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METHOD AND APPARATUS FOR MULTI - SPECTRAL ANALYSI S I N

NONI NVASI VE NI R SPECTROSCOPY . Techni cal Field: The
present invention relates to a nethod 10 and apparatus for determ ning
t he concentration of a target analyte in a sanple using

mul ti-spect P 9728438 anal ysis. The invention finds appli catRGEAUSIHOR?ON de
range of .chem cal anal yses, particularly in noni nvasi ve
spectrophotonetric analysis of blood 15 analytes. Background of -
t he I nvention: The measurenment of the concentration of

bl ood constituents finds application in a variety of 20 procedures for

t he di agnosi s and treatnent- of conditions and di sease in human

subj ects. One

S METHOD AND APPARATUS FOR MULTI-SPECTRAL
ANALYSIS IN NONINVASIVE NIR SPECTROSCOPY

chnical ¥ :
The present invention relates to a method
10 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, particularly in
noninvasive spectrophotometric analysis of blood
15 analyteé.

Background of the Invention:
The measurement of the concentration of
blood constituents finds application in a variety of
20 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
- glucose should be monitored"oh a periodic basis in
25 persons suffering from diabetes, and in insulin-
dependent or Type I diabetes, it is often necessary or
desirable to monitor blood glucose several times a
day. Further, the measurement of blood cholesterol
concentrations provides important information in the
30 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 diagnostic contexts.
The most accurate and widely practiced
. 35 method of obtaining blood analyte concentrations
involves the extraction of blood from a patient, which
blood is then analyzed, either in a laboratory using
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I nportant application is in the nmeasurenent of bl ood gl ucose.
Specifically, the concentration of bl ood gl ucose should be nonitored
on a periodic basis in 25 persons suffering fromdi abetes, and in

i nsulin- dependent or Type | diabetes, it is often necessary or
desirabl e to nonitor bl ood glucose several tines a day. Further, the
measur enentwof972843®d chol est er ol concentrations provipgdefushiiisfel ant
information in the 30 treatnent or prevention of persons suffering-from
coronary artery disease, and the measurenent of other organi ¢ bl ood
anal ytes, such ahighly aticarate ahaobehsitive assay rwﬁraid&uégl ?ba-r QU'S |
di agnostic conte T r and widely practice
35 gnethod of ob?%%%ﬁhg beggdagﬁg aFg %gﬁggé% E¥§%:égéh . | ves t he
extraction of tﬂ(ﬂiquQEﬁﬁf-p§FP€HF1°RBich1°°d gl%ﬁQﬁﬁiNQP!ﬂﬂninnualyzed

either in a | abomethrodsusieqgire the diabetic to draw a bloodbsam le hi ME
97/ 28438 5 £i ~tip 1 EST! 71,0 i ghly
accurate and senS|thve gsay eanni lgs ance)o gescg} tes NLEL accurate

sel f-testing net F&Rd tF‘t‘F g “°°sﬂa|1FVE&I ‘Fingr%cﬁh‘?}m&tﬁm o(@l gI ucose
noni tori ng speidtrdphotonitert bhati pbads cglucslia wahduriash tSane) e

or a colorimetric calibration method. Such invasive
blood extractions create a painful and tedious burden

10 to the diabetic and expose the diabetic to the
possibility of infection, particularly in light of the
frequency of testing which is necessary. These
considerations can lead to an abatement of the
monitoring process by the diabetic.

15 Accordingly, there is a recognized need in
the art for a simple and accurate method and device
for noninvasively measuring blood analyte
concentration, particularly in the context of blood
glucose monitoring by diabetics. One approach to the

20 problem involves the use of traditional methods of
near infrared (near-IR, or "NIR") analysis, wherein
the measurement of absorbance at one or more specific
wavelengths is used to extract analyte-specific
information from a given sample.

25 Near-IR absorbance spectra of liquid samples
contain a large amount of information about the
various organic constituents of the sample.
Specifically, the vibrational, rotational and
stretching energy associated with organic molecular

30 structures (e.g., carbon-carbon, carbon-hydrogen,
carbon-nitrogen and nitrogen-hydrogen chemical bonds)
produces perturbations in the near-IR region which can
be detected and related to the concentration of
various organic constituents present in the sample.

35 However, in complex sample matrices, near-IR spectra

' also contain an appreciable amount of interferences,
due in part to similarities of structure amongst

-—l-



5 (e.g., by a finger-tip lance) for each test and to read the

gl ucose | evel using a gluconeter (a spect rophot oneter that reads

gl ucose concentrations) or a calorinmetric calibration nmethod. Such

I nvasi ve bl ood extractions create a painful and tedious burden 10 to
t he di abetic and expose the diabetic to the possibilit I nf ection,

particul ar| yYWOR7R843ht of the frequency of testing whic CT%mﬁ%%ﬁ@sary
These considerations can | ead to an abatenent of the noni toring

process by the diabetic. Accordingly, there is a recogni zed
need in the @nalyesy §P%ﬁFéV&n&°HEéﬁr%feaﬁﬁiXEﬁi?ﬂﬂPQﬂ§F4§é°nf f or
noni nvasi vel y neasititexFeritngd relatibaships Bm rdartesparid aear |y in

th text of bI I t h t
¢ oot ext o O Mlnssuod i BGRB8 A0H Dol S5 g S aBRCN 1o

the 20 problen1|n ves near

infrared (near-|Rim@ RPRICWIAZ pysEeny,cFach intergq;@%l;m the
absorbance at sne &ffitiienhcypandf pﬁ-ecisiowauelmmen@wmbmm ract

anal yt e-specific Jn?# V. g&ghﬁ

Near - | R absor bance' ssinedctr}{e% &?%&?g €8 4 conta & 1ar ge anmount of
i nf or mati on about Q?ﬂ?entratkﬂﬁ sléﬁﬁéﬁl§3EBH%t¢QQk¥ﬁ%F1ﬁ ﬁQR§W§§ine
Specifically, the minliert icEnRear~IR2devliobsa8nd methsds Qi Hpemer gy

associated with or&aéy:!& Q:%u#a%vigg n ﬁiﬁ?{‘%‘géeé%%’r ogffe\a?'}ﬁ(ye] car bon,

car bon- hydr ogen, . on nftrogen an m cal bonds)
produces pert%ﬁtnﬂﬂ?ﬁﬁ?ﬂ%?% nFf'ear-IR regi on whi ch can be detected and
related to the concentrati om.&. PatentaNboUS,D60004 10w Ridrdy et alpresent

in the sanpl e. 35“% amun%ﬁp%ﬁé i-a?t&@‘tfézceéae r&?&éﬂm@nﬁ%ﬁ% ra

al so contain an appr Bpyes ences, npart to
simlarities of stefidinad angiyte °°n°e“trat1°nsr wherein a body

portion is irradiated with radiation containing two or

15 more distinct bands of continmuous-wavelength incident
radiation. Purdy et al. emphasize filtration '
technigues to specifically block radiation at the two
peaks in the NIR absorption spectrum for water,
occurring at about 1440 and 1935 nm. Such selective

20 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.

By contrast, U.S. Patent No. 5,267,152 to

Yang et al. describes noninvasive devices and

25 techniques for measuring blood glucose concentration
using only the portion of the IR spectrum which
contains the NIR water absorption peaks (e.g., the
"water transmission window," which includes those
wavelengths between 1300 and 1900 nm). Optically

30  controlled light is directed to a tissue source and
then collected by an integrating sphere. The
collected light is analyzed and blood glucose
concentration calculated using a stored reference
calibration curve.

35 Devices have also been described for use in
determination of analyte concentrations in complex
samples.
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PCT/ US97/ 01370 anal ytes, relative levels of analyte concentration,
interfering relationships betmeen anal ytes and the magni t ude of
el ectroni c and chem cal "noise" inherent in a particular system Such

I nterferences reduce the S efficiency and precision of measurenents

obtai ned Wwo97R8#88g near-| R spectronetry to deternm ne theperusersso
concentration of liquid sanple anal ytes. However, a nunber of near-IR
devi ces and net hods have been descri bed to provide noninvasive bl ood
analyte 10 deterninati on¥For example, U.S. Patdnt Mri.cis, 242, 602368, 004 to

Purdy et al. éi‘m'éoheétagﬁemﬂggcf{'ﬁe@mﬂfm ffogr 5,{;5_ %g_h rmnation

of bl ood analyte concentration ereln a b i rradi at ed

with radiation cAfREINsFYERERS todetagh é“H’r%’tR]rﬁ:ta"&dﬂ’Gs ogf inactive
cont i nuous- wavel evatdr itreatdnty componentis at iThe nathddsctindolvenphasi ze

filtration ﬁég?di%%iohooﬁpﬁﬁéf#ﬁ%}ﬂarmé)%% m's%& nsgscw m! O

peaks ‘in the NIR tion spectrum about

1440 and 1935 nm°iSfhe §8F‘€8PFVES Qﬁerb?lb%lﬁwq §fc&’r°r°i 56’ 8§9°| Rmerder to
avoid a heating and apgilficatibhabf nelyememehirid alyordithmsptooexefacadi ation

segments of the spectral data obtained to guantify
multiple performance indicators.

10 U.S. Patent No. 5,252,829 to Nygaard et al.
describes a method and apparatus for measuring the
concentration of urea in a milk sample using an
infrared attenuation measuring technique.
Multivariate techniques are carried out to determine

15 spectral contributions of known components using
partial least squares algorithms, principal component
regression, multiple linear regression or artificial
neural network learning. cCalibration is carried out
by acéounting for the component contributions that

20 block the analyte signal of interest. Thus, Nygaard
et al. describe a technique of measuring multiple
analyte infrared attenuatiohs and compensating for the
influence of background analytes to obtain a more
accurate measurement.

25 . U.S. Patent No. 4,975,581 to Robinson et al.
describes a method and apparatus for determining
analyte concentration in a bioclogical sample based on
a comparison of infrared energy absorption (i.e.,
differences in absorption at several wavelengths)

30 between a known analyte concentration and a sample.
The comparison is performed using partial least
squares analysis or other multivariate techniques.

' U.S. Patent No. 4,882,492 to Schlager
describes a method and apparatus for non-invasive

35 determination of blood analyte concentrations.

- Modulated IR radiation is directed against a tissue
' sample {(e.g., an ear lobe) and either passed through
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by- water in the body part being irradiated. By contrast,
U.S. Patent No. 5,267,152 to Yang et al. describes noninvasive
devices and 25  techniques for neasuring bl ood glucose concentration

using only the portion of the IR spectrum which contains the NIR

wat er absorption peaks (e.g., the "wat er transm ssion w ndow," which
I ncl udes t howo 9728438 wavel engt hs between 1300 and 1900 nm) . PCpusezas7e 30
controlled light is directed to a tissue source and t hen col | ected by
an integrating sphere. The collected light is analyzed and bl ood

gl ucose conche rcitsswe oxl dmpdngeduonng ekin csuxkaas ovhenree it is

calibration curve.gpeirrally modifi@@vb‘}ea Eafeeelé%ﬂﬂw @Apdddgdeagd for use
in detern1nat|on of anq.1 O%gg gt I n, conpl €x sanpl es.

-3- WO 97ihs spectra Ton 'is then split,
PCT/ US97/ 01370  wherein one portion esadpre¢teﬂ5thfbnghnarnngdtxwéz 602 to

Richardson et @l . Mﬂéﬁ%ﬂ%&dsnhoanaaﬁémmu h a XERGUNReSKRL§TE 1O
detect multiple acilye Ney 3 the® raaiatid Slatl s iitbuiah AL thi1s e
met hods i nvol ve )
are compared to determine analyte concentration in the
sample.
U.S. Patent No. 4,306,152 to Ross et al.

10 describes an optical fluid analyzer designed to
nminimize 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

15 difficult to analyze. The apparatus measures an
optical signal at the characteristic optical
absorption of a sample component of interest and
another signal at a wavelength selected to approximate
background absorption, and then subtracts to reduce

20 - the background component of the analyte-dependent
signal.

The accuracy of information obtained using
the above-described methods and devices is limited by
the spectral interference caused by background, i.e.,

25 non-analyte, sample constituents that also have
absorption spectra in the near~IR range. Appreciable
levels of background noise represent an inherent
system limitation, particularly when very little
analyte is present. In light of this limitation,

30 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
reducing the amount of spectral information to be
analyzed, or by using subtraction or compensation

35 techniques based on an approximation of background
absorption. Although such techniques have provided
some improvement, there remains a need to provide a
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5 determ nation of the absorbance or em ssion spectrum of the
conponents over the range of 200 to 2500 nm and application of
chenonetrics algorithns to extract segnents of the spectral data
obtained to quantify mul ti pl e performance indicators. 10

U.S. Patent No. 5,252,829 to Nygaard et al. describes a nethod and
appar at us fwo9Tzsassuri ng t he concentration of urea inpersikdioisRr! €
usi ng an i nfrared attenuation measuring techni que. Mul tivariate
techniques are carried out to determne 15 spectral contri butions of

known conponent Smethog and apparitué ¢c£pHtle PR NEndRialy ahforePr | NCi pal

t . . % s cebl | D
heural network | BEAEEES! SReobHiasblon oF e | SHENRALIYN B paiifer, 1o
the conponent codPr Pb@rgﬁﬁﬁé rakrixpparpiglarhe ndiha contexd off

interest. Thus, blipgdagliucose mehidbrimgscri be a techni que of neasuring
mul tiple 5 analyte infrared attenuations and conpensating for the

i nfl uence of background anal ytes to obtain a nore accurate

measur ement . 25Dg§E12§919-9¥4$¥£—IQ¥SEEAQRL 4,975,581 to Robinson et al. .
describes a nethod and appacedsraingly defterig i rimary obiaict @f the
concentration in ' i gal bas e - . ard son

i nfrared energy gi ‘s’gir‘e? ?gneﬁi .a%.ﬂ,még oafif‘%ger edr%atzsecéfr:"l%r‘la ag)égpﬁt FBnggF

several wavel engBK¥) byopregiding 3 melhed ofidatexmining the on and a
sanpl e. 10 Theoneanerationi 6f P f MidBft ¢ Prgeditl tiinmla lsddphe havingguares

anal ysis or othe L Vary ggggi' . U.S. Patent No.
4,882,492 to Sch a@g#&iX& bg%gg%rl eéﬁ%?iéﬁrﬁﬂ?zﬁﬁf%ﬁﬂ%gfgfﬁgnpor
non-invasi ve 35SUBStaRrkiadi FORPORERt cREerkRANCas R Welddt-i ofbe
‘Modul at ed | R r admathoed ascounritstPolr atite NEimi Yarsitye of struetipee (€.9., an

ear |obe) and eiEHSnggééfguéhégﬁﬁghents present in the sample, the
15 relative magnitude of the analyte concentration and
spectral interferences provided by various sample
components and instrumentation variances.

