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(57) Abstract: A device for measuring a glucose level or some other parameter of living tissue that affects the dielectric properties
of the tissue is disclosed. The device comprises an electrode arrangement (5) having a plurality of electrodes (5-i). The signal from
& a signal source (31) can be applied to the electrode arrangement via a switching assembly (39). The switching assembly (39) is
designed to selectively connect a first and a second pattern of the electrodes (5-1) to the signal source, thereby generating a first and
a second electrical field with different spatial distribution in the tissue. By using a differential method which relies on measuring the
impedance of the electrode arrangement (5) for each field and on suitable subtraction of the measured results, surface effects can be
reduced and the focus of the measurement can be offset to a point deeper inside the tissue.
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A method and device for determining a parameter of living
tissue

Technical Field

The invention relates to a method and a de-
vice for determining dielectric properties of living tis-
sue, in particular but not exclusively for the purpose of

measuring the glucose level in the tissue.

Background Art

WO 02/069791 describes a device for measuring
blood glucose in living tissue. It comprises an electrode
arrangement with a ground electrode and a signal ele¢-
trode. A signal source applies an electrical AC-signal of
known voltage or current through a resistor to the elec-
trodes, and a detector determines the voltage over the
electrodes. This depends on the dielectric properties of
the tissue, which, as it has been found, are indicative
of the glucose level within the tissue.

Devices of this type have been found to de-
liver good results, but they require a substantial effort
for calibration and are prone to drift, in particular
when the environmental conditions change or when they are
being displaced. Differential methods have been used to
improve measurement accuracy in other fields of technol-
ogy. Differential methods are generally based on two or
more measurements, wherein one or more measurement condi-
tions are changed between measurements. Depending on the
specific application, the influence of some parameters
can be eliminated or reduced by calculating the differ-

ence between the measurements.
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Disclosure of the Invention

Hence, it is a general object of the inven-
tion to provide a method and a device of the type men-
tioned above that has improved accuracy.

This object is achieved by the method and de-
vice according to the independent claims.

Hence, the device according to the invention
comprises an electrode arrangement, a signal source and a
detector. The signal source feeds an electrical signal to
the electrode arrangemént. The device 1s adapted to gen-
erate at least two spatially different electrical fields
in the tissue. The detector measures the difference of
the responses of the tissue to the electrical fields.
Thig difference depends on the spatial difference between
the electrical fields, i1.e. it primarily depends on the
dielectric properties of those regions within the tissue
where the difference between the at least two spatially
different fields is strongest.

Hence, by suitably selecting the spatial dis-
tribution of the fields, it becomes possible to primarily
measure the properties of regions of the tissue that can-
not be selectively measured by using a single field omly.

In particular, the spatially different fields
can be generated with an electrode arrangement having at
least three, advantageously even more, electrodes, and by
first applying a first voltage pattern to the electrodes
and by then applying a second voltage pattern to the
electrodes, wherein said first and said second voltage
patterns are different. This can e.g. be achieved by ar-
ranging a switching assembly between the signal source
and the electrodes, which selectively connects at least a
first and a second pattern of the electrodes to the sig-
nal source.

In an advantageous embodiment, two values sq

and s9 are measured, s being indicative of the response
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of the tissue to a first electrical field and sy being
indicative of the response of the tissue to a second
electrical field. The parameter is calculated from a
weighted difference D = kj-'s7 - kg-sy with weights kq and
ko. The weights ki and ky or the ratio kq:kp can be cal-
culated in a calibration procedure under the condition
that the weighted difference depends only weakly on the
response of the tissue near the surface of the body (i.e.
in the epidermis), but primarily on the response of the
tissue in a region farther away from the electrodes, i.e.
deeper inside the body, such as the dermis. In other
words, k1l and k2 are chosen such that the contribution of
the tissue close to the electrode arrangement (i.e. of
the contribution of the epidermis) to the weighted dif-
ference D ig minimized; in this context, “minimized” is
understood to imply that the contribution to D is consid-
erably smaller than for the individual measured values
s1, S92, but not necessarily zero or at an absolute mini-
mum. This allows to minimize undesired effects (such as
temperature and surface conditions) affecting the proper-
ties of the body surface. The values s and s may be
real or complex quantities. If s7 and sy are complex, kg
and ko will generally be complex as well.

The device according to the invention is es-
pecially suited for measuring a glucose level of the tis-
sue, but it can also be used for measuring any other pa-
rameter that affects the dielectric properties of the

tissue, such as an electrolyte level.

