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METHOD AND APPARATUS FOR MULTI - SPECTRAL ANALYSI S | N NONI NVASI VE
| NFRARED SPECTROSCORY Technical Field: 10 The present
i nvention relates to a nethod and apparatus for determ ning the
concentration of a target analyte in a sanple using nulti-spectral
anal ysis. ThO%¥3Ti on finds application in a w de r REHESHO1eni cal
anal yses, and particularly in 15 noni nvasi ve spectrophotonetric anal ysis
of bl ood anal yt es. Background of the Invention

The measurenment of the concentration of 20 vari ous bl ood constituents
finds application in a w de variety of procedures for the diagnosis
and treat ment of conditions and di sease in human subjects. One

i nportant application is in the measurenent of bl ood gl ucose.
Specifically, the concentration of blood 25 gl ucose shoul d be nonitored
on a periodic Basis in METHOD AND APPARATUS FOR MULTI-SPECTRAL

ANALYSIS IN NONINVASIVE INFRARED SPECTROSCOPY

Technical Field:

10 The present invention relates to a method
and apparatus for determining the concentration of a
target analyte in a sample using multi-spectral
analysis. The invention finds application in a wide
range of chemical analyses, and particularly in

15 noninvasive spectrophotometric analysis of blood

analytes.
Background gf the Invention:

The measurement of the concentration of
20 various blood constituents finds application in a wide
variety of procedures for the diagnosis and treatment
of conditions and disease in human subjects. One
important application is in the measurement of blood
glucose. Specifically, the concentration of blood
25 glucose should be monitored on a periodic basis in
persons suffering from diabetes, and with respect to
insulin~dependent or Type I diabetes, it is often
necessary or desirable to monitor blood glucose
several times a day. Further, the measurement of
30 blood cholesterol concentrations provides important
information in the treatment .or prevention of persons
suffering from coronary artery disease, and the
measurement of other organic blood analytes, such as
bilirubin and alcohol, is important in various
35 diagnostic contexts.
The most accurate and widely practiced
method of obtaining blood analyte concentrations
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persons suffering from di abetes, and wth respect to

I nsul i n-dependent or Type | diabetes, it is often necessary or
desirable to nonitor bl ood glucose several tines a day. Further, the
nmeasurenent of 30 bl ood chol'esterol concentrations provides inportant
information in the treatnent or prevention of persons suffering from
coronary amMeties4¥’sease, and the measur ement of ot h@CTRISHHMPE® bl ood
anal ytes, such as bilirubin and al cohol, is inportant in various 35
di agnosti c cont exts. The nost accurate and widely practiced
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necessary. These or a colorimetrlc calibration method. Such invasive
blood extractions create a painful and tedious burden
to the diabetic and expose the diabetic to the
possibility of infection, particularly in light of the
frequency of testing which is necessary. These

15 considerations can lead to an abatement of the
monitoring process by the diabetic.

Accordingly, there is a recognized need in
the art for a simple and accurate method and device
for noninvasively measuring blood analyte

20 concentration, particularly in the context of blood
glucose monitoring by diabetics. One approach to the
problem entails the use of traditional methods of near
infrared (near-IR or "NIRY) analysis, wherein the
measurement of absorbance at one or more specific

25 wavelengths is used to extract analyte-specific
information from a given sample.

Near-IR absorbance spectra of liquid samples
contain a large amount of information about the
various organic constituents of the sample.

30 Specifically, the vibrational, rotational and
stretching energy associated with organic molecular
structures (e.g., carbon-carbon, carbon-hydrogen,
carbon-nitrogen and nitrogen-hydrogen chemical bonds)
produces perturbations in the near-IR region which can

35 be detected and related to the concentration of
various organic constituents present in the sanple.
However, in complex sample matrices, near-IR spectra
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15 <considerations can lead to an abatenment of the nonitoring process

by the diabetic. Accordingly, there is a recogni zed need
in - the art for a sinple and accurate nethod and device for
noni nvasi vel y nmeasuring bl ood anal yte 20 concentration, particularly in
t he context of bl ood gl ucose nonitoring by diabetics. One approach
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10 number of near-IR devices and methods have been
described to provide noninvasive blood analyte
determinations.
U.S8. Patent No. 5,360,004 to Purdy et al.
describes a method and apparatus for the determination
15 of blood analyte concentrations, wherein a body
portion is irradiated with radiation containing two or
more distinct bands of continuous-wavelength incident
radiation. Purdy et al. emphasize filtration
technigues to specifically block radiation at the two
20 peaks in the NIR absorption spectrum for water,
occurring at about 1440 and 1935 nm. Such selective
blocking is carried out in order to avoid a heating
effect that may be due to the absorption of radiation
by water in the body part being irradiated.
25 By contrast, U.S. Patent No. 5,267,152 to
Yang et al. describes noninvasive devices and
techniques for measuring blood glucose concentration
using only the portion of the IR spectrum which
contains the NIR water absorption peaks (e.g., the
30 "ywater transmission window," which includes those
wavelengths between 1300 and 1900 nm). Optically
controlled light is directed to a tissue source and
then collected by an integrating sphere. The
collected light is analyzed and blood glucose
35 concentration calculated using a stored reference

calibration curve.



due in part to simlarities of structure anongst anal ytes, relative

| evel s of anal yte concentration, interfering relationshi ps between
anal ytes and the 5 magni tude of el ectronic and chem cal "noise" inherent
in a particular system Such interferences reduce the ef ficiency and
preci si on %%%grerrents obt ai ned usi ng near-1R spectronetry to
determ ne concentration of liquid sanple anal yt ecTakdomenssy , a 10
nunber of near-1R devices and net hods have been descri bed to provide
noni nvasi ve bl ood anal yte determ nati ons. U. S. Patent
No. 5,360,004 to Purdy et Bevices havestlsdhdeen wescrdbeddfappasat s f or
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- 3- 15 concentration of urea in a milk sample using an
infrared attenuation measuring technique.
Multivariate techniques are carried out to determine
spectral contributions of known components using
partial least squares algorithms, principal component
20 regression, multiple linear regression or artificial
neural network learning. Calibration is carried out
by accounting for the component contributions that
block the analyte signal of interest. Thus, Nygaard
et al. describe a technigue of measuring multiple
25 analyte infrared attenuations and compensating for the
influence of background analytes to obtain a more
accurate measurement.
U.85. Patent No. 4,306,152 to Ross et al.
describes an optical fluid analyzer designed to
30 minimize the effect of background absorption (i.e.,
the overall or base level optical absorption of the
fluid sample) on the accuracy of measurement in a
turbid sample or in a liquid sample which is otherwise
difficult to analyze. The apparatus measures an
35 optical signal at the characteristic optical
absorption of a sample component of interest and
another signal at a wavelength selected to approximate
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Devi ces have al so been described for use in determ nation of analyte
concentrations in conplex sanpl es. For exanple, U. S
Patent No. 5,242,602 to 5 Richardson et al. describes nethods for -

anal yzi ng aqueous systens to detect nultiple active or inactive

wat er treatiWg9%@Hdbnents. The nethods involve det er "PEHUSHBAIS? t he

absorbance or emi ssion spectrum of the components over the range of

200 to 2500 nm 10 and application of chenmonetrics algorithns to extract
segnents of the spkaskaxoumd: absbrptien, t and ukhen fgubtractsmior FgArce

performance i ndi Cag¥ background componekk Sof R ind it ddpénddfitt 0 Nygaard

et al. descri bes ghmet hod and apparatus for measuring the 15
concentration of a mlk sanple using an infrared attenuation
measuring techni que MFhei agFRBReY t o hintprmaticn ehtaisgdousing
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to obtain a n®e syst%mduméﬁ:etneasupmularly when very ldt$lepatent No.
4,306, 152 to Ross #gal3/te is present. In light of this limitation,
attempts have been made to improve signal-to-noise
ratios, e.g., by avoiding water absorption peaks to
enable the use of increased radiation intensity, by
15 reducing the amount of spectral information to be
analyzed, or by using subtraction or compensation
techniques based on an approximation of background
absorption. Although such techniques have provided
some improvement, there remains a need to provide a

20 method and apparatus capable of rendering a more
precise determination of the concentration of analytes
in a liguid matrix, particularly in the context of
blood glucose monitoring.

25 Disclosure of the Invention
Accordingly, it is a primary object of the

invention to address the above-described needs in the
art, by providing a method of determining the
concentration of an analyte present in a sample having

30 a varying background matrix and possibly having
substantial component interferences as well. The
method accounts for the similarity of structures among
various components present in the sample, the relative
magnitude of the analyte concentration and spectral

35 interferences provided by various sample components
and instrumentation variances.



describes an optical fluid analyzer designed to 30 mnimze the effect of

background absorption (i.e., the overall or base |evel optical
absorption of the fluid sanple) on the accuracy of measurenment in a
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1o intensity of the spectrally attenuated radiation at a
wavelength in nonoverlapping regions of wavelengths;
and (5) correlating the measurements to obtain a value
indicative of the concentration of the analyte.
In one aspect of the invention, a method is
15 provided wherein spectral data from both the near
infrared and the mid-infrared regions are analyzed to
obtain analyte-specific information. Thus, the method
involves the identification of several distinct,
nonoverlapping regions of wavelengths in the near-IR
20 and mid-IR regions, generally in the range of
approximately 1100 to 5000 nm, which are substantially
correlated with the concentration of the selected
analyte or provide information about measurement and
instrumentation parameters.
25 In another aspect of the invention, a method
is provided which generally inveolves: (1) selecting
several distinct, nonoverlapping regions of
wavelengths in the near infrared range which have high
correlation to the concentration of the analyte; (2)
30 irradiating a sample using infrared light containing
the selected spectral ranges to obtain spectrally
modified radiation; (3) optically filtering the
spectrally modified radiation to isolate or emphasize
a portion of the radiation from each nonoverlapping

35 region; (4) collecting and measuring the intensity of
the optically filtered radiation using a detector; and
(S5) obtaining a value indicative of the analyte
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anal yzed, or by using subtraction or conpensation t echni ques based on

an approxi mati on of background absorption. Al though such techni ques
have provi ded sone i nprovenent, there remains a need to prOV|de a 20
nmet hod and appar atus capabl e of rendering a nore precise

determ natign of the concentration of anal ytes inaliquid matri x,
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Di scl osure of the Invention Accordingly, it is a primry
obj ect of the invention to address the above- descrlbed needs in_the

art, by providi ngceneenksatiendhy cRRPHY g t Hlefined agihematdcadnmefiein
analyte present i moathanppeiba¥inofibbered wadiatiprhackground matri x and

possi bly havi ng SUbStfPtiélan$p9€ ?ééﬁ‘%f‘ﬂﬁ?“%ﬁ%éﬁif@%lkn The

met hod accounts for the simflarrt
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anal yte concemt r athencondefipeatiéh ofSan amdbByiemieaemtdrioviadedmpievari ous
Sanpl e component s pay s g, 8M9akPihs BEGSE bR RLA $ha substantial
PCT/ US97/ 01369 component interferences. The apparatus is configured
to include an arrangement of detectors capable of
collecting and measurin§ attenuated radiation
10 reflected from a sample. The apparatus is used in a
multi-spectral analysis to obtain spectral information
containing analyte~specific signals as well as signals
related to instrument background noise and interfering
spectral information. Chemometrics techniques are
15 used to configure filter elements capable of enhancing
the correlation of analyte-specific information with
the concentration of the analyte and to derive systen
algorithms capable of determining analyte
concentration values. In one aspect of the invention,
20 a diffraction grating system is used to obtain
analyte-specific spectral information which is
detected by a linear detector array capable of
analyzing up to several hundred data points or
wavelengths simultaneously.
25
Brief scriptio £ the F es

Figure 1 is a diagrammatic representation of
an apparatus constructed according to the invention
having a linear array of detectors capable of

30 analyzing wavelengths in both the near infrared and
mid infrared regions.

Figure 2 is a diagrammatic representation of
an alternative apparatus constructed according to the
invention.

35 Figure 3 is a graph illustrating time-
dependent scans taken during an in vivo glucose
tolerance study.



The met hod generally involves: (1) I dentifying several distinct,
nonover | appi ng regi ons of wavel engths in the near-1 R, which have high
correlation to the concentration of the analyte; (2) 5 irradiating a
sanple with incident radiation’ containing those regions in order to
obtain radiation that has been spectrally attenuated as a result of

i nteracti oWOW¥4¥anpl e constituents; (3) detecting PCRAISITRISEX al | v
attenuated radiation; (4) nmeasuring the 10 intensity of the spectrally
attenuated radiation at a wavel ength i n nonoverl appi ng regi ons of
wavel engt hs; and (5)Fimnmresldatdepdctbe inegsapkntots tlee afdsultsa val ue
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®the" include plural referents unless the context

clearly dictates otherwise. Thus, for example,
reference to "an analyte® includes mixtures of
analytes, reference to "an optical transfer cell®

20 includes two or more optical transfer cells, "a means
for reflectively transmitting radiation” includes two
or more such means, "a wavelength" includes two or
more wavelengths, "a chemometrics algorithm" includes
two or more algorithms, and the like.

25 : In this specification and in the claims
which follow, reference will be made to a number of
terms which shall be defined to have the following
meanings:

"Chemometrics" relates to the application of

30 mathematical, statistical and pattern recognition
techniques in chemical analysis applications. See,
e.g., Brown et al. (1990) Anal. Chem. 62:84-101.
Chemometrics is practiced herein in the context of
developing and using noninvasive diagnostic

35 instrumentation that employs advanced signal
processing and calibration techniques. Signal
processing is used to improve the accessibility of
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concentration by applying a defined mathematical nodel to the
optically filtered radiation. It is also an object of the
i nvention to provi de a spectrophotonetric apparatus for deternining
5 the concentration of an analyte present in a sanple havi ng a
varyi ng back¥®W/43tatri x and substanti al conmponent | RESOSENMMPes .
The apparatus is configured to include an arrangenent of detectors
capabl e of col l ecting and neasuring attenuated radiation 10

reflected from a sphybdcallViesigpbf teant iinfesmatianain analykiqedl spectral
analysis to obtaingspagtsdl ERAMPIES iGN signal pebdbaksing esiniduepeci fic
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Figure 1 is al® agextwactcspegitieninfoxmation from ancepplentset @fstruct ed

according to the i g4eAli OBuch methods of calibration include linear
regression, multiple-linear regression, partial linear
regression, and principal components analysis. In
other applications, calibrations can be carried out

15 using artificial neural networks, genetic algorithms
and rotated principal components analysis.

