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Method and apparatus for analytical determination of

glucose in a biological matrix

The invention relates to a methed and an apparatus for
the analytical determination of glucose in a biological

matrix.

The term 'biological matrix' denotes a bedy fluid or a
tissue of a living organism. Biological matrices, to which the
invention relates, are optically heterogeneous, that is, they
contain a large number of scattering centres on which radiated
light is scattered. In the case of biological tissue,
particularly cutaneous tissue, the light-scattering centres
are formed by the cell walls and other constituents contained
in the tissue. |

. ,;'

Body fluidsy particularly Dblood, are likewise
optically heterogeneous biological matrices, as they contain
particles on which light is multiply scattered. Milk and other
ligquids investigated in foodstuffs chemistry also often

.contain a high concentration of scattering centres, for

example in the form of emulsified fat droplets.

Reagents - or reagent systems whose reaction with the

particular component results in a physically detectable
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generally used for the qualitative and quantitative analytical
determination of components of such biological matrices. By
calibration with standard samples of known concentration a
correlation between the quantity nmeasured -at various

concentrations and the respective concentration is determined.

These methods allow highly accurate and sensitive
analyses, but require the extraction of a 1liquid sample,
especially a blood sample, from the body for analysis
('invasive analysis'). This extraction of a sample is

unpleasant and painful and causes a certain risk of infection.

This is especially the case when a disease requires
very frequent analyses. Certainly the most important example
is diabetes mellitus. With this disease it is necessary to
determine the glucose content of the blood very frequently or
even continuously if serious secondary diseases and critical

states of the patient are to be avoided.

Numerous methods and devices have <therefore been
suggested for the determination of glucose in blood, tissue

and other biological matrices in vivo and non-invasively.

A review of physicochemical (reagent-free)
determinations of glucose in .vivo is given in J.D.
Kruse-Jarres 'Physicochemical Determinations of Glucose in
vivo', J. Clin. Chem. Clin. Biochem. 26 (1988), pp. 201-208.
Nuclear magnetic resonance (NMR), electron spin resonance
(ESR) and infrared (IR) spectroscopy are hamed, among others,

as non-invasive methods. However, none of these methods has as
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for routine analysis and certainly for home monitoring of the

patient.

The invention relates to a subgroup of non-invasive
analysis methods, in which 1light is irradiated into the
bioclogical matrix as primary light through a boundary surface
forming the boundary of the biological matrix and the
intensity of the light is measured which emerges as secondary
light from the biological matrix after interaction. For such a
measurement, the term 'detection measurement' 1is used
hereafter. In the known methods several detection measurements
are made at different wavelengths for the determination of one
glucose concentration. A measurement.result which (without the
use of reagents) is a measure of the concentration of the
analyte in the biological matrix is derived from the spectral
dependence of the intensity of the secondary light measured in
the detection measurements. The wavelengths of the 1light
considered for such methods are generally between about 300 nm
and several thousand nm, hence in the spectral range between
near UV- and infrared 1light. The term 'light’' must not be
interpreted as being restricted to the visible spectral range
of light.

Nearly all known methods of this type are based on the.
principles of spectroscopy. The fundamental ﬁrinciple is the
interaction of the irradiated primary light (of a specific
wavelength) with vibration and rotation states of the
molecules undergoing analytical determination. The basic
vibration and rotation states of glucose are found in the IR

region at wavelengths of more than 2500nm. This spectral range
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matrices. In the near infra-red (NIR) region the absorption of
water is smaller (so-called "water-transmission window"). The
spectral analysis of glucose in this region is based on the
absorption by overtones and combination oscillations of the
basic vibration and rotation states of the glucose molecule
(see the article by Kruse-Jarres cited above and EP-A-

0 426 358).

The practical making of a non-invasive glucose sensor
on the basis of these principles meets with enormous
difficulties, which result especially from the fact that the
effective signal (the change in the absorption spectrum due to
a change in the glucose concentr_atio_n) is very small and this
small signal competes with a large background of interfering
signals resulting particularly from the spectral absorption of
water and of other strongly absorbing components (among
others, the red blood pigment haemoglobin). Many different

attempts have been made to solve this problem:

- Differential measurements are made at various
wavelengths, the first wavelength being chosen so that the
glucose absorbs as strongly as possible there, whilst a second
wavelength 1is chosen as reference wavelength so that the
absorption is as constant as possible at different glucose

concentrations (EP—A-0.160 768).

- In US Patent 5,028,787 computer investigations are
used to select wavelength pairs which are supposed to be

particularly suitable for glucose absorption measurements. The
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suitable.

- In WO 93/00856 two wavelengths are selected so that
the extinction coefficient is as similar as possible. The
intensity of two rays with these two wavelengths is adjusted
so that the detected signal is identical. Changes in the
glucose concentration are detected as changes in the signal

showing the difference between the two wavelengths.

Further processes and apparatus for the non-invasive
analytical determination of glucose are described in US
Patents 5,086,229, 5,178,142, 5,179,951, 4,883,953, 4,882,492
and PCT Applications WO 92/17765 and WO 90/07905.

Despite these endeavours no-one has yet succeeded in
providing a practical and functional non-invasive glucose
sensor. More realistic is the possibility to use an in vivo
sensor based on the principles of spectral analysis for the
determination of the concentration of substances with an
optical absorption which is several orders of magnitude higher
than that of glucose. Impqrtant examples are the strongly
absorbing haemoglobin (Hb) and its ‘oxidised form HbO2. As
these parameters provide information on the oxygenation state
of the blood, such sensors are also known as oximeters. Many
different designs and méthods for non-invasive oximeters are
known from the literature. WO 89/01758, US 4,867,557
(corresponding to EP-A-0 286 142), EP-2A-0 -353 619,
EP-A-0 104 772, WO 91/17697, WO 93/11701 (published on
24.6.1993) and US Patents 5,057,695, 4,223,680, 4,295,470 and

4,824,242 are for example cited here.
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determination of glucose by laser light scattering are
described in Europeah 15atent 0 074 428. Here it is assumed
that the glucose molecules scatter a.ray of light transmitted
through_the solution and that the glucose concentration can be
derived from this. According to this theory, the principle of
the measurement is to obtain the information on the gluéose
concentration from the spatial angular distribution of the
transmitted light emerging from a test cuvette or from an
investigated part of the body. In particular, the intensity of
the transmitted 1light is measured in an angular region in
which the change in relation to the glucose concentration is
as large as possible and is then compared with the intensity
measured in the central ray passing directly through the
sample. For in vivo analyticai determination a transmission
measurement on ear lobes with laser 1light is exclusively

recommended.

Similar scientific questions are also discussed in the
publication of I.s. Chira et al.: "Light Scattering by Blood
Components after Supplying Glucose", Biomed. Technik 35
(1990), pp. 102-106. This investigates experimentally the
possibility of determining the concentration of glucose in
liguids by the scatfering of light. The authors conclude that
neither static 1light-scattering experiments nor by photon

correlation spectroscopy (PCS) are suitable for this purpose.

The basic object of the invention is to provide a
method for the analytical determination of glucose in a
biological matrix which operates with simple apparatus,
without reagents and non-invasively and achieves good

analytical accuracy, for example for observing the change of
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process Ofsdffﬁ.c1ent length of time.

This object 1is achieved by a method for the
determination of the concentration of glucose in a biological
matrix comprising at least two detection measurements, in.
which light is irradiated as primary light into the bioclogical
matrix through a boundary surface bounding the biological
matrix, the light propagates along a light path within the
biological matrix and the intensity of the light is measured
which emerges as secondary light from the biological matrix
through a boundary surface thereof, and an evaluation step, in
which the glucose concentration is derived from the measured
intensities of the detection measurements by means of an
evaluation algorithm and é calibration, in which at least one
detection measurement is a spatially resolved measurement of
multiply scattered 1light in which the primary 1light is
irradiated into the biological matrix at a defined irradiation
site, the intensity of the secondary light emerging from the

" biological matrix at a defined detection site is measured and
‘the detection site is located relative to the irradiation site
so that ligh; which was multiply scattered on scattering
centres in the biological matrix is detected, the intensity of

which is characteristic of the glucose concentration.

The invention also provides a device for the
determination of the glucose concentrat_:ion in a biological.
matrix, particularly for carrying out the method according to
the invention, with a light-transmission area prbvided. for
application to a boundary surface of the biological matrix,
irradiation means for irradiating light into the biological

matrix through one of the boundary surfaces, detector means
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to obtain @or measuring the intensity of 1light emerging through a
boundary surface from. the biological matrix and data
processing means for'converting the measured intensity into a
signal corresponding to the glucose concentration, in which
the irradiation means are designed to providé spatially
limited irradiation of a defined irradiation site and the
detector means are designed for the spatially limited
measurement of the secondary 1light emerging at a defined
detection sité, where the detection site is located relative
to the irradiation site so that light multiply scattered at
scattering centres in the biological matrix is detected, which

has an intensity characteristic of the glucose concentration.

It is characteristic of the inventidn that a measured
value characteristic of the glucose concentration can be
determined without measuring several wavelengths by two
detection measurements being made (preferably at the same
measurement wavelength but with different light paths), where
at least one of the detection measurements is a spatially
resolved measurement of multiply scattei'ed light. In contrast
to previously known spectroscopic methods .(particularly NIR
(near-infrared) spectroscopy), the basis of the measurement of
the glucose 1is not the determination of the optical
absorption. Rather the wavelength is preferably chosen in a
region of the spectrum in which the absorption by glucose is

relatively low.

Figure 1 shows an absorption spectrum of glucose in
water. The decadic 1logarithm of the ratio of measured
intensity to irradiated intensity (lg I/I0) in transmission is
shown for a cuvette length of 1 cm and four glucose

concentrations, namely 0, 1, 5 and 10 %. It can be seen that
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the spectra for these four concentrations differ slightly only

in a small wavelength region at about 980 nm. The maximum
signal difference between the measured value with pure water
and with 10 % glucose sclution at this wavelength is less than
2 %. At other wavelenghts the difference is even considérably
smaller. The variation in the glucose concentration in this
experiment is very much larger than the actual physiological
glucose concentration. For a realistic glucose change within
the physiological range of 100 mg/dl the absorption change at
980 nm is equivalent to less than 0.02 %. The change 4I/dC in
the measurement signal I in relation to the glucose
concentration C will in the following be called the "relative
signal change" and will be expressed quantitatively in % per

100 mg/dl change of the glucose concentration.

Figure 2 shows a similar spectrum in the neighbouring
wavelength region between about 1100 nm and 2500 nm. This is a
differential spectrum for glucose concentrations between 0 and
600 mg/dl compared with pure water. Negative values denote a
lower absorption in comparison with pure water. Here the
maximum useful change in.the signal intensity amounts in total
to less than 0.3%, hence on average to less than 0.05 % per

100 mg/dl change of the glucose concentration.

Figures 1 and 2 together show that the dependence of
the absorption on the glucose concentration is so small over
wide spectral regions that it is practically useless for
measurement in a bioclogical matrix. The wavelength regions in
which in a transmission measurement on a clear glucose
solution the relative sighal'change dI/dC is less than 0.01 %

per 100 mg/dl change of the glucose concentration are referred |
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to as spectral regions with a "small" dependence of the

absorption on the glucose concentration.

On the basis of the measurement results shown in
Figures 1 and 2, the wavelengths at about 980 nm, 1410 nm,
1890 nm and 2150 nm would have to be considefed as most
suitable wavélengths | for spectroscopic analytical

determination of glucose.

In the context of the present invention the spectral
regions presenting a small dependence of the absorption of an
aqueous glucose solution on the glucose concentration can be
advantageously used. Specifically, the wavelengths between 400
nm and 940 nm, between 1020 nm and 1390 nm, between 1430 nm
and 1880 nm, between 1900 nm and 2056 nm and between 2250 nm
and 2500 nm, for example, are suitable. The wavelength regions
denoted by Roman numerals in Figures 1 and 2 are particularly

preferred, namely:
I. 400 to 600 nm.

II. 750 +to 850 nm, preferably 780 to 920 nm,
particﬁlarly preferably 780 to 825 nm or 850 to 800 nm.

III. 1050 to 1350 nm, preferably 1200 to 1300 nm and
Iv. 1600 to 1800 nm, preferably 1630 to 1770 nm,
particularly preferably 1630 nm to 1670 nm or 1730 nm to

1770 nm.

The measurement should preferably be essentially

monochromatic. Here "monochromatic" is to be understood in the
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Cerr]-olefin conversions above 90% If tenperature is
_ The half-width (width at half of maximum intensity) should be
less than 100 nm and preferably less than 50 nm. In contrast
to the spectroscopic methods for non-invasive analytical
determination of glucose, relatively broad-banded 1light
sources (with half-widths larger than 20 nm), such as light-
emitting diodes or other semi-conductor light sources, can be
used without subsequent spectral selection. This considerably
reduces the cost of the apparatus. Whenever "the wavelength"
of the light source or of the primary light is mentioned here,

this expression refers to the wavelength of the maximum

intensity.

In contrast to the familiar spectroscopic methods, it
is sufficient if the at least two detection measurements are
made at only one wavelength. The fact that the measurement
signal is substantially independent of the wavelength permits
selection of wavelength regions for the measurement in which
the smallest possible disturbances caused by strongly
absorbing substances occur. In the region around 802 nm the
measured intensity is approximately independent of the
concentration ratio between Hb and HbO2, as these substances
have an isosbestic point there. This is also the case in a
broad isosbestic region between 1200 and 1300 nm. Additionally
the absorptions of haemoglobin and of water are about the same
in this region. This results in a particularly good
independence of the measured intensity from the ratio of Hb,

HbO2 and H20.

In the course of the experimental testing of the

invention it has been shown that relatively short wavelengths,
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experiments give reason to believe that this is advantageous
particularly because of the more even distribution of the
blood in the uppermost dermal layers and possibly also because
of better correlation of the'glucose concentration with-the

blood glucose.

Surprisingly on the basis of the present invention a
relative signal change dI/dC is found which is much larger
than that to be expected on the basis of the absorption even
in the narrow wavelength regions, where the absorption of the
pure glucose solution is relatively strongly dependent on the
glucose concentration. This is true even in wavelength regions
where the absorption presenté only a small dependence on the
glucose concentration. The value of the relative signal change
is dependent on the respective measuring apparatus, but in
measurements on human skin generally amounts to more than
0.5 % per 100 mg/dl and is thus at least ten times greater
than the relative signal change that would be expected from

the change in the absorption.

According to the inventors' ©present state of

knowledge, this effect may be explained as follows.

The change in the glucose concentration results in a
change in the refractive index of the liquid contained in the
biological matrix in which the glucose is dissolved. The
change in the refractive index results in a change in the
light-scattering on the scattering centres contained in the

matrix. This change is of course extremely small in each
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index amounts to only about 0.002% per millimole. The

inventors have found that this extremely small effect can be
put to practical use for the analytical determination of
glucose if a large number of scattering processes of many
photons that have passed through the biological matrix along a

similar light path are detected.

The metho.d of measurement in the invention is
therefore designed so that ideally the refractive
index-dependent scattering behaviour of the space within the
biological matrix surrounding the scattering centres is
determined. It has been found that this mechanism of the
invention is very sensitive, that is, the change of the
measurement signals is relatively large with relatively small
changes in the glucose concentration. = The increased
sensitivity compared with known processes for the in vivo
analytical determination of glucose also leads to improved
selectivity, since the variation of the multiple scattering
used in accordance with the invention depends in the most
important biological matrices - blood and dermal tissue -

essentially only on the glucose concentration.

This surprising effect may be explained by the
multiple scattering which is used in the present invention for
the analytical determination of glucose. The method of the
instant invention can therefore also be called Multiple

Scattering Amplified Glucose Detection (MSAGD).

On the basis of the present invention it is to be
assumed that the effect underlying the MSAGD represents a

considerable disturbance in spectral analytical determinations
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of other components of an optically heterogeneous biological
matrix. It can therefore also be advantageous to carry out at
least one spatially resolved measurement of multiply .scattered
light in such a spectral-analytical method for correction of
changes in the optical path length caused by changes in the
glucose concentration. Such a method is likewise a subject of

the present invention.

MSAGD differs fundamentally from the methods used
hitherto for non-invasive analytical determination in the
requiremeht of multiple scattering. In infrared spectroscopy,
which is based on the measurement of the dependence of
absorption on wavelength, optica.l scattering is felt to be
disturbing. If at all possible, parts of the body that cause
as little scattering of 1light as possible are therefore
selected. It has for example been suggested that NIR
spectroscopic determinations should be carried out on the
anterior chamber (atrium) of +the eye, which contains a
relatively clear and therefore non-scattering 1liquid (US

Patent 4,014,321).

For better understanding, the results of a laboratory
experiment are represented in Figure 3. To the glucose
solution, the spectrum of which is shown in Figure 1, milk
with a fat content of 3.5% was added in a concentration of
0.1 % by volume under otherwise identical conditions of
measurement. A substantial increase in the relative éignal
change dI/dC, which is particularly large at short wavelengths
but in total shows 6nly a slicjht, continuous dependence on
wavelength, is apparent in the entire represented spectral

region. The addition of milk converts the clear glucose
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Qggpgxged5mgg$ ¢g@plets cause the MSAGD effect.

Comparison of Figures 1 and 3 shows that the MSAGD
signal also differs from ébsorption measurements in that the
concentration-dependent change in the intensity (d4I/dC) is
substantially independent of the wavelength. A certain chénge

in the glucose concentration consequently results in a roughly

“equal change in the intensity of the secondary light, even

when the wavelength of the irradiated 1light differs for
example by 100 nm. In contrast to this, the change dI/d4dcC is
substantially larger ‘in a more strongly absorbing wavelength
region (absorption band) than in a weakly absorbing wavelenght
region if the detection measuremént is based on the absorption
of glucosé. This is used in spéctroscopic measufements by
selecting a strongly absorbing wavelength as the measurement
wavelength and a weakly absorbing wavelength as the reference
wavelength. For this purpose a narrow-band (highly dispersive)
measurement (with half-width of less than 10 nm, and often

less than 1 nm) in a broad spectral region is necessary.

With the invention no narrow-band measurement is
necessary, because of the minimal dependence on | the
measurement wavelength. Inexpensive semiconductor light
emitters (in'particular, 1igh£-emitting diodes) can therefore
be used without the need for additional measures for selecting
the wavelength on the primary side or the secondary side. If
several light emitters with the same wavelength are to be
used, adequate equality in the context of the invention is
achieved when commercially obtainable semiconductor light
emitters with the same nominal wavelength are .used. An

apparatus in accordance with the invention can therefore be
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5, 362, 697. MCM 58 i1s taught in International eenR
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continuous monitoring of a diabetic's glucose concentration.

It is essential for the measurement of the MSAGD
effect on actual biologicél matrices that the conditions of
spatially resolved measurement of multiply scattered light
(hereinafter abbreviated to "spatially resolved scattered
light measurement"” (SRSLM) ) are nmet, that is, the
"site-dependence condition" and. the "multiple scattering

condition" must be observed.

The site-dependénce condition is to be understood in
that the measurement of the secondary light (in contrast to
EP-A-0 074 428) is not directed to the light rays scattered or
reflected from the matrix in a certain direction or angular
region (angle-dependent measurement), but to a defined
subregion (area, locality). of a boundary surface of the
biological matrix, which is called the detection site. The
primary light is also irradiated in a defined subregion of a
boundary surface of the biological matrix, which is called the
irradiation site. Such a measurement is called a

"site-dependent detection measurement".

The terms "irradiation site" and "detection site" are
thus to be understood geometrically, namely as the subregion
of the boundary surface of a biological matrix at which the
light rays decisive for the intensity measured in the
respective detection measurement pass through the boundary
surface. In the following the term "transition site" will
therefore be used as a collective term for the irradiation

site and the detection site. Any statements made in the
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' detection site. The centre in a circular site is formed by the

middle point and in a longitudinal site by the midline.

The "multiple scattering condition" is to Dbe
understood in that fhe transition sites (i.e..the irradiaﬁioh
site and the detection site) are arranged in relation to each
other so that light which is multiply scattered on scattering
centres in the biological matrix the intensity of which is
characteristic of the glucose concentration is detected. The

following is to be observed in this context.

The mean free path length of photons in the tissue or
in the above-mentioned body fluids is dependent on the
wavelength and on the respective density and size of the
scattering centres. It is typically between about 0.01 mm and
0.1 mm. At least about 10, and preferably at least about 100
scattering processes should take piace on the light path in
the biological matrix from the irradiation site to the
detection site. The light path within the biological matrix is
always longer (often even considerably longer) than the direct
connection between the irradiation site and the detection
site. However, as a practical rule it may be stated that the
distance between the irradiation site and the detection site
should correspond to at least ten times and preferably to at
least twenty times the mean free path length of_the photons in
the respective biolégical matrix at the respective wavelength

of the primary light.

The maximum distance between the irradiation site and

the detection site is likewise dependent on the mean free path



WD 96/ 36581 PCT/ USOGhi 88:4tHas Been Replaced

LTI

length of the photons. Above a limit that is to be determined

18

experimentally in the _individual case the intensity of the
signal becomes so small that the signal-to-noise ratio is
insufficient. The distance between the irradiation site and
the detection site should preferably be less thari 30 mm and
particularly preferably less than 15 mm. Furthermo_fe, careful
shielding of the primary 1light from the detector used. to
measure the secondary light must be ensured if only light
multiply scattered at scattering centres in the biological

matrix is to be detected and measured.

The multiple scattering causes the light emerging at
the detection site to have a substantially diffuse character,
that is, its intensity is substantially ind_ependent of the
exit angle under which it is detected. If the primary light is
coherent and/or polarised, the multiple scattering causes
these properties to be substantially lost. It is therefore
generally not necessary in the invention (in contrast to EP-A-
0 074 428) to use a laser as the primary light source. The
degree of polarisation retained in the secondary light may
also be used to test whether the "multiple scattering
condition” required for the invention is met. The degree of
polarisation of the secondary light should for example be less

than 10% of that of an irradiated polarised primary light.

The irradiation site and the detection site in SRSLM
can have very different dimensions and geometric shapes. The
only essential factor is that SRSLM provides information on
the intensity of the secondary 1light in dependence on the
relative pos_itidn of the ifradiation site and the detection
site (in contrast to a. dependence on the angle of detection).

A number of such spatially resolved measurements of multiply
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scattered light in which the respective detection site_is at a
varying distance from the corresponding irradiation site thus
provide information I(r) on the functional dependence of the

intensity I on the distance r.

The irradiation site and especially the detection site
can dgenerally have relatively 1large dimensions in SRSLM.
However, embodiments in which the transition sites in the
direction of | the distances connecting the particular
irradiation sites and detection sites (the shortest
connection) have a relatively small dimension of preferably
less than 2 mm and particularly preferably less than 1 mm, are

especially preferred.

In spatially resolved measurement of multiply
scattered light the detection site is pfeferably located on
the same boundary surface as the irradiation site, i.e. SRSLM
is performed 'in reflection'. However, if two boundary
surfaces or areas of the biological matrix facing each other
are accessible, measurement can also be made 'in
transmission', where the irradiation site and the detection
site are located on opposite boundary surfaces of the
biological matrix. Here, iﬂ view of the diffuse nature of the
light emerging at the detection site, the terms 'transmission'
and 'reflection' are of course not be understood to mean that
the secondary light emerges from the matrix in a strongly

dominant preferred direction.

The measured intensity values of at least two
detection measurements are used in the invention to determine
('derive') the glucose concentration in an evaluation step of

the method with the aid of an evaluation algorithm and a
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must be an SRSIM. In a second detection measurement in

-principle a different arrangement can be used.

Particular preference is however given to an
embodiment in which at least two spatially resolved scattered
light measurements are carried out, from the measured
intensity values of which the giucose concentration is
derived. It has been found that particularly interference-free
and thus precise information about glucose concentration can
be obtained from the dependence I(D) of the intensity I on the
measurement distance D, which can be determined with at least
two spatially resolved scattered light measurements. In this
procedure the two or more spatially resolved scattered light
measurements are carried out at the same wavelength. If more
than one 1light emitter is used, it is sufficient if their
wavelengths coincide within the 1limits of normal series
production variations for 1light-emitting diodes of the same

nominal wavelength.

It is of course also possible to carry out a larger
number of spatially resolved scattered light measurements and
to use them collectively in order to derive the glucose
concentration. For at least two of these measurements the
light paths should differ substantially from one another. In a
spatially resolved scattered 1light measurement, the term
"light path", because of the multiple scattering in the
biological matrix, is of course not to be understood in the
sense of a geometrically strictly limited fractional volume of
the biclogical matrix (as 1in the <case of a classic
transmission spectroscopy 'or a non-scattering liquid in a

cuvette). It nevertheless makes sense to use the term "light
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path". It may be understood, for example, as the fractional
volume of the biological matrix in which a specific percentage
(for example, 70%) of the light is transported which, coming
from a particular irradiation site, reaches a particular

detection site and which is multiply scattered in the matrix.

In practice a different light path is produced in two
spatially resolved scattered light measurements by the fact
that the measurement distances between the irradiation site
and the detection site are sufficiently different. The
difference in intensity of the secondary light (relative to an
equal area of the detection site and with equal intensity of
the irradiated primary light) caused by the different 1light
paths should amount to at least a factor 3, preferably to at
least a factor 5 and particularly preferably to at least a
factor 10. | |

The fact that several detection measurements are
carried out at the same measurement wavelength but with a
different measurement distances between the irradiaiion site
and the detection site constitutes a fundamental difference
compared with conventional spectroscopic processes. In
spectroscopic methods for obtaining a value of the analyte
concentration, detection measurements are carried out at
several wavelengths but with a completely identical
measuremenﬁ'distance. Any change in the measurement distance

would falsify the result of the measurement.

Particularly preferred is an embodiment in which at
least two spatially resolved scattered light measurements with
an equal measurement distance between the irradiation site and

the detection site are made and in which at least either the
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irradiation sites or the detection sites but preferably both
the irradiation sites and the detection sites are different.
Advantageously such measurements are made for each of two

different measurement distances.

Such an embodiment appears at first sight not to be
useful, as two measurements on the same biological matrix with
a light path of equal length would produce the same result,
that is, no additional information would be acquired by the
additional measurement. Expressed in terms of information
technology, the additional measurement with the sane
measurement distance is redundant. However, it was found in
the invention that such | redundant measurements are.
advantageous, as they allow the recognition and elimination of
potential measurement errors caused by inhomogeneities in the

biological matrix (especially in cutaneous tissue).

The at least two detection measurements are preferably
made simultaneously or with a sufficientiy short interval
between them. By sufficiently short we mean here a time
interval between the neasurements used to derive the glucose
concentration in which no change in the biological matrix
takes place which would be detrimental to fhe accurecy of the
measurement. This is preferably achieved with an apparatus
provided with switchable irradiation means é.nd/or detection
means that allow the selection of different pairs of

transition sites without moving parts.

