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(57) Abrege/Abstract:
An Improved method for non-invasively measuring a concentration of a target analyte dissolved in a fluid flowing through a sample
IS presented. It includes directing a probe beam of electromagnetic radiation, consisting of time multiplexed components of different
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(57) Abrege(suite)/Abstract(continued):
wavelengths, where at least one of the time- multiplexed components consists of two different simultaneous wavelengths, whose

Intensity relation defines the effective wavelength of their combination, through the sample and measuring the difference of th
absorption of the radiation of the time-multiplexed components at different sample states. During sample state changes, th
amount of fluid containing the target analyte within the sample Is changing, which varies the total amount of target analyte In th

sample, as well as the absorption
uncompressing the tissue sample.

O ®© d

properties of the sample. The sample states are produced, for instance, by compressing ar
The accuracy of the presented method is enhanced. by including continuous estimation of the

amount of the fluid containing the target analyte within the sample, and measurement of the variations of the absorption at a
wavelength at which the target analyte absorbs significantly. The method is particularly useful in measuring the concentration of a

target analyte, such as glucose, In

tissue containing blood. An apparatus for performing this method also Is disclosed.
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(57) Abstract: An improved method for non-invasively measuring a concentration of a target analyte dissolved in a fluid flow-

ing through a sample is presented. It includes directing a probe beam of electromagnetic radiation, consisting of time multiplexed

components of different wavelengths, where at least one of the time-multiplexed components consists of two different simultaneous

wavelengths, whose intensity relation defines the effective wavelength of their combination, through the sample and measuring the

difference of the absorption of the radiation of the time- multiplexed components at different sample states. During sample state

changes, the amount of fluid containing the target analyte within the sample is changing, which varies the total amount of target
& analyte in the sample, as well as the absorption properties of the sample. The sample states are produced, for instance, by compress-
e\ ing and uncompressing the tissue sample. The accuracy of the presented method is enhanced. by including continuous estimation
of the amount of the fluid containing the target analyte within the sample, and measurement of the variations of the absorption at a
wavelength at which the target analyte absorbs significantly. The method is particularly useful in measuring the concentration of a
target analyte, such as glucose, in tissue containing blood. An apparatus for performing this method also is disclosed.

08/039299 A2 |INIINA1 10N AR 4L ARAR SO0 ARRVOREARL KR LR

O
=




10

15

20

25

CA 02700133 2015-01-23

THREE DIODE OPTICAL BRIDGE SYSTEM

BACKGROUND OF THE INVENTION

This invention relates to the non-invasive measurement of the concentration
of substances that absorb electromagnetic radiation, such as light or infrared
radiation, in absorbing and turbid matrices, such as human or animal body tissue,

using a probe beam of electromagnetic radiation. The invention is particularly

applicable to glucose measurement in human tissue using near-infrared radiation. It

is, however, generally applicable to measurements of the concentration of any
species that absorbs electromagnetic radiation, especially in strongly absorbing and
turbid matrices.

The present mvention is an improvement over U.S. Patent 5,099,123, issued
to Harjunmaa (hereafter, the "'123 patent"),

The balanced differential (or “optical bridge”) method
disclosed in the '123 patent utilizes two wavel'éxigths for target analyte concentration
measurements. The first, or principal wavelength is chosen such to be highly
absorbed in the target analyte. The second, or reference wavelength is chosen using
a balancing process so that both wavelengths-have substantially identical extinction
coefficients in the background matrix. A radiation beam is generated that contains
these two wavelengths in alternate succession at a suitable ﬁ'equency. When the
beam is properly balanced for the measurement, a sample detector, placed to
measure radiation transmitted or reflected by the sample matrix that contains only a

residual amount of the target analyte, will detect only a very small alternating



10

15

20

25

30

CA 02700133 2015-01-23

-2 .

component in the radiation, regardless of the thickness of the sample. When there is
a relatively substantial amount of the target analyte in the sample matrix, however,
the detector will detect a significant alternating signal synchronous with the
wavelength alternation. This alternating signal is amplified and is then detecte:,d
using a phase-sensitive detector (or lock-in amplifier). The optical bridge balancing
process entails nulling out ﬁxe altex.'nating signal .from the sample detector by
systematically varying the relative intensities and/or wavelengths of the repetitive
radiation periods. |