Instrumentation that detects information for

one or more constituents in a complex chemical matrix
must rely upon analysis algorithms (such as those

20 derived using chemometrics) in order to reveal
information that is specific for one or more chemical
constituent. Chemometrics techniques can be used to
compare unknowns with calibrated standards and data
bases to provide advanced forms of cluster analysis,

25 and to extract features from an unknown sample that
can be used as information in statistical and
mathematical,models.

*Principal components analysis" (PCA) is one

method of data reduction which can be performed in the

30 application of chemometric techniques to spectroscopic -
measurement of chemical analytes in a complex matrix.
PCA is used to reduce the dimensionality of a large
number of interrelated variables while retaining the
information that distinguishes one component from

35 another. This reduction is effected using an
eigenvector transformation of an original set of
interrelated variables (e.g., an absorption spectrum)
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York (1986). More particularly, each PC is a linear
combination of all the original measurement variables.
The first is a vector in the direction of the greatest
variance of the observed variables. The succeeding
PCs are chosen to represent the greatest variation of
the measurement data and to be orthogonal to the
previously calculated PC. Therefore, the PCs are
arranged in descending order of importance.

The term "weighting constant® includes the
wavelength coefficients of partial least squares
regression and/or principal components regression, or
any constant obtained from any statistical calibration
that can be used to calculate values (such as analyte
concentration) for unknown samples. A "wavelength
weighting factor" is an embodiment of a weighting
constant which is used in the construction of an
optical filter means capable of emphasizing
wavelength-specific information from spectral data.
The wavelength-specific information can be used to
determine desired values relating to the sample
undergoing analysis (e.g., analyte concentration). A
wavelength weighting factor can be embodied as a
particular filter density (e.g., neutral or
wavelength-specific), filter thickness, or the like,
such parameters having been determined using the
above—-described statistical calibration techniques.

An optical filter wmeans that embodies a
wavelength weighting factor can be used to selectively
emphasize wavelengths having high correlation with a
selected analyte concentration. "High correlation" or



"the" include plural referents unless the context clearly dictates

‘ot herwi se. Thus, for exanple, reference to "an anal yte" includes

m xtures of anal ytes, reference to "an optical transfer cell"” 20

i ncludes two or nore optical transfer cells, "a neans for
reflectively transmtting radiation” includes two or nore such neans,
"a wavel engt WO a#BUdes two or nore wavel engths, "a cReERURY s

al gorithm' incl udes two or nore algorithnms, and the |ike. 25

In this specification and in the clains which follow, reference wll
be made to a nunbetclsise correjatigniihrefesnate The APNTSFatd eave t he

fol I ow ng Mgl diiation between the abéimepbiai rdpeitriunl aftea to the

application of 30 a[ga.t r‘]ﬁ%‘;‘t 'w%% app% ﬂécé‘lp%tﬂ&ﬁtatzera%al Qgni tion

techni ques in che 'S Icatl ons Brown et a
(1990) Anal . ChechM}Ona wherehanbhet$¥e vaniahles ha¥® Rerein in the

cont ext of 5 Genatdnitioniedetgiagentniry asf ve. dicagirigiher . 35
i nstrunment ati on that enploy; ?gxggggg a&gg§%¥ filteﬂu“€¥¥§¥ NG d
a

calibration techni ques | rove t he
accessibility of standard optxcal filter means having a flat VEﬁg*;ggﬁgv

PCT/ US97/ 01369 spectii.Si AdhkytehInibhsity £t aiarobe msadliyt i cal
signals. Exanples égnégé¥“aitﬂr%%§§§igglgﬁchﬁ£&§§ in a filter system to
10 provide a weighting factor to attenuate absorbance due
to the analyte at selected wavelengths and further
improve the accuracy of the correlation provided by
the system. A neutral density filter can have an
absorption spectrum sufficient to attenuate radiation
15 equally at all wavelengths in the range of interest.

As used herein, an "“aqueous medium”
encompasses any composition containing water.
Generally, an aqueous medium herein contains water as
the major component, i.e., water is present in an

20 amount of at least about 50 vol.$. Such agueous media
include, for example mammalian tissue.

The term "blood analyte" refers to a blood
constituent that is absorbing in the near-IR range,
the measurement of which is useful in patient

25 wmonitoring or in the provision of health care.

As used herein, the term "near infrared" or
"near-IR" encompasses radiation in a spectrum ranging
from approximately 660 nm to 3500 nm, but typically in
the range of approximately 1050 to 2850 nm, and more

30 typically in the range of approximately 1100 to about
2500 nm.

The term "mid-infrared”™ or "mid-IR"
encompasses radiation in a spectrum ranging from about
3501 nm to about 6000 nm.

35 The term "background absorption" relates to
' the overall or base level of optical absorption of an
aqueous sample which is to be analyzed, from which the
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i.nclude Fourier transformation, first and second derivatives, and

digital or adaptive filtering. 5 In the context of
chenonetrics, "calibration" refers to the process of relating data
measurenents to a chem cal concentration for the pur pose of
gquantification. Particularly, statistical cal i brations using
chenmonet ri CWRBTRYHE can be used to 10 extract specific pofossmisssn from
a conpl ex set of data. Such nmethods of calibration include |inear
regression, multiple-linear regression, partial |inear regressi on,

and principal conpspeptionnafysiselécted consttitmenkpgepaatisoas,one or

calibrations cansbgecahabgEterist i validThitid ‘dochdl oReunal net works,
genet ic al gOI’I th r ot at ed ﬁg)rl nci on ofr‘r}‘):onent s anal YSI S.

| nstrument ati on Pﬁgfcﬁﬁ?gﬁtgf Heor Gon BRcSEterb®R constituents
in a conpl ex cherpbstitmentx When ttustlewsély afpbackgebyadsabsorpt idms (such
as those 20g dsélMQQhU§hnﬂe£Q€£EEE%6'éHQ dH&fQEQ%E;%@;&e¥ﬁ§$r% ion

i nformation that is eCI one or nmpre chem ca stituent.

Chenonetrics tecﬁﬁl gﬁcﬁﬁgug%RF?%Fue“t SUGRp AP 1BNRABRATX wi t h
cali brated st andaquoaadmelraia where masaOUs0 imterifeeingvaonstli fwsitss of
cluster analys'Sarezgounéndaé€hf¥%éEH&aid?ﬂﬂén%SoErQﬁbaﬂﬂgﬂgeﬁﬁg<§@g€le that

can be used as |ni£ tion in statistical a mat 1 cal no
"Princi pal conpofteh® aﬁ%??%?sln(¥Q9Daq§9qﬂhé°“ at the: sharastemisticduct i on
whi ch can baoper fravaitengthtde aaﬁons*atjpiematdfoumbrehenﬁeqﬁiréstechm gues
L0 Spectroscopi Capplical®asUsLNBIE éﬂe s %QEP FX

matri x. P Is,used_tp reduce t nS|ona

number of interrBPEEER- vaTRLB 8 Eﬁﬁqk?q%ﬁ? n?ﬁglPhEP llcat??ﬂﬁnlnatlon t hat
di stingui shes onwhevepnntie éveralBconceniiadion ®ffi sheedomst et ef f ect ed

usi ng an ebﬁeweei»egttiénfwrf@ia&%oftoa%h@r b8LB&hs Skdafiin,

interrel ated_vari abl e e, an absorption ec
q e. g., tﬁg measurenent of ﬂigod anglytes.

General Methods
A spectrophctometric method is provided for
determining the concentration of an analyte in a
20 liquid sample using near- and mid-IR radiation. In
contrast to prior techniques, the present method uses
all of the spectral information contained in the near-
IR region in order to obtain a set of measurements
that can be used to determine an analyte concentration
25 with.a heightened degree of accuracy.

The method includes the steps of (1)
selecting several distinct, nonoverlapping regions of
wavelengths in the near-IR range, generally spanning
1100-3000 nm, or from the near-IR range and the mid-IR

30 range, generally spahning 3501-5000 nm, wherein each
region defines a spectral range, {2) irradiating a
sample using infrared light containing the selected
spectral ranges to obtain spectrally modified
radiation which has been attenuated, (3) collecting

35 and measuring the intensity of the spectrally
attenuated radiation at one or more wavelengths
contained within each of the selected spectral ranges,

=12~
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"a substantially smaller set of uncorrel ated princi pal conponent (PC
variabl es that represents nmost of the information in the original
set. The new set of variables is ordered such that the first few 5
retain nost of the variation present in all of the ori gi nal

vari abl es. Y9728y Jolliffe, L. T., Princi pal ConpoRfeHUSIKAREY S| s,
Sprinter-Verlag, New York (1986). More particularly, each PCis a

| i near conbi nati on of all the original neasurenent variables. 10

The first is a vedR@r(4h eHFRILNT FhoFe ME@SYLeREBIF to obtIipjance of
t he observed variefdies. iddicatisaeast the analyRes coheealipaCiiohO represent

the greatest variation of e s t d e hogona
to the previ ousl calsc?uﬁcaffxte%}_' F}@ iHea(ri\:g?g'r gg§%%gggcggg?§ tﬁa‘é
arranged in desceRgthed Fafebosubiasteshte a combination ofThe term

"wei ghting cosst aathendticile tridisformatione eaghbrivel Atcaeptecide parti al

| east squares SSi r j_ncipal r Lon, or
any constant obt a?ﬂ%ﬁ?p%’g%ﬁgﬁogf :Uca% al F%rggp %%ﬁ%%’ S?%"Sﬁg%an be
used to cal cul at estarigkieal, eahnigwes,t Such ascpprsiptalrant s@RaxRknown
sanpl es. A "wavel ¢epg$) analysiei Jhd i inadpal’ companeAtBodegPass Dén a

wei ghti ng co t ' | S ed in.the_const Lon_of an

optical filter negﬁéﬁga?o%{#ygﬂ(%’ eclr%pihgsﬁ %sr?g f% c\%ﬁ\%éﬁé ﬁt ﬁggpeci fic

i nf or mati on 1Pom absexkance nfy radiatiphe akaFPecA§in- wp¥elengthaf @ mati on
can be used t0 analipte’gEna-tias Hd Dndentirakdbhlg Post Bechaigies

e 00170, 0L Va8 (o Bl Y SSEA S boafy, oy RS EORS
neutral or waRd! Ehiga Ayadida detar 18Bs-1Lf ckhess2 desertptiqr of
PCR techniques, reference may be had to Jolliffe,
15 L.T., Principal cComponent Analysis, Sprinter-Verlag,
New York (1986).

Accordingly, in determining blood analyte
concentration from a body tissue sample, one method
involves the selection of three nonoverlapping regions

20 of wavelengths in the near iﬁftared, generally in the
range of approximately 1100 to 3500 nm. Preferably,
although not necessarily, the first region is within
the range of 1100 to 1350 nm, the second region is in
the range of 1430 to 1450 nm or 1930 to 1959 nm, and

25 the third region is in the range of 2000 to 2500 nm,
wherein each region defines a "“spectral range." The
first region contains wavelengths in which proteins
and other cellular components exhibit dominant
spectral activity, the second region is dominated by

30 the absorption spectrum of water, and the third region
contains wavelengths in which organic analyte
molecules exhibit significant spectral activity.
These constituents also contribute to the absorption
spectra in those regions where they are not the

35 dominant species. Accordingly, the spectrally
attenuated radiation obtained from each region
contains a large amount of interrelated information

_13_



such paraneters having been determ ned using the above-descri bed
statistical calibration techniques. An optical filter neans
t hat "enbodies a 35 wavel ength weighting factor can be used to selectively
enphasi ze wavel engt hs having high correlation with a sel ected anal yte
concentration. "Hi gh correlation” or -10-

WO 97/ 28437 WO 97728437 PCT/ US97/ 0 I8A9US97/01369
"close correlation” refers to the quantitative associ ati on between
the absorption spectrumat a particul ar wavel ength and a particul ar
anal yte conthatr musbnbe wheiwzed ttsingvsbadistliced hathods t5

correlation coelfbptath 4hd1plebpbdiedi Ghornation, A "neutral
density filter" refers to t.andar tical filter means_having a

flat absorption spect7¥ﬁn VY?ﬂﬁﬂQQﬂa §PF91VFFt§Pec3ﬁeb8fused in
concert with correlighadbnpfotessing e impriove $het apcessiblipyoofde a

wei ghting facgor ?ﬁg@ gﬂ?ﬁﬁ%}ﬁﬁffﬁéﬁﬂﬂ“id?&%matlﬁn 58 the §H§¥y£ﬁc§i

sel ect ed wavel eng rove e accurac

correl ation provi §égnays. Theiptensity, QA“ﬁﬁuPFaﬁlaéﬂéﬁt9bF?+¥%¢ 2%n have
an absorpt|parspen1annwatéiengthﬁ cdam ahiusnbet proadsaedoto ﬁédu@qually
at all wavel engt héhenekbscéaaﬁencgtfme%{t%%m noise. Ihe robSsdsgd

herein, an "aqueous nedi encoqgﬁfses any ¢ ng osIt on cont ai ni ng
wat er . GeneFéFP?lsa?F%q‘E}bﬂb§‘?@ﬁ h&Fo-MHItdNREL AL evARRIYSES

t he maj or coaponensing. knowmasat ist jwads deichniqaes.

The PCA method of data reduction is one
preferred method used in the practice of the invention
to reduce the dimensionality of a large number of
interrelated variables while retaining information

15 that distinguishes one component from another. Data
reduction is carried out using an eigenvector
transformation of an original set of interrelated
variables {(e.g., the absorption spectrum) into a
substantially smaller set of uncorrelated principal

20 component (PC) variables that represents most of the
information in the original set. The new set of
variables is ordered such that the first few retain
most of the variation present in the original set.

The principal component vectors can be

25 transformed by orthogonal rotation against an average
value for the absorbance to obtain both a known
wavelength and the relative value of the absorbance at
that wavelength which is attributable to the analyte.
By performing this analysis on information obtained

30 from each of the three spectral regions, cross-
correlating the principal component vectors via a
linear algorithm, and using subtractive methods to
remove the effect of interfering analytes, values are
obtained which can be used in a system algorithm to

35 determine the concentration of the analyte.

