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(57) Abstract: Methods and apparatuses for characterization of body tissue are disclosed in which bioimpedance across a tissue re -
gion of interest is determined. A first electrical signal is applied between an inner pair of current electrodes (B,C) and one or more
voltages are measured between an outer pair of sensing electrodes (A,D) and/or between one of the outer pair of sensing electrodes
o (A,D) and one of the inner pair of current electrodes (B,C). In some embodiments, the methods and apparatuses provide for charac-
terization of electrode-to-tissue contact.
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“Methods and apparatuses for characterisation of body tissue”

Cross-Reference to Related Applications

[0001] The present application claims priority from Australian provisional patent
application no. 2013902219 filed on 19 June 2013, the contents of which are incorporated

herein by reference in their entirety.

Technical Field

[0002] The present disclosure relates to methods for characterisation of body tissue,

including methods of bioimpedance analysis, and apparatus for use in such methods.

Background

[0003] Bioimpedance analysis involves the measurement of the response of a living
organism to externally applied electrical current. For example, bioimpedance parameters such
as resistance, reactance and phase angle can be recorded, for the purposes of determining

blood flow and body composition (e.g., water and fat content).

[0004] A standard tetrapolar (four-electrode) method for determination of the
bioelectrical impedance of a region of interest of a body (ROI) involves application of a
controlled current or controlled voltage waveform between two outer current electrodes
connected to body tissue on opposite sides of the ROI, and measurement of the voltage across
two inner sensing electrodes located on opposite sides of the ROI at positions inside of the

outer current electrodes, the outer and inner electrodes being in a quasi-linear form.

[0005] Any discussion of documents, acts, materials, devices, articles or the like which
has been included in the present specification is not to be taken as an admission that any or all
of these matters form part of the prior art base or were common general knowledge in the
field relevant to the present disclosure as it existed before the priority date of each claim of

this application.
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[0006] Throughout this specification the word "comprise", or variations such as
"comprises” or "comprising”, will be understood to imply the inclusion of a stated element,
integer or step, or group of elements, integers or steps, but not the exclusion of any other

element, integer or step, or group of elements, integers or steps.

Summary

[0007] According to a first aspect, the present disclosure provides a method for
characterization of body tissue, the method comprising:

applying a first electrical signal between an inner pair of current electrodes (B.C),
the inner pair of current electrodes comprising a first current electrode (B) and a second
current electrode (C) connected to tissue at a first side and a second side, respectively, of a
tissue region of interest;

measuring one or more voltages between a first sensing electrode (A) and a
second sensing electrode (D) of an outer pair of sensing electrodes (A,D) and/or between one
of the outer pair of sensing electrodes (A,D) and one of the inner pair of current electrodes
(B.,C), the voltages resulting from the application of the first electrical signal, wherein the first
sensing electrode (A) and the second sensing electrode (D) are connected to tissue at the first
side and the second side, respectively, of the tissue region of interest, and at positions outside
of the inner pair of electrodes (B,C); and

determining, from the one or more voltage measurements, bioimpedance (Zgor)

across the tissue region of interest.

[0008] The method according to the present disclosure contrasts with a standard
tetrapolar (four-electrode) method described above by virtue, for example, of the positioning
of the pairs of current and sensing electrodes. The positioning of the electrode pairs is
exchanged, with the current electrodes being the inner electrodes and the sensing electrodes
being the outer electrodes. The present disclosure may therefore be considered to provide a

“reciprocal” electrode arrangement.

[0009] It has been recognised that the standard four-electrode method can have
significant limitations. If, for example, the region of interest (ROI) is at a relatively shallow
portion of the body, e.g. in the skin and/or subdermal layers/superficial muscle layers, to

maximise the current delivered to the ROI using the standard four-electrode method, the outer
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current electrodes are normally positioned as close as possible to the ROI but not contacting
the inner sensing electrodes. This may mean that in some cases, ideal placement of current
electrodes adjacent the ROI may not be possible due to the need to site voltage electrodes
between the current electrodes and the ROI, but not on the ROI itself. Furthermore, measured
voltage across the inner sensing electrodes becomes very sensitive to the distance between
each outer current electrode and the respective, closest, inner sensing electrode. This
behaviour introduces error in measurement repeatability when, for example, replacing
electrodes in longitudinal studies or when comparing a region of interest of one part of the
body, e.g. for one limb, with its corresponding region on another part of the body, e.g. the

contralateral limb.

