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Technical Field
The present invention relates to a

spectrometer device for gquantifying target chemical

i0 analytes in a complex agueous medium and methods of use
thereof. The invention finds application in a wide range
of chemical analyses, and particularly in non-invasive
spectrophotometric analysis of blood analytes. One
important application of the invention involves the

15 precise measurement of blood glucose using non-invasive
sampling techniques.

Background of the Invention _
As patient out-care services become more
20 prevalent in modern health care, the need for low-cost,
"reliable instrumentation becomes more acute, particularly
for applications where blood analyte chemistry monitoring
. must be carried out. One such application is in home-
monitoring of blood glucose levels by diabetics.

25 Diabetes is a major health concern in the
United States where it has been estimated that there are
upwards of 13 million persons afflicted with the
condition. Lipsett, L. (1993) "Statistics: Prevalence,
Incidence, Risk Factors and Complications of Diabetes,™

30 American Diabetes Association Bulletin April 9, 1993.
Treatment of the more severe form of the disease, Type I
insulin-dependent diabetes (where the pancreas secretes
no insulin) reguires one or more insulin injectiong per
day. Insulin controls the utilization of glucose or

35
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N ¥, '
must be carried out. One such application I's in home- nonitoring of blood
gl ueose | evel s by diabeti cs. Di abetes is a major health
comcern in the iates mhere it has been estimated that there are
upwar ds of 13 nfzgt g ﬁ rsons afflicted with the condition. Lipsett, L
(1993) "Statistl reval ence, Incidence, Ri sk Factors and Conplications
of Diabetes," 30 Anerican D abetes AssocLgtion Bulletin April 9, 1993.
Treatnment of the nore severe formof the disease, Type | insulin-dependent
di abet es (where the pancreas secretes no insulin) requires one or nore

insulin injectigagapeindene bleoldi anaoprevkatshpyperylzeenta whighycege or
35 left uncorrected, can lead to ketosis, coma and death.
Hyperglycemia in diabetics has been correlated
with several long-term effects of diabetes, such as heart
5 disease, atherosclerosis, blindness, stroke, hypertension
and kidney failure. Normally} a person’s blood glucose
level may vary between 60 and 100 milligrams'per
deciliter, whereas in a diabetic, the levels may vary
from 40 to 500 milligrams per deciliter. Such drastic
10 blood glucose level swings must be avoided in prder to
prevent the serious complications of the disease.
Accordingly, blood glucose concentrations need to be
periodically monitored, in some instances up to four
times daily, so that diabetics may monitor their blood
15 glucose level and vary caloric intake, diet and insulin
accordingly.
Traditional blood glucose monitoring methods
require the diabetic to draw a blood sample (e.g., by a
'fingér-tip lance) for each test and to read the glucose
20 level using a glucometer (a spectrophotometer that reads
glucose concentrations) or a colorimetric calibration
method. Such invasive blood extractions create a painful
and tedious burden to the diabetic and expose the
diabetic to the possibility of infection, particularly in
. 25 light of the frequency of testing which is necessary.
These considerations can lead to an abatement of the
monitoring process by the diabetic.
'The value of freguent monitoring of blood
glucose as a means to avoid or at least minimize the
30 complications of Type I diabetes has been well
established. Further, patients with Type II (non-
insulin-dependent) diabetes can benefit from blood
glucose monitoring in the control of their disease,
however, the inconvenience and traumatic nature of known
35 procedures discourages such monitoring in many patients.
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-2~ sugar in the blood and prevents hyperglycem a which, if left
uncorrected, can lead to ketosis, coma and death. Hyperglycema in

di abetics has been correlated with several |ong-termeffects of diabetes,
such as heart P1OQQR¥Le atherosclerosis, blindness, stroke, hypertension
and ki dney f ai | RAEEN Norrmal Iy, a person's blood glucose |evel may vary
between 60 and 100 mlligrams per deciliter,_whereas in a diabetic, the

| evel s may vary from40 to 500 mlligrans per deciliter. Such drastic 10
bl ood gl ucose | evel swi ngs nust be avoided in order to prevent the serious

conplications of the di seféSor ¥ NEheire DI 904 LA SEHSEzEQNREBE T Bh | QRS
need to be periodically nopitored, 1h sone instances up to four tinpes
dai |y, so that SFSLETT (3 RHBRIE A% ACRETEE BTAS and)| FRRREATES cfoBnd

vary cal ori c | maheinvhsivelyl memsshring blood analyte concentration,

particularly in the context of blood glucose monitoring

5 by diabetics. Various types of apparatus and related
methods for non~invasive measurement of glucose' '
concentration and other blood analyte cdncentratioﬁs have
been described in the art. Such devices use traditional
methods of near infrared (near-IR) analysis based on the

10 measurement of absorbance at one or more specific
wavelengths.

U.S. bPatent No. 5,267,152 to Yang et al.
describes a non-invasive technique of measuring blood
glucose concentration using near-IR radiation diffuse-~

15 = reflection laser spectroscopy. The device uses only a
narrow portion of the IR spectrum referred to as the
"water transmission window" (those wavelengths between
1300 and 1900 nm). The optically controlled light is
impinged on a tissue source and then collected by an

20 integrating sphere. The collected light is then analyzed
and blood glucose concentration is calculated using a
stored reference calibration curve.

U.S. Patent No. 5,086,229 to Rosenthal et al..
describes a device for measurement of blood glucose using

. 25 analysis of near-IR energy following interaction with
venous or arterial blood, or following transmission
through a blood containing body part. A transmissive
technique is described wherein at least one source of
near-IR energy (of a selected bandwidth) is provided.for

30 passage through a sample. Measurement of glucose
concentration is carried out using quantitative analysis
algorithms which generally employ ratios and gaps to
create mass coefficients of absorption.

U.S. Patent No. 4,975,581 to Robinson et al.

35 describes a method and apparatus for determining analyte
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accordingly. Traditional blood glucose nonitoring nethods require the

di abetic to draw a bl ood sanple (e.qg., by a finger-tip |ance) for each test
and to read the glucose 20 | evel using a gluconeter (a spectrophotoneter
that reads gl uc f@oggggfntrations) or a colorinmetric calibration nethod.
Such invasive gxiTactions.create a painful and tedious burden to the
di abetic and expose the diabetic to the possibility of infection,
‘particularly in 25 light of the frequencysof testing which is necessary.
These considerations can |l ead to an abatenent of the nonitoring process by
the diabetic. The value of frequent nonitoring of blood glucose as a neans
to avoid or at temsénbrativmeinha Bilologboplisampbmsbasedypm a di abetes has

been well establigpef; sofUbt NEherRELE COAErdY L ibdyftidn (P)s. ,
| differences in absorption at several wavelengths) between
a known analyte concentration and a sample. The
5 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 determination of
blood analyte concentrations. Modulated IR radiation is
10. directed against a tissue sample (e.g., an ear lobe) and
either passed through the tissue or impinged on a skin
surface where it is spectrally modified by a target
analyte (glucose). The spectrally modified radiation is
then split, wherein one portion is directed through a
15 correlation cell and another through a reference cell.
Intensity of the radiation passing through the cells are
compared to determine analyte concentration in the
sample.
Additionally, similar devices have been
20 described for use in determination of analyte
concentrations in complex samples.
U.S. Patent No. 5,252,829 to Nygaard et al.
describes a method and apparatus for measuring the
'l. . concentration of urea in a milk sample using an infrared
25 attenuation measuring technique, wherein milk samples (of
substantially known and constant component concentration)
are analyzed for IR attenuation at discrete wavebands
where urea, fat, lactose and protein absorb.
Multivariate techniques are carried out to determine
30 spectral contributions of each known component using
partial least squares algorithm, principal component
regression, multiple linear regression or artificial
neural network learning. Calibration is carried out by
accounting for the component contributions that block the
35 analyte signal of interest (ureé). Thus, Nygaard et al.
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i nsul i n-dependent) di abetes can benefit from bl ood gl ucose nonitoring in
the control of their disease, however, the inconvenience and traumatic
nature of known 35 procedures discourages such nonitoring in many
patients. - F108-oodi ngly, there is a recognized need in the art for a
si npl e and accwaaENTret hod and apparatus for non-invasively neasuring bl ood
anal yte concentration, particularly in the context of blood glucose
nonitoring 5 by diabetics. Various type®-of apparatus and rel ated

nmet hods for non-invasive neasurenent of glucose concentration and ot her

bl ood anal yte concentrati gns _have SCI ' ' [
use tradi tiyona|describe a technaiqueb%ep mdeeass‘ilrr!i%%d nlurlttiri:‘:‘flearatrialy%{ac h devices

infrared attenuations—and then compensating for the
influence of background analytes on the measurement of a
selected analyte (e.g., compensating for background

5 contribution to the urea signal).
_ U.S. Patent No. 5,242,602 to Richardson et al.
describes methods for analyzing agueous systems to detect
multiple active or inactive water treating components.
The methods involve determination of the absorbance or

10 emission spectrum of the components over the range of 200
to 2500 nm, and application of chemometrics algorithms to
extract segments of the spectral data obtained to
quantify multiple performance indicators.

U.S. Patent No. 4,306,152 to Ross et al.

15 describes an optical fluid analyzer designed to minimize
the effect of background absorption (the overall or base
level optical absorption of the fluid sample) on the
accuracy of measuring a component in a turbid or
otherwise hard to analyze liquid sample. The apparatus

20 measures an optical signal at the characteristic optical
absorption (of a sample component of interest) and
another at a wavelength selected to approximate
background absorption and then subtracts to reduce the

. background component of the signal.

25 None of the aforementioned devices or methods
have been capable of providing low cost, accurate
determination of blood analyte concentration in field or
home-testing applications. Particularly, known devices
have not provided for the accurate determination of blood

30 analyte concentrations in the midst of multiple
interferences from other analytes that are active in the
same spectral region as the analyte of interest.

35

This Sheet Has Been Replaced

AR




i ¥, .
met hods of near infrared (near-IR) analysis based on the 10 measur enent
of absorbance at one or nore specific wavel engths. U S Patent No. 5,267,152
to Yang et al. describes a non-invasive techni que of nmeasuring bl ood
gl ucose concen$ir@o+000usi ng near-1R radi ation diffuse- 15 reflection
| aser spectrosE®PPNT The device. uses only a narrow portion of the IR
spectrumreferred to as the "water transm ssion w ndow' (those wavel engt hs
bet ween 1300 and 1900 nm). The optically~€dntrolled light is inpinged on a
ti ssue source and then collected by an 20 i ntegrating sphere. The

collected Iigh %sathen agﬁgy ed a goglpod gl ucose concentration is
cal cul at ed u5|%ﬁ—%—§¥oggd—refé9¥ﬁ%g—caI|brat|on curve. U S. Patent No. .
5,086,229 to Rosent hal eAcaprdisgliyibsdt iasdavbrémavy ebiegten€nthef bl ood
gl ucose using jnyention to address the above-mentioned needs in the
art, by providing optically active elements that enable
5 one to perform accurate, dependable chemical analysis in-
an aqueous medium with varying matrix background and
substantial component interferences. The optically
active elements allow for optimal analyte measurement at
low cost for a wide variety of medical, industrial and
10 environmental applications.

Spectrometers are generally known for use in a
wide variety of areas such as medicine, scientific
research, industrial applications and.the like. 1In one
aspect of the invention, an optical transfer cell is

15 provided for use in spectrometer devices which can be
used to quantify target chemical analytes in an aqueous
medium. In this regard, the optical transfer cell is
particularly intended for use in measurements where there
exist complex spectral backgrounds (e.g., where

20 interfering substances introduce significant measurement
error), and especially where concentrations of background
substances greatly exceed those of a target analyte. The
subject optical transfer cell finds application in a wide
range of chemical analyte analyses carried out in a

. 25 diversity of aqueous media.

In one embodiment, an optical transfer cell is
provided which comprises a positive correlation filter
system. The subject filter system is adapted to accept
near-IR radiation and to pass a wavelength from that

30 radiation which is selected to have a high correlation
with a particular analyte. The optical transfer cell can
thus be used in the measurement of analyte concentrations
in complex agueous media, such as in the measurement of
blood analytes in body tissue. In another, related

35 embodiment, a positive correlation filter system is
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25 analysis of near-IR energy follow ng interaction with venous or
arterial blood, or follow ng transm ssion through a bl ood containing body
part. A transm ssive technique is described wherein at | east one source of
near -l R ener gy 5000-809al ect ed bandwi dth) is provided for 30 passage
_through a sanpPA@TENWeasur enent of glucose concentration is carried out
using quantitative analysis algorithns mhlch general ly enploy ratios and
gaps to create mass coefficients of absorptlon U. S. Patent No. 4,975,581
to Robinson et al. 35 describes a nethod and apparatus for deternmn ning

analyte “4- pPLOvE U Q" 5 c%.pl&'bql O Al ctPTRNG RRIGLIN rhdiation
and selectively passing a plurality of wavelengths having
high correlation with a particular analyte.
" In an alternative embodiment, a positive
5 correlation filter system is provided that has been
formed from a plurality of filter layers, each layer
having a selected optical activity (absorption
characteristic), whereby the system is capable of passing
a population of wavelengths selected to have high
10 correlation with a particular-analyte concentration. 1In
one particularly preférred embodiment, the aforementioned
positive correlation filter system has at least one layer
that includes wavelength weighting factor means. In this
manner, the wavelength weighting factor provides enhanced
15 correlation between a passed wavelength and analyte
concentration in a particular medium.

Thus, in order to overcome absorption
interference caused by background cbmponenté'in a given
sample, the present invention provides a number of

20 positive correlation filter systems which are designed to
correlate with a target analyte while not correlating
with other background absorbing materials. That is,
positive correlation filtration relates to the

. transmission of a pattern of light through an optically

25 active filter which selectively passes "weighted"
wavelengths; wherein the passed wavelengths correlate
closely with a target analyte concentration in a given
sample. '

In another aspect of the invention, positive

30 correlation filter systems are synthesized using
mathematical optimization techniques such as least
squares analysis, linear rotated principal component
analysis (RPC), or nonlinear genetic algorithm analysis.
Thus, weighting factors can be determined by application

35 of the above-described optimization techniques to an
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conparison of infrared energy absorption (i.e., differences in absorption
at -several wavel engths) between a known anal yte concentration and a sanple.
"The 5 conparison is performed using partial |east squares anal ysis or

ot her nultivarpaP@-08ORNI ques. U. S. Patent No. 4,882,492 to Schlager

descri bes a nePREBNEnd apparatus for non-i nvasi ve determ nation of bl ood
anal yte concentrations. Mdulated IR radigtion is 10 directed against a

ti ssue sample (e.g., an ear |obe) and eith& passed through the tissue or
i npi nged on a skin surface where it is spectrally nodi fied by a target

anal yte (gl Ucoagkglxgi a&&%&gehw Eggbi:i-ﬁﬂ Bi*d'aatsleQQc'tédt hea1gRlel.t . Teherein

one portion is ected correlation cell and another t hr ough
a reference cePFefPﬁFGﬁsFPF°éﬂmFHESPaBP&ﬂF&Nep&§§FﬁéaFHPBu§H1Fﬁ§scQFFS are
conpared to delfgifieae faon W lagattdiyr ofi aayers,heach layer having an

appropriate absorption characteristic supplied by a
5 weighting factor, wherein the filter selectively passes a
population of wavelengths are weighted according to
positive correlation to target analyte concentration.
| In yet a further aspect of the invention, an
apparatus for the accurate measurement of analyte
10 concentration in complex aqueous media is provided. The
apparatus includes a source of near-IR radiation, a means
for reflectively transmitting near-IR radiation from the
source to an aqueous medium which is to be interrogated,
and a means for retransmitting spectrally modified
15 radiation reflected from the aqueous medium. The
apparatus also includes means for receiving and directing
the spectrally modified radiation into a beam path which
is communicated to an optical transfer cell disposed
within the beam path. The transfer cell comprises a
20 positive correlation filter constructed according'to the
invention. The subject positive correlation filter is
adapted to selectively pass a wavelength from the beam of
spectrally modified radiation, wherein the wavelength has
high correlation with a selected analyte concentration.
. 25 The passed wavelength is then communicated to a means for
receiving said information and converting the same into a
signal which is representative of the intensity of the
wavelength (e.g., a photodetector or a near-IR photodiode
array), and that signal is transmitted to a means for
30 calculating analyte concentration.

In the practice of the invention, the above-
described apparatus can include any of the positive
correlation filter systems as described herein. 1In
particular embodiments, the subject devices can be used

35 to measure blood analyte concentration in body tissue.
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sanple. Additionally, simlar devices have been 20 described for use in
determ nation of analyte concentrations in conplex sanples. U S. Patent No.
5,252,829 to Nygaard et al. describes a nmethod and apparatus for neasuring
t he concentrat $00000Qkea in a mlk sanple using an infrared 25

attenuati on nmeBAUENEg techni que, wherein mlk sanples (of substantially
known and constant conponent concentration% are analyzed for IR attenuation
at discrete wavebands where urea, fat, |aCcfose and protein absorb.

Mul tivariate techniques are carried out to determ ne 30 spectr al

contributions e n gpone LN l,.le r
algorithm pri %lp§?°8§n§§%éﬁg ggrgésﬁgé gﬁgﬁtahﬁ b%l%égﬁégégrgggwoﬁhSr
artificial neuqabupepﬁopalpeamnupgtassaumbrapﬂ@nm»scb&prnée.out by

bicarbonate (CO,), hydrogen ion concentration (pH),

glucose, urea (blood urea nitrogen, or BUN), hematocrif
5 and hemoglobin. The source of near-IR radiation

preferably supplies radiation including at least

wavelengths in the range of approximately 1100 to 2500

nm. In one particularly preferred embodiment, the

apparatus can be used in the non-invasive analysis of a
10 blood analyte such as blood glucose.

In an additional aspect of the invention, a
non-invasive method of measuring the concentration of a
blood analyte in a mammalian subject is provided. The
method includes the steps of:

15 | " (a) directing near infrared radiation to a
source containing the blood analyte;

(b) causing the radiation to be reflected by
the source to provide a spectrally modified bean;

(c) directing the modified beam 1nto a path

20 through an optical transfer cell disposed in the beam
path. The optical transfer cell includes a positive
correlation filter means that is adapted to accept the
spectrally modified beam and to pass a wavelength from

. that beam, wherein that wavelength has been selected to

25 have high correlation with the analyte concentration;

(d) measuring the intensity of the passed
wavelength and generating a signal representative of the
intensity of the wavelength; and

(e) converting the signal into an indication of

30 analyte concentration.

In one case, a non-invasive technique for
measuring a blood analyte is provided which enables
reflective, transcutaneous tissue measurement of blood
glucose in the forearm area. Such measurement gives rise

35 to a more uniform representation of blood glucose than
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accounting for the conponent contributions that block the 35 anal yte
signal of interest (urea). Thus, Nygaard et al. -5- describe a

techni que of neasuring nmultiple analyte infrared attenuati ons and then
conpensati ng f &1a0r®040%f | uence of background anal ytes on the neasurenent of
a sel ected analBATENZ. g., conpensating for background 5 contribution to
the urea signal). U S. Patent No. 5,242,602 to Richardson et al. describes
nmet hods for anal yzi ng agueous systens to atfPect mul tiple active or inactive
wat er treating conponents. The nethods involve determ nation. of the

3657720 © Wreviilet) Posbiinid Wil ARV Sl hllnd 1 ©f

the finger area.

Brief Description of the Figures
5 : Figure 1 is a diagrammatic representation of
one embodiment of a correlation spectrometer constructed
according to the invention.
Figure 2 is a diagrammatic representation of an
alternative embodiment of a correlation spectrometer
10 constructed according to the invention.

Detailed Description of the Preferred Embodiments
Before the invention is described in detail, it
is to be understood that this invention is not limited to

15 the particular component parts of the devices or methods
described, as such may vary. It is also to be understood
that the terminology used herein is for purposes of
describing particular embodiments only, and is not
intended to be limiting. It must be noted that; as used

20 in the specification and the appended claims, the

singular forms "a," "an" and "the" include plural

referents unless the context clearly dictates otherwise.

Thus, for example, reference to "an analyte" includes

mixtures of analytes, reference to "an optical transfer

cell" includes two or more such optical transfer cells,

"a means for reflectively transmitting radiation"

includes two or more such means, "a wavelength" includes

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

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

As used herein, a "reference sample" refers to
an agqueous composition comprising a known concentration

35 of an analyte of interest. A "standard" or "calibrant"
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to 2500 nm and application of chenonetrics algorithns to extract segnments
of the spectral data obtained to quantify nultiple performance indicators.
U.S. Patent No. 4,306,152 to Ross et al. 15 descri bes an optical fluid
anal yzer deS|gn§H°900ﬂ9h|n1ze the effect of background absorption (the
overal | or basePREWRT optical absorption of the fluid sanple) on the
accuracy of neasuring a conponent in a turki.d or otherwi se hard to analyze
liquid sanple. The apparatus 20 measures "an optical signal at the
characteristic optical absorption (of a sanple conponent of interest) and

another at a “ﬁY§|S“Q&Pe?éﬁé&tEQmﬁﬂea@QééfoPt@s@&ﬁ%ﬂéﬁﬂﬂg Eﬁéofﬁégaﬂsé“d
t hen subtracts to reduce the background onent of the Si

None of the afo?gnEnFFBﬁEHeHGQFC SB?mnE?hﬂ aﬂ%%¥tﬁeenA§aﬁgﬁPe Bf
provi di ng | ow cealibpationt peference is typically any of the standards

of various types that indicate whether an analytical

5 instrument is working within prescribed limits and by
which adjustments may be made to the analytical
measurement system to correct for any deviation from the
prescribed limits.

"Calibration" refers to the process of relating

10 an instrumental response to a.concentration or property
of a targeted matrix with the objective of developing a
means to provide accurate and precise predictions in the
future. The calibration step produces a direct
interpretation of a measurement through a mathematical

15 transformation that models the relationship between a
concentration and a spectral response.

Methods of calibration are divided into
estimation and classification techniques. "Estimation
techniques" relate to the process of predicting the level

20 of analyte concentration, while "classification '
techniques" determine which one of several predefined
groups a sample will belong to. Methods of estimation
are particularly useful in applications wherein the
measurement of concentration is desired. To calibrate an

. 25 instrument for estimation, it is necessary to have a set
of exemplary measurements with known concentrations
referred to as the calibration set (e.g., reference set).
This set consists of m samples, each with n instrument
variables contained in an m by n matrix (X), and an m by

30 1 vector (y), containing the concentration. 1If a priori
information indicates the relationship between the
measurement and concentration is linear, the process of

35
\
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determ nation of blood analyte concentration in field or honme-testing
applications. Particularly, known devices have not provided for the )
accurate deternination of blood 30 anal yte concentrations in the m dst of
multiple interf ¥romother analytes that are active in the same

. spectral regioﬁ’ Nhe anal yte of interest. 35 ~-6- Summary of the

I nvention Accordingly, it is a primry ObLEQL of the invention to address

t he above-nenti oned needs in the art, by providing optically active

el enents that enable 5 one to perform accurate, dependable chem cal

analysis in calibration will attempt to determine an n by 1
' transformation or mapping (b), such that

9 = Xb

is an optimal estimate of y aécording'to a predefined
criteria. Estimation techniques are known in the art and
include multiple regression, partial least squares
regression, principal component regression and rotated

10 principal components regression.