Multivariate techniques are used to provide
a model that relates the intensity of radiation at

-14-



20 anount of at |east about 50 vol.% Such aqueous nedia I ncl ude,

for exanple manmalian tissue. The term "bl ood anal yte"
refers to a bl ood constituent that is absorbing in the near-IR range,
the nmeasurement of which is useful in patient 25 nonitoring or in the
provi si on of care. As used herein, the term"near

i nfrared" orvn?é%ﬁuanear | R" enconpasses radiation in a spefCHHPYUME ng
from approximately 660 nmto 3500 nm but typically in t he range of

approxi mately 1050_to 2850 n and typically in the range of
appr oxi mat el y 1100%P8°abtut"® eleng Ogﬁmea"h dpectral regiop&o or m

"md-infrared" or anmallytdl'concentretdonpasnes paﬂtm:u.'rxr |san@15epman:|rmm
ranging from aboute, g, éﬁyﬁkﬂaadéo a?ﬂﬂthQQQ i, ? cted usinPTgﬁotern]

"background absor pt ion" Trelates overa ase leve
optical absorptionS8Fs RFf exemp%ge&&gsggﬁﬁpgt%;w ,asrq &%%I yzed, from
whi ch t he 5 simultaneously, the fit&t set of measi@chéni@{3the

PCT/ US97/ 01369 ¥recﬁ)éﬁ&{ iR af ¢ E‘e'kg%%dsé&ggdf Wis dgog;t s at one

or nore chara r| sfic wavel five of the
concentration of tﬁ% dgitensit g’oﬁ§t ?Fﬁ%ﬁ??d\ﬁ?e‘??]t%%e?“éft e
background absor ptsen:pncs set [nfgmeasurehahts) tive t ke dimaatdiony iseti, e

absor ption Of ot SR 1RENIPNALLLIERE  add Pt LT drE et TR Sns that
10 have been determined using invasive sampling
technigues. The procedure is carried out over a range
of analyte concentrations to provide calibration and
prediction data sets.

Measurements obtained in both the

15 calibration set and the prediction set are subjected
to multivariate analysis, such as by the use of
commercially available multivariate model developing
software programs, to provide an initial model. fThe
initial model is applied to the prediction data to

20 derive analyte concentration values that can be
compared to the values obtained by the invasive
techniques. By iteratively performing the above
steps, a refined mathematical model is developed which
can be used to establish a system algorithm for use in

25 analyzing data obtained by the methods of the
invention.

In the practice of the invention, non-
analyte specific information from the various
nonoverlapping spectral régions can be used, for

30 example, to normalize each spectral scan, to subtract
background and base line interferences, or to provide
signal values used to detect an inaccurate
measurement. _

When determining a blood analyte

35 concentration in a body tissue sample, measurements
taken in the spectral range spanning approximately
1320 - 1340 nm provide a highly reflected,
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aqueous nedi a where nunerous interfering constituents are found,

accurate neasurenent of the magni tude of a slight change in the
absorption at the characteristic 10 wavel ength of a constituent of

I nterest requires application of the chenonetrics techni ques descri bed
her ei n. Th%g i; particularly so in applications wherein the overal
concentr at NOR 6% 'he consti t uent of interest is | ow rBCHUSTS1I6H t he
aqueous nedium 15 e.g., in the nmeasurenent of bl ood anal ytes.

Gener al Met hods A spectrophotonetric nethod is provided for

det ermi ni ng the BBAtERPHAtESN Dignml arns ihene) are2®@o mhijoui dbsenptionsi ng
near- and m d- | Rbaadsapresent |in the *¥&fiidrast By d¥iiektligghRhgues. the
present method u . 0 e shectral j.nfqromation contained in the
near - IR T e’g‘ﬁgﬁ“ﬁ"%?%ﬂé? {%é%fﬁféﬁi oatr %&dl&tlﬁ@a§ﬂr Eﬁégt tange, Rhat can
be used to det er KRhBeaks spaFdined orivigh qan die MBednitphesthmatht thed degree
of accuracy.5 actual intendity et Rk indahdes 1igatsherg €6 (1)

sel ecting severa LSt lpct onQv apring .regi ons o vel engths in
the near-1R r ang%?géésﬁ%‘e?‘gﬂ P)’/gs%gnfﬁ#n:g e vaige ?ﬁBOLﬁrﬁlsﬁ?lV\??om t he
near-|R range anBo¥Relize-eaelzoindigrighialyseanaapg $pasarnge8504r 5000 nm
Wnerfai n each fflﬁéﬁﬁ@ﬂi&@éimt&rﬂa_ St ths&k:yf l@ig?_hg,( i}.gh{:régix?éélng a t
sanple using in C i ni,n e _Sel ecte spectral ranges to
obt ai n spectrall%ﬁ%§%i++égp eé¥a§%§%§ﬁ%ﬂﬁf“ﬁﬁf§h°%a§n5é¥ﬁeattenuated, (3)
collecting 38 Grucepbrakion YHareshohisiingdousing thecmethéd of the

att enuat ed radi atheentiowne or nore wavel engt hs contai ned within each

of the selected spectral r lonally, measurements taken in the

spectral ranges spanning approximately 1430 - 1450 nm
and approximately 1930 - 1950 nm provide substantially

15 non-reflected, highly attenuated, signals, as a result
of the two dominant absorption peaks occurring at
about 1440 and 1935 nm in the near-IR absorption
spectrum for water. By collecting and measuring the
intensity of radiation in one or both of those ranges,

20 a value is obtained which can be used to estimate the
intensity of near-IR light that is not totally
absorbed by the irradiated sample. The value can be
used to subtract background or base-line information
from the analyte-specific signals obtained in other

25 regions and/or to provide an internal reference to
detect inaccurate measurements. The value can be
subtracted from each spectral measurement obtained
using the present method in order to correct for the
pedestal effect caused by specular reflection which

30 varies with skin texture and age.

Measurements of substantially unattenuated
signals obtained from a first region (e.g., the
spectral range spanning approximately 1320 - 1340 nm)
and measurements of highly attenuated signals obtained

35 from a second region (e.g., the spectral ranges
spanning approximately 1430 - 1450 nm and
approximately 1930 ~ 1950 nm)} can also be used to
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(4) correlating those neasurenents to obtain a val ue indicative of
t he anal yte concentrati on. Spectral information obtained
using this met hod can be subjected to a conbi nati on of 5
mat hemat i C3l, by a3sf ormations to arrive at a precise &ﬁk’é’é

‘WO o
concentratlonaéalue. For exanpl e, standard statlstlcg ﬁﬁﬁ&ues,
such as partial |east squares (PLS) analysis, or principal conponents

regression a ' e t rrel t he 0
absor bance of rag."ﬁ?.g%ﬁ gﬂ%%%%ﬁ?%&m%vce%&%%#gm wqtt%aﬁgleﬂ' éagtruct ure
and concentrati ofadpgtieaehnifuehe signalg drydde ithed repdensxhapee, in,

Cel adi et al. (128Gatively Atmbytalshe Grilderd A dsl3ixbiy/thh€ mést

description of r.ef ar. had _t olliffe, 15
L. T., Principal %%E%&‘ﬁ\%gf?@ﬁge%ﬁ? n.r?r;- & a&?‘% ﬁssﬁgwg%?#( 1986) .
Accordi ngly, 5i n Haserafieated| boem ke \skin surfagencendr §hugnfaideda body

tissue sanple, oge PehBPEate theidWil &S irtereeitecdiitantab bhose

nonover | appi ng regions 20 0 vel engt,hs in the near, infrare eneral ly
in the rangggggygﬁ Fox"phiﬁ \é\?’f%ﬁjﬁ& 1510 O 11 L= = égﬂ),gifg
al t hough not necdpeffetyive peasyramenty giriising ifiom a faidhwertmge of 1100

to 1350 nm the sgeans &egFéper SindtrumentlatdonaeanObsrl¢B88 £9sdde0 nm or
1930 to 19530nm sgnd 25 the third region is in the range of 2000 to 2500

nm whérein eﬂgﬁefegi on defines a "spectral range." The first
regi on contains wavel engt hEnjon&iasteqy gifeitibe invengidnet Aemethodd wbhir

glorrpontenéI sbexgiobabtﬁiaﬂiﬂﬁi& tt:t_xe c&ﬂﬁi’%ﬁz@ti%?ﬁ idtit an, ahﬁgy?ﬁCQ{iﬁar ggi on is
om nat e Yy apsaor | O eclrum or .yater.  an e | regi on
S?i‘lgfle I’IP\SM'F% v:.c{'esf Rlsclngn éﬂo)x/’t éhV&SlVﬁopgeﬁngmgaﬁ? bi t

cont ai ns wavel eng i k or gani )
signi fi cant specebhpinedintseveral dfisddactononecyenisrping regiondute to

the absorpti8n of wavelengths in the infrared region and an optical

processing system that is particularly suited for
field or home applications. The method generally
invalves the steps of (1) selecting several distinct,
nonoverlapping regions of wavelengths from the near-IR

20 range, preferably spanning 1100-3000 nm, or from the
near~IR range spanning 1100-3500 nm and the mid-IR
range spanning 3501-5000 nm, wherein each region
defines a spectral range, (2) irradiating a sample
using infrared light containing the selected spectral

25 ranges to obtain spectrally modified radiation, i.e.,
reflected radiation, (3) optically filtering the
spectrally modified radiation to isolate or emphasize
a portion of the radiation from each nonoverlapping
region, (4) collecting and measuring the intensity of

30 the optically filtered radiation using a detector, and
(5) obtaining a value indicative of the analyte
concentration by applying a defined mathematical model
to the optically filtered radiation. The mathematical
model can comprise a correlation algorithm obtained

35 using the above-described chemometrics techniques.

The method of the invention can be carried

out using a nmumber of spectrophotometer
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spectra in those regions where they are not the 35 dom nant speci es.

Accordingly, the spectrally attenuat ed radi ati on obtai ned from each
regi on contains a large anount of interrelated information

WO 97/ 28437 PCT/ US97/ 01369

t hat nust Q@ r? uced using statistical nethods to obt ai n

anal yt e- spe PP Phf or mati on. The i nventi OPCEUSIF0IAY 0l ves
t he use of signal processing to inprove the accessibility of 5
physically significant information in the analytical signals. The

i ntensity val uesCBPTiPBRAFLORD aiRRfPTRING now Ko Figurar 1wem®e engt hs can
t hus be processepatbiceliareapparatushetcaf detlerafiningt tHEEBb Rt NGise. The

processed kopal ' .tivariate analysis 10
usi ng known stat?gtﬁga n?%%ﬂ%?ﬁﬂéiEfﬁdﬂ?@?@ah&l@?k& ggﬂsr?£%¥nethpd of data
reduction i s oneindicated ater}®q Rheh@prasagusninpdugdescsivadiftiame

invention 5 souredutz vihbcklipmidideaalal pluehlatyasgeasehest of .
one conponent 1 BaRee8r e fnd SHUAY del LBl bhdlhe 11y (08 Fenge B ng an
ei genvect or appraxinatedy ofh 131000 50§Pnam- seb vamber of el at ed

variabl es (e.g. ,snmeanbswaaimap%}dw& BReOxAown in a&@saﬁytai,ﬁ Iy Chat
Lt et ol UBRAT RS S LEY o 20 pcRRIRAZERL (IS, shatles 1
of vatPabl 8irested RaxRps datrenfsrense filtersevhakegem light
sources modulated by an associated chopper wheel,
laser light sources, laser diode arrays, or high speed
light-emitting diode (LED) arrays. In one particular
apparatus, the radiation source 12 provides radiation

15 at three distinct regions of,wavelengths, specifically
a first region of wavelengths in the approximate range
of 1100 to 1350 nm, a second region in the approximate
range of 1930 to 1950 nm and a third region in the
approximate range of 2000 to 3500 nm.

20 The apparatus 10 also includes sample
interface optic means 14 which launches incident
radiation from the radiation source into contact with
a sample medium 16 containing an analyte. After
contacting the sample medium, spectrally modified

25 radiation emerging from the sample as diffusively
reflected light is collected and delivered to a multi-
stage filter means, generally indicated at 18.

In various configurations, the sample
interface optic means 14 can be designed to enable the

30 close interface of the apparatus 10 with the medium
16, such as where the launch is carried out by placing
the apparatus in direct contact with the sample
medium, thereby bringing the radiation source into
close proximity with the sample to be analyzed. After

35 the launch, the reflected radiation is collected using
optically active means, such as light converging means
or beam deflection optics. Alternatively, the sample
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nmost of the variation present in the original set. The
princi pal conponent vectors can be 25 transforned by orthogonal rotation

agai hst an aver age

wavel ength and the rel ative value of the absorbance at t hat

wavel engt h V\/%(?Q,d 7attr| butable to the anal yte. By p%@kgﬁ% hi s
or

anal ysis on in
regi ons, Cross-
| i near al gorithm

of interfering anat§t8st®

i on obtained 30 fromeach of the thr

correlatlng t he principal conponent vectors via a

val ue for the absorbance to obtain both a known

and u |Q% tractlve t hods to q:the ef f ect
| R

¢, means” 11" gan Bempr ige £i%eK, 9

syst em al gorit hm twaveguides crarpied te theceppriatus b ordermrtd \nable
Mul tivariate techniangte MFpariitthd H1AcRwieH? and opérﬂ@ﬂ&h t hdnerel ates the

i ntensity of

97/ 28437 radlatloplguratlons are provided wB&f?U%Q?/%ﬁEﬁ%F fiber
speci fic wavel Engt bptia msp@temlw@ to tyansmit athe )ntaa‘lm:mnmoat i ons

in a particular samaefﬁaﬁ rta&? meame. gm Ree¥oklibSayep oiﬂwta{h@fﬁle 'e‘i'xdbt g
S .0 a urerren S at_.ar ai ne
6¥Vtne 313918 SRing LS, ERaiemibn, Bhe | PRAT-TR FAALAIER on
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high-grade guartz can be used as optical elements in
the above fiber optic waveguides, as those materials
have very good transmission characteristics in the
near-IR spectral range.

Referring still to Figure 1, the reflected
light emerging from the sample 16 passes to the multi-
stage filter means 18. Specifically, the light passes
to a first stage comprising an adjustable filter means
20 which is capable of having its absorption
characteristics adjusted in response to a signal that
is either externally generated, or that has been
generated by the apparatus 10. The adjustable filter
means generally comprises a screen filter, such as a
neutral density filter, having absorption
characteristics that are adjusted to variably
attenuate the intensity of radiation as dictated by an
external signal or system command. The degree of
attenuation provided by the adjustable filter means 20
is based upon a prede;ermined factor selected to
ensure that radiation emitted from the adjustable
filter will be at a constant value regardless of the
intensity of the pre-filtered radiation.

