means for amplifying and filtering the elec-
trical representation and converting a resulting elec-
trical signal to its digital representation, and a com-
puting subsystem for receiving the digital represen-
tation and further adapted to utilized said multivariate
algorithm.

The apparatus of claim 4, wherein the at least one
wavelength indicative of glycosylated collagen con-
tent is selected from the following bands: 2240nm-
2300nm, 2145nm-2200nm, 2025nm- 2060nm, and
1670nm-1745nm.

The apparatus of claim 4, wherein the illumination
subsystem generates light including a second wave-
length indicative of glycosylated collagen content in
the skin and the multivariate algorithm includes a
second factor dependent on the measurements at
the second wavelength indicative of glycosylated
collagen content.

The apparatus of claim 3 or 6, wherein the second
wavelength indicative of glycosylated collagen con-
tent is selected from the following bands: 2240nm-
2300nm, 2145nm-2200nm, 2025nm-2060nm, and
1670nm-1745nm.
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A method using an apparatus as claimed in any one
of claims 1 to 7 for indicating high risk of developing
diabetes in an individual utilizing in vivo skin optical
information from the individual comprising the steps
of:

obtaining in vivo skin optical information from
the individual, the in vivo skin optical information
including information from at least one near-in-
frared wavelength indicative of glycosylation
end product content in the skin;

providing said multivariate algorithm; and
applying the multivariate algorithm to the skin
optical information from the individual to indicate
high risk of developing diabetes.

The method of claim 8, wherein the step of obtaining
skin optical information from the individual compris-
es:

providing an illumination source and irradiating
skin with near-infrared light having at least one
wavelength indicative of glycosylation end prod-
uct content in the irradiated skin;

collecting at least a portion of the light exiting
the irradiated skin; and

measuring at least a portion of the near-infrared
spectrum of the light collected from the skin.

The method of claim 8 or 9, wherein the glycosylation
end product includes glycosylated collagen.

The method of claim 8 or 9, wherein the at least one
wavelength indicative of glycosylation end product
content is selected from the following bands:
2240nm-2300nm, 2145nm-2200nm, 2025nm-
2060nm, and 1670nm-1745nm.

The method of claim 8 or 9, wherein the skin optical
information includes information from a second
wavelength indicative of glycosylation end product
content in the skin and the multivariate algorithm in-
cludes a second factor dependent on information
from the second wavelength indicative of glycosyla-
tion end product content.

The method of claim 12, wherein the second wave-
length indicative of glycosylation end product con-
tent is selected from the following bands: 2240nm-
2300nm, 2145nm-2200nm, 2025nm-2060nm, and
1670nm-1745nm.

The method of claim 8 or 9, wherein the at least one
wavelength indicative of glycosylation end product
content is greater than 500nm and less than
3300nm.

The method of claim 8 or 9, wherein the multivariate
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algorithm has at least one factor dependent on sub-
ject characteristics.

16. The method of claim 8 or 9, wherein the multivariate

algorithm has at least one factor dependent on en-
vironmental risk factors.

Patentanspriiche

Vorrichtung zur Bestimmung der Wahrscheinlich-
keit, des Fortschreitens oder des Grads von Diabe-
tes, wobei die Vorrichtung aufweist:

eine Lichtquelle, die Licht im nahem Infrarot er-
zeugt, das Licht mit mindestens einer Wellen-
ldnge umfasst, die den glykosylierten Gehalt in
Haut anzeigt;

eine Abtasteinrichtung zur In-vivo-Kopplung
des Lichts mit Haut und zum Sammeln des
durch die Haut modifizierten Lichts;

ein Spektrometer fir nahes Infrarot, das gekop-
pelt ist mit der Abtasteinrichtung zur Messung
der optischen Informationen des modifizierten
Lichts, das von der Haut gesammelt wird; und
eine Einrichtung zur Verarbeitung der optischen
Informationen, um glykosyliertes Kollagen in der
Haut zu ermitteln,

