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(57) The apparatus for the non-invasive glucose de-
tection comprises an electrical detection device (2) for
measuring the response of the tissue or blood to an elec-
tric field at low frequencies below 1 MHz and at high
frequencies above 10 MHz. The former is primarily dom-
inated by skin hydration and sweat, while the latter con-
tains contributions from the current glucose level. Com-
bining the two signals allows an increased degree of ac-
curacy. The apparatus further comprises a force or ac-
celeration sensor (4, 5), which allows to detect the pres-
sure of the apparatus against the skin and/or quick move-
ments. Further sensor modules, such as a temperature
sensor (6) or alternative perfusion sensor (7), improve
the accuracy of the measured result.
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Description
Technical Field

[0001] The presentinvention relates to the determina-
tion of glucose levels in body tissue/blood and various
concepts for improving the accuracy of the same.

Background Art

[0002] WO 2005/053523 and WO 2005/053526 de-
scribe various aspects of a non-invasive, in-vivo tech-
nigue for determining the glucose level in body tissue.
The technologies described in these documents do pro-
vide a reasonable degree of accuracy, but long-term ac-
curacy can only be achieved using strict control of the
parameters under which the measurement takes place,
which may be undesirable in some situations.

Disclosure of the Invention

[0003] Hence, itis a general object of the invention to
provide ways to improve the accuracy of in-vivo non-in-
vasive glucose determination.

[0004] This object is achieved by the apparatus of
claim 1.

[0005] Accordingly, the apparatus comprises a detec-
tion device for non-invasively measuring a glucose pa-
rameter of the tissue depending on the glucose level.
This detection device may be based e.g. on a dielectric
measurement and/or an optical measurement. The ap-
paratus further comprises an acceleration sensor for
measuring an acceleration of the apparatus as well as
evaluation circuitry for determining the glucose level. This
combination of features is based on the understanding
that during an acceleration of the apparatus/body (as it
may e.g. occur when wearing the apparatus on an arm
and moving the arm) the force by means of which the
apparatus is pressed against the tissue varies, which ei-
ther requires a correction of the measurement obtained
from the detection device and/or a suppression of at least
part of the functions of the apparatus and/or makes it
advisable to issue an alert to the user. This can also in-
dicate periods of time when there is a greater confidence
of measuring changes associated with glucose rather
than movementin the evaluation algorithm such as sleep,
desk work or driving where limited movement is expect-
ed.

[0006] According toapreferred aspectofthe invention,
an apparatus is described comprising an electrical as
well as an optical detection device. The electrical detec-
tion device has an electrode arrangement which is suited
to apply an electric field to the body tissue for measuring
at least one first parameter describing a response of the
tissue to said electric field. The optical detection device
comprises a light source and a light receiver for meas-
uring at least one second parameter describing a trans-
mission or reflection of light by said tissue. The apparatus
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is further equipped with evaluation circuitry for determin-
ing the glucose level from a combination of the first and
second parameters. By combining a parameter obtained
from the electric field response and another parameter
obtained from the optical response, it becomes possible
to eliminate or, at least, reduce the dependence of the
signal from the blood perfusion level in the tissue under
study.

[0007] In a preferred aspect of the invention, the ap-
paratus contains a detection device for non-invasively
measuring a glucose parameter of the tissue, which glu-
cose parameter depends on the glucose level. This de-
tection device can e.g. be based on a dielectric meas-
urement and/or an optical measurement. In addition to
the detection device, the apparatus comprises a force
sensor for measuring a force parameter indicative of the
force by means of which said apparatus is pressed
against the tissue as well as evaluation circuitry for de-
termining the glucose level. This allows an increased ac-
curacy since the parameters measured by non-invasive
methods for glucose determination generally depend on
the force by means of which the apparatus is pressed
against the tissue. Hence, by measuring the force pa-
rameter, the result from the glucose parameter can be
corrected and/or an alert can be issued if the apparatus
is not properly pressed/attached against the tissue or a
biophysical change has occurred in the body that causes
a large increase in the applied pressure such as water
retention, blood pressure change fluctuations.

[0008] Ina preferred aspect, closely related to the sec-
ond aspect of the invention, the apparatus comprises a
detection device for non-invasively measuring a glucose
parameter of the tissue depending on the glucose level.
This detection device may again be based e.g. on a di-
electric measurement and/or an optical measurement.
The apparatus further comprises an acceleration sensor
for measuring an acceleration of the apparatus as well
as evaluation circuitry for determining the glucose level.
This combination of features is based on the understand-
ing that during an acceleration of the apparatus/body (as
it may e.g. occur when wearing the apparatus on an arm
and moving the arm, the force by means of which the
apparatus is pressed against the tissue varies, which ei-
ther requires a correction of the measurement obtained
from the detection device and/or a suppression of at least
part of the functions of the apparatus and/or makes it
advisable to issue an alert to the user. This can also in-
dicate periods of time when there is a greater confidence
of measuring changes associated with glucose rather
than movementin the evaluation algorithm such as sleep,
desk work or driving where limited movement is expect-
ed.

[0009] In a preferred aspect, the apparatus comprises
an electrical detection device having an electrode ar-
rangement for applying an electric field to the tissue. The
detection device is adapted to measure

at least one first parameter at a frequency of the field
above 10 MHz and
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at least one second parameter at a frequency of the field
below 1 MHz.

[0010] The apparatus further comprises evaluation cir-
cuitry for determining the glucose level from the combi-
nation of the first and the second parameter.