Subsequently in U.S. patent 5,178,142, (hereafter, the "'142 patent®),

, Harjunmaa e? gl. disclosed an
improved method and apparatus in which the concentration measurement is
performed using a two-wavelength alternating radiation probe beam which interacts .
with the tissue. One of the wavelengths is used as a reference wavelength, and the
other is the principal wavelength. The reference wgvelength 1s tunable to account
for'the expected variability of the background spectrum. Afier passing through the
matrix that contains a given reference concentration of analyte, detected signals
from the probe beam are balanced or nulled by controlling the reference wavelength
and the intensity relations of the two wavelengths. Next, the blood content of the
sample 1s changed. The alternating component of the interacted probe beam is then
detected. The amplitude of the alternating component of the signal given by the

sample detector is proportional to the concentration of analyte or the difference from

a preset reference analyte concentration,

Other related patents include U.S. Patents No. 5,112,124, 5,137,023;
5,183,042; 5,277,181 and 5,372,135,

SUMMARY OF THE INVENTION
This invention relates to systems and methods for éenerating a beam of
clcctromagn'etic radiation for non-invasively estimating the concentration of a target
analyte in a sa;nplé.
| The present invention relates to an improvement to the known balanced

differential, or “optical bridge,” systems for measuring the concentration of a target
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analyte 1n a sample. As used herein, “optical bridge” refers to an apparatus and/or
method for quasi~simultaneous differential optical measurement of very small
absorbance differences of a sample, performed at one or more wavelength pairs.
According to one aspect, the improved optical bridge method and system of presént

5 invention includes: 1) time-series measurements during and after a sample thickness
variation; 2) synchronization of the measurements with the unbound fluid (e.g.
blood) inrush into the sample; and, 3) the use of parameters extracted from the time-
series measurements to compensate for-daily and long-term variations in the

absorption of the sample background matrix. An advantage of the present invention

10 1s the ability to generate the required combined beam without a wavelength-tunable
light source. Aécordingly, a simpler measurement system is provided which is
capable of improved accuracy of target analyte concentration estimation.

An apparatus according to this invention includes a source for producing a
beam of electromagnetic radiafioh. This beam consists of time multiplexed

15  components (principal and refereni:e) of desired narrow line-width wavelengths, and

1s produced, for instance, using three or more diode lasers.

During a measurement, the alternating-wavelength probe beam passes
through (or is reflected from) a sample mounted in a compression device. The
compression device controllably varies the thickness of the sample (and

20 consequently its unbound fluid content) during the measurement. A sample detector
1s positioned to receive the probe beam after it passes through the sample. The
sample detector then feeds a signal to an analog signal pre-processing module that
includes the hardware implementation of the optical bridge. The output optical
bridge signal is then fed to a processor, which is programmed to calculate the target

25  analyte concentration in the unbound fluid, based on parameters extracted from the
sample detector signal and other auxiliary variables and time-varying signals.

Another advantage is that the detailed spectral structure of the_cornbined
optical system and sample in the region of the reference wavelength has no effect on
the balancing process.

30 - One of the auxiliary signals used in the calc;ulation of the target analyte
concentration is a time-varying estimate of the unbound fluid (e.g. blood) content

within the sample. This estimate can be obtained, for example, by a separate,
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auxiliary blood signal detector measuring the sample transmission (or reflection) of
light from a separate light source that provides radiation distinct from the
wavelengths used for the target analyte measurement, preferably at a wavelengtﬁ
where hemoglobin absorbs? and even more parﬁéulaxly at a wavelength where
S5  hemoglobin absorption is independent of its oxidation state (i.e., isosbestic point). In
other embodiments, a laser Doppler flow meter may be uséd to obtain a
measurement of sample blood content.
A method, according to this invention, for non-invasively measuring a

concentration of a target substance (e.g., glucose) in a matrix (e.g., tissue) includes