' The classification of a measurement is the
primary focus of pattern recognition. Assuming a
calibration set X, in which the class of each sample is
known; methods of classification are used to develop a

15 calibration model that will allow the classification of
unknown measurements. Methods of classification are
generally known in the art, and include template matching
which involves the use of templates and a measurement of
similarity, and discriminant analysis that optimizes the

20 separation of samples in a given class through a rotation
of measurements. )

The general validity of a calibration model can
be verified by estimating the concentrations of
independent measurements, a "test set," that has not been

. 25 used in the calibration procedure. When the number of
samples available for calibration are limited, the data
set can be segmented, wherein part of the data set is
used as the training set, and the remaining data used for
the test set.

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

35 using non-invasive medical diagnostic instrumentation
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an aqueous nediumwi th varying matrix background and substantial conponent

I nterferences. The optically active elenents allow for optinal anal yte
neasurenent-at 8§§ for a wide variety of nedical, industrial and 10
envi ronment al ons. Spectroneters are generally known for use in a
w de variety o areas such as nedicine, scientific research, industrial
applications and the like. In one aspect -af3-the invention, an optical
transfer cell is 15 - provided for use in spectrometer devices which can be
used to quantify target chem cal analytes in an aqueous nedium In this
regard, the opthatl ehplogéecadeahtedsspgnal cpraceéssingeadddcadibuation

Tedsur eMENt s WBEEANLAREE. XETmEe PEX.SRER B BaCHOER RMBrbGETenatner @ 20

|nterfer|ng S anc |ntro ce S |can measurement e ror
especial ly \Aheaﬁceéﬁeéhuam eﬁsPBYsbﬁ%kaoﬁhﬂ“lflcant information in

analytical signals. Examples of signal processing

5 techniques include Fourier transformation, first and
second derivatives, and digital or adaptive filtering.
In the context of chemometrics, "calibration" refers to
the process of relating data measurements to a chemical
concentration for the purpose of quantification.

10 Particularly, statistical calibrations using chemometric
methods can be used to extract specific information from
a complex set of data. Such methods of calibration
include linear regression, multiple-linear regression,
partial linear regression, and principal components

15 analysis. In other applications, calibrations can be
carried out using artificial neural networks, genetic
algorithms and rotated principal components.

Instrumentation that detects information for

one or more constituents in a complex chemical matrix

20 must rely upon analysis algorithms (such as those derived
using chemometrics) in order to reveal information that
is specific for one or more chemical constituent.
Chemometric techniques can be used to compare unknowns
with calibrated standards and data bases to provide

. 25 advanced forms of cluster analysis, and to extract
features from an unknown sample that can be used as
information in statistical and mathematical models.
In the practice of the invention, quantitative

determinations of chemical analyte concentration using

30 information from UV-vis~NIR spectroscopy can be made
using computer algorithms, the parameters of which are
determined using chemometric calibration séquences termed
"learning sets." Learning sets are generally based on a
large number of known (e.g., reference) samples that are

35 used to determine the parameters of the algorithm. The

-_—
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substances greatly exceed those of a target analyte. The subject optical
transfer cell finds application in a wde range of chem cal analyte

anal yses carried out in a 25 di versity of aqueous nedia. In one

enbodi nent, ansapbioabitransfer cell is provided which conprises a posi tive
correlation fi PAPENTYystem The. subject filter systemis adapted to accept
near-1R radiation and to pass a wavelength fromthat 30 radi ati on which
is selected to have a high correlation wit¥ta particular analyte. The
optical transfer cell can thus be used in the neasurenent of analyte

bl od anal yt esPRRDEEAPE, FE0RIeS FRABNBEReF SOrbF afednobhy BB AERERLNE,
positive correketi enllli beca fynctiphsof the complexity of the sample
matrix and of the number of spectroscopic interferences
that are present. Other considerations include the
5 number of dependent v?riables,that‘will be used in the
algorithm. As a general rule, the number of samples in a
learning set should be at least ten times the number of
dependent variablés employed. In the presence of known
and unknown interferences, multiple sample calibration
10 seeks to minimize the effects.of interferences. Thus,
the learning set solutions typify the interferences and
variability that will be experienced in actual
measurements.
Principal component analysis (PCA) is one
15 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
number of interrelated variables while retaining the
20 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) into a
substantially smaller set of uncorrelated principal
. 25 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 original
variables. See, e.g., Jolliffe, L.T., Principal
30 Component Analysis, Sprinter-Verlag, New York (1986).
More particularly, each PC is a linear combination of all
the original measurement variables. The first is a
vector in the direction of the greatest variance of the
observed variables. The succeeding PCs are chosen to
35 represent the greatest variation of the measurement data
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-7- provided that is capable of accepting near-1R radiation and selectively
passing a plurality of wavel engths having high correlation with a
_particular analyte. In-an alternative enbodi nrent, a positive 5

correlation fisigo-ewetemis provided that has been formed froma plurality
of filter | ayepaTER®Ch | ayer having a selected optical activity (absorption
characteristic), whereby the systemis capabl e of passing a popul ati on of
wavel engt hs sel ected to have high 10 cor¥5el ation with a particul ar

anal yte concentration. 1In one particularly preferred enbodi nent, the

af orementi oned pagsitive | ati filt t I I
Chat I'mcl udes. aB9cFenbEnOREPGRBNAY Factbr RESKLCUSTY ehtcuFaRRe B o’ "

wavel engt h wei gheregotect thepPasi dee amhanged in a descending order of
importance. ’
The term "weighting constant" is meant to
5 include, among_other techniques known in the art, the
wavelength coefficients of partial least squares
regression and/or principal component régression, or any
constant obtained from any statistical calibration that
can be used to calculate values (such as analyte |
10 concentration) for unknown samples. A "wavelength
weighting factor" is an embodiment of a weighting
constant which is used in the construction of an optical
transfer cell or optical filter means capable of
extracting wavelength-épecific information from spectral
15 data. The-wavelength-specific information can be used to
determine desired values relating to the sample
undergoing analysis (e.g., analyte concentration). A
wavelength weighting factor can be embodied as a
particular filter density (e.g., neutral or wavelength-
20 specific), filter thickness, or the like, such parameters
having been determined using the above-described
statistical calibration techniques.
The term "optical transfer cell" encompasses
. any optically active element that partially absorbs
. 25. incident radiation in the visible, ultraviolet, or
infrared spectral regions, and wherein the 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
30 absorption characteristics that were derived from a
partial least squares or principal component regression
analysis. The optical filter means is used to
selectively pass one or more wavelengths from a radiation
source, said wavelengths having high correlation with a
35 selected analyte concentration. "High correlation," or

\
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15 correlation between a passed wavel ength and anal yte concentration in a
particul ar nmedium Thus, in order to overcone absorption interference
caused by bacﬁ%round conponents in a given sanple, the present invention
provi des a nunB&P9P093  positive correlation filter systems which are
desi gned to coFAEENTe with a target analyte while not correlating with

ot her background absorbing materials. That,és, positive correlation
filtration relates to the transmssion of a pattern of |light through an
optically 25 active filter which selectively passes "wei ghted"

wavel engt hs; whengige dereastadniayeirers! ko &der guantithedeey with a target

anal yte concentratiqn.,n a_given s l e, | n_another aspect _of _t he
i nventi on, pos@SSeEiadion; @F&Pi%ﬁ%fFPFQFP §Wbﬁ§e§% iV

ynt &si zed usi ng
particular wavelength and a particular analyte

concentration, wherein the two variables have a
5 correlation coefficient (r) of 0.9 or higher.

"Correlation spectrbmetry" refers to a
spectrometric method wherein radiation is passed through
a sample cell containing an unknown amount of an analyte
of interest, and a reference cell that contains a

10 specified amount of the analyte which is to be measured.
By detecting the intensity of radiation which has passed
though each cell, a signal which is representative of the
difference in the radiation intensities can be generated,
wherein that difference is proportional to the analyte

15 concentration in the sample.

A "negative correlation filter" is provided
when the sample cell used in correlation spectrometry
comprises an optical filter having an absorption spectrum
that is sufficient to block radiation over a selected

20 bandwidth corresponding to the maximum expected
concentration range of the analyte being measured. Thus,
as the level of the analyte changes in a sample, the
radiation passing through the negative correlation filter
remains unaffected, as the filter has blocked all of the

‘ 25 radiation in the analyte-specific absorption bands.

A "positive correlation filter" is provided
when the sample cell used in correlation spectrometry
comprises an optical filter having an absorption spectrum
sufficient to pass radiation of a particular wavelength

30 corresponding to the tafget 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 positive correlation

35 filter would correlate perfectly with a target analyte

I
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mat hemat i cal optim zation techni ques such as | east squares anal ysis, |inear
rotated principal conponent analysis (RPC), or nonlinear genetic algorithm

anal ysis. Thus, %éfg factors can be determ ned by application 35 of
t he above- descr %g%h m zation techniques to_an original absorption
elect

spectrumof a s d analyte. - In preferred enbodi nents, positive
correlation filters are forned froma plurgl-ty of layers, each layer
havi ng .an appropri ate absorption characteristic supplied by a 5 wei ghting
factor, wherein the filter selectively passes a popul ati on of wavel engt hs
are wei ghted ac¢bréi hogthe Posrélaticnrecotpfiodehd fawgeldabal ¥1£0), and

concentration. | V&l BeiXELNSE 2PPSGH LR al PCtRYEN hOLr£8Ping absorbing
' analytes in a particular sample (r would be 0.0). The
synthesis of positive correlation filters is carried out
5 herein using chemometric techniques to determine
appropriate wavelength weighfing factors as described
above. '
A "neutral density filter" refers to a standard
optical filter means having a flat absorption spectrum.
10 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 of interest at selected wavelengths and further
improve the accuracy of the correlation provided by the
15 system. A neutral density filter can have an absorption
spectrum sufficient to attenuate radiation equally at all
wavelengths in the range of interest. A reference cell
used in correlation spectrometry'can comprise a neutral
density filter. .
20 : As used herein, an "agueous medium" encompasses
any substrate relating to, made from, or comprising
water. Thus, an agqueous medium includes mediums wherein
water is the major component, where water is present in
an amount of about 50%, and solutions wherein water is a
. 25 solvent but is present _in amounts of less than about 50%.
Aqueous mediums are specifically defined herein to
include mammalian tissue.
The term "blood analyte" refers to a blood
constituent that is absorbing in the near-IR range, the
30 measurement of which is useful in patient monitoring or
in the provision of health care.
As used herein, the term "near infrared" or
"near-IR" encompasses radiation in a spectrum ranging
from about 660 to about 3000 nm, more preferably from
35
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apparatus for the accurate neasurenent of analyte 10 concentration in
conpl ex aqueous nedia is provided. The apparatus includes a source of
near-l1R radi ation, a nmeans for reflectively transmtting near-IR radiation
from the sourc@}®®@-8P%Uqueous nmedi umwhich is to be interrogated, and a
means for retr&ﬂﬁﬁwqing spectrally nodified 15 radi ation reflected from
the aqueous nedium The apparatus al so ipgpudes neans for receiving and
directing the spectrally nodified radiation into a beam path which is
comuni cated to an optical transfer cell disposed within the beam path. The

transfer cell gt SASE €9 abdiftsiddste ) Hidcst foddferaonstfimt ed
according to the | vennggqgo Lhe s ct _positive correlation filter is
adapted to sel eﬁ_?‘?‘? 1A Hhske £ I ™ om t he beam of spectrally
modi fied radiation, wher e ttermeisdapduhaksqppttian'tizelatesi te the
sel ected anal yt &, GONCEIYL 40 1evel of optical absorption of an agueous

5 sample which is to be analyzed, from which the absorption
'~ of a selected constituent depérts at one or more
characteristic wavelengths to an exteht indicative of the
concentration of the selected constituent. When the
level of background absorption is high in relation to the
10 characteristic absorption of the selected constituent,
such as in complex aqueous media where numerous |
interfering constituents are found, accurate measurement
of the magnitude of a slight change in the absorption at
the characteristic wavelength of a constituent of
15 interest requires application of the chemometrics
techniques described herein. This is particularly so in
applications wherein the overall concentration of the
constituent of interest is low relative to the aqueous
medium (e.g., in the measurement of blood analyte
20 constituents). '

General Methods
In complex spectral backgrounds such as those
present in the spectral analysis of animal tissue or
. 25 blood samples, interfering substances can produce

significant measurement errors. Thus, a primary object
of the present invention is to design an optically active
element (e.g., an optical transfer cell, or positive
correlation filter system) to provide the optimal

30 wavelength weightings for accurate analyte estimation.
Synthesis of the optimal positive correlation filter can
be achieved according to the invention usihg two
mathematical techniques, rotated principal components
(RPC) analysis and least squares analysis.

35
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25" The passed wavel ength is then communicated to a neans for receiving
sai*d information and converting the sane into a signal which is
representative of the intensity of the wavel ength (e.g., a photodetector or
a near-1R phot shiegleo@gr ay), and that signal is transmtted to a neans for
30 cal cul ati repeENT yt e- concent.ration. In the practice of the invention

t he above- descri bed apparatus can include any of the positive correlation
filter systens as described herein. In par&Pcul ar enbodi nents, the subject
devi ces can be used 35 to measure bl ood anal yte concentration in body

ti ssue. - 9 - The bl nal r n I from
A. Rcﬂt.)ai?eoéi grfngl{gealt ch)n(lapor;!eeanséjs elgnacflxsfse ﬁgthegé:e d. om the

RPC analysis uses an eigenvector transformation
of the original spectrum to provide a set of orthogonal
uncorrelated principal component (PC) variables. These

5 PCs are then individually correlated with a target
analyte. Through a series of orthogonal rotations, these
principal components are then transformed so that a
single, rotated PC contains all of the information for a
particular target analyte (maximum r) and the other

10 principal component contains no information (r = 0).' The
parameter vector relating this rotate PC to the original
spectrum provides the wavelength weighting factors for
the optimal positive correlation filter.

15 1. Eigenvector Transformation.

Eigenvector analysis (or principal components
analysis) involves the rotation of an original data
vector (X) to form a new data vector (X’) which can be
expressed as '

20
X’ = AX
wherein A = an m x m matrix, and m = the number
. of elements in the original vector (X).
25 The matrix (A) is derived from the covariance

matrix or the correlation matrix of a set of
representative samples from a data population of
interest. The covariance matrix is calculated from a
sample data set. This covariance matrix is then

30 transformed by a process of diagonalization into a new
PCs matrix in which the rows of the matrix are ordered by
a set of roots known as eigenvalues. The horizontal |
vectors of this new matrix (2) are called eigenvectors.
The subject matrix can be used to transform an origihal

35 spectral data vector into a transformed vector of
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group of calcium potassium sodium chloride, bicarbonate [err], hydrogen
I on concentration (pH), glucose, urea (blood urea nitrogen, or BUN),
hematocrit 5- and henogl obin. The source of near-IR radiation preferably
suppl i es radi at “@ %9ﬂding at | east wavel engths in the range of
approximately 17T 2500 nm In one particularly preferred enbodi nent,

t he apparatus can be used in the non-invashbye analysis of a 10 bl ood
anal yte such as bl ood glucose. In an additional aspect of the invention, a
non-invasi ve nethod of neasuring the concentration of a blood analyte in a
mamal i an subj ephdéendent d@flcorddEated hadridwlakles thersienseddrd,lSthe

Al yt o (b) cATRITEPY HEE R RPRETae ois [T ety neas k' ebect Al

analysis of a complex chemical sample (such as blood) in
order to remove the effects of interfering chemical

5 analytes. Uncorrelated variables that relate to
particular analytes serve as the vehicles of accurate
estimations of the analyte concentration.

The above-described transformation does not
provide uncorrelated variables that are specific to a
10 particular analyte. Rather, it generates uncorrelated
variables of decreasing levels of variance that correlate
to varying degrees with a number of different analytes.

2. Principal Component Rotation for Maximal
15 Analyte Correlation. .
| Typically, two to four of the PCs derived from
the above PC analysis account for 85 - 98% of the
variance in the original variables. These high variance
. variables are not necessarily strongly correlated with a
20 particular analyte. Other analytes or matrix effects may
contribute greater changes in absorbances. A correlation
matrix of a dependent variable analyte provides a
convenient basis to rotate a series of PC pairs to
produce a single revised PC that more completely
‘l' 25 "explains" a particular analyte. The revised PCs that
relate to a particular analyte will thus supply the
parameters for accurate estimation of analyte
concentrations. '
Each pair of PCs defines a plane. The two PCs
30 that define the plane can be rotated with the purpose of
converting the two PCs into a single PC with all of the
information content of the original PC pair. One method
of completing this conversion is to implement the
following computational.procedure.
35
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t he source to provide a spectrally nodified beam (c) directing the
nodi fi ed beaminto a path 20 t hrough an optical transfer cell disposed in
t he beam path. The optical transfer cell includes a positive correlation
filter means t hal99398@kpted to accept the spectrally nodified beamand to
pass a mavEIeng?ﬁTFV3n1that beam wherein that wavel ength has been sel ected
to 25 have high correlation with the analyte concentration; (d) measuring
the intensity of the passed wavel ength and“Jenerati ng a si gnal
representative of the intensity of the wavel ength; and (e) converting the

signal into an indicati onppfs8) théNehy IKiSRESENLSAtd Plted TPESCESRSE. @
non-i nvasi ve technj que_for neasuring a b] ood analyte is proyided which ..
enabl es ref| ect PRECIEHLAL cARaHELR 2 ?s%%%eﬁgﬁiuréﬁ%ﬁ? Rf PRipgls rotated

until one PC contains all of the information content of
the original pair. The rotation angle may be iteratively

5 determined using an exhaustive experimental sequence or
it may be analytically determined without iteration.
Thus, '

for PC’,: R’;% + R,2, and
10 for Pc’2: R'z = 0. .

Continuing with the procedure, the next highest
correlated PC (PC;) is selected and rotated with PC’,
until,
15
for PC’3: R’3% = Ry + R’,2, and
for PC’;: R’,%2 = 0.

The above rotational sequence is repeated until
20 all of the analyte correlating vectors have been treated.
The single, rotated PC generated by the rotational
sequence contains all of the information for a particular
target analyte (maximum r) and the other PC contains no
information (r = 0). Further, the subject PC is
. 25 independent of the absorbance contributions produced by
other optically active analytes in the sample. The
parameter vector relating this rotated PC to the original
spectrum provides the wavelength weighting factor for the
optimal positive correlation filter (optical transfer
30 cell).
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glucose in the forearmarea. Such measurenent gives rise 35 to a nore
uni form representati on of bl ood glucose than -10- previously possible
usi ng transm ssive nmeasurenents in the finger area. Brief Description of

the Figures 5 g500-0001 Figure 1 is a diagranmatic representation of one
enbodi ment of pagpgpel ati on speetrometer constructed according to the
invention. Figure 2 is a diagrammtic representation of an alternative
enbodi ment of a correlation spectroneter -22= constructed according to the
i nvention. Detailed Description of the Preferred Enbodi nents

B. ILeast Sguares Analysis Method:

In the application of the least squares method,
the optimal transfer function is obtained directly.

Given a collection of vectors,
%;, wherein i =1, n,
a vector (v) must be found such that xiTv will lie as
close as possible to a line when xiTV is plotted against
10 c; (the concentration value for x;). Thus, a and b must
also be found, such that

ax;™v + b = ¢;, for all i.

15 Since equality cannot be actually attained, a minimum
must be accepted, in a least squares sense, of

|1a%;*v + b - c;|, for all i.

20 Thus, the problem is formulated as follows. A matrix (A)
is formed: '

{ T)
X3
T
® » )
25 A= .
T
\¥ )
30 and vectors
La\ pﬁ\
C=|- b=| | "**‘~——————____;____
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Before the invention is described in detail, it is to be understood that
thts inventionis not [imted to 15 the particul ar conponent parts of the
devi ces or methods described, as such may vary. It is also to be
under st ood t hagi1adeode@x m nol ogy used herein is for purposes of describing
particul ar enATENRts only, and is not intended to be limiting. It nust
be noted that, as used 20 "in the specification and the appended cl ai ns,
the singular forms "a," "an" and "the" i A€Rdde plural referents unless the
context clearly dictates otherwi se. Thus, for exanple, reference to "an
anal yte" includes m xtures of analytes, reference to "an optical transfer
25 cell" includes two or nore such optical transfer cells, "a neans for
reflectively transmtting radiation” includes two or nore such- neans, "a

wavel engt h" i nghidleehé Voo FectDVE FENEL LSS rewr LEEERNBE T i S al gori t hnt
5 min (a, b, v) = ||aav + b - ¢||, and

by letting ¥ = av, the above function decreases to

min ¥, b ||aVv + b - ¢}].
10 )
Now, defining
- A = [y
15
the problem becomes
20 min (¥) = ||A¥ - c|]|.
This relationship is well known and has the solution
o ¥ = (ATA)"1 A% C
25

The vector (V) is thus the optimal.weighting function to
implement the optical transfer function in the positive
correlation filter.
Determined over a large number of samples, both
30 the rotated principal components and the least squares
analysis methods will likely produce substéntially
similar optical transfer functions. However, for more
limited sample sets, the rotated principal components
methods will bé more effective due to the orthogonal
35 nature of the optimal transfer function. The transfer
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I ncludes two or nore such algorithns, and the |ike. 30 In this
spécification and in the clains which follow, reference will be nmade to a
nunber of terns which shall be defined to have the foll ow ng neani ngs: As
used herein, asuooFe0ence sanple" refers to an agueous conposition
conprising a kkdMENgoncentration 35 of an analyte of interest. A
"standard" or "calibrant” Is a reference sanpl e used for establishing
the response of a measurenent systemto aré4malyte. As such, a calibration
reference is typically any of the standards of various types that indicate
whet her an anak%ti I.ngstrunment rescribed Limts

J

and by which a rﬁ%ﬁ% SSaﬁﬁy%bgnnﬁﬁgd{§°rﬁé§éggﬁg%}g§g parameters for
the positive correlation filters of the present
invention.

The aforementioned positive correlation filters

5 are employed herein in a variety of devices configured to
extract analyte concentration information from complex
spectral media using near-IR spectrometer devices. A
number of near-IR spectrometers, Fourier Transform near-
IR spectrometers, and modified IR spectrometers of

10 conventional design can be used in the practice of the
invention. The preferred mode of operation is
reflectance. Suitable spectrometers include the model
6250 near-IR analyzer available from Pacific Scientific
(silver Spring, MD). The techniques for sampling,

15 measuring, and signal processing can be conventional and
are well known to those of skill in the art.