Although measurements at one wavelength are
sufficient, it can obviously be useful to make measurements at
further additional wavelengths, especially to allow better

elimination of interfering factors. These interfering factors
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scattering centres and also the water absorption and the
haemoglobin absorption, which in turn“depend directly on the
blood volume in the investigated bioclogical matrix. Connected
with this is the fact that the intensity of the secondary
light is influenced by the blood pulse and the body
temperature. However, these influences can be controlled. As
regards the blood pulse, either the mean can be determined
over a sufficient number of Pulse periods, or the measurements
can be made in synchronism with the pulse. Variation of body
temperature can be plotted and used for compensation.
Alternatively; the detection area in which the transition
sites are located is actively thermbstatted. As a relatively
high energy consumption is associated with such a temperature
regulation, the measurement area in an apparatus for in viveo
analytical ‘determination should be carefully thermally.

insulated.

~ An evaluation algorithm and a calibration are required
in the evaluation step for deriving the glucose concentration
from the measured intensities. In this respect the inventiqn
does not differ substantially from known analytical
determination methods, which likewise - as explained above -
require a calibration for assigning the measured gquantities
(for example, the colour change in colorimetric tests) to the

respective concentration.

In the simplest case the algorithm in the present
invention comprises a simple predetermined mathematical
opération for deriving an intermediate value from the measured
intensities I of the detection measurements. The intermediate

value can be Called the measurement result R. The formation of
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a simple ratio between the measured intensities of the first
and second detection measurements has been found suitable in
practice. The measurement result R may then be linked with the
glucose concentration C in the familiar manner by calibration
with at 1least two, but preferably with several standard

samples of known glucose concentration.

Mathematically more sophisticated methods have
recently been increasingly used in analytical technology for
improving the correlation between the measured quantities and
the respective concentration (and hence the analytical
accuracy) . These include exponential or logarithmic
calculations and iterative methods for optimal description of
the relation. Furthermore, it can be advantageous for the
improvement of the analytical accuracy to compensate by means
of correlation methods influential factors (particularly the
temperature at the measurement site and the pulse, for
example) that affect the measured intensity as well as the
glucose concentration. Multilinear and non-linear mathematical
algorithms can be used for the detection and determination of
a large number of factors which influence the evaluation of
analytical measurements. This is also possible in the present
invention and can be advantageous, particularly when a large
number of detection measurements are being made with various
pairings of transition sites which together form the basis of
the analytical determination. In this case the use of learning

systems (neuronal networks) can also be advantageous.

Comprehensive'additional information about evaluation
algorithms suitable for 1linking the results of detection
measurements to the appropriate analyte concentration can be

found in the publications mentioned earlier.
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The invention is illustrated more fully by the
embodiments schematically represented in the following

Figures:

Fig. 1 An absorption spectrum of glucose in wateg in
a first wavelength region for various glucose concentrations.

Fig. 2. A differential absorption spectrum of glucose
in water against pure water in a second anelength region for
various glucose concentrations.

Fig. 3 A spectrum corresponding to Figure 1 after
addition of milk to the glucose solution.

Fig. 4 A perspective representation of the principle
of a first embodiment of the invention.

. Fig. 5 A perspective representation of the principle
of a second embodiment of the invention. _.

Fig. 6 A perspective representation of the principle
of a third embodiment of the invention.

Fig. 7 A perspective representation of the principle
of a fourth embodiment of the invention.

Fig. 8 A representation of the principle of an
irradiation field and of a detection field in plan view in a
fifth embodiment of the invention.

Fig. 9 to 12 Representations of the principle of
various arrangements of irradiation sites and detection sites
on a boundary surface of a biological matrix.

Fig. 13 A sectional representation. of a practical
embodiment of a suitable measuring head for the invention.

Fig. 14 A view of the measuring head of Figure 13
from the underside which is contact to the biological matrix.

Fig. 15 An enlarged representation of a section of

Fig. 14.
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8.4 Fig. 16 A graphical comparison of the analysis

results obtained with the invention and with a reference
methpd.. |
| Fig. 17 A lateral cross-sectional representation of a

measuring device for analytical detérmination on the finger.

Fig. 18 A plan-view cross-sectional representation of
the embodiment of Figure 17. '

Fig. 19 A plan view of the measuring device in an
embodiment according to Figurés 17 and 18.

Fig. 20 A block circuit diagram of a suitable
electronic circuitry for the invention.

Fig. 21 A view corresponding to Fig. 14 of an
alternative embodiment of a measuring head.

Fig. 22 A cross-section through the light-transmission
area 34 of the measuring head shown in Fig. 21 along the line

SI
Figures 1 to 3 have been explained before.

An optically heterogeneous biological matrix 10 is
represented symbolically as a rectangular block in Figqures 4
to 7. It is bounded by an upper boundary surface lla and a.
lower boundary surface 1lb. In reality, the biological matrix
can for example be blood. In this case the boundary surfaces
run along the inner walls of an optically transparent vessel
(cuvette) in which the blood 1is contained for in vitro
analytical investigation. If the biological matrix is a

tissue, the surface of the tissue forms the boundary surface.

Figures 4 to 8 clarify different variants of possible
arrangements of one or more irradiation sites 12 and one or

more detection sites 14 on a biological matrix 10 in a
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according to the invention. Here the irradiation sites 12
usually exist as narrow, longitudinal irradiation fields 12a -
12f and the detection sites as 1ongitudinal, narrow detection
fieldé l4a - 14i. A longitudinal shape of this.kind for the
transition sites 12, 14 has proved to be a good and
practicable compromise between the demands of adequate spatial
resolution and. those of an adequate intensity of the
irradiated or measured 1light at aﬁ acceptable cost of
production. The length of a transition field should be at
least three times, preferably at least ten times, as great as
its width. The average width of the transition fields is
preferably not more than 2 mm, particularly preferably not
more than 1 mm. Similar considerations, however, also apply in
the case where the transition sites have a point shape or a
circular shape as far as no special features of the

longitudinal shape have to be considered.

In the embodiment represented in Figure 4 the primary
light 15 is irradiated into the matrix 10 through an
irradiation field 12a and the secondary light 17 is detected
emerging from two detection fields 14a and 14b running at
different measurement distances D1 and D2 from the irradiation

field 12a.

In the embodiment represented in Figure 5 the primary
light 15 also enters through an irradiation field 12b into the
biological matrix 10 and the secondary 1light 17 emerges
therefrom through two detection fields 14c and 14d, where tﬁe
detection fields are arranged at different lateral measurement
distances D1 and D2 from the irradiation field 12b. However,

the detection fields 14c and 14d in this embodiment are
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followi ng distri
wei ght % irradiated. In such an embodiment the irradiation field and

detection field are preferably arranged so that in at least
two pairs of transition fields, the surface of the output
field is not crossed by any straight 1lines crossing the
surface of the irradiation field perpendicularly. In other
Qrords, the detection field should not be situated exactly
opposite the input irradiation field, but should always be

displaced laterally to this.

The arrangement of Figure 4 can be described as a
measurement 'in reflection' and that of Figure 5 as a
measurement 'in transmission', where these terms are to be

ﬁnderstood in the sense discussed before.

-If the biological matrix is a tissue, particularly
cutaneous (skin) tissue, in general only one boundary surface
bounding the matrix (namely the surface of the skin) is
accessible in an in vivo analytical determination. This is
particularly the case for those parts of the body preferred in
the invention, namely the fingertips, trunk, nailbeds, sclerae
or the inside of the upper arm of humans. In these casés only
measurement by the reflection method - which is in any case
preferred in the present invention - is possible, where the
primary 1light is irradiated and the secondary 1light is
detected on the same boundary surface of the matrix. In
exceptional cases, for example on the ear-lobes,' lips, tongue
or folds of skin (e.g. between thumb and forefinger), two
oﬁposite boundary surfaces 1lla and 1l1lb are also available in

the in vivo analytical determination on cutaneous tissue.
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light is irradiated into the biological matrix 10 through two
irradiation fields 12c and 12d and the secondary 1light 17
emerging from the detection field 1l4e is detected. The
irradiation fields 124 and 12c are arranged at different
measurement distances D1 and D2 from the detection field 1l4e,
so that, in this embodiment again the possibility is provided
to measure the secondary light emerging from the detection
field 14e in dependence on the measurement distance from the
corresponding irradiation field 12c or 12d, in order to derive
from the two measured intensities a quantity which is a
measure of the concentration of the analyte in the biological

matrix.

In this embodiment obviously the portions of secondary
light resulting from the primary light of the two different
irradiation fields must be separated from each other. This can
be achieved by irradiation at separate times, in which case
the irradiations must however be carried out within a
sufficiently narrow time range in the sense of the definition
given above. Alternatively, it is é.l_so possible to use
differently modulated light (for example with two different
frequencies) for the irradiation into the two irradiation
fields 12c¢ and 12d and to measure the resulting secondary
light portions by a corresponding modulation-dependent
(frequency-dependent) detection, for example by means of a

lock-in amplifier.

In all,6 embodiments shown in Figures 4 to 6, the
maximum measurement distance D2 between an irradiation site
and a detection site in a spatially resolved measurement of

scattered light is 30 mm. The shorter distance D1 should be at
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least 0.5 mm, preferably at least 1 mm. In other words, in an
embodiment according to Figure 1 with a fixed irradiation site
12 and differing detection sites 14 the detection sites should
lie in a detection area 16 (indicated by a dashed line in the
Figure) that includes that part of the boundary surface 1lla
that has a distance of at least 0.5 mm, preferably at least 1
mm and of at most 30 mm from the centre.of the irradiation
site 12. In an embodiment according to Figure 6 with a fixed
detection site 14 and varying irradiation sites 12 the
corresponding values apply for the irradiation area 18

indicated by a dashed line.

'Figure 7 shows an embodiment in which a large number
of differing detection fields 14f, at different distances from
an irradiation field 12e, can be arranged on the boundary
surface 1la within a detection area 22. In the illustrated
case, this is achieved by imaging the detection area 22 in an
image plane 24 using an optical imaging system symbolised as a
lens 23. In the image plane 24 there is a two-dimensional
arrangement 26 of light-sensitive elements which are

preferably charge-coupled devices (CCD's) 25.

Due to the optical imaging a specific detection field
corresponds to a specific area of the CCD matrix 25. For
example, the field 14f is imaged on row 25f and the field 1l4g
on row 25g of the CCD matrix 25. A specific detection field
can thus easily be selected by processing the measured
intensity signalé of those photosensitive elements at which
the desired detection field is imaged in order to derive the

concentration.
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It becomes clear from this embodiment that the terms
'irradiation field' and 'detection field' or ‘irradiation
site’ and 'detection  site’ are to be interpreted
geometrically. It is not absolutely necessary'that components
of the analytical apparatus touch the boundary surface of the
biological matrix, for example the surface of the skin, and
come into contact with the irradiation site or the detection
site. What is necessary is simply that the irradiation site
and the detection site are defined for each measurement
distance, that is, that the primary light is irradiated at a
defined and limited irradiation site and the secondary light
is detected at a defined site in such a way that the defined
limited area of the boundary surface (the detection site) is
known from which the secondary 1light is emerging, the
intensity of which is being measured. Such a measurement must
be carried out in at least two different light paths between
the irradiation site and the detection site in order to derive
quantities characteristic of the analytical determination from

the measured intensities.

Figure 8 clearly shows that the narrow longitudinal
shape of the fields need not necessarily be straight (as in
Figs. 4-7). An input irradiation field 12f in the form of a
section of a circular ring is shown in a view vertically onto
a boundary surface. Two detection fields 14h and 14i likewise
run in the form of sections of circular rings at different
distances from the input irradiation field 12f. The circular
rihgs here are concentric and the detection fields 14h and 141
therefore run equidistantly from the input irradiation field

12fF.
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A good spatial resolution is obtained when the light
is irradiated at an input irradiation site that is as narrow
and limited as possible (point-shaped) and the detection site
forms a circle or section of a circle around this input
irradiation site. Conversely, it is in principle also possible
to work with a circular input irradiation site and a
point-shaped detection site located in the centre of this

circle, in which case, however, the signal intensity is lower.

When - as shown in Figures 4 to 7 - input irradiation
fields and detection fields run straight and parallel to one
another, the spatial resolution is lower because obviocusly not
only portions of light arriving from the directly opposite
section of the input irradiation field but alsoc from
longitudinally displaced sections of the input irradiation
field are measured at each point of a longitudinal detection
site. In practical tests of the invention, it was however
found that good results can nevertheless be attained with such
an arrangement. The embodiment shown in Figure 8 represents a
compromise solution to the problem, as the spatial resolution
here is better by virtue of the curved concentric shape than
with the straight form of the fields as shown in Figures 4 to

7.

Othér curved shapes are also possible, though these
should generally fulfil the condition that the transition
fields (measured from centre to céntre) run at constant
distances D1 and D2. As long as the input irradiation site and
the detection site are located on the same boundary surface of
the biological matrix, the input irradiation site and the
detection site should always be separated by a band 47 (Figure
8) of essentially constant width. The width of the detection
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arrows D1 and D2) should be less than 2 mm and preferably less

than 1 mm.

Figures 9 to 12 show, in a schematic representation
(in plan view on the boundary surface), différent arrangements
in which redundant measurements, that is, several spatially
resolved scattered light measurements with equal measurement
distances and equal measurement wavelengths but different

irradiation- and/or detection sites, are péssible.

In the embodiment according to Figure 9, two
longitudinal rectangular detection fields 14k and 141 are
arrahged at equal distances between two likewise rectangular
irradiation fields 12g and 12h. All transition fields run
parallel to each other. A first measurement distance D1 can be
set up both by combination of the irradiation field 12g and
the detection field 14k and by combination of the irradiation
field 12h and the 'detection field 141. A second, larger
measurement distance D2 is produced by combination of the

transition fields 12g with 141 and 12h with 14k.

Figure 10 shows a corresponding 1linear arrangement
with two outer irradiation sites 12. Five detection sites 14
are arranéed at egual distances on the connecting line between
the irradiation sites 12. .In. this case all the transition
sites are dots with a generally round cross-section. The
symbolic representation as squares and circles merely
facilitates differentiation of the irradiation sites 12 and
the detection sites 14. Five different measuring distances D1

to D5 can be set up in two different ways in this embodiment
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the Figure.

In the embodiment represented of Figure 11 three_
irradiation sites 12 are combined with six detection sites.
The irradiation sites 12 are arranged at equal distances on a
straight line. In the case shown the detection sites ‘are
located on a circle around the central irradiation site. They
should generally be distributed symmetrically like mirror
images on either side of the straight line on which the
irradiation sites are arranged. A six-fold redundancy is
produced in this arrangement in relation to the central
irradiation site 12, as each of the detection sites 14 is
positioned at an equal distance D1 from the central
irradiation site. A four-fold redundancy for three different
measurement distances D2, D3 and D4 is produced in total with
regard to the upper and lower irradiation sites 12 (for the
sake of clarity only the measurement distances to the upper
irradiation site are shown in.the Figure), as each of these
jirradiation sites can be combined with two detection sites
positioned at the corresponding distances D2 to D4. Such an
arrangement allows a high redundancy with relatively few
components, as each measurement distance can be set up with
more than two different combinations of irradiation site 12

and detection site 14.

Particularly preferred are arrangements with at least
three different irradiation sites and at least three different
detection sites, which allow the setting up of a plurality of
different measurement distances each with at least three
different pairings of irradiation site and detection site. An

at least three-fold redundancy has the advantage that it
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generally allows detection of any deviation of one of the
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scattered light measurements from the other two scattered
light measurements. Generally speaking, the irradiation sites
and the detection sites can in principle be interchanged.
However, for reasons of cdst, it is more advantageous to

provide more detection sites than irradiation sites.

In the embodiment represented in Figure 12 a large
number of irradiation sites 12 and detection sites 14 are
arra_nged alternately in a chéquered pattern in such a way that
each irradiation site is surrounded by four detection sites
and each detection site is surrounded by four irradiation
sites. Such an arrangement allows to provide numerous
different measurement distances, each with many different

combinations of irradiation sites and detection sites.

Redundant measurement arrangements, such as those.
represented in Figures 9 to 12, allow the recognition and
elimination of potential measurement errors arising from
inhomogeneities in the biological matrix. To this end several
measurements are made with equal measurement distances | but
different irradiation and/or detection sites and compared. If
the structure of the investigated biological matrix is
homogeneous, an equal intensity of the detected secondary
light (with equal intensity of the irradiated primary 1light)
should be measured. Deviations permit the conclusion that
interfering structures (for example, scars, hairs or
'fibromae), which falsify the measurement result, are present
in the investigatéd area of the surface of the skin. This can
be corrected in various ways. For example, the measuring head
placed on the skin caﬁ be placed in another position in order

to change the investigated area of the surface of the skin
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| i qui d protihet smeamutrement focus. With adequate redundancy (always more
than two-fold) it is also possible to recognize and eliminate
isolated individual measurement results as outliers without
variation of the measurement focus. Finally, with a very large
number of measurements a mean value determination is possible.

These measures can obviously also be combined.

When - as in the embodiment shown in Figure 7 and

Figure 10 - many different distances between the irradiation

" site and the detection site can be used, the course of the
measured intensity I can easily be plotted in relation to the

measurement distance D between the detection site and the
irradiation site. A practically continuous curve I(D)

representing the profile of the detected secondary 1light in

relation to the distance between the particular irradiation

site and the corresponding detection site results when a large

number of closely adjacent detection sites can be set. In this

case a suitable regression algorithm previously known for such

purposes (for example, PLS) can be used for deriving the

quantity which. is characteristic of the analytical

determination.

The embodiment with a detection area in which a large
number of different sub-areas can be used as detection fields
can obviously be designed without the optical imaging system
23 shown in Figure 7. In particular, it is possible to
position a two-dimensional arrangement of light-sensitive
elements and/or light emitters immediately above the boundary
surface l1la provided that, with the aid of suitable means such
as shields, light guides or the like, care is taken to ensure

that each light-sensitive element detects the secondary light



10 additional sinulated distillation ASTM 2887 of .the UI
products. The total reactor effluent weight was 88. 1’\ifls ot s Wfﬁlﬂﬁmss

bal ance) and showed the followi ng distributi on: IIII |Il|" nponent
wei ght % 15 C err]-mnus

| sobut ane 42. 48 n- But ane

1.24 | sopent ane 7.30

n- Pent ane emerging from a specifi8d0QiiMited sub-areaCysf ophet dmsundary
0.01 . _

surface lla. A design of this Xind is particularly suitable
for the embodiments in accordance with Figures 10 to 12 and

can be integrated in a module.

It is advantageous for the invention if the dependence
of the intensity I of the secondary light from the distance D
between the irradiation site and the detection site is
determined with good spatial resolution. Both the irradiation
site 12 and the detection site 14 should therefore have a.
small width of not more than 2 mm, preferably of not more than
1 mm, across the straight line connecting the two fields. The
various detection fields and/or irradiation fields by which
the various measurement distances are formed should preferably

be separated spatially (not overlapping).

An embddiment in which a large number of different
detection sites can be detected by a two-dimensional
arrangement of photosensitive elements (as in Figure 7 and
Figure 12) opens up a series of additional possibilities,
which will be described hereafter. In these, the detection
sites should be cl.osely adjacent to each other. At least two,
preferably at 1least four, particularly preferably at least
eight different detection sites per cm should be provided in

at least one dimension, preferably in two dimensions.

Firstly, it 1is possible to £find again a defined
measurement position on the surface of the skin ("measurement
focﬁs") . For example, characteristic structures of the surface
can be recognized with the aid of a pattern recognition
method. Alternatively, or additionally, a mark can be made on

the skin (for example, by means of a tatoo invisible in normal
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the position of which is detected by the two-dimensional

arrangement of photosensitive elements.

Secondly, various intensity profiles, which for
example extend in a radial direction from a centrsl
irradiation site, can be compared in order to recognize.and
eliminate negative influences of heterogeneities present in
the skin. Out of a large number of radial intensity
distributions detected and determined by means of the
two-dimensional arrangement of photosensitive elements,
preferably only those with a continuous intensity profile are

used.

Furthermore, because of the large amount of data
produced by such a two-dihensional _arrangement of
photosensitive elements, modern mathematical evaluation
methods can be used which allow the differentiation of various
influential factors by means of the intensity distribution.
These include the possibility of distinguishing between the
influences of the tissue structure and those of the glucose

concentration.

An important possibility is the separation of the
change in intensity caused by absorption on the one hand and
by scattering on the other hand. For this purpose intensity
'profiles have to be measured at different wavelengths by means
of a two-dimensional arrangement of photosensitive elements.
It may be advantageous to employ an arrangement in which a
large number of irradiation sites and detection sites are
located close together in the form of a matrix, with light of

at least two different wavelengths being irradiated and
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several wavelengths, this arrangement basically corresponds to
Figure 12, except that it is not essential to use a regular
chessboard pattern with a regularly alternating arrangement of

irradiation sites and detection sites.

The number of different wavelengths preferably
corresponds to the number of major disturbing (interfering)
components plus one additional wavelength. At least four
different wavelengths are preferred in such an embodiment,
having regard to the three most important interfering
components Hb, Hb0O2 and H20. From such measurement results the
influences of the scattering coefficient and of the absorption
coefficient can be separated from each other by means of known
methods. In consideration of the knowledge of the present
invention about the MSAGD effect it is possible with such a
two-dimensional multifwavelength measurement to achieve
substantial elimination of the disturbing influences of the
strongly labsorbing substances in the determination of the"
glucose concentration and, conversely, likewise to achieve
substantial elimination of the interference caused by changes
of the glucose concentration, for example in a determination
of the Hb- and HbO, concentration which is based on the

spectral analysis.

Figures 13 to 15 show a practical embodiment of a
neasuring head 30 which is suitable for the invention and
‘especially suitable for the in vivo determination of glucose

in human tissue.

The measuring head 30 has a generally circular

disc-shaped skin contact element 31 fixed to a measuring head
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housing 32. During use the skin contact element 31 is placed
:on the surface of the skin 33 and lightly pressed.against it.
In its centre there is a square light-transmission area 34,
which is shown enlarged in Figure 15. It contains five rows 35
to 39 of optical fibers 29, which in the illustrated example
each consist of 32 fibers with an average diameter of 0.25 mnm.
The optical fibers 29 are usually arranged in the
light-transmission area 34 so that their end surfaces lie
flush in a common level contact surface 42 and are in direct
contact with the skin when the skin contact element 31 is

placed on the skin 33.

The row 35 of optical fibers defines one irradiation
site. The optical fibers 29 of this row are for this purpose
connected by a cable 40 to a central unit (not shown) in which
there is a preferably monochromatic light source, for example
a light emitting diode or a laser diode, the light of which is
irradiated into the optical fibers 29 which, together with the
light source (which is not shown), form a light irradiation
means 27 for controlled illumination of a defined irradiation

site on the surface of the skin.

Some of the optical fibers of row 35 are preferably
used to control the constancy of the light source. In a
practical embodiment 16 of the 32 fibers were used for
irradiating the light and the remaining 16 fibers were used
for controlling the intensity of thé light, the latter being
bundled separately from the former and guided to a

photosensitive element.

As measuring receivers or detectors photodiodes

‘arranged in the measuring head 30 can for examplé be used.
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Preferably a Edhmon measuring receiver is B%gvided for each
row 36 to 39 of optical fibers 29 defining a possible
detection site. The optical fibers of these rows are bundled
together and guided to a measuring réceiver by which the light
emerging from these optical fibers is detected. Rows 36 to 39
of the optical fibers 29, together with the measuring receiver
(not shown), form a detecting means 28 for specific
measurement of the secondary 1light emerging at a defined

detection site.

The end surfaces of the optical fibers of rows 35 to
39 terminate flush with the skin contact surface 42 bounding
the light-emission area 34 from below or stand slightly proud
of this. This prevents light from passing along the surface of
the skin directly from the irradiation site defined by row 35
to one of the detection sites defined by rows 36 to 39.
Obviously the glass fibers of different rows within the
measuring head 30 are also carefully optically separated from
one another so that no primary light can be transmitted to the

detecting means.

The measuring head 30 is particularly useful for
continuous monitoring of the blood glucose of diabetics. For
this purpose it is fixed to a suitable site, for example to
the skin on the upper abdomen. This can for example be done
with adhesive tape. The contact surface 42 should be pressed

on with sufficiently firm, even pressure.

Surrounding light is blocked by means of a ring 31la on
the skin contact element 31 with a diameter substantially
greater than that of the 1light-transmission area 34. It

consists of an opague material and ends with its edge 31b on
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be modulated with a specified frequency and selectively
detected by a narrow band and frequency-dependent detection
circuitry (for example a lock-in amplifier) to minimize

influences of interfering light.

The 1light-emission area 34 is enclosed by a
ring-shaped heating surface 41, in which there is a surface
resistance heater. This can be regulated to a predetermined
temperature, for example 37°C, with the aid of an NTC resistor

and a PD regulé.tor.

Figure 16 shows results of analytical determinations
obtained on the one hand by a reference method and on the
other hand by an apparatus according to the invention
(embodiment according to Figures 13 to 15). The concentration
C in millimoles/litre is plotted against time t in minutes.
The continuous 1line 45 marks the results of an enzymatic
analytical determination of the glucose in the test subject's
blood used as the reference method, whilst the rectangular
markings 46 are measurement points made with the device

according to the invention.

The following measurement conditions were used in an

example according to the invention.

A measuring héad as shown in Figures 13 to 15 was
used. Light of a wavelength of 805 mnmm from a 1 nmW
light-emitting diode was irradiated through row 35 of the
optical fibers into the skin and detected by rows 38 and 39.

The distances of rows 38 and 39 from row 35 (and consequently
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field ) were 3 mm and 5 mm respectively.

The ratio of the intensity I1 of the light measured on
‘row 39 to the intensity I2 of the light measured on row 38 was
formed in order to derive a quantity R characteristic of the
concentration. This quantity R = I1/I2 was subjected to linear

calibration according to the formula C = a * R + b.

The result represented in Figure 16 shows an excellent
agreement of the quantities measured'conventionally in vitro
in the blcod with those measured according to the invention in

vivo in the tissue over a period of five and a half hours.

_Figures 17 and 18 show a measurement support 50 for
determination of the glucose concentration in a finger 51.
Here the finger 51 is inserted into a perfectly fitting
channel 52 formed in a supporting block 53 made of aluminium
or some other good heat=-conducting material, which is brought
to a specified temperature preferably somewhat above normal
body temperature (above 37°C) with a thermostatically

controlled heating system (which is not shown).

The side elements 54 laterally confining the channel
52 can be moved so that the width of the channel 52 can be
adjusted to fit the patient's finger 51. Fixing elements 55
are provided for fixing the finger 51 from above. These are
biased towards the finger 51 by the tension of a spring (not

shown) .

The supporting block 53, the side elements 54 and the
fixing elements 55 all together form, together with a stop 56



1s Sheet Has Been Repl

(1118 A

44

limiting the channel 52 in the direction of insertion, a clamp
by which the finger 51 is positioned in the most accurately
reproducible position possible rel;tive to the measuring

device generally designated as 58.

An irradiation means 27 is formed in .the measuring
device 58 by a light-emitting diode (not shown) and by a light
guide-channel 59, through which primary light is directed on
to a flat, circular input irradiation site of about 1 mm
diameter on the underside of the tip of the finger 51. Three
detection sites 14 concentrically surrounding +the input
irradiation site 12 as semicircular detection fields 14k - 1l4m
are provided in a detection area 16. The detecting means 28,
shown more clearly in Figure 19, again each consist here of a
row of tightly packéd optical fibers 29, the terminal surfaces
of which surround the 1light guide-channel 59 in the skin
contact surface 42 semicircularly, and of a photoelectric
detector for the light from each of the detection sites 14k,
141 and 14m. The irradiation means 27 are carefully screened

from the detecfing means 28 by a partition 62.