[0011] Thisis based on the understanding that the first
parameter will depend on the glucose level as well as
sweat, and the skin hydration while the second parameter
primarily depends on skin hydration only. Hence com-
bining the two parameters, e.g. using calibration data,
allows to reduce the dependency of the result on skin
hydration.

Brief Description of the Drawings

[0012] The invention will be better understood and ob-
jects other than those set forth above will become appar-
ent when consideration is given to the following detailed
description thereof. Such description makes reference
to the annexed drawings, wherein:

Fig. 1 is a block circuit diagram of an apparatus em-
bodying the various aspects of the invention,

Fig. 2 is a sectional view of an embodiment of the
apparatus,

Fig. 3 shows the layout of the electrodes of the em-
bodiment of Fig. 2,

Fig. 4 a possible circuit diagram for driving the elec-
trodes of the embodiment of Fig. 3,

Fig. 5 is a second embodiment of the layout of the
electrodes, together with the arrangement of light
sources and light detectors,

Fig. 6 is a third embodiment with a different arrange-
ment of light sources and light detectors,

Fig. 7 is a sectional view along line VII-VII of Fig. 6,
Fig. 8 is a sectional view along line VIII-VIII of Fig. 6,
Fig. 9 shows the optical transmission at a fingertip
for raised and lowered positions of the hand,

Fig. 10 shows a first possible arrangement of the
force sensor,

Fig. 11 shows a second possible arrangement of the
force sensor,

Fig. 12 shows skin temperature and glucose profile
over several days in a patient with Type 1 diabetes,
Fig. 13 shows the dependence of the electrode ca-
pacity (fat line) at 15 MHz for different sleeve pres-
sures (thin line),

Fig. 14 shows, for the experiment of Fig. 13, the op-
tical reflectivity (thin line) at 550 nm together with the
electrode capacity (fat line), and

Fig. 15 shows, again for the experiment of Fig. 13,
the force measured by the force sensor (thin line)
together with the electrode capacity (fat line).
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Modes for Carrying Out the Invention

1. Overview

[0013] Fig. 1 shows an overview of an embodiment of
an apparatus illustrating the various aspects of the
present invention.

[0014] Ascanbeseen,the apparatus comprises acon-
trol unit and evaluation circuitry 1, which can e.g. be im-
plemented as a microprocessor, peripheral circuitry and
software components suited for carrying out the various
tasks described below. In addition, the apparatus com-
prises various sensor modules 2 - 8:

- An electrical detection device 2 has electrodes for
applying an electrical field to the tissue of the user
and measures at least one parameter describing the
response of said tissue to said electric field.

- An optical detection device 3 has a light source and
a light receiver for measuring at least one parameter
describing a transmission or reflection of light by the
tissue.

- Aforce sensor 4 is designed to measure a force pa-
rameter indicative of the force by means of which
the apparatus is pressed against the tissue or be-
tween the apparatus and underlying tissue or its dis-
tribution over a surface in the case of a flexible sens-
ing element or measured tissue.

- Anacceleration sensor 5 measures the acceleration
(including deceleration) of the apparatus.

- Atemperature sensor 6 (or, advantageously, several
temperature sensors) are used to measure one or
more temperature values. They are e.g. used to
measure the temperature on the surface of the tis-
sue, in the apparatus or of the environment.

- Analternative perfusion sensor 7 can e.g. be provid-
ed (in addition to or instead of some other sensor
modules) for measuring a parameter depending on
the level of blood perfusion of the tissue.

- Aninductive sensor 8 can be used for measuring an
inductive response of the tissue, i.e. the response of
the tissue to an applied magnetic field.

[0015] This list of sensor modules is not exhaustive.
The apparatus may also be equipped with other sensor
modules that allow a (advantageously non-invasive) de-
termination of a parameter that has an influence on the
measured glucose level. Also, one or more of the sensor
modules can be omitted if the corresponding parameter
(s) is (are) to be ignored. Finally, some of the modules
may be combined into one: For example, the force and
acceleration sensors may be combined in a single mod-
ule because both basically measure a force or a distri-
bution of a force over a surface.

[0016] Finally, the apparatus is advantageously also
equipped with an interface 11 for connecting the control
unit 1 to external data processing and/or control circuitry.
[0017] In principle, the operation of the apparatus is
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as follows: Control unit / evaluation circuitry 1 operates
the various sensor modules 2 - 8 (or part thereof) to meas-
ure a number of parameters that depend on the user’s
state (e.g. electric and optical response of the tissue),
the state of the user’s surroundings (e.g. ambient tem-
perature), as well as on the state of the apparatus itself
(e.g. the temperature within the apparatus). Evaluation
circuitry 1 combines the various measured parameters,
e.g. using multidimensional calibration data and/or algo-
rithmic rules, to calculate a signal or display a value in-
dicative of the glucose level.

[0018] A possible mechanical set-up of the apparatus
is shown in Fig. 2. The shown apparatus has approxi-
mately the shape and size of a wristwatch and can be
worn on an arm or leg 20 by means of a wristband 21. It
has a housing 22 with a first housing part 39a and a sec-
ond housing part 39b. A unit 23 is located at its front side
and an electrode arrangement 24 at its backside. The
interior of the housing provides space for the circuitry of
the control unit and evaluation circuitry 1, at least part of
the various modules 2 - 8 as well as a battery 25. It must
be noted, though, that this is merely one advantageous
example of a possible embodiment. Other designs can
be used as well. For example, part or all of control unit
and evaluation circuitry 1 may be arranged in a separate
device connected to the apparatus of Fig. 2 by wirebound
or wireless communication means.