[0010] On the other hand, if the outer current electrodes are placed remotely from the
inner sensing electrodes in the standard method, bioimpedance measurement can reach a
plateau level where it becomes insensitive to electrode placement at the remote locations.
Nevertheless such placement is associated with major limitations. In contrast to the preceding
example, applied current will course through deeper tissue, thereby reducing measurement
sensitivity for any ROI that is at a shallow portion of a body. Further, as the distance between
outer current electrodes and their respective closest inner sensing electrodes is increased
and/or the size of the electrodes is reduced, so too does the impedance in the region between
these electrodes. This can introduce measurement errors and reduce measurement accuracy as
a consequence of a phenomenon known as “negative sensitivity zones.” This counter-intuitive
phenomenon results in a decrease in measured impedance for the ROI with increases in the
impedance between outer current electrodes and their respective closest inner sensing

electrodes, and vice versa.

[0011] The reciprocal method according to the present disclosure may be considered
counter-intuitive, since the sensing electrodes, which are used to characterise the tissue region
of interest (ROI), are necessarily spaced further away from the region of interest. This means
that the voltage measured by the sensing electrodes is measured across a region that can
extend substantially beyond the region of interest. However, since current is applied between
the inner current electrodes only, the voltage measurement between the outer sensing
electrodes is dictated by the bioimpedance of the tissue between the inner current electrodes.
Accordingly, it has been determined that the reciprocal arrangement can provide an accurate

indication of bioimpedance at the region of interest located between the inner current
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electrodes. Moreover, it has been found that the arrangement allows for characterisation of

the quality of electrode-to-tissue contact at the current electrodes.

[0012] In this portion of the summary section, letters in brackets, e.g. (A, B, C, D), have
been used to aid recognition of each electrode under discussion. To further aid recognition,
reference may be made to Fig. 1, where corresponding lettering has been used, and which
Figure is discussed in more detail further below. Nevertheless, it is not intended that the
electrode arrangements disclosed in this summary section are limited to any arrangements
shown in the Figures. The discussions in this summary section can be considered either in

conjunction with, or entirely independently of, the Figures.

[0013] An apparatus that may be used to carry out the method described above is also
disclosed herein. In particular, in accordance with a second aspect, the present disclosure
provides apparatus for characterization of body tissue, the apparatus comprising:

an inner pair of current electrodes (B,C), the inner pair of current electrodes
comprising a first current electrode (B) and a second current electrode (C) adapted to connect
to tissue at a first side and a second side, respectively, of a tissue region of interest;

a signal generator adapted to apply a first electrical signal between the inner pair
of current electrodes (B,C);

an outer pair of sensing electrodes (A,D), the outer pair of electrodes comprising a
first sensing electrode (A) and a second sensing electrode (D) adapted to be connected to
tissue at the first side and the second side, respectively, of the tissue region of interest, and at
positions outside of the inner pair of electrodes; and

a monitoring device adapted to measure one or more voltages between the first
sensing electrode (A) and the second sensing electrode (D) of the outer pair of sensing
electrodes (A,D) and/or between one of the outer pair of sensing electrodes (A,D) and one of
the inner pair of current electrodes (B,C), resulting from the application of the first electrical
signal, and determine, from the one or more voltage measurements, bioimpedance (Zgor)

across the tissue region of interest.

[0014] In accordance with the first and second aspects, in one embodiment, voltage
(V(A-D)), is measured between the outer pair of sensing electrodes (A,D) resulting from the
application of the first electrical signal and bioimpedance (Zgrop) across the tissue region of

interest is determined from the voltage measurement (V(A-D)). (In general, the notation
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“V(A-D)” is intended to represent the voltage drop along the path between electrodes A and
D, and is thus a scalar difference in voltage between these electrodes. Similar understanding

is intended by the notation “V(A-B)”, “V(C-D)”, etc.).

[0015] Where voltage V(A-D) is measured between the outer pair of sensing electrodes
(A,D), during application of the first electrical signal having a waveform or waveform
spectrum suitable for electrical bioimpedance measurement (such as a controlled current AC
waveform I(t)), the bioimpedance Zgo may be determined using equation 1:

V(A-D)

S S 1

ROIL I(t) [ ]
[0016] Through inclusion of phase-sensitive electronics in the apparatus, impedance Z

can be resolved into real (resistive) and imaginary (reactive) components.