An infrared temperature sensor 60 is directed towards
a temperature-measuring site 61, which should be as close to

the detection area 16 as possible.

In experimental work with the invention it was found
to be important that the contact pressure between the
particular part of the body and the skin contact surfaée of
the measuring device is sufficiently high and reproducible. In
the embodiment represented in Figures 17 and 18 this is

achieved by means of a pressure weight 63 pressing on the
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Figure 20 shows by way of example the block circuit
diagram of an electrenic circuit 65 suitable as an evaluation
means for a measuring device according to the invention. A
current-voltage transformer 67 that 1is controlled by' an
oscillator 66 supplies the current for the light-emitting
diode 68 serving as the light source. The temperature of the
light-emitting diode 68 cah optionally be monitored by a NTC
69 in order to improve the conetancy of the intensity of the
emitted light.

The output signals of the measurement receivers
(photodiodes) 70a-70c are connected via preamplifiers 71a-71c.
to _lockéin amplifiers 72a-72c, to which the signal of the
oscillator 66 is also connected as a reference. The output
signals of the lock-in amplifiers 72a-72c are digitalised by
an A/D transformer unit 73 and fed to a central microcomputer
unit 74. The latter also receives the signals of the NTC 69
(amplified by a preamplifier 69a) and of a temperature sensor
75 (amplified by a preamplifier 75a) for measurement of the
temperature in the detection area. The temperature sensor 75
(1ike the IR sensor 60 of the embodiment illustrated in Figure

17) preferably operates without direct contact.

In the alternative embodiment illustrated in Figures
21 and 22, semiconductor 1light receivers 80 (for example
photodiodes) are positioned as detecting means 28 alternately
with semiconductor 1light emitters 81 (for example 1light-
emitting diodes) as light irradiation means 27 in a matrix-

type pattern directly on the skin contact surface 42 in the
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llght—tranéglsggoﬁ)reglon 34 of the skln—cogkggk element 31 of
a measuring head. As can clearly be seen in Figure 22, the
semiconductor light emitters 80.and the semiconductor light
receivers 81 are integrated in the same component 83, the
arrangement being shown merely schematically without any
constructional details. The component can be manufactured in
practice by an integration method customary in electronics,
for example by monolithic integration in a chip or using
hybrid technology. What is important is that both the light
emitters 81 and the light receivers 80 are in direct optical
contact with the surface of the skin and are screened against
the adjeocining elements, so that they can irradiate light into
a defined irradiation site and detect it at a defined

detection site respectively.

The illustrated embodiment allows to make measurements

at two different wavelengths, for example in order to better

‘eliminate interference due to strongly absorbing substances as

explained in more detail above. In the figures the
semiconductor light emitters 8la and semiconductor 1light

receivers 80a for the first wavelength are shown in white,

while the semiconductor light emitters 81b and semiconductor

light receivers 80b for the second wavelength are shown
shaded.

In all embodiments shown in the Figures, both the
setting of different measurement distances D and the selection
of different wavelengths (if necessary) 1is accomplished
without moving parts. This is usually advantageous from the
point of view of cost and reliability. Alternatives with
moving parts are of course also possible in the context of the

invention. Different measurement distances D can thus be set
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drive. The functional dependence I(D) of the intensity I from
the measurement distance D can in this case be determined by

stepwise adjustment of the drive.

In particular cases, for example for the detection of
disturbing quantities, it may also bé appropriate to provide
means for the irradiation and/or detection of a narrow-band
wavelength range. A grating-type monochromator can be provided

for this purpose on the primary side or on the secondary side.
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1. Méthod for the determination of the glucose
concentration in a biological matrix (10), comprising

at least two detection measurements, in which light is
irradiated as primary light (15) into the biological matrix
(10) through a boundary surface (1la) bounding the biclogical
matrix (10), the light is propagated along a light path within
the biological matrix (10) and the intensity of the light is
measured as it emerges aé secondary 1light (17) from the
biological matrix (10) through a boundary surface (1lla, 11b)
thereof, and
' an evaluation step, in which the glucose concentration
is derived from the measured intensities of the detection
measurements by means of an evaluation algorithm and a
calibration,

in which

at least one detection measurement is a spatially
resolved measurement of multiply scattered light, in which the
primary light (15) is irradiated into the biological matrix at
a defined irradiation site (12), the intensity of the
secondary light (17) emerging from the biological matrix at a
defined detection site (14) is measured, and the detection
site (14) is located relative to the irradiation site (12) so
that light which was multiply scattered on scattering centres
(19) in the biological matrix (10) is detected, the intensity

of this light correlating with the glucose concentration.

L,
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2. Method for the spectral.anelytical determination of
an analyte in a biological matrix, comprising

at least two detection measurements for measurement of
the spectral dependence of the ebsorption of the analyte at at
least two different wavelengths, in which in each instance
light is irradiated as primary light (15) into the biological
matrix (10) through a boundary surface (1la) bounding the

biological matrix (10), the light is propagated along a light

path within the biological matrix (10) and the intensity of

the light is measured as it emerges'as secondary light (17)
from the biological matrix (10) threugh a boundary surface
(11a, 11b) thereof, and

an evaluation step, in which the analyte concentration
is derived from the measured intensities of the detection
measurements by means of an evaluetion algorithm and a
calibration,

in which,

in order to correct the change in the optical path
length caused by a change in the glucose concentration, at
least one spatially resolved measurement of multiply scattered

light is carried out in which the primary 1light (15) is

irradiated into the biological matrix at a defined irradiation

site (12), the intensity of the secondary light (17) emerging
from the biological matrix at a defined detection site (14) is
measured, and the detection site (14) is located relative to
the irradiation site (12) so that light which was multiply
scattered on scattering centres (19) in the biological matrix
(10) is detected, the intensity of which correlates with the

glucose concentration.

* c L M S *
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two detection measurements are spatially resolved measurements
of multiply scattered light, in which the primary light (15)
is irradiated into the biological matrix at a defined
irradiation site, the intensity éf the secondary light (17)
emerging from the biological matrix at a defined detection
site (14) is measured, and the detection site (14) is located
relative to the irradiation site (12) so that light which was
multiply scattered on scattering centres (19) in the
biological matrix (10) is detected, the intensity of which

correlates with the glucose concentration.

4. Method according to any one of thé preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered 1light the change in
intensity of the secondary light per 100mg/dl change in the

glucose concentration is more than 0.5%.

5. Method according to any one of the preceding
Claims, in which the measurement distance (D) between the
centre of the irradiation site (12) and the centre of the
‘detection site (14) in the at least one Spatially resolved
measurement of multiply scattered light is at least 10 times
the mean free path length of the photons in the biological

‘matrix (10).

6. Method aCCording to any one of the preceding
Claims, in which the distance between the centre of the.
irradiation site and the centre of the detection site in the
at least one spatially resolved measurement of multiply
scattered light is at most 30 mm, preferably at most 15 mm and

particularly preferably at most 10 mm.

AN
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7. Method according to any one of the preceding
Claims, in which the wavelength of the primary 1light 1is

between 400 nm and 2500 nm.

8. Method according to any one of the preceding
Claims, in which the wavelength of the primary light is chosen
in a region in which the absorption of a solution of glucocse
in water shows a small dependence on the glucose

concentration.

9. Method according to Claim 7, in which the
wavelength of the primary light is between 400 and 600 nm.

10. Method according to <cClaim 7, in which the
wavelength of the primary light is between 750 and 920 nm,
preferably between 780 and 825 nm or between 850 and 900 nm.

11. Method according to Claim 7, in which the
wavelength of the primary light is between 1050 and 1350 nm,
preferably between 1200 and 1300 nm.

12. Method according to CcClaim 7, in which the
wavelength of the primary light is between 1600 and 1800 nm,
preferably between 1630 and 1770 nm, particularly preferably
between 1630 and 16?0 nm or 1730 nm and 1770 nm.

13. Method according to any one of the preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered light the dimension of the

detection site (14) in the spatial direction defined by the

* c L M S *
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shortest connection to the irradiation site (12) is at most 2

mm, preferably at most 1 mm.

14. Method according to any one of the preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered light the dimension of the
irradiation site (12) in the spatial direction defined by the
shortest connection to the detection site (14) is on average

at most 2 mm, preferably at most 1 mm.

15. Method according to any one of the preceding
Claims, in which in the at least one spatially resolved
measurement of multiply scattered light the irradiation site
(12) and the detection site (14) are arranged on opposite

boundary surfaces (lla, 11b) of the biological matrix (10).

16. Method according to any one of the preceding

Claims, in which in the at least one spatially resolved
measurement of multiply scattered light the irradiation site
(12) and the detection site (14) are arranged on the same
boundary surface (1la) of the biological matrix for the

. measurement of radiation diffusely reflected from the matrix

(10) .

17. Method according to any one of the preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered light the detection site
(14) is in the form of a long, narrow straight or curved

detection field (l4a-14m).

18. Method according to any one of the preceding

Claims, in which in the at 1least one spatially resolved

m
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measurement of multiply scattered light the irradiation site
(12) is in the form of a long, narrow straight or curved

irradiation field (12a-12f).

19. Method according to any cne of Claims 3 to 18, in
which several spatially resolved measurements of multiply
scattered light are made with the same wavelength ‘of the

primary light.

20. Method according to any one of Claims 3 to 19, in
which the irradiation site (12) and the detection site (14)
have different measurement distances (D1, D2) from each other
in a first and a second spatially resolved measurement of

multiply scattered light.

21. Method according to Claim 20, in which the
difference in the measurement distances is so large that the
intensities of the secondary light in the first and second
spatially resolved measurement of multiply scattered light are

in a ratio of at 1least 3:1, preferably at least 5:1,
particularly preferably at least 10:1.

22. Method according to any one of Claims 3 to 21, ih
which in a detection area a plurality of different sub-areas
are provided as detection sites (14) for measurement of the
intensity of the secondary 1light (17) emerging at the
plurélity of .detection sites (14) as a function of the
distance from an irradiation site (12) and hence for the
performance 6f a plurality of spatially resolved measurements

of multiply scattered light.
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5 ratio - 1) being introduced at a flow rate of 1 @fsSheetHasB ‘F‘bm
MCH- 56/ hr. After passing pre-m xed feed through t e for
319.5 hrs, product was collected over the foll ow P&“ﬂ oduct
di stributions were cal cul ated fram gc anal yses of gaseous and
l'iquid 10 products and an additional sinulated distillation ASTM

2887 of the liquid The total reac ef uent

62.8 g (96. 2% nass 2@3 °d, \fif tfe C1 é ié’oljr%vﬁ"ﬁbc% EIB?I% {ll on-

15 ' of tﬁ@”mrent detection sites proxﬁﬁ.@eﬁlht iff6 the detection

area is in at least one dimension is at least two detection
sites, preferably at least four detection sites per

centimetre.

24. Method according to Claim 22 or 23, in which the
intensity of the 1light emerging from the biological matrix
(10) in the detectioh area (22) is measured in a spatially
resolved manner by a two-dimensional array (26) of

photosensitive elements (25).

25. Method according to Claim 24, in which the
detection area is provided with a mark for recognition of a
defined measurement position and the mark is recognized by the
two-dimensional array (26) of photosensitive elements (25, 80)
so that the same measurement position can be found again in

repeated measurements.

26. Method according to any one of Claims 3 to 25, in
which at least two spatially resolved measurements of multiply
scattered 1light are made with the same measurement
distance (D) between the irradiation site (12) and the
detection site (14), where at least either the irradiation

sites (12) or the detection sites (14) are different.

27. Method according to Ciaim 26, in which in the
detection measurements with the same measurement distance (D)
between the irradiation site (12) and the detection site (14)
both the irradiation sites (12) and the detection sites (14)

are different.
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_ light is irradiated in at least three different irradiation

sites (12) and the secondary light is detected in at least
three different detection sites (14) and the irradiation sites
and the detection sites are combined in such a way that at
least three spatially resoclved measurements of multiply
scattered light, where at least the irradiation site or the
detection site is different, are made for each of at least two
measurement distances between the irradiation site and the

detection site.

29. Method according to Claim 26, in which the at
least three irradiation sites (12) lie on a straight line and
at least six detection sites (14) are arranged mirror-

symmetrically in pairs on either side of the straight line.

30. Method according to Claim 29, in which the
irradiation sites (12) arranged on the straight 1line are
equidistant from each other and the detection sites (14) are

arranged on a circle around the central irradiation site.

31. Method according to Claim 26, in which the at
least three detection sites (14) lie on a straight line and at
least six irradiation sites (12) are arranged mirror-

symmetrically in pairs on either side of the straight line.

32. Method 'according to cClaim 31, in which the
detection sites (14) arranged on the straight 1line are
equidistant from each other and the irradiation sites (12) are

arranged on a circle around the central detection site (14).
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33. Method according to any one of the preceding

Cerr]-ol efoerheetHas Bee 'ﬁepla&d 0. 53 Met hyl cycl opent ane

Claims, in which the temperature at the detection site (14) is
measured and is taken into account in the evaluation

algorithm.

34. Method according to 'any one of the preceding
Claims, in which the temperature at the detection site (14) is

kept constant.

35. Method according to any one of the preceding
Claims, in which the biological matrix (10) is a biological

fluid, particularly blood.

36. Method according to aﬁy one of the preceding
Claims, in which the biological matrix (10) is a biological

tissue.

37. Method according to Claim 36, in which the
biological tissue is cutaneous tissue, particularly on the
fingertips, the trunk, the nailbed, the lip, the tongue or the

inside of the upper arm of man or scleral tissue.

38. Device for the determination of the glucose
concentration in a biological matrix, particularly for
performing the method according to any one of the preceding
Claims, with |

a  light-transmission area  (34) provided for
application to a boundary surface of the biological matrix,

irradiation means (27) for irradiating light into the
bioclogical matrix (10) through one of the boundafy surfaces

(1la, 11b) of the biological matrix,
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detection means (28) for measuring the intensity of
the light emerging through a boundary surface (1la, 11b) from
the biological matrix (10) and
| data processing means for converting the measured
intensity into a signal corresponding to the glucose
condentration,
in which

the irradiation means (27) are désigned to provide

68

spatially limited iliumination of a defined irradiation site

(12) and the detection means (28) are designed for the
spatiélly limited measurement of the secondary light emerging
at a defined detecﬁion site (14), where the detection site
(14) is located relative to the irradiation site (12) so that
light multiply scattered at scattering centres (19) in the
biological matrix (10) is detected which has an intensity

correlating with the glucose concentration.

- 39. Device according to Claim 38, in which at least
two irrédiation means (27) with essentially identical
wavelength are provided, which are designed for the
illumination of different, spatially non-overlapping

irradiation sites.

40. Device according to Claim 38 or 39, in which at
least two detection means (28) are provided, which are
designed for the measurement of the secondary light emerging
from the biological matrix at two different, spatially

non-overlapping detection sites.

41. Device according to Claim 40, in which at least
three irradiation means (27) and at least three detection

means (28) are arranged in such a way that at least three

* [ L M S *
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boi li ng range cut were:

different pairings of irradiation means (27) and detection
means (28) can be provided for each of at least two different
measurement distances between the irradiation site (12) and

the detection site (14).

42. Device according to Claim 40, in which at least
three irradiation means (27) and at least six detection
means (28) are arranged in such a way that at least two
different pairings of irradiation means (27) and detection
means (28) can be provided for each of at 1least three
different measuring distances between the irradiation

site (12) and the detection site (14).

43. Device according to any one of Claims 38 to 42, in
which the detection means comprise a two-dimensional

arrangement (26) of photosensitive elements (25, 80).

44. Device according to any one of Claims 38 to 43, in
which 1light blocking means (62) are provided to prevent
transmission of primary light from the irradiation means to
the detection means by a route other than through the

biological matrix.

45. Device according to any one of Claims 38 to 44, in
which the detection means (28) incorporate semiconductor light
receivers (80) located directly in the light-transmission area

(34) at the relevant detection site (14).

46. Device according to Claim 45, in which a plurality
of light receivers (80) in the light transmission area (34)

_ are integrated in one component (83).
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which the irradiation means (27) comprise semiconductor light
emitters (81) located directly in the light-transmission area

' (34) at the respective irradiation site (12).
48. Device according to Claims 46 and 47, in which the
semiconductor light emitters (81) are integrated in the same

component (83) as the light receivers (82).

49. Device according to any one of Claims 38 to 44, in

which the irradiation means (27) comprise optical fibers (29).

50. Device according to any one of Claims 38 to 44, in

which the detection means (28) comprise optical fibers (29).
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Abstract

Method for determination of the concentration of
glucose in a biological matrix, comprising at least two
detection measurements, in which 1light is irradiated as
primary light into the bioclogical matrix, propagated along a
light path in the biological matrix and the intensity of the
emergent secondary light is measured, and an evaluation step,
in which the glucose concentration is deduced from the
measured intensities of the detection measurements with the

aid of an evaluation algorithm and a calibration.

Good analytical accuracy is achieved with simple means.
in that at least one detection measurement is a spatially
resolved measurement of multiply scattered light in which
primary light is irradiated into the biological matrix at a
defined input irradiation site, the intensity of the secondary
light emerging from .the biological matrix at a defined
detection site is measured and the detection site is located
relative to the input irradiation site so that light
intensively écattered at scattering centres in the biological
matrix and having an intensity correlating with the glucose

concentration is detected.
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20 After passing pre-m xed feed through the reactor zone for 74
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di stributions were cal cul ated from gc anal yses of t he gaseous and
liquid products, and an additi onal simul ated distillation ASTM 2887
of the liquid products. 25 The total reactor effluent weight was 61.0 g
(101. 4% mass bal ance) and showed th§ /Qﬂl ow ng distribution:
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Example 1 but
‘Wi th t havQ&4£10801 bei ng adjusted to a tenperature of \,@%bﬁgsﬁ at
600 psig, and filled with isopentane. A pre-m xed :
| sopent ane/ pentene-| feed .Sstream (nolar ratio = 4.9) was then
i ntroduced into the reactor at a fjpfJrte of 0.56 gm pentenes/ gm
MCM 56/ hr. 35 After passing pre-m xed feed through the reactor zone for
5.8 hrs, product was collected over the following 14.0.hrs. Pr oduct

di stributions were cal culated from gc anal yses of
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METHOD AND APPARATUS FOR THE ANALYSIS OF
GLUCOSE IN A BIOLOGICAIL, MATRIX

T 54
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The invention relates to a method and an apparatus for '
the analytical determination of glucose in a biclogical

matrix.

The term 'biclogical'ﬁatfix' denotes a body fluid or a
tissue of a living organism. Biological matrices, to which the
invention relates, are optically heterogeneous, that is, they
contain a large number of scattering centres on which radiated
light 1is scattered. In the case of biological tissue,
particularly cutaneous tissue, the 1light-scattering centres
are formed by the cell walls and other constituents contained

in the tissue.

Body fluids, particularly blood, are likewise
optically heterogeneous biological matrices, as they contain
particles on which light is mulﬁiély scattered. Milk and other
liquids investigated ' in foodstuffs chemistry also often
contain a high concentration of scattering centres, for

example in the form of emulsified fat droplets.

Reagents or reagent systems whose reaction with the

particular component results in a physically detectable

is Sheet Has Been Replaced This is the replacement sheet
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- 18- evaporation (85 [err]C, anbient atnospheric pressure) of the
total liquid products. The total reactor effluent weight was 343.5
(99. 5% nass bal ance) and showed the follow ng distribution: 5
Conponent wei ght % Clerr]-m nus
0. 03 | sobut ane 2.98

change, such as a change in the colour of the reaction
solution, which can be measured as a measurement guantity, are
generally used for the qualitative and guantitative analytical
determination of components of such biological matrices. By
calibration with standard samples of known concentration a
correlation between the quantity measured at various

concentrations and the respective concentration is determined.

These methods allow highly accurate and sensitive
analyses, but require the extraction of a 1liquid sample,
especially a blood sample, from the body for analysis
('invasive analysis'). T@is extraction of a sample is

unpleasant and painful and causes a certain risk of infection.

This is especially the case when a disease requires
very frequent analyses. Certainly the most important example
is diabetes mellitus. With this disease it is necessary to
determine the glucose content of the blood very frequently or
even continuously if serious secondary diseases and critical

states of the patient are to be avoided.

Numerous methods and devices have therefore been
suggested for the determination of glucose in blood, tissue

and other biological matrices in vivo and non-invasively.

A review of physicochémical (reagent-free)
determinations of glucose in wvivo is given in J.D.
Kruse-Jarres 'Physicochemical Determinations of Glucose in
vivo!, J. Clin. Chem. Clin. ﬁiochem. 26 (1988), pp. 201-208.
Nuclear magnetic resonance (NMR), electron spin resonance
(ESR) and infrared (IR) spectrosco?y are named, among others,

as non-invasive methods. However, none of these methods has as
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yet acquitk@lprateitn) si%Pificance. Some (3f5gtg$m require
extremely \dangecywidbpenpensivad dkpaeatus, tOt@Aly unsuitable
for routine analysis and certainly for home monitoring of the

patient.

The invention relates to a subgroup of non-invasive
analysis methods, in which 1light is irradiated into the
biological matrix as primary light through a boundary surface
forming the boundary of the biological matrix and the
intensity of the light is measured which emerges as secondary

light from the biological matrix after interaction. For such a

measurement, the term ‘'detection measurement' is used

hereafter. In the known methods several detection measurements
are made at different wavelengths for the determination of one
glucose concentration. A measurement result which (without the
use of reagents) is a measure of the concentration of the
analyte in the biological matrix is derived from the spectral
dependence of the intensity of the secondary light measured in
the detection measurements. The wavelengths of the light
considered for such methods are generally between about 300 nm
and several thousand nm, hence in the spectral range between
near UV- and infrared light. The term 'light' must not be
interpreted as being restricted to the visible spectral range
of light.

Nearly all known methods of this type are based on the
principles of spectroscopy. The fundamental principle is the
interaction of the irradiated primary light (of a specific
wavelength) with vibration “and rotation states of the
molecules wundergoing analytical determination. The basic

vibration and rotation states of glucose are found in the IR

region .at wavelengths of more than 2500nm. This spectral range
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qerr]-300 La8dd be usef: 46r3C%the non-invasive analytié§¥)de€g¥hiﬁ§{ﬂgﬁ
045 of glucose because of the strong absorption of the water,
which is always present in high concentration in biological
matrices. In the near infra-red (NIR) region the absorption of
water is smaller (so-called "water-transmission window"). The
spectral ‘analysis of glucose in this region is based on the
absorption by overtones and combination oscillations of the
basic vibration and rotation states of the glucose molecule
(see the article by Kruse-Jarres cited above and EP-A-

0 426 358).

The practical making of a non-invasive glucose sensor
on the basis of these principles meets with enormous
difficulties, which result especially from the fact that the
effective signal (the change in the absorption spectrum due to
a change in the glucose concentration) is very small and this
small signal competes with a large background of interfefing
signals resulting particularly from the spectral absorption of
water and of other strongly absorbing components (among
others, the red blood pigment haemoglobin). Many different

attempts have been made to solve this problem:

- Differential measurements are made at various
wavelengths, the first wavelength being chosen so that the
glucose absorbs as strongly as possible there, whilst a second
wavelength is chosen as reference wavelength so that the
absorption is as constant as possible at different glucose
concentrations (EP-A-0 160 768).

= In US Patent 5,028,787 computer investigations are
used to select wavelength pairs which are supposed to be

partlcularly suitable for glucose absorption measurements. The
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wavelength pair 945 nm and 1015 nm is regarded as particularly

suitable.

- In WO 93/00856 two wavelengths are selected so that
the extinction coefficient is as similar as possible. The
intensity of two rays with these two wavelengths is adjusted
so that the detected signal is identical. Changes in the
glucose concentration are detected as changes in the signal

showing the difference between the two wavelengths.

Further processes and apparatus for the non-invasive
analytical determination of glucose are described in US
Patents 5,086,229, 5,178,142, 5,179,951, 4,883,953, 4,882,492
and PCT Applications WO 92/17765 and WO 90/07905.

Despite these endeavours no-one has yet succeeded in
providing a practical and functional non-invasive glucose
sensor. More realistic is the possibility to use an in vivo
sensor based on the principles of spectral analysis for the
determination of the concentration of substances with an
optical absorption which is several orders of magnitude higher
than that of glucose. Important examples are the strongly
absorbing haemoglobin (Hb) and its oxidised form HbO2. As
these parameters provide information on the oxygenation state
of the blood, such sensors are also known as oximeters. Many
different designs and methods for non-invasive oximeters are
known from the literature. WO 89/01758, Us 4,867,557
(corresponding to EP-%fO 286 142), EP-A-0 353 619,
EP-A-0 104 772, WO 91/17697, WO 93/11701 (published on
24.6.1993) and US Patents 5,057,695, 4,223,680, 4,295,470 and

4,824,242 are for example cited here.
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A method and a device for the quantitative
determination of glucose by laser 1light scattering are
described in European Patent 0 074 428. Here it is assumed
that the glucose molecules scatter a ray of light transmitted
through the solution and that the glucose concentration can be
derived from this. According to this theory, the principle of
the measurement is to obtain the information on the glucose
concentration from the spatial angular distribution of the
transmitted light emerging from a test cuvette or from an
investigated part of the body. In particular, the intensity of
the transmitted light is measured in an angular region in
which the change in relation to the glucose concentration is
as large as possible and is then compared with the intensity
measured in the central ray passing directly through the
sample. For in vivo analytical determination a transmission
measurement on ear lobes with 1laser 1light is exclusively

" recommended.

Similar scientific questions are also discussed in the
publication of I.S. Chira et al.: "Light Scattering by Blood
Components after Supplying Glucose", Biomed. Technik 35
(1990), pp. 102-106. This investigates experimentally the
possibility of determining the concentration of glucose in
liguids by the scattering of light. The authors conclude that
neither static light-scattering experiments nor by photon

correlation spectroscopy (PCS) are suitable for this purpose.

The basic object of the invention is to provide a
method for the analytical d-etermination of glucose in a
biological matrix which operates with simple apparatus,
without reagents and non-invasively and achieves good

analytical accuracy, for example for observing the change of
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sufficient length of time.

This object 1is achieved by a method for the
determination of the concentration of glucose in a biological
matrix comprising at least two detection measurements, in
which light is irradiated as primary light into the biological
matrix through a boundary surface bounding' the biological
matrix, the light propagates along a light path within the
biological matrix and the intensity of the light is measured
which emerges as secondary light from the biological matrix
through a boundary surface thereof, and an evaluation step, in
which the glucose concentration is derived from the measured
intensities of the detection measurements by means of an
evaluation algorithm and a calibration, in which at least one
detection measurement is a spatially resolved measurement of
multiply scattered 1light in which the primary 1light is
irradiated into the biological matrix at a defined irradiation
site, the intensity of the secondary light emerging from the

" biological matrix at a defined detection site is measured and
the detection site is located relative to the irradiation site
so that lighp which was multiply scattered on scattering
centres in the biological matrix is detected, the intensity of

which is characteristic of the glucose concentration.