Referring now to Figure 1, an apparatus for
measurement of analyte concentration in a cohplex agueous
medium is generally indicated at 10. The apparatus

20 includes a radiation source 12 which is capable of
generating a spectrum of near infrared (near-IR)
radiation within the range of approximately 600 to
approximately 2500 nm. A number of suitable radiation
sources are known in the art, such as incandescent light

. 25 sources directed across interference filters, halogen
light sources (modulated by an associated chopper wheel),
laser light sources, laserdiode arrays, or high speed
light-emitting diode (LED) arrays.
‘Radiation from the source 12 is directed to

30 sample interface optic means 14 which reflectively
transmits the radiation to a medium 16 containing the
blood analyte of interest. After the radiation has
interrogated the medium, spectrally modified radiation is
transmitted back to the apparatus 10 through further

35 sample interface optic means 18. The apparatus 10 can be
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nmeasurenent systemto correct for any deviation fromthe prescribed limts.
"Calibration" refers to the process of relating 10 an instrunental
response to a concentration or property of a targeted matrix with the

obj ective of deymdeydden a means to provide accurate and precise predictions
in the future. PAEENRI i bration step produces a direct interpretation of a
nmeasur enent through a mat hemati cal 15 transformati on that nodels the

rel ati onship between a concentration and a28pectral response. Met hods of
calibration are divided into estimation and classification techni ques.

of anal yt e concUREREES 1P i | ERPTTEEE | reh coit R e R 4 ch
one of several vierefthedradiapion anirectéed ety nediwketamtis of
estimation modified radiation transmitted back to the apparatus
using an optically active means 20 (e.g., light
5 converging means such as a lens, or beam deflection
optics) known in the art. Alternatively, the sample
interface optic means 14 and 16 can comprise fiber optic
waveguides coupled to the apparatus in order to enable
more remote medium interfacing. Other configurations are
10 provided wherein a single fiber optic bundle is employed
to transmit the radiation to and from the medium. An
optrode disposed at the end of the single bundle |
transmits the near-IR radiation to the sample medium 16
and receives spectrally modified radiation therefrom
15 which is directed back through the bundle to the
apparatus 10. Sapphire or high-grade quartz can be used
as optical elements in the above fiber optic waveguides,
as those materials have very good transmission
characteristics in the near-IR spectral range. Other
20 suitable fiber optic waveguides include fluoride-based
systems known in the art.
In each of the above-described configurations,
radiation from sample interface optic means 14 is
. directed to the medium 16 where the near-IR radiation
25 interacts with the constituents of the sample and is
absorbed, dispersed, diffused and reflected. This
spectrally modified radiation is then collected and
directed to the apparatus 10.
The spectrally modified radiation transmitted
30 by sample interface optic means 18 is then directed to a
means 22 for receiving and directing the radiation into a
beam path, such as a collimating lens or the like. The
beam path communicates with means 24 for passing selected
wavelengths, such as a diffraction grating system or
35 selective filtering means. Use of a diffraction grating
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are particularly useful in applications wherein the nmeasurenent of
concentration is desired. To calibrate an 25 i nstrument for estimation,
it is necessary to have a set of exenplary nmeasurenents with known
concentrations refeQ{e to as the calibration set (e.g., reference set).
This set consi anpl es, . each with n instrunent vari abl es contai ned
in an mby n ! in) and an m by 30 1 vector (y), containing the

concentration. If a priori information ixmggcates the relationship between
t he measurenment and concentration is linear, the process of 35 -12-
callbratlon will attenpt to determne an n by 1

system serves to eiiminate wavelengths not having a
relationship to the analyte of interest, and divides the
~radiation into distinct wavelengths. Radiation passing
through the means 24 is directed through a beam splitter
5 26, whereby the radiation is divided into two beams,
respectively indicated at 28 and 30. Suitable beam
splitter means include mirror configurations such as
those known in the art. '
A first beam 28 from beam splitter 26 is
10 communicated with an optical transfer cell 32 which is
disposed in the beam path. The optical transfer cell 32
comprises a positive correlation filter system having
absorption spectra sufficient to accept the spectrally
modified near-IR radiation from the beam 28 and
15 selectively pass one or more wavelengths therefrom having
high correlation with a selected analyte concentration.
The positive correlation filter system includes one or
more optically active filter means having absorption
characteristics determined using a partial least squares
20 or principal component regression of an original spectrum
of a sample containing an analyte of interest.
Positive correlation filter systems can be
constructed using a suitable substrate layer that is
‘I' éépable of transmitting radiation at least in the 1100-
25 2500 nm range. The substrate layer is generally coated
with one or more layers of metals and/or oxides that are
conventional in the art. Such coatings can be applied to
the substrate uéing emulsion or chemical vapor deposition
(CVD) techniques well known in the art. In preferred
30 embodiments, the positive correlation filter system
comprises a plurality of filter layers, each layer having
a selected filter density and/or filter thickness
suitable to provide a desired absorption characteristic.
In one particular filter system, at least one layer of
35 the system has a filter density and/or thickness that
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transformation or mapping (b), such that [err] 5 is an optinmal estimte of
y according to a predefined criteria. Estimation techniques are known in
the art and include nmultiple regression, partial |east squares regression,
princi pal conpopt?®-9@@kession and rotated 10 principal conponents
regression. ThePRTENE fi cation of a neasurement is the primary focus of
pattern recognition. Assumng a calibratLQ?_set X, in which the class of
each sanple is known, methods of classification are used to develop a 15

calibration nodel that will allow the classification of unknown
measurenents. NebhoHSsOf &!@evdidsfen %g&ﬂ@%@é&& ks | NufidFe A, and
I ncl ude tenplate matchin i ch i nvol ves, The use of tenplates and a

measur ement  of the welghgixg actor provides enhanced positive
correlation of a passed wavelength with the concentration
of an analyte in the selected sample medium. The
5 weighting factor is an embodiment of a weighting constant

determined using chemometrics, wherein the constant
allows for the construction of an optical filter that is
able to extract wavelength-specific information from
spectral data. The wavelength-specific information can

10 then be used to readily determine analyte concentration.

Thus, the optical transfer cell 32 allows for

the measurement of analyte concentration in a variety of
complex mediums, such as any aqueous medium having a
complex spectral background (e.g., in which interfering

15 constituents in the medium can produce significant
measurement errors). Particularly, the optical transfer
cell 32 finds use in applications where there exists
significant background absorption from which the
absorption of a specific constituent of interest departs

20 at one or more characteristic wavelengths to an extent
indicative of the concentration of that constituent.
When the level of the constituent of interest is low
relative to the medium, the need for such an optical
transfer cell becomes more acute.

.' 25 ' In one application, the optical transfer cell
32 can be used in the determination of blood analyte
concentrations. The blood analyte can be present in an
in vitro sample medium (e.g., a blood sample), or can be
present in an in vivo tissue sample. In particular

30 applications, the blood analyte of interest is a blood
electrolyte (e.g., calcium, potassium, sodium, chloride
and bicarbonate (CO,)), blood hydrogen ion concentration
(pH), an organic compound present in blood such as
glucose and urea (BUN), or a bloocd constituent such as

35 hematocrit or hemoglobin. In each of the aforementioned
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simlarity, and discrimnant analysis that optim zes the 20 separation of
sahples in a given class through a rotation of neasurenents. The general
validity of a calibration nodel can be verified by estimating the
concentrati onsSdPo-adependent neasurements, a "test set,” that has not been
25 used i n t RATENTI brati on procedure. Vhen t he nunber of sanpl es
available for calibration are limted, the data set can be segnented,
wherein part of the data set |s used as ttBtraining set, and the remaining
data used for the test set. " Chenometrics” relates to the

L BB L R AT TR
Chem 62: 84- 10§°rr€he#bnstfﬂdterssws&emltbdthbas|heen Synthestierl 6br
devel opi ng andthe determination of the concentration of the specific

analyte of interest. As will be readily appreciated by

5 those of skill in the art, the optical transfer cell can

be detachably'mounted in the apparatus 10, whereby a

variety of different cells can be cassetted into and out

of the apparatus when one is desirous of qguantifying

different ahalytes.

10 Referring still to Figure 1, the correlated
wavelengths passed by optical transfer cell 32 are
received by a detection means 34 for converting the
optical information (correlated wavelengths) into a
signal that is representative of the intensity of that

15 information. In one particular apparatus, the detection
means 34 comprises a lead sulfide (PbS) photodetector
able to scan the range of wavelengths from about 1100 to
at least about 2500 nm in steps of 1 nm. Such detection
means convert the passed radiation (wavelengths) into

20 signals representative of the intensities of those
wavelengths.

A second beam 30 from beam splitter 26 is
communicated to a further detection means 36, whereby the
spectral information is converted into signals

‘I' 25 representative of the intensity thereof. The second beanm
30 of spectrally modified radiation may pass through a
reference optical transfer cell 38 disposed in the path
of said beam. The reference cell 38 can comprise a
neutral density filter means having absorption

30 characteristics sufficient to attenuate radiation equally
over a selected range of near-IR wavélengths. The
signals from detection means 34 and 36 are communicated
to a means 40 for converting those signals into digital
signals, e.g, digital signals indicative of the

35 differences between the correlated wavelengths emerging
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35 using non-invasive nedical diagnostic instrunentation -13- that
enpl oys advanced signal processing and calibration techniques. Signal
processing is used to inprove the accessibility of physically significant
i nformation i nSa@@=poiodal signals. Exanples of signal processing 5

t echni ques i nc/RA@ENTouri er transformation, first and second derivatives,
and digital or adaptive filtering. In the context of chenonetrics,
“calibration" refers to the process of reT2¥Tng data neasurements to a
cheni cal concentration for t he purpose of quantification. 10

o o Y oo ne Pasiid Al MY AN EnlP UL
wavelengths emerging from the neutral density filter.
More particularly, the signals are communicated to an
analog/digital (A/D) converter for conversion to digital

5 form. The digital information is then readily input into
- a microprocessor 42 to calculate actual analyte
concentration. The concentration can conveniently be
visualized through a digital display means 44.
Various optional components for use in the

10 apparatus 10, such as first and second radiation focusing
means, respectively indicated at 46 and 48 and capable of
receiving and directing the radiation emerging from
optical transfer cells 32 and 38 into a beam path, will
be apparent to those skilled in the art. 1In some

15 apparatuses, such focusing means can comprise a focusing
lens or the like. Alternatively, the apparatus 10 can
include, for example, a single detection means capable of
receiving spectral information from the split beams 28
and 30.

20 Referring now to Figure 2, an alternative
apparatus for measurement of analyte concentration in a
complex agqueous medium is generally indicated at 60. The
apparatus includes a radiation source 62 which is capable

: of generating a spectrum of near infrared (near-IR)

. 25 radiation within the range of approximately 660 to
approximately 2500 nm. Radiation from source 62 is
transmitted to an optically active means 64 for receiving
and directing the radiation into a beam path and/or for
passing selected wavelengths, such as a collimating lens,

30 selective filtering means or the like. In one case, the
optically active means 64 can comprise a monochromator.

Near-IR radiation emerging from means 64 is
communicated through a beam splitter 66, whereby the
radiation is divided into two beams, respectively

35 indicated at €68 and 70. The first beam 68 from beam
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a conpl ex set of data. Such nethods of calibration include |inear
regression, multiple-linear regression, partial linear regression, and
princi pal conponents 15 analysis. |In other applications, calibrations
can be carried5d®0-@901g artificial neural networks, genetic algorithns and
rot at ed princi@ﬂTE@Ehponents I nstrunentation that detects information for
one or nore constituents in a conplex chen1 al matrix 20 must rely upon
anal ysis algorithms (such as those deri ved® Sing chenonetrics) in order to
reveal information that is specific for one or nore chenical constituent.

Chenonetric te ' i br at ed
q:"b‘.'a?e%&Hq :&e ?‘%ﬂl%gceadvance %éalm Ty bale

st andards and s to prov rnms of cluster analysis,
and to extract q@ma;m@q _RIMUkNeY Gancenkrat igmet a0 fPalyde &f

i nformation in jstddedt.CalIFl gl @Ritalsdiipliad snedium 72 comprises a
sample cell formed from a suitable substrate capable of
5 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 the
concentration of blood analytes. Alternatively, the
first beam 68 can be transmitted to a sample surface such
10 as a tissue surface using direct interfacing means or
indirect interfacing means (e.g., fiber optic waveguides
means) as have been described supra. In this manner, the
concentration of blood analytes present in the tissue
sample can be non-iﬁﬁasively determined using reflective
15 near-IR measurement of the absorption spectrum of
radiation which has interacted with the tissue sample.
Spectrally modified radiation that has
interacted with the constituents of the sample (including
the analyte of interest) is then collected and directed
20 to screening means 74 for passing selected wavelengths
from the beam path, such as a diffraction grating system
or selective filtering means. Thus, séreening means 74
serves to either attenuate the radiation, or to remove
unwanted spectral information therefrom. The radiation
. 25 emerging from the screening means 74 is received by a
detection means 76 for converting the spedtrally modified
radiation into a signal that is representative of the
intensity of that radiation. The detection means can be
configured to only receive and detect discrete
30 wavelengths having correlation with analyte
concentration. In the alternative, the detection means
can comprise a broad spectrum photodetector such as an
PbS photodetector or the like.
Referring still to Figure 2, the second beam 70
35 from beam splitter 66 is transmitted to an optical
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In the practice of the invention, quantitative determ nations of chem cal
anal yte concentration using 30 I nformation from UV-vi s-NI R spectroscopy
can be made using conputer algorithms, the paraneters of which are

det ermi ned usi rgpadvoDmEt ri c calibration sequences terned "l earning sets.”
Learning sets RATEMneral |y based on a | arge nunber of known (e.g.
reference) sanples that are 35 used to determ ne the paraneters of the
al gorithm The -14- nunber of sanples™that are required in any one

| earning set will be a function of the conplexity of the sanple matrix and

of the number qf SPEELT GSCPPife WHAH YL Wikpddid AH TR Bl pat"CTne
optical transfer cell 78 comprises a positive correlation
filter system having an absorption spectrum sufficient to
accept the radiation and selectively pass one or more

5 wavelengths therefrom having high correlation with the

concentration of an analyte of interest, and
substantially no correlation with intérfering components
present in the particular sample being interrogated. The
correlated wavelengths emerging from the optical transfer

10 cell 78 are received by a detection means 80 for
converting those wavelengths into a signal that is
-representative of the intensity thereof.

The positive correlation filter system can be
constructed as described above. Thus, the subject

15 filters can comprise a single substrate layer having an
optically active coating which imparts absorption
characteristics capable of selectively passing one or
more wavelengths having high correlation with a
particular analyte concentration. In preferred

20 embodiments, the positive correlation filter system
comprises a plurality of filter layers, each layer having
a selected filter density and/or filter thickness
suitable to provide a desired absorption characteristic.
In one case, at least one layer of the system has a

. 25 filter density and/or thickness that comprises a
wavelength weighting factor means, wherein the weighting
factor provides enhanced positive correlation of a passed
wavelength with the concentration of an analyte in the
selected sample medium.

30 The signals generated by detection means 76 and
80 are then communicated to a means 82 for converting
those signals into a digital signal indicative of the
ratio of the intensity of the correlated wavelengths from
the positive correlation filter system and the

35 corresponding spectrally modified radiation emerging from
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5 nunber of dependent variables that will be used in the algarithm As a
geheral rule, the nunber of sanples in a |earning set should be at | east
ten tinmes the nunber of dependent variabl es enployed. In the presence of
known and unkno®k09TR@PX¥erences, nultiple sanple calibration 10 seeks to
mni mi ze the ef PREENT of interferences. Thus, the |earning set solutions
typify the interferences and variability that will be experienced in actual
measurenents. Principal conponent analysi§3ePCA) is one 15 nmet hod of data
reduction which can be perforned in the application of chemonetric

ot U, 0, SPRE! S350 0 AFEMEIE o SRl LoriplybE=ch a g o

interrel at ed vaf?éml%@dwkthrPﬁﬁQﬁqnﬁﬂyQQﬁﬁﬁmﬁne|¢ﬂ§#¥ﬁﬁ|%ﬁﬂ?ﬁ%¥ratlon

di stingui shes opgikeNPRNEMtedidMmicroprocessor 84 system or an
associated system using methods known in the art.

5 In particularly preferred embodiments, the
microprocessor calculates analyte concentration by
application of a chemometrics algorithm to the ratio
signal. The appropriate algorithm can be determined
using the above-described chemometrics techniques, such

10 as a least squares analysis or rotated principal
component analysis of an original absorption spectrum of
the analyte of interest.

In a further aspect of the invention, a non-
invasive method of measuring the concentration of a blood

15 analyte is provided. The method generally employs a
near-IR spectrometer apparatus such as those déscribed
above. Particularly, a method is provided wherein near-
IR radiation is directed to a medium contaiﬁing a blood
analyte of interest. 1In one case; the radiation is

20 caused to impinge upon the skin surface of tissue, such
as upon a subject’s forearm. The radiation is directed
at an angle toward the tissue such that it is absorbed by
the tissue material near the surface and reflected as
diffuse radiation. 1In this manner, the radiation is

. 25 spectrally modified as a result of infrared absorptions
by the blood and tissue constituents. Portions of the
interrogating near-IR radiation are absorbed, dispersed,
diffused and reflected from the blood constituents
contained within the tissue source. This spectrally

30 modified radiation contains information specific for each
optically active blood constituent. However, due to the
complexity of the chemical and physical matrix of the
tissue, a large amount of background spectral information
is also obtained which must be removed or accounted for

35 in order to extract analyte—specific information. The
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another. This reduction is effected using an eigenvector transformation of
an original set of interrelated variables (e.g., an absorption spectrum
into a substantially snmaller set of uncorrelated principal 25 conmponent
(PC) vari abl es sxwd-gogu esents nost of the information in the original set.
The new set of RerEMID| es is ordered such that the first few retain nost of
.the variation present in all of the original variables. See, e.g.,
Jolliffe, L. T., Principal 30 Conmponent ABarysis, Sprinter-Verlag, New
York (1986). Mre particularly,each PCis a |inear conbination of all the
origi nal measurenent_var i‘f,bl es. The first, is a vector in the direction of

the greatest vAIFIHIR FIIFIQsUSRY &oydinharogats, she ety PCs are
chosen to 35 pEfeasbly tirclydesd addistiicn i e ifethgeasgir enent dat a

approximately 1100 to 2500 nm.
In a further preferred aspect of the invention,
5 a non-invasive method is provided for determining blood
glucose levels using the above-described transcutaneous
forearm measurement techniques. The vibrational motion
of the blood glucose moleculés can be measured using
diffuse-reflective near-IR radiation, wherein the
10 vibrational motion includes both rotational and
translational motion, including overtone vibrations and
combined vibrations. Of these vibrations, the overtone
vibrations are dominant. - '
Such transcutaneous, reflective measurements
15 carried out in the forearm area provide a more uniform
representation of blood glucose than prior methods that
are carried using transmissive near-IR finger
measurements. Near-IR light transmission in the finger
area interacts with a mixture of arterial, venous and
20 capillary blood, as well as bone, cartilage and other
subcutaneous material. On the other hand, reflective arm
measurements are limited to capillary blood (and
interstitial fluid) almost exclusively. Since capillary,
. venous and arterial blood glucose concentrations are
25 known to differ slightly, the measurement of a single
blood state (e.g., in transcutaneous forearm
measurements) provides for a more consistent monitor of
blood glucose. Reflective arm measurements are also much
less sensitive to sensor location placement than
30 transmissive finger measurements, wherein variation of
sensor placement and rotation can lead to errant spectral
measurements. Furthermore, skin pigmentatién variations
from racial and individual differences cause absorption
variations in the transmissive near-IR region (e.g., 800
35
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-15- and to be orthogonal to the previously calculated PC. Therefore, the
PCs are arranged in a descending order of inportance. The term "wei ghting
constant” is nmeant to 5 i ncl ude, anong ot her techni ques known in the art,
t he wavel.ength spggLfoepents of partial | east squares regression and/or
princi pal conporergNT €gr essi on, .or any constant obtained from any
statistical calibration that can be used to cal cul ate val ues (such as

anal yte 10 concentration) for unknown saBpgles. A "wavel ength wei ghting
factor” is an enbodi nent of a weighting constant which is used in the

construction of an optical transfer cell or optical] filter pmeans capabl e of
to 1080 nm), but not in the re 1ective near-IR regC B °

(e.g., over 1000 nm).

In each of the above methods, the near-IR

radiation that was directed to the medium containing the

5 analyte of interest is caused to be reflected by the
medium to provide a spectrally modified beam of
radiation. This spectrally modified radiation is
directed into a path through an optical transfer cell
disposed within the beam path. The optical transfer cell

10 comprises a positive correlation filter system, as has
been described in detail above.

Accordingly, the invention provides a positive
correlation filter system configured to accept the beam
of spectraliy modified near-IR radiation and selectively

15 pass one or more wavelengths therefrom. The passed
wavelengthé are selected to have high correlation with an
analyte concentratibn., The methods further 9ntail
measuring the intensity of the passed wavelengths and
generating a signal representative of the intensity of

20 the wavelengths. The resultant signal can then be
converted into an indication of analyte concentration
using methods known in the art. 1In a preferred
embodiment, the analyte concentration is determined using

. an application of a chemometrics algorithm to the
25 resultant signal.

It is to be understood that while the invention
30 has been described in conjunction with preferred specific
embodiments thereof, the foregoing description, as well
as the examples which follow, are intended to illustrate
and not limit the scope of the invention. Other aspects,
advantages and modifications within the scope'of the
35
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extradting wavel engt h-specific information from spectral 15 data. The
wavel engt h-specific information can be used to determnm ne desired val ues
relating to thes syl ndergoing analysis (e.g., analyte concentration).
wavel engt h wei oppigr f act or can be enbodied as a particular filter density
~(e.g., neutral or wavel ength- 20 specific), filter thickness, :or the

| i ke, such paraneters having been determ hgg- u3|ng t he above- described
statistical calibration techniques. The term"optical transfer cell"”
enconpasses any, optlcally active elenment that partially absorbs 25 .

i nci dent radi atinentiamaridkils @pranentyitsl dthose skl leddin o raitt to

regi ons, and Wi #le BRFEHPIdP hdrtasiglLCtive With respect to
mavelength. For the purposes of thé present invention, an optical transfer

cell generally conprises an optical filter neans having
) Example 1
5 Transcutaneous near-IR reflective measurement
of blood analyte concentrations was carried out in
parallel with actual laboratory testing of patient blood
samples to evaluate the accuracy of such methods and to
develop training set data for the above described
10 chemometric techniques. More particularly, a near-IR
photodiode array analyzer operating reflectively in the
1100-1800 nm range was used to test.two separate patient
populations (at the Bethesda Naval Hospital (Maryland)
and the Froedtert Lutheran Memorial Hospital (Milwaukee),
15 respectively). The testing apparatus employed a halogen
light source that was coupled to an optical fiber means
through a shutter and attenuator means. The shutter
means allowed for light blocking sufficient to provide
for a dark reading of the associated photodetector array.
20 Near-IR radiation in the 1100-1800 nm spectral region was
transmitted to a reflective optical probe that was
coupled to the patient skin surface (in the forearm
area). Diffuse back-scattered radiation that had
penetrated the epidermis and dermis was collected by, a
. 25 receiving optical fiber means that transmitted the
radiation to a spectrograph where it was detected by an
indium gallium arsenide photodetector array (256 x 1) and
converted to digital form by array interface electronics.
The spectral signals were then interfaced to a
30 microcomputer for signal processing and pattern
recognition.