The method generally involves: (1)
identifying several distinct, nonoverlapping regions

20 of wavelengths in the near-IR range, which have high
correlation to the concentfation of the analyte; (2)
irradiating a sample with incident radiation
containing those regions in order to obtain radiation
that has been spectrally attenuated as a result of

25 interaction with sample constituents; (3) detecting
the spectrally attenuated radiation; (4) measuring the
intensity of the spectrally attenuated radiation at a
wavelength in nonoverlapping regions of wavelengths;
‘and (5) correlating the measurements to obtain a value

30 indicative of the concentration of the analyte.

It is also an cbject of the invention to
provide a spectrophotometric apparatus for determining
the concentration of an analyte present in a sample
having a varying background matrix and substantial

35 component interferences. The apparatus is used in a
multi-spectral analysis to obtain spectral information
containing analyte-specific signals as well as signals
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PCT/ US97/ 01370 the tissue or inpinged on a skin surface where it is
spectrally nodified by a target anal yte (gl ucose). ~The spectrally
nodified radiation is then split, wherein one portion is directed

t hrough a negative 5 correlation cell and another through a reference
cell. W@ 87i28438) of the radi ati on passing through the aeidngserpizre are
conpared to determ ne .anal yte concentration in the - sanpl e. _
U.S. Patent No. 4,306,152 to Ross et al. 10 describes an optical fluid
anal yzer designed twelated tpi jhstrument kadkgrourd hwdlegr amdd inbepteting

(i.e., the ovpetitradl iR26emh€Y6h. Opéﬁé‘ﬁémé\ﬁ%@smﬂe%ﬁn(i&uggggﬁ%l e or in

' nent. in ur
2 11 quia Saml o whidaed €8 BRbe SRR SR Naanbrte capanye, of enmaboing
apparat us measur es the correlabippabf sanmbytertspeni fdicaiafoenattion wpthcal
revel Bngth sel et oqf apcRoteation oRIENE Hnaiite and 3 Aerivesoflime, °
\é\ﬁ\éflr Zggtsht 2er gguggl%%%%ecggséﬁ?o%ad%%mg 5P33'N§eanal yt e- dependent
si gnal . concentration values.

In one aspect of the invention, an apparatus
is provided which includes a specialized optical

10 transfer cell that is capable of enhancing the
correlation of analyte-specific information with the
concentration of the analyte. The specialized optical
transfer cell contains a positive correlation filter

| adapted to selectively emphasize wavelengths having

15 high correlation with the concentration of a selected
analyte. The emphasized wavelengths are communicated
to a means for receiving the information and
converting the same into a signal representative of
the intensity of the wavelength.

20
Brief Description of the Figures

Figure 1 is a diagrammatic representation of
an apparatus constructed according to the invention.

Figure 2 is a diagrammatic representation of

25 a correlation spectrometer apparatus constructed
according to the invention. -

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

30 Figure 4 depicts in graph form the results
obtained from a noninvasive determination of blood
glucose concentration conducted using the method of
the invention.

35 i Out the vention

Before the invehtion is described in detail,
it is to be understood that this invention is not
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The accuracy of infornmation obtained using t he above-descri bed

nmet hods and devices is limted by the spectral interference caused by
background, i.e., 25 non-anal yte, sanple constituents that also have
absorption spectra in the near-1R range. Appreciable | evel s of
background noi se represent an inherent systemlimtation,

particul ar ' WO 3% ery |ittle anal yte is present. | nptigismoefnt his
limtation, 30 attenpts have been made to inprove signal -to-noise

rati os, e.g., by avoiding water absorption peaks to enabl e the use of

i ncreased radi at ildmitteceksi the particularedomponertheareue ehespectral
information to b@evices %&ah\ééﬁédso&egbéri!ﬁéﬁg §é‘b§1{<§? g?p"v%i-y?onfﬁnf tion

35 t echni ques bgsed_ on_ an appr ox tion, of roun bsorpti on.

Al t hough sugh t eCHA% &8s PR YR BFBFng that “th inslegyused bﬁéan
remai ns a need t dspfori purposes of describing particular embodiments WO
97/ 28438 only, and J.s not intended to bé A{mi¥f 013?:9. must. be T8t NOd
and apparatus ca rend erlng precise Ydet ern"Rati 0 of the
concentration ofe§ﬁ§§&$&§t' as pged F?qﬁ?ﬂ ?RE?%§6°ﬁ£%QH @dakhe in the

cont ext of biprendgducdsdmspnther singular forms "a," "an® and

"the" include plural referents unless the context
clearly dictates otherwise. Thus, for example,

10 reference to "an analyte" includes mixtures of"
analytes, reference to "an optical transfer cell®
includes two or more optical transfer cells, "a means
for reflectiveiy transmitting radiation” includes two
or more such means, "a wavelength" includes two or

i5 more wavelengths, "a chemometrics algorithm" includes
two or more algorithms, and the like. '

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

20 meanings:

"Chemometrics® relates to the application of
mathematical, statistical and pattern recognition
techniques in chemical analysis applications. see,
@.g., Brown et al. (1990) Anal. Chem. §2:84-101.

25 Chemometrics is practiced herein in the context of
developing and using noninvasive diagnostic
instrumentation that employs advanced signal
processing and calibration techniques. Signal
processing is used to improve the accessibility of

30 physically significant information in analytical
signals. Examples of signal processing technigues
include PFourier transformation, first and second
derivatives, and digital or adaptive filtering.

In the context of chemometrics,

35 '"calibrationﬂ refers to the process of relating data
measurements to a chemical concentration for the
purpose of quantification. Particularly, statistical
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5 Di scl osure of the Invention Accordingly, it is a

primary object of the I nvention to address the above-descri bed needs
in the art, by providing a method of determ ning the 10
concentration of an analyte present in a sanple having a varying
background matri x and possi bly having substanti al conponent

i nterferenceVOYREPE| . The ~met hod accounts for the si ni PEHPSSIOE0
structures anong various conmponents present in the sanple, the 15
rel ati ve nmagni tude of .the anal yte  concentrati on and spectra

i nterferences provFaddbEations using Ghemonetric ppihods campe used to
i nstrunment ati on vaekepaes. specific informatiimn nfxdwch goxpla weitnedl ves:

(1) denti 1 Yiagaseveiah HbEhbAS! or \ORPHAA G hd 1R Tinea?  Of

wavel engths in the near-1R ra correlation to the

nge .
concentration of tK8IRREFYPR, %E}t ple-1 ??%EHEé%?ﬁf%%?ﬁﬂﬂﬂﬁ??ﬁq;hIFHSPHent
radi ati on 5 coregresajohhosndrpgineipalh compondntsolEmlysiadi athon

that has been spe%ea;g)yag%ifa&eiéﬂs98&1%%4&;{0& chP be IdURIRA AR Wi th

sanpl e constituents; ectin e spectra attenuat e
radiation; (4) mea¥§t ﬁgafﬁiffciag ??H%ﬁ%i?ﬁ*?ééﬁﬁme%ﬁﬁéﬁﬂ%ﬂQ¥ﬂ°£?FBﬂﬁated

radiation at a andwaotatedt principadveshpapemoss raaplysisaf wavel engt hs;
and (5) correlating the measghefFihantss o0h Aat ddtdbts Thed-Adeidh ¥6rOf
t he concentration of the analyte. t 1s also an object of
the inventioni®hb one °5rvaec‘an%&%w%ﬁo%m%@%maflopatrix

det er m ni ng mhstcpaly mpahi analyshe alwowithne cEaith ias ahosepl e
havi ng a varyi ng bag n ri ﬁ%ﬁk | PIRAGNt
gesduay ngﬁ%séxﬁes |ﬁygééﬁqﬂ aCLrFu et’ils-ts?cect r aq analysis to

i nterferences. The apparatu .
obt ai n spectral inPBFEEFFBﬁ°" that 1% SPEFhl Qnta% (s R Mare SPE§miralas

wel | as signals constituent. Chemometrics techniques can be used to

' 15 compare unknowns with calibrated standards and data
bases to provide advanced forms of cluster analysié,
and to extract features from an unknown sample that
can be used as information in statistical and
mathematical models.

20 "principal components analysis" (PCA) is one
method of data reduction which can be performed in the
application of chemometric techniques to spectroscopic
measurement of chemical analytes in a complex matrix.
PCA is used to reduce the dimensionality of a large

25 number of interrelated variables while retaining the
information that distinguishes one component from
another. This reduction is effected using an
eigenvector transformation of an original set of
interrelated variables (e.g., an absorption spectrum)

30 into a substantially smaller set of uncorrelated
principal 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 all of the

35 original variables. See, e.g., Jolliffe, L.T.,
Principal Component Analysis, Sprinter-Verlag, New
York (1986). More particularly, each PC is a linear

-9~




- 6- WD 97/ 28438

PCT/ US97/ 01370 related to instrunent background noi se and
interfering spectral information. Chenonetrics techniques are

used to configure filter el ements capabl e of enhancing t he

correl ation of analyte-specific information with 5 the concentration of
the anal yte and to derive system al gorithns capable of determ ning
anal yte WO 9e¥M3%nt r at i on val ues. | n onePewypsyrio1s¥d t he
i nvention, an apparatus i's provided which includes a specialized

opt i C?I 10 ft'ra:liblabﬁhaeﬁbh_ ?haa_n Stwm:ﬁrﬁflt ?&ﬁ%ﬂQEﬂGniheax’iab%esi _ .
) t S e | C I . e concentratli on O
Che’analyre. oo ey eSEROEL b tybBLaE BN 1y Wbk TS or g BFpetest

t he anal yte. The specCialize rans
posi tive correl aVRSAapPpt f the obseryad variahllescti Fbeysucpheding

marelengths havi pgs abe bhgbeﬁoﬁée#ééféﬂbnﬂ}thiEﬁeﬁ&&ﬁ&nﬁﬁﬁihﬁﬂoﬁf%@
t vel.en are_co cate
selecte 5 a%ﬁ%YEQasI?E@&ﬁﬁf&§£JQ§E&%¥0(y% %&tﬁog8ﬁegrggﬁghf

to a means for receiving ornatl on an he sanme into
a signal represePraViousdy calculated Bg.cnJherefprehcthevBCsngtéd. 20

Brief Descriptioarghntfe@ EhJ@é€Sending order of importance.
The term "weighting constant" includes the
wavelength coefficients of partial least squares
10 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
15 constant which is used in the constructibn 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
20 undergoing analyéis (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 1like,
such parameters having been determined using the
25  above-described statistical calibration techniques.
The term “"optical transfer cell" encompasses
any optically active element that partially absorbs
incident radiation in the visible, ultraviolet, or
infrared spectral regions, wherein the partial
30 absorption is selective with respect to wavelength.
.For the purposes of the present invention, an optical
transfer cell generally comprises an optical filter
means having absorption characteristics that were
derived from a partial least squares or principal
35 conmponents regression analysis. The optical filter
means is used to selectively emphasize wavelengths
having high correlation with a selected analyte
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Figure 1 is a diagrammtic representation of an apparatus constructed

according to the invention. Figure 2 is a diagrammtic
representation of 25 a correl ation spectroneter apparatus constructed
according to the invention. Figure 3 is a graph

il lustrating tine- dependent scans taken during an in vivo glucose

t ol erance stW@y7/2843% Figure 4 depicts in graph fRCTUSSI®I7@SUl t S
obtai ned from a noni nvasi ve determ nati on of bl ood gl ucose
concentration conducted using, the nethod of t he i nvention: 35

Mbdes for Carrying EAPCeRErabi@nt i otHigh correlation,Beepnrtcleme i nvention is

descri bed in detail correlatién® srégfeks weafesmﬂtahg%iggiéséwﬁ’éﬂ&ﬂ i's

PeT] US97/ 01370 betwpen. the ?%s%%tipoanr speseiiin 4 BRITEISHIAE of the

devi ces or methods Wavelengkh and @ @arkiculary anplyte concentatdamg be

under st ood t hat 5t hewherginotivgytws echtiikids have a correlation
coefficient (r) of 0.9 or higher.

A "positive correlation filter" is an
optical filter means having an absorption spectrum
sufficient to emphasize radiation of particular

10, wavelengths corresponding to the target analyte and
not to other absorbing analytes. Thus, the positive
correlation filter provides an optimal transfer
function that is highly correlated with the analyte
concentration in the sample being measured. An ideal

15 positive correlation filter would correlate perfectly
with a target analyte (i.e., the correlation |
coefficient r would be +1.0), and not correlate at all
with all other interfering absorbing analytes in a
particular sample (r would be 0.0). The synthesis of

20 positive correlation filters is carried out herein
using chemometric techniques to determine appropriate
wavelength weighting factors.

A "neutral density filter" refers to a
standard optical filter means having a flat absorption

25 spectrum. A neutral density filter can be used in
concert with correlation filters in a filter system to
provide a weighting factor to attenuate absorbances
due to the analyte at selected wavelengths and further
improve the accuracy of the correlation provided by

30 the system. A neutral density filter can have an
absorption spectrum sufficient to attenuate radiation
equally at all wavelengths in the range of interest.

As used herein, an "agqueous medium"
encompasses any substrate relating to, made from, or

35 comprising water. Thus, an agqueous medium includes
media wherein water is the major component, i.e., is
present in an amount of at least about 50%, as well as
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I's for purposes of describing particular enbodinments 5 only, and is not

intended to be imting. It nust be noted that, as used in the
specification and the appended cl ai ns, the singular fornms "a," "an"
and "the" include plural referents unless the context clearly

di ctates otherw se. Thus, for exanple, 10 reference to "an anal yte"

i ncl udes MW PI284380f anal ytes, reference to "an opti catr/ivsonessr cell”
i ncludes two or nore optical transfer cells, "a neans for reflectively
transmtting radiation” includes two or nore such neans, "a

wavel engt h" i ncl uskberedin watés isvaesolvehtriogntsis "mred@i® B nounts

al gorithnt includgg 1ess EﬁQnOngyeesg*goriﬁﬁ%gPszﬂga e

In this specification %Qd LD t$e Elalns ich 10 ow, reference wll

be made to a nunb&PSGitically AREingd hexein tedngiude pampaidpn ¢ he

fol l owi ng 20 me&dissye. _ ~ ~"Chenonetrics" relates to the

application ofg nathena&héaéerﬁt@51§5dc§ﬂa§¥¥L4x§éfgyL Qﬁ?%%%h%bﬁn
e.g., Brown et a

techni ques in chem cal ,anal ysis applications. See, | .
(1990) Anal . Chem°°6‘§:té§!‘fﬁ .“23’3 B%%’ﬂ%‘h’é‘wm;sin &he dtﬂaifc%dl Fangem in the

context of  d&hel mpasyrementisofigwlibch nismsisefuli dghgaitient
nstrument ation t et eBRARYSoRYANERE SioRflion o HARHISIIELNT

calibration techniques. Sigpal processing is use . _
accessibility of 30 phy&gﬁl ‘I‘?e‘gl’@%?f'&‘arﬁh? eFhanesy iinfxaxed! enl
signal s. Exari§l es "olas+JR4| epconpassey radimkipresin a spectrudeahginger
TS gt on et abgrageaRiely sgo 35 54 nah el Qglleati"ERP V0
"calibration" ref&P8 F3PPReOH BRRERXPALRIYI9RP F 2850 nm,nandumerents to
a chenical concentypicadlyointtize range mg puperefinutally fi108t teNabout
Particularly, stabisgbl aml
15 The term "background absorption® relates to
the overall or base level of optical absorption of ;n.
aqueous sample which is to be analyzed, from which the
absorption of a selected constituent departs at one or
more characteristic wavelengths to an extent
20 indicative of the concentration of the selected
constituent. When the level of background absorption
is high in relation to the characteristic absorption
of the selected constituent, such as in complex
aqueous media where numerous interfering constituents
25 are found, accurate measurement of the magnitude of a
slight change in the absorption at the characteristic
wavelength of a constituent of interest requires
application of the chemometrics techniques described
herein. This is particularly so in applications
30 wherein the overall concentration of the constituent
of interest is low relative to the agqueous medium,
e.g., in the measurement of blood analytes.