[0019] Instead of using a wristband 21, the apparatus
can also be attached to the body by other means, such
as adhesive tape.

[0020] In the following, the various parts of the appa-
ratus of Figs. 1 and 2 will be described in more detail.

2. Electrical detection device

[0021] Electrical detection device 2 serves to measure
the response of the tissue to an electric field, which can
e.g. be expressed in terms of the (complex) electrical
impedance or in general dielectric characterization. The
field is applied to the tissue by means of one or more
electrode arrangements.

[0022] In the present embodiment, the impedance (or
a value correlated to the same) for field frequencies
above 10 MHz measured by the electrical detection de-
vice is the one measured parameter that has the strong-
est dependence on glucose or variations thereof of all
measured parameters and is therefore also termed the
"glucose parameter". If, however, in another embodi-
ment, glucose is primarily determined by optical means,
an optically measured parameter may be termed the "glu-
cose parameter". The "glucose parameter" may also be
obtained from a combination of various measurements,
e.g. from a combination of optical and dielectric meas-
urements.

[0023] Turning back to the present embodiment, the
impedance measurement of the skin tissue can be made
using a variety of sensors that can operate as stand alone
devices or combined structures. They can be attached
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to multiple positions on the body to allow for the differ-
ences in the micro vascularisation of the tissue associ-
ated with the different regions to be examined. For ex-
ample, since the degree of micro vascularisation increas-
es as the blood vessels move towards extremities of the
body (i.e. hands and feet) a greater relative sensitivity to
dielectric changes in blood is achieved in such tissues.
At the earlobes, for example, there is the advantage that
they possess the greatest degree of blood perfusion for
capacitively coupled measurements to be made, howev-
er there are obvious restrictions on the size of the tissue
surface area available and the movement that occurs in
such a position.

2.1 Differential sensor

[0024] In an advantageous embodiment, the electrical
detection device 2 comprises a differential sensor having
several arrangements of electrodes that differ in their ge-
ometry. This is explained in the following.

[0025] The human skin can be seen as several corru-
gated parallel layers with various physical properties and
biological functions. The dermis layer is the one with high-
est blood perfusion, hence it is believed to be most sen-
sitive to blood glucose changes. As it is situated below
other layers (for example epidermis and stratum cor-
neum), a direct measurement of dielectric properties of
the dermis layer is not possible with a non invasive sensor
placed on the skin surface. The purpose of the differential
sensor is then to achieve depth specific measurements
in order to distinguish impacts of the various layers on
the measurement of the whole volume under consider-
ation.

[0026] The method that is chosen here uses multiple
electrode arrangements with different geometries, e.g.
different widths and separations. Generally speaking, the
penetration depth of the signal increases with increasing
electrode width and electrode separation. For a multilay-
er system, there is a maximum of sensitivity to the mag-
nitude of the dielectric changes for each layer at different
electrode widths and separations. Combining the results
of the measurements from the different electrode ar-
rangements allows to track contributions of the separate
layers. Finite element modeling simulations of the electric
potential distribution allow the geometry of the sensor to
be optimized and to achieve maximum sensitivity to
changes in the dielectric properties of the specific layers.
[0027] For example a sensor consisting of two ar-
rangements of electrodes can be considered. One elec-
trode arrangement is called short sensor. The small size
and separation of electrode make it sensitive to changes
in upper skin layers. The second set is called long sensor.
The large size of the electrode and the large gap make
it sensitive to deeper layers, in this case dermis.

[0028] Fig. 3 shows an example of such a sensor. The
dotted areas represent the electrodes, the circles the
contacts 31 through the base 32 that the electrode ar-
rangements are mounted on.
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[0029] The first electrode arrangement comprises a
thin strip electrode 33 separated by a thin gap 34 from a
base electrode 35. The second electrode arrangement
comprises a thicker strip electrode 36 separated by a
thicker gap 37 from the base electrode 35. In other words,
the two electrode arrangements have a common first
electrode, namely the base electrode 35.

[0030] Base electrode 35 can e.g. be applied to
ground, while the strip electrodes 33 and 36 carry an AC
signal.

[0031] The first electrode arrangement is sensitive to

the properties of the upper skin layers. The second elec-
trode arrangement is larger and has larger distance to
ground in order to be sensitive to the properties of a deep-
er skin layer, in this case dermis.

[0032] The circuitry for driving each of the electrode
arrangements and retrieving signals therefrom may e.g.
be the same as disclosed (for a single electrode arrange-
ment) in WO 2005/053523, which is incorporated herein
in its entirety by reference. However, part of that circuitry
would have to be duplicated to drive the two electrode
arrangements.

[0033] A possible design of the circuitry for driving the
two electrode arrangements is shown in Fig. 4. As can
be seen, the circuitry comprises a (signal generating el-
ement) voltage controlled oscillator (VCO) 40, which gen-
erates an AC voltage of variable frequency. The frequen-
cy can e.g. be set by control unit 1. The signal from VCO
40 is fed to a switch 41, which alternatively feeds it to
either the first electrode arrangement (denoted by C1) or
the second electrode arrangement (denoted by C2) via
known resistors R1, R2 and inductances L1 and L2, re-
spectively. For each path, the voltage at the point be-
tween the resistors (R1 or R2) and the inductance (L1 or
L2) is fed to a measuring circuit 43, which measures its
phase phil or phi2 as well as its amplitude A1 or A2. These
measured signals are further processed in the control
unit and evaluation circuitry 1.