The results of the non-invasive transcutaneous
analysis of the following blood electrolyte analytes:
calcium (cA'), potassium (K*), sodium (NA*), chloride

35 (CL™) and bicarbonate (CO,7); blood glucose (GLU), blood
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30 absorption characteristics that were derived froma partial |east
squares or principal conponent regression analysis. The optical filter
means is used to selectively pass one or nore wavel engths froma radiation
source, said wasrbenrgods having high correlation with a 35 selected

anal yte concentPATEND. "High correlation,” or "cl ose correlation”
refers to the quantitative associati on between the absorption spectrumat a
~particul ar wavel ength and a particul ar ana3fe concentration, wherein the
two variables have a 5 correlation coefficient (r) of 0.9 or higher.
“Correration ;g@g%%"?ﬁ{:ﬁﬁéhﬂ%ﬂ&%&a(E;B%ftér?émﬁéﬁlgg So I Cife set

forth in Table I. An effective measurement is
characterized by a small average error, a slope (b)

approaching 1.0 and a high T-value (T). The slope is

S defined as the tangent of the least square fit line of
predicted values/actual values. The predicted values
were obtained using the transcutaneous measuring
apparatus of the invention and the actual values were
obtained by physical laboratory testing of patient blood
10 samples. The T-value can be described as a "tracking
value" that indicates how well the predicted value
tracked with changes in the actual value. The T-value is
defined as the slope/standard error of the slope.
15 TABLE I
Analyte Mean Range -Average (b) T
Value : Error

ca*t 9.63 8.5~ 0.21 mg/dl 0.57 | 7.01
ng/dl mg/dl 10.6 2.18%

20 Kt 4.44 3.5- 0.16 mmol/L 0.75 | 10.82 “
mmol/L mmol/L 5.5 3.60%
Na*t 140.51 135~ 1.24 mmol/L 0.59 | 6.95
mmol/L mmol/L 148 0.88%
CcL™ 103.68 o4~ 1.13 mmol/L 0.57 | 9.56

. mmol/L mmol/L 110 1.09%
H ]

25 co,” 28.56 22-35 1.55 mmol/L 0.46 | 4.12
mmol/L mmol /L 5.43%
GLU 98.07 60— 13.97 mg/dl 1.00 | 14.61
mg/dl mg/dl 115 14.24%
BUN 15.58 7-26 1.99 mg/dl 0.67 | 9.17 |

30 mg/dl ng/dl 12.77%

HCT 41.78% 33-55 2.62% 0.41 | 5.94
3 6.27% of mean
HEM 14.32 12-18 0.89 g/dl 0.48 | 6.45
g/dl g/dl 6.22%
35 T
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a sanple cell containing an unknown anount of an analyte of interest, and a
reference cell that contains a 10 speci fi ed anobunt of the anal yte which
is to be neasured. By detecting the intensity of radiation which has passed
though each cel§yo58-ghgpal Which is representative of the difference in the
radi ation intengadeRe Can be generated, wherein that difference is
proportional to the analyte 15 concentration in the sanple. A "negative
correlation filter" is provided when the saypl e cell used in correlation.
spectronmetry conprises an optical filter having an absorption spectrumt hat
Is sufficient to block radiation over a selected 20 bandw dt h
correspondi ng to the maxi mum expect ed cExampiea2i on range of the anal yte

bei ng measured. Thus, as #he &faﬁéc@éaﬁasuanﬁéyiem]t@ﬂfécwvé sanpl e, the

radi ati on passing through t he negatlve correlation filter )
measurements of blood analyte concentrations carried out.

in Example 1 were repeated using a additional 500

5 patients at the Naval Hospital in San Diego, CA. The
data generated were used to carry out a training set/test
set sequence using the chemometric methods of the present
invention. The results of a "leave-one-out" principal
component regression analysis of the following blood

10 electrolyte analytes: calcium- (CA*), potassium (K%),
sodium (NA¥), chloride (CL”) and bicarbonate (CO,7);
blood glucose (GLU); blood urea (BﬁN); hematocrit (HCT)
and hemoglobin (HEM) are set forth in Table II. Once
again, an effective measurement is characterized by a

15 small average error, a slope'(b) approaching 1.0 and a
high T-value (T). The predicted values were obtained
using the transcutaneous measuring apparatus of the
invention and the actual values were obtained by physical
laboratory testing of patient blood samples.

20

25

30
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remai ns unaffected, as the filter has blocked all of the 25 radiation in
t he anal yte-specific absorption bands. A "positive correlation filter" is
provi ded when the sanple cell used in correlation spectrometry conprises an
optical filter S3®0-09o0an absorption spectrum sufficient to pass radiation
of a particul aPARENS ength 30 .corresponding to the target analyte and. not
to other absorbing anal ytes. Thus, the p05|t|ve correlation filter

provi des an optinmal transfer function that38§%s highly correlated with the

anal yte concentration in the sanple being nmeasured. An ideal positive
correlation 35 fi
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(i.e.,‘the correlation coefficient r would be +1—6T——aﬁd—ﬂe%-99LLeLate at

alT with all other interfering absorbing analytes sdmpl e (r
woul d be 0.0). The synthesis of positive correl atlm,lgygg n Eh ri ed out
5 herei n usi ngp ghep@yetri ¢ techni ques to determ ne velength
wei ghting fact oparmer described above. A "neutral density filter” refers to
a standard optical filter nmeans having a flat absorption spectrum 10 A
neutral density filter can be used in coneget with correlation filters in a
filter systemto provide a weighting factor to attenuate absorbances due to
the analyte of interest at selected wavel engths and further inprove the
accuracy of t heEEBHS at i on provi ded by the.15 system A neutral density

filter can have an absorpt] on mpesptitR B Wdrd st O PIESIUNME {RAd | on
equally at all measurement of analyte concentration in a complex aqueous
medium, comprising a positive correlation filter means
5 adapted to accept near infrared radiation and to
selectively pass a wavelength from said radiation having
high correlation with the analyte concentration.

2. The optical transfer cell of claim 1,
10 wherein the medium comprises body tissue and the analyte
comprises a blood analyte.

3. The optical transfer cell of claim 2,
wherein the blood analyte is selected from the group
15 consisting of calcium, potassium, sodium, chloride,
bicarbonate (C0,), hydrogen ion concentration (pH) ,
glucose, urea (BUN), hematocrit and hemoglobin.

4. The optical transfer cell of claim 3,
20 wherein the near infrared radiation includes wavelengths
in the range of approximately 1100 to 2500 nm.

5. The optical transfer cell of claim 1,

‘l' wherein the positive correlation filter means is adapted
25 to selectively pass a plurality of wavelengths, each

having a high correlation with the analyte concentration.

6. The optical transfer cell of claim 1,
wherein the positive correlation filter means further
30 comprises a plurality of layers, each layer having a
selected near infrared absorption characteristic such
that said filter means passes a population of
wavelengths, each having a high correlation with the
analyte concentration. |

35
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wavel engths in the range of interest. A reference telt—used—in—eortelation
spectronetry can conprise a neutral density filter
herei n, an "aqueous nedi um' enconpasses any substra,

( ) . used
fr om br conpri gi1e@-0a@oar. Thus, an aqueous mediumi nc'“UMIIIEMHU! where in

wat er is the mapaTBN@anponent, where water is present in an anmount of about
50% and solutions wherein water is a 25 sol vent but is present in
amounts of |ess than about 50% Aqueous nedtQms are specifically defined
herein to include manmalian tissue. The term "blood anal yte" refers to a

bl ood constituent that is_absorbin n the.near-IR range, the 30
measurenent of which is udeful ThR g&FFEﬁ% ﬁSﬁPFSFFn&eéa of @18 Svi si on of
health care. Aswhet@inciat lealshe oher fayeeafurthesr edmpises wavelength

weighting factor means, said weighting factor providing
enhanced positive correlation of the passed wavelength to
5 the analyte concentration in a selected medium.

8. The optical transfer cell of claim 7,
wherein said weighting factor is determined using rotated
principal component analysis of an original absorption

10 spectrum of the analyte.

9. The optical transfer cell of claim 7)
wherein said weighting factor is determined using a least
squares analysis of an original absorption spectrum of

i5 the analyte. '

10. An apparatus for measurement of analyte
concentration in a complex agqueous medium, said apparatus
comprising: .

20 : a source of near infrared radiation;

means for reflectively transmitting the
radiation to the aqueous medium and retransmitting
spectrally modified radiation reflected from said aqueous

. medium; '
25 means for receiving and directing the
spectrally modified radiation into a beam path;

an optical transfer cell disposed in the beam
path, said cell comprising positive correlation filter
means adapted to accept the radiation beam and

30 selectively pass a wavelength from said beam having high
correlation with the analyte concentration;

means for receiving the passed wavelength and
for converting the same into a signal representative of

the intensity of said wavelength; and
35 _,,_./
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"near-1R' enconpasses radiation in a spectrum ranging from-abeut—660 to
abeut 3000 nm nore preferably from 35 about 1050 to nm and
nost preferably from about 1100 to about 2500 nm H@mﬂ W ound
absorption” relates to the overall or base |evel trccy tion of
an aqueous 5. sanple which is to be analyzed, fromwhich the absorption of
a selected constituent departs at one or npre characteristic wavel engths to
an extent indicatPPz08PLt he concentration of the selected constituent.

Wien the | evel BATENEkground absorption is high in relation to the 10
characteristic absorption of the §e|ected_%gg§tituent,

means for:calculating analyte concentration
from the signal.

11. The apparatus of claim 10, wherein the
5 means for calculating analyte concentration comprises
application of a chemometrics algorithm to the signal.

12. The apparatus of claim 10, wherein the
positive correlation filter means further comprises a
10 plurality of  layers, each layer having a selected
absorption characteristic whereby said filter means
passes a population of wavelengths having high
correlation with the analyte concentration.

15 13. The apparatus of claim 12, wherein at
least one layer of the filter means further comprises
wavelength weighting factor means, said weighting factor
providing enhanced positive correlation of the passed
wavelength to the analyte concentration in a selected

20 medium.

14. The apparatus of claim 13, wherein the
. medium comprises body tissue and the analyte comprises a
blood analyte.
25 .

15. The apparatus of claim 14, wherein the
blood analyte is selected from the group consisting of
calcium, potassium, sodium, chloride, bicarbonate (Co,),
hydrogen ion concentration (pH), glucose, urea (BUN),

30 hematocrit and hemoglobin.

16. The apparatus of claim 14, wherein the
near infrared radiation includes wavelengths in the range
of approximately 1100 to 2500 nm. '

This Sheet Has Been Replaced
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such as in conplex aqueous nedia where nunerous interfering constituents
are found, accurate measurenent of the magnitude Oi~a‘§LLQDL_EgﬁggE_LP the
absorptlon at the characteristic wavel ength of a constituent ©

interest requires application of the chenonetrics ttﬂﬂmuﬂ

herein. This i81paroboularly so in applications wh mmﬂ M
concentrati on oPATERNTconstituent of interest is | ow rel &ti've % ost he aqueous
medium (e.g., in the measurenent of bl ood anal yte 20 constituents).

General Methods In conpl ex spectral backgfﬁﬁﬁds such as those present in
t he spectral analysis of animal tissue or 25 bl ood ‘sanpl es, interfering

subst ances can produce S|leflgaﬂgng§ﬁ§gégggnﬁegﬁg IS¢ %@Héurﬁn@rtﬁﬂry

obj ect of the present invénfion to des |ca
concentration of a blood analyte, comprlslng'

. ' (a) directing near infrared radiation to a
medium containing the blood analyte;
5 (b) causing the radiation to be reflected by
the medium to provide a spectrally modified beam;

(c) directing the modified beam into a path
through an optical transfer cell disposed in the beam
path, said cell comprising positive correlation filter

10 means adapted to accept the beam and selectively pass a
wavelength from said beam having high correlation with
the analyte concentfation;

(d) measuring the intensity of the passed
wavelength and generating a signal representative of the

15 intensity of the wavelength; and

(e) converting the signal into an indication of

analyte concentration.

18. The method of claim 17, wherein the medium
20 comprises an aqueous solution.

19. The method of claim 17, wherein the medium
comprises a solid substrate. '

25 20. A non-invasive method of measuring the
concentration of a blood analyte, comprising:

(a) directing near infrared radiation to the
surface of a substrate containing the blood analyte;

(b) causing the radiation to be reflected by

30 the surface to provide a spectrally modified beam;

(c) directing the modified beam into a path
through an optical transfer cell disposed in the beam
path, said cell comprising positive correlation filter
means'adapted to accept the beam and selectively pass a

35
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el ement (e.g., an optical transfer cell, or positive-corre]atioh filter
systen) to provide the optimal 30 wavel engt h wei ght+nrgs—for—accurate

anal yte estinmation. Synthesis of the optimal positive Lon filter
can be achi evedggggQhgphhRd to the invention using two BB ! mﬂ L
t echni ques, rotphegn®r ! nci pal conponents (RPC) anal ysi es
anal ysis. 35 -19- A Rotated Principal Conponents Anal ysis Mthod: RPC
anal ysi s uses an eigenvector transformatiea3ef the original spectrumto
provi de a set of orthogonal uncorrelated principal conponent (PC)
vari abl es. These

wavelength from said beam having high correlation with

the analyte concentration;
(d) measuring the intensity of the passed'
wavelength and generating a signal representative of the
5 intensity of the wavelength; and
(e) converting the signal into an indication of
analyte concentration.

21. The method of claim 20, wherein the
10 substrate comprises human skin or mucosal tissue.

22. The method of claim 17, wherein the step
of converting the signal into an indication of analyte
concentration comprises application of a chemometrics

15 algorithm to the signal.

23. The method of claim 17, wherein the blood
analyte is selected from the group consistiﬁg of calcium,
potassium, sodium, chloride, bicarbonate (CO,), hydrogen

20 ion concentration (pH), glucose, urea (BUN), hematocrit
and hemoglobin. '

24. The method of claim 17, wherein the near

. infrared radiation includes wavelengths in the range of
25 approximately 1100 to 2500 nm.

30
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5' PCs are then individually correlated with a target anal yte.

Through a
seri es of orthogonal rotations, these p@ncipal g@nmponents are then
transforned so that a single, rotated PE?bontainqyall of the information
for a particular target anal yte (naxinunf)) and the other 10
conmponent contains no information (r

princi pal
=[0).— JThefparameter vector relating
this rotate PC ﬁi\the orT grmar spectT wavel engt h wei ghti ng
factors for the o positive corre 15 ' .
Ei genvect or Transfor i on. Ei genvecto princi pal conponents
anal ysis) inv&-ves fhe\rotation of an ector (X) to forma
new data vector 7 can be expr r]
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whereih A = an mx mmtrix, and m= the nunber of elenents in the original
veetor (X). 25 The matrix (A) is derived fromthe covariance
matrix or the correlation matrix of a set of representative sanples froma
“data popul ation of interest. The covariance matrix is calculated froma
sanpl e data set. This covariance matrix is then 30 transforned by a
process of diagonalization into a new PCs matrlx in which the rows of the

matrix are ordered by a set of roots known enva Ups. The hori zont al
vectors of this new matrix (A) are called The subj ect matri x
can be used to transform an original sp%1 data vector into a

transforned vector of

\ 4
60 .
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- 20- |nde5\hd8ﬁ?EHﬁcorrelated variables. In this regard, the concept of
i néependence is critical in near-1R spectral analysis of a conplex chen cal
sanpl e (such as blood) in order to renmove the effects of interfering
chemical 5 analytes. Uncorrelated variables that relate to particul ar
anal ytes serve as the vehicles of accurate estinations of the analyte
concentration. The above-descri bed transfornati on does not provide
uncorrel ated vari ables that are specific to a 10  particul ar anal yte.
Rat her, it generates uncorrel ated variables of decreasing |evels of
~variance that correlate to varying degrees with a nunber of di fferent

anal ytes. 2. Princi pal Cbngonent Rot ati on for WMaxi nal Anal yt e
Correlati&n. Typically, tw® QHIPOGPRBFLPWE°§C§?HSPFQEHT?¥on1

Abstract of the Disclosure

10 A number of optically active elements are
provided that enable the performance of accurate,
dependable chemical analysis in a medium having varying
matrix backgrounds and substantial camponent
interferences. Optical transfer cells are provided that

15 include positive correlation filter systems adapted to
accept near-IR radiation and to pass a wavelength from
that radiation having high correlation with a particular
analyte. A near-IR spectrometer apparatus for the
measurement of analyte concentration in a complex medlum

20 is also’ provzded. The apparatus features an optical
transfer cell constructed according to the invention.
The apparatus can be used in the non-invasive
determination of blood analyte concentrations in a
variety of mediums. Methods of measuring the

25 concentration of a blood analyte in a mammalian subject
are also provided. The methods entail the use of
reflective néar-IR radiation to interrogate a medium to
obtain spectrally modified radiation. The radiation thus
obtaineé is passed tbrough'an optical transfer cell

30 constructed according to the invention to obtain a
wavelength having high correlation with an analyte of
interest and substantially no correlation with
interfering constituents present in the medium.

35
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the abbove PC anal ysis account for 85 - 98% of the variance in the original
vaglables - These high variance variables are not necessarily strongly
correl ated mnth a 20 particul ar analyte. Oher analytes or matrix
effects may contribute greater changes in absorbances. A correlation matrix
of a dependent variable anal yte provi des a convenient basis to rotate a
serles of PC pairs to produce a single revised PC that nore conpletely 25
"expl ai ns" ‘a particular analyte. The reV|sed PCs that relate to a
~particular analyte will thus supply the paraneters for accurate estination
of analyte concentrations. Each pair of PCS Mefines a pl ane. The two PCs 30
t hat define the plane can be rotated with the purpose of converting the two
PCs into a single PC mnth all of the information content of the original PC:
pair. One nethod ' - -

5 .LIQUID CORRBLATIOﬂ.SEBCTROHBTRY

The“present'invention relates to a
 spectrometer device for quantifying target chemical
"10' analytes in a complex aqueous medium and methods of use
thereof. The invention finds appllcatlon in a wide range
of chemical analyses, and partlcularly in non-1nvas1ve
spectrophotometrlc analys1s of blood analytes. One
important appllcatlon of the invention 1nvolves the
15 precise measurement of blood glucose using non-lnva51ve
sampllng technlques.

Background of the Invention
| | As'patient out-care services become more

20 prevalent in modern health care, the need for low-cost,
reliable iustrUmentation becomes more acute, particularly
for applications where blood analyte chemistry monitoring
must be carried out. One such application is in home~
monitoring of blood glucose levels by diabetics.

25 Diabetes is a major health concern in the
United .States where it has been estimated that there are
upwards of 13 million persons affllcted with the '

- condition. Lipsett, L. (1993) "Statistics: Prevalence,'
‘Incidence, Risk Factors and Complications of Diabetes,"

30 American Diabetes Association Bulletin April 9, 1993.

' Treatment of the more severe form of the disease, Type I

'1nsu11n-dependent diabetes (where the pancreas secretes

no insulin) requires one or more insulin 1n]ectlons per
day. Insulln controls the utlllzatlon of glucose or

33 Thls is the replacement sheet .
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of -conpleting this conversion is to inplenment the follow ng conputatlonal
pr.ocedure. 35 -21- First, the two-highest correlated PCs for a

particul ar ‘anal yte are selected. This PC pair is rotated until one PC
contains all of the information content of the original pair. The rotation
angle may be iteratively 5 determ ned using an exhaustive experiment al
sequence or it may be analytically determ+#zd without iteration. Thus,

[err] Continuing with the procedure, the next hlghest '

sugar in the blood and.prevents hyperglycemia'which, if
-left uncorrected,-can lead to ketdsis, coma and death.
Hyperglycemia in diabetics has been correlated
with several long-term effects:of diabetes,'such as heart
5 'dlsease, atherosclerosis, bllndness; stroke, hyperten51on
and kldney failure. Normally, a person’s blood glucose
level may vary between 60 and 100 mllllgrams per
declllter, whereas in a dlabetlc, the levels may vary
from 40 to 500 mllllgrams per dec111ter. Such drastic
- 10 blood glucose level swings must be avoided in order to
- prevent the serious complications of the disease.
-Accordlngly, blood glucose concentratlons need to be
perlodlcally monltored in some 1nstances up to four
times daily, so that diabetics may monitor their blood
15 'glucose level and vary caloric 1ntake, diet and insulin
accordingly. '
Tradltlonal blood glucose monltorlng methods
requlre the dlabetlc to draw a blood sample - (e g., by a
finger-tip lance) for each test and to read the glucose
20 level using a glucometer (a spectrophotometer that reads
glucose concentrations) or a colorimetric calibration _
method. Such 1nvas1ve blood extractions create a painful
‘and tedious burden to the diabetic and expose the
. diabetic to the possibility of infection, particularly in
25 1light of the frequency of testing which is necessary.
These“considerations'can lead to.an abatement of the
monitoring process by the diabetic. -
The value of frequent monitoring of blood
glucose as a means to avoid or at least minimize the
30 complications of'Type I diabetes has been well
establlshed..”Further, patients with Type II (non-
| insulin-dependent) diabetes can beneflt from blood
glucose monltorlng in the control of their disease,
however, the inconvenience and traumatlc nature of known o
35 procedures discourages such monitoring in many patients.
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correlated PC (PC3) is selected and rotated with [err] until, 15 [err] The
abpve rot ati onal sequence is repeated until 20 all of the analyte

cbrrel ating vectors have been treated. The single, rotated PC generated by
the rotational sequence contains all of the informati.on for a particular
target analyte (maximumr) and the other PC contains no information (r =
0). Further, the subject PCis 25 . indepepdent of the absorbance
contrlbutlons produced by -other optically active analytes in the sanple.:
The paraneter vector relatlng thIS rotated PC to the original spectrum

_provides the wavel ength f\act rs S e
correlation filter (opt.‘??‘f trans 1AC el d %@%&ﬁﬁ‘iz@@ héédCin the

art for a simple and accurate method and apparatus for
ncn-lnva51vely measuring blood analyte concentration,
particuiarly in the context of blccd,glucose monitoring

5 by diabetics. vVarious types of apparatus and related
methods for non-invasive'measurement of glucose _
concehtration_end-other-blood'analyte concentrations have
been described in the art. Such devices use traditional
methods of near'infrared'(near-IR)_analysis based on the -

10 measurement of absorbance at cne_or'more specific

~ wavelengths. i

| U.S. Patent No. 5,267,152 to Yang et al.
describes a-non-ihvaeive technique of measuring blood
gluCcse_concentraticn'using near-IR radiation diffuse-

15 reflection laser spectroscopy. The device uses ohly a
narrow portlon of the IR spectrum referred to as the
"water transm1551on w1ndow" (those wavelengths between
1300 and 1900 nm) _The optlcally_controlled light is
impinged on a tissue source and then collected by an

20 integrating sphere. The collected light is then analyzed -
and blood glucose cOncentration is‘calculated using a
stored reference callbratlon curve. '

U.S. Patent No. 5,086,229 to Rosenthal et al..
describes a deVice for measurement of blood glucose using

25 analysis of'near?IR energy followihg interaction with_'
venous or arterial blood, or following'transmiesion
through a blood containing body part. A transmissive
technlque is described wherein at least one source of
near-IR energy (of a selected bandwidth) is provided for

30 pessage thrcugh_a'sample, Measurement of gluccse
concentration is'carried out using quantitative analysis
algorithms whlch generally employ ratios and gaps to
create mass coefficients of absorption.

U.S. Patent No, 4,975,581 to Robinson et al.

35 = describes a method and apparatus for determining analyte

" This is the replacement sheet
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35 -22- B. Least Squares Analysis Method: In the application of the

| east squares nethod, the optinmal transfer function is obtained directly.

. @ven a collection of vectors, ‘5 [err] a vector (v) must be found such that
[err] will lie as close as pOSSIb|e to a line when-[err] is plotted against

10 [err] (the concentration value for [err]) "Thus, a and b nust al so be
found, such that [err] _ C .

—4-

concentration in a biological sample based on a
comparison of_infrared_energy absorption (i.e., _
differences inlabsorption.at“seVerai wavelengths) between
a known anaIYte concentration and a:sampie. The

5 comparison is performed u51ng partial least squares
analy515 or other multivariate technlques.