um die Wahrscheinlichkeit, das Fortschreiten
oder den Grad von Diabetes zu ermitteln, wobei
die Einrichtung eingerichtet ist, einen Algorith-
mus zu nutzen, der als einen Faktor die opti-
schen Informationen aus der mindestens einen
Wellenlange aufweist, die den glykosylierten
Endproduktgehalt in der Haut anzeigt,
dadurch gekennzeichnet, dass

der Algorithmus ein multivariater Algorithmus
ist, der aus einer Datenbank optischer Informa-
tionen oder Spektraldaten von Personen entwik-
kelt ist, die einen bekannten Erkrankungszu-
stand aufweisen, und die Dampfung von Inten-
sitaten nutzt, die eine Funktion der glykosylier-
ten Endprodukte einschlieBlich glykosylierten
Kollagens ist.

Vorrichtung nach Anspruch 1, wobei die mindestens
eine Wellenlange, die Glykosylierungsendprodukte
anzeigt, aus den folgenden Béndern ausgewahlt ist:
2240 nm - 2300 nm, 2145 nm - 2200 nm, 2025 nm
- 2060 nm und 1670 nm - 1745 nm.

Vorrichtung nach Anspruch 1, wobei die Lichtquelle
Licht erzeugt, das eine zweite Wellenlange umfasst,
die den glykosylierten Kollagengehaltin der Haut an-
zeigt, und der Algorithmus einen zweiten Faktor auf-
weist, der von optischen Informationen bei der zwei-
ten Wellenlange abhangig ist, die den glykosylierten
Kollagengehalt anzeigt.
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Vorrichtung nach Anspruch 1, wobei

die Lichtquelle ein Beleuchtungsteilsystem aufweist,
das das Licht im nahem Infrarot erzeugt, das min-
destens eine Wellenlange umfasst, die den glykosy-
lierten Kollagengehalt in menschlicher Haut anzeigt;
die Abtasteinrichtung ein Hautabtastteilsystem auf-
weist, das mit dem Beleuchtungsteilsystem optisch
gekoppelt ist, und das mindestens einen Anteil des
Infrarotlichts empfangt, wobei das Hautabtastteilsy-
stem eine Einrichtung zur Bestrahlung menschlicher
Haut mit mindestens einem Anteil des empfangenen
Infrarotlichts und zum Sammeln mindestens eines
Anteils des von der menschlichen Haut diffus reflek-
tierten Lichts aufweist;

das Spektrometer ein FTIR-Spektrometerteilsystem
aufweist, das mit dem Hautabtastteilsystem optisch
gekoppelt ist, um mindestens einen Anteil des von
der menschlichen Haut diffus reflektierten Lichts zu
empfangen, wobei das FTIR-Spektrometerteilsy-
stem ein Spektrometer aufweist, das ein Interfero-
gramm erzeugt, wobei das FTIR-Spektrometerteil-
system ferner einen Detektor aufweist, der das In-
terferogramm empféangt und das Interferogramm in
eine elektrische Darstellung umwandelt; und

die Einrichtung zur Verarbeitung der optischen In-
formationen, um die Wahrscheinlichkeit, das Fort-
schreiten oder den Grad von Diabetes zu bestim-
men, ein Datenerfassungsteilsystem aufweist, das
die elektrische Darstellung des Interferogramms
empfangt, wobei das Datenerfassungsteilsystem ei-
ne Einrichtung zur Verstarkung und Filterung der
elektrische Darstellung und Umwandlung eines re-
sultierenden elektrischen Signals in seine digitale
Darstellung umfaf3t, und ein Berechnungsteilsystem
zum Empfangen der digitalen Darstellung aufweist,
und ferner eingerichtet ist, die multivariate Algorith-
mus zu nutzen.

Vorrichtung nach Anspruch 4, wobei die mindestens
eine Wellenlange, die den glykosylierten Kollagen-
gehalt anzeigt, aus den folgenden Bandern ausge-
wahlt ist: 2240 nm - 2300 nm, 2145 nm - 2200 nm,
2025 nm - 2060 nm und 1670 nm - 1745 nm.