10  the following steps. First, the sample is compressed by the compression device to
force out the unbound fluid that contains the majority of the target analyte. The
sample 1s then illuminated with the probe beam of electromagnetic radiation.
Preferably, the beam includes a principal period and a reference period, wherein
during the principal period the effective wavelength of the radiation is more strongly

15  absorbed by a target analyte, such as .glucose, than is the effective wavelength of the
radiation during the reference period. By way of illustration, the wavelength that is
strongly absorbed by glucose can be between approximately 1550 and 1700 nm, and
the wavelength lightly absorbed by glucose can be between approximately 1350 and
1430 nm. |

20 In one embodiment, the principal wavelength is universally pre-set, or pre-
set individually for each patient. In this embodiment, the reference radiation |
consists of a mixture of two separate wavelengths that, when mixed at the entry to
the sample volume, has an effective wavelength that is a function of the relative
intensities of the two component radiations. More precisely, the effective

25  wavelength AR 1s |

AR = (Ir1°AR1 + Ir2'AR2)/(IR} + Ir2)

where Ir; = intensity at waveléngth AR;

The mntensity relation 1s adjusted during a balancing process. This balancing
30  process is performed prior to measurement. The balancing process comprises, for
example, adjusting the intensity of one of the alternating radiation periods, while

maintaining the sum of the two component intensities constant, in order to obtain a
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substantially-zero alternating component of the sample detector signal (i.e. the
optical bridge signal) at chosen sample tlﬁcknesses/pressurés exerted by the sample
compression device. In this embodiment, two ﬁxed lasers can replace one tunable
laser, which is typ1ca11y a more expensive laser. The optical bridge is “balanced”
when there is substantially no alternating component in the mgqal generated by the
sample detector. A properly balanced optical bridge means that the principal and
effective reference wavelengths are equally absorbea by the sample matrix, which
contains only residual amounts_of the térget analyte.

A measurement sequence comprises a series of individual measurements of

intensities of the transmitted/reflected probe beam wavelength components obtained

by the sample and auxiliary detector(s). This series of measurements is obtained
during an alteration of samlile thickness, and also over the subsequent s’a:mﬁle
content equilibration process that follows the alteration of safnple thickness. The
measurements are preferably obtained while the unbound fluid content of the sample
1S chénging.

In a preferred embodiment of the invention, the samplé thickness change 1s
synchronized with the heartbeat. One advantage of this is that since the influx speed
of blood depends on the blood pressure, performing the uncompression at a constant
phase of the cardiac cycle produces blood refill time profiles that are substantially
constant in shape. The cardiac phase can be chosen so as to also provide the largest
possible blood content change. |

Measurements of auxiliary parameters (including, for gxample, unbound
fluid content, temperature of sample and detector, sample thickness, and/or
electronic control system operational parameters) accompany the measurements of
the probe beam intensities. The recorded data is further combined with
corresponding estimates of the time-varying unbound fluid content over the same
time. An algorithm, based on modeling, is used to extract characteristic parameters
from the time-series profiles, and combines these para.xﬁeters with other measured
parameters to achieve improved specificity and sensitivity in the estimation of the
target substance concentration.

Using the method of the present invention, the accuracy of the target

analyte measurement is improved by isolating and quantifying the component of the
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optical bridge siénal that results from the presence of the analyte rather than other
“parasitic” factors. More spectfically, where the targeted analyte is located
primarily within the unbound fluid rather than the fixed structure of the matrix, the
magnitude of the optical bridge signal depends directly on the amount of fluid within
the sample. Thus, if the varying unbound fluid content of the sample is estimated
and plotted against the magnitude of the optical bridge signal over time, the result is
a substantially straight line whose slope is directly related to the concentration of
analyte in the sample, assuming that the other factors contributing to the “parasitic”
signal, including shifts in the effective wavelength due to changes in sample

thickness, remain relatively constant during the measurement process.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more particular-
description of example embodiments of the invention, as illustrated in the
accompanying drawings in which like reference characters refer to the same parts
throughout the different views. .T'he drawings are not necessarily to scale, emphasis
Instead being placed upon illustrating embodiments of the present invention.