U.S. Patent No. 4 , 882,492 to Schlager descrlbes
a method and apparatus for non-lnva51ve determination of
blood analyte concentrations. Modulated IR radiation is

10 - directed against a tissue sample (e.g., an ear lobe)  and
either passed through the tissue or impinged on a skin_-
surface where it is spectrally modified by a target
analYte (glucose). The spectrally modified_radiation is
then split, wherein one portion is directed through a

15 correlation cell and'another through a reference cell.
Intensity of the radlatlon passing through the cells are
compared to determlne analyte concentration in the
sample. . ' S

| Additionally, similar devices have been

20 described for use in determination of analyte |
concentrations'in complex samples. '

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 1nfrared

25 attenuation measurlng_techn;que, wherein milk samples (of
substantially known and constant component concentration)
are analyzed for IR attenuatlon at discrete wavebands
where urea, fat lactose and proteln absorb.

Multlvarlate techniques are carried out to determine

30 spectral contributions of each known component u51ng
partial least squares algorlthm, principal component
regression, multipie linear regression or artificial
neural network ‘learning. = Calibration is carried out by

- accountlng for the component contrlbutlons that block the
35 analyte 51gnal of interest (urea)._ Thus, Nygaard et al. -
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15 Since equality cannot be actually attained, a n1n|nun1nust be

accepted in a | east squares. sense, of ‘[err] 20 Thus, the problemis
fornulated as follows. A matrix (A) is forned:- [err] 30 -‘and vectors
[err] . -23- Wen the objective function is rewitten as [err] by .letting
[err] = av, the above function decreases to [err] ' ' '

—5- :

' describe a technique of measuring multiple analyte
infrared attenuations—and then'c0mpensating for the
influence of background analftes on the measurement of a
selected analyte (e.g., compensating for background |

5 contribution to the urea 51gnal) :
U. S ‘Patent No. 5,242, 602 to Rlchardson et al.
'descrlbes methods for analy21ng aqueous systems to detect
multiple active or 1nact1ve_water treating components.
The methods involVe,determination of the absorbance or

10 emission'spectrum of the components over the range of 200
to 2500 nm, and application of chemometrics algorithms to
extract segments_of the spectral data obtained_to |
quantify multiple performance indicators.

~ U.s. Patent No. 4,306,152 to Ross et al.

15 describes an 0ptical_f1uid analyzer designed to minimize.
the effect of background absorption (the overall or base'
level optical absorption of the fluid-sample) on the
accuracy of measuring a component in a turbid or
otherwise hard to analyze ligquid sample. The apparatus

26 measures an optlcal signal at the characteristic optical

' absorption (of a sample component of 1nterest) and
another at a wavelength selected to approx1mate

-background absorptlon and then subtracts to reduce the
background component of the s1gna1.

25 None: of the aforementioned dev1ces or methods
have been capable of prov1d1ng low cost, accurate
determination of blood analyte concentratlon in fleld or
home-testing appllcatlons. Partlcularly, known devices _
have not provided for the accurate determlnatlon_of ‘blood

30 analyte concentrations in the midst of multiple |
interferences from other analytes that are active in the

‘same spectral region as the analyte of interest.

35
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10 Now, defining [err] the problem becones [err] This relationship is well
knomn and has the solution 25 _ [err] The vector [err] is thus
the opti mal wei ghting function to |nplenent the optical transfer function
i.n the positive correlation filter. Determnined over a'large nunber of

sanpl es, both 30  the rotated principal conponents and the |east squares
anal ysis nethods will |ikely produce substagtlally simlar optical transfer
-functions. However, for nore linited sanple’sets, the rotated principal .
conponents methods will be nore effective due to the orthogonal

Summary of the Invention :
| Aocordlngly, it is a prlmary object of the
invention.to'addrees the above-mentioned needs in the
art, by providing optically active elements that enable
S one to perform accurate, dependabie chemical analysie in'
_an.aqﬁeous medium with varyihg matrix background and |
substantial component interferences. _The'optiCally
active elements allow for optimal analyte measurement at
low cost for a #ide'variety of medical, industrial and
10 environmental applications. | o

Spectrometers are generally Known for use in a

wide variety of areas such as medicine, scientific
' research, industrial applications and the like. 1In one
aspect of the invention, an optical transfer cell is
. 15 prov1ded for use in spectrometer devices which can be

used to quantlfy target chemical analytes in an agqueous
medlum. In thls regard, the optlcal transfer cell is.
partlcularly intended for use in measurements where there
exist complex spectral backgrounds (e.g., where

20 interfering_substances'introduce'significant measurement
error), and especially where concehtrations of background
substances greetly exceed those of a target analyte. The
subject optical transfer cell finds application in a wide
‘range of chemical analyte analyses carried out in a

25 _dlver51ty of aqueous medla.

In one embodiment, an optlcal transfer cell is
provided which comprlses a p051t1ve correlation filter
system. The subject filter system is adapted to accept
near~IR radiation and to pass a wavelength from that

30 radiation which is selected to havé a high correlation
with a particular anelyte. The optical transfer cell can
thus be used in the measurement of analyte concentrations
in complex aqueous media, such as in the measurement of
blood.analytes in body tissue; In another, related

35 eabodiment, a positive correlation filter system is
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35 nature of the optinmal transfer function. The .transfer - 24--
functions are then used to determi ne the paranmeters for the positive
correlation filters of the present invention. The aforenentioned positive
~correlation filters 5 are enployed herein in a variety of. devices
configured to extract analyte ‘concentration information fromconplex .
“spectral nedia using near-I|R spectroieter _devices. A nunber of near-I|R
spectroneters, Fourier Transformnear- IR spectroneters and nodified IR
‘spectroneters of 10 conventional design can be used in the practice of .

the invention. prQiEéﬁfQh&%di@D@ap@blﬁp%Eahb@%pting near-IR radiation
: and selectively pa551ng a plurality of wavelengths having
high correlation ‘'with a particular analyte.
In-an alternative_embodiment, a positive
5 correlation.filter systen is provided that has been
formed from a plﬁrality of filter layers, each layer
having a'selected'optical activity (absorption
characteristic), whereby the system is capable of passing
a population of wavelengths seleeted to have high
10 co:relationfwith a particular-analyte concentration. In
one particularly preferred embodiment, the aforementioned
positive'cbrrelation filter system has at least one layer
that includes_wavelength weighting factor means. In this
manner, the wavelength weighting factor provides enhanced
15 correlation between a passed wavelength and analyte
| concentration in a particular medium.
. "~ Thus, in order to overcome absorption
interference caused by background components in a given
sample, the present invention provides a number of
20 positive correlation filter.systems which are designed to
correlate with a target analyte wnile not correlating
- with other baékgrdund absorbing materials. That is,
positive correlation filtration relates to the
transmission of a pattern of light through an optically
25 aetive filter which selectively passes "weighted"
wavelengths; wherein the passed wavelengths correlate
closely with a target analyte concentration in a given
sample. _
In another aspect of the invention, positive
30 correlatidn'filter systems are synthesized using
mathematical optimization techniques such as least
squares analysis; linear.rotated principal component
analysis (RPC), or nonlinear genetic algorithm‘analysis.
'Thus) weighting_factors can be determined by application
35 of the above-described optimization techniques to an_
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refl ectance. Suitable spectroneters include the nodel 6250 near-IR anal yzer
avai l able fromPacific Scientific (Silver Spring, M)). The techniques for
sanpllng, 15 measuring, and signal processing can be conventional and are

wel |l known to those of skill in the art. Referring nowto Figure 1, an
appar atus for measurenment of anal yte concentration i.n a conpl ex aqueous
mediumis generally indicated at 10. The apgaratus 20. includes a

-radiation source 12 which is capable of generating a spectrum of near
infrared (near-1R) radiation within the range of approxi mately 600 to

approxi mately 2600g0fRal Abaaffbeioﬁf spubtabineofadi aelegteduarad yaied Krgin i n
the art, such as |$cand sce t :

L : . yrces directed acrqss _
nterference | PFBFSEERE, SBBRAPENtS s cRPEES LY RoROF KPOA iy s ATsy
chopper wheel ) , foxmed Frght aspinraiityaofr dayersar eagh, leyen dlavimgedn

appropriate absorption characteristlc supplied by a
5 weighting factor, ‘wherein the filter selectlvely passes a
' population of wavelengths are weighted according to
p051t1ve correlatlon.to_ta:get analyte concentration.
In yet'a further aspect of the invention, an
apparatus for the accurate measurement of analyte

10 concentratlon in complex aqueous medla is provided. The
apparatus 1nc1udes a source of near-IR radlatlon, a means

- for reflectlvely_transmlttlng near-IR radiation from the
souree'to,an aqueous medium which is to be interrogated,
‘and a means for retransmitting spectrally modified

15 radiation reflected from the agqueous medium. The _

-apparatus also includes means for receiving and directing
the spectrally modified radiation into a beam path which

is communicated to an optical transfer Cell'dispOSed
within the beanm path. The transfer cell comprises a

20 positive correlation filter'construqted according to the
inventioh. The subjeet positivepcof;elation filter isp _
adapted to selectively pass a wavelength from the beam of.
spectrally modified radiation, wherein the wavelength has
high correlation with a selected analyte concentration. _

- 25 The passed wavelength is then communicated to_a_means for
receiving said information and converting the same into a
signal whiCh'is_representative.of the intensity of the
wavelength (e g., a photodetector or a near-IR. photddiode
array), and that signal is transmltted to a means for |

30 calculatlng analyte concentratlon.

- In the practice of the 1nvent10n, the above-
described apparatus can 1nc1ude any of the positive '
correlatlon filter systems as described hereln.- In

_ partlcular embodlments, the subject devices can be used

35 to measure blood analyte concentration in body tissue.
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light-emtting diode (LED) arrays. Radiation fromthe source 12 is directed
to 30 sanple.interface optic nmeans 14 which reflectively transmts the
radiation to a nedium 16 containing the blood analyte of interest. - After
.the radiation has interrogated the medium spectrally modi fi ed radiation
is- transmtted back to the apparatus 10 .through further 35 sanpl e

I nterface optic neans 18. The appar at us 1% can be  -25- designed to
closely interface with the medium 16, such”as where the radiation is
directed to the nedium and nodified radiati on transmtted back to the

apparatus USIn@hganBthgh iy%%tkﬁeb@?%%§sggeﬁﬁdin v Fdiected from the

group of calcium, pota551um, sodium, chlorlde,
bicarbonate (CO,), hydrogen ion concentratlon (pH) ,
glucose, urea (blood urea nitrogen, or BUN), hematocrit

5 and hemoglobin; The source of'near-lR radiation
preferably supplies radiation including at.least_
wavelengths in the range of approximately'lloo to 2500
nm. In one particularly preferred embodiment, the |
apparatus can be used in the non-invasive analysis of a

10 blood analyte such as blood glucose. _

In an additional aspect of the 1nventlon, a
non-invasive method of measuring the concentration of a
blood analyte in a mammalian subject is provided. The
method includes the steps of: ' '

15 ’ (a) directing near infrared radlatlon to a
source containing the blood analyte,
B (b) cau51ng the radlatlon to be reflected by
the source to provide a spectrally modified beam;
(c) directing the modified beam into a path
20 through an optical transfer cell disposed in the beam
| path. The optical transfer cell includes a positive
correlation filter means that is adapted to accept the
spectrally modified beam and to pass a wavelength from
that'beam, wherein that wavelength has'been selected to
25 have hlgh correlatlon w1th the analyte concentratlon,

(4) measurlng the 1nten51ty of the passed
wavelength and generatlng a 51gna1 representative of the
1nten51ty of the wavelength; and '

(e) convertlng the 31gnal into an 1nd1catlon of

30 analyte concentration.

In one case, "a non-invasive technlque for
measurlng a blood analyte is provided which enables
reflective, transcutaneous tissue measurement of blood
glucose in the forearm area. Such measurement gives rise

35 to a:more uniform representation of blood glucose than
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5 convergi ng neans such as a lens,.or beamdeflection optics) known in the
a[t._.Alternativer, the sanple interface optic neans 14 and 16 can .
conprise fiber optic wavegui des coupled to.the apparatus in order to enable
nore renote mediuminterfacing. Qher. configurations are 10 provi ded
wherein a single fiber optic bundle is enployed to-transnmit the radiation.
'to and fromthe nmedium An optrode di sposggpat the end of the S|ngle bundl e
transmts the near-1R radiation to the sanpl e medium 16 and receives
spectrally nodified radiation therefrom15 which is directed back through

the bundle to vamew PosEibleA YN tfaringisinad et enents bin used
as optical eleqﬁ s . n the above fiber optic wavegui des, as those materials
~have very good FRIEE AF @ raracteristics in the near-|R spectral range.

Q her 20 suitabl e fiber optic wavegui des i ncl ude fluoride-based
| Brlef Description of the Flggres | |
5 ' Flgure 1 is a dlagrammatlc representatlon of
" one embodiment of a correlatlon spectrometer constructed
according to the invention.
Figure 2 is a diagrammatic representation of an
alternative embodiment of a correlation spectrometer
10 constructed according to the invention.

‘Detailed Description of the Preferred_Embodiments'
-Beforewthe'invention is described in detail, it
is to be understood that this invention is not limited to

15 the particular component parts of the devices or methods
described, as such may'vary. It is also to be understood
that the terminology used herein is for purposes of
descrlblng partlcular embodiments only, and is not

intended to be llmltlng. It must be noted that, as used

20 in the spec1f1catlon and the appended clalms, the

' singular forms "a,” van" and “"the" include plural
referents unless the context clearly dictates otherw1se.
Thus, for example,'reference to "an analyte" 1nc1udes
mlxtures of analytes, reference to "an opt1ca1 transfer

25 cell" includes two or more such optical ‘transfer cells,

g means for. reflectlvely transmlttlnq radlatlon“
includes two or more such means, "a wavelength" includes
two or more wavelengths, "a chemometrlcs algorithm"
1nc1udes two or more such algorithms, and the like.

30 C In this speclflcatlon and in the claims which
follow, reference w111 be made to a riumber of terms which
shall be defined to have the following meanlng5° - |

~ As used hereln, a "reference sample" refers to
‘an agueous comp051tlon comprising a known concentratlon '
35 of an analyte of interest. A "standard" or "calibrant"
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systenms known in the art. In each of the above-described configurations,
radi ation fromsanple interface optic neans 14 is directed to the nedium 16
where the near-1R radiation 25 - interacts with the constituents of the
sanpl e and .is absorbed, dispersed,. diffused and reflected. This spectrally
modi fied radiation is then collected and directed to the apparatus 10. The
spectrally nodified radiation transmtted 30, by sanple interface optic
means 18 is then directed to a.means 22 for receiving and directing the
radiation into a beam path, such.as a collimating lens or the like. The

beam pat h commugécat pefurehcaesanpd tseapsssi Bgtapleehedgnane eegpdnsesuch
as a dlffractlon gratéggu§¥%g§g1s séem tgeggcghgi Ellteiln%uﬁ%ans Use of
a diffraction gPat®ny Y | Y
.~ calibration reference is typically any of the standards
of various types that:indiCate.whether an analytical
5  instrument is working within'preSCribed-limits and by
which adjustments may be made to the analytical
measurement'system to correct for any deviation from the
prescribed limits. - '
vcalibration® refers to the process of relatlng
10  an instrumental response to a. concentratlon or property
of a targeted matrlx with the objectlve of developlng a
means to provide accurate and precise predictions in the
future. The calibration step produces a direct
interpretation of a measurement throﬁgh a mathematical
.15 transformation that models the relatlonshlp between a
concentratlon and a spectral response.
_ Methods of calibration are divided 1nto
estimation and classification techniques. "Estimation
_ techniques"'relate to the process of predicting the level
20 of analyte concentratlon, while "classification
technlques“ -determine whlch one of several predefined
groups a sample will belong to. Methods of estimation
are particularly useful in applications where;n the
measurement of concentration is desired. To calibrate an
25 instrument for estimation, it is'neoessary to have a set
‘of exemplary measurements with known concentrations |
referred to as the calibration set (e.g., reference set).
This set consists of m samples, each with n instrument
variables~contained'in an m by n matrix (X), and an m by
: 36 1 vector ()., contalnlng the concentratlon. If a prlorl'
information 1nd1cates the relatlonshlp between the
measurement and concentration is linear, the process of

35
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-26- systemserves to elimnate wavel engths not having a relationship to
the analyté of interest, and divides the radiation into distinct

wavel engt hs. Radi ation passing through the means 24 is directed through- a
~beam splitter 5 26, whereby the radiation is divided into two beans, .
respectively indicated at 28 and 30. Suitable beamsplitter neans |nclude

mrror conflguratlons such as those known-LR-the art. A first beam 28 from

beam splitter 26 is 10 comuni cated. Wi th an optical transfer cell 32
which'is disposed in the beampath. The optical transfer cel|l 32 conprises
a positive corcaldbration willspktanata i fetrrgrine AR oY rh suffici ent
to accept the sh¢igf¥rmation or mapping (b), such that

y = Xb

-is an optimal estimate'of'y according to a_predefined
‘criteria. Estimation techniques are known in the art and
include multiple regfeSsidm, partial least squares
. regression, prineipai component regression and rotated
10 principal components regression.
The classification of a measurement is the
_primary focus of pattern recognition. Assuming a
calibration set X, in -which the class of each sample is
known, methods of ciassification are used to develop a
'15 -calibration model that will allow the classification of
' unknown measurements. Methods of classification are
generally known in the art, and include template matchlng'
which involves the use of templates and a measurement of
fsimilarity} and diseriminamt analysis that optimizes the
20 separation of samples in a given class through a rotation
of measurements. ' '
The general valldlty of a callbratlon model can
. be verified by estimating the concentrations of
independent measurements, a "test set," that has not been
25 used in the calibration procedufe.' When'the number of |
samples available for calibration are llmlted the data
' set can be segmented wherein part of the data set is
used as the training set, and the remaining data used for
the test set. '
30: “Chemometrlcs" relates to the appllcatlon of
mathematlcal, statlstlcal and pattern recognition
techniques in chemical analysis applications. See, e;g.}
Brown et al. (1990) Anal. Chem. §g:é4-101. Chemometrics’
is practiced herein in the'eontext of developing'and
35 using non-invasive medical diagnostic instrumentation
Th}gls the replacement sheet
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nodi fied near-1R radi ation fromthe beam 28 and 15 sel ectively.pass one .
or nmore wavel engths therefrom having high correlation with a selected
ahal yte concentration. The positive correlation filter system:ncludes one
~or. nore optically active filter means having absorption characteristics
determi ned using a partial |east squares 20 - or principal conponent
~regression of an original spectrum of a saaple containing an anal yte of
interest. Positive correlation filter systens can be constructed using a
‘suitable substrate |layer that is capabl e of transmitting radiation at |east
in the 1100- 25tha€5@@phuysam@eanCEmeSBWMGlrnreceagbnglsngeﬁéﬂabr?tééated

W th one or &éﬂé{% Sedf ”%i&l'\él 6;9%:9 sgﬁe%stﬁaédats QGAB%%' eral in-

the art. Such coatings, can to the substrate, u nul si.on or
chenical vapor ¥egessiPbhit\ef. P%%ﬁh?ﬁb%% ﬁkgPlﬁﬁﬁﬁﬂtlﬁ ongn
~preferred analytical s1gnals. Examples of signal processlng

5  techniques include Fourier transformatlon,_flrst and
| second derivatives, and digital or.edaptive filtering.
In the context of chemometrics, "calibration" refers to
the process'of'relating data measurements'to a chemical
-.concentratlon for the purpose of quantlflcatlon.
10. .Particularly, statlstlcal calibrations using chemometrlc
methods can be used to extract specific information from
a complex set of data. Such methods of calibration
include linear regression, multipieilinear regreSsion,
partlal linear regre551on, and principal components
15 ana1y51s. In other appllcatlons, calibrations can be
| carried out using artificial neural networks, genetic
algorithms and rotated principal components.
Instrumentation that detects information for
one or more censtituents in a complex chemical matrix
20 must rely upon analysis algorithms (such as those derived
u51ng chemometrlcs) in order to reveal 1nformat10n that
is spec1f1c for one or more chemical constituent.
Chemometric techniques can be used to compare unknowns
w1th calibrated standards and data bases to provide
25 advanced forms of cluster analysis, and to extract
features from an unknown sample that can be used as
1nformatlon in statlstlcal and mathematical models.
In the practice of the invention, quantitative
determinatlons of chemical analyte concentratlon using
30 infermation'from UV-vis-NIR spectroscopy can be made
' using computer aigorithms, the parameters of.which are
determined using chemometric calibration sequences'termed
3"learning'sets;“ Learning'sets are generally based on a
large number of known (e.g., reference) samples that are
35 used to determlne the parameters of the algorlthm. The
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30 enbodi nents, the positive correlation filter systen1conpr|ses a
plurality of filter layers, each layer having a selected filter density
and/or filter thickness suitable to provide a desired absorption :
characteristic. In one particular filter system at |east one |ayer of 35
the systemhas a filter density -and/or thickness that -27- conprises a
‘wavel ength wei ghting factor neans, wherein.the weighting factor provides
enhanced positive correfation of a passed &évelength with the concentration
of an analyte in the selected sanple nmedium The'5 weighting factor is an

fgogggtﬂ;n?f %M&Ptéf‘gséﬂﬁ‘féé‘“&héi@tﬂé“ PEGL 1Pe8 91 A NERPNBHE! ‘ié_ari‘i’ﬂﬁ&e' n
set will be a function of the complexity of the sample
matrix and of the number of spectroscopic interferences

_ that are present. Other considerations include the
S number of dependent veriables that will be used in the
algorithm. As a general rule, the number of samples in a
learning set should be at least ten times the number of
dependent variables emplbyed. In the presence of known
and unknown interferences, multiple sample calibration
10 seeks to minimize the effects.of interferences. Thus,
| the learning_set_Solutions typify the interferences and
variability that will be experienced in actual
measurements. ' '
Principal component ana1y51s (PCA) is one
15 - method of data reduction which can be performed in the
application of chemometric techniques to spectroscopic
measurement of ¢hemical analytes in a complex matrix.
PCA is used to reduce the dimensionality of a large
number of interrelated variables while retaining the
20 information that distinguishes one component from
another. This reductlon is effected using an elgenvector
transformation of an original set of interrelated
varlables (e.g., an absorption spectrum) into a
substantially smaller set of uncorrelated principal
25 component (PC) veriables 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 varlatlon present in all of the original
varlables. See, e.g., Jolliffe, L.T., PrlnClpal
30 Component Analysis, Sprinter-Verleg; New York'(1986).
More particﬁlarly,,each PC is a,linear combination of all
the original measurement variables. The first is a
vector in the direction of the'greatest variance of the
. observed variables. The succeeding PCs are chosen to
35 represent the greatest varlatlon of the measurement data
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.allows for the construction of an optical filter that is able to extract
wavel engt h-specific information fromspectral data. The wavel engt h- speC|f|c
i nformation can 10 then be used to readily determ ne anal yte
concentration. Thus, the optical transfer .cell 32 allows for the :
measur enent -of analyte concentration in a variety of conplex mediunms, such
as any aqueous nedi um having a conpl ex spectral background (e.g., in which
“interfering 15 constituents in the nédrm%qulproduce S|gn|f|cant _
measurenent errors). Particularly, the optical transfer cell 32 finds use

in_applications,yheis #Qesﬁtﬁé?gaélsegnkﬂ§3§9%v9§&§9§0899?&g§e£8t pan from

whi ch the absorption I C constl eres ts 20 - at
one or nore chatRe¥efese; cthavBfengrasarsangedxinng ¢ﬁ§¢€§@ivg erdekeof
concentration_c&mp$§¢aﬁ@@stituent v%en t he Ievel of the constltuent of
_interest is.fow . - The term "welghtlng constant" is meant to
5 include,'among other technlques known in the art, the
wavelength coeff1c1ents of partial least squares
regression and/or pr1nc1pal component regress1on, or any
constant obtained from any statlstlcal callbratlon that
can be used to calculate values (such as analyte
10 concentration) for unknown samples. A "wavelength
weighting factor® is an embodiment of a weighting
constant which is used in the construction of an optical
transfer cell or optical filter means capahle of -
_extracting'wavelengthéspecific'information'from spectral
15 data. The wavelength-specific information can be used to
determine'desired values'relating to the sample
undergoing analySis (e.g., analyte concentration) A
wavelength welghtlng factor can be embodied as a
' partlcular filter density (e.g., neutral or wavelength-
20 spec1f1c), filter thickness, or the like, such parameters
hav1ng been determined using the above-described
statistical calibration techniques. A
The term "optical transfer cell" encompasses
. any opticallyiactive element that partially absorbs
25 incident radiation in the visible, ultraviolet, or
_ infrared.spectral regions, and wherein the 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
30 absorption characteristics that were derived from a
partiallleast squares or principal component regression
_ analysis. The optical filter means is used to
selectlvely pass one or more wavelengths from a radlatlon
source, said wavelengths hav1ng hlgh correlatlon with a
35 selected analyte concentration. "High correlation," or
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relative to the nmedium the need for such an optical. transfier cell becones
nore acute. .25 : In one application, the optical transfer cell 32
can be used in the determination of blood anal yte concentrations. The

bl ood anal yt.e can be present inanin vitro sanple medium (e.g., a bl ood
sanple), or can be present in an in vivo tissue sanple. In particular 30
applications, the blood analyte of interesggis a blood electrolyte (e.g.

cal cium potassium sodium chloride and bicarbonate [err], blood hydrogen
i on concentration (pH), an organic conpound present ‘in bl ood such as

gl ucose and ur exlddd)corareathlany mefets thenthe uparmsi e ivéemat ocrit or

heanI0b|n "Lé?%éléﬁzé&“iéﬁéﬁéﬂ“ﬂﬁé‘ﬁﬁékrption spectrum at a
B particular wavelength and a partlcular analyte
concentration, whereln the two variables have a
5 correlatlon coefficient (r) of 0.9 or higher.

| "Correlation spectrometry" refers to a
spectrometrlc method wherein radiation is passed through
a sample cell contalnlng an unknown amount of an analyte
-of interest, and a reference cell that contains a

10 specified amount of the analyte which is to be measured.
By detecting the intensity of radiation which has passed |
though each cell, a signal which is representative of the
difference in the radiation intensities can be generated,
wherein that dlfference is proportlonal to the analyte

15 _concentratlon in the sample.