Attenuated radiation emerging from the
adjustable filter means 20 is communicated to a
principal analyte filter 22 which has optical
characteristics capable of selectively passing one or
more wavelengths from each of the distinct
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techni ques. The procedure is carried out over a range of anal yte
concentrations to provide calibration and predi ction data sets.
Measurenments obtained in both the 15 calibration set and the prediction
set are subjected to multivariate analysis, such as by the use of
commercial ly available nultivariate nodel devel oping sof tware
programs, t¥OAPUe an initial nodel. The initial nodSTUSSTBEN  ed to
the prediction data to 20 derive anal yte concentration val ues that can be
conpared to the val ues obtained by the invasive t echni ques. By
iteratively per {RPROYRFIIRPHBDH¥@Iions ofc yavelengthredannchedaby cie nodel

i s devel oped whigdaiation@buiecdiaed t aneswaklelehggheypasseal gprenem for use

in 25 anal yzi tal Dy, st 0 f e . nyention.
In the practi ce%%@%v@rﬁl&gﬁ *ﬁ&%%ﬂg& %%é‘%ﬁf%gstgclll Ve ignf ormati on

s

from t he vari ousCerrelafsinyy &ty fhey copcentartieyi efisthananalyted, for 30
exanmpl e, to sornalize eacly HwUndalfidter meansURUr 36t arrangbdckgrened and

Pase e ™ ShgERR o TR0 ene B8R LR NERHES LS oot
anal yte 35 comersuch thet sedesddyvelys passednphvelapathscepexrging  taken
in the spectral frdfeclsd PHiintdpaad ageliiecitilter iABdPact 1¥ionh NEALr OVvi de a
hi ghly refleCteqsecond £ilter means. The second filter means has
10 absorption characteristics selected such that the
intensity of each passed wavelength is attenuated by
the second filter means. The attenuations provided by
the second filter means can be determined, for
example, by an independent set of weighting factors
15 derived using chemometrics technigues.

In one particular configuration, the
weighting factors are determined using a partial least
squares or principal component regression of an
original spectrum obtained from a sample containing

20 the analyte. The second filter means 24 can be
constructed using a suitable substrate layer that is
capable of transmitting radiation at least in the 1100
to 5000 nm range. The substrate layer is generally
coated with one or more layers of metals and/or oxides

25 that are conventional in the art to provide a
plurality of second filter densities. Such coatings
can be applied to the substrate using emulsion or
chemical vapor deposition (CVD) technigues well known
in the art. In an alternative apparatus, the second

30 filter means is a photographic mask having spectral
lines of optical density that are proportional to
weighting functions determined using a rotated
principal components or least sguares analysis
techniqgue.

35 After attenuation by the second filter
means, the independent wavelengths are communicated
with a detection means 26, such as one or more Lead
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unat tenuat ed, signal, as there are no major absorption bands present

in the region. By collecting and measuring the intensity of radiation
in that range, a val ue i s obtained which can be used to estimate the

S actual i ngRNShin,0f the near-IR Iight used to |rradk,‘au.5.5 j;bwarrpl e.
The val ue can be used to nornmal i ze each individual scan an correct

for fluctuations in the intensity of the |ight source whi ch coul d

ef f oot the acouragyy plaanaludie RG] 6L gi RtLER OD' AlaRs ot N0 (he

met hod of th measur errent s
taken in the oxgkhe rhike.qndds %mrﬁgcaﬁgrowmﬁgs 1430 - 1450 nm

and appr oxi mat el YGéﬁﬁﬂquraﬂﬁﬁﬁx Whdbedy de dgbabsprédlty dbcamm-refl ected,

hi ghly attenuated $ | t rption
peaks occurring a §§&&%%1 usta f%lfgecz%deﬁége QL,,%Q %w%‘gqusgﬁfl on
spectrum for &at e’F—O 30Q oM c QNN PraMPree dean| figlenitde (PbSey deteckars

radi ation in one e&nbpgrnggdthose ranges, 20 a value is obtained which can

be used to estinmate the The '#e‘i:%%ﬁ}% gﬁgggggkl?%&g&st% aéc{o 2 Jotally

absorbed by the irradi ated 'sa 5t ract
background or basthe|afeteny Mayielengths; epithed ofeeny tthe weGOMA: s gnal s

obt ai ned in ot hersfbtéeoheiifs At IsighadviwHEcRcamtttidlbe efppldeae to
detect i naccgﬁat e r?ggtgt%rﬁag(fayte %a)ve%I ggtccgg QPith tr%%ﬁtéqa%r% d from each

spectr al are resen St der to
correct for the analykecangentaaddonauspechiiapbiyy aﬁlg‘reﬂ%cﬁhtéﬁm ch 30

va[)l es Wt IhI skin tLh UEKe aéutca@detecnon means c%@ﬁélrﬁéfﬁﬂﬁr
substantially, UnelbEuated snvo, SIS SHNGADGsLAEUA SRl R 0
measurements of hFERYSTEETenFheedigifized ébfarmfél% ¥ (ﬁﬁ#ls‘é'cond regi on
(e.g., the spectraai PAWES for inpdN1ntd apPRiexopPécddscid3br obhe® nm and
electronic memory means, where it is used to provide
an analyte goncentration which can be visualized on a
display device and/or recorded on an output recorder.
In an alternative configuration, the
20 apparatus 106 can include a diffraction grating system
and a linear detector array in place of the multi-
stage filter means 18. Reflected light emerging from
the sample 16 can be passed to a diffraction grating
system configured to selectively pass discrete
25 wavelengths therefrom, wherein the passed wavelengths
are specifically correlated with the concentration of
the analyte. The passed wavelengths are then
communicated to a linear detector array, such as a
PbS-based linear detector array or the like. 1In
30 particular applications for obtaining measurements
over the entire range of from about 1100 to 5000 nm, a
PbSe~based linear detector array can be used. PbSe
linear arrays can be obtained, for example, under the
tradename MULTIPLEXIR (available from Graseby
35 Infrared, Orlando, Fla.)}.
As described above, the linear detector
array collects and measures the wavelengths passed by
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approximately 1930 - 1950 nn) can al so be used to

- 16- WD 97/ 28437

PCT/ US97/ 01369 ~ conpare diffusely reflected radiation with specul ar
radiation. If the signals in the two regi ons have relatively
conparable values, it is likely that nost of the radiation used to
irradiate t @Y e sanple 5 was reflected fromthe ski n PERAISEHL3695nd
thus failed to penetrate the skin to interact with the bl ood

analytes. This information can be used to identify ..ineffective

measur enent s ari stRg 416iractian grating systgp: LPnPEOY @B i9nnks unent at i on
scan of the tissuehiéh caartpt mpplied toward an hnabyke aspecifid t he

nvention, a methgfdlienn ed Pl BT yEANGERLLALIQEI G, AN analyie 1N
a sanpl e is provided usling non-invasliVve neasurenents obtained in

several distinct, nonover| &8 RPREGFRTs 195Capf beayeed ke RPYaEN he i nfrared
][egi on an]g alngom:hsaéuremenw (vze&ﬁialqtﬁhy&baaehhﬁatisn P ta Cedxdildty o t ed

or e or F&%F jcati : e I . | nvql ves the
steps of (1) sel ecrl ge’ggeéedr%‘ di st r?-cgt finﬁﬁ&nggggoﬁegé%p%ﬁmq eégolqng(r%g‘xof
wavel engt hs fr om $PecHER} -Rackgroundsnge InpPeLepBBLiCaBiPmi f1€1100- 3000 nm

or fromthe apparatug ange Rpaised dnl tA8- de8ernimation fef BiboddR
noe PR 00, 2% S0 R ek 8L 0By oS Rt 2,
sel ect ed spetfPralanalytes such as, but not limited to, glucose, urea
(BUN), lipids, bilirubin and alcohol. The blood
analyte can be present in an in vitro sample medium
({e.g., a blood sample)}, or the apparatus can be used
to measure blood analytes in tissue. However, the
15 apparatus 10 is particularly adapted for use in field
"~ applications, e.g., in the measurement of blood
alcohol, or in home health monitoring, e.g., in blood
glucose determination.
Referring now to Figure 2, an alternative
20 apparatus for determining the concentration of an
analyte in a sample is indicated at 50. The apparatus
includes a radiation source 52 which provides a
plurality of distinct, nonoverlapping regions of
wavelengths in the approximate range of 1100 to
25 approximately 5000 nm. The apparatus 50 also includes
sample interface optic means 54 which launches
incident radiation from the radiation source into
contact with a sample medium §6 containing an analyte.
After contacting the sample medium, spectrally
30 modified radiation emerging from the sample as
diffusively reflected light is collected and delivered
to a filter means 58 which is configured to pass light
of specific wavelengths.
In operation, incident radiation is launched
35 from the source 52 to the sample medium via sample
interface optic means which, in one configuration, can
be designed to enable the close interface of the
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25 ranges to obtain spectrally nodified radiation, i.e., reflected
radiation, (3) optically filtering the spectrally nodified radiation
to i'sol ate or enphasize a portion of the radiation from each

nonover | appi ng region, (4) collecting and neasuring the intensity of
30 the opti Iltered radiation using a detector, and

obt ai ni ng akgg#te I’ndi cative of the anal yte concentraf?gﬂﬁﬁééé%plying
a defined mat hemati cal nodel to the optically filtered radi ati on. The

mat hemat i cal nmodel . can. t|o r.it hm obtai ned 35
usi ng the above- d???PFBta Cﬁ%ﬁﬁﬂgﬁ?.egf#%§§%§§£% wddiuh"Be2RY The
met hod of the invenailygedan bétearthexﬁaunchxnneﬁkaqggdarnaﬁbgﬁoaf15

SpeCtrOPhOtOHEtercollected Nﬁlﬁiléﬁéﬁbally active means, such as a

PCT/ US97/ 01369 h g%r ations. ﬁr ri n% :}%v,\ﬁ éo Fi gur e 1, one
particul ar appar at-49 Fo?°ﬂg ?ﬁ??n?ﬁ??%e “SHee an anal yte
in a liquid s&mpl defdegbhonapplics. Thﬁhﬂﬁmniﬁaﬂntamfavheonpparaeaas
includes a radi at @ncah &eﬁpﬁﬁsAmelekbﬁawwi%g%ﬂew gbupYeaf tdi ghénct,

nonover | apping re |ons el engt hs [ tely of
1200 to 5000 om - AERARAERS oY WELSH (Snditd Wertt cRaratus BBFRHAE o 1,
the art and caﬂ ppeyatiioner eh®, de;sgrlbadw@md@scma RiLgernativees 10

directed across iQ%QEEﬁrﬁgéé didikyte fEﬂéEFﬂbﬂﬂdJEhndle t30yraRsp AUl at ed
by an associated ¢

ht sources, |aser diode

arrays, or hitgh sp égggg"‘m g?gﬁ‘de#ﬁ aﬁbed'fed%ém(‘LED) arrays. In one
particul ar apparat us, The r%tﬂ%&t&ﬂ1nﬂﬂﬂaﬁ;OmQiprd&reesedaﬂbaaion
filter means 58 which includes a plurality of discrete

filter elements, indicated at A;, A, A3, -.. A, The
filter means 58 passes a population of selected

15 wavelength ranges which provide analyte-specific
information, information about the measurement
background and information that can be used to correct
for instrument changes or interference effects. The
selected wavelengths emerging from the filter means

20 are detected by an arrangement of detectors 60, having
a plurality of discrete detector units generally
indicated at D;, D,, D3, ... D,. The detectors are
arranged such that each selected wavelength range
emerging from the filter means is detected by a

25 single, discrete detector. Suitable detector
configurations are known in the art and can include,
for example, an arrangement of PbS or PbSe detectors.
Each detector converts the detected radiation into an
electrical signal which can be used to obtain a value

30 indicative of analyte concentration.

Signals obtained from the detectors can be
readily converted intoc digital signals, e.g, digital
signals indicative of the intensity of the detected
wavelengths, using an analog/digital converter. The

35 digitized information is then available for input into
a microprocessor for further processing (e.g., applied
to a system algorithm), or the information can be
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15 at three distinct regions of wavel engths, specifically a first

regi gn of wavel engths in the approxi nate range of 1100 to 1350 nm a
second region in the approximte. range of 1930 to 1950 nmand a third
region in the approxi mate range of 2000 to 3500 nm 20 The

appar at us 1QuasR4d-NCl udes sanpl e interface optic nmeans 14 which
| aunches i nci dent radi ation fromthe radiati on source TGRSOt

W th a sanple medium 16 containing an anal yte. After contaﬁting
t he sanpl e nediu tral.ly.nodified 25 radjation energing fromthe
sanpl e as diffusr&%%ggilzedréf?e%?eﬁfé? nic diSRlay Jgangd dBnradeSed to a
mul ti - st ageSignRas pbhasnedcfieom| ¢ach ifiscteder dieti8tor are

In various configebahifleatbiets 38R #nalog/diYidaha t onYBRREy 1fogan be
designed to enablg tge 30a céos& intﬁmﬁ %%!cﬁgthe g%%??atg§0§8 mft O?he
medi um 16, sGCRVEESHAR, & LIty T c M 832300 BYOPRAEIMBY be  the
apparatus in & reprecampiifiedtprioe targinversionmaging tebanefyedri ngi ng

the radi ati on SoUkfaB8whNEA the aft OSHIYAHI; dﬂﬁEQ' hee t e _
anal yzed. After 35 the Iaunecha the re Jectg' ra |a%%on ?gﬂggﬁ?ég{gd usi ng

optical ly active TRARE®*8ECHS AERER gFE2 ity intgng microprogesser
defl ection opticstoArrdeniatectle anmlymuioncentration\\Gs9i%4284Systen

avegui des coppl o ToT) ERRT LIGE Db edans SoF T SANRYLEC phel oPIC
wavegui des ¢ ed,io r
appa?atus plgggneﬂfcﬁﬁﬂr8§%$%&{cﬁﬁ ?&i%ﬁes analy&gr cRFepEEAtian Y ovi ded

wherein a single #ppbication of a chemometrics algorithm to the
detected signals. Analyte-specific algorithms can be
determined using iterative calibration and statistical
modeling techniques, such as the above-described

15 chemometrics methods.

In the practice of the invention, the filter
means 58 can be constructed to include at least one
discrete filter element'having an absorption
characteristic capable of providing enhanced

20 correlation of the passed wavelength with the
concentration of the analyte. 8pecifically, the
filter means can include one or more filter elements
which attenuate the intensity of a passed wavelength
as determined, for example, by an independent set of

25 weighting factors derived using chemometrics
techniques. Such weighting factors can be derived
using a partial least squares or principal component
regression of an original spectrum obtained from a
sample containing the analyte.