FIG. 1 1s a schematic of a system for non-invasive measurement of a target

analyte having a three-diode optical bridge apparatus.

DETAILED DESCRIPTION OF THE INVENTION

A description of example embodiments of the invention follows.

The features and other details of the method of thé invention will now be
more particularly described with reference to the accompanying drawings and
pointed out in the claims. It will be understood that the particular embodiments of
the invention are shown by way of illustration and not as limitations of the
invention. The principal features of this invention can be employed in various
embodiments without departing from the scope of the invention.

Exemplary embodiments of an optical bridge system are shown and
described-in commonly-owned U.S. Application No. 11/335,833 and U.S. Patent
No. 7,003,337, the entire teachings of which are incorporated herein by reference.
One embodiment of an optical bridge apparatus for measuring glucose

concentration in blood based on transmitted light through the is shown in Fig. 1. A
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similar apparatus may be designed which uses reﬂected or back-scattered light
instead of transmitted light.

In the preferred embodiment, three fixed-wavelength monochromatic light
sources 101, 102, 103, such as laser diodes, may be used to produce the probe
beam 202,

Clock generator 110 produces a timing signal at the desired chopping
frequency f., needed for time multiplexing of the principal and reference
components, as well as the blood-estimation component, of the probe beam. The
CPU 104 generates signals for controlling the principal intensity Ip, both
wavelengths Ap and Ag, and the chopping frequency {., of the probe beam203.

The probe beam is directed onto diffuser plate70. Placing a diffuser
plate in the beam path before the sample provides the advantage of
minimizing the effects of the variation in the scattering properties of the
sample. The preferred diffuser plate 1s of the holographic type that has
substantially constant diffusing properties across the pertinent wavelength
range. The sample specimen 80, such as an earlobe, lip, cheek, nasal septum,
tongue, or the skin between the fingers or toes of the subject, is placed between
diffuser plate 70 and sample detector lens 92, and is compressed by moving the
measurement head 90, mounted on compression mechanism 400. The probe
beam 203 transmitted through sample 80 1s focused by sample detector lens 92,
and directed to sample detector 91. The sample detector 91 detects the intensity
at each of the wavelength periods of the probe beam 203 transmitted through

sample 80, and sends an electrical signal 302 to preamplifier 26 and on to a

demultiplexer 405 that separates the blood estimation wavelength signal from the
balanced-pair signal; the latter is fed to a phase sensitive detector (or lock-in
amplifier) 214. The output signal 308 from the phase sensitive detector 2141s
proportional to the difference (or ratio) of the principal and reference intensities
detected by sample detector 91. This signal 308 is referred to as the optical
bridge signal.

In this embodiment, a separate auxiliary radiation source such as an
infrared or visible-light LED 44, 1s used to provide an estimate of the sample blood
content. This auxiliary radiation source 44 produces a blood detection beam 204

that 1s directed onto the diffuser plate 70 and into the sample. An LED operating
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at a wavelength of, for instance 525 nm (an 1sosbestic wavelength for hemoglobin),
provides a good sensitivity to blood. When the balanced-pair and blood detection
wavelengths are properly time-multiplexed, the sample detector 91 can be used to
detect the transmitted portion of the blood detection beam 204, producing a blood
signal 304.

Other possible techniques for obtaining an estimate of the blood content
include ultrasound and electrical impedance plethysmography.

To perform a measurement, the sample 80 is introduced between diffuser
plate 70 and sample detector lens 92. The measurement head 90 is moved by
compression mechanism' 400 to gently compress ‘sarnple 80 until a predetermined
pressure 1s exerted on sample 80. The preferred embodiment of compression
mechanism 400 includes a miniature linear actuator. Its step size, speed and travel
distance are controlled by the CPU 104. Although this embodiment uses an electrical
actuator, a hydraulic or a pneumatic actuator could also be used, with the ensuing

advantages of compactness of the compression mechanism.

In this description, three different types of probe beam attenuations are
distinguished. First is the background matrix, the second is the target analyte,

while the third is the unbound fluid attenuation.