Brief Description of the Drawings

The invention will be better understood and
objects other than those set forth above will become ap-
parent when consideration is given to the following de-
tailed description thereof. Such description makes refer-

ence to the annexed drawings, wherein:
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Fig. 1 is a cross section of a device for
measuring a glucose level,

Fig. 2 1s a block circuit diagram of the de-
vice of Fig. 1,

Fig. 3 1s a detailed view of the electrode
arrangement and the switching assembly, and

Fig. 4 shows normalized, average absolute

fields as a function of depth.

Modes for Carrying Out the Invention

Fig. 1 shows a cross section of a device 100
for measuring a patient’s glucose level or some other pa-
rameter in a patient’s body, such as an electrolyte level
of the tissue. It comprises a housing 1 closed on one
side by an electrode plate 2. A display 3 is arranged op-
posite electrode plate 2. Electronic circuitry is ar-
ranged between electrode plate 2 and display 3.

Electrode plate 2 comprises an electrically
insulating substrate 4. An electrode arrangement 5 com-~
prising a plurality of parallel strip electrodes 5-0, 5-
1, 5-2, etc. and being covered by an insulating layer 6
is arranged on an outer side 7 of insulating substrate 4.
An inner side 8 of insulating substrate 4 may be covered
by a ground electrode 9. Suitable through-contacts (not
shown) connect the strip electrodes 5-i to contact pads
arranged on inner side 8.

A first temperature sensor 15 is mounted to
ground electrode 9 in direct thermal contact thereto and
measures a first temperature T1.

Leads or springs 18 are provided to connect
ground electrode 9, the contact pads and first tempera-
ture sensor 15 to the electronic circuitry arranged on a
printed circuit board 19 forming an assembly of elec-
tronic components. A battery 21 for powering the cir-

cuitry is arranged between printed circuit board 19 and
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electrode plate 2. A second temperature sensor 22 can be
arranged on printed circuit board 19 and in direct ther-
mal contact thereto for measuring a second temperature
T2.

Fig. 2 shows a block circuit diagram of the
circuitry of device 100. It comprises a voltage con-
trolled oscillator (VCO) 31 as a signal source for gener-
ating a sine wave signal or another periodic signal. In-
stead of an oscillator, a pulse generator could be used
for generating substantially non-periodic signals, such
as short pulses or step-like voltage transitions. The
signal -from the signal source is fed to two amplifiers
32, 33. The output of first amplifier 32 is connected wvia
a resistor R1 to a first signal path 34. A resonant cir-
cuit 35 comprising an inductance L and the capacitive
load of the electrode arrangement 5 in series is con-
nected between first signal path 34 and ground. A switch-
ing assembly 39 is used to selectively connect the strip
electrodes 5-i to either inductance L or ground as de-
scribed below, thereby defining at least two different
electrode patterns.

The output of second amplifier 33 is con-
nected via a resistor R2 to a second signal path 36. Sec-
ond signal path 36 can be substantially identical to
first signal path 34 but comprises a resistor R3 as a
reference load instead of resonant circuit 35.

Both signal paths 34, 36 are fed to a measur-
ing circuit 37, which determines the relative amplitude A
of both signals and/or their mutual phase shift phi.
Relative amplitude A can e.g. be the amplitude of first
signal path 34 in units of the amplitude of second signal
path 36 (wherein the amplitudes are the peak values of
the sine waves or, if pulses or voltage steps are used as
measuring signal, the corresponding peak amplitude or

step voltage).
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The output signal of measuring circuit 37 is
fed to a microprocessor 38, which also controls the op-
eration of VCO 31.

Microprocessor 38 further samples the first
and second temperature signals T1, T2 from first and sec-
ond temperature sensors 15, 22. It also controls display
device 3, an input device 40 with user operable controls,
and an interface 41 to an external computer. A memory 42
is provided for storing calibration parameters, measure-
ment results, further data as well as firmware for micro-
processor 38. At least part of memoxry 42 is non-volatile.

Inductance L of the device of Fig. 2 can be
generated by a coil and/or by the leads and electrodes of
electrode arrangement 5. Its value is generally known
with reasonable accuracy.

Electrode arrangement 5 represents a primar-
ily capacitive load C.

The electrodes of electrode arrangement 5
are arranged on the skin 16 of the patient as shown in
Fig. 1. For a good and permanent contact with the pa-
tient’s skin, the device is advantageously worn on an arm
or leg and provided with a suitable holder or wrist band
43.