30 In another alternative configuration, the
filter means 58 comprises a two-stage filter, the
first stage includes a plurality of sections
configured to selectively pass a population of
selected wavelength ranges from the attenuated

35 radiation reflected from the sample. The selectively
passed wavelengths include analyte-specific
information, information about the measurement
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5 optic bundle is enployed to transmt the radiation to and fromthe
medi um  An optrode di sposed at the end of the single bundle transmts
the near-1R radiation to the sanple nmedium 16 and receives spectrally
nodi fied radiation therefromwhich is directed back 10 through the bundle

to the appangbysmsksy Sapphire or hi gh-grade quartz caqg_?g‘{ ShdefS

optical elenents in t he above fiber optic wavegui des, ose
materi al s have very good transm ssion characteristics in the

near-|R spectral &ﬁ&&%ro&gd and nfo¥Paé¥§ﬁ”€Ha%%c§5'bg E?eg'ﬁgrgbfre&@e

refl ected romthe sa ass
stage filter nean °I8138§§EP?¥5a$¢§n9ﬁ%u9q|%ﬁﬁ9r5&§§§§e effeggsg {THQt stage
conprising an adj wcahbesf:adgéedsf nawsnlter A% Wtrahged aspabteyof having

its absorption 20 ggkgc£§e%§é|£§%§§1 d %erggggggetsoa?t%#%g@%hthat

is either externa ener a ener
appar at us 10. 5Thet&ﬂ &§F85FétY|?ieﬁa°h °flﬁﬂﬁn?Q@EHQrHPV?IBBH%¥$ses a screen
filter, such as aemergingufrah tlenstinst idtaye. hanengeabnar tage &b

characterlstlcs tQ b @Qg ggégétfgaé ‘ﬁﬂ&dﬁﬂdén be Fakgggyg%edéggi tensity

of radiation as dictate ernal signa nd. The
degree of attéﬁG&Fl ﬁVbP%v$d%kP?nPQﬁR?R%ﬁqﬁsF&EF&rPWIFhﬂtn%%ns 20

i s based upon a petgeieishtetofepifnlsalttrimateothe intansity tbftedadili ation
em tted fromihe g y3haBhEasa wa\t%i%,gé ¥ ldndiad 2-5805hE LA Lo

regardl ess of the radiration.
Attenuat ed radi at B&398nef gthg FiHrEE he adj ustable filter nmeans 20 is
communi cated to a 35 princrpel appatatvs f5d ican B2 wBeahtbassoett£in

characteristics capablenbnBflebl 6 Yot Wrd Snliytes ofPLScdiAl enoths
fromeach of the distinct,
present in a variety of complex mediums, such as in an

15 agqueous medium having a complex spectral background.
Specifically, the apparatus can be used in the
determination of blood analyte concentrations,
particularly organic blood analytes such as, but not
limited to, glucose, urea (BUN), lipids, bilirubin and

20 alcohol. As described above, analysis of blood
analyte concentrations can be conducted using in vitro
samples, or an analysis can be carried out using a
near-IR scan of tissue, such as reflective
measurements obtained from a forearm tissue scan.

25 When the apparatus 50 is used to obtain
blood analyte measurements from a tissue sounrce,
incident radiation launched from the source 52 via
sample interface optic means 54 is caused to impinge
upon the skin surface of tissue, such as upon a

30 subject’s forearm. The sample interface optic means
directs the radiation at an angle toward the tissue
such that it is absorbed by the tissue material near
the surface and reflected as diffuse radiation. The
incident radiation is spectrally modified as a result

35 of infrared absorptions by the blood and tissue
constituents. Portions of the incident near-IR
radiation are absorbed, dispersed, diffused and
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‘nonover | appi ng regi ons of wavel engths | aunched by the radi ati on source
12. The wavel engt hs passed by the principal analyte filter are
selected to have a correlation with the concentration of the anal yte.
5 ond filter means 24 is arranged in the aratus 10
relative ggog éagfincipal anal yte filter 22 such thafCEE?é@@F?e|y
passed wavel engt hs ener gi ng fromthe principal analyte filter interact

with the I : S ter neans  has

absor pti on charaé?erlgith&égF %e81§§8h8§ﬁs€k%¢$nts Pres ﬁW@hgﬁﬁélgf each
passed wavel engtthe &ifsue, sourgepy This specteabiy quitferedrm-aﬂsatine
attenuations pr@dntedndy infornmhkecnespadifitt fir NRANS dptidagget er m ned,

for exanpl an i nde R of wei ghting factors 5 derlved
usi ng chenonet I’I%C?St x'eecr?r}”%% %%Qg%;EuEnE I n one particul ar

configuratidh, the \Mimgﬁﬁﬁﬁgnﬁaén6rblg9éeanqgsﬁ Aevedsi ngingparti al
| east SqUaRRe QpplitiatisPso, CQEBQQ‘E%)\&E GRS AN on pidod gluebkdi nal

spectrum obt ai ned.from a sanp t he e second
filter nmeans 24 5’&1’?%@” can %ﬁsﬁ?ﬁ u%‘%d" Et%gb'ﬁénguﬂé "B~ ayer
that is caﬁﬁ@h&qﬁﬁVFrQGQWrFBlnngQEiQm+chhﬂ Vigwationathwot160 to
5000 nm range. Emm&%t bath rayatibfaleasd rahslationda! ﬁa@t%hhoﬁne or

nore | ayer f taI /o at.are co ventlo ,n the art to
provide a 1d urgl °t 8f 5’8@88??33Fr|%%?f‘&‘i’r&? & °§l?cPflg'53Hﬂ can
be applied to tn@dbamm&ﬁapé Usbngtenn55|o¢fcﬁhese maﬂionscatheapor

deposi ti on (C\/D)ovfeae:meq»%r%hbngnaw dominddt @i %Eur' &naenal ternative

hectral | EREGN Pl prpEREReRERY, b70 td AP R, « FhRapipgose

wei ghti ng funct combinatdeni Ndbrating bam@aanqur in tpplnengaloﬁonponents or

| east squangs aappyokimately 2120 to 2280 mm. Glucose does not have
significant optical activity in the near-IR range of
approximately 1320 to 1340 nm.

Accordingly, the apparatus 50 can include a
filter means 58 having four distinct sections, where

20 the first section is configured to pass reflected
radiation from the region of wavelengths in the range
of approximately 1300 to 1360 nm, the second section
is configured to pass reflected radiation from the
region of wavelengths, either in the range of

25 approximately 1430 to 1450 nm, or approximately 1930
to 1950, the third section is configured to pass
reflected radiation from the region of wavelengths in
the range of approximately 1670 to 1690, and the
fourth section is configured to pass reflected

30 radiation from the region of wavelengths in the range
of approximately 2120 to 2280 nm.

The intensity of wavelengths passed by the
third and fourth sections of the filter means contains
analyte-specific information. As described above, the

35 third and fourth filter sections can be configured to
include weighting factors which enhance the
correlation of the passed radiation with the
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techni que. 35 After attenuation by “™e “second filter nmeans,

t he i ndependent wavel engths are communi cat ed with a detection neans
26, such as one or nore Lead - 20- WO
97/ 28437 PCT/ US97/ 01369

Sul fide (Pbglgsghastors, Gallium Arsenide detectors, lg;,,&;;g,#,k;(e. I n
one particul ar apparat us configuration wherein it is’'desired to
obtain measurenents over the entire range of from about 1100 5 to

5000 nm one or %§§FE ' k) or . b .
The detection rreg‘lr')\éﬁi e;é%rgr%ﬁ_?%gnverfg%tsg%, l?'hghgt Ecé%%g?e al’nﬁf&"
wavel engt hs eni t t LREPFBRARIOR Qhkained from the LirgLssecties afstRfal which
can then be applieflltdd cdwwe dissii il et nayrec ithieC babRgrbuheh speciet£1 M ne
anal yte Concen”al:bﬂgriﬁpt?fdé#cﬁl'é’acﬁ'u@&%ﬁe&%@ n gd can, thh@"hé he second
det ection neans can be readily converted I1nfo |g|?al srgnal s using
an anal og/ di gPt al used to RerEaglOr NREMALZE FB8 PRASEKAPRBRS| SbkaiRRdy 15

avai |l abl e for inpstomntive athird GHdEmath fdlterheections. el €Réroni ¢ nenory
means, where it ig; t | a \% o | 0 i ch can
be visualized on %}&§§EE %H%% 5§9335F%gn§%%fbr%?e%g}ggg gﬁ&g%&%ufgﬁ? .
recor der . water absqrphipninformatiendofergheatiFed, agnhan 20
apparatus 10 can fincérn®l achibdK rartidentgifyt ingfEpeteve measufdfestd near

detector arrgy ingphaceypisd NG{B4dd ‘from a failure to obtain a proper
instrumentation scan of the tissue sample, or the
information can be used to correct for temperature
changes in the measurements obtained from the thirad
and fourth filter sections.
15

It is to be understood that while the

invention has been described in conjunction with

20 preferred specific embodiments thereof, the foregoing
description, as well as the examples which follow, are
intended to illustrate and not limit the scope of the
invention. Other aspects, advantages and
modifications within the scope of the invention will

25 Dbe apparent to those skilled in the art to which the
invention pertains.

Example
A noninvasive glucose measurement was
30 obtained using the method of the invention.
Particularly, reflective optical measurements in the
near-IR region of approximately 1100 nm to 3500 mm
were carried out. Spectral scans were collected from
volunteer forearm subjects, using an instrument having
35 a Tungsten-Mercury (W-Hg) radiation source, a Lead
sulfide (PbS) detector and a scan speed of nm / 0.4
second.
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stage filter neans 18. Reflected |light enmerging from ~ the sanple 16
can be passed to a diffraction grating system configured to

sel ectively pass discrete 25 wavelengths therefrom wherein the passed
wavel engt hs are specifically correlated with the concentration of

the anal yt gy dfpasfdassed wavel engths are then comuni cated to a |inear
detector ar r%gl-, such as a PbS-based |inear detector BGHUSI7o436% he
like. In 30 particular applications for obtaining measurenents ~over
the entire range of from apout 1100 fo 50QQ.nm_ _a PbSe- based | i near
detector array can be used.P er of s‘ﬁ"ﬁ%&l‘: SPPEYE3dafapeespYe  fed, for
exanpl e, under tRAdentifiedrasicerntaiviiing BpExrRasich vhiahl alshebé raseds aseby

35 Infrared, Otbaddferfife)glucose concentratibfn #88k" LPedrakpye. the

i . rr | ects asur.es the wavel engths passed b
[Eg?ar deteCtorvtﬁgapggaggg.c he speéygieg?reglons were deterginedp y

PCT/ US97/ 01369 <from antfe wivd rgloidase dioderageeystedyt copdovte® i gnal s

whi ch can be appkhgdehowdel BivadIerye cHRAShEECin vitrd! 99&&&*&5% se
determ ne anal yte concgnt The appar at us can be

used to obtain SBPCRR Eﬁ.g‘%éoré]%'tﬁﬁmé‘rﬁiﬂ‘?'coﬁBeﬁ?FEf'FBﬁa?n tineriety of
conpl ex nedi a, s@ehendent seans kakesdidariagi bhecdnpViéxo tolerame<t r al
backgrounds. In g#fappPaté Cdépitted @ Figure?BPar REUSafidBe getised in the
deternlnathg Ofsgggggicant changes in the reflective intensity

differences over the range of about 2120 to 2180 nm

were recorded during the time course of the study.

These changes increased in direct relation to

increases in blood glucose level during the tolerance

15 test, signifying that the range of 2120 to 2180 nm

contains glucosé-specific spectral information.

Once the specific spectral ranges were
identified, noninvasive glucose measurements were
obtained using information from the four distinct

20 spectral ranges. The first spectral range included
radiation occurring at about 1320 to 1340 nm. This
range provides a very highly reflected signal, and
there is no major glucose absorption band in this
range. Information obtained from the first spectral

25 range can be used to normalize each individual scan in
order to correct for fluctuations in the radiation
source, and changes due to mechanical perturbations.

The second spectral range included radiation
occurring at either about 1440 to 1460 nm, or about

30 1840 to 1960 nm. These ranges provide a substantially
non-reflected signal due to the highly absorptive
water bands which attenuate diffusively reflected
radiation. Information obtained from these ranges can
be used for

35 background and base line subtraction from other
measurements. These measurements allow for a pedestal
adjustment to account for fluctuations induced by



‘anal yte concentrations, particularly organic blood 10 anal ytes such as,
but not limted to, glucose, urea (BUN), lipids, bilirubin and

al cohol . The bl ood anal yte can be present in an in vitro sanple

medi um (e.g., a blood sanple), or the apparatus can be used to
measure bl 8 ytes In tissue. However, the 15  apparatus 10 IS
particularﬁ@ 3§§§%ed for use in field appl i cations, E?BU T3 he
measur enent of bl ood al cohol, or in hone health nonitoring, e.g., in
bl ood glucose det ermi nati gn. Referring now tq Figure
2, an alternativesPeRR1ag, 308 sderatnAIHES h%”%o‘?ﬂ,’érﬁ? H3h W an
analyte I N a sanpidetect |improgierd meashiteméhesappar at us I ncl udes a
radiation source 52 which giQ/ifi§td® range 1REVGELAYadlalich i durring

nonover | appi ng regi ons of hs 1 n pr oxi pat e range of
1100 to 25 app?%ﬁ’?ﬁﬂ*el’f'@o%’ %90 1‘ e aﬁ'ﬁé?a?ﬁ%g CP%‘P%’C??%CI udes
sanpl e i nt erface aplxterspesiFicniinfiorsatiohedue to the@mssunaeadfat i on

fromthe radiati ﬁgggéx%lﬂyg%lonal oveRtank ﬂ&ﬁ@sa sanpl e nedi um 56
contai ning an analyte. eh ter ﬁontactln t he | e medi um spectrally

30 nodified radiation energ fRBISaAPFLude T diatfan sjvel y
reflected |ight isceaottiac at aﬂhd»ml:elzu\zer td 2280 nho arxis trngeeans 58 which

is configured to ﬁogﬁxdéégtnalyte- gafec"iﬁgﬁ' ngom‘eifﬁo WS to glucese

In operation, inc atr.on 1§ l'aunch m the source 52 to
the sanpl e nt®i urfQRbd tionad, PaREsSopti c neans which, in one
configuration, can bs1@mau§ne®tadnedabfemthﬁecfrﬁzh|nungézuateof t he
- 22- used to normalize signals of other regions. This

process, when repeated with each spectral scan,
eliminates the problen associated with light source

15 changes and serves to provide an internal reference.
Measurement variations induced by differences in
optical interface, e.g., patient placements, were
accordingly substantially reduced.

Background information was eliminated by

20 subtracting the signals obtained in the second range,
from the signals obtained in the third and fourth
analyte~specific ranges. In this manner, the pedestal
effect created by specular reflection, which varies
with skin texture and age, was corrected for.

25 The normalized and base line corrected
signals from the third and fourth ranges were applied
in an analytical chemometric analysis. Figure 4
depicts the normalized differences between signals in
the second and third ranges. '

30 As can be seen by the results depicted in
Figure 4, increase in blood glucose level results in
an increase in the signal differences between the two
ranges.