[0034] It must be noted that the circuit shown in Fig. 4
is merely one of many possible embodiments of such a
circuit. In particular, the measurement may also be car-
ried out in the time domain (e.g. using short pulses), e.g.
with subsequent Fourier analysis. Such a device has
been described in WO 04/021877.

[0035] Further processing of the signals will, in general
terms, comprise the step of comparing the signals ob-
tained by the two electrode arrangements, e.g. by calcu-
lating a difference or ratio of the amplitudes, potentially
after weighing the signals with suitable weights.

[0036] A general algorithm and method of calibration
to be used for evaluating the signals of the electrical de-
tection device 2 (and, in fact, for the signals of all meas-
urement modules 2 - 8) is described in WO 2005/053526.
[0037] In an alternative embodiment, the layout of Fig.
3 could be replaced by a design where the first and sec-
ond electrode arrangements have a larger extent of spa-
tially overlapping fields, e.g. by using three or more ad-
jacent strip electrodes between ground electrodes,
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wherein the central strip electrode is either applied to
ground (for forming the first electrode arrangement) or
to the same signal as the other strip electrodes (for form-
ing the second electrode arrangement). Switch 41 would
in that case be replaced by a suitable array of switching
allowing to connect individual strip electrodes either to
ground or to the signal from VCO 40. The apparatus
would be operated to carry out a measurement for each
electrode arrangementand then compare the two results.
[0038] An electrode design consisting of parallel strip
electrodes will also be shown in the next section.
[0039] The frequency of the signals used in the differ-
ential sensor is advantageously above 10 MHz, e.g. in
the range of some ten MHz up to several GHz. As de-
scribed in WO 2005/053523, measurements in this fre-
quency range are particularly sensitive to the glucose
concentration or variations thereof.

2.2 Moisture and sweat sensor

[0040] The present apparatus can further comprise a
moisture/sweat sensor that measures the sweat (surface
water content) of the skin. This is an import parameter
that affects the dielectric and electric response of the skin
without being a direct measure of the glucose content.
Hence, a more accurate knowledge of the skin hydration
and sweat allows to obtain a more accurate result.
[0041] Advantageously, the skin hydration is also
measured by the electrical detection device, since it
strongly affects the electrical properties of the skin.
[0042] For measuring skin hydration, the electrical de-
tection device can either use the same electrodes as for
measuring the electric and dielectric response of the tis-
sue as the primary glucose sensor (i.e. the differential
sensorinthe presentembodiment), oritcan use separate
electrodes. In both cases, it measures the impedance
between the electrodes.

[0043] Theimpedance measurementisbasedona ca-
pacitance measurement of a dielectric medium similar to
the differential sensor but is carried out at much lower
frequencies, advantageously at a fixed frequency below
10 MHz, in particular below 1 MHz, or using a wide fre-
quency sweep at signal frequencies in the range of 1 kHz
- 10 MHz. Equivalently, a single pulse with frequency
contributions in this range can be used, advantageously
with subsequent digital and/or analog filtering for fre-
quencies outside the range. Any change in the dielectric
constant due to skin surface hydration variation alters
the capacitance of a precision measuring capacitor. The
measurement can detect even slightest changes in the
hydration level. The reproducibility of the measurement
is very high and the measurement time is very short (1
s). When using closely spaced, small electrodes, the
measurement depth can be very small (100 pm). It can
be varied depending on the sensor geometry. The resist-
ance of the skin surface at low frequencies is measured.
This type of measurement is similar to the widely used
Galvanic Skin Response (GSR) detection.
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[0044] Advantageously, two measurements are car-
ried out. A first one is carried out at preferably between
approximately 1 kHz and 100 kHz to provide a first pa-
rameter, a second one preferably between approximate-
ly 100 kHz and 1000 kHz to provide a second parameter.
The first measurement at approximately 1 kHz has been
found to depend primarily on surface sweat, whereas the
measurement at and above 100 kHz is primarily due to
the hydration of lower skin layers. By measuring at both
frequencies, a better knowledge of the system can be
gained.

2.3 Signal generation

[0045] Generating the various signals used by the
electrode arrangements of electrical detection device 2
is straightforward. Depending on the frequency and fre-
quency range, the signal voltages may be produced in
simple LC- or microwave oscillators, oscillators control-
led by a phase locked loop (PLL) and associated circuitry
(i.e. mixers, frequency dividers, superposition of a
number of signal frequencies etc.) or through direct digital
synthesis (DDS, sometimes termed NCO - numeric con-
trolled oscillator). All these systems are able to produce
frequencies from zero up to about 100GHz. Signal sourc-
es are available commercially from a plethora of vendors,
either as electronic parts or as complete assembled and
tested units.

[0046] Key parameters for such signal sources are fre-
quency range, frequency and amplitude stability. For
portable devices power consumption is also a very im-
portant figure.

[0047] Measurements can be carried out in a frequen-
cy range between some kHz up to and exceeding 350
GHz. Sometimes more than one electrode arrangement
may be used for one frequency or arange of frequencies.
Also different electrode arrangements may be positioned
differently with respect to the tissue region of interest.

2.4 Conclusion

[0048] As described, the electrical detection device 2
measures at least two parameters. The first parameter
describes the response of the tissue to a field generated
by the electrode arrangement at a frequency of the field
above 10 MHz. The second parameter describes the re-
sponse of the tissue to the field generated by the elec-
trode arrangement at a frequency of the field below 1
MHz. Since the first parameter depends strongly on glu-
cose, but also on skin hydration, while the second pa-
rameter depends primarily on skin hydration, combining
the two in evaluation circuitry 1 allows to decrease the
dependence on skin hydration.