The invention also ©provides a device for the
determination of the glucose concentration in a biological
matrix, particularly for carrying out the method according to
the invention, with a light:transmiséion area provided for
application to a boundary surface of the biological matrix,
irradiation means for irradiating light into the biological

matrlx through one of the boundary surfaces, detector means
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29 boundary surface from the biological 7dtrix and data

processing means for converting the measured intensity into a
signal corresponding to the glucose concentration, in which
the irradiation means are designed to provide spatially
limited irradiation of a defined irradiation site and the
detéctor means are designed for the spatially limited
measurement of the secondary light emerging at a defined
detection site, where the detection site is located relative
to the irradiation site so that light multiply scattered at
scattering centres in the biological matrix is detected, which

has an intensity characteristic of the glucose concentration.

It is characteristic of the invention that a measured
value characteristic of <the glucose concentration. can be
determined without measuring several wavelengths by two
detection measurements being made (preferably at the same
measurement wavelength but with different light paths), where
at least one of the detection measurements is a spatially
resolved measurement of multiply scattered light. In contrast
to previously known spectroscopic methods (particularly NIR
(near-infrared) spectroscopy), the basis of the measurement of
the glucose 1is not the determination of the optical
absorption. Rather the wavelength is preferably chosen in a
region of the spectrum in which the absorption by glucose is

relatively low.

Figure 1 shows an absorption spectrum of glucose in
water. The decadic 1logarithm of the ratio of measured
intensity to irradiated intensity (lg I/I0) in transmission is
shown for a .cuvette length of 1 cm and four glucose

qqncentrations, namely 0, 1, 5 and 10 %. It can be seen that
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Exanple 7 was repeated with the reactor tenperature bei ng adj usted
to 304 [err]F at 600 psig and a pre-m xed 30 | sopent ane/ pentene-1 feed
stream (nolar ratio = 9.8) being i ntroduced at a flowrate of 1.01
gm pent enes/ gm MCM 56/ hr . After passing pre-mxed feed through the
reactor zone for 6.2 hrs, product®was collected over the follow ng
4.0 hrs. Product distributions were cal culated from go anal yses of
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signal difference between the measured value with pure water
and with 10 % glucose solution at this wavelength is less than
2 %. At other wavelenghts the difference is even considerably
smaller. The variation in the glucose concentration in this
experiment is very much larger than the actual physiological
glucose concentration. For a rea;istic glucose change within
the phyéiological range of 100 mg/dl the absorption change at
980 nm is equivalent to less than 0.02 %. The change d4I/dC in
the measurement signal I in relation to the glucose
concentration € will in the following be called the "relative
signal change" and will be expressed quantitatively in % per

100 mg/dl change of the glucose concentration.

Figure 2 shows a similar spectrum in the neighbouring
wavelength region between about 1100 nm and 2500 nm. This is a
differential spectrum for glucose concentrations between 0 and
600 mg/dl compared with pure water. Negative values denote a
lower  absorption in comparison with pure water. Here the
maximum useful change in the signal intensity amounts in total
to less than 0.3%, hence on average to less than 0.05 % per

100 mg/dl change of the glucose concentration.

Figures 1 and 2 together show that the dependence of
the absorption on the glucose concentration is so small over
wide spectral regions that it is practically useless for
measurement in a biological mgtrix. The wavelength regions in
which in a transmission measurement on a clear glucose
solution the relative signal change dI/dC is less than 0.01 %

per 100 mg/dl change of the glucose concentration are referred
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to as spectral regions with a "small" dependence of the

absorption on the glucose concentration.

Oon the basis of the mneasurement results shown in
Figures 1 and 2, the wavelengths at about 980 nm, 1410 nm,
1890 nm and 2150 nm would have to be considered as most
suitable wavelengths for spectroscopic analytical

determination of glucose.

In the context of the present invention the spectral
regions presenting a small dependence of the absorption of an
aqueous glucose solution on the glucose concentration can be
advantageously used. Specifically, the wavelengths between 400
nnm énd 940 nm, between 1020 nm and 1390 nm, between 1430 nm
and 1880 nm, between 1200 nm and 2050 nm and between 2250 mm
and 2500 nm, for example, are suitable. The wavelength regions
denoted by Roman numerals in Figures 1 and 2 are particulérly

preferred, namely:
I. 400 to 600 nm.

II. 750 +to 850 nm, preferably 780 to 920 nm,
particularly preferably 780 to 825 nm or 850 to 900 nm.

III. 1050 to 1350 nm, preferably 1200 to 1300 nm and

Iv. 1600 to 1800 nm, preferably 1630 to 1770 nn,
particularly preferably 1630 nm to 1670 nm or 1730 nm to

1770 nnm.

The measurement ~should preferably be essentially

monochromatic. Here “mogng;opagig“uis_po be understood in the
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practical sense that most of the irradiated and/or emitted
intensity is limited to a relatively narrow wavelength region.
The half-width (width at half of maximum intensity) should be
less than 100 nm and preferably less than 50 nm. In contrast
to the spectroscopic methods for non-invasive analytical
determination of glucose, relatively broad-banded light
sources (with half-widths larger than 20 nm), such as light-
emitting diodes or other semi-conductor light sourceé, can be
used without subsequent spectral selection. This considerably
reduces the cost of the apparatus. Whenever "the wavelength"
of the light source or of the primary light is mentioned here,
this expression refers to the wavelength of the - maximum

intensity.

In contrast to the familiar spectroscopic methods, it
is sufficient if the at least two detection measurements are
made at only one wavelength. The fact that the measurement
signal is substantially independent of the wavelength permits
selection of wavelength regions for the measurement in which
the smallest possible disturbances caused by strongly
absorbing substances occur. In the region around 802 nm the
measured intensity is approximately independent of the
concentration ratio between Hb and HbO2, as these substances
have an isosbestic point there. This is also the case in a
broad isosbestic region between 1200 and 1300 nm. Additionally
the absorptions of haemoglobin and of water are about the same
'in this region. This results in a particularly good
independence of the measured intensity from the ratio of Hb,

HbO2 and H20.

In the course of the experimental testing of the

.invention it has been shown that relatively short wavelengths,
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3.20 20 advantaged'ws adbecause the depth of penetration $80sQ€h light in
biological tissue is relatively small. The findings of the
experiments give reason to believe that this is advantageous
particularly because of the more even distribution of the
blood in the uppermost dermal .layers and possibly also because
of better correlation of the glucose concentration with the

blood glucose.

Surprisingly on the basis of the present invention a
relative signal change dI/dC is found which is much larger
than that to be expected on the basis of the absorption even
in the narrow wavelength regions, where the absorption of the
pure glucose solution is relatively strongly dependent on the
glucose concentration. This is true even in wavelength regions
where the absorption presents only a small dependence on the

- glucose concentration. The value of the relative signal change
is dependent on the respective measuring apparatus, but in
measurements on human skin generally amounts to more than
0.5 % per 100 mg/dl and is thus at least ten times greater
than the relative signal change that would be expected from

the change in the absorption.

According to the inventors' present state of

knowledge, this effect may be explained as follows.

The change in the glucose concentration results in a
change in the refractive index of the liquid contained in the
biological matrix in which the glucose is dissolved. The
change in the refractive index results in a change in the
light-scattering on the scattering centres contained in the

matrix. This change is of course extremely small in each
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individual scattering process. The change in the refractive
index amounté to only about 0.002% per millimole. The
inventors have found that this extremely small effect can be
put to practical use for the analytical determination of
glucose if a large number of scattering processes of many
photons that have passed through the biological matrix along a

similar light path are detected.

The method of measurement in the invention |is
therefore designed so that ideally the refractive
index-dependent scattering behaviour of the space within the
bioclogical matrix surrounding the scattering centres is
determined. It has been found that this mechanism of the
invention is very sensitive, that is, the change of the
measurement signals is relatively large with relatively small
changes in the glucose concentration. The increased
sensitivity compared with known processes for the in vivo
analytical determination of glucose also leads to improved
selectivity, since the variation of the multiple scattering
used in accordance with the invention depends in the most
important biological matrices - blood and dermal tissue -

essentially only on the glucose concentration.

This surprising effect may be explained by the
multiple scattering which is used in the present invention for
the analytical determination of glucose. The method of the
instant invention can therefore also be called Multiple

Scattering Amplified Glucose Detection (MSAGD).

on the basis of the present invention it is to be
assumed that the effect underlying the MSAGD represents a

considerable disturbance in spectral analytical determinations
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of other components of an optically heterogeneous biological
matrix. It can therefore also be advantageous to carry out at
least one spatially resolved measurement of multiply scattered
light in such a spectral-analytical method for correction of
changes in the optical path length caused by chénges in the
glucose concentration. Such a method is likewise a subject of

the present invention.

MSAGD differs fundamentally from the methods used
hitherto for non-invasive analytical determination in the
requirement of multiple scattering. In infrared spectroscopy,
which is based on the measurement of the dependence of
absorption on wavelength, optical scattering is felt to be
disturbing; If at all possible, parts of the body that cause
as little scattering of 1light as possible are therefore
selected. It has for example been suggested that NIR
spectroscopic determinations should be carried out on the
anterior chamber (atrium) of the eye, which contains a
relatively clear and therefore non-scattering 1liquid (US

Patent 4,014,321).

For better understanding, the results of a laboratory
experiment are represented in Figure 3. To the glucose
solution, the spectrum of which is shown in Figure 1, milk
with a fat content of 3.5% was added in a concentration of
0.1 % by volume under otherwise identical conditions of
measurement. A substantial increase in the relative signal
change dI/dC, which is particularly large at short wavelengths
but in total shows only a slight, continuous dependence on
wavelength, is apparent in the entire represented spectral

region. The addition of milk converts the clear glucose
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solution into an optically heterogeneous matrix, in which

dispersed milk droplets cause the MSAGD effect.

Comparison of Figures 1 and 3 shows that the MSAGD
signal also differs from absorption measurements in that the
concentration-dependent change in the intensity (dI/dC) is
substantially independent of the wavelength. A certain change
in the glucose concentration consequently results in a roughly
equal change in the intensity of the secondary light, even
when the wavelength of the irradiated 1light differs for
example by 100 nm. In contrast to this, the change dI/4C is
substantially larger in a more strongly absorbing wavelength
region (absorption band) than in a weakly absorbing wavelenght
region if the detection measurement is based on the absorption
of glucose. This 1is used in spectroscopic measurements by
selecting a strongly absorbing wavelength as the measurement
wavelength and a weakly absorbing wavelength as the reference
wavelength. For this purpose a narrow-band (highly dispersive)
measurement (with half-width of less than 10 nm, and often

less than 1 nm) in a broad spectral region is necessary.

With the invention no narrow-baﬁd measurement is
necessary, because of the minimal dependence on the
measurement wavelength. Inexpensive semiconductor 1light
emitters (in particular, light-emitting diodes) can therefore
be used without the need for additional measures for selecting
the wavelength on the primary side or the secondary side. If
several light emitters with the same wavelength are to be
used, adequate equality in the context of the invention is
achieved when commercially obtainable semiconductor 1light
emitters with the same nominal ‘wavelength are used. An

apparatus in accordance with the invention can therefore be
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fuel boil i¢ensErgetedt ®ereas to be particulax_-ly small, 1light and
inexpensive. It is consequently especially suitable for the

continuous monitoring of a diabetic's glucose concentration.

It is essential for the measurement of the MSAGD
effect on actual biological matrices that the conditions of
spatially resolved measurement of multiply scattered light
(hereinafter abbreviated to "spatially resolved scattered
light measurement" (SRSILM)) are met, that is, the
"site-dependence condition" and the "multiple scattering

condition" must be observed.

The site-dependence condition is to be understood in
that the measurement of the secondary light (in contrast to
EP-A-0 074 428) is not directed to the light rays scattered or
reflected from the matrix in a certain direction or angular
region (angle-dependent measurement), but to a defined
subregion (area, locality) of a boundary surface of the
biological matrix, which is called the detection site. The
primary light is also irradiated in a defined subregion of a
boundary surface of the biological matrix, which is called the
irradiation site. Such a measurement is called a

"site-dependent detection measurement"™.

The terms "irradiation site" and "detection site" are
thus to be understood geometrically, namely as the subregion'
of the boundary surface of a biological matrix at which the
light rays decisive for the intensity measured in the
respective detection measurem:ant pass through the boundary
surface. In the following the term "transition site" will
therefore be used as a c.ollective- term for the irradiation

‘'site and the detection site. Any statements made in the
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respectively to the centres of the irradiation site and of the
detection site. The centre in a circular site is formed by the

middle point and in a longitudinal site by the midline.

The "multiple scattering condition" is to be
understood in that the transition sites (i.e. the irradiation
site and the detection site) are arranged in relation to each
other so that light which is multiply scattered on scattering
centres in the biological matrix the intensity of which is
characteristic of the glucose concentration is detected. The

following is to be observed in this context.

The mean free path length of photons in the tissue or
in the above-mentioned body fluids is dependent on the
ﬁavelength and on the respective density and size of the
scattering centres. It is typically between about 0.01 mm and
0.1 mm. At least about 10, and preferably at least about 100
scattering processes should take place on the light path in
the biological matrix from the irradiation site to the
detection site. The light path within the biological matrix is
always longer (often even considerably longer) than the direct

~ connection between the irradiation site and the detection
site. However, as a practical rule it may be stated that the
distance between the irradiation site and the detection site
should correspond to at least ten times and preferably to at
least twenty times the mean free path length of the photons in
the respective biological matrix at the respective wavelength

of the primary light.

The maximum distance between the irradiation site and

the detection site is likewise dependent on the mean free path
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insufficient. The distance between the irradiation site and
the detection site should preferably be less than 30 mm and
particularly preferably less than 15 mm. Furthermore, careful
shielding of the primary light from the detector used to
measure the secondary light must be ensured if only 1light
multiply scattered at scattering centres in the biological

matrix is to be detected and measured.

The multiple scattering causes the light emerging at
the detection site to have a substantially diffuse character,
that is, its intensity is substantially independent of the
exit angle under which it is detected. If the primary light is

coherent and/or polarised, the multiple scattering causes

- these properties to be substantially lost. It is therefore

generally not necessary in the invention (in contrast to EP-A-
0 074 428) to use a laser as the primary light source. The
degree of polarisation retained in the secondary light may
also be wused to test whether the "multiple scattering
condition" required for the invention is met. The degree of
polarisation of the secondary light should for example be less

than 10% of that of an irradiated polarised primary light.

The irradiation site and the detection site in SRSIM
can have véry different dimensions and geometric shapes. The
only essential factor is that SRSLM provides information on
the intensity of the seconda-ry light in dependence on the
relative position of the irradiation site and the detection

51te (in contrast to a dependence on the angle of detection).

A number of such spatially resolved measurements of multiply
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scattered light in which the respective detection site is at a
varying distance from the corresponding irradiation site thus
provide information I(r) on the functional dependence of the

intensity I on the distance r.

The irradiation site and especially the detection site
can generally have relatively 1large dimensions in SRSLM.
However, embodiments in which the transition sites in the
direction of +the distances connecting the particular
irradiation sites and detection sites (the | shortest
connection) have a relatively small dimension of preferably
less than 2 mm and particularly preferably less than 1 mm, are

especially preferred.

In spatially resolved measurement of nmultiply
scattered light the detection site is preferably located on
the same boundary surface as the irradiation site, i.e. SRSLM
is performed 'in reflection'. However, if two boundary
surfaces or areas of the biological matrix facing each other
are accessible, measurement can also be made 'in
transmission', where the irradiation site and the detection
site are located on opposite boundary surfaces of the
biological matrix. Here, in view of the diffuse nature of the
light emerging at the detection site, the terms 'transmission'
and ‘'reflection' are of course not be understood to mean that
the secondary 1light emerges from the matrix in a strongly

dominant preferred direction.

The measured intensity values of at least two
detection measurements are used in the invention to determine

('derive') the glucose concentration in an évaluation step of

the method with the aid of an evaluation algorithm and a
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principle a different arrangement can be used.

Particular preference is however given to an
embodiment in which at least two spatially resolved scattered
1ight measurements are carried out, from the measured
intensity values of which the glucose concentration is
derived. It has been found that particularly interference-free
and thus precise information about glucose concentration can
be obtained from the dependence I(D) of the intensity I on the
measurement distance D, which can be determined with at least
two spatially resolved scattered light measurements. In this
procedure the two or more spatially resolved scattered light
measurements are carried out at the same wavelength. If more
than one 1light emitter is used, it is sufficient if their.
wavelengths coincide within the 1limits of normal series
production variations for light-emitting diodes of the same

nominal wavelength.

It is of course also possible to carry out a larger
number of spatially resolved scattered light measurements and
to use them collectivély in order to derive the glucose
concentration. For at least two of these mneasurements the
light paths should differ substantially from one another. In a
spatially resolved scattered 1light measurement, the term
"light path", because of the mnultiple scattering in the
biological matrix, is of course not to be unéerstood in the
sense of a geometrically strié%ly limited fractional volume of
the biological matrix (as in the <case of a classic
transmission spectroscopy of a nbn-scattering liquid in a

cuvette). It nevertheless makes sense to use the term "light
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(for example, 70%) of the light is transported which, coming
from a particular irradiation site, reaches a particular

detection site and which is multiply scattered in the matrix.

In practice a different light path is produced in two
spatially resolved scattered light measurements by the fact
that the measurement distances between the irradiation site
and the detection site are sufficiently different. The
difference in intensity of the secondary light (relative to an.
equal area of the detection site and with equal intensity of
the irradiated primary light) caused by the different light
paths should amount to at least a factor 3, preferably to at
least a factor 5 and particularly preferably to at least a

factor 10.

The fact that several detection measurements are
carried out at the same measurement wavelength but with a
different measurement distances between the irradiation site
and the detection site constitutes a fundamental difference
compared with conventional spectroscopic processes. In
spectroscopic methods for obtaining a value of the analyte
concentration, detection measurements are carried out at
several wavelengths but with a completely identical
measurement distance. Any change in the measurement distance
would falsify the result of the measurement.

Particularly preferrec-l is an embodiment in which at
least two spatiaily resolved scattered light measurements with
an equal measurement distance betwéen the irradiation site and

- the detection site are made and in which at least either the
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irradiation sites or the detection sites but preferably both
the irradiation sites and the detection sites are different.
Advantageously such measurements are made for each of two

different measurement distances.

Such an embodiment appears at first sight not to be
useful, as two measurements on the same biological matrix with
a light path of equal length would produce the same result,
that is, no additional information would be acquired by the
additional measurement. Expressed in terms of information
technology, the additional measurement with the same
measurement distance is redundant. However, it was found in
the invention that such redundant Tmeasurements are.
advantageous, as they allow the recognition and elimination of
poténtial measﬁrement errors caused by inhomogeneities in the

biological matrix (especially in cutaneous tissue).

The at least two detection measurements are preferably
made simultaneously or with a sufficiently short interval
between them. By sufficiently short we mean here a time
interval between the measurements used to derive the glucose
concentration in which no change in the biological matrix
takes place which would be detrimental to the accuracy of the
measurement. This is preferably achieved with an apparatus
provided with switchable irradiation means and/or detection
means that allow the selection of different pairs of

transition sites without moving parts.

Although measuremenﬁé at one wavelength are
sufficient, it can obviously be useful to make measurements at
further additional wavelengths, eépecially to allow better

_elimination of interfering factors. These interfering factors
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include, among other things, ©possible changes in the
scattering centres and also the water absorption and the
haemoglobin absorption, which in turn depend directly on the
blood volume in the investigated bioclogical matrix. Connected
with this is the fact that the intensity of the secondary
light 4is influenced by the blood pulse and the body
temperature. However, these influences can be controlled. As
regards the bloocd pulse, either the mean can be determined
over a sufficient number of pulse_periods, or the measurements
‘can be made in synchronism with the pulse. Variation of body
temperature can be plotted and used for compensation.
Alternatively, the detection area in which the transition
sites are located is actively thermostatted. As a relatively
high energy consumption is associated with such a temperature
regulation, the measurement area in an apparatus for in vivo
analytical determination should be carefully thermally

insulated.

An evaluation algorithm and a calibration are required
in the evaluation step for deriving the glucose concentration
from the measured intensities. In this respect the invention
does not differ substantially from known analytical
determination methods, which likewise - as explained above -
require a calibration for assigning the measured gquantities
(for example, the colour change in colorimetric tests) to the

respective concentration.

In the simplest case_the algorithm in the present
invention comprises a simple predetermined mathematical
operation for deriving an intermediate value from the measured
intensities I of the detection measurements. The intermediate

~value can be called the measurement result R. The formation of
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a simple ratio between the measured intensities of the first
and second detection measurements has been found suitable in
practice. The measurement result R may then be linked with the
glucose concentration C in the familiar manner by-calibratiecn
with at 1least two, but preferably with several standard

samples of known glucose concentration.

Mathematically more sophisticated methods have
recently been increasingly used in analytical technology for
improving the correlation between the measured quantities and
the respective concentration (and hence the analytical
accuracy) . These include exponential or logarithmic
calculations and iterative methods for optimal description of
the relation. Furthermore, it can be advantageous for the
improvement of the analytical accuracy tc compensate by means
of correlation methods influential factors (particularly the

| temperature at the measurement site and the pulse, for
example) that affect the measured intensity as well as the
glucose concentration. Multilinear and non-linear mathematical
algorithms can be used for the detection and determination of
a large number of factors which influence the evaluation of
analytical measurements. This is also possible in the present
invention and can be advantageous, particularly when a large
number of detection measurements are being made with various
pairings of transition sites which together form the basis of
the analytical determination. In this case the use of learning
systems (neuronal networks) can alsc be advantageous.

Comprehensive additional information about evaluation
algorithms suitable for 1linking the results of detection
measurements to the appropriate analyte concentration can be

found in the publications mentioned earlier.
Th&istherepmcementsheet

12 MAR 1997

Date:



APl gravity 55.0 10 Cet ane | ndex

45 This Sheet Has Been Repla_ced Cet ane Nunber ( [ err ] H nnr ) 17

t he boi H product properties for the i nt ended di es
fuel bo t were: 15 5 | nt ended cut
400-650[ err Boﬁ I ng Range ([err]F)

| BP 315 T10

371 20 ' T50 471

The invention is illustrated more fully by the
embodiments schematically represented in the following

Figures:

Fig. 1 An absorption spectrum of glucose in water in
a first wavelength region for various glucose concentrations.

Fig. 2 A differential absorption spectrum of glucose
in water against pure water in a second wavelength region for
various glucose concentrations.

Fig. 3 A spectrum corresponding to Figure 1 after
addition of milk to the glucose solution.

Fig. 4 A perspective representation of the principle
of a first embodiment of the invention.

Fig. 5 A perspective representation of the principle
of a second embodiment of the invention.

Fig. 6 A perspective representation of the principle
of a third embodiment of the invention.

Fig. 7 A perspective representation of the principle
of a fourth embodiment of the invention.

Fig. 8 A representation of the principle of an
irradiation field and of a detection field in plan view in a
fifth embodiment of the invention.

Fig. 9 to 12 Representations of the principle of
various arrangements of irradiation sites and detection sites
on a boundary surface of a biological matrix.

Fig. 13 A sectional representation of a practical
embodiment of a suitable measuring head for the invention.

Fig. 14 A view of the measufing head of Figure 13
from the underside which is contact to the biclogical matrix.

Fig. 15 An enlarged representation of a section of
Fig. 14. '

and
e
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Fig. 17 A lateral cross-sectional representation of a
measuring device for analytical determination on the finger.

Fig. 18 A plan-view cross-sectional representation of
the.embodiment of Figure 17.

Fig. 19 A plan view of the measuring device in an
embodiment according to Figures 17 and 18. |

Fig. 20 A block circuit diagram of a suitable
electronic circuitry for the invention.

Fig. 21 A view corresponding to Fig. 14 of an
alternative embodiment of a measuring head.

Fig. 22 A cross-section through the light-transmission

.area 34 of the measuring head shown in Fig. 21 along the line

S.
Figures 1 to 3 have been explained before.

An optically heterogeneous biological matrix 10 is

' represented symbolically as a rectangular block in Figures 4

to 7. It is bounded by an upper boundary surface lla and a
lower boundary surface 11b. In reality, the biological matrix
can for example be blood. In this case the boundary surfaces
run along the inner walls of an optically transparent vessel
(cuvette) in which the blood is contained for in vitro
analytical investigation. If the biological matrix is a
tissue, the surface of the tissue forms the boundary surface.
Figures 4 to 8 clarify different variants of possible
arrangements of one or more irradiation sites 12 and one or

more detection sites 14 on a biological matrix 10 in a
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according to the invention. Here the irradiation sites 12
usually exist as narrow, longitudinal irradiation fields 12a -
12f and the detection sites as longitudinal, narrow detection
fields 14a - 14i. A longitudinal shape of this kind for the
transition sites 12, 14 has proved to be a gooed and
practicable compromise between the demands of adequate spatial
resolution and those of an adequate intensity of the
irradiated or measured 1light at an acceptable cost of
production. The 1length of a transition field should be at
least three times, preferably at least ten times, as great as
its width. The average width of the transition fields is
preferably not more than 2 mm, particularly preferably not
more than 1 mm. Similar considerations, however, also apply in
the case where the transition sites have a point shape or a
circular shape as far as no special features of the

longitudinal shape have to be considered.

In the embodiment represented in Figure 4 the primary
light 15 is irradiated into the matrix 10 through an
irradiation field 12a and the secondary light 17 is detected
emerging from two detection fields 14a and 14b running at
different measurement distances D1 and D2 from the irradiation
field 12a.

In the embodiment represented in Figure 5 the primary
light 15 also enters through an irradiation field 12b into the
bioclogical matrix 10 and the secondary light 17 emerges
therefrom through two detecti;n fields 14c and 144, where the
-detection fields are arranged at different lateral measurement
distances D1 and D2 from the irrédiation field 12b. However,

the detection fields 14c and 14d in this embodiment are
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located on the boundary surface 11b lying opposite the
boundary surface 1la through which the primary light 15 is
irradiated. In such an embodiment - the irradiation field and
detection field are preferably arranged so that in at least
two pairs of transition fields, the surface of the output
field is not crossed by any straight 1lines crossing the
surface of the irradiation field perpendicularly. In other
words, the detection field should not be situated exactly
opposite the input irradiation field, but should always be

displaced laterally to this.

The érrangement of Figure 4 can be described as a

‘measurement 'in reflection' and that of Figure 5 as a

measurement ‘'in transmission', where these terms are to be

understood in the sense discussed before.