In summary, the device shown in Figs. 1 and 2
comprises:

- an electrode arrangement 5,

- a signal source (VCO 31) for applying an
electrical signal to electrode arrangement 5 for generat-
ing an electrical field in the tissue,

- a detector for measuring a response from
the tissue to the electrical field and for determining at
least one parameter therefrom, the detector primarily
comprising the elements 37, 38.

Fig. 3 shows switching assembly 39 and elec-
trode arrangement 5 in detail. As shown, each strip elec-
trode 5-i of electrode arrangement 5 is connected to an

electronic switch Si for selectively connecting it either
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to ground or to inductance L. A switch control unit 45 is
provided for individually controlling the position of
each the switches Si. Switch control unit 45 is con-
trolled by microprocessor 38.

In the present embodiment, switch control
unit 45 has two modes of operation.

In the first mode of operation (as it is
shown by the switch positions of Fig. 3), switch control
unit 45 sets switches S0, S2, S4 and S6 to comnect elec-
trodes 5-0, 5-2, 5-4 and 5-6 to inductance L and thereby
to the signal from VCO 31, while switches 81, 83, 85, 87
are set to connect electrodes 5-1, 5-3, 5-5 and 5-7 to
ground. In this first mode of operation, the voltage pat-
tern applied to the electrodes is therefore such that
each pair of neighboring electrodes carry different volt-
ages.

In the second mode of operation, switches S0,
S1, S84 and S5 are set to connect electrodes 5-0, 5-1, 5-4
and 5-5 to inductance L and thereby to the signal from
VCO 31 while switches 82, S3, S6 and S7 are set to con-
nect electrodes 5-2, 5-3, 5-6 and 5-7 to ground. In this
mode of operation, the voltage pattern at the electrodes
of a first part of the pairs of neighboring electrodes
carry equal voltages and the electrodes of a second part
of the pairs of neighboring electrodes carry different
voltages. As will be easily understood, the electric
fields generated in the two modes of operation will have
different spatial distribution, as illustrated by curves
el, e2 of Fig. 4. Any measured parameter s describing the
response of the tissue to the applied field will depend
on how the field is distributed and will have different
values s1 and sy in the two modes of operation.

In the present context, it is of particular
interest how the measured parameter s depends on the di-
electric properties of the epidermis close to the surface
and how it depends on the dielectric properties of the

dermis deeper in the tissue.
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In the following, we assume that the measured
parameter s is the capacitance C; of electrode arrange-
ment 5 for a given mode of operation i. In linear ap-

proximation, we can write

Ci(ap: Eqr) = Ci(ggp' ggr) + (Egp - gep)aigi‘ + (‘Sgr - gdr)ﬁ ’
Eap 2, &4, &,
)

where subscript “ep” denotes contributions
from the epidermis and “dr” contributions from the der-
mis. Superscript “0” denotes “normal” (unperturbed) val-
ues, e.g. at the time of a calibration méasurement or for
a typical subject. &€ is the dielectric constant of the
tissue in the dermis or epidermis, respectively. The de-
rivatives of C in view of € can e.g. be calculated from a
dielectric model of typical tissue. A similar dependence
will be observed for other measured values, such as the
inverse resistance 1/R between the electrodes versus con-
ductivities of dermis and epidermis or the complex imped-
ance Z as function of both dielectric constants and con-
ductivities in dermis and epidermis. Again, the measured
value will depend on the mode of operation, i.e. on the
voltage pattern applied to the electrodes.

In operation, device 100 can e.g. be used to
measure the capacitance C, resistance R or complex im-
pedance Z of electrode arrangement 5 at one or more fre-
quencies f£. This impedance Z depends on the dielectric
response of the tigsue to the applied electric field and,
as it has been found, it is indicative of the glucose
concentration in the tissue.

As it is known to the person skilled in the
art, capacitance C, resistance R or impedance Z can e.g.
be measured by determining the relative amplitude A and
phase shift phi provided by measuring circuit 37.

Advantageously, microprocessor 38 computes
two values s1 and sg indicative of the dielectric re-

sponse of the tissue to the first and the second electric
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field. If the capacitance C1 and Cp in the first and the
second mode of operation are measured, we have s1 = Cq
and s9 = Cop.