[0017] Characterisation of electrode-to-tissue contact at the first current electrode (B)
may be carried out by measuring a voltage (V(A-B)) between the first electrodes (A, B)
resulting from the application of the first electrical signal or a further electrical signal applied
between the first and second current electrodes (B,(C), and optionally determining, from the
voltage measurement (V(A-B)), bioimpedance (Z(A-B)) across tissue between the first

electrodes (A, B).

[0018] Similarly, characterisation of electrode-to-tissue contact at the second current
electrode (C) may be carried out by measuring a voltage (V(C-D)) between the second
electrodes (C, D)) resulting from the application of the first electrical signal or a further
electrical signal applied between the first and second current electrodes (B,C) and optionally
determining, from the voltage measurement (V(C-D)), bioimpedance (Z(C-D)) across tissue

between the second electrodes (C, D).

[0019] The bioimpedance measurements (Z(A-B), Z(C-D)) provide essentially the
transverse impedances (Zg, Z¢) beneath the first and second current electrode (B,C),
respectively. These impedances in turn will typically be dominated by the respective
electrode-to-tissue contact impedances. The transverse impedances (Zg, Zc) can be calculated

using equations 2 and 3.
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[0020] The greater the voltage or bioimpedance measurements (V(A-B), Z(A-B), V(C-
D), Z(C-D)), the greater the transverse impedances Zp, Zc¢ at the current electrodes (B, C).
Higher transverse impedances can indicate that there is poor electrode contact. Poor electrode
contact of the current electrodes is of particular concern in relation to the use of the signal
generator, for example. If contact impedance is very high as a result of poor contact, the
signal generator may not be able to deliver the selected amount of current (if a current
controlled mode is used), or the current delivered may be excessively low (if a voltage

controlled mode is used).

[0021] Following from this, the configuration of the apparatus can be analysed based on
the measured voltage (V(A-B)) or bioimpedance (Z(A-B)) between the first electrodes and/or
based on the measured voltage (V(C-D)) or bioimpedance (Z(C-D)) between the second
electrodes. Analysing the configuration may comprise determining if the voltage (V(A-B)) or
bioimpedance (Z(A-B)) between the first sensing electrode (A) and the first current electrode
(B) and/or the voltage (V(C-D)) or bioimpedance (Z(C-D)) between the second current
electrode (C) and the second sensing electrode (D) is above or below a respective

predetermined threshold.

[0022] A user may re-connect one or more of the electrodes to the tissue when the
voltage/bioimpedance measurements (V(A-B), Z(A-B), V(C-D), Z(C-D)) are above a
predetermined threshold, indicative of poor electrode contact. The apparatus may
automatically issue an alarm or other alert signal to indicate when poor electrode contact has

been determined based on these measurements.

[0023] As indicated above, bioimpedance may be determined by measuring the voltage
(V(A-D) between the outer pair of sensing electrodes (A, D), e.g., using equation 1.
However, in accordance with the first and second aspects, additionally or alternatively,

voltage (V(A-C) or V(B-D)) may be measured between one of the outer pair of sensing
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electrodes (A,D) and the current electrode (B,C) that is on the opposite side of the region of
interest from that sensing electrode, and voltage (V(C-D) or V(A-B)) may be measured
between the other of the outer pair of sensing electrodes (A,D) and the current electrode (B,C)
that is on the same side of the region of interest as that other sensing electrode, and
bioimpedance (Zror) across the tissue region of interest may be determined from the voltage
measurements. In essence, this approach may allow bioimpedance to be measured across the
tissue region of interest, between one of the sensing electrodes (A,D) and one of the current
electrodes (B,C), while enabling the contribution towards this bioimpedance measurement of
the transverse impedance beneath the current electrode (B, C) to be substantially factored out.
In carrying out this “combinational two-electrode” approach, bioimpedance Z’gorcan be
determined using equation 4a, and/or bioimpedance Z’’gor can be determined using equation

4b.