' A "negative correlatlon filter" is prov1ded
when the sample cell used in correlatlon spectrometry _
comprlses an opt1ca1 filter having an absorption spectrum
that is suff1c1ent to block radiation over a selected

20 bandwidth corresponding to the maximum expected
eoncentration range of the analyte being measured. Thus, .
as the level of the analyte changes in a sample, the
radiation passing through the negative correlation filter

 remains unaffected, as the filter has blocked all of the

25 radiation in the analyteespecifie absorption bands.

, A "positive correlation filter" is provided
when the sample cell used in correlation spectrometry
'comprlses an optical filter hav1ng an absorptlon spectrum
sufficient to pass radlatlon of a partlcular wavelength

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

35 filter would correlate perfectly with a target analyte
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-28- devices, the optical transfer cell 32 includes a positive correlation
filter systenlthat has been synthesized for the determ nation of the
concentration of the specific. analyte of interest. As will be readily
"appreciated by 5.those of skill -in the art, the optical transfer cell can
‘be detachably nounted in the apparatus 10, whereby a variety of different
cells can be cassetted into and out of the-gpparatus when one is desirous '
of -quantifying different analytes. 10 Referring still to Figure
1, the correl ated wavel engt hs .passed by. optlcal ‘transfer cell 32 are
recei ved by a de¢ieetij otheeaprradatdonc coedtticignthe aeldalbe a0t iand

(correlated ""a"ﬁ%ﬁ gB}Bﬂel?%Oa% 2h9Ngs thh%tu' vl %‘%’é&%‘er‘i‘?}% b‘é?ﬁ-bmg

intensity of th particular
detecti on analytes in a partlcular sample (r would be 0.0). The

_ synthe51s of positive correlatlon filters is carried out
5 herein using chemometric technlques_to determine
appropriate wavelength weightingrfactors as described
above. | _ . B
A "neutral density'filter" refers to a standard
opt1cal filter means having a flat absorption spectrum.

10 - A neutral density filter can be ‘used in concert with

' correlation filters in a fllter system to provide a
welghtlng factor to attenuate absorbances due to the
analyte of'interest at selected wavelengths and further
1mprove the accuracy of the correlation prov1ded by the

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

~ used in correlatlon spectrometry can comprise a neutral
density fllter. _

20 : - As used hereln, an "aqueous medlum" encompasses
any substrate relatlng to, made from, or comprising
water. Thus, an aquéous medium includes mediums wherein
water is the major component, where'water is present in
an amount of'about 50%, and solutions wherein water is a

25 solvent but is present in amounts of less than about 50%.
Aqueous mediums are speciflcally deflned herein to
include mammallan tlssue. '

The_term ‘"plood analyte" refers to a blood

. -constituent that'is'absorbing in the near-IR range, the

30 measurement of which is useful 1n patlent monitoring or
in the prov1szon of health care.

As used herein, the term "near infrared" or
"near-IR" encompasses radiation in a spectrum ranging
from about 660 to about 3000 nm, more'preferably'from

35
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means 34 -conprises. a | ead sulfide (PbS) photodetector able to scan the
range of wavel engths from about 1100 to at |east about 2500 nmin steps of
1'nm Such detection nmeans convert the passed radiation (wavel engths) into
20 signals representative of the intensities of those wavel engths. A
second beam 30 frombeamsplitter 26 is communicated to a further detection
-nmeans 36, whereby the spectral infornmatiorlgs converted into signals 25
‘representative of the intensity thereof. The second beam 30 of spectrally
nodi fied radiation may pass through a reference optical transfer cell 38

di sposed in thahstth IF5G Hel dkent 28RO My cramt auest | prefenabiynfrove a

neutral densitydddt ar1dBa AUt Rampt i on 30 characteristics
sufficient to attenuate tad Aiq Abildodd absSEbeEbsY 119ELS" clo8he! R
S ~ overall or base level of optical absorptlon of an agueous
5 sample whlch is to be analyzed from which the absorptlon
' of a selected constituent departs at one or more
characteristic wavelengths to an extent indicative of the.
concentration of the selected constituent. When the
level of background absorptlon is high in relation to the-
10 characteristic absorption of the selected constituent,
sueh as in complex aqueous media where numerous
interfering constituents are found, accurate measurement
of the magnitude of a slight change in the absorptien at
the characteristic wavelength of a constituent of
15 interest requires application of the chemometrics
techniques described herein. This is particularly so in
~ applications wherein the overall'eoncentration of the
constituent of interest is low relative to the aqueous-
medium (e.g., in the measurement of blood analyte
20 constituents).

General Methods
In complex spectral backgrounds such as those
present in the'spectral,analysis'ef animal tissue or
25 blood samples, interfering substances can preduce
' significant_measurement errors. Thus, a primary object
of the present_invention is to design an optically active
element ‘(e.g., an optical transfer cell, or positive
correlation filter system)'to provide the optimal
30 wavelength welghtlngs for accurate analyte estlmatlon.
.Synthe51s of the optimal p051t1ve correlation filter can
be achieved accordlng to the invention using two
mathematlcal technlques, rotated principal components
_ (RPC) analysis and least squares analy51s.
35 _ o t
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signals fromdetection neans 34 and 36 are communicated to a means 40 for

-converting those signals into digital signals, e.g, digital signals

i ndicative of the 35 = differences between the correl ated wavel engt hs

ener gi ng -29- fromthe positive correlation filter and the attenuated

wavel engt hs enmerging fromthe neutral density filter. Mre particularly,

the signals are comunicated to an anal ogldiggi tal (A/ D) converter for

conversion to digital 5 form The digital information is then readily

input into a mcroprocessor 42 to-calcul ate actual anal yte concentrati on.

The concentrat ipn GRétLoay epu tndiya beconpoméntedahslivadis Methedtal displ ay

means 44'. RPC analysis uses an eigenvector transformation
.of the original spectrum to prov1de a set of orthogonal
uncorrelated pr1nc1pal ‘component (PC) varlables. These

5 PCs are then 1nd1v1dually correlated with a target -
analyte. Through a series of orthogonal rotatlons, these
princ1pal components are then transformed so that a
single, rotated PC contains all of the information for a
partlcular target analyte (maximum r) and the other

10 principal component contains no information (r = 0). The

 parameter vector relating this rotate PC to the original

spectrum provides the wavelength weighting factors for
the optimal positive correlation filter.

15 . Elgenvector Transformation.
Elgenvector analy51s (or prlnc1pal components
'=analy51s) involves the rotation of an or1g1na1 data
vector (X) to form a new data vector (X’) whlch can be
expressed as | '

20 |
X’ = AX
wherein A = an m X m matrix, and m = the number
' of elements in the original vector (X). ' o
25 ' The matrix (A) is derived from the covariance

matrix or the correlatlon matrlx of a set of
representatlve samples from a data populatlon of
1nterest. The covar;ance matrix 1s_ca1cu1ated from a
sample data set. This covariance matrix is then

30 transformed by a process of diagonalization_into a rew
PCs matrix in which the rows of the matrix are ordered by
‘a set of roots known as'eigenvalues. The horizontal
vectors of this new matrix (A) are called eigenvectors.
The subject matrix can be used to transform an original

35 spectralldata vector into a transformed vector of
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Vari ous optional conponents for use i-n the 10 apparatus 10, such as first
and second radiation focusing means, respectively indicated at 46 and 48
and capabl e of receiving and, dlrectlng the radiation emerging fromoptical
_transfer cells 32 and 38 into a beampath, will be apparent to those
skilled in the art. In sone 15 * apparatuses, such focusing nmeans can
conprise a focusing lens or the like. Alteeoatively, the apparatus .10 can

i nclude, for exanple, a single detection neans capabl e of. rece|V|ng
spectral information fromthe split beans 28 and 30. 20

Ref erring now tindepprider®t wncattelaked warighles us Inrthigstedgards bhe

anal yte concent | 2 od at
60. The appar at‘{fsﬁél%#u egng&)ér%él at%%%ﬁ%@%@mﬁ%cgggg a&l§£31
oo

generating a smlm%foﬁe%rcwﬂ% eehemiegl |ggmple (such a
order to remove the effects of 1nterfer1ng chemlcal

5 analytes. Uncorrelated varlables that relate to
' partlcular analytes serve as the vehicles of accurate
;estlmatlons of the analyte concentration.
' The above-descrlbed transformation does not
provide uncorrelated variables that are specific to a
10 particular ahalyte. Rather, it'geﬁerates uncorrelated
' varlables of decrea51ng levels of variance that correlate
to varying degrees with a number of different analytes.

‘2. Principal Component Rotation for Maximal
15 Analzte Correlatlon.
Typlcally, two to four of the PCs derived from
- the above PC analysis account for 85 - 98% of the
varlance_ln the original variables. These hlgh variance
variables are not necessarily strongly correlated with a
20 particuiar analyte. Other analytes or matrix effects may
contribute greater changes in absorbances. A correlation
matrix of a dependent variable analyte provides a
convenient basis to rotate a series of PC pairs to
produce a single revised PC that more completely
25 "explaihs“-a particular'analyte; The revised PCs that
relate to a particular analyte will thus supply the
parameters for accurate estimation of analyte
concentratlons. L
Each pair of PCs deflnes a plane. The two PCs
30 that define the plane can be rotated with the purpose of
_ convertlng the two PCs into a single PC with all of the
information content of the orlglnal PC pair. One method
of completlng this conversion is to implement the
following computational procedure.
35 - | L
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25 radiation within the range of approxinmately 660 to approximtely 2500
nm Radiation fromsource 62 is transnitted to an optically active nmeans 64
for receiving and directing the radi ation - into a beam path and/or for
passi ng sel ected wavel engths, such as a collimating iens, 30° selective
filtering nmeans or the like. |In one case, the optlcally active neans 64
-can conprise a nonochromator. Near-IR rang on energing fromneans 64 is-
conmmuni cat ed t hrough a bean1spI|tter 66, mhereby the radiation is divided
-into two beans, respectively 35 -indicated at 68 and 70. The first beam

68 frombeam --30- splifieeeO6ehé thdNAThhESE EBrPelatRbepiRdicdP &2 .
R o partlcular analyte are selected. This PC pair is rotated
until one PC contains all of the informatlon content of
‘the original pair. The rotation angle may be iteratively
5 determined using an exhaustive experimental sequence . or
it may be analytlcally determlned w1thout iteration.
Thus, '

| for PC’;: R’;2 + R,2, and
10 - for PC’,: R’, = 0.

'cOntinuing'with the procedure, the next highest
correlated Pc (PC3) is selected and rotated with PC’y
until, ' '
15 :
for PC’3: R’;2 = R;2 + R’,2, and
for PC’;: R'12-= 0.

The above rotational sequence is repeated until

20 all of the analyte correlating vectors have been treated.
The sithe,'rotated PC generated by the rotational
sequence contains all of the information for a particﬁlar'
target analyte (maximum r) and the other PC contains no
information (r = 0). Further, the subject PC is |

25 independent of the absorbance contributions produced by

' other optically active analytes in the sample. The |
-parameter vector relating this rotated PC to the orlglnal
spectrum provides the wavelength weighting factor for the
optimal positive correlation filter (optical transfer

30  cell). | | |

35
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cont ai ni ng an unknown concentration of an analyte of interest. In Figure 2,
“the sanple nedium 72 conprises a sanple cell fornmed froma suitabl e
substrate capable of 5 transmitting radiation in the near-1R range of
interest. In one case, the sanple can conprise a blood serum sanpl e,
wherein it is desired to determ-ne the concentration of bl ood anal ytes.

- Alternatively, the first beam 68 can be transmitted to a sanple surface
such-10 as a tissue surface. using direct2¢nterfaci ng means -or indirect
‘interfacing neans (e.g., fiber optic wavegui des neans) as have been
described supra. In- thls manner, th- concentration of blood analytes
present in theltiss&8 S 2As S+ -RSE985 v det er i ned usi ng '
reflective 15 near-IR Imaweelwmlm‘amm s ohet ileastpaduaresmetitds i on

whi ch has it egagt ed il WiSnds i 2 uitllch sPdAldn Brliddetl radiati on

t hat has

Given a collectlon of vectors,
%y, wherein i =1, n,
a vector (v) must be found such that xiT? Will lie as
close as.possible to a line when xiTv is plotted against
- 10 c; (the concentration value for ¥X;). Thus, a and b must
also be found, such that -

B T — .
ax; v + b =c¢c;, for all 1i.

15 Since equality cannot be actually attained, a minimum
must be accepted, in a least squares sense, of

|1a%;Tv + b = ¢;|, for all i.

20 . Thus, the problem is formulated_as follows. A matrix (A)
is formed: ' '

25 . A= .

- 30 and vectors

T 1 " This e the eplasement shes
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~interacted wth the constituents of the sanple (including the anal yte of
interest) is then collected and directed 20 to screening neans 74 for
passing sel ected wavel engths fromthe beam path, such as a diffraction
grating systemor selective filtering neans. Thus, ‘screening neans 74

- serves to either attenuate the radiation, or to renove unwanted spectral
information therefrom - The radiation 25 .__enmerging fromthe screening
means 74 is received by a detection neans 235 for. converting the spectrally
nodi fied radiation into a signal that is representative of the intensity of
~that radiation. The detection neans can be configured to only receive and
det ect -di screte 30 wavel engt hs -having correlation with analyte
concentration. In the alternative, the detection nmeans can conprise a broad

spect rum phot agedcERe SB§EcesvantithS DAt Ddeieviotten ke |ike.
5. min (a, b, v)'= ||aAav + b - c}[, and

by letting ¥ = av, the above function decreases to

min v, b ||A¢ + B - ¢|].
10 _ ' D
'Now, defining -
- A - |y
)
) L,
15 DA
thé problem becomes
20 . min (V) = ||AV - ¢|].
This relationship is well known and has'the solution
v = (ATA)"! AT ¢
25

The vector_f?) is thus the optimal'weighting function to
implement the optical_transfer function in the positive
correlation filter. _
' Determlned over a large number of samples, both
30 the rotated pr1nc1pa1 components and the least squares
analysis methods will likely produce substéptially
similar optical traﬁsfer functions. . However, for more
limited sample sets, the rotated principal components
methods will be more effective due to the orthogonal
35 nature of thé'optimal traﬁsfer function. The transfer
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Referring still to Figure 2, the second beam 70 35 frombeamsplitter 66
‘is transmtted to an optical. -31- transfer cell 78 which is dlsposed in-
the beam path. The optical transfer cell 78 conprises a positive
correlation filter system-having an absorption spectrumsufficient to
“accept the radiation and sel ecti-vely pass one or nore 5 - wavel engt hs

t herefrom having high correlation with the_cgoncentration of an anal yte of
i.nterest, and substantially no correlatlon gnth i nterfering conponents
present in the particular sanple being interrogated. The correl ated

wavel engt hs ey WJ@@J&%M s WA EIrmithé e Hahfiet&FE1 ¥ES DY

detection neans
the pos1t1ve correlatlon filters of the present

invention. _ N

The aforementioned positive_correlation'filters

"5 are employed herein'in'a'variety of devices configured to
extract analyte concentratlon 1nformatlon from complex
spectral media u51ng near-IR spectrometer devices. A
number of near-IR spectrometers, Fourier Transform near-
IR spectrometers, and modified IR spectrometers of

10 ~conventional design can be used in the practice of the
invention.'_The preferred mode of operation is
reflectance. Suitable spectrometers include the model
6250 near-IR analyzer'availeble from Pacific Scientific
(Siiver'Spring, MD). The techniques for sampling,

15 measuring, and signal processing can be conventional and
are well known to those of skill in the art.

Referring now to_Figﬁre 1, an apparatus for
measurement of analyte concentration in a complex agqueous
medium is generaliy'indicated at 10. The apparatus

20 _ihcludes a radiation source 12 which is capable of
generatlng a spectrum of near infrared (near-IR)
radiation w1th1n the range of approx1mate1y 600 to
approximately 2500 nm. A number of suitable radlatlon
sources are known in the art, such as incandescent light

25 sources directed across interference filters, halogen
light sources (moduiated by an essociated chopper wheel),
laser light sources, laserdiode arrays, or high speed
11ght-em1tt1ng diode (LED) arrays.

Radiation from the source 12 is directed to

30 sample-ihterface_optlc means 14 which reflectlvely
transmits the radiation to a medium 16 containing the
blood analyte of interest. After the radiation has
interrogated the medium, spectrally modified radiation is

, transmitted back to the apparatus 10 through further
35 'sample interface optic means 18. The apparatus 10 can be
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converting those wavel engths into a signal that is representative of the.
intensity thereof. The positive correlation filter -system can be
constructed as described above.: Thus,  the subject 15 filters can conprlse
a single substrate | ayer having an optically active coating which inparts
absorption characteristics capable of selectively. passing one or nore -
wavel engt hs having high correlation.with ajparticular analyte
concentration. In preferred 20 enbodlnen? the positive correlation
filter systemconprises a plurality of fllter | ayers, each |ayer having a

selected filterg %ﬁﬂ%’kar a@{déféséia} ]ﬁ{téﬁ%@%&ﬁ%ﬁé%@diﬁmwg@cﬁ as

- desi red absorptl er|st] n one -case ‘I east _one | ayer of the

. system has a 2%hexe |the radiationnts Airerkedcte themediypan
‘wavel engt h wei %d%é&%ﬁlam,tmﬁﬂtéd\ebmgiﬂélﬂge apparatus

using an optlcally actlve means 20 (e.g., light
5 .converglng means such as a lens, or beam deflection
optics) known in the art. .Alternatively, the sample
interface optic means 14 and 16 can comprise fiber optic
waveguides cdupled to the apparatus in order to enable
more remote medium 1nterfac1ng. Other configurations'are
10 'prov1ded wherein a 51ng1e fiber optic bundle is employed
" to transmit the radiation to and from the medium. An
 optrode disposed at the end of the single bundle _
transmits the near-IR'radiation to the sample medium 16
and receives spectrally modlfled radlatlon therefrom
15 whlch is directed back through the bundle to the
._apparatus 10. Sapphlre or hlgh-grade quartz can be used
as opt1ca1 elements in the above fiber optic waveguldes,
as those materlals have very good transmission )
. characteristics in the near-IR spectral range. Other
20 .suitable fiber optic waveguides include fluoride-based
systems known in the art. ' o
In each of the above-descrlbed conflguratlons,
radlatlon from sample interface optic means 14 is
o dlrected to the medlum 16 where the near-IR radiation
25 interacts with the constithents of the sample and is
absorbed, dispersed, diffused and reflected. This
spectrally modified radiation is then collected and
directed to the apparatus 10. |
The spectrally modified radlatlon transmitted
30 = by sample interface cptic means 18 is then directed to a
_means 22 for'receiving and directing the radiation into a
beam path, such as a collimating lens or the like. The
beam path communlcates with means 24 for passing selected
. wavelengths, such as a dlffractlon gratlng system or
35 selective filtering means. Use of a diffraction grating
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factor provides enhanced p05|t|ve correlation of a passed wavel ength with
the concentration of an analyte in the selected sanple medium 30 :

The signal s generated by detection means 76 and 80 are then conmunicated to
a nmeans 82 for converting those signals into a digital signal indicative of
-the ratio of the intensity of the correl ated wavel engths fromthe positive
correlation filter systemand-the 35 correspondi ng spectrally nodified
radi ati on energing from -32- the sanpl e26The ratio can then be
converted to digital formand interpreted to deternine analyte

concentratlon u5|n% an internal m_GrqQprocessor ¥Ften1or
em serves to eliminate waveleng S not hav1ng a

relatlonshlp to the analyte of 1nterest and d1v1des the .
radiation into d;stlnct wavelengths. - Radiation passing
through the means 24 is directed through a beam splitter
5 26, whereby the radiation is divided into two'beams, |
respectively indicated at 28 and 30. Suitable beam
splitter means include mirror configurations such as
‘those known in the art. ' -
_ _ A first beam 28 from beam splltter 26 is
10 communicated with an ‘optical transfer cell 32 which is
disposed in the beam path. The optlcal transfer cell 32
comprises a p051t1ve correlation filter system having
absorptlon spectra sufficient to accept the spectrally
modified nearrIR radiation from the beam 28 and _
157 selectively pass one or more wavelengths therefrom having
high correlation with a selected analyte-concentratien.
The positive correlation filter system includes one or
more opticaliy active filter means having absorption
characteristics determined using a partial least squares
20 or principal component regression of an original spectrum
| of a sample containing an analyte of interest.
Pbsitive_correlation filter systems can be
constfucted_using a suitable substrate layer that is
capable of transmitting radiation at least in the 1100-
25 2500 nm range. The substrate layer is generally coated.
with one or more layers of metals and/or oxides that are
conventional in the art._ Such coatings can be applied to
the substrate using emu151on ‘or chemical vapor deposition
(CVD) techniques well known 1n the art. In preferred
30 embodiments, the positive correlation filter system
- comprises a pluraiity'of filter layers, each layer having
a selected filter den51ty and/or filter thickness
suitable to prov1de a de51red absorptlon characteristic.
In one partlcular filter system, at’ least one layer of
35 the system has a fllter_denslty and/or th;ckness that
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associ at ed system usi ng net hods known in the art. 5 In
particularly preferred enbodi nents, the m croprocessor cal cul ates anal yte.
concentration by application of a chenonetrics algorithmto the ratio
signal. The appropriate algorithmcan be determ ned using the

above- descri bed .chenonetrics techni ques, such .10 ‘as a |east squares

anal ysis or rotated principal conponent. an?515|s -of an original absorption
spectrum of the analyte of interest. In a turther aspect of the invention,
a non- invasive nethod of neasuring the concentration of a blood 15 '

anal yte is prowdifskisede mmrgﬁﬂerwéi ﬁn&osléceofleﬁéaﬁa SWRELE OHEL er
appar at us sucht%s those} d’ﬁ“frf et?o atbove léfart ul arl% rTEt hgd I's provided
wherein near- | G at % T RPY rR%ﬁ"h ?ﬁj a blood
anal yte of int mmelanm@f:ae@asm rwairekength svith the concentratlon

k of an analyte in the selected sample medium. The

5 welghtlng factor is an embodiment of a weighting constant
determined using chemometrlcs, whereln the constant
allows for the construction of an optical filter that is

_ able to extract wavelength—spec1f1c 1nformatlon from '
' spectral data. The wavelength—spec1f;c information can

‘10 then be used to'readily determine analyte concentration.

| . Thus, the optical transfer cell 32 allows for
the measurement of analyte concentratlon in a variety of
complex mediums, such as any agueous medium hav1ng a
complex spectral background (e.g., in which lnterferlng

15 . cohstituents'in the medium can produce significant
measurement errors). Particularly, the optical transfer
cell 32 finds'use in applications where there exists
-51gn1f1cant background absorptlon from whlch the
absorption of a SpelelC constituent of interest departs

20 at one or more characterlstlc wavelengths to an extent
indicative of the concentration of that constituent.