Genexal Methods

35 _ A spectrophotometric method is provided. for
determining the concentration of an analyte in a
liquid sample using near-IR radiation. In contrast to
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cal i brations using chenonetric nethods can be used to extract
specific information froma conpl ex set of data. Such net hods of
calibration include |inear regression, mnultiple-Ilinear regression,
partial |inear 5 regression, and principal conponents analysis. In

ot her appl i WRY8A88 calibrations can be carried out G&ﬁwlﬂ"f i ci al
neural networks, genetic algorithns and rotated principal conponents
anal ysi s. I nstrumentation that detects information for 10

one or nore consti PEaARFsteahniques Lhe prasent RREhed uses ajdsef (1§ ypon
anal ysi s al gorit hnepéetedl asnfoemetion containeddinsthg néLreIRtEégionin
order to reveal yn okALPTEBIAGINA det Y2CRlehkficbRbnR LRk TOLE oM Cal
constituent. Chenoitetrics techni gues can be used to conpar € unknowns
with calibrated st¥f8drBe @ptexming an anajytes copcgpbrrbtoRMWEMR R for ms of
cluster anal ysss, heighteneéd!degrde asf dcemiracygs from an unknown sanpl e t hat

can be used as information i t.atdrStd engt j £al nodel s.
20 "Principal corr%a%en %ﬁéddnglq?sl?lsags( ’I—"’ﬁ) s-?gi’%n‘g? tf?

: selecting several distinct, nonoverlapping regions of
wavelengths in the near-IR, wherein each region
defines a spectral range, (2) irradiating a sample

10 using near-IR light containing the selected spectral
ranges to obtain spectrally modified radiation which
has been attenuated, (3) collecting and measuring the
intensity of the spectrally-attenuated radiation at
one or more wavelengths contained within each of the

15 selected spectral ranges, and (4) correlating those
measurements to obtain a value indicative of analyie
concentration.

Spectral information obtained using this
method can be subjected to a combination of

20 ' mathematical transformations to arrive at a precise
analyte concentration value. For example, standard
statistical ﬁechniques, such as partial least squares
(PLS) analysis, or principal components regression
(PCR) analysis, can be used to correlate the

25 absorbance of radiation at specific wavelengths to
analyte structure and concentration. PLS techniques
are described, for example, in Geladi et al. (1986)
Analytica Chimica Acta 185:1-17. For a description of
PCR techniques, reference may be had to Jolliffe,

30 L.T., Principal Component 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

35 of wavelengths from the near IR range spanning 1100 to
3500 nm; specifically, a first region spanning 1100 to
1350 nm, a second region spanning 1430 to 1450 nm or
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met hod of data reduction which can be perfornmed in the application of

chenonetric techni ques to spectroscopic nmeasur enment of chem cal
analytes in a conplex matri X. PCA is used to reduce the
dinmensionality of a large 25 nunber of interrelated variables while
retaining the I nformati on that distinguishes one conponent from

anot her. TIWQ9T28d38ction is effected using an ei genv eRaras97/01370
transformation of an original set of “interrelated variables (e.g., an

absorption spectrum) 30 into a substantially smaller set of uncorrel ated
princi pal conponer93P@o 1AS50abings andaa thprdseryion spanningt 2000t te

information in th%&d Walvlh§%E1nTE§cﬂe¥églon aéﬁmﬂ a/¥gpallesyi s ordered
such that the first eM/ he, vari ati_on Qresent in al

of the 35 origi FA"SR" afPes f‘irgtereglﬁ“ "%T"H’ﬁ davelengths in pj ¢ pal
Conponent Anal ysi sthiSpy ipriokedivisr hag, okber cellubdar lconfef@ntsVexbibit

particul arly, gachydsldahtd ke$al activity, th
VO 97/ 28438 it spe activity, the second resgion is

conbi nati on of al Id‘{“f'f'é‘%dgmalthﬁeégﬁﬁﬁﬁﬁ?“v%ﬁ’?%ﬁﬂ"é‘b of wateryhangdfhe s 4
vector in the dirattirmh rgione cpntatinst wavelengths dncevhdicht begahier ved

variables. The SLKéH%%?ﬂHJmolecules exhibit significant spectral

activity. These constituents also contribute to the

10 absorption spectra in those regions where they are not
the dominant species. Accordingly, the spectrally
attenuated radiation obtained from each region
contains a large amount of interrelated information
that must be reduced using statistical methods to

15 obtain analyte-speéific information.

The invention also involves the use of
signal processing to improve the accessibility of
physically significant information in the analytical
signals. The intensity values of signals obtained at

20 particular wavelengths can thus be processed to reduce
the effect of instrumentation noise. The processed
signals are then subjected to multivariate analysis
using known statistical techniques.

_ The PCA method of data reduction is one

25 preferred method used in the practice of the invention
to reduce the dimensionality of a large number of
interrelated variables while retaining information
that distinguishes one component from another. Data
reduction is carried out using an eigenvector

30 transformation of an original set of interrelated
variables (e.g., the absorption spectrum) into a
substantially smaller set of uncorrelated principal
component (PC) variables that represents most of the
information in the original set. The new set of

35 variables is ordered such that the first few retain
most of the variation present in the original set.
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PCs are chosen to represent the greatest variation of 5 the measurenent

data and to be orthogonal to the previously cal cul ated PC. Therefore,
the PCs are arranged i n descendi ng order of inportance.
The term "wei ghting constant” includes the wavel engt h coefficients of

partial |east squares 10 regression and/or principal conponents

regressi on, Wf}9728438 5y constant obtained from any stati st iREVUSSHPISM at i on
that can be used to cal cul ate val ues (such as anal yte concentration)

for unknown sanples. A "wavel ength ' factor” is an enbodi nent

wei ghtin
of a weighting 15 constantTﬂﬁiEﬁini%JecF‘?%?‘P‘t e RGESaxE c8R Bf an
optical filter neatransfepmedobycaptiisganal) rotatimy agaigisit- apcavérage
information froms a a I&ﬁggo- : I £ e laf.or mation
can be used to Ve g%erk?ngn%ﬁaegﬁ%ﬁgva %\?s/&re atlib)n;%t%g{ ﬁgn?g?‘rpl e 20
under goi ng anal ysi ¥avelgngthnand: the orelakive i\ihue of the ahgprbapgenat
wei ghting fact@ cahatewaveddhgthashich is gtntibutlanlef itit ehedanalyye(e. g.,
‘neutral or wa z I S N thi ¢ Lol ke '
such paraneters haﬁngggggﬁﬁggﬁeﬁfﬁeﬁgtgﬁs t‘ﬂ{e . atg\?g- ggg%#%%d
statistical calibr&o8hepeBnhRf ke three spectral regiops.cCXPSgpti cal
transfer cell" encawuraziating thanprimt¢ip=l lgominent sleeroris Viatapartially
absor bs incid L&kl ot Vil S4 Wt '
i nfrared spectral ?’e&t&e%%gﬁ%g?gﬁ' tﬁﬁd %ﬁrlmaes?& rar‘%\éé%r g"{altg%hlsstgel ective
with respect ti waFemoNg: kbe effegt of \ntarLaRing amalytes, ¥ainesndket i on,
an opti cal t r anthdhedeWwhighnean! by wsa@rirs as systen algbrithiheto

Teans having absor GleeginiHar ehbCLbALLErd{itin W tne anadfilred f1om a

partial |east squares or principa conponents regréssion anal ysis.

The optical filter meandultiVaEipte teghniques prenpwsd £ RE¥IdRgt hs
havi ng hi gh correl a modedi thatt selatésdthmanttensity of radiation at

15 specific wavelengths in each spectral region to
analyte concentrations in a particular sample matrix,
e.g., body tissue. The model is constructed using two
sets of exemplary measurements that are obtained
simultaneously, the first set of measurements, the

20 vprediction set,” comprising spectral data, e.g.,
radiation intensity at selected wavelengths, and the
second set of measurements, the "calibration set,"
comprising highly accurate analyte concentrations that
have been determined using invasive sampling

25 techniques. The procedure is carried out over a range
of analyte concentrations to provide calibration and
prediction data sets.

Measurements obtained in both the
calibration set and the prediction set are subjected

30 to multivariate analysis, such as by the use of
commercially available multivariate model developing
software programs, to provide-an initial model. The
initial model is applied to the prediction data to
derive analyte concentration values that can be

35 compared to the values obtained by the invasive
techniques. By iteratively performing the above
steps, a refined model is developed which can be used

-15-
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PCT/ US97/ 01370 concentration. "H gh correlation,” or "cl ose
correlation” refers to the quantitative association bet ween the
absorption spectrumat a particul ar wavel ength and a particul ar

anal yte concentrati on, 5 wherein the two vari abl es have a correlation
coefficientwO9y28488 0. 9 or hi gher. A " posi picrRiseisf ati on
filter" is an . optical filter means having an absorption spectrum
sufficient to enphasize radiation of particular 10 mavelengths

corresponding to tte éﬂra;ﬁisanai Wystaad algorithOotOush helh ARsHy y%g
anal ytes. Thus, t ti mal

0 teg rov1des an
transfer f{}frla(:t I on t% ed by gﬂcﬁ wg’(l’)‘?%gl afe‘d{'ﬁn f"ﬂ R Pal yte
concentration in the sanpl e Th& Qﬁﬁxﬁéﬁﬁﬁihﬂﬁ nudtivariste posctnigues
correlation fil tercamtdlbccwer &isﬁde ﬂterdfeeﬁt;hyan opticéMifl Fot A1l t ©

E:l)rréi a"i gea;:o; I %Aﬁble oj:h enﬁ% n?r %?%FeG#QPH ggbgé?%%’?@lagﬁarsz es in a
particul ar sanple in mfé% “G'@‘) an&ilN&esfﬁnﬁeytsabion, 2.gposAtive
correlation filterpositiony doatreliditiftRyr Filter systen. Particularly, the
solutions obtained using multivariate analysis can be
used to determine optical parameters, such as
10 absorption characteristics, for positive correlation
filter systems. -

In the practice of the invention, non-
analyte specific information from the various
nonoverlapping spectral regions is also used, for

15 example, to normélize 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

20 concentration in a body tissue sample, measurements
taken in the spectral range spanning approximately
1320 - 1340 nm provide a highly feflected,
unattenuated, signal, as there are no major absorption
bands present in the region. By collecting and

25 measuring the intensity of radiation in that range, a
value is obtained which can be used to estimate the
actual intensity of the near-IR light used to
irradiate the sample. The value can be used to
normalize each individual scan and to correct for

30 fluctuations in the intensity of the light source
which could effect the accuracy of analyte
concentration values obtained using the method of the
invention.

Additionally, measurements taken in the

35 spectral ranges spanning approximately 1430 - 1450 nm
and approximately 1930 - 1950 nm provide substantially
non-reflected, highly attenuated, signals, as a result

-16~-



usi ng chenonetric techniques to determ ne appropriate wavel engt h

wei ghting factors. A "neutral density filter" refers to a
standard optical filter nmeans having a flat absorption 25 spectrum A
neutral density filter can be used in concert with correlation
filters in a filter systemto provi de a weighting factor to

at t enuat e abW0 YRs638s due to the analyte at sel ect ed pgxysHope3bd)s and
further i nprove the accuracy of the correlation provided by 30

the system A neutral density filter can have an : absorption

spectrum suf fi ci ent of otlaé t ol ademirmitatas@orption peakal bycatrih
NV LS s C BBBGE Plad TRl s mm in the near-IR/SpHSEH:IE ghein, an

"aqueous mnedi unt - enconpasses any substrate rela hade fron]
or 35 conprisi n§PREFEW™ fﬁﬁuﬂﬁt%ﬁradﬂb&ﬁ@lﬁﬁﬁﬂﬁﬁlFﬁélm§e§urlng theredi a
wherein water is théntensitycoparsiiatiiore.in iohe or botRr 8Fcthokéd Fange®unt

of at | east abowgt 5Q% | 7 8
PCT/ USO7/ 01370 2 4 %fﬁv\%\gfrgefn@éa nad "h“’h\/\qa\?‘e%t E}é?d to, pekimate fthe

anount s of Ié§53?$$ﬁYeﬂﬁnRe§RF%R §h#§dF§n§°§r§°ta11Y
specifically def|nedbberhndlhy)thﬁﬂiﬂkadﬂaﬁaw safple. Théi 68V€e can e