35
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apparatus with the particul'ar-sanpl e-nedi.um bei ng anal yzed. After the
| aunch, reflected radiatio coll ected using optically active
means, such as a l'%&"ﬂgﬂu ﬂmmrs (i.e., alens) or beam 5
deflectlon 0 tlcs The sa C nmeans 54 can conpri se
fi ber opt|8” i des coupled to the s appar at us 50 WAETDHSEMEISP e
renot e apparatus pl acenent and operation. As described above, one
alternative system uses a single fiber optic bundl e to lransat 10
radiation to and fromthe nedi um ¢faedBRENA] at i on
Is directed to aclajmsg:filter nmeans 58 which incl 1%@Eblty o]

di screte filter elenents, indicated at e[rr] fpr W i
[err]. The filter means 58 passes a popul ation of sel ected 15

wavel ength ranges whi ch prdvi deAamarhed-epedeternining thef or mati on,

i nformati on @ouicon@entRatiibANBAt an analPeé kik CH“EL:@:&(L ' @&iﬂﬁ%‘iﬂ?};t hat can
ects

be used to correct [ han ce.e .
The sel ect ed wavel eng%hsaé%?ﬂ?ﬁiné n‘?f eo'];"ttlyté’%r are
detected by an aﬂ%ﬁgéﬁéﬁPPéﬂGdE%éPb$SOGONaY%tIRnﬁ}hS WJ-tha-nprtmeaheay-of

di screte detect oandnini@-gRNEpaLtial rangéd kR iniidlg Hih korPedhtion

De[rr], ... Dler he ectors are ed s ch that each
sel ect ed wavel en&%@éncggggngraéﬁ%? PhHothe oﬁﬂat#}?gl Iﬁaé’lael Pfaf8ifls detect ed
by a 25 silfyl ereauigaseperuesnen@ing ‘BMIQ&SQQFWIEMIYS:LS range;

configurations are known "Obi hexai-aaﬂa@hﬁ@r\:ué@ e using fifer8¥a8pP! e, an
arrangenent of Ptﬁ ﬁ{: ﬁ det ect ctor "conyerts the

det ect ed radi ati ondint gogano g g{‘%c??}%%’fe s@ﬁaﬂ FRAEEF B8 used to
obtain a val ue 3@btajindspactvaldy medified aatiattioat iion each spectral
Si gnal s obt ai nedahamygggerggigpt ors can be readily converted into

the dotect od® ' “uavel englet, TRFIS BV Fl iR SeaRveraly The a5

the detecte wavel en
di gi tized inf or ntPPéRied %‘ﬁ*éha’amﬂl"ésbﬂe&?kﬁrta uteriphagize a portion

of the radiation from each range;
(d) collecting and measuring the intensity
of the optically filtered radiation using a detector
20 means; and
(e) obtaining a valug indicative of the
analyte concentration by applying a mathematical model
to the optically filtered radiation.

25 2. The method of claim 1, wherein the step
of optically filtering the spectrally modified
radiation comprises passing said radiation through
optical filter means having absorption characteristics
capable of selectively passing discrete wavelengths

30 from each spectral range, wherein said discrete
wavelengths are specifically correlated with the
concentration of the analyte.

3. The method of claim 2, wherein the
35 absorption characteristics of the optical filter means
are derived using chemometrics techniques.
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a microprocessor for further processing (e.g., applied to a system

Voori baay O the '””II!IIT mﬂ!mflﬂ,DmEans . e

visualized via an el ectroni | og REPLACEQ(]najc obtained

from each discrete detector are conmuni cat®d t-0 an anal og/ i tal
(A D) conver¥Y@P7§4p7 conversion to digital form The RN g@%als
may be 5 pre-anplified prior to conversion using techniques known
inthe art. Digital information fromthe A converter is_then

readily input into a mcroproces3bf meth°dt%fd%3%&Haﬁua“ﬁﬁ?eéﬁaF9F
concentrati on usi ngettechtit aidans compksest 8nplindlity HFedeteetbes.t he
anal yte. The 10 mcroprocessor calcul ates anal yte concentration by
application of a chenonetrics algorithmto the detected signals.
Anal yt e- specific al gorithms %an E’Be method & rGhanin 4usivwhgredsy &heye

calibration ansl st@dtedtcrd are compeiskdngft Peddispimigeich as the

above-descri bed 15 chenonetri cs net hods. In the practice
of the invention, the filter means 58 can be constructed to include at
| east one discrete filteer efbfemethadiof @irimdor whesgin the

characteristic capsdmplefispiconptisedebbapody €issus @nceltile ahaditkhespassed
wavel ength with tkma orge arS 63k ghg?¥P% the analyte. Specifically, the

filter neans can |nclu one or er elenents whi ch attenuate
the intensity*®f a passed wavel ength
7. The method of claim 6, wherein the

blood analyte is selected from the group consisting of
glucose, urea (BUN), lipids, bilirubin and ethyl
alcohol.
15
8. The method of claim 7, wherein the
blood analyte is glucose.

9. A method of determining the
20 concentration of an analyte in a sample, comprising:
(a) determining a plurality of distinct,
nonoverlapping regions of wavelengths within the near-
and mid~IR spectral ranges and having high correlation
to the concentration of the analyte, each of said
25 regions corresponding to a spectral analysis range;
(b} irradiating the sample with near
infrared light containing the spectral analysis ranges
determined in step (a), wherein the irradiating gives
rise to both spectrally attenuated radiation and
30 spectrally unattenuated radiation emerging from the
sample, said spectrally attenuated radiation having
wavelengths in each of the spectral analysis ranges;
(c) collecting the spectrally attenuated
radiation;
35 (@) measuring the intensity of the collected
spectrally attenuated radiation at a predetermined
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as determned, for exanple, by an independent set of 25 melghtlng factors
derived using chenonetrics techni ques. Such wg san be
deri'ved usi ng a parfty s or prin Tidl‘% SHﬁﬂbHﬁSrBEEN
regression of an origi nelﬂ"ﬂl'ejﬂﬁimuuummﬁed froma REPIACED cont & ni ng
the anal yte. 30 * Y ntanbt her ‘alternative Fgtatom——thie
filter meaNeOS®284¥npri ses a two-stage filter, the fi re¢cressageses ncl udes
a plurality of sections configured to selectively pass a popul ati on of
sel ected wavel ength ranges fromthe attenuated 35 radi ati on refl ected
fromthe sanpl e. waViedengttbclinvehgh of thesspectwak|aradysis rahgds;

anal yte-specificapng Information, information about the neasurenent

- 24- WO 97/ 28437

PCT/ US97/ 01369 back§? oGAITSAAtLRT cFRG (ReRPUNEMeNnt Sy obkadted &B
correct f ostiepst(dyment cbbaigea waluat bndixranicoe ff ehes. The

second st age £f EQ&thEE%E;bﬁ ggrgﬁgegngi#ggtly adj acent to the first
stage, and serves to attenuate he intensity of each of the passed
wavel engt hs energing fromthe first stage. The second stage of

the two-stage filter neansioan fheamethibd abf delsini 0, wherefinl the haxing a
flat absorption (ARIERE 138he! Sontains SHI£1 :ﬁ%é&ﬁ&ushgxggk%enua.te the

intensity of eac Easse wavel engt hs “energr ng he first
stage of the fil f&gion of wavelengths in the range of approximately

10 1100 to 1350 nm, a second spectral analysis region of
wavelengths in the range of approximately 1550 to 1850
nn, and a third spectral analysis region of
wavelengths in the range of approximately 2000 to 3500
nm.

15
11. The method of claim 10, further
comprising the steps of collecting and measuring the
intensity of the spectrally unattenuated radiation
emerging from the sample, wherein said unattenuated
20 radiation is from the first spectral analysis region
and contains wavelengths in the range of approximately
1320 to 1340 nnm.

12. The method of claim 11, wherein the
25 value obtained in the measurement of the unattenuated
radiation is used to estimate the intensity of the
near infrared light used in step (b).

13. The method of claim 106, wherein the
30 spectrally attenuated radiation includes highly
attenuated radiation.

14. The method of claim 10, further
comprising the steps of collecting and measuring the
35 intensity of highly attenuated radiation emerging from
the sample, wherein said highly attenuated radiation
is selected from a band of wavelengths corresponding

=32~ This Sheet Has Been Re ,i
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_ The apparatus 50 can—be—used—toascertain the concentration of one or

nore anal ytes of interest in a var di uns,
such as in an 15 aquﬂu l !ma!‘igmﬁg a conpl ¢THISSHEERHABREEN bund.
Specifically, the app in the RERUAGEBat i on{ of bl ood
anal yte concentrati ons, partlcularly or ganite—ptoud—anarytes such as,
but not WO9TR84Hited to, glucose, urea (BUN), |ipids, bilrcrassmiased 20

al cohol. As described above, analysis of bl ood anal yte concentrations
can be conducted using in vitro sanpl es, or an analysis can be carried
out using a tmeapdaR snathef spestuem sfichadbatbéh ehsangption by

measur enents obtgiygd froma forearmtissue scan. 25 VWen t he
apparatus 50 is used to obtain bl ood anal yte neasurenents from a

ti ssue source, i nci dent radiation |aunched fromthe source 52 via
sanple interface optic neass 5%hesmethsa@dof ociaim npe, whereiiortHene skin
surface of 14 SSUgGReaindBOIn Ll nesllil&fine LPTEA M gqnﬁ*}e sanpl e

i nterface optic neans rects I on an an toward t he

tissue suclrihepuated ragiabigagisyused ??s%%&??ﬁﬁ%ﬂﬁ inkansity the
surface and ref lcfctohet asadi fhisareddiigghtmolhebsorbed ot dgid radiation is
spectral l'y nodi fy a’ I nfrared absorptions by the bl ood
and tissue g%%???t%engaubéortlons of the incident near-IR

radi ati on are absorbed, dispersed, diffused and

- 25- 10 WO 97/2843716. The method of claim 15, wherein the

PCT/ US97/ 01369 selected band of wavelengths is in the range of

approximately 1430 to 1450 nm.

17. The method of claim 15, wherein the
15 selected band of wavelengths is in the range of
approximately 1930 to 1950 nm.

_ 18. An apparatus for determining the
concentration of an analyte in a sample, comprising:
20 (a) means for irradiating the sample with
incident radiation containing a plurality of distinct,
nonoverlapping regions of wavelengths in the near- and
mid-IR spectral ranges; '

(b} mnmeans for collecting reflected

25 radiation emerging from the sample and directing said
reflected radiation into a beam path;

(c) adjustable filter means disposed in the
beam path, wherein said adjustable filter means
attenuates the intensity of radiation in the beam

30 path;

(d) principal analyte filter means capable
of receiving attenuated radiation emerging from the
adjustable filter means, and selectively passing
discrete wavelengths therefrom, wherein said discrete

35 wavelengths are specifically correlated with the
concentration of the analyte;
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reflected fromthe bl ood constituents present within the tissue

aeine o et IR o -l e
I Ni t he appaggpl ,

In determ ning bl ood gl ticose 4 evel s usi ng
vi brational notions of blood glucose nmol ecul and
measur ed uswogies4st use- reflective near-1R radiati onpefBgmpidgpat i onal
not i on i ncl udes both rotational and translational notion of 10 t he
gl ucose nol ecul es, including overtone vibrations and conbi ned

vibrations. O these notiogg) t&&cond £OMYL HIAnY ggg;,gggs? re Flom' nant and
nm e gl ucose

occur in the r f proximately 1670 169
conbi nati on vibrgffggggg dgﬂgc%{ﬁc%%%? e?%%iﬁﬂ? PBergpRBokF MRt ERS 2120 to
2280 nm d ucos®rdpeiradtanalyte filtgmmidansasndoptteabatithgvihy in the

near -1 R range of1ntensaapregigﬁﬁ&ﬂghdéﬁghdﬁhs;34o nm

Accordingly,sthe appar at us ?g gggtiqgiude a filter means 58 having
four distinct sections, whé T MRS EPFoRerel¥ingi tifed to pass
refl ected r agtapbated rvavelrngthy @merigingy Erongthe sacohd f£iEnger

of approxi mat el ymé3f9;t &nd360 nm the second section I's configured to
pass reflected radiation f f. wavel engths, either in the

om t he reqgi on
range of 25  approxi mat el gghé’ff?’bs %0 ﬂveﬁglﬁﬁpmﬁi%?%?*&e‘i%o to
1950, the third waveiengths cintfo qursidnad papsesentatibé est eche adi ati on from

the region ab wayptensity éf said ﬁahélre%g%ﬁsqf approximately 1670 to 1690,

and the fourth section is configured to pass reflected 30 radiation
fromthe region of wavel engths in the range of approximately 2120 to
2280 nm THe | (Mhehfinparetugavél ehginslpaseeskdin e

third and fourthaagastabfe of i Ity fiddrd cORPPIsELNL BEral a
analyte-specificf'féornation. As describedéabove, the:ﬁ? t?ﬂﬁi %um fourth

filter sections tan %5‘configured to i ncl ude wei ghting factors which
enhance t hel5 correlation of the passed radiation with the

20. The apparatus of claim 18, wherein the
second filter means comprises a neutral density
filter.

20 21. The apparatus of claim 20, wherein the
attenuation provided by the second filter means is
established using weighting factors.

22. The apparatus of claim 21, wherein the
25 weighting factors are derived using chemometrics
techniques.

23. The apparatus of claim 22, wherein the

weighting factors are derived using rotated principal

30 components analysis of an absorption spectrum of the
analyte.

24. The apparatus of claim 18, wherein the
detector means comprises a lead selenide detector.
35

"This Sheet Has Been Re|ilaced

e |HMEWA




- 26- WO 97/ 28437 '

PCT/ US97/ 01369 ' gl ucose present in-the tiobgﬁ'
sanpl e. | nf or mat i m%&lg{mﬂma the first selctiignSKHEET HAS Bt
filter can be used to es%l round spectrhl REPLAOED ri butj ons

in each neaﬁgreq§$%7 and can t hus be 5 used to corkeet—or—1rorall ze t he
measur ement s 9Bt" d fromthe third and fourth filtcFCEESPHAY. The

signals obtained fromthe second filter section (the wat er absorption
i nformation) can be used as_an i nt er nal %?e%r,to identifg ingffective
measurements, 10 e.g., tRdse EPESPPRPFIUH £T §4aiM 180 YBEERARAERT oper

i nstrunent ati on sdaidlentheatdistionshspin, the xtarge of apprbgimatebyn can be

used to correct faolydeeiResabY Bm. changes in the neasurenents obtained
fromthe third and fourth filter sections. 15 It
IS to be understood that while the I nvention has been described in
conjunction wgh 20 pr ef @61 edAspappdratwsiiiot REtesmindngothet he

f oregoi ng d QR £ ~AS |85 i c are

ot endea o i1 1 usr ez aR1oRS ptouh ?ﬁaeiﬁ%qé@?f) ﬁ’é’%' Bokfic1 Ohg &

Ot her aspects, advantages an@? meanﬁnﬂ??iiﬁé%Qﬁﬁ?%ﬁﬂ:ﬁpﬁ Fﬁ@PgﬁdﬁétQﬁ t he
invention w il 23ncienipradéation comseining laepluratieyast dbswimet, t he

nonoverlapping regions of wavelengths in the near- and
10 mid-IR spectral ranges;

(b) means for collecting reflected
radiation emerging from the sample and directing said
reflected radiation into a beam path;

(c) filter means disposed in the beam path,

15 said filter means comprising a plurality of sections
configured to selectively pass at least one wavelength
from the reflected radiation emerging from the sample;

{(d) a plurality of detectors arranged such
that each wavelength emerging from the filter means is

20 detected by a discrete detector; and

{e) means for converting the detected
wavelengths into a signal representative of the
intensity of said wavelengths.