If the biological matrix is a tissue, particulérly
cutaneous (skin) tissue, in general only one boundary surface
bounding the matrix (namely the surface of the skin) is
accessible in an in vivo analytical determination. This is
particularly the case for those parts 6f the body preferred in
the invention, namely the fingertips, trunk, nailbeds, sclerae
or the inside of the upper arm of humans. In these cases only
measurement by the reflection method - which is in any case
preferred in the present invention - is possible, where the
primary 1light is irradiated and the secondary 1light is
detected on the same boundary surface of the matrix. In
exceptional cases, for example on the ear-lobes, lips, tongue
or folds of skin (e.g. betv;een thumb and forefinger), two
opposite boundary surfaces lla and 1llb are also avaiiable in

the in vivo analytical determination on cutaneous tissue.
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light is irradiated into the bioclogical matrix 10 through two
irradiation fields 12c and 12d and the secondary light 17
emerging from the detection field 14e is detected. The
irradiation fields 12d and 12c are arranged at different
measurement distances D1 and D2 from the detection field 1l4e,
so that, in this embodiment again the possibility is provided
to measure the secondary light emerging from the detection
field 14e in dependence on the measurement distance from the
corresponding irradiation field 12c or 12d, in order to derive
from the two measured intensities a gquantity which is a
measure of the concentration of the analyte in the bioclogical

matrix.

In this embodiment obviocusly the portions of secondary
light resulting from the primary light of the two different
irradiation fields must be separated from each other. This can
be achieved by irradiation at separate times, in which case
the irradiations must however be carried out within a
sufficiently narrow time range in the sense of the definition
given above. Alternatively, it is also possible to use
differently modulated light (for example with two different
frequencies) for the irradiation into the two irradiation
fields 12c and 12d and to measure the .resulting secondary
light portions By a corresponding modulation-dependent
(frequency-dependent) detection, for example by means of a

lock-in amplifier.

In all embodiments shown in Figures 4 to 6, the
maximum measurement distance D2 between an irradiation site
and a detection site in a spatiaily resolved measurement of

scattered light is 30 mm. The shorter distance D1 should be at
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least 0.5 mm, preferably at least 1 mm. In other words, in an
embodiment according to Figure 1 with a fixed irradiation site
12 and differing detection sites 14 the detection sites should
lie in a detection area 16 (indicated by a dashed line in the
Figure) that includes that part of the boundary surface 1lla
that has a distance of at least 0.5 mm, preferably at least 1
mm and of at most 30 mm from the centre of the irradiation
~site 12. In an embodiment according to Figure 6 with a fixed
detection site 14 and varying irradiation sites 12 the
corresponding values apply for the irradiation area 18

indicated by a dashed line.

Figure 7 shows an embodiment in which a large number
of differing detection fields 14f, at different distances from
an irradiation field 12e, can be arranged on the boundary

. surface 1la within a detection area 22. In the illustrated
case, this is achieved by imaging the detection area 22 in an
image plane 24 using an optical imaging system symbolised as a
lens 23. In the image plane 24 there is a two~dimensional
arrangement 26 of light-sensitive elements which are

preferably charge-coupled devices (CCD's) 25.

Due to the optical imaging a specific detection field
corresponds to a specific area of the CCD matrix 25. For
example, the field 14f is imaged on row 25f and the field 1l4g
on row 25g of the CCD matrix 25. A specific detection field
can thus easily be selected by processing the measured
intensity signals of those photosensitive elements at which
the desired detection field is imaged in order to derive the

concentration.
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It becomes clear from this embodiment that the terms
'irradiation field' and ‘'detection field' or ‘irradiation
site! and 'detection site! are to be interpreted
geometrically. It is not absolutely necessary that components
of the analytical apparatus touch the boundary surface of the
biological matrix, for example the surface of the skin, and
come into contact with the irradiation site or the detection
site. What is necessary is simply that the irradiation site
and the detection site are defined for each measurement
distance, that is, that the primary light is irradiated at a
defined and limited irradiation site_and the secondary light
is detected at a defined site in such a way that the defined
limited area of the boundary surface (the detection site) is
known from which the secondary 1light is emerging, the
intensity of which is being measured. Such a measurement must
be carried out in at least two different light paths between
the irradiation site and the detection site in order to derive
quantities characteristic of the analytical determination from

the measured intensities.

Figure 8 clearly shows that the narrow longitudinal
shape of the fields need not necessarily be straight (as in
Figs. 4=7). An input irradiation field 12f in the form of a
section of a circular ring is shown in a view vertically onto
a boundary surface. Two detection fields 14h and 14i likewise
run in the form of sections of circular rings at different
distances from the input irradiation field 12f. The circular
rings here are concentric and the detection fields 14h and 14i
therefore run equidistantly from the input irradiation field

12€F.
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A good spatial resolution is obtained when the light
is irradiated at an input irradiation site that is as narrow
and limited as possible (point-shaped) and the detection site
forms a circle or section of a circle around this input
irradiation site. Conversely, it is in principle also possible
to work with a circular input irradiation site and a
point-shaped detection site located in the centre of this

circle, in which case, however, the signal intensity is lower.

When - as shown in Figures 4 to 7 - inpuﬁ irradiation
fields and detection fields run straight and parallel to one
another, the spatial resolution is lower because obviously not
only portions of 1light arriving from the directly opposite
section of the input irradiation field but also from
longitudinally displaced sections of the input irradiation
field are measured at each. point of a longitudinal detection
site. In practical tests of the invention, it was however
found that good results can nevertheless be attained with such
an arrangement. The embodiment shown in Figure 8 represents a
compromise solution to the problem, as the spatial resolution
here is better by virtue of the curved concentric shape than
with the straight form of the fields as shown in Figures 4 to
7.

othér curved shapés are also possible, though these

should generally fulfil the condition that the transition
fields (measured from centre to centre) run at constant
distances D1 and D2. As long as the input irradiation site and

. the detection site are located on the same boundary surface of
the biological matrix, the input irradiation site and the
detection site should always be separated by a band 47 (Figure

8) of essentially constant width. The width of the detection
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irradiation field (hence in the direction of the distance
arrows D1 and D2) should be less than 2 mm and preferably less

than 1 mm.

Figures 9 to 12 show, in a schematic representation
(in plan view on the boundary surface), different arrangements
in which redundant measurements, that is, several spatially
resolved scattered light measurements with equal measurement
distances and equal measurement wavelengths but different

irradiation- and/or detection sites, are possible.

In the embodiment according to Figure 9, two
longitudinal rectangular detection fields 14k and 141 are
arranged at equal distances between two likewise rectangular
irradiation fields 12g and 12h. All transition fields run
parallel to each other. A first measurement distance D1 can be
set up both by combination of the irradiation field 12g and
the detection field 14k and by combination of the irradiation
field 12h and the detection field  141. A second, larger
measurement distance D2 is produced by combination of the

transition fields 12g with 141 and 12h with 14k.

Figure 10 shows a corresponding linear arrangement
with two outer irradiation sites 12. Five detection sites 14
are arrangéd at equal distances on the connecting line between
the irradiation sites 12. In this case all the transition
sites are dots with a generally round cross-section. The
symbolic representation as ~ squares and circles merely
facilitates differentiation of the irradiation sites 12 aﬁd
the detection sites 14. Five different measuring distances D1

to D5 can be set up in two different ways in this embodiment
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In the embodiment represented of 'Figure 11 three
irradiation sites 12 are combined with six detection sites.
The irradiation sites 12 are arranged at equal distances on a
straight line. In the case shown the detection sites are
located on a circle around the central irradiation site. They -
should generally be distributed symmetrically like mirror
images on either side of the straight line on which the
irradiation sites are arranged. A six~fold redundancy is
produced in this arrangement in relation to the central
irradiation site 12, as each of the detection sites 14 is
positioned at an equal distance D1 from the central
irradiation site. A four-fold redundancy for three different
measurement distances D2, D3 and D4 is produced in total with
regard to the upper and lower irradiation sites 12 kfor'the
sake of clarity only the measurement distances to the upper
irradiation site are shown in the Figure), as each of these
irradiation sites can be combined with two detection sites
positioned at the corresponding distances D2 to D4. Such an
arrangement allows a high redundancy with relatively few
components, as each measurement distance can be set up with
more than two different combinations of irradiation site 12

and detection site 14.

Particularly preferred are arrangements with at least
three different irradiation sites and at least three different
detection sites, which allow the setting up of a plurality of
different measurement distances each with at least three
different pairings of irradiation:site and detection site. An

at least three-fold redundancy has the advantage that it
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and a si nu'l%tg%q: measurements. Generally speaking, the irradiation sites
and the detection sites can in principle be interchanged.
However, for reasons of cost, it is more advantageous to

provide more detection sites than irradiation sites.

In the embodiment represented in Figure 12 a large
number of irradiation sites 12 and detection sites 14 are
arranged alternately in a chequered pattern in such a way that
each irradiation site is surrounded by four detection sites
and each detection site is surrounded by four irradiation
sites. Such an arrangement allows to provide numerous
different measurement dJdistances, each with many different

combinations of irradiation sites and detection sites.

Redundant measurement arrangements, such as thosel
represented in Figures 9 to 12, allow the recognition and
elimination of potential measurement errors arising from
inhomocgeneities in the biological matrix. To this end several
measurements are made with equal measurement distances but
different irradiation and/or detection sites and compared. If
the structure of the investigated biological matrix is
homogeneous, an equal intensity of the detected secondary
light (with equal intensity of the irradiated primary light)
should be measured. Deviations permit the conclusion that
interfering structures (for example, scars, hairs or
fibromae), which falsify the measurement result, are present
in the investigated area of the surface of the skin. This can
be corrected in various ways. For example, the measuring head
placed on the skin can be placed in another position in order

to change the investigated area of the surface of the skin

This is the replacement sheet

Date: 1 2 MiR 1987



distillation ASTM 2887 of the residua after rotory a

eﬁg rat nn( eﬁaced
[err] C, ambi ent atnospheric pressure) of the o ﬂ m“ Iménl ﬁl

The total reactor effluent weight

36

("measurement focus") so that the inhomogeneities lie outside
the measurement focus. With adequate redundancy (always more
than two-fold) it is also possible to recognize and eliminate
isolated individual measurement results as outliers without
variation of the measurement focus. Finally, with a very large
number of measurements a mean value determination is possible.

These measures can obviously also be combined.

When - as in the embodiment shown in Figure 7 and
Figure 10 - many different distances between the irradiation
site and the detection site can be used, the course of the
measured intensity I can easily be plotted in relation to the
measurement distance D between the detection site and the
irradiation site. A practically continuocus curve I(D)
representing the profile of the detected secondary light in
relation to the distance between the particular irradiation
lsite and the corresponding detection site results when a large
number of closely adjacent detection sites can be set. In this
case a suitable regression algorithm previously known for such
purposes (for example, PLS) can be used for deriving the
quantity which is characteristic of the analytical

determination.

The embodiment with a detection area in which a large
number of different sub-areas can be used as detection fields
can obviously be designed without the optical imaging system
23 shown in Figure 7. 1In particular, it is possible to
position a two-dimensional arrangement of 1light-sensitive
elements and/or light emitters immediately above the boundary
surface lla provided that, with the aid of suitable means such
as shields, light guides or the like, care is taken to ensure

that each light-sensitive element detects the secondary light
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emerging from a specified limited sub-area of the boundary
surface 1lla. A design of this kind is particularly suitable
for the embodiments in accordance with Figures 10 to 12 and

can be integrated in a module.

It is advantageous for the invention if the dependence
of the intensity I of the secondary light from the distance D
between the irradiation site and the detection site is
determined with good spatial resolution. Both the irradiation
site 12 and the detection site 14 should therefore have a
small width of not more than 2 mm, preferably of not more than
1 mm, across the straight line connecting the two fields. The
various detection fields and/or irradiation fields by which
the various measurement distances are formed should preferably

be separated spatially (not overlapping).

An embodiment in which a large number of different
detection sites can be detected by a two-dimensional
arrangement of photosensitive elements (as in Figure 7 and
Figure 12) opens up a series of additional possibilities,
which will be described hereafter. In these, the detection
sites should be closely adjacent to each other. At least two,
preferably at least four, particularly preferably at 1least
eight different detection sites per cm should be provided in

at least one dimension, preferably in two dimensions.

Firstly, it is possible to find again a defined
measurement position on the surface of the skin ("measurement
focus"). For example, characteristic stfucture’s of the surface
can be recognized with the aid of a pattern recognition
method. Alternatively, or additionally, a mark can be made on

the skin (for example, by means of a tatoo invisible in normal -
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arrangement of photosensitive elements.

Secondly, various intensity profiles, which for
example extend in a radial direction from a central
irradiation site, can be compared in order to recognize and
eliminate negative influences of heterogeneities present in
the skin. Out of a 1large number of radial intensity
distributions detected and determined by means of the
two-dimensicnal arrangement of photosensitive elements,
preferably only those with a continuous intensity profile are

used.

Furthermore, because of the large amount of data
produced by such a two-dimensional arrangement of
photosensitive elements, modern mathematical evaluation
methods can be used which allow the differentiation of various
influential factors by means of the intensity distribution.
These include the possibility of distinguishing between the
influences of the tissue structure and those of the glucose

concentration.

An important possibility is the separation of the
change in intensity caused by absorption on the one hand and
by scattering on the other hand. For this purpose intensity
profiles have to be measured at different wavelengths by means
of a two-dimensional arrangement of photosensitive elements.
It may be advantageous to em;loy an arrangement in which a
large number of irradiation sites and detection sites are
located close together in the form of a matrik, with light of

at least two different wavelengths being irradiated and
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several wavelengths, this arrangement basically corresponds to
Figure 12, except that it is not essential to use a regular
chessboard pattern with a regularly alternating arrangement of

irradiation sites and detection sites.

The number of different wavelengths preferably
corresponds to the number of major disturbing (interfering)
components plus one additional 'wavelength. At least four
different wavelengths are preferred in such an embodiment,
having regard to +the three most important interfering
components Hb, HbO2 and H20. From such measurement results the
influences of the scattering coefficient and of the absorption
coefficient can be separated from each other by means of known
methods. In consideration of the knowledge of the present
invention about the MSAGD effect it is possible with such a
two~dimensional multi-wavelength measurement to achieve
substantial elimination of the disturbing influences of the
strongly absorbing substances in the determination of the
glucose concentration and, conversely, likewise to achieve
substantial elimination of the interference caused by changes
of the glucose concentration, for example in a determination
of the Hb- and HbO, concentration which is based on the

spectral analysis.

Figures 13 to 15 show a practical embodiment of a
measuring head 30 which is suitable for the invention and
especially suitable for the in vivo determination of glucose

in human tissue.

The measuring head 30 has a generally circular

disc-shaped skin contact element 31 fixed to a measuring head
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housing 32. During use the skin contact element 31 is placed
on the surface of the skin 33 and lightly pressed against it.
In its centre there is a square light~transmission area 34,
which is shown enlarged in Figure 15. It contains five rows 35
to 39 of optical fibers 29, which in the illustrated example
each consist of 32 fibers with an average diameter of 0.25 mm.

The optical fibers 29 are wusually arranged in the

.light—transmission area 34 so that their end surfaces lie

flush in a common level contact surface 42 and are in direct
contact with the skin when the skin contact element 31 is

placed on the skin 33.

The row 35 of optical fibers defines one irradiation
site. The optical fibers 29 of this row are for this purpose
connected by a cable 40 to a central unit (not shown) in which

there is a preferably monochromatic light source, for example

a light emitting diode or a laser diode, the light of which is

irradiated into the optical fibers 29 which, together with the
light source (which is not shown), form a light irradiation
means 27 for controlled illumination of a defined irradiation

site on the surface of the skin.

Some of the optical fibers of row 35 are preferably
used to control the constancy of the light source. In a
practical embodiment 16 of the 32 fibers were used for
irradiating the light and the remaining 16 fibers were used
for controlling the intensity of the light, the latter being
bundled separately from the former and guided to a

photosensitive element.

As measuring receivers or detectors photodiodes

arranged in the measuring head 30 can for ekample be used.
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Preferably a common measuring receiver is provided for each
row 36 to 39 of optical fibers 29 defining a possible
detection site. The optical fibers of these rows are bundled
together and guided to a measufing receiver by which the light
emerging from these optical fibers is detected. Rows 36 to 39
of the optical fibers 29, together with the measuring receiver
(not shown), form a detecting means 28 for specific
measurement of the secondary 1light emerging at a defined

detection site.

The end surfaces of the optical fibers of rows 35 to
39 terminate flush with the skin contact surface 42 bounding
the light-emission area 34 from below or stand slightly proud
of this. This prevents light from passing along the surface of
the skin directly from the irradiation site defined by row 35
to one of the detection sites defined by rows 36 to 39.
Obviously the glass fibers of different rows within the
méasuring head 30 are also carefully optically separated from
one another so that no primary light can be transmitted to the

detecting means.

The measuring head 30 1is particularly useful for
continuous monitoring of the blood glucose of diabetics. For
this purpose it is fixed to a suitable site, for example to
the skin on the upper abdomen. This can for example be done
with adhesive tape. The contact surface 42 should be pressed
on with sufficiently firm, even pressure.

Surrounding light is blocked by means of a ring 3l1la on
the skin contact element 31 with a diameter substantially
greater than that of the light-transmission area 34. It

consists of an opaque material and ends with its edge 31b on

This is the replacement sheet
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the skin. Alterngtlve y or additionally the primary light can

be modulated with a specified freguency and selectively
detected by a narrow band and frequency-dependent detection
circuitry (for example a lock-in amplifier) to minimize

influences of interfering light.

The 1light-emission area 34 1is enclosed by a
ring-shaped heating surface 41, in which there is a surface
resistance heater. This can be regulated to a predetermined
temperature, for example 37°C, with the aid of an NTC resistor

and a PD regulator.

Figure 16 shows results of analytical determinations
obtained on the one hand by a reference method and on the
other hand by an apparatus according to the invention
(embodiment according to Figures 13 to 15). The concentration
C in millimoles/litre is plotted against time t in minutes.
The continuous 1line 45 marks the results of an enzymatic
analytical determination of the glucose in the test subject's
blood used as the reference method, whilst the rectangular
markings 46 are measurement points made with the device

adcording to the invention.

The following measurement conditions were used in an

example according to the invention.

A measuring head as shown in Figures 13 to 15 was
used. Light of a wavelength of 805 nm from a 1 mW
light-emitting diode was irradiated through row 35 of the
optical fibers into the skin and detected by rows 38 and 39.

The distances of rows 38 and 39 from row 35 (and consequently
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) the distances of the detection fields from the irradiation

field ) were 3 mm and 5 mm respectively.

The ratio of the intensity I1 of the light measured on
row 39 to the intensity I2 of the light measured on row 38 was
formed in order to derive a quantity R characteristic of the
concentration. This quantity R = I1/I2 was subjected to linear

calibration according to the formula C = a * R + b.

The result represented in Figure 16 shows an excellent
agreement of the quantities measured conventionally in vitro
in the blood with those measured according to the invention in

vivo in the tissue over a period of five and a half hours.

Figures 17 and 18 show a measurement support 50 for
determination of the glucose concentration in a finger 51.
Here the finger 51 1is inserted into a perfectly fittihg
channel 52 formed in a supporting block 53 made of aluminium
or some other good heat-conducting material, which is brought
to a specified temperature preferably somewhat above normal
body temperature (above 37°C) with a thermostatically

controlled heating system (which is not shown).

The side elements 54 laterally confining the channel
52 can be moved so that the width of the channel 52 can be
adjusted to fit the patient's finger 51. Fixing elements 55
are provided for fixing the finger 51 from above. These are
biased towards the finger 51 by the tension of a spring (not

shown) .

The supporting block 53, the side elements 54 and the
fixing elements 55 all together form, together with a stop 56
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reproducible position possible relative to the measuring

device generally designated as 58.

An irradiation means 27 is formed in the measuring
device 58 by a light-emitting diode (not shown) and by a light
guide-channel 59, through which primary light is directed on
to a flat, circular input irradiation site of about 1 mm
diameter on the underside of the tip of the finger 51. Three
detection sites 14 concentrically surrounding the input
irradiation site 12 as semicircular detection fields 14k - 14m
are provided in a detection area 16. The detecting means 28,
shown more clearly in Figure 19, again each consist here of a
row of tightly packed optical fibers 29, the terminal surfaces
of which surround the 1light guide-channel 59 in the skin
contact surface 42 semicircularly, and of a photoelectric
detector for the light from each of the detection sites 14k,
141 and 14m. The irradiation means 27 are carefully screened

from the detecting means 28 by a partition 62.

An infrared temperature sensor 60 is directed towards
a temperature-measuring site 61, which should be as close to

the detection area 16 as possible.

In experimental work with the invention it was found
to be important that the contact pressure between the
particular part of the body and the skin contact surface of
the measuring device is sufficiently high and reproducible. In
the embodiment represented in Figures 17 and 18 this is

achieved by means of a pressure weight 63 pressing on the
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Figure 20 shows by way of example the block circuit
diagram of an electronic circuit 65 suitable as an evaluation
means for a measuring device according to the invention. A
current-voltage transformer 67 that is controlled by an
oscillator 66 supplies the current for the light-emitting
diode 68 serving as the light source. The temperature of the
light-emitting diode 68 can optionally be monitored by a NIC
69 in order to improve the constancy of the intensity of the

emitted light.

The output signals of the measurement receivers
(photodiodes) 70a-70c are connected via preamplifiers 7la-71c.
to lock-in amplifiers 72a-72c, to which the signal of the
oscillator 66 is also connected as a reference. The output
signals of the lock-in amplifiers 72a-72c are digitalised by
an A/D transformer unit 73 and fed to a central microcomputer
unit 74. The latter also receives the signals of the NTC 69
(amplified by a preamplifier 6%a) and of a temperature sensor
75 (amplified by a preamplifier 75a) for measurement of the
temperature in the detection area. The temperature sensor 75
(like the IR sensor 60 of the embodiment illustrated in Figure

17) preferably operates without direct contact.

In the alternative embodiment illustrated in Figures
21 and 22, semiconductor 1light receivers 80 (for example
photodiodes) are positioned a; detecting means 28 alternately
with semiconductor 1light emitters 81 (for example light-
emitting diodes) as light irradiaﬁion means 27 in a matrix-

type pattern directly on the skin contact surface 42 in the
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light-transmission region 34 of the skin-contact element 31 of
a measuring head. As can clearly be seen in Figure 22, the
semiconductor light emitters 80 and the semiconductor 1light
receivers 81 are integrated in the same component 83, the
arrangement being shown merely schematically without any
constructional details. The component can be manufactured in
practice by an integration method customary in electronics,
for example by monolithic integration in a chip or using
hybrid technology. What is important is that both the light
emitters 81 and the light receivers 80 are in direct optical
contact with the surface of the skin and are screened against
the adjoining elements, so that they can irradiatellight into
a defined irradiation site and detect it at a defined

detection site respectively.

The illustrated embodiment allows to make measurements
at two different wavelengths, for example in order to better
éliminate interference due to strongly absorbing substances as
explained in more detail above. In the figures the
semiconductor 1light emitters 8ila and semiconductor 1light
receivers 80a for the first wavelength are shown in white,
while the semiconductor light emitters 81b and semiconductor
light receivers 80b for the second wavelength are shown

shaded.

In all embodiments shown in the Figures, both the
setting of different measurement distances D and the selection
of different wavelengths (if necessary) is accomplished
without moving parts. This is usually advantageous from the
point of view of cost and reliability. Alternatives with
moving parts are of coursé also possible in the context of the

invention. Different measurement distances D can thus be set
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by moving either the 1light irradiation means 27 or the
detection means 28, for example with the aid of a spindle
drive. The functional dependence I(D) of the intensity I from
the méasurement distance D can in this case be determined by

stepwise adjustment of the drive.

In particular cases, for example for the detection of
disturbing quantities, it may also be appropriate to provide
means for the irradiation and/or detection of a narrow-band
wavelength range. A grating-type monochromator can be provided

for this purpose on the primary side or on the secondary side.
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Claims

1. Method for the determination of the glucose
concentration in a biological matrix (10), comprising
at least two detection measurements, in which light is
irradiated as primary light (15) into the biclogical matrix
(10) through a boundary surface (1lla) bounding the biological
matrix (10), the light is propagated along a light path within
the biological matrix (10) and the intensity of the light is
measured as it emerges as secondary 1light (17) from the
biological matrix (10) through a boundary surface (11a, 11b)
‘thereof, and
| an evaluation step, in which the glucose concentration
is derived from the measured intensities of the detection
measurements by means of an evaluation algorithm and a
calibration,
in which
at least one detection measurement is a spatially
resolved measurement of multiply scattered light, in which the
primary light (15) is irradiated into the biological matrix at
a defined irradiation site (12), the intensity of the
secondary light (17) emerging from the biological matrix at a
defined detection site (14) }s measured, and the detection
site (14) is located relative to the irradiation site (12) so
that light which was multiply scattered on scattering centres
(19) in the biological matrix (10) is detected, the intensity

of this llght correlating with the glucose concentration.
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2. Method for the spectral analytical determination of

49

an analyte in a biological matrix, comprising

at least two detection measurements for measurement of
the spectral dependence of the absorption of the analyte at at
least two different wavelengths, in which in each instance
light is irradiated as primary light (15) into the biological
matrix (10) through a boundary surface (lla) bounding the
biological matrix (10), the light is propagated along a light -
path within the biological matrix (10) and the intensity of
the light is measured as it emerges as secondary light (17)
from the biological matrix (10) through a boundary surface
(1la, 11b) thereof, and

an evaluation step} in which the analyte concentration
is derived from the measured intensities of the detectiocn
measurements by means of an evaluation algorithm and a
calibration,

in which,

in order to correct the change in the opticél path
length caused by a change in the glucose concentration, at
least one spatially resolved measurement of multiply scattered
light is carried out, in which the primary 1light (15) is
irradiated into the bioclogical matrix at a defined irradiation
site (12), the intensity of the secondary light (17) emerging
from the biological matrix at a defined detection site (14) is
measured, and the detection site (14) is located relative to
the irradiation site (12) so that light which was multiply
scattered on scattering centres (19) in the biological matrix
(10) is detected, the intensity of which correlates with the

glucose concentration.
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3. Method according to Claim 1 or 2, in which at least
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two detection measurements are spatially resolved measurements
of multiply scattered light, in which the primary light (15)
is irradiated into the bioclogical matrix at a defined
irradiation site, the intensity of the secondary light (17)
emerging from the bioclogical matrix at a defined detection
site (14) is measured, and the detection site (14) is located
relative to the irradiation site (12) so that light which was
multiply scattered on scattering centres (19) in the
biological matrix (10) is detected, the .intensity of which

correlates with the glucose concentration.

4. Method according to any one of the preceding
Claims, in which in the at least one spatially resolved
measurement of multiply scattered 1light the change in
intensity of the secondary light per 100mg/dl change in the

glucose concentration is more than 0.5%.

5. Method according to any one of the preceding
Claims, in which the measurement distance (D) between the
centre of the irradiation site (12) and the centre of the
detection site (14) in the at least one sbatially resolved
measurement of multiply scattered light is at least 10 times
the mean free path length of the photons in the biological

matrix (10).

6. Method according to any one of the preceding
Claims, in which the distans:e between the centre of the
irradiation site and the centre of the detection site in the
at least one spatially resolved measurement of multiply
scattered light is at most 30 mm, preferably at most 15 mm and

particularly preferably at most 10 mm.
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7. Method according to any one of the preceding
Claims, in which the wavelength of the primary light is

between 400 nm and 2500 nm.

8. Method according to any one of the preceding
Claims, in which the wavelength of the primary light is chosen
in a region in which the absorption of a solution of glucose
in water shows a small dependence on the glucocse

concentration.