The term "bl ood anay¥i&"ed iierddt B bund or base-line information
from the analyte-specific signals obtained in other
10 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
15 varies with skin texture and age. .
Measurements of substantially unattenuated
signals obtained from a first region (e.g., the
speétral range spanning approximately 1320 - 1340 nm)
and measurements of highly attenuated signals ocbtained
20 from a second region (e.g., the spectral ranges
spanning approximately 1430 - 1450 nm and
approximately 1930 - 1950 nm) can also be used to
compare diffusely reflected radiation with specular
radiation. If the signals in the two regions have
25 relatively comparable values, it is likely that most
of the radiation used to irradiate the tissue sample
was reflected from the skin surface, and thus failed
to penetrate the skin to interact with the blood
analytes. This information can be used to identify
30 ineffective measurements arising from a failure to
~ obtain a proper instrumentation scan of the tissue
sample.
The method of the invention can be carried
out using a number of spectrophotometer
35 configurations. Referring now to Figure 1, one
particular apparatus for determining the concentration
of an analyte in a liquid sample is generally
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constituent that is absorbing in the near-I1R range, t he measur enment

of which is useful in patient nonitoring or in the provision of
heal t h care. As used herein, the term"near infrared" or
10 "near-IR' enconpasses radiation in a spectrum ranging from
approximately 660 nmto 3500 nm but typically in t he range of
appr oxi mat eWPoT@%¥38t o0 2850 nm and nore typi cal | y ipcriisoressrge of
approxi mately 1100 to about 2500 nm 15 The term
"background absorption” relates to the overall or base |evel of

optical absorptionindicated at 10aqubesappapdtusitirciludest a raddashpaed,
from which the sourd®IY RiNith Providskes!Sth PRl tdfeﬁg.g‘ﬂ?aﬁé’i:t S at one

or nore characteristi g wavel engths_to an exteént , I ndi cative of
the concentration ’b?“?‘ﬁeg"]sa@pé&geaeg‘i°ﬂs °Eo‘?'1%‘ﬁn]ﬁn,ﬂ§'.s WRefPehe | evel of
background absor ptapproximate irangegpfi ﬁpaettatapprmm_lwhasaot ani StAC
absorption 5 minbdie orelsRAABIGOPEALALEM s TR2 Arie) xROWR! TH th
aqueous nedi a where éluner‘%gs | terf-grl ng 1g{oi:lstrlltuents 25 are ouna,
accurat e neasur ememt - of~4 %3‘&?0 gsgpny light saurices digegtedin the
absorption at the atesgstintienfierence filvexws) dwmjidyeri Lightnsburoes; of
i nterest requires moqulatd® My &N a88oLiatd® SHUPPUFEWhee] ! 1-d
descri bed k%or e‘i1 né Thi sy IS Rar '?i. cﬁl arly so._l n@ﬁgﬁ'i'cggpgksgﬁg‘é
wherein the over aﬁ°‘i"i)‘?ﬁ,se'np1“§ﬁro gRe; AET AT (9% Pdg speed lighEnierest s
low rel ative 19 t renittingdiode (HED) arrays. g.In iomet partdealaenent of
bl ood analytes.  apparatus;"neh@ r¥aihedsn sierce 12 Frovidés radiation

e

spectropof ot et Sl MG EdalShe of wennlingil st Fs ety
radi ati on. In cont¥ &itrst region of wavelengths in the near-IR,
typically in the range of approximately 1100 to 1350
15 nm, a second region generally in the range of
approximately 1930 to 1950 nm, and a third region
typically in the range of approximateiy 2000 to 3500
.
The apparatus 10 also includes sample
20 interface optic means 14 which launches incident
radiation from the radiation source into contact with
a sample medium 16 containiﬁg an analyte. Aafter
contacting the sample medium, spectrally modified
radiation emerging from the sample as diffusively
25 reflected light is collected and delivered to a first
lens system 18, whereby the light is directed into
first and second light paths, respectively indicated
at 20 and 22. The first lens system 18 can comprise a
partial reflected mirror configuration such as those
30 known in the art.

In various configurations, the sample
interface optic means 14 can be designed to enable the
close interface of the apparatus 10 with the medium
16; such as where the launch is carried out by placing

35 the apparatus in direct contact with the sample
medium, thereby bringing the radiation source into

close proximity with the sample to be analyzed. After
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PCT/ US97/ 01370 prior techniques, the present method uses all of

t he spectral information contained in the near-IR region in

order to obtain a set of neasurenents that can be used to determ ne

an anal yte concentration with a 5 hei ghtened degree of accuracy.

The met hod | NP PS8t he steps of (1) sel ecting sever abCTUSSIALION ,
nonover | appi ng reglons of wavel engths in the near-I R, wherein each
region - defines a spectral range, (2) irradiating a sanple 10
using near-|R |ight thendaknichg the seféectqup@@iatdon is collacged using
obtain spectrally mﬁlbedlyadbalivanm%hﬁh such as By ;ﬁ}é:%&&t@t fidang3)

col l ecting and neas intepsity t he s ectraII attenuated
radlatlongat %%nggﬁ §§F%eﬁ§§8PeﬂB ﬁgston$ﬁ €3Wﬁ%yh hS8PPLfe

15 "sel ected spectr dntexfges, oRkdc( mpansr 16| can reonpkse fiber opdeur enent s
to obtain a val g i delv@thiaesOanﬁabnt €0 the appS@aiY gl iddder to. enabléeto

ecte
2 conbi nation o Jouesk: RERRFREUR biafemert.and RPRRAIAN e OBRSK or aci se
anal yte concentr at i Genfipusationscauspbrovidediddherein a single fiber
optic bundle is employed to transmit the radiation to
and from the medium. An optrode disposed at the end
10 of the single bundle transmits the near-IR radiation
to the sample medium 16 and receives spectrally
modified radiation therefrom which is directed back
through the bundle to the apparatus 10. Sapphire or
high-grade quartz can be used as'optical elements in
15 the above fiber optic waveguides, as those materials
have very good transmission characteristics in the
near-IR spectral range.
The reflected light in the first light path
20 is communicated with a first filter means 22 which
20 has been configured to pass specific wavelengths of
light which are independent of any analyte
concentration. In one configuration, the first filter
means can comprise a narrow band-pass filter which has
near-IR absorption characteristics that selectively
25 pass a region of radiation containing wavelengths with
substantially no correlation with the concentration of
the analyte. Radiation emerging from the first filter
means 22 is then communicated to a first detection
means 24. Communication of the radiation to the first
30 detection means can be carried out via a focusing
means 26, e.g., a collimating lens or the like.
Alternatively, the apparatus 10 can include a
radiation detector that is capable of directly
receiving radiation from the first filter means.
35 - The first detection means detects and
converts the passed radiation into a signal that is
representative of the intensity of the analyte-
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statistical techniques, such as partial |east squares (PLS)

anal ysis, or principal conponents regression (PCR) analysis, can be
used to correlate the 25 absorbance of radiation at specific

wavel engths to anal yte structure and concentration. PLS techni ques
are described, for exanple, in Geladi et al. (1986) Anal ytica

Chi m ca ActWO®¥®R438 17. For a description of PCR t epbiphgosiare
reference may be had to Jolliffe, 30 L.T., Principal Conponent

Anal ysi s, Sprinter-Verl ag, New York (1986).

Accordi ngly, in deirsteperaeptbraddatdishyt eIn one p&ﬁﬂi‘&.ﬁ!é@t&égh{éﬁ{gﬁ body
ti ssue sanple, on s AY O t jon of, three

nonover | appi ng re}%%tsél%&detgft&gé@ é§§§hggf§%l‘r§{%seeﬁ1e%rl?§{r de
spanni ng 1100 to Photodebeshox,thakcdsfable| o scan rthe eapgm ahHanni ng 1100
to 1350 nmwaevesereythsr €gomnabpatnlngo 1¥sCat 01 d4EH ABBW¥ 3500 mm

PCT/U897/01370£§/\D ELR L 19?5_%0nT950 nm and a third regi on spanni ng 2000

to 2500 nm wherei n SiR2t8gPBRaiBed nExom thedfinstt detectigrange. "
The first region omirsi can\deckeagily tonverted iMtsaiyidiLl NHgHHAOL her

cel lul ar conponentg £XI4i¥ika) signals indicative of the intensity of

the analyte-independent wavelengths, using an

10 analog/digital converter. The digitized information
is readily available for input into a microprocessor
or other electronic memory means, such as those known
in the art. _ .

Referring still to Figure 1, the reflected

15 light in the second light path 22 is passed to an
adjustable filter means 28 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

20 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

25 degree of attenuation provided by the adjustable
filter means 28 is based upon a predetermined factor

- selected to ensure that radiation emitted from the

adjustable filter will be at a constant wvalue
regardless of the intensity of the pre-filtered

30 radiation. In one particular appératus, the
attenuation prbvided by the adjustable filter means is
regulated by a feedback signal generated by the first
~detection means 24. ,

Attenuated radiation emerging from the

35 adjustable filter means 28 is communicated to a
principal analyte filter 30 which has optical
characteristics capable of selectively passing one or
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5 dom nant spectral activity, the second region is _ dom nated by the
absorption spectrum of water, and the third region contains

wavel engt hs i n which organic anal yte nol ecul es exhibit significant
spectr al activity. These constituents also contribute to the 10
absorption dggctra I n those regi ons where they are not - the dom nant
speci es. aT%488  the spectrally attenuated radireu/usyroisai ned
fron1each regi on contains a large amount of interrelated information
that nmust be reduced using statistical nethods to 15 obtain _

anal yt e-speci fi c i rmeorermavelengths from each of Tthe idisdrimictn al so i nvol ves

the use of ShEHV e la@pany &@gtlensnaf W@véﬂ?n 3ubichkl ybe the

physical l'y S|gn|f|ca fornatlon th ana | Sl gha
i ntensity val ues of" % 4:&16{1 @ 3&“&7"& Sh%o"a‘%%?ﬁﬂgé&sapa\m gﬂ'gf'ﬁg can
t hus be processed tRFincirad analytetﬁelbéte%recseleuﬁadutanhav=oa noi se. The

processed 5 Signealalion Raths thEeebREehr 481 dr @ h:%e aﬁail%é' S

usi ng known statistical tech od of data

ues.
reduction is one 25 prefegr% cepinSd HeE Peang 2 &Fa@FFEBQSF {Rethe
i nvention t cappardus: 3 dedstiventdithe girindipade analdpte filter

interrel ated vari akdessudn @a&ets%tlﬁbﬁﬂvéi‘} %&@éd’@avelen tﬁg Emerglc%

di st h one ¢ onent fr.om.,angt uction
oLf ngﬁésaﬁselgenJ%Q¥ roae §EinffgﬁgfBPﬁﬁx??nfiﬁtﬁihlaFFﬁPﬁélVéEP Bhe
interrelated 10 segandiiflidseremgans; hehebaky heointeastitynmpsi aacha

substantial l'y srﬁﬂlﬁgggaa:wgbeqa ?thekgtfghégéﬂgadgyy attenuaggﬁpggrlgl(FKD

formation I n nal

bl t hat
set. The new set ofecul f1IZeraeBEs | The ANKFrAN OnRAPTPHLAPA By FeAy
retain nostsesongh§ilkerameanspean e determdned gtonl esatple, by

an independent set of weighting factors derived using
15 chemometrics techniques. '

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 32 can be
constructed using a suitable substrate layer that is
capable of transmitting radiation at least in the 600
to 3500 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 attenuating filter densities. Such
coatings can be applied to the substrate using
emulsion or chemical vapor deposition (CVD) techniques
well known in the art. In an alternative apparatus,

30 the second 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 squares analysis
technique.

35 - After attenuation by the second filter
means, the independent wavelengths are communicated
with a second detection means 34, such as a PbS
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PCT/ US97/ 01370 The principal conponent vectors can be
transforned by orthogonal rotation agai nst an average val ue for the
absor bance to obtain both a known - wavel ength and the relative val ue
of the absorbance at 5 that wavel ength which is attributable to the
anal yte. wo9mn@sperformng this anal ysis on informtionpepipa

fromeach of the three spectral regions, cross- correlating the
princi pal conponent vectors via a : | i near al gorithm and using
subtractive nmet hoddetectorl®r r'uha)\laldehe akf aebcﬁibé@tﬂséﬁéj nghenal yt es,

val ues are @1 Gpfrt] Gl AR ot Unb"eBosNd FITALIYgTLO

determ ne the concentration of
t echni ques are use‘EPt?P’H‘P%‘i?é:ea to th& F8Gend: detection areans Vi ensity of

radi ati on at 15 fopering mesms[3@)geny.i,Naca6 D1 SREEIRG! 11891 thid bod
(0]
anal yte concengrati s | hig eah:'i@é!l?’ %ﬁngSng;‘Eust%o ?a%m% y

ti ssue. The nodel 1s_construct
measur enent s t hat ERaHon qeFector °3PPP&Pt aficdirestly megeiwingset of
measurements, the radiatichoifedincthen seebnd €0IPEr Shégnspectral data, e.g.,

The second detection means detects and
converts the attenuated wavelengths emitted from the

10 second filter means into a signal which can then be
applied toward an analyte specific algorithm to
determine analyte concentration. Specifically,
signals obtained from the second detection means can
be readily converted into digital signals using an

15 analocg/digital converter. The digitized information
is readily available for input into a microprocessor
where it is used to provide an analyte concentration
which can be visualized on a displéy device and/or
recorded on an output recorder.

20 - The apparatus 10 can be used to obtain
measurements of analyte concentration in a variety of
complex media, such as in aqueous media having complex
spectral backgrounds. In one application, the
apparatus can be used in the determination of blcod

25 analyte concentrations, particularly organic blood
analytes 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

30 to measure blood analytes in tissue. However, the
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.

35 Referring now to Figure 2, an alternative
apparatus for measurement of analyte concentration in
a complex aqueous medium is generally indicated at 60.
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radiation intensity at selected mavelengths and the second set of
nmeasurenents, the "calibration set, conprising highly accurate

anal yte concentrations that have been determ ned using invasive
sanpling - 25 techniques. The procedure is carried out over a range

of anal yte concentrations to provide calibration and prediction data
sets. WO 97/28438 Measurenents obtained in both the PCT/USSIAN™rati on
set and the prediction set are subjected 30 to multivariate anal ysis,
such as by the use of comercially available nultivariate node

devel opi ng e APPArptYsr ARS1ULBSSpR FRALARIOR FRWESFE nBRIfhiche
initial nodel is apdovddiesoat paupatdtyt ofndiiatine®, nonovexiappinginal yte

concentrati on val Ugsd iale 83" ul6eeAdtna TR E6E %@é&ﬂﬂg%@g& Y bPY

t he i nvasive
st éps, a refined nmie3509 @EVeIBﬁééaﬁﬁPBthaﬂ 5@P¥%ﬁmﬁz ie transmitted
-15- WO Ot @h3dptically active means 64 for receiving and

PCT/U897/01370 b r

anal yzi ng adireghing théy thitatisk LAEb 0 Hodd WAL adltfor For

The above- descri be@ﬂﬁﬂ%ﬂ%&ﬁlﬂ%liﬁﬂﬁ&ﬁﬁﬂthsr such as a collimating
lens, selective filtering means or the like.

Near-IR radiation emerging from means 64 is
i0 communicated through a beam splitter 66, whereby the
radiation is divided into two beams, respectively
indicated at 68 and 70. The first beam 68 from beam
splitter 66 is transmitted to a sample medium 72
containing an unknown concentration of an analyte of

15 - interest. . In Figure 2, the sample medium 72 comprises
a sample cell formed from a suitable substrate capéble
of transmitting radiation in the near-IR range of
interest. In one case, the sample can comprise a
blood serum sample, wherein it is desired to determine

20 the concentration of blocd analytes. Alternatively,
the first beam 68 can be transmitted to a sample
surface such as a tlssue surface using direct
interfacing means or 1nd1rect interfacing means, e.g.,
fiber optic waveguides means such as those described

25 supra. In this manner, the concentration of blood
analytes present in the tissue sample can be non-
invasively determined using reflective near-IR
measurement of the absorption spectrum of radiation
which has interacted with the tissue sample.