The background matrix attenuation results from the absorption of probe
beam 203 by sample constituents whose concentrations are substantially constant
throughout fixed sample compartments. The target analyte attenuation is caused by
absorption of probe beam 203by the target analyte (e.g. glucose), which is mostly .
concentrated in the unbound fluid (e.g. blood). When the tissue is sufficiently
compressed, the unbound fluid, along with the target analyte (e.g. glucose), is
substantially displaced from the sample 80. Since the concentration of the target
analyte in the unbound fluid is different than its concentration in the background
matrix (e.g. intracellular concentration), its average concentration in the beam path
changes as a result of the compression. This concentration change allows the target

analyte to be detected by this method.

The principal wavelength Ay of probe beam 203is selected in such a way to
have high attenuation by the target analyte. The principal wavelength intensity Ip is
set to achieve an optimal transmitted signal intensity: The effective reference

wavelength A of the probe beam is selected during the optical bridge balancing
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process. Its intensity Iz should be adjusted before each measurement as explained

below in the description of the measurement process.

In the following text, a simple to understand example of a bridge
balancing process is presented. It will be readily understood by those skilled in the
art that different, more complex, bridge balancing procedures can also be used,
with corresponding variations of the signal processing algorithm.

In the first step of bridge balancing, samﬁle 80 1s sufﬁciently compressed to
remove the major amount of unbound fluid from the sample tissue. The principal
wavelength parameters Ap and Ip are set, and the effective reference wavelength Ax
1s initialized. The probe beam 2031s directed at the sample, and the optical bridge 1s
balanced or nulled by adjusting the intensity of the probe beam reference
wavelength intensity Iz = Iz, + Iz, to obtain a substantially-zero optical bridge
signal 308. In other embodiments, the reference wavelength intensity Iy 1s set, while
the principal wavelength intensity Ip 1s adjusted to balance the bridge. Next, the
sample compression pressure is released by a predetermined amount (typically less
than 0.1 mm) and the probe beam effective reference wavelength Ay is adjusted by
controlling the intensity ratio of Ag; and Ar, using a signal from CPU 104 so as to
again achieve a substantially-zero optical bridge signal 308. The initial
compression pressure 1s chosen such that, even after releasing sample 80 by several
times the incremental thickness, there 1s nearly no unbound fluid reflow into the
sample. Changes in the optical bridge signal 308, due to this thickness increase
result merely from increased background matrix thickness and not from any
substantial influx of fluid. Sample 80 1s then uncompressed again by one step
thickness, and the intensity at the reference (or principal) wavelength is again
adjusted by the CPU 104 to achieve minimum optical bridge signal.

This stepwise increasing thickness procedure may be continued until a
substantially-zero optical bridge signal is obtained. Once the sample thickness
has been increased, the procedure may also be reversed, using stepwise
decreasing thicknesses. When this balancing procedure is completed, the
absorption coefficient of sample 80 in its compressed state is substantially equal
at the two wavelengths Ap and effective Ar.

In one embodiment, the balancing 1s limited to only one cycle in order

to speed up the measurement and reduce the compression stress on the sample.
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This completes the optical bridge balancing phase; at this point both
wavelengths and their intensities have been established. The instrument is ready to
perform a measurement. A typical sequence for measurement of glucose in blood

will be described in the following text, with reference to the measurement

apparatus of the Figure.

Generally, the sample 80 1s maintained in the compressed state to displace
the unbound fluid content for a time period of approximately 1 to 100 seconds.

Next, continuous measurements of the time-varying signals begin,
including time-varying measurements of the optical bridge output 308, blood signal

304, and position sensor output 312.

Once these measurements begin, the compression mechanism 400 then
starts opening the measurement head 90 by an amount and rate set by the CPU 104.
The amount of head opening may be fixed (e.g. 0.5 mm for a human ear), or may be
thickness dependent (e.g. 20% of the compressed sample thickness). It 1s directly
controlled from the subroutine for compression control, via connection 365. The
purpose for the fast opening phase is to allow the unbound fluid that contains the
target analyte to return into the sample.