9. Method according to Claim 7, in which the
wavelength of the primary light is between 400 and 600 nm.

10. Method according to Claim 7, in which the
wavelength of the primary light is between 750 and 920 nm,
preferably between 780 and 825 nm or between 850 and 200 nn.

11. Method according to Claim 7, in which the
wavelength of the primary light is between 1050 and 1350 nm,
preferably between 1200 and 1300 nnm.

12. Method according to Claim 7, in which the
wavelength of the primary light is between 1600 and 1800 nm,
preferably between 1630 and 1770 nm, particularly preferably
between 1630 and 1670 nm or 1730 nm and 1770 nm.

13. Method according-to any one of the preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered 1light the dimension of the

detection site (14) in the spatial direction defined by the

This is the replacement sheet

oate: 1 2 AR 197

Ml




T10 This Sheet Has Been Replaced 370 T50
o (AN
656 APl gravity
41. 0 Cet ane | ndex 54
Cet ane Nunber ([err]H nnr) 21 25 s3 wt % Aromati cs
7.8 Exanpl e 13 Exanpl e 7 was

L e00 ol oA LSt BBhRbchIORER" he irraaiahiohd A £F) 15200 hestl £

mm, preferably at most 1 mm.

14. Method according to any one of the preceding
Claims, in which in the at least one spatially resolved
measurement of multiply scattered light the dimension of the
irradiation site (12) in the spatilal direction defined by the
shortest connection to the detection site (14) is on average

at most 2 mm, preferably at most 1 mm.

15. Method according to any one of the preceding
Claims, in which in the at least one spatially resolved
measurement of multiply scattered light the irradiation site
(12) and the detection site (14) are arranged on opposite

boundary surfaces (lla, 11b) of the bioclogical matrix (10).

. 16. Method according to any one of the preceding
Claims, in which in the at 1least one spatially resolved
measurement of multiply scattered light the irradiation site
(12) and the detection site (14) are arranged on the same
boundary surface (1la) of the biological matrix for the
. measurement of radiation diffusely reflected from the matrix

(10).

17. Method according to any one of the preceding
Claims, in which in the at 1least -one spatially resolved
measurement of multiply scattered light the detection site
(14) is in the form of a long, narrow straight or curved

detection field (14a-14m).

18. Method according to any one of the preceding

Claims, in which in the at 1least one spatially resolved
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(12) is in the form of a 1long, narrow straight or curved

irradiation field (12a-12f).

19. Method according to any one of Claims 3 to 18, in
which several spatially resolved measurements of multiply
scattered light are made with the same wavelength of the

primary light.

20. Method according to any one of Claims 3 to 19, in
which the irradiation site (12) and the detection site (14)
have different measurement distances (D1, D2) from each other
in a first and a second spatially resolved measurement of

multiply scattered light.

21. Method according to Claim 20, in which the
difference in the measurement distances is so large that the
intensities of the secondary 1light in the first and second
spatially resolved measurement of multiply scattered light are
in a ratio of at least 3:1, preferably at least S:1,
particularly preferably at least 10:1.

22. Method according to any one of Claims 3 to 21, in
which in a detection area a plurality of different sub-areas
are provided as detection sites (14) for measurement of the
intensity of the secondary 1light (17) emerging at the
plurality of detection sites (14) as a function of the
distance from an irradiation site (12) and hence for the
performance of a plurality of spatially resolved measurements

of multiply scattered light.
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23. Method according to Claim 22, in which the density
of the different detection sites provided in the detection
area is in at least one dimension is at least two detection
sites, preferably at least four detection sites per

centimetre.

24. Method according to Claim 22 or 23, in which the
intensity of the light emerging from the biological matrix
(10) in the detection area (22) is measured in a spatially
resolved manner by a two-dimensional array @ (26) of

photosensitive elements (25).

25. Method according to Claim 24, in which the
detection area is provided with a mark for recognition of a
defined measurement position and the mark is recognized by the

" two-dimensional array (26) of photosensitive elements (25, 80)
so that the same measurement position can be found again in

repeated measurements.

26. Method according to any one of Claims 3 to 25, in
which at least two spatially resolved measurements of multiply
scattered 1light are made with the same measurement
distance (D) between the irradiation site (12) and the
detection site (14), where at least either the irradiation

.sites (12) or the detection sites (14) are different.

27. Method according to Claim 26, in which in the
detection measurements with tﬁe same measurement distance (D)
between the irradiation site (12) and the detection site (14)
both the irradiation sites (12) ahd the detection sites (14)

are different.
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light is irradiated in at least three different irradiation
sites (12) and the secondary light is detected in at least
three different detection sites (14) and the irradiation sites
and the detection sites are combined in such a way that at
least three spatially resolved measurements of multiply
scattered light, where at least the irradiation site or the
detection site is different, are made for each of at least two
measurement distances between the irradiation site and the

detection site.

29. Method according to Claim 26, in which the at
least three irradiation sites (12) lie on a straight line and
at least six detection sites (14) are arranged mirror-

symmetrically in pairs on either side of the straight line.

30. Method according to Claim 29, in which the
irradiation sites (12) arranged on the straight 1line are
equidistant from each other and the detection sites (14) are

arranged on a circle around the central irradiation site.

31. Method according to Claim 26, in which the at
least three detection sites (14) lie on a straight line and at
least six irradiation sites (12) are arranged mirror-

symmetrically in pairs on either side of the straight line.

32. Method according to Claim 31, in which the
detection sites (14) arranged on the straight 1line are
equidistant from each other and the irradiation sites (12) are

arranged on a circle around the central detection site (14).
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Claims, in which the temperature at the detection site (14) is
measured and is taken into account in the evaluation

algorithm.

34. Method according to any one of the preceding
Claims, in which the temperature at the detection site (14) is.

kept constant.

35. Method according to any one of the preceding
Claims, in which the bioclogical matrix (10) is a biological

fluid, particularly blood.

36. Method according to any one of the preceding
Claims, in which the biological matrix (10) is a biological

tissue.

37. Method according to Claim 36, in which the
biological tissue is cutaneous tissue, particularly on the
fingertips, the trunk, the nailbed, the lip, the tongue or the

inside of the upper arm of man or scleral tissue.

38. Device for the determination of the glucose
concentration in a biological matrix, particularly for
performing the method according to any one of the preceding
Claims, with

a light-transmission area (34) - provided for
application to a boundary surface of the biological matrix,

irradiation means (27) for irradiating light into the
biological matrix (10) through one of the boundary surfaces

(11a, 11ib) of the biological matrix,
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CUt - vere. detection means (28) for measuring the intensity of

the light emerging through a boundary surface (1lla, 1l1b) from
the biological matrix (10) and

data processing means for converting the measured
intensity into a signal corresponding to the glucose
concentration,

in which

the irradiation means (27) are designed to provide
spatially limited illuﬁination of a defined irradiation site
(12) and the detection means (28) are designed for the
spatially limited measurement of the secondary light emerging
at a defined detection site (14), where the detection site
(14) is located relative to the irradiation site (12) so that
light multiply scattered at scattering centres (19) in the
biological matrix (10) is detected which has an intensity

correlating with the glucose concentration.

39. Device according to Claim 38, in which at least
two irradiation means (27) with essentially identical
wavelength are provided, which are designed for the
illumination of different, spatially non-overlapping

irradiation sites.

40. Device according to Claim 38 or 39, in which at
least two detection means (28) are provided, which are
designed for the measurement of the secondary light emerging
from the biological matrix at two different, spatially

non-overlapping detection sites.

41. Device according to Claim 40, in which at least
three irradiation means (27) and at least three detection

means (28) are arranged in such a way that at least three
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different pairings of irradiation means (27) and detection

means (28) can be provided for each of at least two different
measurement distances between the irradiation site (12) and

the detection site (14).

42. Device according to Claim 40, in which at least
three irradiation means (27) and at least six detection
means (28) are arranged in such a way that at least two
different pairings of irradiation means (27) and detection
means (28) can be provided for each of at least three
different measuring distances between the irradiation

site (12) and the detection site (14).

43. Device according to any one of Claims 38 to 42, in
which the detection means comprise a two-dimensional

arrangement (26) of photosensitive elements (25, 80).

44. Device according toc any one of Claims 38 to 43, in
which 1light blocking means (62) are provided to prevent
transmission of primary light from the irradiation means to
the detection means by a route other than through the

biological matrix.

- 45. Device according to any one of Claims 38 to 44, in
which the detection means (28) incorporate semiconductor light
receivers (80) located directly in the light-transmission area
(34) at the relevant detection site (14).

46. Device according to Claim 45, in which a plurality
of light receivers (80) in the 1light transmissibn area (34)

are integrated in one component (83).

.
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47. Device according to any one of Claims 38 to 46, in
which the irradiation means (27) comprise semiconductor light
emitters (81) located directly in the light-transmission area

(34) at the respective irradiation site (12).

48. Device according to Claims 46 and 47, in which the
semiconductor light emitters (81) are integrated in the same

component (83) as the light receivers (82).

49. Device according to any one of Claims 38 to 44, in )

which the irradiation means (27) comprise optical fibers (29).

50. Device according to any one of Claims 38 to 44, in

which the detection means (28) comprise optical fibers (29).
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METHOD AND APPARATUS FOR THE ANALYSIS OF
GLUCOSE IN A BIOLOGICAL MATRIX

Abstract

Method for determination of +the concentration of
glucose in a biological matrix, comprising at least two
detection measurements, in which 1light is irradiated as
primary light into the biological matrix, propagated along a
light path in the biological matrix and the intensity of the
emergent secondary light is measured, and an evaluation step,
in which the glucose concentration is deduced from the
measured intensities of the detection measurements with the

aid of an evaluation algorithm and a calibration.

Good analytical accuracy is achieved with simple means.
in that at least one detection measurement is a spatially
resolved measurement of multiply scattered 1light in which
primary light is irradiated into the biological matrix at a
defined input irradiation site, the intensity of the secondary
light emerging from the bioclogical matrix at a defined
detection site is measured and the detection site is located
relative to the input irradiation site so that 1light
intensively scattered at scattering centres in the biological
matrix and having an intensity correlating with the glucose

concentration is detected.
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Process and Device for Glucose Determinatiori In A Biological
Matrix

Abstract

Method for determination of the concentration of
glucose in a biological matrix, comprising at least ‘two
detection measurements, in which 1light is irradiated as
primary light into the biological matrix, propagated along a
light path in the biological matrix and the intensity of the
emergent secondary light is measured, and an evaluation step,
in which the glucose concentration is deduced from the
measured intensities of the detection measurements with the

aid of an evaluation algorithm and a calibration.

Good analytical accuracy is achieved with simple means.

in that at least one detection measurement is a spatially
resolved measurement of multiply scattered 1light in which
primary light is irradiated into the biological matrix at a
defined input irradiation site, the intensitf of the secondary
light emerging from the bioclogical matrix at a defined
detection site is measured and the detection site is located
relative to the input irradiation site so that 1light
intensively scattered at scattering centres in the biological
matrix and having an intensity correlating with the glucose

concentration is detected.
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The invention relates to a method and an apparatus for
the analytical determination of glucose in a biological

matrix.

The term 'biological matrix' denotes a body fluid or a
tissue of a living organism. Biclogical matrices, to which the
invention relates, are optically heterogeneous, that is, they
contain a large number of scattering centres on which
irradiated light is scattered. In the case of biological
tissue, particularly cutaneous tissue, the light-scattering
centres are formed by the cell walls and other constituents

‘contained in the tissue.

Body :fluids, parﬁicularly blood, are likewise
optically heterogeneous biological matrices, as they contain
particles on which light is multiply scattered. Milk and other
ligquids investigated in foodstuffs chemistry also often
contain a high concentration of scattering centres, for

exémple.in the form of emulsified fat droplets.

Reagents or reagent systems whose reaction with the
particular component results in a physically detectable
change, such as a change in the colour of the reaction

- solution, which can be measured as a measurement quantity, are
generally used for the gqualitative and quantitative analytical
determination of components of such biological matrices. By

calibration with standard. samples of known concentration a
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concentrations and the respective concentration is determined.

These methods allow highly accurate and sensitive
analyses, but require the extraction of a 1liquid sample,
especially a blood sample, from the body for analysis
('invasive analysis'). This extraction of a sample is

unpleasant and painful and causes a certain risk of infection.

?his is especially the case when a disease requires
very frequent analyses. Certainly the most important example
is diabetes mellitus. With this disease it is necessary to
determine the glucose content of the blood very frequently or
even continuously if serious secondary diseases and critical

states of the patient are to be avoided.

Numerous methods and devices have therefore been
suggested for the determination of gluéose in blood, tissue

and other biological matrices in vivo and non-invasively.

A review of physicochemical (reagent-free)
dgterminations of glucose in wvivo is given in J.D.
Kruse-Jarres 'Physicochemical Determinations of Glucose in
.vivo', J. Clin. Chem. Clin. Biochem. 26 (1988), pp. 201-208.
Nuclear magnetic resonance (NMR), electron spin resonance
(ESR) and infrared (IR) spectroscopy are named, among others,
as non-invasive methods. However, none of these methods has as
yet acquired practical significance. Some of them require
extremely large and expensive apparatus, totally unsuitable
for routine analysis and certainly for home monitoring of the

patient.
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The invention relates to a subgroup of non-invasive
analysis methods, in which 1light is irradiated into the
biological matrix as primary light through a boundary surface
forming the boundary of the bioclogical matrix and the
intensity of the light is measured which emerges as secondary
light from the biological matrix after interaction. For such a
measurement, the term ‘'detection measurement' is used
hereafter. In the known methods several detection measurements
are made at different wavelengths for the determination of one
glucose concentration. A measurement result which (without the
use of reagents) is a measure of the concentration of the
analyte in the biological matrix is derived from the spectral
dependence of the intensity of the secondary light measured in
the detection measurements. The wavelengths of the light
considered for such methods are generally between about 300 nm
and several thousand nm, hence in the spectral range between
near UV- and ‘infrared light. The term 'light' must not be
interpreted as being restricted to the visible spectral range
of light.

Nearly all known methods of this type are based on the
p:inciples of spectroscopy. The fundamental principle is the
interaction of the irradiated primary 1light (of a specific
wavelength) with vibration and rotation states of the
molecules undergoing ' analytical determination. The basic
vibration and rotation states of glucose are found in the IR
region at wavelengths of more than 2500nm. This spectral range
cannot be used for the non~invasive analytical determination
of glucose because of the strong absorption of the water,
which is always present in high concentration in biological
matrices. In the near infra-red (NIR) region the absorption of
water is smaller (so-called "water-transmission window"). The
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spectral analysis of glucose in this region is based on the
absorption by overtones and combination oscillations of the
basic vibration and rotation states of the glucose molecule
(see the article by Kruse-Jarres cited above and EP-A-

0 426 358).

The practical making of a non-invasive glucose sensor
on the basis of these principles meets with enormous
difficulties, which result especially from the fact that the
effective signal (the change in the absorption spectrum due to
a change in the glucose concentration) is very small and this
small signal competes with a large background of interfering
signals resulting particularly from the spectral absorption of
water and of other strongly absorbing components (among
others, the red blood pigment haemoglebin). Many different

attempts have been made to solwve this problem:

- Differential measurements are made at v;rious
wavelengths, the first wavelength being chosen so that the
glucose absorbs as strongly as possible there, whilst a second
wavelength is chosen as reference wavelength so that the
al?sorption is as constant as possible at different glucose

concentrations (EP-A-0 160 768).

- In US Patent 5,028,787 computer investigations are
used to select wavelength pairs which are supposed to be
particularly suitable for glucose absorption measurements. The
wavelength pair 945 nm and 1015 nm is regarded as particularly

suitable.

- Two wavelengths are selected so that the extinction

coefficient is as similar as possible. The intensity of two

213
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detected signal is 1identical. Changes in the glucose
concentration are detected as changes in the signal showing

the difference between the two wavelengths.

Further processes and apparatus for the non-invasive
analytical determination of glucose are described in US
Patents 5,086,229, 4,883,953, 4,882,452 and PCT Applications
WO 92/17765 and WO 90/07905.

Despite these endeavours no-one has yet succeeded in
providing a practical and functional non-invasive glucose
sensor. More realistic is the possibility to use an in vivo
sensor based on the principles of spectral analysis for the
determination of the concentration of substances with an
optical absorption which is several orders of maghitude higher
than that of glucose. Important examples are the strongly
absorbing haemégloﬁin (Hb) and its oxidised form HKbO2. As
these parameters provide information on the oxygenation state
of the blood, such sensors are also known as oximeters. Many
different designs and methods for non-invasive oximeters are
kqo&n from the literature. WO 89/01758, US 4,867,557
(corresponding to EP-A-0 286 142), EP-A-0 353 619,
EP-A-0 104 772, WO 91/176%7 and US Patents 5,057,695,
4,223,680, 4,295,470 and 4,824,242 are for example cited here.

A method and a device for the quantitative
determination of glucose by laser 1light scattering are
described in European Patent 0 074 428. Here it is assumed
that the glucose molecules scatter a ray of light transmitted
through the solution and that the glucose concentration can be

derived from this. According to this theory, the principle of
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5 1 concentration from the spatial angular distribution of the

transmitted light emerging from a test cuvette or from an
investigated part of the bedy. In particular, the intensity of
the transmitted light is measured in an angular region in
which the change in relation to the glucose ceoncentration is
as large as possible and is then compared with the intensity
measured in the central ray passing directly through the
sample. For in vivo analytical determination a transmission
measurement on ear lobes with 1laser 1light is exclusively

recommended.

Similar scientific questions are also discussed in the

309

publication of I.S. Chira et al.: "Light Scattering by Blood -

Components after Supplying Glucose", Biomed. Technik 35
(1990), pp. 102-106. This investigates experimentally the
possibility of determining the concentration of glucose in
liquids by the-scattering of light. The authors conclude that
neither static 1light-scattering experiments nor by photon

correlation spectroscopy (PCS) are suitable for this purpose.

The basic object of the invention is to provide a
method for the analytical determination of glucose in a
biologicél matrix which operates with simple apparatus,
without reagents and non-invasively and achieves good
analytical accuracy, for example for observing the change of
the analyte concentration (continuous monitoring) over a

sufficient length of time.

This object is achieved by a method according to claim

This is the replacement sheet
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Exanpl e 16 Exanple 7 was repeated with the reactor tenperature
being adjusted to 458 [err]F at 600 psig and a pre-m xed 30

i sopent ane/ pentene-1 feed stream (nolar ratio = 1.0) being

i ntroduced at a flowrate of 1.01 gm pentenes/gm MCM 56/ hr. Af ter
passi ng pre-m xed feed through the reactor zone for 17.5 hrs,

product was CO"fﬁéeg ﬁE%BQ ?&95' WB@Q%éé)J"ﬁ thod forpﬁﬁgugbectral

di stributions were ca rom gc anal yses o he gaSeous and
l'i quid pamduytScaandhmaByﬁuéakﬁﬂ an anadysblIiatlan1b¥EMdgﬁﬂ§l ofhathéx
residua after rotory evaporation (85 [err] C,_ anbient atnospheric
pressur e3cePrédfpg to Claﬁ@t&lapﬂqﬁléeﬁﬁﬁﬁu§9§ thise dedeaminasdenr off Fhgent

welght  g3ucose concentration in a biological matrix according to

claim 24.

It is characteristic of the invention that a measured
value characteristic of the glucose concentration can be
determined without measuring several wavelengths by two
detection measurements being made (preferably at the same
measurement wavelength but with different light paths), which
are spatially resolved measurements of multiply scattered
light. In contrast to previously known spectroscopic methods
(particularly NIR (near-infrared) spectroscopy), the basis of
the measurement of the glucose is not the determination of the
optical absorption. Rather the wavelength is preferably chosen
in a region of the spectrum in which the absorption by glucose

is relatively low.

Figure 1 shows an absorption spectrum of glucose in
water. The decadic 1logarithm of +the ratio of measured
intensity to irradiated intensity (lg I/I0) in transmission is
shown for a cuvette length of 1 cm and four glucose
concentrations, namely 0, 1, 5 and 10 %. It can be seen that
the spectra for these four concentrations differ slightly only
in a small wavelength region at about 980 nm. The maximum
signal difference between the measured value with pure water
and with 10 % glucose solution at this wavelength is less than
2 %¥. At other wavelenghts the difference is even considerably
smaller. The variation in the glucose concentration in this
experiment is very much larger than the actual physiological

glucose concentration. For a realistic glucose change within
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was 115.7 g (99. 9% nmass bal ance) and showed the foll ow ng

8

the physiological range of 100 mg/dl the absorption change at
980 nm is equivalent to less than 0.02 %. The change dI/dC in
the measurement signal I in relation to the glucose
concentration € will in the following be called the "relative
signal change" and will be expressed quantitatively in % per

100 mg/dl change of the glucose concentration.

Figure 2 shows a similar spectrum in the neighbouring
wavelength region between about 1100 nm and 2500 nm. This is a
differential spectrum for glucose concentrations between 0 and
600 mg/dl compared with pure water. Negative values denote a
lower absorption in compdrison with pure water. Here the
maximum useful change in the signal intensity amounts in total
to less than 0.3%, hence on average to less than 0.05 % per

100 mg/dl change of the glucose concentration.

Figures 1 and 2 together show that the dependence of
the absorption on the glucose concentration is so small over
wide spectral regions that it is practically useless for
measurement in a biological matrix. The wavelength regions in
which in a transmission measurement on a clear glucose
sqlution the relative signal change dI/dC is less than 0.01 %
per 100 mg/dl change of the glucose concentration are referred
to as spectral regions with a "small" dependence of the

absorption on the glucose concentration.

On the basis of the measurement results shoﬁn in
Figures 1 and 2, the wavelengths at about 980 nm, 1410 nm,
1890 nm and 2150 nm would have to be considered as most
suitable wavelengths for spectroscopic - analytical

determination of glucose.
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n- Pent ane On the contrary in-lfhe context of the present

invention the spectral regions presenting a small dependence
of the absorption of an agueous glucose sclution on the
glucose concentration can be advantageously used.
Specifically, the wavelengths between 400 nm and 940 nm,
between 1020 nm and 1390 nm, between 1430 nm and 1880 mm,
between 1900 nm and 2050 nm and between 2250 nm and 2500 nm
are suitable. The wavelength regions dencted by Roman numerals

in Figures 1 and 2 are particularly preferred, namely:
I. 400 to 600 nm.

II. 750 to 850 nm, preferably 780 to 920 nm,
particularly preferably 780 to 825 nm or 850 to 900 nm.

III. 1050 to 1350 nm, preferably 1200 to 1300 nm and

Iv. 1600 to 1800 nm, preferably 1630 to 1770 nm,
particularly preferably 1630 nm to 1670 mm or 1730 nm to
1770 nm.

The measurement should preferably be essentially
monochromatic. Here "monochromatic" is to be understood in the
practicai sense fhat most of the irradiated and/or emitted
intensity is limited to a relatively narrow wavelength region.
The half-width (width at half of maximum intensity) should be
less than 100 nm and preferably less than 50 nm. In contrast
to the spectroscopic methods for non-invasive analytical
determination of glucose, relatively broad-banded light
sources (with half-widths larger than 20 nm), such as light-
emitting diodes or other semi-~-conductor light sources, can be

used without subsequent spectral selection. This considerably
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In contrast to the familiar spectroscopic methods, it
is sufficient if the at least two detection measurements are
made at only one wavelength. The fact that the measurement
signal is substantially independent of the wavelength permits
selection of wavelengﬁh regions for the measurement in which
the smallest possible disturbances caused by strongly
absorbing substances occur. In the reqion around 802 nm the
measured intensity is approximately independent of the
concentration ratic between Hb and HbO2, as these substances
have an isosbestic point there. This is also the case in a
broad isosbestic region between 1200 and 1300 nm. Additionally
the absorptions of haemoglobin and of water are about the same
in this regién. This results in a particularly good
independence of the measured intensity from the ratio of Hb,
HbO2 and H20.

. In the course of the éxperimental testing of the
invention it has been shown that relatively short wavelengths,
especially those between 400 and 600 nm, may be particularly
advantageous because the depth of penetration of such light in
biological tissue is relatively small. The findings of the
experiments give reason to believe that this is advantageous
particularly because of the more even distribution of the
blood in the uppermost dermal layers and possibly alsc because
of better correlation of the glucose concentration with the

blood glucose.
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Surprisingly on the basis of the present int;ention a
relative signal change dI/dC is found which is much larger
than that to be expected on the basis of the absorption even
in the narrow wavelength regions, where the absorption of the
pure glucose solution is relatively strongly dependent on the
glucose concentration. This is true even in wavelength regions
where the absorption presents' only a small dependence on the
glucose concentration. The value of the relative signal change
is dependent on the respective measuring apparatus, but in
measurements on human skin generallf amounts to more than
0.5 ¥ per 100 mg/dl and is thus at least ten times greater
than the relative signal change that would be expected from

the change in the absorption.

According to the inventors' |present state of

knowledge, this effect .may be explained as follows.

The change in the glucose concentration results in a
change in the refractive index of the ligquid contained in the
biclogical matrix in which the glucose is dissolved. The
change in the refractive index results in a change in the
1ight-scattering on the scattering centres contained in the
matrix. This change is of course extremely small in each
individual scattering process. The change in the refractive
index amounts to only about 0.002% per millimole. The
inventors have found that this extremely small effect can be
put to practical use for the analytical determination of
glucose if a large number of scattering processes of many
photons that have passed through the biolegical matrix along a
similar light path are detected.
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The method of measurement in the invention is
therefore designed so that ideally the refractive
index-dependent scattering behaviour of the space within the
biological matrix surrounding the scattering centres is
determined. It has been found that this mechanism of the
invention is very sensitive, that is, the change of the
measurement signals is relatively large with relatively small
changes in the glucose concentration. The increased
sensitivity compared with known processes for the in vivo
analytical determination of glucose alsc leads to improved
selectivity, since the variation of the multiple scattering
used in accordance with the invention depends in the most
important bioclogical matrices -~ blood and dermal tissue -

essentially only on the glucose concentration.

This surprising effect may be explained by the
multiple scattering which is used in the present invention for
the analytical determination of glucose. The method of the
instant invention can therefore also be called Multiple

Scattering Amplified Glucose Detection (MSAGD).

On the basis of the present invention it is to be
assumed that the effect underlying the MSAGD represents a
considerable disturbance in spectral analytical determinations
of other components of an optically heterogeneous biological
matrix. It can therefore alsc be advantageous to carry out at
least one spatially resolved measurement of multiply scattered
light in such a spectral-analytical method for correction of
changes in the optical path length caused by changes in the
glucose concentration. Such a method is likewise a subject of

the present invention (claim 2).
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MSAGD differs fundamentally from the methods used
hitherto for non-invasive analytical determination in the
requirement of multiple scattering. In infrared spectroscopy,
which is based on the measurement of the dependence of
absorption on wavelength, optical scattering is felt to be
disturbing. If at all possible, parts of the body that cause
as little scattering of 1light as possible are therefore
selected. It has for example been suggested that NIR
spectroscopic determinations should be carried out on the
anterior chamber (atrium) of the eye, which contains a
relatively clear and therefore non-scattering 1liquid (US
Patent 4,014,321).