30 Radiation, including the spectrally modified
radiation that has interacted with the constituents of
the sample, e.g., the analyte of interest, is then
collected and directed to an optical transfer cell 74
which is disposed in the beam path. The optical

35 transfer cell 74 comprises a positive correlation
filter system having an absorption spectrum sufficient
to accept the radiation and selectively emphasize one
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can al so be used to design an optically active el enent 5 capabl e of

enhanci ng correl ati on of spectral I nformation with anal yte
concentration, e.g., a positive correlation filter system
Particularly, the sol utions obtained using nultivariate analysis can
be ' used to determ ne optical paraneters, such as 10 absorption
char act er i swo928438r positive correlation filter sy®ceRenni13re

In the practice of the invention, non- anal yte specific information
fromthe various nonover | appi ng spectral regions is also used, for

15 exanple, to noorembre wavélamsrlis dhereron BaVilyr BE§h correl By ound
and base line inte e S ' Lgn al ues used to
detect an i naccura%’g% thé c?rlgélesé}%é#eﬁﬂ %Pf.an a':'aﬁl{:g 8k X%%ﬁeﬁ'ét e?’?# ni ng
a blood analyte sBbstantizllvntreForrelaiden wishbyintenferinaeasur enents

taken in the spect compoaegts Spresenty RAPRMXisatipdleY The pd32Pive 1340 nm

provide a highlky r . i ,.as _there, are no

maj or absorpti (l';’n 8&@8%%{3%" ptflelsten a%%%@ﬂgéi g’ﬁ.gg%%_%oP ?%‘éf?‘f‘fb‘”én 25
nmeasuring the int ef8tlegted vayelenahh iranges whisheprgvide analyte-is

obt ai neolI whih ch cagsbecﬂsw i0f exkatiire, tahﬁwenl asa_cirhnakmi.ai&ﬁlsaﬁdu@ftﬁélde
near-1R |ight use LT | e value can he used to
normal i ze each i nd}nélggﬂgfmg%%nﬁﬁ%ﬂ%%&;%rne%ggp’ffg atsgn ﬁ‘lﬁ'&t‘fﬁﬁi s in the
intensity of the | R§RE teuperrect foxyiingstrament chhngestor fnterfenense

anal yt e 100Nncepreatson u@d;wt_si&blteameﬁﬂgs ifRomt BRe naf;{awapftﬁwsfer%
I nventl on. %gé , n n e
spectral ranges spgﬁ%%na‘gﬁ%rOX|%%fe Q£%jﬁgﬁgi%&gggn%§a%gk;pa%%F

appr oxi mat el y 1930CONYSSHingh the)\SRACIdYamodified radiakien rimtem ed,

hi ghly attenuat ed, siggail shatisis rentddentative of the intensity of that
radiation. The detection means can comprise a broad
15 spectrum photodetector such as an PbS photodetector or
the 1like. | '
Referring still to Figure 2, the second beam
70 from beam splitter 66 is transmitted to an
optically active element 78 which is disposed in the
20 beam path. In one configuration, the optically active
element 78 comprises a neutral density filter means
having absorption characteristics sufficient to
attenuate radiation egually over a selected range of
near-IR wavelengths. In an alternative configuration,
25 the optically active element 78 is an optical transfer
cell that includes a positive correlation filter
system having an absorption spectrum that is identical
to the absorption spectrum of optical transfer cell
element 74. The radiation emerging from the optically
30 active element 78 is received by a detection means 80
for converting the radiation into signals
representative of the intensity thereof.
The positive correlation filter systems can
be formed from a single substrate layer having an
35 optically active coating which imparts absorption
characteristics capable of selectively emphasizing one
or more wavelengths having high correlation with a
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PCT/ US97/ 01370 of the two dom nant absorption peaks occurring at
about 1440 and 1935 nmin the near-1R absorption spectrum for water.
By collecting and neasuring the intensity of radiation in one or
both of those ranges, 5 a value is obtained which can be used to
estinmate t heWO9728438| ntensity of near-IR light that is not POT@ESI7TE1370
absorbed by the irradi ated sanple. The val ue can be used to subtract
background or base-line infornmation fromthe anal yte-specific

si gnal s obtai ned inpattinulanihnainyeowgnandtuatﬁonprorhchazuiduman’naI

reL ;aren;:edt]? s &ae:cdﬁwl a&ti%ngea%uaegsaiﬁivl h@dﬁ%ﬁf&ipé ter o
subtracted from each_spegctra as

method in order to %%’Pﬁ%ﬁeﬁ(ﬂ%aﬁ@ of gaggﬁﬁl 13YeERy %‘%ﬁ}%g@

specul ar refl ecti onhapind a seleated G§1WerhdsnshtYean@uerartﬂtqya

:CVEas ;Jr enent s <()f SSUbéﬁ.@@iﬁé’éé )ﬁd&ﬁ:%tﬂl@lt%t ?Sﬁ"édgpg nﬁfﬁM§ éi%(@ ;‘1 fyr 2?28
Irs regi on e. -
1340 nm ) a d"%’é%%‘?%ﬁ’s"p L‘l‘h CHEpenatt LEARE | slacnﬁraucﬁed 20

froma second reg|oﬁhéesxﬁtemIhaaspeﬁhﬁ&hrréagsity and/or thickness that
comprises a wavelength weighting factor means, wherein
the weighting factor provides enhanced positive
10 correlation of a passed wavelength with the
concentration of an analyte in the selected sample
mediunm.
The signals generated by detection means 76
and 80 are then communicated to a means 82 for
15 converting those signals into a digital signal
indicative of the ratio of the intensity of the
radiation emerging from the source 62 and the
corresponding spectrally modified radiation emerging
from the sample. 1In this manner, changes in the
20 intensity of the radiation emerging from the source 62
can be corrected for, eliminating a potential source
of error in the measurement obtained from the system.
Further, the ratio of the signals can then be
converted to digital form and interpreted to deternine
25 analyte concentration using an internal microprocessor
84 system'or an associated system using methods known
in the art.
If desired, the microprécessor can be
programmed to calculate analyte concentration by
30 application of a chemometrics algorithm to the‘ratio
signal. The appropriate algorithm can be determined
using the above-described chemometrics techniques,
such as a least squares analysis or rotated principal
component analysis of an original absorption spectrum
35 of the analyte of interest.
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spanni ng approxi mately 1430 - 1450 nm and approxi mately 1930 - 1950

nm can al so be used to conpare diffusely reflected radiation with
specul ar radiation. If the signals in the two regions have 25
relatively conparable values, it is likely that nost of the radiation
used to irradiate the tissue sanple was reflected fromthe skin
surface, arMOPHER43E ai | ed to penetrate the skin to intrerasdrosioh t he
bl ood anal ytes. This information can be used to identify 30

i neffective neasurenents arising froma failure to obtain a proper

“instrunmentation scan of the It ssudo be underpteod that while the The net hod

of the invention CfﬁVéH%i&HWHdﬂjbeen dé@éklﬁihngnacaﬂapﬁétgén wit
.ons Referrln , one

spect r ophot onet er co ur
pgrtlcurar appar atRﬁe ?J';etsgﬁerﬁiﬁlﬁg eﬂ’i’@"&ﬂ‘ﬁ’&‘&ﬁt hereat., the %?r%PJenﬁal yte
in a liquid sanpl ddéscrjptdron,| @s well as the examples which foliow, are

WD 97/ 28438 5 intended to illustrate and not EﬁqéLgﬁZ/
i ndi cated at 10. The apparatus .i ncl udes gla }on Qé%%Q Of:ﬁ?ﬁM1

provi des a pl ural itR¥VG-iAny i fdher asPeC%ﬁonB9¥FPEﬁﬁ?ﬁga¥%g|ons of
wavel engt hs in t hemodifications within the scope of the invention will

be apparent to those skilled in the art to which the
invention pertains.

10

Example

A noninvasive glucose measurement was
obtained using the method of the invention.
Particularly, reflective optical measurements in the

15 near-IR region of approximately 1100 nm to 3500 nm
were carried out. Spectral scans were collected from
volunteer forearm subjects, using an instrument having
a Tungsten-Mercury (W-Hg) radiation source, a Lead
Sulfide (PbS) detector and a scan speed of nm / 0.4

20 second.

A number of specific spectral ranges were
identified as containing information which can be used
to determine glucose concentration from a forearm
tissue scan. The specified regions were determined

25 from an in vivo glucose tolerance study conducted in
tandem with invasively-obtained in vitro blood glucose
concentration determinations. 1In particular, time~
dependent scans taken during the in vivo tolerance
study are depicted in Figure 3. As can be seen,

30 significant 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

35 test, signifying that the range of 2120 to 2180 nm
contains glucose-specific spectral information.
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approxi mate range of 600 to approximately 3500 nm A 5 nunber of

sui tabl e radi ation sources are known in the art, such as

i ncandescent |ight sources directed across interference filters,
hal ogen |i ght sources, nodul ated by an associ ated chopper wheel

| aser |ight sources, |aser diode arrays, or high speed |ight- 10
emtting di ofeO%UBEYB arrays. | n one particul ar apparecres7bine
radi ati on source 12 provi des radiation at three distinct regions of
wavel engt hs, specifically a first region of wavel engths in the

near - | R, typi cal ly i n Pheerthgesbécibie spentimly rahg@st wetd50 15

nm a second regi on jgRMmiZied, AchDAvASIE Plucose meadUHedehTR! Gh¥el930 to
1950 nm and a third,reqio

. t Ypi c in the range of_ ,approxi mtely
2000 to 3500 ohraingd using i"¥8r“‘§“1‘¥fé éjﬁﬂ%r% Ji85IPRE| udes
sanple 20 interfSpectspli rapgans 1Thehfirst mpesitonl rangentincluded
radi ati on from tshe rr%@i&&:iialﬂ Seaﬁﬁfﬁihétﬂt%@&tq[ﬁd '?:ion 13t4r?en§éfrp e!i'%edi um
medi um 16 cont ai ni ng_an_apa . er cont.ac )
spectral | y nndified%ange pr?%&&ﬁ?ianﬁﬁ%rEﬁQE}Xrﬁﬁﬁﬁﬂﬁ§ fpoBaje and
di ffusively 25 itherecdsdnPi yalior sgtetoss takbanpt idel baadednt thasfir st

oSSl 18, ahewaRgelNeThEGTbat fol 66EA DA Kedm the £irktehp@Blragoond
i ght t hs, ective indjicate .
s;/gt empi8 ianrggﬁpr irggxg canl"be PP Be pumatias aach &Pd&ﬁf’}‘@&rﬁ??%ni%uch

as those 30 1&knowrdex tpecerrect for fluctuations rinviheoradiation
configurations, thessa¥ees and chah§bs’dwd &P RHdchalB¥A3 ﬁérEﬂngEigﬁﬁigned
to .enabl e the close in éface @% t he apparatus 10 w th _the npedi um
16, such as where the | aunch § cBFTPRY TRAC F209%y incdydedgadiation us
in direct contact wecsurkdngaapl either abonkiila#0 ttoendiép bhmj ngrnabole
radiation source int940 to 196b0AR. Proxéde tnankdd pridGiad Rl SubStiftially
anal yzed. Afte&s non-reflected signal due to the highly absorptive
water bands which attenuate diffusively reflected.
radiation. Information obtained from these ranges can
be used for
background and base line subtraction from other
20 measurements. These measurements allow for a pedestal
adjustment to account for fluctuations induced by
specular reflection signal values, and can be used to
detect improper measurements.

The third range included radiation occurring

25 at about 1670 to 1690 nm. This range provides
analyte-specific information due to the presence of
glucose vibrational overtone bands.

The fourth range included radiation
occurring at about 2120 to 2280 nm. This range

30 provides analyte-specific information due to glucose
combination vibrational bands.

Signals obtained from the first range were
used to normalize signals of other regions. This
process, when repeated with each spectral scan,

35 eliminates the problem associated with light source
changes and serves to provide an internal reference.
Measurement variations induced by differences in
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the launch, the reflected radiation is coIIected usi ng optically
active means, such as |ight convergi ng neans or beam defl ection
opti cs. Alternatively, t he sanpl e i nterface optic neans 14 can
conprise fiber optic 5 wavegui des coupled to the apparatus in order to
enabl e WO 9728438t e appar at us pl acenent and operati on. CPOBUSY7/01370
configurations are provided wherein a single fiber optic bundle is
enployed to transmt the radiation to and fromthe nmedium An
optrode di sposed eptital ceimterfidre ofeche patdentbphatementssmwere t he
near- | R radi ati ONaceordingfy td\ebatadiAl i 1MRd kgahégdand receives spectrally
nodi fied radiation therefrqgl |clpg§ d&rect% th&f h the
bundl e to the apparatus 10. %éﬁhﬁﬁ orma 1°ﬂ|§ﬂsg?£ﬂﬁl can be
used as optical ebubbrasting thé sigmlzbebsalingdr inpthe secemlimgge,as

those materialgS erom the'Sidikdlds Q&E%Ehitr{e%n%?i‘ iﬁéOEhEP&ré?ﬁ&efdnﬁtﬂrPS in the
near-|R spectral ran eflected |1 in the first

i ght path a5RLrte ToRAEH L AP IS | 17 FRL RAPREF. b PSS ARAL
20 has been confegffieetl ¢trephed npapddulanarefdagthenpfwhich varieght which

are independent ofigRYsR{R! YdLture and(gg@pegggagbgpectgdqﬂgfconf|guratlon
the first filter The normalized and base line corrected
10 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. '
As can be seen by the results depicted in
15 Figure 4, increase in blood glucose level results in
an increase in the signal differences between the two
ranges.