When the level of the constituent of interest is low
relative to the medium, the need for_such an optical
transfer cell becomes more acute.

25 In one appllcatlon, the optlcal transfer cell
32 can be used in the determination of blood analyte
concentratiOns. The blood analyte can be present in an
in vitro sample medium (e g., a blood sample), or can be
present in an ‘'in vivo tissue sample. 1In partlcular -

30 -'appllcatlons, the blood analyte of interest is a blood
electrolyte (e. g., calcium, pota551um, sodium, chlorlde
and bicarbonate (CO,)), ‘blood hydrogen lon concentrat;on
(pH), an organic compound present in blood such as

" glucose and urea (BUN), or a blood constitueht suCh as

35 hematocrit or hemoglobin. 1In each of the aforementioned
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20 ~ caused to inpinge upon the skin surface of tissue, such as upon a
subject's forearm The radiation is directed at an angle toward the tissue
such that it is absorbed by the tissue material near the surface and
reflected as diffuse radiation.- In this manner, the radiation is 25
spectrally nodified as. a result of infrared absorptions by the bl ood and
tissue constituents. Portions of the interyrggating near-IR radiation are
~absorbed, dispersed, diffused and reflecte% fromthe bl ood constituents
contained within the tissue source. This spectrally 30 nDdlfled radi ati on

cont ai ns i nf or gRLieRsSPRHd ol Qa1 A, C Ut 0! IR I! £ GRS E iR

However, due to the cdnpl exi .y of the cheni cal si c f th -
tissue, a |argEoRRSIAtION FidFT FYF e Ahat qar?f |§¥H‘a§l%esa’t7s%fi(o%f%| ngd .

“whi ch nust be taeDdeteamidainist et ftire Siiancentmtdmn tof ebHe axgecific
anal yt e- speC|f|c ﬁ@%@r J.(Htere-gt3 As will be readlly appreciated by
5 those of sklll in the art, the optical transfer cell can
' be detachably mounted in the apparatus 10, whereby a
variety of dlfferent cells can be cassetted into and out
of the apparatus when one is de51rous of quantlfylng
_ dlfferent analytes.
10 | _ Referrlng still to Flgure 1, the correlated
| wavelengths passed by optical transfer cell 32 are
received by a detection means 34 for converting the
optical information (oorrelated wavelengths) into a
signal that is representatlve of the 1ntens;ty of that
15 1nformatlon." In one particular apparatus, ‘the detection
means 34 comprlses a lead sulfide (PbS) photodetector _
able to scan the range of wavelengths from about 1100 to
at least about 2500 nm in steps of 1 nm. Such detectlon
- means convert the-passed radiation (wavelengths) into
20 signals representative-of the intensities of those
wavelengths. ' ' ' '
A second beam 30 from beam splltter 26 is
communicated to a further detection means 36, whereby the
_ spectral information is converted 1nto signals =
25 representative of the intensity thereof. The second beam
30 of spectrally modified radiation may pass through'a_
reference optical transfer cell 38 disposed in the path
of said beam. The reference cell 38 can comprise'a :
~ neutral den51ty fllter means hav1ng absorptlon
30 characteristics suff1c1ent to attenuate radlatlon equally
over a selected range of near-IR wavelengths. The
signals from detection means 34 and 36 are. communicated
to a means 40 for converting those 51gnals into dlgltal
51gnals, e.qg, d1g1ta1 signals 1nd1cat1ve of the
35 differences between the correlated wavelengths emerglng
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-33- near-IR radiation used to interrogate the nedium preferably includes
radi ation in the range of approximately 1100 to 2500 nm In a further
pref erred aspect of the invention, 5 a non-invasive nethod is prOV|ded
for determning bl ood gl ucose Ievels usi ng the above-described -
transcut aneous forearm nmeasurenent techni-ques. The vibrational notion of
t he bl ood gl ucose nol ecul es can be neasureggisi ng diffuse-reflective
near-1R radi ati on, wherein the 10 vi brational notion includes both
rotational and translational moti on,  including overtone vibrations and
~conbi ned vi bratfooms. théfposétévelboarebat;onhelmtertend the attenuated

wavelengths emerging from the neutral dens;ty filter.
More particularly, the signals are communicated to an
analog/digital_(A/D)uconverter,for'cdnversion to digital
5 form. The digital information is then readily input into
a microprocessor 42 to caiculate actual analyte
concentration. The concentratlon can conven1ently be
visualized through a dlgltal display means 44.
Various optional components for use in the
10 apparatus 10, such as first and second_radlatlon focusing
' means, respectively_indiCated_at 46 and 48 and capable of
receiving and‘directing the radiation emerqing from
opt1ca1 transfer cells 32 and 38 1nto a beam path, w111
be apparent to those skilled in the art. In some
15 apparatuses, such focu51ng means can comprise a focusing
lens or the like. Alternatively, the apparatus 10 can
inciude; for example; a single detection means capable of
receiving spectral information from the split beams 28
and 30. _ _
20 Referring now to Figure 2, an alternative .
. apparatus for measurement of analyte concentration in a
complex aqueous medium is generally indicated at 60. The
. apparatus includes a radiation source 62 which is capable
.. of generating a spectrum of near infrared (near-IR)
25 radiation within the range of approximately 660 to
_approximately 2500 nm. Radiation from source 62 is
transmitted to an optically active means 64 for receiving
and directing the radiation into a beam path and/or for’
passing selected wavelengths, stch-as a collimating lens,
30 selective filtering means or the.like. In one case, the
' optically active means 64 can comprise a monochromator.
Near-IR radiation emerging from means 64 is
communicated thrghgh-a beam splitter 66, whereby the
radiation is divided into two beams, respectively
35 indicated at 68 and 70. The first beam 68 from beam
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vi brations are dom nant. Such transcutaneous, reflective nmeasurenments 15 -
carried out in the forearmarea provide a nore uniformrepresentation of

bl ood gl ucose than prior methods that are carried using transnissive:
near-| R finger neasurenents. Near-IR light transm ssion in the finger area
Interacts wwth a m xture of arterial, venous and 20 capillary bl ood, as
wel | as bone, cartilage and ot her subcutane@us material. On the other
hand, reflective arm neasurenents are limted to capillary blood (and
interstitial fluid) alnost exclusively. Since capillary, venous and
arterial bl-ood Spliddier chckattransmitted ©6 a samphetwediwhe¥2s!ightly,

the measur enentcdeaitiy|h o éndénbration! 62156 LA gpLs ber carm :

- measur enent S) pr ovi des for_a npre consistent nonitor Q ucose.

Reflective ar miRESmentT Fi9We 2 midie sample medium 72 °°mprlses a

sample cell formed from a 'suitable substrate capable of
5 transmlttlng radiation in the near-IR range of 1nterest.
In one case, the sample can comprise a blood serum
sample, wherein it is desired to determine the
' concentration of blood analytes. Alternatively, the
. first beem 68 can be transmitted to a sample surface such
10 ‘as a tissue surface using direct interfacing means or
~ indirect interfacing means (e.g., fiber optic wavegﬁides
means) as have.beeh-described supra. In this manner, the
concentration of blood analytes present in the tissue
sample can be non-invasively determined using reflectlve
15 near-IR measurement of the absorptlon spectrum of
radiation which has interacted with the tissue semple.
Spectraily modified radiation that has
interacted with the constltuents of the sample (1nclud1ng
the analyte of 1nterest) is then collected and directed
20 to screenlng_means 74 for passing selected wavelengths
from the beam'path, such as a diffraction grating system
or selective filtering'meane. ‘Thus, screening means 74
serves to either attenuate the radiation, or to remove
unwanted spectral information therefrom. The radiation
25 emerging from the screehing means 74 is received by a
detection means 76 for cenverting the spectrally modified
radiation_into a signal that is representative of the
intensity of that radiation. ' The detection means can be
. cenfigured to only receive and detect discrete
30 - wavelengths having correlation with analyte
- concentration. 1In the'alternative,'the detection means
can COmprise a broad spectrum photodeteCtor_such_as-an
PbS photodetector or the 11ke. S
Referrlng still to Flgure 2, the second beam 70
35 from beam splltter 66 is transmitted to an opt1cal
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| ess sensitive to sensor |ocation placenent than 30 transn155|ve finger

measur ements, wherein variation of sensor placenent and rotation can |ead

to errant spectral measurenents. Furthernore, skin pignentation variations
fromracial and individual differences cause absorption variations in the -
- transm ssive near-IR region (e.g., 800 35 -34- to 1000 nn), but not in-

the reflective near-IR region (e.g., 0ver,$ 00 nm. In each of the above

met hods, the near-IR radiation that was ditécted to the nmedi um contai ni ng
the 5 anal yte of interest is caused to be reflected by the

transfer'ce11'78 which is disposed in the beam path. ‘The
optical transfer cell 78 comprises a positive correlation
filter system hav1ng an absorption spectrum sufficient to '
accept the radiation and selectlvely pass one or more
5 wavelengths therefrom having hlgh correlatlon with the
concentration of an analyte of interest, and
substantially no correlation w1th 1nterfer1ng components
present in the partlcular sample being 1nterrogated._ The
 ‘correlated wavelengths emerglng from the optlcal transfer
10 cell 78 are received by a detectlon means 80 for
| converting those wavelengths into a signal that is
representative of the 1nten51ty thereof.
The p051t1ve correlation filter system can be
constructed as described above. Thus, the subject
15 - filters'can.comprise-a single substrate layer having an
optically active coating which imparts absorption
characteristics capable of-seleotively passing one or
more wavelengths'having high correlation with a
particular analyte concentration. 1In preferred
20 embodiments, the positive correlation filter system
comprises a plurality of filter layers, each layer having
a selected filter density and/or filter thickness
- suitable to provide a desired absorption characteristic.
In one case, at least one layer of the system has a
25 filter density and/or thickness that comprises a
wavelength weighting:factor means, wherein the weighting
factor provides enhanced'positive correlation of a passed
Wavelength with the concentration of an analyte in the
selected sample medium. o
30 ' - The s1gnals generated by detectlon means 76 and
80 are then communicated to a means 82 for convertlng
| those signals into a digital 51gna1 indicative of the
ratio of the intensity of the correlated wavelengths from
the positive correlation-filter.system and the |
35 corresponding spectrally modified radiation emerging from
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medi umto provide a spectrally nodified beamof radiation. This spectrally
modi fied radiation is directed into a‘path through an optical transfer cell
di sposed within the beam path. The optical transfer cell 10 conprises a
positive correlation filter system as has been described in detail above.
Accordingly, the invention provides a positive correlation filter system
configured to accept the beam of spectrally. yodified near-IR radiation and
.sel'ectively 15 ‘pass one or nore wavel engt''s therefrom The passed _
wavel engths are selected to have high correlation with an analyte- - '

concentration. dhe SBh dppés fpid heke £t &) Qﬁé‘ﬁuﬁénaokbér’t@he%' Eﬁg‘ift hhe

passed wavel engths an generatln a signal representative of tenS|ty
of 20 the wavEPERGRE 1nYexpre %ﬁt%ﬂtd%F%ﬁ%}n%aﬂn?ﬁﬁﬁebéoﬁéﬁverﬁ6d°mnto
an indication oﬁshnglqmelntemmﬁﬁrmﬁcprrocessor 84 system or an

_ 'associated system using methods known in the art.

5 _ ' In partlcularly preferred embodiments, the.
mlcroprocessor calculates analyte concentratlon by
appllcatlon of a chemometrics algor;thm to the ratio
signal. The appropriate algorithm can be determined"
using the above-described chemometrics techniques, such

10 as a least squares analy51s or rotated pr1nc1pa1
component analysis of an or1g1na1 absorptlon spectrum of
the analyte of interest. '

In a further aspect of the invention, a non-
invasive method of measuring the concentratlon of a blood

15" analyte is prov1ded. The method generally employs a '
near-IR spectrometer_apparatus such as those described
above. Particularly, a method is provided wherein near-
IR radiation is directed to a medium containing a blood

~ analyte of interest. 1In one case, the radiation is

20 caused to impinge upon the skin surface of tlssue, such
as upon a subject’s forearm The radiation is directed
at an angle toward the tlssue such that it is absorbed by
the tissue mater1a1 near the surface and reflected as
.diffuse radiation. In_thls manner, the radlatlon is

25  spectrally modified as a result of infrared absorptions

by the blood and tissue constituents. Portions of the
interrogating near-IR radiation are absorbed, dispersed,
diffused and reflected from the blood constltuents
contained w1th1n the tissue source. This spectrally

30 modified radlatlon contains 1nformatlon speclflc for each
optlcally active blood constituent. However, due to the
complexity of the chemical and phys1ca1 matrix of the
tlssue, a large amount of background spectral information
is also obtalned which must be removed or accounted for

35 in order to extract analyte-speclflc 1nformatlon._ The
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usi ng net hods known in the art. In a preferred enbodi nent, the analyte
concentration i's determ ned using an application of .a chenonetrics
algorithmto the 25 resultant signal. It is to be understood that while
~the invention 30 has been described in conjunction with preferred

speci fic enbodi nents thereof, the foregoing description, as well as the
exanpl es which follow, are |ntended toillustrate and not l'inmt the scope .
of the invention. Oher aspects, advantag@®-and nodifications within the

scope of the 35 ' -35- invention will be apparent to those skilled in the  a

art to . near-IR radlatlon used to interrogate the medlum '

preferably includes radiation in the range of
approx1mate1y 1100 to 2500 nm. _
In a further preferred aspect of the invention,
5 a non-invasive method is provided for determining blood |
glucose levels using the above-described transcutaneous
forearm measurement techniques. The vibrational motion
~of the blood glucese-molecules can be measured using
diffuse-reflective near-IR radiation, wherein the
10 vibrational motion includes both rotational and
_tramslatiénal motion, including overtone.vibrations and
combined vibrations. Of these vibrations, the overtone
v1bratlons are domlnant.
Such transcutaneous, reflective measurements
15 carried out in the forearm area provide a more uniform
represehtation of blood.glucose than-pfior methods that
are carried using transmissive near-IR finger
measurements. Near-IR light transmission in the finger
area interacts with a mixture of arterial, venous and
20 capiilary blood, as well as bone, cartilage and other
subcutaneous material. On the other hand, reflective arm
measurements are limited to eapillary blood (and
interstitial fluid) almost-exclusively. Since capillary,
venous and arterial blood glucose concentrations are
25 known to_differ_Slightly; the measurement of a single
blood state (e.g., in tranSCutaneous_forearm
measurements) provides for a more'consistent monitor of
- blood glucose. Reflective arm measurements are also much
less sen51t1ve to sensor location placement than
. 30. .transmissive finger measurements, wherein varlatlon of
sensor placement and rotation can 1ead to errant spectral
measurements. Furthermore, skin pigmentation variations
from racial and individual differences cauSe'abSOrption
variations in the transmissive near-IR region (e.g., 800
35
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~which the invention pertains. Exanple 1 5 ' Transcut aneous
near-1 R refl ective neasurenent of bl ood anal yte concentrations was carried.
out in parallel with actual |aboratory testing of patient blood sanples - to
eval uate the accuracy of such nethods and to devel op training set data for

t he above described 10 chenonetric techniques. Mre particularly, a
near - | R phot odi ode array anal yzer operating reflectively in the 1100-1800.
nmrange was used to test two separate parfént popul ati ons (at the Bethesda
Naval Hospital (Mryland) and the Froedtert Lut heran Menorial Hospital

ght sour ce ¢ 45 TEED aBtr GeY o, Bpr et ah TR R e DR oFewceat tor
and attenuator (esdhs. dNHrsiﬂﬂQeﬂNMEans allomed for 1ight blocking
sufficient to provide In each of the above methods, the near-IR
radiation that was directed to the medium containing the
5 .analyte of 1nterest is caused to be reflected by the 1
medium to prov1de a spectrally modified beam of
radiation. This spectrally modified radiation is
directed into a path through an optical transfer cell
disposed within the beam path. The optical transfer céll
10 comprises a positive correlation filter system, as has
been described in detail above. . _

. Aécordingly,-the invention provides a positive
correlation filter system configured to accept the beam
of spectrally modified near-IR radiation and selectively

15 pass one or more wavelengths therefrom. The passed . |
wavelengths are selected to have high correlation with an
analyte concéntration;j The methods further entail
measuring the intensity of the passed wavelengths and
generating a signal representative of the intensity of

20 the wavelengths. The resultant signal_cah then be |
converted into an indication of analyte concentration
using methods known in the art. In a preferred
embodiment, the analyte concentration is determined'using
an application of a chemometrics algorithm to the

25 resultant signal.

It is to be understood that while the invention
30 has been described in conjunction with preferred specific
embodiments thereof, the foregoing description, as well
as the examples which follow, are intended to illustrate
and not limit the scope of the invention. Other aspects,
advantages énd_modifications within the scope of the
35 '
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for -a dark reading of the associated photodetector array. 20 Near-I R’
radi ation in the 1100-1800 nm spectral region was transmtted to a
reflective optical probe that was coupled to the patient skin surface (in
‘the forearmarea). Diffuse back-scattered radi ation that had penetrated.
the epidernms and dernmis was collected by a 25 receiving optical fiber
means that transmitted the radiation to a speetrograph where it was
detected by an indiUn1gaIIiun1arsenide’photodetector array (256 x 1) and
converted to digital formby array interface el ectronics. The spectral-

‘signal s were thédnventdonasdd L beq apparentc toc shoseeskidrled gimlthe et stog -

and pattern recqgﬁbthhe'Em%éﬂgyadw§éyfdjﬁ% non-i nvasi ve transcut aneous
anal ysis of the followi ng blood el ectrolyte analytes ‘cal ci um (CA+) ,.
potaSS|un1[err] sodium[err], chloride

_ Example 1
5 : _Ttansoutaneous_near—IRfreﬁlective measurement
of blood analyte ooncentrations was carried out in
~ parallel with actual laboratory testing of patient blood
-Samples to evaluate. the accuracy of such methods and to
develop training set data for the ebove described
10 chemometric techniques. More particularly, a near-IR
photodiode array analyzer operating reflectively in the
1100—1890 nﬁ renge was used to test'fwo separate patient
populations (at the Bethesda Naval Hospital (Maryland)
and the Froedtert Lutheran Memorial Hospital (Milwaukee),
is reSpectively) The testlng apparatus employed a halogen
' llght source that was coupled to an optlcal flber means
'through a shutter and attenuator means. The shutter_
meens allowed for light blocking sufficient to provide
for a dark reading of the aSsociated photodetector array.
20 Near-IR radiation in the 1100-1800 nm spectral region was
transmitted to a reflective optical probe that was
coupled to the patient skin surface (in the forearm
‘area) . Diffuse back-scattered radiation that had
penetrated the epidermis and dermis was collected by a
25 receiving optioal'fiber means that transmitted the
radiation to a speotrograph where it was detected by an
indium gallium arsenide photodetector array (256 x 1) and
converted to dlgltal form by array interface electronlcs.
The spectral signals were then 1nterfaced to a
30  microcomputer for 51gna1 processing and pattern
'recognltlon.

The results of the non-invasive transcutaneous
analysis of the follow1ng blood electrolyte analytes.
calcium (CA‘), pota551um (K*), sodium (NA*), chloride

35 (cL~ )'and bicarbonate (Co,” ): blood glucose (GLU), blood_
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35 [err] and bicarbonate [err]; blood glucose (GLLD, bl ood urea

- 36_

(BUN); hematocrit (HCT). and henoglobin (HEM) are set forth in Table I. "An -

effective measurenent is characterized by a small average error, a slope
(b) approaching 1.0 and a high T-value (T). The slope is 5 defined as.
the tangent of the least square fit line of predicted val ues/actual val ues.
The predicted val ues viere obtai ned using the transcutaneous neasuring '
apparatus of the invention and the actual‘@érues wer e obtai ned by physi cal

| aboratory testing of patient blood 10 ~sanples. The T-value can be

described as au';:'tera_ac(lgﬁ%q ;Vq{elﬁ%'totchraft | M‘Ic)ataensd r-1’10evxvn_ovénfdAbitnhe( ﬁif)diacxtee dse.vt.s:JI Hue
| “forth in Table I. '
characterized-by,a small average error, a slope (b)

: approaéhing'l.Ojand_a high'T-value (T) .

An effective measurement is

The slope is
5 defined as the tangent of the least square fit line of
predicted vaiues/actuallvalues; .The predicted values
~ were obtained using the tranSqutaneous measuring
apparatus of the invention and the actual values were
obtained by physical laboratory testing of patient blood
10 samples. The T-value can be described as a "tracking
value" that indicates how well the'ptedicted value
tracked with changes in the actual value. The T-value is
~defined as the slope/standard error of the slope.