Vorrichtung nach Anspruch 4, wobei das Beleuch-
tungsteilsystem Licht erzeugt, das eine zweite Wel-
lenldnge umfasst, die den glykosylierten Kollagen-
gehalt in der Haut anzeigt, und der multivariate Al-
gorithmus einen zweiten Faktor aufweist, der von
den Messungen bei der zweiten Wellenlange abhan-
gig ist, die den glykosylierten Kollagengehalt an-
zeigt.

Vorrichtung nach Anspruch 3 oder 6, wobei die zwei-
te Wellenlange, die den glykosylierten Kollagenge-
halt anzeigt, aus den folgenden Béndern ausgewahlt
ist: 2240 nm - 2300 nm, 2145 nm - 2200 nm, 2025
nm - 2060 nm und 1670 nm - 1745 nm.
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Verfahren, das eine Vorrichtung nach einem der An-
spriche 1 bis 7 verwendet, zum Anzeigen eines ho-
hen Risikos, dass eine Person Diabetes entwickelt,
das optische In-vivo-Hautinformationen von der Per-
son nutzt, das die Schritte aufweist:

Erhalten von optischen In-vivo-Hautinformatio-
nenvon der Person, wobei die optischen In-vivo-
Hautinformationen Informationen von minde-
stens einer Wellenlange im nahen Infrarot um-
fassen, die den Glykosylierungsendproduktge-
halt in der Haut anzeigt;

Bereitstellen des multivariaten Algorithmus; und
Anwenden des multivariaten Algorithmus auf
die optischen Hautinformationen von der Per-
son, um ein hohes Risiko anzuzeigen, Diabetes
zu entwickeln.

Verfahren nach Anspruch 8, wobei der Schritt des
Erhaltens optischer Hautinformationen von der Per-
son aufweist:

Bereitstellen einer Beleuchtungsquelle und Be-
strahlen der Haut mit Licht im nahem Infrarot,
das mindestens eine Wellenlange aufweist, die
den Glykosylierungsendproduktgehalt in der
bestrahlten Haut anzeigt;

Sammeln mindestens eines Anteils des Lichts,
das aus der bestrahlten Haut austritt; und
Messen mindestens eines Anteils des nahen In-
frarotspektrums des von der Haut gesammelten
Lichts.

Verfahren nach Anspruch 8 oder 9, wobei das Gly-
kosylierungsendprodukt glykosyliertes Kollagen
umfasst.

Verfahren nach Anspruch 8 oder 9, wobei die min-
destens eine Wellenlénge, die den Glykosylierungs-
endproduktgehalt anzeigt, aus den folgenden Ban-
dern ausgewahlt wird: 2240 nm - 2300 nm, 2145 nm
-2200 nm, 2025 nm - 2060 nm, und 1670 nm - 1745
nm.

Verfahren nach Anspruch 8 oder 9, wobei die opti-
schen Hautinformationen Informationen von einer
zweiten Wellenlange umfassen, die den Glykosylie-
rungsendproduktgehalt in der Haut anzeigt, und der
multivariate Algorithmus einen zweiten Faktor auf-
weist, der von Informationen von der zweiten Wel-
lenlange abhangig ist, die den Glykosylierungsend-
produktgehalt anzeigt.

Verfahren nach Anspruch 12, wobei die zweite Wel-
lenlange, die den Glykosylierungsendproduktgehalt
anzeigt, aus den folgenden Bandern ausgewahlt
wird: 2240 nm - 2300 nm, 2145 nm - 2200 nm, 2025
nm - 2060 nm und 1670 nm - 1745 nm.
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Verfahren nach Anspruch 8 oder 9, wobei die min-
destens eine Wellenlange, die den Glykosylierungs-
endproduktgehalt anzeigt, groRer als 500 nm und
kleiner als 3300 nm ist.

Verfahren nach Anspruch 8 oder 9, wobei der mul-
tivariate Algorithmus mindestens einen Faktor auf-
weist, der von den Patienteneigenschaften abhangt.

Verfahren nach Anspruch 8 oder 9, wobei der mul-
tivariate Algorithmus mindestens einen Faktor auf-
weist, der von Umweltrisikofaktoren abhangt.