20

25

30

35
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means can conprise a narrow band-pass filter which has
absorption characteristics that selectively 25 pass a reg“““]ﬂ"l" ﬁl" "III " I“l
radi ati on contai ni ng wavel engths with substanti

with the concentration of the anal yte. Radiation energlng fron1the

first filter means 22 is then conmi o a first detection
means 24. COVaT?83% i on of the riadiad sPBET GIASTRETN \st 30 POBUSONIPIO nMeans
can be carried out via a focusi REFIREOED 26, g., acollimting | ens
or the like. Al ternatively ' can include a

radi ati on detector Qladmsiss capable of directly receiving radiation
fromthe first filter neans. 35 The first detection nmeans .
detects and converts the pa sed radlgtiog iq&o a Sj alt&pat i's
representative of the intensi REPARATYTeOF ctermining the

-19- WO 9%Mﬁbﬁﬂtration of an analyte in a sample, comprising:

PCT/ US97/ 01370 g |ndeRggdeggahgdhgglQgraaﬁa {Fbggugléaﬂﬁy' RRr at us,
the first detection s .24 cqQnpr.i ses a.lead su g et ect or
that is able to sca® ﬁ@é ion °°“tﬂ69éF€nﬁt?&?#?*ﬁﬁzﬂﬂﬁj 183380 at

1 east about 3500 nmonoverlappisigepegibn$ pfl wavelengths in the near-~IR;

{b) means for collecting reflected
radiation emerging from the sample and directing said

10 reflected radiation into first and second light paths,
wherein the f£irst light path comprises radiation from
a first region of wavelengths;

(c) first filter means disposed in the

first light path, wherein the first filter means is

15 capable of selectively passing radiation having ‘
substantially no correlation with the concentration of
the analyte; "

(d) first detection means for receiving

~ selectively passed radiation emerging from the first
20 filter means, and means for converting the same into a
‘'signal representative of the intensity of said
radiation;

(e). adjustable filter means disposed in the
second light path, wherein the adjustable filter means

25 attenuates the intensity of radiation in the second
light path;

(f) principal analyte filter means capable
of receiving attenuated radiation emerging from the
adjustable filter means, and selectively passing one

30 or more independent wavelengths therefrom, wherein the
said one or more independent wavelengths are
specifically correlated with the concentration of the
analyte;

(g) second filter means capable of

35 receiving the one or more independent wavelengths
emerging from the principal analyte filter means and

; =29~
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Signal s obtained fromthe first detection means can be readil ,
converted into digital signals, e.g, digital signals IIMiiileIﬂjH"ﬂE" III' .
the intensity of t he an = vel engt hs, " "
anal og/ di gital .converter. The |[dirgig s=esr HAB&ERRY (on is readily

avail able for input into a m cropr oc®EFOACED r other electronic nmenory

nmeans, suckweerssissse known ) ,Usﬁﬁ ring
still.to Figure 1, the reflected 15 light in the seccwEleght path 22
i s passed to an adjustable filter means 28 which is capabl e of

havi ng | 1S akheRGAting €har Beténd Bty Gr alidts ligdepnuenionse to
a signal that is glbgingéﬁernally generated, or that has been
S

generated by the aSpara 10. The 20 adjustable filter means generally

conprises a screen f (R} ersecord detectian meange fort yetelivéng havi ng

absorption charactfiel attéfiuatéd hdePeiddit Wradvdlengths Liekgihy #kbgnuate
the intensity radi ation dictated by an external signal or

of dag 1
systenlconnané. TS S5gon d.§+%%5d?e33§%3 ion provided by the adjustable
filter means 28 is based upbh) a peanietEomicmwertingr the detestkdcted to

ensuretth?t r?di abh@&léﬁbﬁﬁﬁdia:ﬁf@r&tﬁﬁnf mal _retpﬁﬁdtﬁ%fa%?bt@h%' Eﬁ&fwilt' bg at
a constant val ue .[eg e e intensity o e pre-filtere

30 radiation. I%ngﬁgsbgftggu+%f§é§'%ﬁihqgéhﬁfhe attenuation
provided by the adjustable filter neans is regul ated by a feedback
signal generaiged by the firgf The apgitftild ¥* A% 34 wherein the

At t enuat ed radiatbggeﬁggr ng %r q;t e 3§¥ adj.ust,abl e filter neans 28 is
comuni cated to a PP N2t p APgident E@G“wﬁFEhlﬁaEthF?Bﬂf
characteristics cofabpprokimatelyil0d tmsxH09y mane or
-20-
3. The apparatus of claim 1, wherein the
15 first filter means comprises a narrow band-pass
filter.

4. The apparatus of claim 3, wherein the
‘adjustable filter means comprises a neutral density
20 filter.

S. The apparatus of claim 4, wherein the
signal obtained from the first detection means is used
to regulate attenuation provided by the adjustable

25 filter means.

6. The apparatus of claim i, wherein the
second filter means comprises a neutral density

filter.
30
7. The apparatus of claim 6, wherein the
attenuation provided by the second filter means is
established using weighting factors.
35 8. The appafatus of claim 7, wherein the

weighting factors are derived using chemometrics
techniques.
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nore wavel engths from each of the distinct nonoverla¢ﬂu' H"&Uﬂﬂﬂﬁlﬂﬂ"
wavel engt hs | aunched by the radi at i e 12. Thel din Sl :
passed by the princi pal ; hergere \isel ected to have a 5 :
correlation with the concentratii ami B &l yte. A

second filtwOoMmRsess 32 is arran_EE—Lgi'___,*ﬂ———~apparatusrt@quMBkMNe to
the principal analyte filter : 0 such that selectively passed

wavel engt hs ener gi ng fromthe principal analyte filter interact with
t he 10 second filter nea®s, wibecappatmtusitahsilajmoB,cahlbrein the passed
wavel ength is inde t f] : ns.
The attgnuations pg%g%@g%hﬁyi%%gayé ggehgziiﬁhffﬁﬁ%ﬂgr§§g§ggdcgkiﬁélﬂgf
deternmined, for exZfANRONERES analysis of AN ARRATPION SPegErymt Phgthect or s
derived using 15 anadlyepnet ri cs techni ques. I n one
particul ar confgguration, the wei ghting factors are determ ned using
a partial |east squar es orTErincipaI conponent, regression of an

ori gi nal spectrum obtained ft8m aTREPPRAIHSGf ffaimd, whagednfhee.
The second filter rezample32ompribes body tismst rand ¢lheuanalytesSconpbdises

substrate layer thgl, igiganic b16882Rh&1PEeransmitting radiation at |east
in the 600

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

15 12. The apparatus of claim 10, wherein the
blood analyte is glucose.

13. An apparatus for determining the

concentration of an analyte in a sample, comprising:

20 (a) a source capable of emitting near
infrared radiation containing a plurality of distinct,
nonoverlapping regions in the near-IR;

(b) means for dividing radiation emerging
from the source ofipart (a) into first and second beam

25 paths;

{(c) means for irradiating the sample with
the radiation in the first beam path, thereby '
providing reflected radiation;

- (d) means for collecting the reflected
30 radiation emerging from the sample and directing said
reflected radiation into a reflected light path;

(e} a first optical transfer cell disposed
in the reflected light path, said first cell
comprising first positive correlation filter means

35 having absorption characteristics adapted to accept
the reflected radiation and emphasize one or more
wavelengths from the reflected radiation, wherein said

. =31~
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to 3500 nmrange. The substrate |ayer is generally coated with one

or nore layers of metals and/or oxides 25 that are convﬁ“l"t""“m:lmnmll
art to provide a plurality.of attenuating filter den

coatings can be applied to the sfagﬁg“"“' s emul si on or ‘chéni &al *

vapor deposition (CVD) technlqu-. BEEM) in the art. In an
al t er nat i vewpenassas us, 30 t ne;ns Is a Eﬂﬂﬁﬁﬁkﬁﬂh'c

mask havi ng spectr al Ilnes of—optlca y that are
proportional to weighting functions determ ned using a rot at ed
princi pal cormonenaﬁe%rlm mar amm%shi h

After attenuation b the s é QH g coﬁgggnd%peanﬂfgie
wavel engt hs are coffRRFRER ﬁl?ﬁ?%?@@oﬁﬁ HEFeE?PBHeneans 34, such
as a PbS (f) means -f2t receiving ik 9one Sch3 Gnore

PCT/ US97/ 01370 phas S8 Ve ingth Ik +AS #986E1 050 PP \Erarldil
wavel engths e rglﬁlé‘ £ %ﬂ% €%‘t‘seecom?t | t nmeans can ‘é&a d
comuni cat ed t thﬁ ¢ SMVEF g, &b game into sigpals ng neans 36,

e.g., a colllnatlngebzzsemxatiu; of!theImnkensiﬂ&tefnsﬁideémphééﬁheaoparatus
10 can include a wavelengths;
(g) a second optical transfer cell disposed
in the second beam path, said second cell comprising
10 neutral-density filter means having absorption
characteristics sufficient to attenuate the intensity
of the radiation from the second beam path equally
over a selected range of near infrared wavelengths;
(h) means for receiving attenuated
15 radiation from the second optical transfer cell and
for converting the same into signals representative of
the intensity thereof; and
{i) means for calculating the concentration
of the analyte in the sample using the signals
20 generated by parts (f) anda (i).

14. The apparatus of claim 13, wherein the
wavelengths of the incident radiation are in the range
of approximately 1100 to 3500 nmn. '

25 '

15. The apparatus of claim 14, wherein the
second optical transfer cell comprises second positive
correlation filter means having absorption
characteristics identical to those of the first

30 positive correlation filter means.

16. The apparatus of claim 14, wherein the
means for calculating the concentration of the analyte
in the sample converts the signals generated by parts

35 (f) and (i) into a digital signal indicative of the
ratio of the intensity of the radiation emerging from

) =32~
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radi ati on detector capable of directly receivin radiation fromthe

g
second filter neans. The second detection rreH "Hﬂlusﬂll "III " |II|
and converts the attenuated- mavelengths emtted fromt

second filter neans into a signal m=then be applled towar d*®
an anal yte specific algorithmto ' i ‘7 e concentration.
Speci fical | yWO97/28438 sj gnal s obt ai neid_f ffet ectRCTNUSIWORI0 Can
be readily converted into digital signa S . i anal og/ di gital
converter. The digitized information S readr y avail able for input
into a nrcroprocess@he sourcewhrd ecorresparstichg aagiatiidn amexgidhyt €rom
concentration th¥hisahipgan be visualized on a display device and/or
recorded on an out put recorder 20 The apparatus 10 can be
used to obtain : nmeasurenents of anal yte concentration in a variety of
conpl ex nedia, such as in aqutdus Tineli spperdtup o Rlein 14, whpeeinathe

backgr ounds. Insonemaaals.l fai-lealcﬁf&ing tnéw{c%ﬁa%i bgf” gsﬂaig e

det erm nati on of 8 apa lj%/te concentratiaons, organt c
bl ood anal'yt &8 §Bﬁh53§p B WﬁﬁlqﬁﬁnqﬁﬁPﬁn§°rgP&Eégéngu?ea

(BUN), lipids, bi | i Fhemamebzics calypdrithine ti de signalsagehgiateanppe
present in an in V'b59t§ag?$eaﬂﬁd( (e.g., a blood sanple), or the
apparatus can be used to neasure bl ood analytes in tissue. However,
t he apparatus 10 is particularly adapted for use in field
applications, 89j., in the nme38ur efentappadatusd of claimalsphehereini théonme

heal th nonitorin t a 5
Ref erri ng nom/togFl§§gs;g}83btgf?tﬁ?ﬁﬁ?*ﬁgldﬂx¥¥atg§ ﬁEH?E Ekﬂprﬁgggurenent

of anal yte concentr aYerso iRy 1348%0 §V&BG|§ﬂ¥P§t3%nerally

i ndi cated at 60. . absorption characteristics su2h- that said filter means
emphasizes a population of wavelengths having high
15 correlation with the analyte concentration.

19. The apparatus of claim 18, wherein the
absorption characteristics of at least one layer from
the first and second positive correlation filter means

20 are established using weighting factors.

20. The apparatus of claim 19, wherein the
weighting factors are derived using chemometrics
techniques.

25

21. The apparatus of claim 19, wherein the
weighting factors are derived using rotated principal
components analysis of an absorption spectrum of the
analyte.

30

22. The apparatus of claim 13, wherein the

sample comprises body tissue and the analyte comprises
an organic blood analyte.

35 23. The apparatus of claim 22, wherein the
blood analyte is selected from the group consisting of
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The apparatus includes a radiation source 62 which ml“a' “ ““l ~

plurality of distinct, nonoverlapping regi ons of mave '
L i

approxi mate range of 600 on fromsource 62 is
transmtted 5 to an optical T@lgtggﬁmﬁslslséﬂ or receiving and
directing tweonmassati on i nto a Heam pagpL mgbor fo PAFGSYOBr6 el ect ed
wavel engt hs, such as a collimat | - Ferrs—=Set ective filtering nmeans
or the Iike. Near-1 R radi ati on energing fromneans 64 is
10 communi cated gluedge,aupaam(Boi) |t BipHds, Wikidhibinhana ethylr adi ation
is divided into t‘ﬁﬁé&?{%’{‘; respectively i ndicated at 68 and 70. The
first beam 68 frombea splitter 66 is transmtted to a sanple

medi um 72 cont ai ni ng an unknown concentration of an analyte of 15

interest. In Fi gure 2, the2aanprReBfpafatids CHE LSS 22, wh_era;!_ﬁaﬁl_iée_ cel l
formed froma lrjiaké‘?‘%‘ %“gi%gt §eC B@Q{;&e of transmtting radiation

in the near-| |nt res Tn one case, the sanple can.
conprise a - bl ood serum sanple, wherein it is desired to determ ne
20 thé concentration of blood analytes. Alternatively, the first
beam 68 can be transmtted to a sanple surface such as a tissue
surface using direct

(S~ m e

10

15

20

25

30

35
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interfacing neans or indirect interfacing neans, e.g., fiber optic
wavegui des neans such as those descri bed 25 supra. In this manner, the
concentration of bl ood anal ytes present in the tissue sanple can be
non- i nvasi vely determ ned using reflective near-IR

measur enent of the absorption spectrum of radiation whi ch has
interacted Wddynkidg ti ssue sanple. 30 Radi at i poTrus#Wh3y®i Ng t he
spectrally nodified radi ation that has interacted with the
constituents of " the sanple, e.d./4the analyte of interest, is then
collected and directed to an optical transfer cell 74 which is

di sposed in the beam path. The opti cal 35 transfer cell 74 conprises a
positive correl ation filter system having an absorption spectrum
sufficient to accept the radiation and sel ectively énphasize one

- 23- WD 97/ 28438 ,

PCT/ US97/ 01370 or nore wavel engt hs therefrom havi ng hi gh

correl ation with the concentration of an analyte of interest, and
substantially no ' ' ™ei{erfering conmponents present in
the sanple. The sitive g correlatign filter systemthus passes a

popul ati on of —
| AV EEE!
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sel ect ed wavel ength ranges which provi de anal yte- specific
information, as well as information about the measur enment backgr ound
and information that can be used to correct for instrument changes
or interference 10 effects. Radiation energing fromthe opti cal
transfer cell 74 is received by a detection neans 76 for

converting theosmasstrally nodified radiation into a PCUSYOi@t | s
representative of the intensity of that radi ati on. The detection
means can conprise a broad 15 spedZ/uh1photodetector such as an PbS
phot odet ect or or the Iike. Referring still to
Figure 2, the second beam 70 frombeamsplitter 66 is transmtted to
an optically active elenment 78 which is di d in_the 20 beam
path. In one configuration, the optically acti ment 78
cofrprises a neutral density filter neans sorption
characteristics sufficient to attenuat e’y ad ign equally over a

sel ect ed range of near -1 R wavel engths. In an al ternative ~
configuration, 25 the optically active elemert 78 i& an optical transfer
cell that includes a positive correlation filter® I system having an
absorption spectrumthat is identical to the absorption spectrum of
optical transfer cell el enent 74. The radi‘ati oh energing fromthe
optically 30 active elenent 78 is received by b détection neans 80

for converting the radiation into signals Rept esentative of the
intensity thereof. 60 The positive donrelation filter systens
can be formed froma 3ngle substrate |ayefrtimyi an 35

optically active coating which inparts7§bsorption Y ¥ characteristics
capabl e of selectively enphasizing one or nqrg wavel engt hs havi ng
hi gh correlation with a : -