The opening of the compression mechanism causes a change in the sample
composition, which makes the sample absorb differently at the principal wavelength
and the effective reference wavelength. This relative change in absorption results in
a non-zero optical bridge signal 308. The measurefnents continue until stopped by
CPU 104. Typically, the time-varying signal series should contain several hundred

data sets, which are recorded, in a data acquisition block 106, over a measurement
time period of approximately 0.1 to 10 seconds after the sample uncompression

begins.

This concludes the measurement process, which is then followed by signal

processing.

Having thus described a few particular embodiments of the invention,
various alterations, modifications and improvements will readily occur to those
skilled in the art. Such alterations, modifications and improvements as are made

obvious by this disclosure are intended to be part of this description though not
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expressly stated herein.

For example, while the method is here described as applied to an optical
bridge employing non-tunable lasers, it can also be applied to different
implementations of the optical bridge, such as on¢ equipped with Jight emitting
diodes or superluminescent light emitting diodes or other means to generate a beam
containing the required wavelength combinations. Moreover, although the method
i§ .‘here des.cribed with a focus toward measuring the concentration of glucose in
blood, the method and apparatus of this invention may also be employed to detect
the concentration ;)f other analytes such as cholésterol, urea, heavy metals, alcohol,
nicotine or drugs in blood or other fluids. Furt]"ner, sinusoidal, rather than square,

modulation waveforms that are set 180° out of phase and result in a substantially

“constant total intensity, can altermnatively be used to form the combined radiation

beam. Also, measurements of radiation reflected or back-scattered by the tissue,

rather than transmitted radiation, can be performed to obtain the desired data.
Accordingly, the foregoing description is by way of example only, and not
limiting.
The scope of the claims should not be limited by the preferred embodiments
set forth in the examples, but should be given the broadest interpretation consistent

with the description as a whole.



10

15

20

25

CA 02700133 2015-01-23

- 172 -

CLAIMS

What 1s claimed 1s:

A method of generating a beam of electromagnetic radiation for the non-invasive
measurement of a concentration of a target analyte in a fluid within a sample matrix,
the method comprising:

directing a combined beam of electromagnetic radiation at the sample, the
combined beam including at least two repetitive periods of radiation including a
principal beam and a reference beam, the principal and reference beams having
different wavelengths, the target analyte having different absorption coefficients
for the different wavelengths, and the reference beam including a mixture of at
least two radiations of different wavelengths, having an effective wavelength equal
to an intensity-weighted mean of the two component wavelengths, wherein
intensities of the periods of radiation are adjusted when the sample is at a first
sample fluid state, and at least one effective wavelength of the at least two
repetitive periods of radiation 1s selected to minimize detectable transmission or

reflection difference when the sample 1s at a state different from the first state.

The method according to Claim 1, wherein the sample matrix comprises biologic

tissue and the fluid comprises blood.

The method of Claim 1, wherein a wavelength strongly absorbed by glucose is

substantially in the range of 1550 to 1700 nm, and a wavelength lightly absorbed by
glucose 1s substantially in the range of 1350 to 1430 nm.

The method of Claim 1, further including producing the combined beam by three or

more diode lasers.

A system for the non-invasive measurement of a concentration of a target analyte
in a fluid within a sample matrix, comprising:
a source of electromagnetic radiation that is configured to direct a combined

beam of electromagnetic radiation at the sample matrix, the combined beam
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including at least two repetitive periods of radiation including a principal beam and a
reference beam, the principal and reference beams having different wavelengths, the
target analyte having different absorption coefficients for the different wavelengths,
the reference beam including a mixture of at least two radiations of different
wavelengths having an effective wavelength equal to the intensity-weighted mean of
the two component wavelengths, a sample detector that detects the concentration of
the target analyte by measuring radiation reflected by the sample matrix, and a
controller configured to adjust intensities of the periods of radiation when the sample
is at a first sample fluid state, and at least one effective wavelength of the at least two
repetitive periods of radiation 1s selected to minimize detectable transmission or

reflection difference when the sample is at a state different from the first state.

The system of Claim 5, wherein the source of electromagnetic radiation comprises

three or more laser diodes.
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