_V(A-C) V(C-D)

Lo = 4a
ROT 0 0 [4a]
V(B-D) V(A-B
. _V(B-D) V(A-B) 4b)
I(t) I(t)
[0024] In one embodiment, the monitoring device is also adapted to measure voltage

V(B-C) between the inner pair of current electrodes (B,C), resulting from the application of
the first electrical signal or a further electrical signal. In this embodiment, voltages (V(A-C),
V(B-D)) are measured between each electrode of the outer pair of sensing electrodes (A,D)
and the current electrode (B,C) that is on the opposite side of the region of interest from that
sensing electrode, and bioimpedance (Zggr) across the tissue region of interest is determined
from the voltage measurements. In carrying out this further “combinational two-electrode”

approach, bioimpedance Z’*’ror can be determined using equation 4c.

w _V(A-C) V(B-D) V(B-C)
T 1(t) 1(t)

[4c]

[0025] In general, the combinational two-electrode techniques may provide for wider
assessment of the configuration of the apparatus. The technique may be performed
automatically or semi-automatically by the apparatus and it may reduce or eliminate errors

associated with standard tetrapolar electrode arrangements.
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[0026] A comparison may be made between the two or three of the measured

bioimpedances (Z ror, Z’’rot, Z° " rop) calculated in accordance with equations 4a, 4b and 4c.
[0027] The configuration of the apparatus may be assessed using equation 5:

V(B-C) :V(A—D) +V(A— B) +V(C -D)

(5]
1(t) 1(t) 1(t) 1(t)

[0028] If equation 5 is not met, it may be determined that the sensing electrodes (A, D)
are positioned either too close or too far from the current electrodes (B, C) to provide an
accurate measurement of bioimpedance at the region of interest. More specifically, if the
current electrodes (B, C) are positioned relatively close to each other and equation 5 is not
met, the sensing electrodes (A, D) are likely to be too far away from the current electrodes (B,
C). The apparatus may automatically issue an alarm or other alert signal to indicate that the
sensing electrodes (A, D) are too far away from and/or to indicate that the sensing electrodes
should be moved closer to the current electrodes (B, C). Alternatively, if the current
electrodes (B, C) are positioned relatively remotely from each other and equation 5 is not met,
the sensing electrodes (A, D) are likely to be too close to the current electrodes (B, C). The
apparatus may automatically issue an alarm or other alert signal to indicate that the sensing
electrodes (A, D) are too close to and/or to indicate that the sensing electrodes should be
moved away from the current electrodes (B, C). This approach may apply where the
electrodes are substantially the same size and where there is good electrode contact, e.g., as

determined based on any one of equations 2 to 4b.

[0029] The apparatus may be pre-configured for use with only one of closely-spaced
current electrodes and remotely-spaced current electrodes, and therefore may be
preconfigured to always provide an indication, if equation 5 is not met, that the sensing
electrodes are too close and/or should be moved away from the current electrodes, or always
provide an indication that the sensing electrodes are too far away and/or should be moved
towards the current electrodes. Alternatively, the apparatus may be adapted to receive an
input signal indicative of whether the current electrodes are closely-spaced or remotely-
spaced and/or receive a measurement of the spacing of these electrodes, and adapt
accordingly its indication regarding whether or not the sensing electrodes are too close to or

too far from and/or should be moved closer to or further away from the current electrodes. To
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the extent that equation 5 is not met, the quality of the apparatus configuration may be

quantified based on the degree of divergence from equation 5.

[0030] Closely-spaced inner current electrodes (B, C) may be used when the ROl 1s
superficial localized tissue. In this circumstance, as indicated above, the electrode
arrangement may be such that the outer sensing electrodes (A, D) are positioned as close as
possible to, but not touching, closely-spaced inner current electrodes (B, C). For example, the
distance between the first electrodes (A, B) and/or the distance between the second electrodes
(C,D) may be less than 50 mm, less than 20 mm, less than 10 mm, less than 5 mm, less than 2

mm or otherwise.

[0031] Remotely-spaced inner current electrodes (B, C) may be used when the ROl is
non-localized tissue. In this circumstance, as indicated above, the electrode arrangement may
be such that the outer sensing electrodes (A, D) are positioned relatively remotely from
remotely-spaced inner current electrodes (B, C). For example, the distance between the first
electrodes (A, B) and/or the distance between the second electrodes (C,D) may be greater than

50 mm, greater than 100 mm, greater than 200 mm or otherwise.