80

82

PREAMP
A/D
CONVERT! ER'

DISPLAY -———E onicRo- | 84
FIG.2
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particul ar anal yte concentration. In particular system
configurations, the positive correlation filter conprises a
plurality of filter layers, each |ayer having a selected filter
density and/or filter 5 thickness suitable to provide a_desired

absor ption WO9T28438ar acteristic. In one case, at |east oné’cl'rﬁ'?g{’“la'fo
the systemhas a filter density and/o /t};n ckness t hat conprises a
wavel engt h wei ghting factor neans, whé&rein t he wei ghting factor
provi des enhanced positive 10 correlation of a passed wavel ength with
t he concentration of an analyte in the selected sanple

medi um The signals generated by detection ns 76
"and 80 are then communicated to a neans 82 for 15 converti t hose
signals into a digital signal i ndicative of the rati t he
intensity of the - radiati energing fromthe source $Xand the
correspondi ng spectrally nodified radi ati on eyergi ng 4 fljom t he
sanple. In this manner, changes ﬂ'zzn t he 20 iBRensity of the PNadiation
energing fromthe sgurce 62 & can be cogeected for, elin®nating a
potential source of errorgin the nead® enent obtainefl & omthe

system \ e
y N

O/

1”4

"

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2460-2500

—

SCAN (I-

SCAN(1-3)

SCAN (1-5)

WAVELENGTH nm
FI1G. 3

L 1 2

L 1. 1 l | {
N L 1] ] © o 0 -—
e . o Q o o
o o o] ’
)

S3ON3Y324I0 ALISNILNI

SUBSTITUTE SHEET (RULE 26)

ol L SRS TNETARAARR s T e



Further, the ratio of the signals can then be converted to digital

formand interpreted to determ ne 25 anal yte concentration using an

i nternal m croprocessor 84 system or an associ ated system using

met hods known in the art. | f desired, the

m cropr oces‘gﬁly7 programed to cal cul ate anal yi&m Q29685 ration
i on of a chenonetrics algorithmto the ratio

S|gnal The appropriate al gorithm canglye,determ ned usi ng the

above-descri bed chenmonetrics techni ques, such as a | east squares

anal ysis or rotated principal conponent anal ysis of an ori gi nal

absorption spectrum 35 of the analyte of interest.

- 25- WD 97/ 28438

PCT/ US97/ 01370 It is to be understood that while the

i nvention has been described in conjunction with preferred specific

enbodi nents thereof, the foregoing description, as well as the

exanpl es which follow, are
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5 intended to illustrate and not
aspects,
i nvention wl |
i nvention pertains.
A noni nvasi ve gl ucose neasurenent was
the i nvention.

near-| R regi
Spect INTERNATIGNAT APPIICATION mhmsrmn UNDER THE®PATENE eooﬁmom TREATYQPST)

O her

15
out .

limt the scope of the I nvention.
advant ages and nodi fications wthin the scope of the
be apparent to those skilled in the art to which the
10 Exampl e
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(54) Title: METHOD AND APPARATUS FOR_ MULTI-SPECTRAL ANALYSIS IN NONINVASIVE NIR SPECTROSCOPY
(57) Abstract

A method and apparatus are described
for determining the concentration of an analyte
present in a sample using multi-spectral analy-
sis in the near infrared range. Incident radia-
tion containing a plurality of distinct, nonoves-
lapping regions of wavelengths in the range of
approximately 1100 to 3500 nm is used to scan
a sample. Diffusively reflected radiation emerg-
ing from the sample is detected, and a value
indicative of the concentration of the analyte
is obtained using an application of chemomet-
rics techniques. Information obtained from each
nonoverlapping region of wavelengths can be
cross-correlated in order to remove background
interferences.
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PCT/ US97/ 01370 Once the specific spectral ranges were

i dentified, noninvasive glucose neasurenents were obt ai ned usi ng
information fromthe four distinct spectral ranges. The first
spectral range included 5 radiation occurring at about 1320 to 1340 nm
Thi s range provides a very highly reflected signal, and t here
is no maj or glucose absorption band in this range. I nformation
obtained fromthe first spectral range can be used to normalize each
i ndi vidual scan in 10 order to correct for fluctuations in the radi-ation
source, and changes due to nechani cal perturbations. The
second spectral range included radiation occurring at either about
1440 to 1460 nm or about 1940 to 1960 nm These ranges provide a
substantial ly 15 non-reflected signal due to the highly absorptive

wat er bands which attenuate diffusively reflected radi ati on. )
I nformati on obtai ned fromthese ranges can be used for

background and base |ine subtraction from ot her 20 nmeasurenents. These
measurenents-all ow for a pedestal
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adj ustnment to account for fluctuations induced by
reflection signal values, and can be used to det ec ["]m mm“""””“'
nmeasur enments. —he third range-—in

. C racdi aki oh otcurri*ng
25 at about 1670 to 1690 nm jlThis sn.mggeq,qgggp'Nes anal yt e-specific
i nformation due to the presencg of RgRLACEDUCOSH| Vi brationgl ,%Mtl%e
bands. WO 97/28438 The fo ' Freteed radi ati onTCF

occurring at about 2120 to 2280 nm This range 30 provides
anal yte-specific information due to @MENDE® CLAIMS conbination vibrational

bands. Sregningdt by thidnigrnatioual Byreamot RbiulyilPeIt290297e wer e

used to normalize signals 8eins fiaims \-Hgpriases by Wy olaims 1-21 (6 pagesiiess, when -
repeated with each spectral scan, . 35 _elimnates the problem assocj ated
with |ight source 1. chARgBPPaFAtus fR% deresmining hhei epaeengration
reference. ditasiiamialytevani at samsle nceometilpindi:f f erences in
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accor di ngl y subst’c’sﬁ‘if‘:ltaeiil:'1°57l ceataiging a plurality of dB&EPcﬁFBund i nf or mat i on
was el im nated bynonoverlapping spectral regions of wavelengths in the

near-infrared spectrum;
{(b) means for collecting reflected radiation
10 emerging from the sample and directing said reflected
radiation into first and second light paths, wherein the
first light path comprises radiation from a first
spectral region of wavelengths;

(c) first filter means disposed in the first light

15 path, wherein the first filter means is capable of
selectively passing radiation having substantially no
correlation with the concentration of the analyte;

(d) £first detection means for receiving selectively
passed radiation emerging from the first filter means and

20 for converting the same into a signal representative of
the intensity of said radiation; :

(e) adjustable filter means disposed in the second
light path, wherein the adjustable filter means
‘attenuates the intensity of radiation in the second light

25 path; . |

{(f) principal analyte f£ilter means capable of
receiving attenuated radiation emerging from the
adjustable filter means, and selectively passing one or
more independent wavelengths therefrom, wherein the one

30 or more independent wavelengthé are specifically
correlated with the concentration of the analyte;

{g) second filter means capable of receiving the
one or more independent wavelengths emerging from the
principal analyte filter means and attenuating the

35 intensity of each independent wavelength; and

{h) second detection means for receiving the
attenuated independent wavelengths emerging £rom the
second filter means and converting the detected
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subtracting the signals obtained in the second range,

he si
obtained in the third and fourth analyte specific ra ﬂﬁﬂ " ”I"""
manner, the pedest al ef f ect : . r refI y
varies with skin texture a d for.

The nornalized and base |line corrg S fron1the third and
fourth rangesyssse applied =8 ' chenong 'ﬁﬁﬁkYSis
Figure 4 depicts the nornallzed dlfferences betmeen Srgnal's’in

t he second and third ranges. As can be seen by the results
depicted in Y8veRepgkhs,intea igmal, repseaentative dfotdle desensityn

an increase i nofheaidgwalelesdgthsnces between the two ranges.

20 25 30

2. The apparatus of claim 1, wherein the first
5 filter means comprises a narrow band-pass filter.

3. The apparatus of claim 2, wherein the
adjustable filter means comprises a neutral density
filter used in concert with correlation filters in a

10 filter system.

4. The apparatus of claim 3, wherein the signal
obtained from the first detection means is used to
regulaté attenuation provided by the adjustable filtexr

15 means. -

5. ' The apparatus of claim 1, wherein the second
filter means comprises a neutral density filter used in
concert with correlation filters in a filter system.

20
6. The apparatus of claim 5, wherein the
attenuation provided by the second filter means is
established using weighting factors. -
25 7. An apparatus for determining the concentration

of an analyte in a sample, comprising:
(a) a source capable of emitting radiation
containing a plurality of distinct, nonoverlapping
spectral regions in the near-infrared spectrum;
30 (b) means for dividing radiation emitted by the
source of part (a) into first and second beam paths;
(c) means for irradiating the sample with the
radiation in the first beam path, thereby providing
reflected radiation;
as (d) means for collecting the reflected radiation
emerging from the sample and directing said reflected
radiation into a reflected light path;
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35 - 28- d al
1. An apparatus for determ ning the concentration ’TEI!I ' IHJIIM”H“'
sanple, conprising: 5 (a) eans for |rrad|at|ng th

i nci dent radi ati on cont ai ni ng arpE ri?ﬁ?i

nonover | appi ng spectral regions of|fwavelgiuyt S REEM near-lnfrared
spectrum wo 97284380) neans for Lhegtind THf | ect radi at s99/01370
energing fromthe sanple and directing said reflecte radiation 1nto
first and second |ight paths, wherein the first |ight path conprises

radiation froma first (e) apbistaloptdgiadn tehnssee! eslt i sposed in théc)
first filter ﬁeansrggfgeé?& 11 e, St irdP cePR! LompiiGIg" £ibEET 1 St

filter neans is ca
posltive correlation filter means having absorption

characteristics adapted to accept the reflected radiation
5 and emphasize one or more wavelengths from the reflected
radiation, wherein said one or more wavelengths have high
correlation with the concentration of the analyte in the
sample;
(f) wmeans for receiving the one or more emphasized
10 wavelengths from the first optical transfer cell and for
converting the same into signals representative of the
intensity of said emphasized wavelengths;
(g) a second optical transfer cell disposed in the
second beam path, said second cell comprising neutral
1s density filter means having absorption characteristics
sufficient to attenuate the intensity of the radiation
from the second beam path equally over a selected range
of near-infrared wavelengths;
(h) means for receiving attenuated radiation from
20 the second optical transfer cell and for converting the
same into signals representative of the intensity
thereof; and
(i) means for calculating the concentration of the
analyte in the sample using the signals generated by
25 means (f) and (h).

8. The apparatus of claim 7, wherein the second
optical transfer cell comprises a second positive
correlation filter means having absorption

30 characteristics identical to those of the first positive
correlation filter means.

9. The apparatus of claim 7, wherein the means for
calculating the concentration of the analyte in the
35 sample converts the signals generated by means (f) and
(h) into a digital signal indicative of the ratio of the
intensity of the radiation emerging from the source and
corresponding radiation emerging from the sample.
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sel ectively passing radiation having substantially no lon W th
the concentration of the anal yte; (d) first det eci ii hﬁ Iﬁ”mw IIII
recei ving sel ectively passed_radiation energing fromt et
neans and 20 for converting the sameslitoy ; representative of

the intensity of said radiati on;T ‘;g,;méi%%ﬁ'ﬁ table filter nmeans

di sposed i‘ﬁozm.gacond l'igh adj ustl,s:g. ' r means -
attenuates the intensity of radiation in the second Iight hﬁ”@?#ﬁf :

(f) principal analyte filter neans capable of recei ving attenuated

radi ati on ener gi ng 0 omThee apparagwsucfablaini 7 erhewssims thandesabeforvel vy

passi Ng one Or calcul 4Py | HHERVMERRE riBYSHhEST ! ife LIRS0 Wher €i N the one
30 or nore inde gndent wavel en thsfg:rreaggfcifi correlated with

|
the concentrat P3PoY TAC anal yle o ggagcc&ﬁecf'%ﬁ?éfsrreans capabl e
of receiving tatgorithm ko sherBignalgcgenarate Imeanshs(Snangi AP from t he

principal gnalyte filter neans and attenuating the 35 I ntensity of each

i ndepe X '
r ecego\e/inﬁgnt hg/avel eng%?’enﬁﬁdé‘&ﬁaﬁéé‘b’esnagﬂ%lﬁ@g?gng %%%ym@%&nﬁggértg%rt he
second filter peashtiv@dccorriation filjkegcmeangcomprises a plurality .
-29- of layers, each layer having selected absorption
characteristics such that said filter means emphasizes a
10 population of wavelengths having high correlation with
the analyte concentration.

— e

12. An apparatus for determining the concentration
of an analyte in a sample, comprising:

15 ' {(a) a source capable of emitting radiation
containing a plurality of distinct, nonoverlapping
spectral regions of wavelength in the near-infrared
spectrum;

(b) means for dividing radiation emitted by the

20 source into first and second beam paths;

(c) means for irradiating the sample with the
radiation in the first beam path, thereby providing
reflected radiation;

(d) means for collecting'the reflected radiation

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

{(e) a first optical transfer cell disposed in the
reflected light path, said first cell comprising first
positive correlation filter means having absorption

30 characteristics adapted to accept the reflected radiation
and emphasize one or more wavelengths from the reflected
radiation, wherein said one or more wavelengths have high
correlation with the concentration of the analyte in the
gsample;

35 (f) means for receiving the one or more emphasized
wavélengths from the first optical transfer cell and for
converting the same into signals representative qf the
intensity of said emphasized wavelengths;
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wavel engths into a signal rapresentative of the intensit

:‘I\?Y?le?n?r:agﬁé conprises a ﬁérrg\t]vebgﬁga[)gggsfﬂtglral m mere”'lmnﬂumllﬁllmﬁlll
apparatus of claim2, wherein the 'adj ustabl e filter nmeans corrprl ses’a

neutral density filter use rrelation filters in a
10 filterwehshens qr—t”s ?h"éca %{Etd% lEf cl ai mpgrroshpeIsion t he
si gnal obtained fromthe fjLrst S used to

regul ate attenuation provided by the adJ ustab[e Tilter nmeans.

5. The apparatus of (@ai m gecopdrepticdie tyangier 0311f¢3|-¥&999ﬁ9ed‘1% the

?Omarl ses a n]g%ultété&odaalbt%hhypﬁtht esaid askdond cenceampﬂsmgra amdonidat i on
| ers in a | er e Im 5
wherei n the tive %ZQauo %:.2|bt:e:6 means hﬁgﬂﬁé i

ajtenuat I on provi secon

ans J
est abl i shed usi repagaqpenis§irg igertl °a:¥5t° those ? thﬁn 31”
det’er m ni ng $he eoreitizn dilter mednmn anal yte in a sanple conpr|5|ng

(2) @ source capabl eqpl GiEbbil Ber! pdbaiV Hy attentidBed! Padta@icH Wbk ty of

di stinct, nonoverlapp
the second optical transfer cell and for converting the

same into signals representative of the intensity
thereof; and

10 (i) means for calculating the concentration of the
analyte in the sample using the signals generated by
means (f) and (h).