Revendications

1.

Appareil permettant de déterminer la probabilité, la
progression ou le stade d’un diabéte, ledit appareil
comprenant :

une source lumineuse générant une lumiere
proche infrarouge, avec de la lumiére ayant au
moins une longueur d’onde représentative du
taux de glycosylation dans la peau ;

un moyen d’échantillonnage pour coupler la lu-
miére a la peau in vivo et recevoir la lumiere
modifiée par la peau ;

un spectrometre proche infrarouge couplé au
moyen d’échantillonnage pour mesurer l'infor-
mation optique de la lumiére modifiée regue de
la peau ; et

un moyen de traitement de I'information optique
pour détecter le collagene glycosylé dans la
peau, afin de déterminer la probabilité, la pro-
gression ou le stade d’'un diabéte, le moyen
étant apte a exploiter un algorithme ayant pour
facteur I'information optique obtenue a partir de
la ou des longueurs d’onde représentatives de
la teneur en produit final de la glycosylation de
la peau,

caractérisé

en ce que l'algorithme est un algorithme a plu-
sieurs variables développé a partir d’'une base
de données d’informations optiques ou de don-
nées spectrales de sujets a un stade connu de
la maladie, et exploite I'affaiblissement d’inten-
sités qui est une fonction des produits finaux gly-
cosylés comprenant du collagéne glycosylé.

Appareil selon la revendication 1, ou la ou les lon-
gueurs d’ondes représentatives des produits finaux
de la glycosylation sont choisies dans les plages
suivantes : 2240 nm-2300 nm, 2145 nm-2200 nm,
2025 nm-2060 nm et 1670 nm-1745 nm.

Appareil selon la revendication 1, ou la source lumi-
neuse génére une lumiére avec une deuxieme lon-
gueur d’onde représentative de la teneur en colla-
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gene glycosylé de la peau, et ou I'algorithme com-
porte un deuxiéme facteur dépendant de I'informa-
tion optique a la deuxieme longueur d’onde repré-
sentative de la teneur en collagéne glycosylé.

Appareil selon la revendication 1, ou

la source lumineuse comprend un sous-systéme
d’éclairage qui génére la lumiére proche infrarouge
comportantau moins une longueur d’'onde représen-
tative de la teneur en collagene glycosylé de la peau
humaine ; le moyen d’échantillonnage comprend un
sous-systeme d’échantillonnage de peau optique-
ment couplé au sous-systéme d’éclairage et qui re-
coit au moins une partie de la lumiére infrarouge, le
sous-systéme d’échantillonnage de peau compor-
tant un moyen d'’irradiation de la peau humaine par
au moins une partie de la lumiére infrarouge regue
et recevant au moins une partie de la lumiere diffu-
sément réfléchie par la peau humaine ;

le spectrométre comprend un sous-systeme de
spectrometre FTIR optiquement couplé au sous-
systéme d’échantillonnage de peau pour recevoir au
moins une partie de la lumiére diffusément réfléchie
par la peau, le sous-systéme de spectrometre FTIR
comportant un spectrométre générant un interféro-
gramme, le sous-systéme de spectrométre FTIR
comportant en outre un détecteur recevant l'interfé-
rogramme et convertissant I'interférogramme en re-
présentation électrique ; et ou

le moyen de traitement de l'information optique afin
de déterminer la probabilité, la progression ou le sta-
de d’un diabéte comprend un sous-systéme d’acqui-
sition de données recevant la représentation électri-
que de l'interférogramme, le sous-systéme d’acqui-
sition de données comportant un moyen d’amplifi-
cation et de filtrage de la représentation électrique
et convertissant un signal électrique résultant en sa
représentation numérique, et un sous-systéme de
calcul pour recevoir la représentation numérique, et
apte en outre a exploiter 'algorithme a plusieurs va-
riables.

Appareil selon la revendication 4, ou la ou les lon-
gueurs d’onde représentatives de la teneur en col-
lagéne glycosylé sont choisies dans les plages
suivantes : 2240 nm-2300 nm, 2145 nm-2200 nm,
2025 nm-2060 nm et 1670 nm-1745 nm.