25 27. The apparatus of claim 26, wherein the
filter means comprises a two-stage filter having a
first stage comprising a plurality of sections
configured to selectively pass at least one wavelength
from the reflected radiation emerging from the sample,

30 a second stage arranged adjacent to the first stage
and capable of attenuating the intensity of each
selectively passed wavelength emerging from the first
stage of the filter means.

35 28. The apparatus of claim 27, wherein the
second stage of the two-stage filter means is a
neutral density filter.

This Sheet Has Been Replaced

ARG

35—




Jdnvention pertains. —— Exanpl e
A noni nvasi ve gl ucose neasurenent was 30 obt ai ned u$ §1%§N t he
t

i nventi on. Part |ljumu MI ﬁlmmﬂ ve optical nea$ '
near-1R regi on of appr I to 3500 nm i it .

Spectral scans were collected flonft * vol unt eer forearm subjects, using
an i nstrunkf9"8%T ng 35 a Tungsten-Mercury (WHg) radi afCaASEs®e, a

4

Lead Sul fide (PbS) detector and a scan speed of nm/ 0.4 second.
-27- WO 97/ 28437 .

PCT/ US97/ 01369 23. Thepappapetusf ofpetainc2epceherein &ilges were
identified as cofimid¥ Mpansy CompriicesWai piugalibg d8ediscrete 1HixRer m ne
gl ucose concentrqélon f oma forearm tissue scan. The specified

regi ons were det%r * 5 froman in vivo glucose tol erance study
conducted in tandemw th invasively obtained in vitro blood gl ucose

concentratiof determ nati @ps. IhePabpheltas ofi 8Paim 29, WERANERt scans
t aken during th |n VIVO t Iera C icted in Figure 3. As

can be seen, gﬁﬁﬂ(; 5ﬁ§é§teﬁ FE@”%@?I%%??€%§??n%ﬂwlty
di ff erences oveﬁﬂunsmﬂawgecwﬂrasserlgtée selegBednke provide renhansmdied

during the tinme sgprelRatdon bE S pd¥sed wavelength with the
concentration of the analyte.
10
31. The apparatus of claim 30, wherein the
absorption characteristic is provided by a weighting
factor derived using chemometrics techniques.

15 32. The apparatus of claim 31, wherein the
weighting factor is derived using rotated principal
components analysis of an absorption spectrum of the
analyte.

20 33. The apparatus of claim 28, wherein the
detectors are comprised of lead selenide.

34. The apparatus of claim 26, wherein the
incident radiation is in the range of approximately
25 1100 to 5000 nnm.

35. The apparatus of claim 34, wherein the
filter means comprises a first section configured to
pass at least one wavelength from a first spectral

30 analysis region of wavelengths in the range of
approximately 1300 to 1360 nm, a second section
configured to pass at least one wavelength from a.
second spectral analysis region of wavelengths in the
range of approximately 1670 to 1690 nm, a third

35 section configured to pass at least one wavelength
from a third spectral analysis region of wavelengths
in the range of approximately 1930 to 1950 nm, and a

-36- This Sheet Has Been Reﬂlalced
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. These changes i ncreased in-—dtrect-relation to I ncreases in blood
gl ucose level during t gl erance 15 test, signifyLng,LhaL—Lhe—+aﬂﬁq of
2120 to 2180 nm J@E’H i Mwmepecific spect | S SREFTMHAS SFE
Once the specific spe ¢ identifikd, n@EPLABED Ve
obt ai*ned usi ng i nf or me+oen—froMThe T our

gl ucose ne bRt S were

di stinct 28?8 spectral ranges. The first spectral range i PeyHYagLsss

radi ati on occurring at about 1320 to 1340 nm This range provi des a
very highly reflected sign and _. there is no ,mgjor glucose absorption
band in this %°Fﬁgﬂe$g?ﬁ$‘8? n‘é?‘?%ﬁ?‘b‘?ﬁ‘g&r%(?%sor?\tt”ﬁgaﬁitr ®Pespectral 25
range can be usea}atve.langhhl fzenemdtt?imjispe@ma:lalsmmlsis regdpdeoft o
correct for flucyugkh@Agehd metﬂ@d.*a{d@rbeh appr%aag.s%eﬁnélﬁbaegeﬁzeue to

mechani cal perturbations. e second spectral range 1 ncluded
radi ation of®arring at either about 1440 to 1460 nm or about 30

1940 to 19605nm These ranges provide a substantially non-refl ected
signal due to the highly apgor pid pparatute i ; ﬁ@hhﬁg ?Bgenuate
diffusively reflected . radifati on. Infornmati on obtal ne r?mét hese
ranges can FenEERETRBIOneL 3y hey ih@ 53301y nECBREEFARYF on from
ot her measur enent s. T{eke marasurfenirradiladingotha paspieavith

adj ustment to acauRlehe rdd YLt i I QUM dIHAHF A Plurality of distinect,
b%g;U597/Oléébvmgggégggfgéping regions in the near- and mid-IR
spectral ranges;

{b) means for collecting reflected
radiation emerging from the sample and directing said
reflected radiation into a beam path;

15 {c) diffraction grating means disposed in
the beam path, wherein said diffraction grating means
is capable of reflected radiation emerging from the '
sample and selectively passing discrete wavelengths
therefrom, wherein said discrete wavelengths are

20 specifically correlated with the concentration of the
analyte;

{(d) a linear detector array for receiving
the passed wavelengths emerging from the diffraction
grating means; and

25 {g) means for converting the detected
wavelengths into a signal representative of the
intensity of said wavelengths.

37. The apparatus of claim 36, wherein the
30 linear detector array is comprised of lead selenide
detectors.
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specul ar reflection signal values, and can be used to det ect i nproper
measur enent s. The third range included radiation occurring
at about 1670 to 1690 nm This range provides 5 anal yte-specific
informati on due to the presence of gl ucose vi brational overtone
bands. woomsy 1he fourth range included radiation occurring
at about 2120 to 382%0 nn. This range provi des anal yt e- BOEOS*0€369

i nformation due to glucose 10 conbinatjon vibrational bands.

Signal s obtained fromthe first range e used to normalize signals
of other regions. This process, when repeated with each spectral
scan, elimnates the problem associated with Iight source 15
changes and serves to provide an internal reference. Measur enent
variations induced by diff in optical interface, e.g., patient
pl acements, were acg¢or di ngl Wsubstanti a uced.

Background informati on wag el i m nat é§ubt yNng the signals
obtained in the second rapge, fron1the.;LgﬂaIS'ob ained in the third

and fourth anal ytedspecific ranges. In this manne t he pedestal
effect created by specul ar rg;ﬂéctz9n, T C arTES -3 W th skin texture
and age, was corrected for. o) 1 The rgal i zed and base |ine
corrected signals fr |rdLgnd fourth Tapges were applied
in an anal ytical chenone sil-Figure 4 depicts the
normal i zed differences | d¥al | i n the $econd and third
ranges. 30 seen jby the results{depicted in
Figure 4, increase in ucose lgvel results in an increase in
the signal differen en the twi aa7es 35
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- 29- C ai ns: 1. A nethod of determning the
concentration of an organic blood analyte in a body 5 tissue sanple,
conpri si ng: (a) selecting a plurality of distinct,
nonover | appi ng spectral regions within an infrared spectrum wherein

t he spectra#nhﬁghﬁgs enconpass a range of wavel engths, and wherein at

| east a portio of each spectral region has high correlrPgxrussze136% he
concentration of the anal yte; 2/4 (b) irradiating the sanple
with |ight having a wavel ength in each spectral region to obtain

radi ation nodified by contact with the sanple in each 15 spectral region;
(c) optically filtering the nodified radi ation to isolate or enphasize
a portion of the radi ati on fromeach spectral region;

(d) collecting and neasuring the intensity 20 of the optically filtered
radi ati on using a detector means; and (e) obtaining a

val ue indicative of the anal yte concentration by applying a

mat hemat i cal nodel to the optically filtered radi ation. 25

2. The nethod of claim1, in step (c) conprises passing the

nodi fied radiation through

52
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60




~optical filter means having absorption characteristics capabl e of

sel ectively passing discrete wavel engths 30 from each spectral region,
wherein said discrete wavel engt hs are specifically correlated with the
concentration of the anal yte. 3. The method of claim 2,
wherein the 35 absorption characteristics of the optical filter means

are deri vedWoMRa3Thenonetri cs techni ques. PCT/US970136% . 30-
4. The nethod of claim1, wherein thgys det ect or means conprises a
plurality of detectors. 5. The nethod of claim4, wherein
the 5 plurality of detectors conprise |lead selenide (PbSe)

det ect ors. 6. A nethod of determning the

concentration of an organic blood analyte in a body 10 ti ssue sanple, -
conpri si ng: (a) selecting a plurality of distinct,
nonover | appi ng spectral regions within an infrared spectrum wherein
the spectral regions enconpass a range of wavel engths, and wherein at
| east a portion

Scan (14)

g
8
&
8
o ! 3
:gi o . ii g
- il g 8
o o o e :
- b=3
% f,,.r\' AN g
= 2\ TN g
) e tgf.’ % &
i
‘éé | : 8E
> 2 i 29 il
;':E ; ] .' es %
P : P &
D 2 . . == (L)
8" DN B 8 “-
= : ' -
o { g
{ 8
i P-4
7 g
\ g
y/4 =
i N 8
| -
: g
o © s 8 i b4 il
< p= e b= s g

sasuasspg Apsusiu)



15 of each spectral region has high correlation to the concentration
of the anal yte; (b) irradiating the sanple with incident

| ight having a wavel ength in each spectral region to obtain radiation

attenuated by contact with the sanple 20 and radi ation unattenuated by

contact with the sanple, wherein the attenuated radiation is contained

Wit hin WO pectral region; (c) coll

attenuat ed radi ation; 4/8d) neasuring the intensity of the 25

coll ected attenuated radi ation at a predeterm ned wavel ength in each

of the spectral regions; and (e) correlating the intensity

measur enent s obtained in step (d) to obtain a value indicative of

the concentration of the analyte. 30 7. The nethod of clains

1 or 6, wherein the spectral regions together enconpass wavel engths in

t he range of approximately 1100 nmto 5000 nm 35 8. The

met hod of claing $48% 6; 'wreﬁ@u@ e spectTym cont aij‘r;s a

first spectral ¥egionjof emrExamp angeg of {approxi nately
1100 to 1350 - »7} nm a second
spectral regionf of g@wel engt hs apgpr oxi matel y j1550 to
1850 nm and a Jthi P spectr i Vel engtihs {n the rgnge of
approxi mat el y 0 to}35G0 nm

0.445
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5 9.3The met hod of clains 1 or 6, \/.rei ngﬂmw e
‘bl ood anal yte is selected frenr%he—g#gup—__nm_consisting : ) 41
(BUN), lipids, bilirubin and et hyl al cohol. 10 0. The
met hod of claim9, wherein thH“M“"MMHHﬂu yte is.gluchs 2., 3NAJG 1997
11. The nethod of claim6, si'ng the.s'tppk oﬁabéllecti4
and neasurlnggﬂﬂimﬂ= |ntenS|ty ‘of "th& uhattenuated radiht on, wherein
- said unattenuated radiation is fron1the first spectrgl regian.a
cont ai ns wavel engths in the range of pproximately 1320 to 1340 nm 20

12. The method of clai mi1, Afeeehad: aé dEterWéF‘t}@goﬁ?t@ ned in the

" measur ement Ofcdﬂtfénﬂlaiﬂmuaéﬁdan orghadbabilend %nléﬁ%ﬂcé q:esetllﬂ@a? the

i ntensity_of the dent ht ,used in step (b).

13. The mBt ho %ﬁsqﬁeﬂqﬂ evWﬁﬁ@Pﬁl§hﬁg att enuat ed radlation i ncl udes

hi ghly attenuat ed réahais@hec*;ﬁ@ a plurallty YE diwinet hod of claim
13, further r|S|n t he ste$ of col ectk%g and neasuring the

i ntensity of Pﬁbchlg %F AR B Phaf 881+ BRS W noan inirarqq  Tpe

met hod of cl aispetfrushenvBiereir S8e spgbtyadt regiansd eradingiasm @nconpasses
a band of p@ PR COLASFSRONAL A &Hefe?ﬁaggz'ieta@: DI EHn

absorption of wa
10 of each spectral region has high correlation to the

concentration of the analyte;

(b) irradiating the sample with light
having a wavelength in each spectral region to obtain
radiation modified by contact with the sample in each

15 spectral region;

(¢} optically filtering the modified
radiation to isolate or emphasize a portion of the
radiation from each spectral region;

(d}) collecting and measuring the intensity

20 of the optically filtered radiation using a.detector
means; and

{e) obtaining a value indicative of the
analyte concentration by applying a mathematical model
to the optically filtered radiation.

25

2. The method of claim 1, wherein step (c)
comprises passing the modified radiatiomn through
optical filter means having absorption characteristics
capable of selectively passing discrete wavelengths

30 from each spectral region, wherein said discrete
wavelengths are specifically correlated with the
concentration of the analyte.