3. Optical detection device

[0049] Optical detection device 3 is primarily aimed at
determining and quantifying changes in blood flow and
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the perfusion characteristics in a defined volume of skin
and underlying tissue or generally to allow generating a
measure for perfusion and volume fraction changes in
the spatial volume under study. There are many factors
associated with physiological changes of the body that
can change the blood perfusion level in the skin tissue.
A sensor that combines an optical detector with the sig-
nals from electrical detection device 2 has the added ad-
vantage that an independent measure of blood volume
and flow can be used to account for corresponding var-
iations of the signal from the electrical detection device
2. Itis useful to have different measures of such perturb-
ing factors for compensation purposes

[0050] The sensoraims to measure blood flow and per-
fusion so that this additional parameter can be extracted
and used to compensate the influence of changes in mi-
crovascular flow. In addition, the signal can serve as an
additional parameter to improve the accuracy of the ap-
paratus.

[0051] Implementations of optical detection device 3
include a light source, e.g. in the broadband visible spec-
trum, combined with a light detector to measure reflect-
ance and/or absorbance of the radiation by the tissue
volume. The separation distance between the transmitter
and receiver can determine the volume of skin tissue
being monitored and the depth of penetration of the in-
cident waves. Large separation tends to allow for greater
sensitivity of the sensor at greater penetration depths.
The light source can be incorporated into the apparatus
or driven from an external source by using optical
waveguide technology to determine the exact transmis-
sion path of the radiation within the tissue. Similarly the
radiation can be sensed directly by discrete components
in the apparatus itself, or be extracted via the waveguide
system to an external sensor.

[0052] Variation in penetration depth measurement
within an integrated sensor structure can be achieved by
a combination of multiplexing the input and output signals
from the waveguide structure for example, to vary the
separation distance between the illuminated waveguide
and the receiving waveguide. The optical detection de-
vice could e.g. comprise an external light source and de-
tection system coupled to the waveguide via an optical
waveguide, or could integrate the light source into the
sensor apparatus itself, e.g. by using light emitting poly-
mers in the fabrication of the sensor. The opto-active
polymers can form the supporting structure of the elec-
trode arrangements of electrical detection device 2,
which has the advantage that this would enable the direct
coupling of the two measured signals into the same tissue
volume. The sensing component of the sensor can con-
sist of a single photodiode element or an array of sensing
elements that can also be used to reveal change in re-
flection characteristics of the underlying tissue according
to varying penetration depth or the distribution charac-
teristics over the measured surface.

[0053] The light source can generate narrowband light
or a multitude of specific spectral bands chosen to match
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the absorption and reflection characteristics of the un-
derlying tissue and fluids, or include a broadband spec-
trum. In the example of a CCD array, a broad spectrum
response could be achieved combined with spatial sep-
aration information.

[0054] A specific embodiment of the optical detection
device 3 together with an arrangement of strip electrodes
45 (as an alternative to the arrangement of Fig. 3) is
shown in Fig. 5.

[0055] As mentioned above, the strip electrodes 45
can e.g. be operated in a first electrode arrangement
where the even electrodes are applied to ground and the
odd electrodes to the signal and in a second electrode
arrangement where the first two electrodes are applied
to ground, the second two electrodes to the signal, the
third two electrodes to ground, etc.

[0056] As can be seen, the apparatus of Fig. 5 further
comprises a number of light sources 46 associated with
lightdetectors 47. For example, two or three light sources
46 can be arranged in close proximity to a light detector
47, which allows to use light sources of different wave-
length and/or light sources at different distances from the
light detectors.

[0057] The light sources 46 can e.g. be light emitting
diodes and the light detectors can e.g. be photodiodes.
[0058] Another embodiment of the apparatus is shown
in Fig. 6 - 8. It again comprises a plurality of parallel strip
electrodes 45 and is equipped with light sources and light
detectors. In this case, however, the light sources are
located below the electrode arrangement and transmit
their light through the electrode arrangement, namely
through the gaps between the adjacent strip electrodes
45. The light detectors are also located below the elec-
trode arrangement and receive light reflected from the
tissue and transmitted through the electrode arrange-
ment.

[0059] Each light source comprises, in this embodi-
ment, a light emitter 46a and a waveguide 46b. The light
source is arranged to emit its light into the waveguide
46b, while the waveguide is provided with surface grat-
ings or roughed areas 48 in the gaps between the strip
electrodes 45, which decouple the light from the
waveguide 46b and emit it into the tissue.

[0060] Similarly, each light detector comprises a light
sensor 47a and a waveguide 47b. The waveguide 47b
is substantially of the same design as the waveguide 46b
and has surface gratings or roughed areas 49 in the gaps
between the strip electrodes 45. Light reflected from the
tissue is scattered on the gratings or roughed areas 49
and coupled into the waveguide 47b, from where it is
projected onto light sensor 47a.

[0061] In the embodiment of Figs. 6 - 8, the electrode
assembly is substantially planar with a first surface facing
the tissue and a second surface facing away from the
same. The waveguides 46b and 47b are located at the
second surface.

[0062] Instead of using waveguide light detectors as
shown in Fig. 8, a CCD camera can be arranged below
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the electrodes, which allows to receive a spatially re-
solved image of the reflected light for better interpretation
of the data.