For better understanding, the results of a laboratory
experiment are represented in Figure 3. To the glucose
solution, the spectrum of which is shown in Figure 1, milk
with a fat content of 3.5% was added in a concentration of
0.1 % by. volume under otherwise identical conditions of
measurement. A substantial increase in the relative signal
change dI/dC, which is particularly large at short wavelengths
but in total shows only a slight, continuous dependence on
wavelength, is apparent in the entire represented spectral
région. The addition of milk converts the clear glucose
solution into én optically heterogeneous matrix, in which

dispersed milk droplets cause the MSAGD effect.

Comparison of Figures 1 and 3 shows that the MSAGD
signal also differs from absorption measurements in that the
concentration-dependent change in the intensity (dI/dC) is
substantially independent of the wavelength. A certain change
in the glucose concentration consequently results in a roughly
equal change in the intensity of the secondary 1light, even
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substantially larger in a more strongly absorbing wavelength
region (absorption band) than in a weakly absorbing wavelength
region if the detection measurement is based on the absorption
of glucose. This is used in spectroscopic measurements by
selecting a strongly absorbing wavelength as the measurement
wavelength and a weakly absorbing wavelength as the reference
wavelength. For this purpose a narrow-band (highly dispersive)
measurement (with halfj-width of less than 10 nm, and often

less than 1 nm) in a broad spectral region is necessary.

With the invention no narrow-band measurement is
necessary, because of the minimal dependence on the
measurement wavelength. Inexpensive  semiconductor 1light
emitters (in particular, light-emitting diodes) can therefore
be used without the need for additional measures for selecting
the wavelength 'on the primary side or the secondary side. If
several light emitters with the same wavelength are to be
used, adequate equality in the context of the invention is
achieved when commercially obtainable semiconductor 1light
emitters with the same nominal wavelength are used. An
aéparatus in accordance with the invention can therefore be
constructed so as to be particularly small, 1light and
inexpensive. It is consequently especially suitable for the

continuous monitoring of a diabetic's glucose concentration.

It is essential for the measurement of the MSAGD
effect on actual biological matrices that the conditions of
spatially resolved measurement of multiply scattered light
(hereinafter abbreviated to ‘"“spatially resolved scattered

light measurement" (SRSLM) ) are met, that is, the
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condition" must be observed.

The site-dependence condition is to be understood in
that the measurement of the secondary light (in contrast to
EP-A-0 074 428) is not directed to the light rays scattered or
reflected from the matrix in a certain direction or angular
region (angle-dependent measurement), but to a defined
subregion (area, locality) of a boundary surface of the
biological matrix, which is called the detection site. The
primary light is also irradiated in a defined subregion of a
boundary surface of the bioclogical matrix, which is called the
irradiation site. Such a measurement is <called a
"site-dependent detection measurenment".

The terms "irradiation site" and "detection site" are
thus to be understood geometrically, namely as the subregion
of the boundary surface of a biological matrix at which the
light rays decisive for the intensity measured in the
respective detection measurement pass through the boundary
surface. In the following the term "transition site" will
therefore be used as a collective term for the irradiation
'site and the detection site. Any statements made in the
following on distances between transition sites refer
respectively to the centres of the irradiation site and of the
detection site. The centre in a circular site is formed by the

middle point and in a longitudinal site by the midline.

The "multiple scattering <condition" is to be
understood in that the transition sites (i.e. the irradiation
site and the detection site) are arranged in relation to each

other so that light which is multiply scattered on scattering
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The mean free path length of photons in the tissue or
in the above-mentioned body fluids is dependent on the
wavelength and on the respective density and size of the
scattering centres. It is typically between about 0.01 mm and
0.1 mm. At least about 10, and preferably at least about 100
scattering processes should take place on the light path in
the biological matrix from the irradiation site to the
detection site. The light path within the biological matrix is
always longer (often even considerably longer) than the direct
connection between the irradiation site and the detection
site. However, as a practical rule it may be stated that the
distance between the irradiation site and the detection site
should correspond to at least ten times and preferably to at
least twenty times the mean free path length of the photons in
the respective biological matrix at the respective wavelength

of the primary light.

The maximum distance between the irradiation site and
the detec_tion site is likewise dependent on the mean free path
length of the photons. Above a limit that is to be determined
experimentally in the individual case the intensity of the
signal becomes so small that the signal-to-noise ratioc is
insufficient. The distance between the irradiation site and
the detection site should preferably be less than 30 mm and
particularly preferably less than 15 mm. Furthermofe, careful
shielding of the primary light from the detector used to

measure the secondary light must be ensured if only light

This is the feplacement sheet

Dat_g: ! 4 0cT 193?



rotory evaporation (85 [err]C, anbient atnpospheric pressure) of t he
total liquid products. The total reactor effl uent wei ght was 384.0 ¢
(99. 3% mass bal ance) and showed the

multiply scattered at 'scattering centres in the biological

matrix is to be detected and measured.

The multiple scattering causes the light emerging at
the detection site to have a substantially diffuse character,
that is, its intensity is substantially independent of the
exit angle under which it is detected. If the primary light is
coherent and/or polarised, the multiple scattering causes
these properties to be substantially lost. It is therefore
generally not necessary in the invention (in contrast to EP-A-
0 074 428) to use a laser as the primary light source. The
degree of polarisation retained in the secondary light may
also be used to test whether the ™multiple scattering
condition” required for the invention is met. The degree of
polarisation of the secondary light should for example be less

than 10% of that of an irradiated polarised primary light.

The irradiation site and the detection site in SRSIM
can have very different dimensions and geometric shapes. The
only essential factor is that SRSLM provides information on
the intensity of the secondary light in dependence on the
relative position of the irradiation site and the detection
site (in contrast to a dependence on the éngle of detection).
A number of such spatially resolved measurements of multiply
scattered light in which the respective detection site is at a
varying distance from the corresponding ‘irradiation site thus
provide information I(D) on the functional dependence of the

intensity I on the distance D.

The irradiation site and especially the detection site
can generally have relatively 1large dimensions in SRSLM.

However, embodiments in which the transition sites in the -
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direction of the distances connecting the particular
irradiation sites and detection sites (the shortest
connection) have a relatively small dimension of preferably
less than 2 mm and particularly preferably less than 1 mm, are

especially preferred.

In spatially resolved measurement of multiply
scattered light the detection site is preferably located on
the same boundary surface as the irradiation site, i.e. SRSILM
is performed 'in reflection'. However, if two boundary
surfaces or areas of the biological matrix facing each other
are accessible, measurement can also be made 'in
transmission', where the irradiation site and the detection
site are located on opposite boundary surfaces of the
bioclogical matrix. Here, in view of the diffuse nature of the
light emerging at the detection site, the terms 'transmission!’
and 'reflection’ are of course not to be understood to mean
that the secondary light emerges from the matrix in a strongly

dominant preferred direction.

The measured intensity values of at least two
detection measurements are used in the invention to determine
(;derive') the glucose concentration in an evaluation step of
the method with the aid of an evaluation algorithm and a

calibration.

It has been found that particularly interference-free
and thus precise information about glucose concentration can
be obtained from the dependence I(D) of the intensity I on the
measurement distance D, which can be determined with at least
two spatially resolved scattered light measurements. In this

Procedure the two or more spatially resolved scattered light
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It is of course also.possible to carry out a larger
number of spatially resolved scattered light measurements and
to use them collectively in order to derive the glucose
concentration. For at least two of these measurements the
light paths should differ substantially from one another. In a
spatially resolved scattered 1light measurement, the term
"light path", because of the mnultiple scattering in the
bioclogical matrix, is of course not to be understood in the
sense of a geometrically strictly limited fractional volume of
the biological matrix (as in the «case of a classic
transmission spectroscopy of a non-scattering liquid in a
cuvette). It névertheless makes sense to use the term "light
path". It may be understood, for example, as the fractional
volume of the biological matrix in which a specific percentage
(for example, 70%) of the light is transported which, coming
from a particular irradiation site, reaches a particular

détectio_n site and which is multiply scattered in the matrix.

In practice a different light path is produced in two
spatially resolved scattered light measurements by the fact
that the measurement distances between the irradiation site
and the detection site are sufficiently different. The
difference in intensity of the secondary light (relative to an
equal area of the detection site and with equal intensity of
the irradiated primary light) caused by the different light

paths should amount to at least a factor 3, preferably to at
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least a factor 5 and particularly preferably to at least a
factor 10.

The fact that several detection measurements are
carried out at the same measurement wavelength but with a
different measurement distances between the irradiation site
and the detection site constitutes a fundamental difference
compared with conventional spectroscopic processes. In
spectroscopic methods for obtaining a value of the analyte
concentration, detection measurements are carried out at
several wavelengths but with a completely identical
measurement distance. Any change in the measurement distance

would falsify the result of the measurement.

Particularly preferred is an embodiment in which at
least two spatially resolved scattered light measurements with
an equal measurement distance between the irradiation site and
the detection site are made and in which at least either the
irradiation sites or the detection sites but preferably both
the irradiation sites and the detection sites are different.
Advantageously such measurements are made for each of two

different measurement distances.

Such an embodiment appears at first sight not to be
useful, as two measurements on the same biological matrix with
a light path of equal length would produce the same result,
that is, no additional information would be acquired by the
additional measurement. Expressed in terms of information
technology, the additional measurement with the same
measurement distance is redundant. However, it was found in
the invention that such redundant measurements are

advantageous, as they allow the recognition and elimination of
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potential measurement errors caused by inhomogeneities in the

biological matrix (especially in cutaneous tissue).

The at least two detection measurements are preferably
made simultaneously or with a sufficiently short interval
between them._ By sufficiently short we mean here a time
interval between the measurements used to derive the glucose
concentration in which no change in the biological matrix
takes place which would be detrimental to the accuracy of the
measurement. This is preferably achieved with an apparatus
provided with switchable irradiation means and/or detection
means that allow the selection of different pairs of

transition sites without moving parts.

Although measurements at cne wavelength are
sufficient, it can obviously be useful to make measurements at
further additional wavelengths, especially to allow better
elimination of | interfering factors. These interfering factors
include, among other things, possible <changes in the
scattering centres and also the water absorption and the
haemoglobin absorption, which in turn depend directly on the
b]_.ood volume in the investigated biological matrix. Connected
with this is the fact that the intensity of the secondary
light is influenced by the blood pulse and the body
temperature. However, these influences can be controlled. As
regards the blood pulse, either the mean can be determined
over a sufficient number of pulse periods, or the measurements
can be made in synchronism with the pulse. Variation of body
temperature can be plotted and wused for compensation.
Alternatively, the detection area in which the transition
sites are located is actively thermostated. As a relatively

high energy consumption is associated with such a temperature
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regulation, the measurement area in an apparatus for in vivo
analytical determination should be carefully thermally

insulated.

An evaluation algorithm and a calibration are required
in the evaluation step for deriving the glucose concentration
from the measured intensities. In this respect the invention
does not differ substantially from known analytical
determination methods, which likewise - as explained above -~
require a calibration for assigning the measured quantities
(for example, the colour change in colorimetric tests) to the

respective concentration.

In the simplest case the algorithm in the present
invention comprises a simple predetermined mathematical
operation for deriving an intermediate wvalue from the measured
intensities I of the detection measurements. The intermediate
value can be called the measurement result R. The formation of
a simple ratioc between the measured intensities of the first
and second detection measurements has been found suitable in
practice. The measurement result R may then be linked with the
glucose concentration C in the familiaf manner by calibration
with at least two, but preferably with several standard

samples of known glucose concentration.

Mathematically more sophisticated methods have
recently been increasingly used in analytical technology for
improving the correlation between the measured quantities and
the respective concentration (and hence the analftical
accuracy) . These include exponential or logarithmic
calculations and iterative methods for optimal description of

the relation. Furthermore, it can be advantageous for the
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of correlation methods influential factors (particularly the
temperature at the measurement site and the pulse, for
example) that affect the measured intensity as well as the
glucose concentration. Multilinear and non-linear mathematical
algorithms can be used for the evaluation of analytical
measurements to take into account a large number of
influential factors. This is also possible in the present
invention and can be advantageous, particularly when a large
number of detection measurements are being made with various
pairings of transition sites which together form the basis of

the analytical determination. In this case the use of learning

systems (neuronal networks) can also be advantageous.

Comprehensive additional information about evaluation
algorithms suitable for 1linking the results of detection
measurements to the appropriate analyte concentration can be

found in the publications mentioned earlier.

The invention is illustrated more fully by the
embodiments schematically represented in @ the following

Figures:

Fig. 1 An absorption spectrum of glucose in water in
a first wavelength region for various glucose concentrations.

Fig. 2 A differential absorption spectrum of glucose
in water against pure water in a second wavelength region for
various glucose concentrations.

Fig. 3 A spectrum corresponding to Figure 1 after
addition of milk to the glucose solution.

Fig. 4 A perspective representation of the principle

of a first embodiment of the invention.
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Fig. 6 A perspective representation of the principle
of a third embodiment of the invention.

Fig. 7 A perspective representation of the principle
of a fourth embodiment of the invention.

Fig. 8 A representation of +the principle of an
irradiation field and of a detection field in plan view in a
fifth embodiment of the invention.

Fig. 9 to 12 Representations of the principle of
various arrangements of irradiation sites and detection sites
on a boundary surface of a biological matrix.

_ Fig. 13 A sectional representation of a practical
embodiment of a measuring head suitable for the invention.

Fig. 14 A view of the measuring head.of Figure 13
from the underside which is to be contacted to the biological
matrix.

Fig. 15 An enlarged representation of a section of
Fig. 14.

Fig. 16 A graphical comparison of the analysis
results obtained with the invention and with a reference
method.

Fig. 17 A lateral cross-sectional representation of a
measuring device for analytical determination on the finger.

Fig. 18 A plan-view cross-sectional representation of
the embodiment of Figure 17.

Fig. 13 A plan view of the measuring device in an
embodiment according to Figures 17 and 18.

Fig. 20 A block circuit diagram of a electronic
circuitry suitable for the invention.

Fig. 21 A view corresponding to Fig. 14 of an

alternative embodiment of a measuring head.
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Figures 1 to 3 have been explained before.

An optically heterogenecus biological matrix 10 is
represented symbolically as a rectangular block in Figures 4
to 7. It is bounded by an upper boundary surface 1lla and a
lower boundary surface'l;b. In reality, the bioclogical matrix
can for example be blood. In this case the boundary surfaces
run along the inner walls of an optically transparent vessel
(cuvette) in which the blood is contained for in vitro
analytical investigation. If the biological matrix is a

tissue, the surface of the tissue forms the boundary surface.

Figures 4 to 8 clarify different variants of possible
arrangements of one or more irradiation sites 12 and one or
more detection sites 14 on a biological matrix 10 in a
spatially resolved measurement of multiply scattered light
according to the invention. Here the irradiation sites 12
usually exist as narrow, longitudinal irradiation fields 12a -
12f and the detection sites as longitudinal, narrow detection
fields 14a -~ 14i. A longitudinal shape of this kind for the
transition sites 12, 14 has proved to be a good and
practicable compromise between the demands of adequate spatial
resolution and those of an adequate intensity of the
irradiated or measured 1light at an acceptable cost of
production. The length of a transition field should be at
least three times, preferably at least ten times, as great as
its width. The average width of the transition fields is

preferably not more than 2 mm, particularly preferably not
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more than 1 mm. Similar considerations, however, alsdé apply in
the case where the transition sites have a point shape or a
circular shape as far as no special features of the

longitudinal shape have to be considered.

In the embodiment represented in Figure 4 the primary
light 15 1is irradiated into the matrix 10 through an
irradiation field 12a and the secondary light 17 is detected
emerging from two detection fields 14a and 14b running at
different measurement distances D1 and D2 from the irradiation

field 12a.

In the embodiment represented in Figure 5 the primary
light 15 also enters through an irradiation field 12b into the
bioclogical matrix 10 and the secondary light 17 emerges
therefrom through two detection fields 1l4c and 14d, where the
detection fields are arranged at different lateral measurement
distances D1 ahd D2 from the irradiation field 12b. However,
the detection fields 14c and 14d in this embodiment are
located on the boundary surface 11b 1lying opposite the
boundary surface 1lla through which the primary light 15 is
i;radiated; In such an embodiment the irradiation field and
detection field are preferably arranged so that in at least
two pairs of transition fields, the surface of the output
field is not crossed by any straight lines crossing the
surface of the irradiation field perpendicularly. In other
words, the detection field should not be situated exactly
opposite the input irradiation field, but should always be

displaced laterally to this.

The arrangement of Figure 4 can be described as a

measurement 'in reflection' and that of Figqure 5 as a
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measurement 'in transmission!, where these terms are to be

understood in the sense discussed before.

If the biological matrix is a tissue, particularly
cutaneous (skin)} tissue, in general only one boundary surface
bounding the matrix (namely the surface of the skin) is
accessible in an in vivo analytical determination. This is
particularly the case for those parts of the body preferred in
the invention, némely the fingertips, trunk, nailbeds, sclerae
or the inside of the upper arm of humans. In these cases only
measuremeﬁt by the reflection method - which is in any case
preferred in the present invention - is possible, where the
primary 1light is irradiated and the secondary 1light is
detected on the same boundary surface of the matrix. In
exceptional cases, for example on ‘the ear-lobes, lips, tongue
or folds of skin (e.g. between thumb and forefinger), two
opposite boundary surfaces lla and 1llb are also available in

the in vivo analytical determination on cutaneous tissue.

In the embodiment represented in Figure 6 the primary
light is irradiated into the biological matrix 10 through two
irradiation fields 12c¢ and 12d and the secondary light 17
emerging from the detection field 1l4e is detected. The
irradiation fields 12d and 12c are arranged at different
measurement distances D1 and D2 from the detection field 14e,
so that, in this embodiment again the possibility is provided
to measure the secondary light emerging from the detection
field 1l4e in dependence on the measurement distance from the
corresponding irradiation field 12c or 12d, in order to derive
from the two measured intensities a quantity which is a
measure of the concentration of the analyte in the biological

matrix.
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light resulting from the primary light of the two different
irradiation fields must be separated from each other. This can
be achieved by irradiation at separate times, in which case
the irradiations must, however, be carried out within a
sufficiently narrow time range in the sense of the definition
given above. Alternatively, it is also possible to use
differently modulated light (for example with two different
frequencies) for the irradiation into the two irradiation
fields 12c¢ é.nd 12d and to measure the resulting secondary
light portions by a corresponding modulation-dependent
(frequency-dependent) detection, for example by means of a

lock-in amplifier.

In all embodiments shown in Figqures 4 to 6, the
maximum measurement distance D2 between an irradiation site
and a detection site in a spatially resolved measurement of
scattered light is 30 mm. The shorter distance D1 should be at
least 0.5 mm, preferably at least 1 mm. In other words, in an

' embodiment according to Figure 1 with a fixed irradiation site
12 and differing detection sites 14 the detection sites should
lie in a detection area 16 (indicated by a dashed line in the
Figure) that includes that part of the boundary surface 1lla
that has a distance of at least 0.5 mm, preferably at least 1
mm and of at most 30 mm from the centre of the irradiation
site 12. In an embodiment according to Figure 6 with a fixed
detection site 14 and varying irradiation sites 12 the
corresponding values apply for the irradiation area 18

indicated by a dashed line.
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above 650 [err]EiguB?OJ shows aéogmbog§%éﬁ§rﬂf:ﬁh9c&2a large number
of differing detection fields 14f, at different distances from
an irradiation field 12e, can be arranged on the boundary
surface 1lla within a detection area 22. In the illustrated
case, this is achieved by imaging the detection area 22 in an
image plane 24 using an optical imaging system symbolised as a
lens 23. In the image plane 24 there is a two-dimensional
arrangement 26 of light-sensitive elements which are

preferably charge-coupled devices (CCD's) 25.

Due to the optical imaging a specific detection field
corresponds to a specific area of the CCD matrix 25. For
exanple, the field 14f is imaged on row 25f and the field 1l4g
on row 25g of the CCD matrix 25. A specific detection field
can thus easily be selected by processing the measured
intensity signals of those photosensitive elements at which
the desired detection field is imaged in order to derive the

concentration.

It becomes clear from this embodiment that the terms
'irradiation field' and ‘'detection field' or ‘'irradiation
site' and ‘detection site! are to be interpreted
gecmetrically. It is not absolutely necessary that components
of the analytical apparatus touch the boundary surface of the
biological matrix, for example the surface of the skin, and
come into contact with the irradiation site or the detection
site. What is necessary is simply that the irradiation site
and the detection site are defined for each measurement
distance, that is, that the primary light is irradiated at a
defined and limited irradiation site and the secondary light
is detected at a defined site in such a way that the defined

limited area of the boundafy surface (the detection site) is
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known from which the secondary 1light is emerging, the
intensity of which is being measured. Such a measurement must
be carried out in at least two different light paths between
the irradiation site and the detection site in order to derive
quantities characteristic of the analytical determination from

the measured intensities.

Figure 8 clearly shows that the narrow longitudinal
shape of the fields need not necessarily be straight (as in
Figs. 4-7). An input irradiation field 12f in the form of a
section of a circular ring is shown in a view vertically onto
a boundary surface. Two detection fields 14h and 14i likewise
run in the form of sections of circular rings at different
distances from the input irradiation field 12f. The circular
rings here are concentric and the detection fields 14h and 14i
therefore run equidistantly from the input irradiation field

12f.

A good spatial resolution is obtained when the light
is irradiated at an input irradiation site that is as narrow
and limited as possible (point-shaped) and the detection site
forms a circle or section of a circle around this input
irradiation site. Conversely, it is in principle also possible
to work with a circular input irradiation site and a
point-shaped detection site located in the centre of this

circle, in which case, however, the signal intensity is lower.

When - as shown in Figures 4 to 7 - input irradiation
fields and detection fields run straight and parallel to one
another, the spatial resolution is lower because obviously not
only portions of light arriving from the directly opposite

section of the input irradiation field but also from
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longitudinally displaced sections of the input irradiation
field are measured at each point of a longitudinal detection
site. In practical tests of the invention, it was however
found that good results can nevertheless be attained with such
an arrangement. The embodiment shown in Figure 8 represents a
compromise solution to the problem, as the spatial resolution
here is better by wvirtue of the curved_ concentric shape than
with the straight form of the fields a; shown in Figures 4 to
7.

Other curved shapes are also possible, though these
should generally f£fulfil the condition that the transition
fields (measured from centre to centre) run at constant
distances D1 and D2. As long as the input irradiation site and
the detection site are located on the same boundary surface of
the bioclogical matrix, the input irradiation site and the
detection site should always be separated by a band 47 (Figure
8) of essentially constant width. The dimension of the
detection field measured across the shortest connection to the
inpuﬁ irradiation field (hence in the direction of the
distance arrows D1 and D2) should be 1less than 2 mm and

preferably less than 1 mm.

Figures 9 to 12 show, in a schematic representation
(in plan view on the boundary surface), different arrangements
in which r_edundant measurements, that is, several spatially
resolved scattered light measurements with equal measurement
distances and equal measurement wavelengths but different

irradiation- and/or detection sites, are possible.

In the embodiment according to Figure 9, two

longitudinal rectangular detection fields 14k and 141 are

158
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irradiation fields 12g and 12h. All transition fields run
parallel to each other. A first measurement distance D1 can be
set up both by combination of the irradiation field 12g and
the detection field 14k and by combination of the irradiation
field 12h and the detection field 141. A second, larger
measurement distance D2 is produced by combination of the

transition fields 12g with 141 and 12h with 14k.

Figure 10 shows a corresponding linear arrangement
with two outer irradiation sites 12. Five detection sites 14
are arranged at equal distances on the connecting line between
the irradiation sites 12. In this case all the transition
sites are dots with a generally round cross—sgction. The
symbolic representation as squares and circles merely
facilitates differentiation of the irradiation sites 12 and
the detection sites 14. Five different measuring distances D1
to D5 can be seﬁ up respectively in two different ways in this
embodiment with different irradiation and detection sites, as

shown in the Figure.

_ In the embodiment represented of Fiqure 11 three
irradiation sites 12 are combined with six detection sites.
The irradiation sites 12 are arranged at equal distances on a
straight 1line. In the case shown the detection sites are
located on a circle around the central irradiation site. They
should generally be distributed symmetrically like mirror
images on either side of the straight line on which the
irradiation sites are arranged. A six-fold redundancy is
produced in this arrangement in relation to the central
irradiation site 12, as each of the detection sites 14 is

positioned at an equal distance D1 from the central
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measurement distances D2, D3 and D4 is produced in total with
regard to the upper and lower irradiation sites 12 (for the
sake of clarity only the measurement distances to the upper
irradiation site are shown in the Figure), as each of these
irradiation sites can be combined with two detection sites
positioned at the corresponding distances D2 to D4. Such an
arrangement allows a high redundancy with relatively few
components, as each measurement distance can be set up with

more than two different combinations of irradiation site 12

and detection site 14.

Particularly preferred are arrangements with at least
three different irradiation sites and at least three different
detection sites, which allow the setting up of a plurality of
different measurement distances each with at least three
different pairings of irradiation site and detection site. An
at least three-fold redundancy has the advantage that it
generally allows detection of any deviation of one of the
scattered light measurements from the other two scattered
light measurements. Generally speaking, the irradiation sites
and the detection sites can in principle be interchanged.
However, for reasons of cost, it is more advantageous to

provide more detection sites than irradiation sites.

In the embodiment represented in Figure 12 a large
number of irradiation sites 12 and detection sites 14 are
arranged alternately in a chequered pattern in such a way that
each irradiation site is surrounded by four detection sites
and each detection site is surrounded by four irradiation

sites. Such an arrangement allows to provide numerous
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proton-formof MCM58 (65% in an alum na binder (35%. 30 The cat al yst
(125.65 g) was | oaded into a stainless steel t ubul ar reactor and
bracketed by vycor chips which served? as heat exchangers. After

pl acing the reactor in a tube furnace, the catalyst was dried by
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| sopent ane/ pentene-1 feed stream (nolar ratio = 9.7) then was
I ntroduced at a flowrate of 0.1 gm pentenes/gm MCM 58/ hr. After
passi ng pre- ni xé&eFEERIr ARFSULRNER CtaArrangements, such as those

represented in Figures 9 to 12, allow the recognition and
elimination of potential measurement errors arising from
inhomogeneities in the biological matrix. To this end several
measurements are made with equal measurement distances but
different irradiation and/or detection sites and compared. If
the structure of the investigated biological matrix is
homogeneous, an equal intensity of the detected secondary
light (with equal intensity of the irradiated primary light)
should be measured. Deviations permit the conclusion that
interfering structures (for example, scars, hairs or
fibromae), which falsify the measurement result, are present
in the investigated area of the surface of the skin. This can
be corrected in various ways. For example, the measuring head
placed on the skin can be placed in another position in order
to change the investigated area of the.surface of the skin
("measurement focus") so that the inhomogeneities lie outside
the measurement focus. With adequate redundancy (always more
than two-fold) it is also possible to recognize and eliminate
isolated individual measurement results as outliers without
variation of the measurement focus. Finally, with a very large
number of measurements a mean value determination is possible.

These measures can cbviously also be combined.