15 - : ~ _TABLE I

Analyte Mean Range - Average (b) T
Value ‘Error _

cat 9.63 8.5~ 0.21 mg/dl 0.57 | 7.01
mg/dl mg/dl 10.6 | 2.18%

20 “K+ | 4.44 3.5~ 0.16 mmol/L 0.75 | 10.82
mmol/L |mmol/L 5.5 |3.60% . I
Na*t 140.51 |135- | 1.24 mmol/L 0.59 | 6.95 |
mmol/L | mmol/L 148 0.88%
cL- 103.68 | 94- 1.13 mmol/L 0.57 | 9.56
| mmol/L ‘mmol/L 110 1.09% :

25 lco,~  |28.56 |22-35 |1.55 mmol/L 0.46 | 4.12
mmol/L mmol/L ' 5.43%
GLU 98.07 60~ 13.97 mg/dl 1.00 | 14.61
mg/dl mg/dl- 115 14.24%
BUN | 15.58 7-26 1.99 mg/dl 0.67 | 9.17

30 mg/dl mg/dl 12.77%

- || HCT 41.78% | 33-55 2.62% _ 0.41 | 5.94

2 : 6.27% . of mean
HEM 14.32 12-18 0.89 g/dl’ 0.48 | 6.45
g/dl g/dl : 6.22%

35
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tracked with changes in the actual value. The T-value i's defined as the
sl ope/ standard error of the slope. 15 . TABLE
[err] --37- Exanpl e 2 The Transcut aneous near-IR reflectlve neasurenents
of bl ood anal yte concentrations carried out inh Exanple 1 were repeated
using a additional 500 5 patients at the Naval Hospital in San D ego, CA.
‘The data generated were used to carry out a training set/test set sequence .
u5|ng the chenonetric methods of the presen37rnvent|on The results of a
"|-eave- one-out" prInCIpa| _

: Examgle 2
The Transcutaneous near-IR reflectlve

measurements of blood analyte concentrations carried out
in Example 1 were repeated using a additional 500
5 patients at the Naval Hospital 1n San Diego, CA. The
- data generated were used to carry out a training set/test
set sequence using the chemometrlc methods of the present
invention. The results of a "leave-one-out" pr1nc1pa1
~ component regre551on analysis of the follow1ng blood
10 electrolyte analytes: ca1c1um (caty, potass1um (K*),
sodium (NA*), chloride (CL ) and bicarbonate (CO,7) ;
bloed glucose (GLU), blood urea (BUN) ; hematocrit (HCT) -
and hemoglobin (HEM). are set forth in Table II. Once
again, an effective measurement is'characterized by a
15 small average error, a slope (b) approachlng 1.0 and a
hlgh T-value (T).  The predicted values were ‘obtained
using the transcutaneous measuring apparatus of the
invention and the actual values were obtained by physical
laboratory testing of patient blood samples.
20

25
30
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conponent regression analysis of the follow ng blood 10 electrolyte
anal ytes: calciumJ[err], potassiumi{err], sodium[err], chloride [err] and
bi carbonate [err]; bl ood gl ucose (GLU), blood urea (BUN); hematocrit (HCT)
and henogl obi n- (HEM are set forth in Table Il. Once again, an effective
measur ement i s characterized by -a 15 smal | average error, a slope (b)
‘approaching 1.0 and a high T-value (T). The predicted val ues were obtained
usi ng the transcutaneous neasuri.ng appar a'f?)%_of the invention and the :
actual val ues -were obtai ned by phyS| cal laboratory testing of patient. blood

sanpl es. 20 25 30 _
<o ~
Al o« 8] Bl ©] & o] &
I ~ ~]
Q wn
- ™ ~m -
5 ggl g 4 A A A Al 3 s
ﬁ ] ) - O =] o o -] o
0
"
0 ] N <« ~
-
“l«sl S| o o 9o 9 g 8 ¢ =
® &~ = o ot [
10 o 1
Q H b o < - ) 1 n
m D Eg <l ol 8l & o s A Y| e
%g A o o o -« ™ o -
© L [femerened -———_—_——_. —— ——
& - | —
L] ™~ P .N
Se B I I s| & 2| 3
- 23 : s a K
15 ~a ~
~Q
3 &l
~ O | © 7)) o w0 n
vﬂll" g 8‘3 - - P b - -9 ot ~ -
Hii go = S o :
HH "‘7:'. ol @ “ o o © 1)
mll g 5
¥ EE
. " ui ~ o
Y o ~ o o
20 Bl a=f g «8f Rl of =f sf S| Sf A Y S
. . . 0 : L .
o et - ™ ~ ~ & ~ o ~
L) :
Mg _
_ ug 03 = @ o © - o~ by o
: 34 sl 2 o A oA o Y oSl 9 °
. _ éé & Nl o~ o o .-l ™ ™ : -
Q.Irl'g ‘0 I '
. ] T B S ] D ] O ! I I .
gl wl 2 o e & &l 8 vl F| e <«
o - - - N -t - o -
[~ @ .
h 5 < =1 I ! o = 1 <
gl = - - n 9 M M 0 ] =
& : .
30 o
Q
0 .
-] ™ 0 « ®
o -1 ™ w . s -l o o .
g = (o] * ™ @ o A (] g
A
1
A A < al
: o ~ ~ ~ tm ) < ~ 4 -
+ 1 (o]
35 50 £3| 99| 3| 63| 83| 53| &~ B3 ER
| E| "E| E| £ g "¢® g =o

Fhis Is the replacement shest

Nata: }}{3 {%



L

-38- [err] - 39- dains: 1. An optical transfer cell for use in the
measur ement of anal yte concentration in a conpl ex aqueous medi um-
conprising a positive correlation filter neans adapted to accept near

infrared radi.ati on and to sel ectively pass a particul ar’ mavelimmth from

said radiation wherein the particul ar wavel ength has a h u j“ﬂﬂm ‘“L
with the anal yte concentration. 2. The optical transf

wherein the nedlun1conpr|ses body tlssue antf T he - analyte conprlses a bl ood
analyte

Claims: - -

1. An optical transfer cell for use in the
measurement of analyte concentration in a complex agueous
medium, comprising a'positive_correlation filter means

5 'adapted to accept near infrared radiation and to
selectively pass a wavelength from said radiation having
‘high correlation with the analyte concentration.

2. The optical transfer cell of claim 1,
10 wherein the medium comprises body tissue and the analyte
comprises a blood analyte.

3. The optical transfer cell of claim 2,
wherein the blood analyte is selected from the group
15 consisting of calcium, potassium, sodium, chloride,
- bicarbonate (C02), hydrogen ion concentration (pH),
glucose, urea (BUN), hematocrit and hemdglobin.

_ 4. The optiéal transfer cell of claim 3,
20 wherein the near infrared radiation includes wavelengths
in the range of approximately 1100 to 2500 nm.

5. The optical transfer cell of claim 1,
wherein the positive correlation filter means is adapted

25 to selectively pass a plurality of wavelengths, each
having a high correlation with the analyte concentration.

6. The optical transfer cell of claim 1,
wherein the positive correlation filter means further
30 comprises a plurality of layers, each 1ayer having a
selected near infrared absorption characteristic such
that said filter means passes a population of
wavelengths, each having a high correlation w1th the
analyte concentration.

35
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3. The optical transfer cell of claim2, wherein the blood analyte is
sel ected fromthe group consisting of calcium potassium sodium chloride,

bi carbonate [err], hydrogen ion concentration (pH), gtgggig6fgiﬁg;iggulk_
hemat ocrit and henpgl obin. 4. The optical transfer claim3
wherein the near infrared radiation includes wavel ength m“m
approximately 1100 to 2500 nm 5. The opti cal transfﬁ‘“‘a“mﬂ“\ﬁu 1,
wherein the positive correlation filter ne&fs further conpr;ses pPurallty.
of layers, each |ayer having a sel ected near infrared absorption
characteristic such that said filter peans passes a pggulatlon of

wavel engt hs, each havi ng % hi gihe #Reieal diransfer neehhaPhit €1@dRclmt rati on.
6. The opti cilereimdterigast are Clayer Luwtivsri conprisast wavelkbayeh

further conpris | |ng factqr sgai ctor
provi di ng enhar?gee’cﬁ\,%éllgmfl v g%écl)fr“g%g 13 or° ag)fé S'ﬁe sgré %g‘é&gng%k’%glf‘ﬁ
analyte concentenhanged rpesibleeteerretation of the passed wavelength to

: S the analyte concentratlon in a selected medium.

8. 'The optical transfer cell of clainm 7,
wherein Said_weighting factor is determihed using rotated
principal component analysis of an original absorption

10 spectrum of the analyte.

9. The optical transfer cell of claim 7,
wherein said weighting factor is determined using a least
squares analysis of an orlglnal absorptlon spectrum of

15 the analyte. '

10. Ah apparatus'fbr measurement of analyte
‘concentration in a complex agueous medium, said apparatus
_comprlslng.. _ | . |
20 : . a source of near 1nfrared radlatlon, _
means for reflectively transmlttlng the
radlatlon to the agueous medium and retransmlttlng
spectrally modified radiation reflected from said aqueous
medium; . o ' _
25 _' means for receiving and directing the
spectrally modified radiation into a beam path;
an 6ptical transfer cell disposed in the beam
path, said cell comprising p051t1ve correlation filter
means adapted to accept the radiation beam and
30 selectively pass a wavelength from said beam having high
correlation with~the analyte concentration;
means for receiving the passed wavelength and
for cbnverting'the same into a signal representative of
‘the intensity of said anelengfh; and -
35 '
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- 40- 7. " The optical transfer cell of claimé wher ei n sai d wei ghti ng
factor is determ ned using rotated principal-conponent anal ysi s of an

ori ginal absorption spectrum of the analyte. 8. The optical transfer

cell of claim6 wherein said weighting factor is deternln Ieast _
squares anal ysis of. an original- absorption spectrum of: t

An apparatus for neasurenent of anal yte concentration | B* ﬂﬂp#ﬂ us
medi um sai d apparatus conprising: a single source of near ﬂ '

radi ati on; nmeans for reflectively transmtting the radlatlon to the aqﬁeous
' diun1and retransmtting spectrally nDd|f+ ed radiation reflected fromsaid
aqueous medi um neans for rece|V|ng and di tctlng the spectrally nodified.
radi ation _

_ means for calculatlng analyte concentratlon
from the 51gnal. '

11. The- apparatus of claim 10, whereln the
5 means for calculatlng analyte concentratlon comprises
application of a chemometrics algorithm to the signal.

J12. 'The apparatus of claim 10, wherein the
_ positive correlation filter means further comprises a
10 plurality of layers, each layer having a selected
absorption characteristic whereby said filter means.
passes a population of'wavelengths having high
correlation with the analyte concentration.

15 13. The apparatus of claim 12, whereln at
least one layer of the filter means further comprlses
wavelength weighting factor means, said weighting factor
providing enhanced positive COrrelation of the passed
wavelength to the analyte concentration in a selected

20 medium, -

14. The apparatus of claim 13, wherein the
medium comprlses body tlssue and the. analyte comprlses a
blood analyte. _
25 _ ”

_ "15. The apparatus of claim 14, whereln the
blood analyte is selected from the group consisting of
calcium, pota551um, sodium, chloride, bicarbonate (coz),
hydrogen ion concentratlon (pH), glucose, urea (BUN),

30 hematocrlt and hemoglobln.

16. The apparatus of claim. 14, wherein the
- near infrared radiation includes wavelengths in the range
of annroximately 1100 to 2500 nm.

35 . This Sheet Has Been Replac
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into a beam path; an optical transfer cell disposed in the beam path, said
.cell conprising positive correlation filter neans adapted to accept the
radi ati on beam and sel ectively pass a particular wavel ength from said beam
wherein the particular wavel ength has.-a high correfarron—mrth—the—aﬁa+yte

concentration; nmeans for receiving the passed mavel verting
the sane into a signal representative of the intensi , "ﬂ I ength;
and nmeans for-cal cul ating anal yte concentregion from*the stgnal. The

apparatus of claim9, wherein the neans for “tal cul ating analyte
concentration conprises application of a chenonmetrics algorithmto the-

signal .  -41- 11. Thel@ppahahBﬁ-QBvSEQVE‘metﬁ@&eb@ hQﬁsB&%ﬂﬁ\Hﬁe
correlation concentration of a blood analyte, comprising:

(a) dlrectlng near infrared radiation to a
medlum contalnlng the blood analyte,

5 ' (b) causing the radiation to be reflected by
the medium to provide a spectrally modified beam,

(c) directing the modified beam into a path
through an optlcal_transfer cell disposed in the beam
path, said cell comprising positive correlation filter

10 means adapted to acdept the beam and selectively pass a
wavelength from said beam hav1ng hlgh correlation with
the analyte concentration; '

(d) measuring the intensity of the passed
wavelength and generating a signal representative of the

15 1nten51ty of the wavelength, and _

(e) converting the 51gna1 into an 1nd1catlon of

analyte concentration.

18. The method of claim 17, wherein the medium
20 comprises an aqueous solution.

_ 19. The method of claim 17, wherein the medium
comprises a solid substrate.

25 20. A non-invasive method of measuring the
concentratlon of a blood analyte, comprising: |

(a) dlrectlng near infrared radlatlon to the
surface of a substrate containing the blood analyte;

(b) causing the radiation to be reflected by

- 30  the surface to provide a'spectrally modified beam;

(c) directing the modified beam into a path
through an optical transfer cell disposed in the beam
path, said cell comprising positive correlation filter
means adapted to accept the beam'aﬁd selectively pass a

35

This Sheet Has Been R This is the .i'éplae,ément sheel

HIIIIH T A



filter means further conprises a plurality of |ayers, each layer having a
sel ected absorption characteristic whereby said filter nmeans. passes a
“popul ati on of wavel engths having high correlation with the analyte
concentration. 12. . The apparatus of claim 11. wh'ecjm,m mm | ayer
of the filter neans further conprises wavel ength wei j’ ﬂmm
sai d wei ghting factor providing enhanced positive corr'el & i bn Bf % he passed

wavel ength to the anal yte concentration in4s-sel ected nmedium 13. The
apparatus of claim 12, wherein the medi um conprises body tissue and the
anal yte conprises a blood anal yte. 14. The apparatus of claim13 wherein

t he bl ood analywevesesqtbcfuamfsewdtheagrbaploqnbnghlﬁgryeLaﬁhgnuﬂlth :
potassi um sodi yfe sRh2yteecohceatPapaba;lerr], hydrogen i on concentration

o e e O o heh ik b el SPERRSTHY ed enn PRt or ™! 1°
t he range of apwao&uengehyaﬁﬁO@eheraﬁQﬁgnalsiﬁnal Aepuesentaﬁrmeluﬂlthk(ﬁ
: neasurlng tge C?HESHE&@&'QQ %Be wavelength; and

(e) convertlng the 51gna1 into an indication of
analyte concentratlon. '

21. The method of claim 20, wherein the
10 _substrate'comprises human skin or mucosal tissue.

, 22. The method of claim 17, wherein the step
. of convertihg the signal into an indication of analYte
‘concentration comprises application of a chemometrics
15 algorithm to the signal. | '

23. The method of claim 17, whereih the blood
analyte is selected from the group consisting'of calcium,
potassium, sodium, chloride, bicarbonate (CO,), hydrogen

20 ion concentration (pH), glucose, urea (BUN), hematocrit
and hemoglobin. '

24)’ The method of claim 17, wherein the near

1nfrared radiation includes wavelengths in the range of
.25 approx1mate1y 1100 to 2500 nm.

30
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bl ood anal yte, conprising: (a) directing near infrared radiation to a

medi um cont ai-ni ng the bl ood anal yte; (b) causing the radiation to be
reflected by the mediumto provide a spectrally nodified beam (c)
directing the nodified beaminto a pathithrough an optical transfer cel

di sposed in the beam path, 'said cell conprising positive correlation -
filter means adapted to accept the beam and sel ectively pass a wavel ength
from sai d beam having high correlation with the analyte concentration; (d)
-measuring the intensity of the passed wavel ength and generating a signal
representative of the intensity of the wavel ength; and (e) converting the

signal into an indication of analyte concentration. . The et hod of
claim 16, wherein the nmedium conprises an \ e :

.-
oD
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aqueous solution. 18. The met hod of claim 16 wherein the medium corrprl ses
-a. solid substrate. 19. A non-invasi ve nethod of neasuring the
‘concentration of a blood analyte, conprising: (a) directing near infrared
radiation froma single light source to the gurface of a substrate
containing the blood analyte; (b) causing the radiation to be reflected by .
the surface to provide a spectrally nodi fied beam directing the

nmodi fi ed beaminto a path through an optical tra gQsposed in the
beam path,. said cell conprising positive correfatf@n j1ter nmeans adapted
to accept the beam and sel ectively pass a parti el ength fromsaid
beam wherei n the particul ar wavel ength has a high correlation with the

anal yte concentration; (d) neasuring the intensity of 'the passed wavel ength
“and generating a si gnal representative of the |nt ensi fy ‘of the wavel engt h;.

and .
6’0 | - \ '
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(e) cdnverting the signal into an indication of analyte concentration. 20.
The nmet hod of claim 19, wherein the substrate conprises human skin or

nucosal tissue. - 43- 21. - The nethod of claim 16, wherein the step of
converting the signal into an indication of analyte concentration conprlses
application of a chenonetrics algorithmto the signal. 22. The net hod of

claim 16, wherein the blood analyte is selected fromthe group consisting
of cal cium potassium sodium chloride, bicarbonate [err], hydrogen ion

concentration (pH), glucose, urea (BUN), hematocrit and henogl obin. 23.-

The met hod of claim 16, wherein the near infrared radiation includes

mavelengths in the range of. gfrOX|nateI 1100 to 2500 nm
. LIQUID CORRELA ION SPECTROMETRY

‘Abstract of the Disclosure

10 ' A number of optically active elements are
provided'that enable the performance of accurate,
dependable chemical analysis in a medium having varylng
matrix backgrounds and substantlal component

- interferences. Optical transfer cells are provided that

15  include positiﬁe'correlation filter systems adapted to
accept near-IR radiation and to pass a wavelength from
that radiation having high correlation with a particular
ahalyte. A near-IR spectrometer.apparaths for the
measurement of analyte concentration in a complex mediﬁm

20 is also'provided. The apparatus features an'optical
transfer cell constructed accordlng to the invention.
The apparatus ‘can be used in the non-lnva51ve_
determination of blood analyte concentrations in a
variety of mediums. Methods of'measuriné the

25 concentration of a_blood analyte in a_mammalian'subject .
are also provided. The methods entail the use of
reflective near-IR radiation to interrogate a medium to
obtain spectrally modified radiation. The radiation thus
obtained is passed through an optical transfer cell

30 constructed according to the invention to obtain a
wavelength having high'correlation with an analyte of
interest and substantially no correlation with
interfering constituents present in the_medium.

35 -
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- 39-

Claims:

1. An optical transfer cell for use in the measurement of analyte
concentration in a complex aqueous med.ium, comprising a positive correlation
filter means adapted to accept near infrared radiation and to selectively pass a

Pparticular wavelength from said radiation wherein the particular wavelength has a

high correlation with the analyte concentration.

2. The optical transfer cell of claim 1, wherein the medium
comprises body tissue and the analyte comprises a blood analyte.

3. . The optical transfer cell of claim 2, wherein the blood
analyte is selected from the group consisting of calcium, potassium, sodium,
chloride, bicarbonate (CO,), hydrogen ion concentration (pH), glucose, urea

(BUN), hematocrit and hemoglobin.

4. The optical transfer cell of claim 3, wherein the near infrared

radiation includes wavelengths in the range of approximately 1100 to 2500 nm.

3. | ‘The optical transfer cell of claim 1, wherein the positive

' correlatidn filter means further comprises a plurality of layers, each layer having a
selected near infrared absorption characteristic such that said filter means passes a
population of wavelengths, each having a high correlation with the analyte

concentration.

6. The optical transfer cell of claim 5, wherein at least one
layer further comprises wavelength weighting factor means, said weighting factor
providing enhanced positive correlation of the passed wavelength to the analyte

concentration in a selected medium.
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1. ' The optical transfer cell of claim 6, wherein said weighting |
factor is determined using rotated principal component analysis of an original

absorption spectrum of the analyte.

_8.  The optical transfer cell of claim 6, wherein said weighting
factor is determined using a least squares analysis of an original absorption

spectrum of the analyte.

9. An apparatus for measurement of analyte concentration in a

complex aqueous medium, said apparatus comprising:

a_single source of near infrared radiation;

means for reflectively transmitting the radiation to the aqueous
medium and retransmitting spectrally modified radiation reflected from said
aqueous medium; '

means for receiving and directing the spectrally modified radiation
into a beam path;

an optical tran.éfer_ cell disposed in the beam path, said cell
comprising positive correlation filter means adapted to accept the radiation beam
and selectively pass a particular wavelength from said beam wherein the particular
mmlmgfh_'has_a.high correlation with the analyte concentration;

means for receiving the passed wavelength and for converting the
same into a signal representative of the intensity of said wavelength; and |

means for calculating analyte concentration from the signal.

10.  The apparatus of claim 9, wherein the means for calculating
analyte concentration comprises applicaﬁon of a chemometrics algorithm to the

signal.
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11.  The apparatus of claim 9, wherein the positive correlation
filter means further comprises a plurality of layers, each layer having a selected
absorption characteristic whereby said filter means passes a population of

wavelengths having high correlation with the analyte concentration.

12.  The apparatus of claim 11, wherein at least one layer of the
filter means further comprises wavelength weighting factor means, said weighting
factor providing enhanced positive correlation of the passed wavelength to the

analyte concentration in a selected medium.

13.  The apparatus of claim 12, wherein the medium comprises

body tissue and the analyte comprises a blood analyte.

_li The apparatus of claim 13, wherein the blood analyte is
selected from the group consisting of calcium, potassium, sodium, chloride,
bicarbonate (CO,), hydrogen ion concentration (pH), glucose, urea (BUN),

hematocrit and hemoglobin.

15. | The appafatus of claim 13, wherein the near infrared

radiation includes wavelengths in the range of approximately 1100 to 2500 nm.

_1_6_._ A non-invasive method of measuﬁng the concentration of a
blood analyte, comprising: =~

(a) directing hear- infrared radiation to a medium containing the
blood analyte; - _

(b) causing the radiation to be reflected by the medium to provide a
spectrally modified beam;

(c).directihg the'modiﬁed_ beam into a path through an optical

transfer cell disposed in the beam path, said cell comprising positive correlation
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filter means adapted to accept the beam and selectively pass a wavelength from
said beam having high correlation with the analyte concentration;

(d) measuring the intensity of the passed wavelength and generating
a signal representative of the intensity of the wavelength; and |

(e) converting the signal into an indication of analyte concentration.

J17.  The method of claim 16, wherein the medium comprises an

aqueous solution.

18.  The method of claim 16, wherein the medium comprises a

solid substrate,

19. A non-invasive method of measuring the concentration of a
blood analyte, comprising: , _

(a) directing near infrared radiation from a single light source to the
surface of a substrate containing the blood analyte;

(b) causing the radiation to be reflected by the surface to provide a
spectrally modified beam;

(c) directing the modified beam into a path through an optical
transfer cell disposed in the beam path, said cell comprising positive correlation
filter means adapted to accept the beam and selectively pass a particular
wavelength from said beam wherein the particular wavelength has a high
correlation with the analyte concentration;

(d) measuring the intensity of the passed wavelength and generating
a signal representative of the intensity of the wavelength; and

(e) converting the signal into an indication of analyte concentration.

20.  The method of claim 19, wherein the substrate comprises

human skin or mucosal tissue.
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21.  The method of claim 16, wherein the step of converting the
signal into an indication of analyte concentration comprises application of a

chemometrics algorithm to the signal.

22.  The method of claim 16, wherein the blood analyte is
selected from the group consisting of calcium, potassium, sodium, chioride,
bicarbonate (CO,), hydrogen ion concentration (pH), glucose, urea (BUN),

hematocrit and hemoglobin.

23.  The method of claim 16, wherein the near infrared radiation

includes wavelengths in the range of approximately 1100 to 2500 nm.
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