3.1 Wavelength

[0063] As mentioned, the main purpose of the optical
detection device 3 is to give a measure of the blood per-
fusion of the tissue. To analyze the wavelengths that al-
low a sensitive measurement of the perfusion, an exper-
iment was performed using a micro spectrometer with a
scanned frequency range from 850nm to 350nm
(Bohringer Ingelheim Microparts GmbH, Dortmund, Ger-
many). Transmission at the finger tip was measured with
different positions of the hand (raised and hanging down)
to induce changes in the perfusion characteristics. A re-
spective graph is presented in Fig. 9.

[0064] Wavelengths in the range of 450 to 800 nm, in
particular of 550 and 700 nm, have been identified to
allow the most efficient blood perfusion measurements
of the upper and lower dermal vascular bed including
bigger blood vessels.

[0065] It is known that NIR light can be used as well
to monitor perfusion characteristics in deeper underlying
tissues (muscle/fat layers etc), while the green wave-
length (550nm) is more characteristic for absorbance by
blood and hence changes in the microvascular system.
[0066] Using combinations of measurements at sev-
eral wavelengths and/or for several separations allows
to refine the data on the perfusion characteristics from
various dermal and generally tissue layers. Differences
in temporal responses in different depths can also be
extracted.

[0067] In one advantageous embodiment, measure-
ments preferably at least in two wavelengths are carried
out, one in the visible range of the spectrum (450 nm to
800 nm) and one in the near infrared (800 nm to 10 wm).

4. Force sensor, acceleration sensor

[0068] The force and acceleration sensors are aimed
at determining and/or quantifying the magnitude of
changes in the response of electrical detection device 2
(or other sensor modules) caused by physical move-
ments of the tissue being monitored or caused by a
change of the pressure between the apparatus and the
tissue.

[0069] One possible embodiment of a force sensor is
shown in Fig. 2. In this embodiment, the lower housing
part 39b, namely base 32 resting against the tissue, is
suspended on the upper housing part 39a on one side
only, while a piezoelectric force sensor 4 is arranged be-
tween its other end upper housing part 39a. An increase
of the pressure of upper housing part 39a towards the
tissue willlead to anincrease of the force that is measured
by force sensor 4.

[0070] The force measured by force sensor 4 is also
a measure of the force exerted by wristband 21. An ad-
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ditional or alternative force sensor could also be applied
to wristband 21 directly.

[0071] Advantageously, as in Fig. 2, housing 22 com-
prises a first housing part 39a and a second housing part
39b. The wristband is attached to the first housing part
39a and the force sensor is adapted to measure the force
between the two housing parts.

[0072] Alternative embodiments where the force sen-
sor 4 is attached between a first housing part 39a and a
second housing part 39b are shown schematically in
Figs. 10 and 11. In both cases, first housing part 39a is
connected to wristband 21, while second housing part
39b carries the non-invasive glucose detector, e.g. the
electric detection device 2.

[0073] Inthe embodiment of Fig. 10, force sensor 4 is
a small load cell arranged at the center between the two
housing parts while, in the second embodiment of Fig.
11, force sensor 4 is an extended layer of pressure sens-
ing material.

[0074] The pressure or force sensor 4 is aimed at de-
termining and quantifying the magnitude of changes in
the response of the apparatus associated with attach-
ment and contact pressure of the apparatus on the tissue
using e.g. the piezoelectric effect. The force sensor(s)
can be incorporated into the housing of apparatus for
measuring the changes in the force exerted on the tissue
by the sensor relative the housing, or they measure the
external force applied by the attachment of the device on
the tissue. Such a measurement will provide a measure
of the temporal changes in attachment pressure of the
apparatus on the tissue related to movement and tem-
poral physiological changes. Other implementations of
such a sensor could include an indirect measurement of
the pressure exerted by using electrostrictive materials
integrated into the sensor substrate.

[0075] Itis believed that blood flow in the skin has an
influence on the measured signal in the apparatus. The
force sensor can be used to detect if changes in the phys-
ical pressure of the apparatus on the tissue provides a
disturbance to the measured impedance signal. It can
provide an additional parameter that can be extracted
and used to compensate for changes in the applied pres-
sure and thus serve as an additional parameter to im-
prove the accuracy of the apparatus, and/or it can provide
a means for detecting unsuitable measurement condi-
tions.

[0076] Instead of, or in addition to, a simple force sen-
sor 4, an acceleration sensor 5 can be mounted in hous-
ing 22 (e.g. in the position indicated in Fig. 2) to measure
the amount and direction of acceleration experienced by
the apparatus and tissue.

[0077] Both velocity and direction information can be
established as well as the rate of change of these pa-
rameters to indicate what physiological changes might
be occurring in the measured tissue.

[0078] It is believed that blood flow in the skin has an
influence on the measured signal in the apparatus. The
force and/or acceleration sensors can be used to meas-
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ure whether physical movement at the time when tissue
measurements are being made are influenced by chang-
es in the blood flow. The force and/or acceleration sen-
sors can therefore provide an additional parameter to
compensate for the influence of changes in microvascu-
lar flow and thus improving the accuracy of the apparatus.
[0079] The control unit/ evaluation circuitry 1 is adapt-
ed to determine the glucose concentration from a com-
bination of the parameter measured by the electrical de-
tection device 2 and the signal from force sensor 4 and/or
the acceleration sensor 5 as well as from the other sensor
modules.

[0080] In an advantageous embodiment, the appara-
tus is adapted to suppress at least part of its operation
and/orissue an alertif fluctuations of the signal from force
sensor 4 or the signal from acceleration sensor 5 exceed
a given threshold. In particular, the measurement can be
interrupted, measured results can be ignored or the user
can be advised ifitis found that the forces vary too strong-
ly or that the acceleration is too high.