[0032] The first electrical signal may be a non-therapeutic (non-stimulating) electrical
signal. Accordingly, the first electrical signal may be applied for the purposes of
characterising body tissue only. However, alternatively, the first electrical signal may be a
therapeutic (stimulating) electrical signal and/or a second electrical signal may be applied that
is a therapeutic (stimulating) electrical signal. To provide a therapeutic, stimulating effect,
the second electrical signal may have different characteristics to the first electrical signal.
Thus, in one embodiment, a second electrical signal may be applied between the inner pair of
current electrodes (B, C) at a different time from the application of the first electrical signal,
wherein the second electrical signal typically has different characteristics to the first electrical
signal. The therapeutic electrical signal may provide electrostimulation therapy to the tissue

region of interest or otherwise.

[0033] According to a third aspect, the present disclosure provides a method for
characterization of body tissue, the method comprising:
applying a first electrical signal between a pair of current electrodes (B’, D’), the

pair of current electrodes comprising a first current electrode (B’) and a second current
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electrode (D’), the first current electrode (B”) being connected to the surface of a tissue region
of interest and the second current electrode (D’) being connected to tissue at a second side of
the tissue region of interest;

measuring one or more voltages between a first sensing electrode (A’) and a
sensing electrode (C’) and/or a third sensing electrode (E’), and/or between one of the first,
second and third sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’,
D’), resulting from the application of the first electrical signal, wherein the first sensing
electrode (A”) is connected to tissue at a first side of the tissue region of interest, substantially
opposite to the second side, and the second and/or third sensing electrodes (C’, E’) are
connected to tissue at the second side of the tissue region of interest; and

determining, from the one or more voltage measurements, bioimpedance (Zrop)

across the tissue region of interest.

[0034] In one embodiment, the second sensing electrode (C’) is connected to tissue
between the first and second current electrodes (B’, D) and the third sensing electrode (E’) is
connected to tissue on an opposite side of the second current electrode (D) to the tissue

region of interest.

[0035] The method may employ similar techniques to characterise body tissue as
described with respect to the first and second aspects, and can also allow characterisation of
transverse impedances under the current electrodes. A primary difference, however, is that
one of the current electrodes, the first current electrode (B’), is generally placed directly on
top of the tissue region of interest, rather than to one side of the tissue region of interest. The
first current electrode can extend across the surface of the entire tissue region of interest. A
relatively large electrode such as this is known to be used in two-electrode stimulation
systems, particularly where therapeutic electrostimulation of the tissue is carried out.
However, the present disclosure provides for a particular configuration of additional
electrodes that allow enhanced bioimpedance analysis of the region of interest (ROI) and

characterisation of transverse impedances and hence quality of electrode contact.

[0036] The first electrical signal may be a non-therapeutic (non-stimulating) electrical
signal. Accordingly, the first electrical signal may be applied for the purposes of
characterising body tissue only. However, alternatively, the first electrical signal may be a

therapeutic (stimulating) electrical signal and/or a second electrical signal may be applied that
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is a therapeutic (stimulating) electrical signal. To provide a therapeutic, stimulating effect,
the second electrical signal may have different characteristics to the first electrical signal.
Thus, in one embodiment, the method may comprise applying a second electrical signal
between the pair of current electrodes (B’, D’) at a different time to the application of the first
electrical signal, wherein the second electrical signal typically has different characteristics
than the first electrical signal. The therapeutic electrical signal may provide

electrostimulation therapy to the tissue region of interest or otherwise.

[0037] An apparatus that can be used to carry out the method described above is also
disclosed herein. In particular, in accordance with a fourth aspect, the present disclosure
provides apparatus for characterization of body tissue, the apparatus comprising:

a pair of current electrodes (B’, D’), the pair of current electrodes comprising a
first current electrode (B’), adapted to connect to the surface of a tissue region of interest, and
comprising a second current electrode (D), adapted to connect to tissue at a second side of
the tissue region of interest;

a signal generator adapted to apply a first electrical signal between the pair of
current electrodes (B’, D’);

a plurality of sensing electrodes (A’, C’, E’), the sensing electrodes comprising a
first sensing electrode (A’), adapted to connect to tissue at a first side of the tissue region of
interest, substantially opposite to the second side, and comprising a second sensing electrode
(C) and/or a third sensing electrode (E’), adapted to connect to tissue at the second side of the
tissue region of interest; and

a monitoring device adapted to measure one or more voltages between the first
sensing electrode (A’) and the second and/or third sensing electrode (C’, E’) and/or between
one of the sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’, D’),
resulting from the application of the first electrical signal, and determine, from the one or

more voltage measurements, bioimpedance (Zror) across the tissue region of interest.