3. The method of claim 2, wherein the
35 absorption characteristics of the optical filter means
are derived using chemometrics techniques.
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0Qo2 O '
PAn: a;,pﬁa‘r%\tdfﬁﬁ: ‘ieterm ni ng the concentrat.1 of an organic bl ood

1 &E
.- ana =i a pbody tissue s 1$ryi (a) neans
f ?'PAB? 1997 t He {sanpl e wi taim”mmmﬂ Hﬂ] ation contai-ning a- .
N r ty of distijngt, nonoVerd appi Mg Spettral regiops. withip an
infr rpd spect rjum (b) means .for cotl.ecti'ng ne&fiected
ratliation energing fjomt#he sThnel eedhddicfeatliaign shj dwiieéreinethect ed
G sposed 1 n t nee eetpEhdans) conprises o G EIND I8P fepbbtBEIna "
attenuates the intensity of radiation in the beam pat h; 15
(d) principal analyte flgterngaﬁ tg@ga@faclalmcg reesL-dE R9e Akt enuat ed

radi ation ener%ggg fromthe justable filter means, and sel ectively
passi ng %%Jelwévefeﬁspﬁgtpﬁér SO Shereat %%1%“€I¢§cr(8f°§e)

wavel engt hs ar edspectdrsal ly correlated with the 20 concentration of the
anal yt e; (e) second filter means capabl e of recei vi ng

t he di screte wavel engths energing fromthe principal analyte filter
nmeans and attenuating thes. A msathod obf @bt&ahd:mﬂn;leﬁgths 25

(f) detection el yi puat el eng ener gi ng
fromthe secon&ﬂﬁaﬁ%néfgtigﬁ 5¥ QQ égganlc éf% ? '?’nea.ﬁs£> §

converti ng& he tdiezswe espmple, maompﬁmguns into a S|gnal representative of

the 30 intensity of saigapavgbepgthsg a plurality of distinct,
nonoverlapping spectral regions within an infrared

Ll

gpectrum, wherein the spectral regions encompass a
range of wavelengths, and wherein at least a portion

15 of each spectral region has high correlation to the
concentration of the analyte;

(b) irradiating the sample with incident
light having a wavelength in each spectral region to
obtain radiation attenuated by contact with the sample

20 and radiation unattenuated by contact with the sample,
wherein the attenuated radiation is contained within
each spectral region;

(c} collecting the attenuated radiation;

(d) measuring the intensity of the

25 collected attenuated radiation at a predetermined
wavelength in each of the spectral regions; and

(e} correlating the intensity measurements
obtained in step (d) to obtain a wvalue indicative of

the concentration of the analyte.

30
7. The method of claims 1 or 6, wherein the
spectral regions together encompass wavelengths in the
range of approximately 1100 nm to 5000 nmn.
35 8. The method of claims 1 or €, wherein the

infrared .spectrum contains a first spectral region of
wavelengths in the range of approximately 1100 to 1350

~31-
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51 0"'0 2 ’J et ‘
fﬁgﬂis Ia|n116 mhereln t he able filter neans
. R MM‘?G reuttr al density umn mtlm,"mmm n concert with correlation
_ fllterﬁ filter syst R -33-;
@‘@ggaratus of cIa|n116 vhefei i the * : second fil.ter.neans
onprises_a utiral density filter used in concer't -wth concért W th
correl ation fFPvFPsseconqI?Bﬁqqq%kwr%S%Q%n¢f wavelengths in the The

~3pNALALUS—Bf—glriye 1:& a‘ﬁiﬁ*cﬁ&lﬁnétﬂﬂy 1ss@t£sny§§boamprami%d tM4 dde second
filter means is Ilshe usi factors. 10
20. The appa?BFﬁ§r84 EF&HHQH? \Mﬂﬁéggpﬁﬁgs in tﬁélgﬁpﬁﬁgoﬁéctors are

t;'ﬁ

derived usi ngappeomimiartieds 2000 tes B8 pesn. 21. The
appar at us;of claim20, wherein the 15 weighting factors are derived using
rotated ptincipal conponents anal ysis of an absorption spectrum of the
anal yte. . 9. ‘The method of claims 1 or 6, wherein the

organic blood analyte is selected from the group
consisting of glucose, urea (BUN), 1lipids, bilirubin
and ethyl alcohol.
10
10. The method of claim 9, wherein the
blood analyte is glucose.

12. The method of claim 6, further
15 comprising the steps of collecting and measuring the
intensity of the unattenuated radiation, wherein said
unattenuated radiation is from the first spectral
region and contains wavelengths in the range of
approximately 1320 to 1340 nm.

20
12. The method of claim 11, wherein the
value obtained in the measurement of the unattenuated
radiation is used to estimate the intensity of the
incident light used in step (b).
25
13. The method of claim 6, wherein the
attenuated radiation includes highly attenuated
radiation.

30 14. The method of claim 13, further
comprising the steps of collecting and measuring the
intensity of the highly attenuated radiation.

15. The method of claim 14, wherein the
35 highly attenuated radiation encompasses a band of
wavelengths corresponding to a peak in the infrared

absorption of water.

-32-
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: The a arﬁ5g§ 0
ad selen»de-ﬁ b

det er ni nj
“ltilssag A géﬁ%ﬁg, cqnpri si ng: (la) neans for,lnnadlarlng t he

0-0002 0 -

Ia|n116 mhereln t or means conprises a
e) det eﬁlm“muu \m w 23. An apparatus for
concentra c bl ood analyte in a:body 25

ilnci dent_ radi ati on containi'ng a‘pluralidy-of disSt ¥ nct

(b) _rmeans fore

ofovVerT appi ng spdctral fAdgi o APRA¥AEWS afornfeseaamining dhet rum 30

and directing

sai d | ected radjation into a beam path

(c) filter neaﬁ§53u§p§§&§LQ1tqﬂﬂﬂﬁ%ﬁﬁ$%ih said filter means

"conprising a plurali ty of(agecthetiss 3or CHPaHIHERAG! Qh%els%@ﬂpwlmmss at

| east one gaveken atiqn ener g fromthe

sanpl e;

(d) a plurali
energing from
(e) means for

ncg dent raélé¥25£“%é§§éf££§8 rad&ura ity o/\ ST

hpnoﬁred&h@@u@rgs sppeangell seghons withdhn eaclingreetedgt h

%g neans i s detected by a discrete detector;
nvert1ﬁg the detected 5 wavelengths into a signal

representative of the (b)i nmmesis Vo calleabisbemgifiscted

10

15

20

25

30

35

radiation emerging from the sample and directing said
reflected radiation into a beam path;

(c) adjustable filter means disposed in the
beam path, wherein said adjustable filter means
attenuates the intensity of radiation in the beam
path; _

(d) principal analyte filter means capable
of receiving attenuated radiation emerging f£rom the
adjustable filter means, and selectively passing
discrete wavelengths therefrom, wherein said discrete
wavelengths are specifically correlated with the
concentration of the analyte;

(e) second filter meansg capable of
receiving the discrete wavelengths emerging from the
principal analyte filter means and attenuating the
intensity of said wavelengths;

(£) detection means for receiving the
attenuated wavelengths emerging from the second filter
means; and

(g} means for converting the detected
wavelengths into a signal representative of the
intensity of said wavelengths.

17. The apparatus of claim 16, wherein the
adjustable filter means comprises a neutral density
filter used in concert with correlation filters in a
filter system.
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of&l aim 23, ‘wherein t fil t. means conprises a
aving a 10 ““l“ﬂ“l\ &E\Hﬂ‘rl sing a plurality of
igured to se | east one wavel engt h

radi ati on energlng fromthe sanple, ;. ; @ segond stage
to the first stage and capabl e df ‘attenuat’i ig the
intensity of each{15 sdé8ect T \apressthsvavel ehglih éﬁerghﬂgdmnnnhém
first <

) Bdt Il atus of
cl aim 24, mhereln 221t ri@%% g%ﬁg’ orc 1 he ?eutr?a égpﬁ r &ga
20 neutral de‘ﬁ%?@ylﬂl Fpacert with concert wigh q’herabpan@nu@ditem@u m 23

‘wherein the in glkgggegegggtggnprlses a plurality of discrete filter

el enents. 25 27. The apparatus of claim 26, wherein at

| east one Wiscrete filter elenment conprises an absor ption
characteristic selected t@. prqﬂaﬁappgﬁauugiof cl@g@rebatwgar@ﬁnatgﬁ§sed
wavel ength with

concen f the a 28.
The appar at us ®f t%?3f£%§§ pﬁﬁ&%ﬁ%ﬁ : the $.¥§f5?rd@F§BFoF§ conpri se
| ead sel eni de ¢ﬁb&b}1sheddasamgomalgﬁilng factors 29. The apparatus of

th

Maﬁ

1o 6 197,01

alfr an

L

claim 23, wherein the filter means conprises a first section
configured to - 35-
10 - 20. The apparatus of claim 19, wherein the

weighting factors are derived u31ng chemometrics
techniques.

21. The apparatus of claim 20, wherein the

is weighting factors are derived using rotated principal

components analysis of an absorption spectrum of the
analyte.

22. The apparatus of claim 16, wherein the
20 detector means comprises a lead selenide (PbSe)
detector.

23. An apparatus for determining the
concentration of an organic blood analyte in a body:

25 tissue sample, comprising:

{(a) means for irradiating the sample with
incident radiation containing a plurality of distinct,
nonoverlapping spectral regions of. within an infrared
spectrum;

30 (b) means for collecting reflected
radiation emerging from the sample and directing said
reflected radiation into a beam path;

(c} filter means disposed in the beam path,
said filter means comprising a plurality of sections

35 configured to selectively pass at least one wavelength
from the reflected radiation emerging from the sample;

-34- AMENDED SHEET



tqm:ma 0I engtﬁ froma f| rst spectral ‘ anal ysi s regi on of
ge of rma ly 1300 to 1360 nm a second

eftio f gured to H“lml‘mmm wavel ength.-frema 5 -second

ecBﬁhAU§HH7§S|s regi on of mavelehgﬂhssln the ° range of: apprioxi mately

70 to 1690 nm} g third " section configured-to pass.’at.|east 6éne
vel'engt h frioma thigyd sp tdledl |d§'§eﬁ€@t@&soﬁr%\‘@e‘?ﬁ%ﬁ@1

) , _ prOX|nateI to 19 and fodrth section
configured to pd& %@ﬁ? eWﬁﬁ@%%ﬁg%HOWrBQFa ?ﬁFﬁE:ﬂﬁ%ﬂ#a}s

anal ysi s regi odeufected b:}a\eelcﬁngiﬂ’&e détectoengeanll approxinately 2120 to
-2280 nm 15 aratugbfor get rn1n|n t he

30. ap
concentration of an organi® bluﬁ?dqsagc?fl CBREeRE KBy E sanpl e,
conpri si ngs wavelengths nhﬁoraﬁsmgﬂa& repadsantaglwheoiamﬁeathh

I nci dent radla&hggng%@kafﬁ% raredgiéﬁgtﬂé di stinct, 20 nonoverl apping

lu

D

CD'O

spectral regions wt Spéctrum (b)

means for collecting reflected ~radiation emerging fromthe sanple and

directing said refl egt ed padigid o0, 4 g 0o f Q?ﬁmnp%fah w%%reln the _
beam whereln said

(c) dlffractlon gratln means di sposed I n 5ﬁ
diffraction grBELREINEEASS compuigemdb| EWorStageetidderadeXiingh ®mer gi ng

fromthe 10 §§1ﬂ‘§hes@&@'e3@cﬁ®tﬂ1\éiﬂg @splﬁ@aﬂisyr@teswwbmgt hs
therefrom wherein,said _discrete wavele hs ar e

|
correlated witf° PﬁéQBEﬁgeﬁﬂwﬂﬁ%ﬁ?ﬁﬁ ?%% S 3 ai?? 2PERe! Wa¥eengtn

from the reflected radiation emerging from the sample,
a second stage arranged adjacent to the first stage
and capable of attenuating the intensity of each

15 selectively passed wavelength emerging from the first
stage of the filter means.

25, The apparatus of claim 24, wherein the
second stage of the two-stage filter means is a
20 neutral density filter.

26. The apparatus of claim 23, wherein the
filter means comprises a plurality of discrete filter
elements.

25
27. The apparatus of claim 26, wherein at

least one discrete filter element comprises an
absorption characteristic selected to provide enhanced
correlation of a passed wavelength with the

30 concentration of the analyte.

28. The apparatus of claim 23, wherein the
plurality of detectors comprise lead selenide (PbSe)

detectors.
35 .
- 29. The apparatus of. claim 23, wherein the

filter means comprises a first section configured to
-35-
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array for receivi ng t he Osed wavel engt hs

Ct

ditfraction ns; and 35 (9)

i ng the det M\}mw ths into a signal = .

t he |nt ai*d wavel engt hs. . 2L

, , The apparatus of clai m 30, wher ei*n* t he

' 1inear detectopahsray demmml&mtékdﬁ&&bﬁgﬁwnfﬂ@m(Ebﬁﬁkst spedigall det ect or

cartday. é?ysxs reéion of wavelengths in the range of

0
g
e
[
f

approximately 1300 to 1360 nm, a second section
configured to pass at least one wavelength from a

5 second spectral analysis region of wavelengths in the
range of approximately 1670 to 1690 nm, a third
section configured to pass at least one wavelength
from a third spectral analysis region of wavelengths
in the range of approximately 1930 to 1950 nm, and a

10 fourth section configured to pass at least one
wavelength from a third spectral analysis region of
wavelengths in the range of approximately 2120 to 2280
nm.

15 30. An apparatus for determining the
concentration of an organic blood analyte in a body
tissue sample, comprising:

(a} means for irradiating the sample with
incident radiation containing a plurality of distinct,

20 nonoverlapping spectral regions within the infrared
spectrum;

(b} means for collecting reflected
radiation emerging from the sample and directing said
reflected radiation into a beam path;

25 . (c) diffraction grating means disposed in
the beam path, wherein said diffraction grating means
is capable of reflected radiation emerging from the
sample and selectively passing discrete.wavelengths
therefrom, wherein said discrete wavelengths are

30 specifically correlated with the concentration of the
analyte;

{d) a linear detector array for receiving
the passed wavelengths emerging from the diffraction
grating means; and _ ) '

35 (g} means for converting the detected
waveiengths into a signal representative of the

intensity of said wavelengths..

-36-
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31. The apparatus of claim 30, wherein the

u‘k%‘i2 ‘0 35

-37-
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linear detector array comprises a lead selenide (PbSe)
linear detector array.

10
15
20.
25
. 30

35
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(57) Abstract

A method and apparatus are desctibed for determining the concentration of an analyte present in a sample using multi-spectral analysis
in the near infrared and mid-infrared ranges. Incident radiation containing a plurality of distinct, nonoverlapping regions of wavelengths in

the range of approximately 1100 to S000 nm is used to scan a sample.,

Diffusively reflected radiation emerging from the sample is detected,

and a value indicative of the concentration of the analyte is obtained using an application of chemometrics techniques. Information obtained
from each nonoverlapping region of wavelengths can be cross-comrelated in order to remove background interferences.