13. The apparatus of claim 12, wherein the first
15 positive correlation filter means comprises a plurality
of layers, each layer having selected absorption
characteristics such that said filter means emphasizes a
population of wavelengths having high correlation with
the analyte concentration.
20
14. The apparatus of 13, wherein the absorption
characteristics of at least one layer from the first and
second positive correlation filter means are established
using weighting factors.
25
15. The apparatus of claims 6 or 14, wherein the
weighting factors are derived using chemometrics
techniques.

30 16. The apparatus of claim 15, wherein the
weighting factors are derived using rotated principal
components analysis of an absorption spectrum of the
analyte.

35 17. The apparatus of claim 1, wherein the
wavelengths of the incident radiation are in the range of
approximately 1100 to 3500 nm.
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Vi ding radiation emtted by the . Source of part () .n1||||mﬁ|i[fm[l’.w||||||

second beam pat hs; (c) neans for irradiating the sa
radi ation i n the first beam path, thereby providing reflected
radi ati on; (d) rmeans fier=egllecting the reflected radiation

ener gi ng fr%&)a%g?arrpl e and di rfsg,.sgzg q, ] ertesked Jdﬁ%sg'}’bﬂ% into a

reflected |
reflected Iight

(e) afirst optical transfer ce
path, said first celisconTtie sappatauus of clajasSior e:_z;prmmhoahéi l.t er

moans having a0sguBisgichs of WY SO SndfB0AKy |G Uikilee! e

reflected radi a asl ze .one or nore fromthe.

refl ect ed EBgi RRPSR, °m9?‘j§%ﬁ'iflé’né'18p ﬁBr%SQ\%\R!'F-engt hs have high

correlation wth the concentration of the analyte in the sanpl e;

(1) means &or receiybng +he ghgafiedPidr G13akZ6E dfhimy'd R g, from
the first optical trgnsfer cel 1S grtln samne 5nto
signal s represeWPSEEYR bhe (famP e ?‘?Hréiﬁsﬁst hfe&na

wavel engt hs; comprises an organic blcod analyte

20. The apparatus of claiin 19, wherein the blood
10 analyte is selected from the group consisting of glucose,
urea (BUN), lipids, bilirubin and ethyl alcohol.

21. The apparatus of claim 20, wherein the blood
analyte is glucose.
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(g) a second optical transfer cell disposed in the
sai d second cell conprising neutral 15 density filter Wﬂ[wgmmm |j“ |“l
absorption characteristics - sufficient to attenuate th

the radiation fromthe second beam path equal ly over a sel ected range

of near-infrg%ggdﬁgyelengths (h) means for receiving attenuated
radi ation fr the second optical transfer cell and. for -converting the
same into signals representative of the intensity t her eof ; and

(i) nmeans for cal cyl atixng aﬁsafaaﬁgntb%t a@%e%ltﬂ%% the %&%&f&i

sanpl e using the sign ener at ed " neans
8.er The apgé? %hatY%$n+§ amﬁéW@ ﬁ tﬁ@mﬁﬁﬁﬁﬁfg optlcal transfer

cell conprises a sea:bndn@mstfuf J.rradialtlie.battlhm Janpd B WS SiRGVASE:
absorption 3$E3§fﬁﬁiéﬁﬂé%ﬂééi&§n§d§”£i§%51+§ gigyﬁé the first positive

correl ation TRSE claim 7, wherein
t he nmeans fomonovexrkapming i spechratonegionst iodn wavelengiied yire thethe 35

sanpl e converﬁ&g%ﬁm%ﬁg@@%ed by means (f) and (h) into a
digital signal ind catlve of " the ratio of the intensity of the

radi ati on ener gi ng'B ofMEIRS sERF cECARBCting Fefless@sirafidtieni on
ener gi ng.of r orenideyivari®om the sample and directing said reff¥cted

radiation into first and second light paths, wherein the
first light path comprises radiation from a first
spectral region of wavelengths;

(¢) first filter means disposed in the first light

15 path, wherein the first filter means is capable of
selectively passing radiation having substantially no
correlation with the concentration of the analyte;

(d) first detection means for receiving selectively
passed radiation emerging from the first filter means and

20 for converting the same into a signal representative of
- the intensity of said radiation; |

(e} adjustable filter means disposed in the second
light path, wherein the adjustable filter means
attenuates the intensity of radiation in the second light

25 path; ' .

(£} principal analyte filter means capable of
receiving attenuated radiation emerging from the
adjustable filter means, and selectively passing one or
more independent wavelengths therefrom, wherein the one

30 or more independent wavelengths are specifically
correlated with the concentration of the analyte;

(g) second filter means capable of receiving the
one or more independent wavelengths emerging from the
principal analyte filter means and attenuating the

35 intensity of each independent wavelength; and

(h) second detection means for receiving the
attenuated independent wavelengths emerging from the
second filter means and converting the detected

-29-~
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10. The apparatus of claim7 wherein the neans for
concentration of the analyte in the sanpl e conpri ses E I “lﬂ ITIIII

appl ying a chenonetrics algorithmto the S|gnaI% gene
(f) and (h). 5 11. The apparatus of claim7, wherein the first
positive correlation filter neans conprises a pIurallty of |ayers,

each | ayer havavgleegeksetintdsarpignpal rap:ekangatdvestifcsheudnddimatisaid

filter means Spphasd zesvaldfgrrRepul ation of wavel engths -havi ng 'hi gh
correlation with t he anal yte concentrati on. 12. An

apparatus for determ ning the concentration of an analyte in a sanple,
conprising: 15 2. (Bhe appavactescepableinf 1gnmivhiered o atealfiGte
contalm w0 A AUE dal Ablicls 20BRYEELARRNM pase AEEL AL 10! ONS Of

mavelengt near -1 nfr ) Yteans for

di vi di ng radlatlon emtted by the 20 source into.first and second beam
pat hs; () r@ﬁ@sawaﬂa&ug%etwﬂmhg SRR kR he
radiation in the first ean1 at t her eby providing ected
radiation; @adjustabke)fid %é% W%ﬁn%oFP@EFFﬁ@StﬁenPEFFéétéGnﬁé&WBt|on 25

ener gi ng frorﬂilttﬁeﬁal@éd? hdesheect i witBacdrtelheebadfilterzadinatd on into a

refl ect i at h; (e) a first optical transfer cell disposed
in the ﬁ% %%H’ feﬁy§7%mt path, said first cell conprising first

4. The apparatus of claim 3, wherein the signal
obtained from the first detection means is used to -
regulate attenuation provided by the adjustable filter

15 means.

5. The apparatus of claim 1, wherein the second
filter means comprises a neutral density filter used in
concert with'correlation filters in a filter system.

20 '

- 6. The apparatus of claim 5, wherein the
attenuation provided by the second filter means is
‘established using weighting factors..

25 7. An apparatus for detefmining the concentration
of an analyte in a sample, comprising:

(a) a source capable of emitting radiation
containing a plurality of distinct, nonoverlapping
spectral regions in the ﬁeax-infrared spectrum;

30 (b) means for dividing radiation emitted by the
source of part (a) into first and second beam paths;

(c) means for irradiating the sample with the
radiation in the first beam path, thereby providing

~ reflected radiation; _ a
35 (d) means for collecting the reflected radiation
emerging from the sample and directing said reflected
radiation into a reflected light path;

-30-~
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p05|t|ve correlation filter means having absorption 30 cha
adapted to accept the reflected radiation and enphasi ze Gﬂ I' iﬂll"lm

wavel engths fromthe refl ected radi ati on, whereifn said

wavel engt hs have high correlation with the concentration of the
analyte in the anpl e, (f) means for receiving the one or
nor e enphasi zed (e)\/\a\él%*@%%sopﬁbﬁ?lhbrﬁnﬁgﬁropﬁlldaﬁllsp&ﬁsﬁenncehke and
for ConVQfetﬂle}:t!é@ Bag: Igﬁ@hSI gaa&ssi@atessm&at:b&sr@hhaeflrst
intensity of s ({ EPhaSIZE wavel g g

-32- ositive coyzglatiQu gh t%’ﬁt‘?“éaPstPaﬁéflsr apgpPKPEioposed in the

second beanl@maracnaxhsnxnsuhdzﬁtedOﬂaraecagtath&CQﬁdlectedDQ&H&hﬁQon

correl at gon £ racte stlc i dent.i ca

to thosegof ta#ég@&gzgadﬂggogbrﬁgcorre %?%ﬁtﬁgl £&P™ éﬁsre lected (-
means for re&&ddatdant evhprekn rsriidione ¢rompre waviedesgtbsdhepei hagh
transfer Ce'bd%%éﬂéﬁldﬁ”ﬁ%ﬁﬁ'Eﬁbt$6hcentr§@ﬂ§ n! 8E0¢§kIY Ei Egp&ﬁsgggatlve

of the intensit t hereof; and 10 nmeans cal cul at'ing the
concentrati off e analyte in the sanple usi ng the S|gnals gener at ed
by means (f) (@)d (Yans for receiving the one or more emphasized

10 wavelengths from the first optical transfer cell and for
converting the same into signals representative of the
intensity of said emphasized wavelengths;

(g) a second optical transfer cell disposed in the
second beam path, said second cell comprising neutral

15 density filter means having absorption characterlstlcs
sufficient to attenuate the intensity of the radiation
from the second beam path equally over a selected range
of near-infrared wavelengths;

(h) means for receiving attenuated radiation from

20 the second optical transfer. cell and for converting the
same into signals representative of the intensity
thereof; and -

(i) means for calculating the concentratlon of the
analyte in the sample using the signals generated by

25 means (f) and (h).

8. The apparatus of claim 7, wherein the second
optical transfer cell comprises a second positive
correlation filter means having absorption

30 characteristics identical to those of the first positive
correlation filter means.

9. The apparatus of claim 7, wherein the means for
calculating the concentration of the analyte in the
35 sample converts the signals generated by means (f) and
(h) into a digital signal indicative of the ratio of the
intensity of the radiation emerging from the scurce and
corresponding radiation emérging-from_the sample.
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13. The apparatus of claim 12, wherein the first 15 p05|t|

filter means conprises a pl ural i ty of layers, eagh | ayéﬂmmﬂl ‘m”lm“ l“l
sel ect ed absorption characteristics such that said filter meams
enphasi zes a population of wavel engt hs having high correlation mnth

t he anal yte concentratlon 14. The apparatus of 13, wherein

t he absorption chaFQ@téPEﬁﬁ%E?%ﬁ°§ﬂ°¥%k&t7on§ PEpER Fh@nrehasffnﬁ

and secoodlpalitiiveg Gher eloriderit ddd e @faﬂﬁeaéﬁaE§EébhhSEﬁQ

usi ng wei.ghti t ar at s of clains 6 or 14,
wherein the ng&ig %ﬁﬁ? %gFfbfﬁﬁgii ﬁkﬁqéikﬁ ﬂgc RERBRELAFEs

t echni ques. a@gorlt m t@6theThagmﬂia%gaanﬁtedaby1méannhef¢|anahqh),

wei ghtinggfactors are derived using rotated principal conmponent s

anal ysis of an absorptlon spectrum of the anal yt e. 35 17.
The apparatus of claim ThenReparatife of clajyel envhesedn the Fharsdent

radi ation arepbsitheer a6geedbtion FAMRVXiniEHed VoddPPis8s380810k1ity
- 33 of layers, each layer having selected absorption
characteristics such that said filter means emphasizes a
10 population of wavelengths having high correlation with
the analyte concentration. '

12. An apéaratus for determining the concentration
of an analyte in a sample, comprising:

15 (a) a source capable of emitting radiation
containing a plurality of distinct, nonoverlapping
spectral regions of wavelength in the near-infrared
spectrum;

(b) means for dividing radiation emitted by the

20 source into first and second beam paths;

(c) means for irradiating the sample with the
radiation in the first beam path, thereby providing
reflected radiation;

(d) means for collecting the reflected radiation

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

(e) a first optical transfer cell disposed in the
reflected light path, said first cell comprising first
positive correlation filter means having absorption

30ﬂ characteristics adapted to accept the reflected radiation
and emphasize one or more wavelengths from the reflected
_radiation, wherein said one or more wavelengths have high
correlation with the concentration of the analyte in the

~ sample; '

35 (£) means for receiving the one or more emphasized
wavelengths from the first optical transfer cell and for
converting the same into signals representative of the
intensity of said emphasized wavelengths;
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18. The apparatus of claim7 or 12, wherein the
radiation emtted by the source are in the range of ﬂﬂ* M" ﬁ““o

to 3500 nm 5 19. The apparatus of any oné of

wherein the sanple conprises body tissue and the analyte conprlses an
organi ¢ bl ood anal yte. 20. = The apparatus of claim 19, wherein
the blood 10 anallgle Rsseepadt egticah trangeup cdisidisprread Oh uekse,

urea (BUN), |ipéd8ad Behinr ghtR, aBQLQtQ¥EuﬁBP°Qph comprLSLn aZQECJXE
apparatus . of Slgig}gg correiatlon fl&ter meénsa%gVLJEI;%éﬁ
rptlon
characteristics identical to those of the first positive
5 correlation filter means;

(h) means for receiving attenuated radiation from
the second optical transfer cell and for converting the
same into signals representative of the intensity
thereof; and

10 (i) means for calculating the concentration of the
analyte in the sample using the.signals generated by

means (£) and (h).

13. The apparatus of claim 12, wherein the first
15 positive correlation filter means comprises a plurality
of layers, each 1ayer having selected absorption
characteristics such that said filter means emphasizeé a
population of wavelengths having high correlation with
the analyte concentration. '
20 .
14. The apparatus of iB, wherein the absorption
characteristics of at least one layer from the first and
second positive correlation filter means are established
using weighting factors.
25
15. The apparatus of claims 6 or 14, wherein the
weighting factors are derived using chemometrics
techniques. '

30 16. The apparatus of claim 15, wherein the
weighting factors are derived using rotated principal
components analysis of an absorption spectrum of the
analyte.

35 17. The apparatus of claim 1, wherein the
wavelengths of the incident radiation are in the range of
approximately 1100 to 3500 nm.
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18. The apparatus of claim 7 or 12, wherein the
wavelengths of the radiation emitted by tlé source are in
the range of approximately 1100 to 3500 nm.

19. The apparatus of any one of claims i, 7 or 12,
wherein the sample comprises body tissue and the analytes
comprises an organic blood analyte.

20. The apparatus of claim 19, wherein the blood .
analyte is selected from the group consisting of glucose,

urea (BUN), lipids, bilirubin and ethyl alcohol.

21. The apparatus of claim 20, wherein the blood
analyte is glucose. '
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