Subsequently, the difference of the responses
to the two electric fields is determined, advantageously

by calculating the weighted difference

D = k1-C1 - ka2-Ca, (2)
where the subscript C denotes that we are talking about
constants kj, ky for the measurement of capacitance (a
similar equation with different constants can be derived
for the measurement of the conductance, i.e. s = 1/R),
where the weights ki and kp are chosen such that the non-
constant contributions of the dielectric properties of
the epidermis to the difference D are substantially 0.

Combining Equations (1) and (2), we obtain

D€ = [kCC,(€8,65) ~kE C, (€500 |+
oC aC oC oC
& —e Wkf—Y —kf—2 |+ - Nki—H —ki—%
( ep ep) 1 agep . 2 agep , ( dr dr> 1 agdr P 2 agdr o
Eep Eep dr dr

3)

In order to minimize the non-constant epider-
mis contributions, the value of the second square bracket
in Eg. (3) should be 0. This can e.g. be achieved by ar-
bitrarily setting k1€ to 1 and using k€ = (acl/asep) /
(dCy /aeep) .

Instead of arbitrarily setting k1€ to 1, the
constants can be chosen such that the contribution from
the “normal” values in the first square bracket of Eq.

(3) becomes 0 as well, thus making the difference D de-
pendent on the dermis contributions only. In that case,
setting the first and the second square bracket in Eg.

(3) to 0 will yield a system of two equations that allows
to determine the values of k1€ and kyC.After measuring
the difference D as well as the temperatures T1 and Ty,

microprocessor 38 can e.g. use a formula of type
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g =F(D, Ty, T2, ag, ... ay) (4)

for determining the glucose level g (or a parameter in-
dicative thereof) from the measured input values D, Tq
and T9, where the function F has M+l parameters ag,

ay (M 2 0).

The function F can be empirical or it can be
based at least partially on a model describing the physi-
cal nature of the mechanisms involved.

Assuming that the relation between the glu-
cose level g and the measured values s{ is linear at

least in approximation, we can use
g =aqg + a1-D + ag-Tq1 + az-Th (5)

with M = 3.
In order to determine the parameters ap, ajz
ay, a series of at least M+1 calibration measurements
has té be carried out, each caiibration measurement com-
prising a determination of the input values D, Tq and Tg
and a reference glucose level g measured by conventional
means, e€.g. by an invasive method.

In a most simple approach, the parameters aj
can then be obtained from a conventional least-sqguares
fitting algorithm that varies the parameters a; in order
to find a best match of equations (4) or (5) to the cali-
bration measurements. Suitable algorithms are known to a
person skilled in the art and are e.g. described by
Press, Teukolsky, Vetterling and Flannery in “Numerical
Recipes in C”, Cambridge University Press, 2% edition,
1992, Chapter 15.

Once the parameters ai are known, the glucose
level g can be determined from equations (4) or (5) based

on the measurement of the input values D, T1 and T2.
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Re-calibration of at least part of the pa-
rameters may be advisable at regular intervals or after a
displacement of device 100 in respect to the specimen.

In the above example, the electrode arrange-
ment comprises a plurality of strip-shaped electrodes ar-
ranged side by side. The number of electrodes may vary,
even though a number of at least three electrodes is re-
quired in order to support at least two spatially differ-
ent electrode patterns. At least four, in particular at
least eight electrodes is advantageous in order to keep
fringe field effects small.

The voltage pattern to be applied to the
electrodes in the different modes of operation can vary
as well. In the example above, the following scheme was
used: In the first mode of operation, the voltage v at

the electrode i was

vy =vg 1f i is even (6)

0 otherwise,

(where v denotes the voltage at the output of inductance
L) while in the second mode of operation the voltage at

electrode i was

1}

vy = vg if floor(i/2) is even (7)

0 otherwise,

where floor(x) is equal to x if x 1s an integer value oxr
the next lower integer value otherwise.

It must be noted, though, that other patterns
can be used as well. For example, instead of two, three
or more neighboring electrodes can be applied to the same
voltage in the second mode of operation. It may also be
advisable to make sure that the outermost electrodes are
always connected to ground in order to have well defined

boundary conditions.
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Other voltage patterns can be used as well.
In order to emphasize the difference of the fields far
from the electrodes, i.e. the difference of the contribu-
tiong from the dermis, it is also be possible to use more
than two possible voltage levels. For example, in the
second mode of operation, the voltage at electrdde vi can

be chosen to be
vy = vo-sin(i-n/k), (8)

with k¥ = 2. For example, for k = 2, the voltage at elec-
trode 0 is 0, at electrode 1 it is vp, at electrode 2 it
is 0, at electrode 3 it is -vg, etc., which leads to an
increase of the field at some distance from the elec-

trodes as compared to the field close to the electrodes.