When - as in the embodiment shown in Figure 7 and
Figure 10 - many different distances between the irradiation
site and the detection site can be used, the course of the
measured intensity I can easily be plotted in relation to the

measurement distance D between the detection site and the
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irradiation site. A practically continuous curve I(D)
representing the profile of the detected secondary light in
relation to the distance between the particular irradiation
site and the corresponding detection site results when a large
number of closely adjacent detecticn sites can be set. In this
case a suitable regression algorithm previously known for such
purposes (for example, PLS) can be used for deriving the
quantity which is characteristic of the analytical

determination.

The embodiment with a detection area in which a large
number of different sub-areas can be used as detection fields
can obviously be designed without the optical imaging system
23' .shown in Figure 7. In particular, it is possible to
position a two-dimensional arrangement of light-sensitive
elements and/or light emitters immediately above the boundary
surface lla provided that, with the aid of suitable means such
as shields, light guides or the like, care is taken to ensure
that each light-sensitive element detects the secondary light
emerging from a specified limited sub-area of the boundary
surface 1lla. A design of this kind is particularly suitable
for the embodiments in accordance with Figures 10 to 12 and

" can be integrated in a module.

It is advantageous for the invention if the dependence
of the intensity I of the secondary light from the distance D
between the irradiation site and the detection site is
determined with good spatial resolution. Both the irradiation
site 12 and the detection site 14 should therefore have a
small width of not more than 2 mm, preferably of not more than
1 mm, across the straight line connecting the two fields. The

various detection fields and/or irradiation fields by which
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-42- zone for 22.5 hrs, product was collected over the follow ng
28 hrs. Product distributions were cal culated fromgc anal yses of
t he .gaseous and liquid products, and an addi ti onal simulated
distillation ASTM 2887 of the liquid 5 products. The total reactor
ef fl uent weight was 307.2 ¢ (92.%6% nmass bal ance) and showed t he
follow ng distribution: Conponent

wei ght %the various measurement distances are formed should preferably

be separated spatially (not overlapping).

An embodiment in which a large number of different
detection sites <can be detected by a two-dimensional
arrangement of photosensitive elements (as in Figure 7 and
Figure 12) opens up a series of additional possibilities,
which will be described hereafter. In these, the detection
sites should be closely adjacent to each other. At least two,
preferably at 1least four, particularly preferably at 1least
eight different detection sites per cm should be provided in

at least one dimension, preferably in two dimensions.

Firstly, it is possible to find again a defined
measurement position on the surface of the skin (“measurement
focus"). For example, characteristic' structures of the surface
can be recognized with the aid of a pattern recognition
method. Alterna{tively, or additionally, a mark can be made on
the skin (for example, by means of a tatoo invisible in normal
light but contrasting in NIR light".) which is recognized and
the position of which is detected by the two-dimensional

arrangement of photosensitive elements.

Secondly, various intensity profiles, which for
example extend in a radial direction from a central
irradiation site, can be compared in order to recognize and
eliminate negative influences of heterogeneities present in
the skin. oOut of a 1large number of radial intensity
distributions detected and determined by means of the
two-dimensional arrangement of photosensitive elements,
preferably only those with a continuous intensity profile are
used.
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produced by such a two~-dimensional arrangement of
photosensitive elements, modern mathematical evaluation
methods can be used which allow the differentiation of various
influential factors by means of the intensity distribution.
These include the possibility of distinguishing between the
influences of the tissue structure and those of the glucose

concentration.

A second important possibility is the separation of
the change in intensity caused by absorption on the one hand
and by scattering on the other hand. For this purpose
intensity profiles have to be measured at different
wavelengths by means of a two-dimensional arrangement of
photosensitive elements. It may be advantageous to empley an
arrangement in which a large number of irradiation sites and
detection sites are located close together in the form of a
matrix, with light of at least two different wavelengths being
irradiated and detected alternately in the matrix. Apart from
the use of several wavelengths, this arrangement basically
corresponds to Figure 12, except that it is not essential to
use a regular chessboard pattern with a regularly alternating

arrangement of irradiation sites and detection sites.

The number of different wavelengths preferably
corresponds to the number of major disturbing (interfering)
components plus one additional wavelength. At least four
different wavelengths are preferred in such an embodiment,
having regard to the three most important interfering
components Hb, HbO2 and H20. From such measurement results the
influences of the scattering coefficient and of the absorption
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I err] coefficient)-cdh be separated from each other by means of known
methods. In consideration of the knowledge of the present
invention about the MSAGD effect it is possible with such a
two-dimensional multi-wavelength measurement to achieve
substantial elimination of the disturbing influences of the
strongly absorbing substances in the determination of the
glucose concentration and, conversely, likewise to achieve
substantial elimination of the interference caused by changes
of the glucose concentration, for example in a determination
of the Hb- and HbO, concentration which is based on the

spectral analysis.

Figures 13 to 15 show a practical embodiment of a
measuring head 30 which is suitable for the invention and
especially suitable for the in vivo determination of glucose

in human tissue.

The measuring head 30 has a generally circular
disc~shaped skin contact element 31 fixed to a measuring head
housing 32. During use the skin contact element 31 is placed
on the surface of the skin 33 and lightly pressed against it.
In its centre there is a square light-transmission area 34,
which is shown enlarged in Figure 15. It contains five rows 35
to 39 of optical fibers 29, which in the illustrated example
each consist of 32 fibers with an average diameter of 0.25 mm.
The optical fibers 29 are wusually arranged in the
light-transmission area 34 so that their end surfaces lie
flush in a common level contact surface 42 and are in direct
contact with the skin when the skin contact element 31 is

placed on the skin 33.
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The row 35 of optical fibers defines one irradiation
site. The optical fibers 29 of this row are for this purpose
connected by a cable 40 to a central unit (not shown) in which
there is a preferably monochromatic light source, for example
a light emitting diode or a laser diode, the light of which is
irradiated into the optical fibers 29 which, together with the
light source (which is not shown), form a light irradiation
means 27 for controlled illumination of a defined irradiation

site on the surface of the skin.

Some of the_optical fibers of row 35 are preferably
used to control the constancy of the light source. In a
practical embodiment 16 of the 32 fibers were used for
irraaiating the light and the remaining 16 fibers were used
for controlling the intensity of the iight, the latter being
bundled separately from the former and guided to a

photosensitive element.

As measuring receivers or detectors photodiodes
arranged in the measuring head 30 can for example be used.
Preferablf a common measuring receiver is provided for each
row 36 to 39 of optical fibers 29 defining a possible
détection site. The optical fibers of these rows are bundled
together and guided to a measuring receiver by which the light
emerging from these optical fibers is detected. Rows 36 to 39
of the optical fibers 29, together with the measuring receiver
(not shown), form a detecting means 28 for specific
measurement of the secondary light emerging at a defined

detection site.

The end surfaces of the optical fibers of rows 35 to

39 terminate flush with the skin contact surface 42 bounding
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- 43- About 25 g of squal ane was added to a portion of the liquid
product (39 g) to serve as a high boiling "chaser" during fractional
mcrodistillation. After distilling the sanple to a 300 [err]F
endpoi nt at anbi ent at nospheric pressu#@, the 5 resi dua were

fracti onated under vacuum (about 55 torr) to .
the light-emission area 34 from below or protrude slightly of

this. This prevents light from passing along the surface of
the skin directly from the irradiation site defined by row 35
to one of the detection sites defined by rows 36 to 39.
Obviously the glass fibers of different rows within the
measuring head 30 are also carefully optically separated from
one another so that no primary light can be transmitted to the

detecting means.

The measuring head 30 is particularly useful for
continuous monitoring of the blood glucose of diabetics. For
‘this purpose it is fixed to a suitable site, for example to
the skin on the upper abdomen. This can for example be done
with adhesive tape. The contact surface 42 should be pressed

on with sufficiently firm, even pressure.

Surrounding light is blocked by means of a ring 31la on
the skin contéct element 31 with a diameter substantially
greater than that of the 1light-transmission area 34. It
consists of an opaque material and ends with its edge 31b on
the skin. Alternatively or additionaily the primary light can
be modulated with a specified frequency and selectively
detected by a narrow band and frequency-dependent detection
circuitry (for example a lock~in amplifier) to minimize

influences of interfering light.

The light-emission area 34 is enclosed by a
ring-shaped heating surface 41, in which there is a surface
resistance heater. This can be regulated to a predetermined
temperature, for example 37°C, with the aid of an NTC resistor

and a PD requlator.
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300 [err]F to 400 [err]F. The actual boiling range for this cut was
estimated by sinulated distillation analysis ASTM 2887. The boiling
range and product properties for 10 this sanple were:

I nt ended cut 300-400 [err]F Boiling Range ([err]F)

| BP 202 15 41 T10

299 ) T50 328 . .
' Figure 16 shows results of analytical determinations

obtained on the one hand by a reference method and on the
other hand by an apparatus according to the invention
(embodiment according to Figures 13 to 15). The concéntration
C in millimoles/litre is plotted against time t in minutes.
The continuous 1line 45 marks the results of an enzymatic
analytical determination of the glucose in the test subject's
blood used as the reference method, whilst the rectangular
markings 46 are measurement points made with the device

according to the invention.

The following measurement conditions were used in an

example according to the invention.

A measuring head as shown in Figures 13 to 15 was
used. Light of a wavelength of 805 nmm from a 1 nW
light-emitting diode was irradiated through row 35 of the
optical fibers .into the skin and detected by rows 38 and 39.
The distances of rows 38 and 39 from row 35 (and consequently
the distances of the detection fields from the irradiation

field ) were 3 mm and 5 mm respectively.

The ratio of the intensity Il of the light measured on
row 39 to the intensity I2 of the light measured on row 38 was
formed in order to derive a quantity R characteristic of the
concentration. This quantity R = I1/I2 was éubjected to linear

calibration according to the formula C = a * R + Db.

The result represented in Figure 16 shows an excellent
agreement of the quantities measured conventionally in vitro
in the blood with those measured according to the invention in

vivo in the tissue over a period of five and a half hours.
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were: determination of the glucose concentration in a finger 51.
Here the finger 51 is inserted into a perfectly fitting
channel 52 formed in a supporting block 53 made of aluminium
or some other good heat-conducting material, which is brought
to a specified temperature preferably somewhat above normal
body temperature (above 37°C) with a <thermostatically

controlled heating system (which is not shown).

The side elements 54 laterally confining the channel
52 can be moved so that the width of the channel 52 can be
adjusted to f£it the patient's finger 51. Slidably arranged
fixing elements 55 are provided for fixing the finger 51 from
above. These are biased towards the finger 51 by the tension

of a spring (not shown).

The supporting block 53, the side elements 54 and the
fixing elements 55 all together form, together with a stop 56
limiting the channel 52 in the direction of insertion, a clamp
by which the finger 51 is positioned in the most accurately
reproducible position possible relative to the measuring

device generally designated as 58.

An irradiation means 27 is formed in the measuring
device 58 by a light-emitting diode (not shown) and by a light
guide-channel 59, through which primary light is directed on
to a circular-shaped irradiation site of about 1 mm diameter
on the underside of the tip of the finger 51. Three detection
sites 14 concenfrically surrounding the irradiation site 12 as
semicircular detection fields 14k -~ 14m are provided in a

detection area 16. The detecting means 28, shown more clearly
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in Figure 19, again each consist here of a row of tightly
packed optical fibers 29, the terminal surfaces of which
surround the 1light guide-channel 59 in the skin contact
surface 42 semicircularly, and of a photoelectric detector for
the light from each of the detection sites 14k, 141 and 14m.
The irradiation means 27 are carefully screened from the

detecting means 28 by a partition 62.

An infrared temperature sensor 60 is directed towards
a temperature-measuring site 61, which should be as close to

the detection area 16 as possible.

In experimental work with the invention it was found
to.-be important that the contact pressure between the
particular part of the body and the skin contact surface of
the measuring device is sufficiently high and reproducible. In
the embodiment represented in Figures 17 and 18 this is
achieved by means of a pressure weight 63 pressing on the
fingertip from above. A pressure of about 300 p (Pond) has

proved suitable.

Figure 20 shows by way of example the block circuit
diagram of an electronic circuit 65 suitable as an evaluation
means for a measuring device according to the invention. A
current-voltage transformer 67 that is controlled by an
oscillator 66 supplies the current for the light-emitting
diode 68 serving as the light source. The temperature of the
light-emitting diode 68 can optionally be monitored by a NTC
69 in order to improve the constancy of the intensity of the
emitted light.
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The output signals of the measurement receivers
(photodiodes) 70a-70c are connected via preamplifiers 71a-71c
to lock-in amplifiers 72a-72c, to which the signal of the
oscillator 66 is also connected as a reference. The output
signals of the lock-in amplifiers 72a-72c are digitalised by
an A/D transformer unit 73 and fed to a central microcomputer
unit 74. The latter also receives the signals of the NTC 69
(amplified by a preamplifier 69a) and of a temperature sensor
75 (amplified by a preamplifier 75a) for measurement of the
temperature in the detéction area. The temperature sensor 75
(like the IR sensor 60 of the embodiment illustrated in Figure

17) preferably operates without direct contact.

In the alternative embodiment illustrated in Figqures
21 and 22, semiconductor light receivers 80 (for example
photodiocdes) are positioned as detecting means 28 alternately
with semiconductor 1light emitters 81 (for example light-
emitting diodes) as light irradiation means 27 in a matrix-
type pattern directly on the skin contact surface 42 in the
light-transmission region 34 of the skin-contact element 31 of
a measuring head. As can clearly be seen in Figure 22, the
semiconductor light emitters 80 and the semiconductor light
re;:eiveré 81 are integra.ted in the same component 83, the
arrangement being shown merely schematically without any
constructional details. The component can be manufactured in
practice by an integration method customary in electronics,
for example by monolithic integration in a chip or using
hybrid technology. What is important is that both the 1light
emitters 81 and the light receivers 80 are in direct optical
contact with the surface of the skin and are screened aqaihst

the adjoining elements, so that they can irradiate light into
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detection slte respectively.

The illustrated embodiment allows to make measurements
at two different wavelengths, for example in order to better
eliminate interference due to strongly absorbing substances as
explained in more detail above. In the figures the
semiconductor light emitters 8la and semiconductor 1light
receivers 80a for the first wavelength are shown in white,
while the semicon#uctor'light emitters 81b and semiconductor
light receivers 80b for .the second wavelength are shown
hatched.

In all embodiments shown in the Figures, both the
setting of different measurement distances D and the selection
of different wavelengths (if necessary) is accomplished
without moving parts. This is usually advantageous from the
point of view of cost and reliability. Alternatives with
moving parts are of course also possible in the context of the
invention. Different measurement distances D can thus be set
by moving either the 1light irradiation means 27 or the
detection means 28, for example with the aid of a spindle
drive. The functional dependence I(D) of the intensity I from
the measurement distance D can in this case be determined by

stepwise adjustment of the drive.

In particular cases, for example for the detection of
disturbing quantities, it may also be appropriate to provide
means for the irradiation and/or detection of a narrow-band
wavelength range. A grating-type monochromator can be provided

for this purpose on the primary side or on the secondary side.
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Claims
1. Method for the determination of the glucose

concentration in a biclogical matrix (15), comprising

detection measurements, in which\light is irradiated
as primary light (15) into the biological matrix (10) through
a bbundary surface (1lla) bounding the biological matrix (10),
the 1light is propagated along a 1light path within the
biclogical matrix (10) and the intensity of the light is
measured as it emerges as secondary light (17) from the
biological matfix (10) through a boundary surface (1lla, 11b)
thereof, and

an evaluation step, in which the glucose concentration
is derived from the measured intensities of the detection
neasurements with the aid of an evaluation algorithm and a
calibration,

characterized in that

at least two detection measurements are spatially
resolved measurements of multiply scattered light, in which
the primary 1light (15) is irradiated into the biological
matrix at a defined irradiation site (12), the intensity of
the secondary light (17) emerging from the biological matrix
at a defined detection site (14) is measured, and the
detection site (14) is located relative to the irradiation

site (12) so that 1light which was multiply scattered on
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scattering centres (19) in the biological matrix (10) is
detected,

the irradiation site (12) and the detection site (14)
have measurement distances (D1, D2) different from each other
in the at 1least two spatially resolved measurements of
multiply scattered light, and

in the evaluation step the glucose concentration is
derived from the dependence of the intensity of the secondary
light from the relative position of the irradiation sité (12)

and the detection site (14).

2. Method for the spectral analytical determination

of an analyte in a biological matrix, comprising
. at least two detection measurements fof measurement of

the_spectral dependence of the absorption of the analyte at at
1east two different wavelengths, in which in each instance
light "is irradiated as primary light (15) into the biological
matrix (10) through a boundary surface (1la) bounding the
biological matrix (10), the light is propagated along a light
path within the biological matrix (10) and the intensity of
the light is measured as it emerges as secondary 1light (17)
from the biological matrix (10) through a boundary surface
(ila, 11b) thereof, and

an evaluation step, in which the analyte concentration
is derived from the measured intensities of the detection
measurements by means of an evaluation algorithm and a
calibration,

characterized in that

in order to correct for changes in the optical path
length caused by a change in the glucose concentration, at
least two spatially resolved measurements of multiply

scattered llght are carried out, in which the primary light
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irradiation site (12), the intensity of the secondary
light (17) emerging from the biological matrix at a defined
detection site (14) is measured, and the detection site (14)
is located relative to the irradiation site (12) so that light
which was multiply scattered on scattering centres (19) in the
biological matrix (10) is detected, and
the irradiation site (12) and the dectection site (14)
have measurement .distances (D1, D2) different from each other
in the at least two spatially resolved measurements of

multiply scattered light.

3. Method according to any one of the preceding
Claims, characterized in that in at least one of the spatially
resolved measurements of multiply scattered light the change
in intensity of the secondary light per 100 mg/dl change in

the glucose concentration is more than 0.5 %.

4. Method according to any one of the préceding
Claims, characterized in that the measurement distance (D)
between the centre of the irradiation site (12) and the centre
of the detection site (14) in at least one of the spatially
resolved measurements of multiply scattered light is at least
10 times the mean free path length of the photons in the

biological matrix (10).

5. Method according to any one of the preceding
Claims, chafacterized in that the distance between the centre
of the irradiation site and the centre of the detection site
in at least one of the spatially resolved measurements of
multiply scattered light is at most 30 mm, preferably-at most

15 mm and particularly preferably at most 10 mm.
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6. Method according to any one of the preceding
Claims, characterized in that the wavelength of the primary

light is between 400 nm and 2500 nm.

7. Method according to any one of the preceding
Claims, characterized in that the wavelength of the primary
light is chosen in'a region in which the optical absorption of
a solution of glucose in water shows a small dependence on the

glucose concentration.

8. Method according to any one of the preceding
Claims, characterized in that in at least one of the spatially
reéolved measurements of multiply scattered 1light the
dimension of the detection site (14) in the spatial direction
defined by the shortest connection to the irradiation site

(12) is at most 2 mm, preferably at most 1 mm.

9. Method according to any one of the preceding

Claims, characterized in that in at least one of the spatially
resolved measurements of multiply scattered 1light the

- dimension of the irradiation site (12) in the spatial
direction defined by the shortest connection to the detection

site (14) is on average at most 2 mm, preferably at most 1 mm.

10. Method according to any one of the preceding
Claims, characterized in that in at least one of the spatially
resolved measurements of multiply scattered 1light the
irradiation site (12) and the detection site (14) are arranged
on opposite boundary surfaces (lla, 11b) of the biological

matrix (10).
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11. Method according to any one of Claims 1 to 9,
characterized in that in at least one of the spatially
resolved measurements of multiply scattered 1light the
irradiation site (12) and the detection site (14) are arranged
on the same boundary surface (lla) of the biological matrix
for the measurement of radiation diffusely reflected from the

matrix (10).

12. Method according to any one of the preceding .
Claims, characterized in that in at least one of the spatially
resolved measurements of multiply scattered light the
detection site (14) and/or the irradiation site is in the form

of a long, narrow straight or curved field (l4a-14m).

13. Method according to any one of the preceding
Claims, characterized in that several spatially resolved
measurements of multiply scattered light are made with the

same wavelength of the primary light.

14. Method according to any one of the preceding
claims, characterized in that the difference in the
measurement distances is so large that the intensities of the
secondary light in the first and second spatially resolved
measurement of multiply scattered light are in a ratio of at
least 3:1, preferably at least 5:1, particularly preferably at
least 10:1.

15. Method according to any one of the preceding
Claims, characterized in that in a detection area a plurality
of different sub-areas are provided as detection sites (14)
for measurement of the intensity of the secondary light (17)

emerging at the plurality of detection sites (14) as a
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function of the distance from an irradiation site (12) and
hence for the performance of a plurality of spatially resolved

measurements of multiply scattered light.

16. Method according to any one of the preceding
Claims, characterized in that in the evaluation step the
contributions of absorption and scattering in the bioclogical
matrix are separated by evaluating the intensity profile of
the secondary light (17) as a function of the distance of the

detection site (14) from the irradiation site (12).

17. Method according to any one of Claims 15 or 186,
characterized in that the density of the different detection
sites provided in the detection area in at least one dimension
is at least two detection sites, preferably at least four

detection sites per centinmetre.

18. Method according to any one of Claims 15 to 17,
characterized in that the intensity of the light emerging from
the biological matrix (10) in the detection area (22) is
measured in a spatially resolved manner by a two-dimensional

array (26) of photosensitive elements (25).

19. Method according to Claim 18, characterized in
that the detection area is provided with a mark for
recognition of a defined measurement position and the mark is
recognized by the two-dimensional array (26) of photosensitive
elements (25, éO) so that the same measurement position can be

found again in repeated measurements.

20. Method according to any one of the preceding

Claims, characterized in that at least two spatially resolved
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same measurement distance (D) between the irradiation site
(12) and the detection site (14), where at least either the
irradiation sites (12) or -the detection sites (14) are

different.

21. Method according to any one of the preceding
Claims, characterized in that the temperature at the detection
site (14) is measured and 1is taken intc account in the

evaluation algorithm.

22. Method according to any one of the preceding
Claims, characterized in that the temperature at the detection

site (14) is kept constant.

23. Method according to any one of the preceding
Claims, characterized in that the biological matrix is
cutaneous tissue, particularly on the fingertips, the trunk,
the nailbed, the lip, the tongue or the inside of the upper

arm of man or is scleral tissue.

=7 _ 24. BApparatus for the determination of the glucose

concentration in a biological matrix, for carrying out the
method according to any one of the preceding claims, with

a light-transmission area (34) adapted for application
to a boundary surface of the biological matrix,

irradiation means (27) for irradiating light into the
biological matrix (10) through one of the boundary surfaces
(11a, 11b) bounding the biological matrix,

detection means (28) for measuring the intensity of

the light emerging from the biological matrix (10) through a
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data processing means for converting the measured
intensity into a signal corresponding to the glucose
concentration,

characterized in that

the -irradiation means (27) are designed to provide
spatialiy limited illumination of a defined irradiation site
(12) and the detection means (28) are designed for the
spatially limited measurement of the secondary light emerging
at a defined detection site (14), where the detection site
(14) is located relative to the irradiation site (12) so that
light multiply scattered at scattering centres (19) in the
biological matrix (10) is detected which has an intensity

correlating with the glucose concentration.

25. Apparatus according to Claim 24, characterized in
that at least two irradiation means (27) with essentially
identical wavelength are provided, which are designed for the
spatially 1limited illumination of different, spatially
non-overlapping irradiation sites and/or at least two
detection means (28) are provided, which are designed for the
sﬁatially limited measurement of the secondary light emerging
from the biological matrix at two different, spatially

non-overlapping detection sites.

26. Apparatus according to any one of Claims 24 or 25,
characterized in that the detection means comprise a
two-dimensional array (26) of photosensitive elements (25, 80)
and/or the irradiation means comprise a two-dimensional array

of light emitters (81).
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27. Apparatus according to any one of Claims 24 to 26,
characterized in that light blocking means (62) are provided
to prevent transmission of primary light from the irradiation
means to the detection means by a route other than through the

biological matrix.

28. Apparatus according to any one of Claims 24 to 27,
characterized in that the detection means (28) comprise
semiconductor light receivers (80) located directly in the
light-transmission area (34) at the respective detection site

(14) and/or the irradiation means (27) comprise semiconductor

light emitters (81) located directly in the light-transmission

* [

area (34) at the respective irradiation site (12).

29. Device according to Claim 28, characterized in
that a plurality of 1light receivers (80) in the 1light

transmission area (34) are integrated in one component (83).

g
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-47- What is clainmed is: - 1. A process for converting
at | east one olefin and at | east one paraffin to a diesel fuel

bl endi ng conponent 5 conprising the steps of contacting said olefin
and said i soparaffin with a catal yst containing at |east one
material selected from MCN-22, XCX=36, -KCM 49 MCM 56 and MCN-58 to
provi de a product conprising diesel fuel.
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10 2. The process of claim1, wherein said catal yst

conpri ses MCM 56. 3. The process of claim1, wherein said
cat al yst conpri ses MCM 58. 15 4. - The process of claim
1, wherein said conversion conditions include a tenperature in the
range of from about 100-500[ erg] E; a pressure in the range of from
about 0 to about 1500 psig; an olefin WHSV (on zeolite basis) in the
range
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20 of fromabout 0.01 to 10; and an isoparaffin:olefin nolar
ratio in the feedstock in the range of from about 0.1-100. ‘ 5.
The process of claim1l, wherein said conversion conditions include a
tenperature in the range of from about 25 200-400[err]F;, a pressure in
the range of fromabout 50 to -about 100 psig; an olefin WHSV (on
zeqlite basis) in the range of fromabout 0.1 to 5; and an

i soparaffin:olefin nolar ratio in the feedstock in the range of from

about 0.25 to about 50. 30 :
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6. The process of claim1l, wherein said at |east one olefinis
7. The process of claim

selected fromderr]-Clerr] olef ins. _
6, wherein said at |east one 35 olef inis selected fromderr]-Cerr]

ol efins.
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The process of claiml1, wherein said at | east one | soparaffinis
selected fromerr]-Cerr] isoparaff ins. 9. The process of
claim8 wherein said at |east one 5 i soparaf fin is selected from
CJerr]-Cferr] isoparaffins.
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ABSTRACT

METHOD AND APPARATUS FOR THE ANALYSIS OF GLUCOSE IN A
BIOLOGICAL MATRIX

Method for determination of the concentration of
glucose in a biological matrix, comprising at least two
detection measurements, in which 1light is irradiated as
primary light into the biclogical matrix, propagated along a
light path in the biclogical matrix and the intensity of the
emergent secondary light is measured, and an evaluation step,
in which the glucose concentration is deduced from the
measured intensities of the detection measurements with the

aid of an evaluation algorithm and a calibration.

Good analytical accuracy is achieved with simple means.
in”that at least one detection measurement is a spatially
resolved measurement of multiply scattered 1light in which
primary light is irradiated into the biological matrix at a
defined input irradiation site, the intensit§ of the secondary
light emerging from the biological matrix at a defined
detection site is measured and thé detection site is located
relative to the input irradiation site so that 1light
intensively scattered at scattering centres in the biological
matrix and having an intensity correlating with the glucose

concentration is detected.

FIGURE 4