Appareil selon la revendication 4, ou le sous-syste-
me d’éclairage génére de la lumiére avec une
deuxieme longueur d’'onde représentative de la te-
neur en collagene glycosylé de la peau, et ou I'algo-
rithme a plusieurs variables comporte un deuxiéme
facteur dépendant des mesures a la deuxieme lon-
gueur d’onde représentative de la teneur en colla-
gene glycosylé.

Appareil selon la revendication 3 ou la revendication
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6, ou la deuxieme longueur d’onde représentative
de la teneur en collagene glycosylé est choisie dans
les plages suivantes : 2240 nm-2300 nm, 2145 nm-
2200 nm, 2025 nm-2060 nm et 1670 nm-1745 nm.

Procédé recourant a un appareil selon I'une quel-
conque des revendications 1 a 7, destiné a signaler
unrisque élevé de développementd’un diabéte chez
un sujet, par exploitation in vivo d’'une information
optique sur la peau du sujet, comprenant les étapes
suivantes :

obtention in vivo d’une information optique sur
la peau du sujet, I'information optique sur la
peau obtenue in vivo comportant une informa-
tion d’au moins une longueur d’onde proche in-
frarouge, représentative de la teneur en produit
final de la glycosylation de la peau ;
préparation de [lalgorithme a
variables ; et

application de I'algorithme a plusieurs variables
a l'information optique sur la peau du sujet pour
signaler un risque élevé de développement d’un
diabete.

plusieurs

Procédé selon la revendication 8, ou I'étape d’ob-
tention de I'information optique sur la peau du sujet
comprend :

la préparation d’'une source d’éclairage et irra-
diation de la peau par une lumiére proche infra-
rouge ayant au moins une longueur d’onde re-
présentative de la teneur en produit final de la
glycosylation de la peau irradiée ;

la réception d’au moins une partie de la lumiére
sortant de la peau irradiée ; et

la mesure d’au moins une partie du spectre pro-
che infrarouge de la lumiere regue de la peau.

Procédé selon la revendication 8 ou la revendication
9, ou la produit final de la glycosylation comprend
du collagéne glycosylé.

Procédé selon la revendication 8 ou la revendication
9, ou la ou les longueurs d’onde représentatives de
lateneur en produitfinal de la glycosylation sont choi-
sies dans les plages suivantes : 2240 nm-2300 nm,
2145 nm-2200 nm, 2025 nm-2060 nm et 1670 nm-
1745 nm.

Procédé selon la revendication 8 ou la revendication
9, ou I'information optique sur la peau comporte I'in-
formation d’'une deuxiéme longueur d’'onde repré-
sentative de la teneur en produit final de la glycosy-
lation de la peau, et ou I'algorithme a plusieurs va-
riables comporte un deuxieme facteur dépendant de
l'information de la deuxiéme longueur d’onde repré-
sentative de la teneur en produit final de la glycosy-
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30
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Procédé selon la revendication 12, ou la deuxiéme
longueur d’'onde représentative de la teneur en pro-
duit final de la glycosylation est choisie dans les pla-
ges suivantes : 2240 nm-2300 nm, 2145-2200 nm,
2025 nm-2060 nm et 1670 nm-1745 nm.

Procédé selon la revendication 8 ou la revendication
9, ou la ou les longueurs d’onde représentatives de
la teneur en produit final de la glycosylation sont su-
périeures a 500 nm et inférieures a 3300 nm.

Procédé selon la revendication 8 ou la revendication
9, ou l'algorithme a plusieurs variables comporte au
moins un facteur dépendant de caractéristiques du
sujet.

Procédeé selon la revendication 8 ou la revendication
9, ou 'algorithme a plusieurs variables comporte au
moins un facteur dépendant de facteurs de risque
environnementaux.
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https://share-analytics.zhihuiya.com/view/97f7e10f-e906-4115-86b6-b8e68c033f8b
https://worldwide.espacenet.com/patent/search/family/028673937/publication/EP1494577A4?q=EP1494577A4