In general, any electrode arrangement can be
used that is able to generate at least two spatially dif-
ferent alternating fields in the adjacent tissue. “Spa-
tially different” is used to describe fields that have
different shape. Fields that merely differ by a multipli-
cative factor are not understood to be “spatially differ-
ent”.

While there are shown and described presently
preferred embodiments of the invention, it 1s to be dis-
tinctly understood that the invention is not limited
thercto but may be otherwise variously embodied and prac-
ticed within the scope of the following claims.
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Claims

1. A device for measuring a parameter of liv-
ing tissue, in particular a glucose level, which parame-
ter affects a response of said tissue to an electric
field, comprising

an electrode arrangement (5),

a signal source (31) generating an electrical
signal to be applied to said electrode arrangement (5)
for generating an electrical field in said tissue, and

a detector (37, 38) for measuring a response
from said tissue to said electrical field and for deter-
mining at least one parameter therefrom,

wherein said device is adapted to generate at
least two spatially different electrical fields (E1, Ejp)
in said tissue, and wherein said detector is adapted to
determine said parameter from a difference of the re-
sponses of said tissue to said spatially different elec-
trical fields.

2. The device of claim 1 wherein said elec-
trode arrangement (5) comprises at least three electrodes
(5-1), wherein said device is adapted to generate said at
least two spatially different electrical fields (E1, Ejp)
by first applying a first voltage pattern to said elec-
trodes (5-i) and by then applying a second voltage pat-
tern to said electrodes (5-i), wherein said first and
said second voltage patterns are different.

3. The device of claim 2 further comprising a
switching assembly (39) arranged between said signal
source (31) and said electrodes (5-1) for selectively
connecting at least a first and a second pattern of said
electrodes (5-1) to said signal source (31).

4, The device of any of the preceding claims
wherein said electrode arrangement (5) comprises a plu-
rality of electrodes (5-i) arranged side by side.

5. The device of claim 4 wherein said elec-

trode arrangement (5) comprises at least four, in par-
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ticular at least eight, electrodes (5-1i) arranged side by
side.

6. The device of any of the claims 4 or 5,
wherein said device is adapted to selectively apply

in a first mode of operation, a first voltage
pattern to said electrodes (5-i), wherein in said first
voltage pattern the electrodes of each pair of neighbor-
ing electrodes carry different voltages, and

in a second mode of operation, a second volt-
age pattern to said electrodes (5-i), wherein in said
second voltage pattern a the electrodes of a first part
of the pairs of neighboring electrodes carry equal volt-
ages and the electrodes of a second part of the pairs of
neighboring electrodes carry different voltages.

7. The device of any of the preceding claims
wherein detector (37, 38) is adapted

to measure a first measured value sq indica-
tive of the response of said tissue to a first electrical
field and a second measured value g9 indicative of the
response of said tissue to a second electrical field,
wherein said first and said second electrical field are
spatially different, and

to calculate a weighted difference kl-sl -
k2-s2 with weights k1 and k2, wherein the weights are
chosen such that a non-constant contribution of the di-
electric response of an epidermis of the tissue to the
weighted difference is minimized.

8. The device of any of the preceding claims
wherein said electrode arrangement (5) comprises a plu-
rality of electrodes (5-1) and wherein said detectoxr (37,
38) is adapted for measuring values depending on a ca-
pacitance (C), and/or resistance (R) and/or impedance (Z)
of at least two different combinations of the electrodes.

9. The device of any of the preceding claims
wherein said parameter is a glucose level in the tissue.

10. A method for measuring a parameter of

living tissue, in particular a glucose level, which pa-
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rameter affects a response of said tissue to an electric
field, comprising the steps of

applying an electrode arrangement (5) to said
tissue,

applyving a first electrical signal to said
electrode arrangement (5) for generating a first electri-
cal field in said tissue and detecting a first response
of said tissue to said first electrical field,

applying a second electrical signal to said
electrode arrangement (5) for generating a second elec-
trical field in said tissue and detecting a second re-
sponse of said tissue to said second electrical field,
wherein said first and said second electrical fields are
spatially different,

determining said parameter from a difference

of the first and the second response of said tissue.
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