5. Temperature sensor

[0081] Temperature sensor 6 comprises one or more
temperature detectors for measuring one or more tem-
perature parameters.

[0082] Advantageously, several temperatures are
measured. These include surrounding environmental
temperature, the temperature within the apparatus and
on the electrode arrangement, as well as the superficial
skin temperature. These measurements can be made
using a range of detectors including thermocouples or
infrared radiation detection methods. Intradermal tem-
perature variations could be evaluated by observing var-
iations in the dielectric properties of the tissue at prede-
fined depth in the gigahertz region where the dielectric
properties are mostly influenced by the properties of wa-
ter, see e.g. US 2005/0083992.

[0083] ThegraphpresentedinFig.12showsaglucose
profile of a type 1 diabetes patient together with skin tem-
perature measured with a Pt 1000 element mounted on
a sensor plate with skin contact. The patient was following
regular daily activities and controlled his blood glucose
with regular insulin injections according to measure-
ments performed with an invasive blood glucose moni-
toring device. It has been reported before that various
body temperatures, including skin temperature, can be
used for glucose approximation in patients with diabetes.
However, as can be seen from Fig. 12, there is very little
direct agreement between blood glucose measurements
and skin temperature. In other words, if there were a cor-
relation between the two parameters, it is highly per-
turbed by the influence of external temperature factors
and its impact on skin temperature as well as body tem-
perature, which is regulated according to temperature
challenges introduced by the surrounding temperature.
This effect is also reflected in changes in microvascular
perfusion and has been studied in great detail by various
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groups. Hence there is a great interest to measure body
temperatures including skin temperature for compensa-
tion of other glucose related signals, such as impedance
or optical based glucose signals.

6. Inductive detection device

[0084] The inductive detection device 8 comprises at
least one electric coil and a current source for generating
a non-constant current therein. This current gives rise a
magnetic field in the tissue, the response of which can
be used to determine a parameter depending, inter alia,
on glucose concentration. Suitable devices are de-
scribed in EP1220638 or WO 04/028358. It can provide
a further parameter depending on the glucose concen-
tration and/or other relevant state variables of the tissue.

7. Ultrasonic detector

[0085] The present apparatus can also comprise an
ultrasonic detector. Such an ultrasonic detector, which
measures the speed of sound in the blood or tissue, can
provide further information on the glucose level, as e.g.
described in WO 2005/017642.

8. Evaluation circuitry

[0086] Evaluation circuitry 1 combines the signals of
the sensor modules 2 - 8 to obtain a measure of the glu-
cose level in the tissue. As mentioned, a general algo-
rithm and calibration method to be used for evaluating
the signals is described in WO 2005/053526, in particular
in the sections "Calibration" and "Normal Operation"
thereof, the disclosure of which is incorporated herein.

8.1 Improvements

[0087] In the following, we describe some refinements
to the algorithm used by the evaluation circuitry of the
apparatus to determine the glucose level. Basically, an
advantageous algorithm can be divided up in two parts.
For convenience, we refer to these two parts as the fun-
damental analysis and the technical analysis, respective-
ly. The main part of the algorithm is the fundamental anal-
ysis that takes place in three steps.

[0088] The three steps are:

1. Solution of the electromagnetic inverse scattering
problem

2. Correction of the signal to eliminate perturbation
effects

3. Transformation of the corrected signal into a glu-
cose concentration.

[0089] Here, electromagnetic inverse scattering des-
ignates the mathematical method that transforms the
scattered electromagnetic wave fields into information
about the dielectric properties of the skin and underlying
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tissue, i.e., into information about the conductivities and
permittivities characterizing the multi-layer skin system.
Since, it is assumed that these dielectric properties are
affected by a change of the glucose concentration, the
conductivities and permittivities can be used as a meas-
ure of the glucose concentration, provided that the func-
tional relation between the glucose concentration and
the dielectric properties of the skin is known at least em-
pirically.

[0090] However, the dielectric properties of the skin
and underlying tissue are not only affected by the value
and/or variations of glucose, but also by a variety of other
effects, such as temperature variations, sweat variations,
moisture migration in skin or changes in the blood micro-
circulation, perfusion characteristics, change of the tis-
sue to sensor contact pressure, etc.. Here, all effects and
factors that are not in connection with the primary inter-
action between glucose and dielectric properties, i.e.,
with the primary detection process, are considered as
perturbation effects. In the algorithm we distinguish be-
tween such perturbation effects and glucose effects,
which then refer to effects that are related to the primary
detection process. Accordingly, the conversion of the di-
electric properties of the skin and underlying tissue into
a glucose concentration is carried out in two steps. First,
a compensation of the perturbation effects is carried out
in step 2, so that the remaining variation observed in the
dielectric parameters can be attributed, to a glucose
change. The corresponding conversion of the corrected
(i.e. compensated) dielectric parameters into a glucose
concentration is then carried out in step 3.

[0091] Inorderto be able to carry out step 2 and 3 one
has to determine the functional relation between the di-
electric tissue parameters and the perturbation effects
as well as the glucose effects.

[0092] Principally, this functional relation can be de-
rived by means of a statistical procedure; namely, the
well known multiple regression (see e.g. Husler & Zim-
mermann 2001).

[0093] The technical analysis is dedicated to the anal-
ysis of glucose time series. The goal is to identify pat-
terns, regularities and statistical laws characterizing the
evolution of the glucose concentration over time. These
laws can then be used to make predictions about the
glucose concentration in the near future based on the
knowledge of the concentrations in the past. It is not ex-
pected that the technical analysis can make precise pre-
dictions, but it may be possible to narrow down the range
of possible concentrations in the near future. Thus, the
technical analysis has only a complementary and sup-
portive character.

8.2 Calibration

[0094] Again, the basic calibration algorithm has been
described in the section "Calibration" of WO
2005/053526 and is incorporated herein by reference. In
the following, some improvements over that algorithm
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are described.

[0095] During the development phase of the algorithm,
the data for the multiple regression analysis should be
collected repeatedly for several subjects. Then, using the
same general form of the regression model, the regres-
sion is carried out for each patient individually, so that an
individual set of the free model parameter (regression
parameters) is obtained for each subject. Applying the
appropriate statistical significance tests, we check for
each parameter if it significantly differs from subject to
subject or from subject group to subject group. If no sig-
nificant differences in the parameter sets are found one
can operate with a global parameter set, i.e., with the
mean built over all parameter sets. If some of the model
parameters vary significantly from subject group to sub-
ject group, for each of these groups one has to determine
the corresponding representative group parameter,
which are simply obtained by averaging over the group
members. Finally, if some of the parameters alter signif-
icantly from subject to subject, an individual calibration,
(i.e. regression) has to be carried out for each subject in
order to determine the corresponding individual param-
eters. An element of these calibrations may need to be
dynamic as well to take into account biophysical cycles
in the measured tissue. Also, if the apparatus is to be
used during daily activities, at least part of the calibration
parameters should also be recorded during such daily
activities.

8.3 Further experimental data

[0096] Figs. 13-15 show a single experiment where a
tourniquet has been applied to a patient’s upperarmwhile
measurements with the electrical detection device 2, the
optical detection device 3 and the force sensor 4 were
carried out. The pressure applied by the tourniquet is
shownin Fig. 13. The capacity measured by the electrical
detection device is shown in all figures. The optical re-
flectivity is shown in Fig. 14 and the force measured by
the force sensor is shown in Fig. 15.

[0097] As can be seen, anincrease of blood perfusion
induced by the tourniquet affects all signals differently,
which allows perfusion-related effects in the signals to
be eliminated at least in part.
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Remark

[0099] While there are shown and described presently
preferred embodiments of the invention, it is to be dis-
tinctly understood that the invention is not limited thereto
but may be otherwise variously embodied and practiced
within the scope of the following claims.

Claims

1. Anapparatus for determining a glucose level in body
tissue or blood comprising
a detection device (2) for non-invasively measuring
a glucose parameter of said tissue or blood depend-
ing on said glucose level,
an acceleration sensor (5) for measuring an accel-
eration of said apparatus, and
evaluation circuitry (1) for determining the glucose
level.

2. The apparatus of claim 1 wherein said apparatus is
adapted to suppress at least part of an operation of
said apparatus if said acceleration exceeds a thresh-
old.

3. The apparatus of any of the claims 1 or 2 wherein
said apparatus is adapted to issue an alert if a signal
from said acceleration sensor (5) exceeds a given
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11

10.

11.

12,

13.

threshold.

The apparatus of any of the preceding claims where-
in said detection device (2) comprises an electrode
arrangement (33, 35, 36; 45) for applying an electric
field to the tissue or blood for measuring said glucose
parameter.

The apparatus of any of the preceding claims further
comprising a force sensor (4) for measuring a force
parameter indicative of a force between said appa-
ratus and said tissue or blood.

The apparatus of claim 5 further comprising a wrist-
band (21) or adhesive tape wherein said force sensor
(4) is adapted to measure a force applied by said
wristband (21) or adhesive tape.

The apparatus of claim 5 comprising a first and a
second housing part (39a, 39b) and a wristband (21)
connected to said first housing part, wherein said
detection device is arranged in or on said second
housing part (32) and wherein said force sensor (4)
is adapted to measure a force between said first and
said second housing parts (39a, 39b).

The apparatus of any of the claims 5 to 7 wherein
said evaluation circuitry (1) is adapted to determine
the glucose concentration from a combination of said
parameter and a signal from said force sensor.

The apparatus of any of the claims 5 to 8 wherein
said apparatus is adapted to suppress at least part
of an operation of said apparatus if fluctuations of a
signal from said force sensor exceed a threshold.

The apparatus of any of the claims 5 to 9 wherein
said apparatus is adapted to issue an alert if fluctu-
ations of a signal from said force sensor exceed a
given threshold.

The apparatus of any of the preceding claims com-
prising afirst (33, 35) and a second (36, 35) electrode
arrangement (33, 35, 36; 45) for applying an electric
field to the tissue or blood for measuring first and
second parameters describing a response of said
tissue or blood to said electric field, wherein said first
and said second electrode arrangement (33, 35, 36;
45) have different geometries.

The apparatus of claim 11 wherein each electrode
arrangement (33, 35, 36) comprise a first (35) and a
second electrode (33, 36) separated by a gap (34,
37), wherein the gap (34) of the first electrode ar-
rangement (33, 35) has a smaller width than the gap
(37) of the second electrode arrangement (36, 35).

The apparatus of claim 12 wherein said first and said
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second electrode arrangement (33, 35; 36, 35) have
a common first electrode (35).

The apparatus of any of the claims 12 or 13, wherein
the second electrode (33) of the first electrode ar-
rangement (33, 35) has smaller width than the sec-
ond electrode (36) of the second electrode arrange-
ment (36, 35).
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