[0038] The second sensing electrode (C’) is adapted to connect to tissue between the first
and second current electrodes (B’, D”) and the third sensing electrode (E’), if provided, is
adapted to connect to tissue on an opposite side of the second current electrode (D’) to the

tissue region of interest.
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[0039] In this portion of the summary section, letters in brackets, e.g. (A’, B’, C’, D’, E’),
have been used to aid recognition of each electrode under discussion. To further aid
recognition, reference may be made to Fig. 2, where corresponding lettering has been used,
and which Figure is discussed in more detail further below. Nevertheless, it is not intended
that the electrode arrangements disclosed in this summary section are limited to any
arrangements shown in the Figures. The discussions in this summary section can be

considered either in conjunction with, or entirely independently of, the Figures.

[0040] In accordance with the third and fourth aspects, in one embodiment, voltage
(V(A’-C’)) is measured between the first and second sensing electrodes (A, C’) resulting from
the application of the first electrical signal and bioimpedance (Zrop) across the tissue region of

interest is determined from the voltage measurement (V(A’-C’).

[0041] Where voltage V(A’-C’) is measured between the first and second sensing
electrodes (A’, C°), during application of the first electrical signal having a waveform or
waveform spectrum suitable for electrical bioimpedance measurement (such as a controlled
current AC waveform I(t)), the bioimpedance Zro; may be determined using equation 6:
_vAa-CY)

I(t) L6]

ROIL

[0042] Through inclusion of phase-sensitive electronics in the apparatus, impedance Z

can be resolved into real (resistive) and imaginary (reactive) components.

[0043] Characterisation of electrode-to-tissue contact at the first current electrode (B”)
may be carried out by measuring a voltage (V(A’-B’)) between the first electrodes (A’, B’)
resulting from the application of the first electrical signal or a further electrical signal applied
between the pair of current electrodes (B’, D’), and optionally determining, from the voltage
measurement (V(A’-B’)), bioimpedance (Z(A’-B’)) across tissue between the first electrodes

(A’, B).

[0044] Characterisation of electrode-to-tissue contact at the second current electrode (D)
may be carried out using the third sensing electrode. A voltage (V(D’-E’)) may be measured
between the second current electrode (D) and the third sensing electrode (E’), resulting from

the application of the first electrical signal or a further electrical signal applied between the
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pair of current electrodes (B’, D’), and optionally bioimpedance (Z(D’-E’) may be determined
from the voltage measurement (V(D’-E’)) across tissue between the second current electrode

(D) and the third sensing electrode (E’).

[0045] The bioimpedance measurements (Z(A’-B’), Z(D’-E’)) provide essentially the
transverse impedances (Zg° Zp-) beneath the first and second current electrodes (B’, D’),

respectively. The transverse impedances (Zg:, Zp’) can be calculated using equations 7 and 8.

_V(A-B)
I

[7]

B

_V(D-E")
I

(8]

D'

[0046] The greater the voltage or bioimpedance measurements (V(A’-B’), Z(A’-B’),
V(D’-E’), Z(D’-E)), the greater the transverse impedances (Zp: Zp') at the current electrodes
(B’, D*). Higher transverse impedances can indicate that there is poor electrode contact. Poor
electrode contact of the current electrodes is of particular concern in relation to the use of the
signal generator. If contact impedance is very high as a result of poor contact, the signal
generator may not be able to deliver the selected amount of current (if a current controlled
mode is used), or the current delivered may be excessively low (if a voltage controlled mode

is used).

[0047] Following from this, the configuration of the bioimpedance apparatus may be
analysed based on the measured voltage (V(A’-B’)) or bioimpedance (Z(A’-B’)) between the
first sensing electrode (A’) and the first current electrode (B’) and/or based on the measured
voltage (V(D’-E)) or bicimpedance (Z(D’-E’)) between the second current electrode (D) and
the third sensing electrode (E’). Analysing the configuration may comprise determining if the
voltage (V(A’-B’)) or bioimpedance (Z(A’-B’)) between the first sensing electrode (A’) and
the first current electrode (B’) and/or the voltage (V(D’-E’)) or bioimpedance (Z(D’-E”))
between the second current electrode (D) and the third sensing electrode (E’) is substantially

above or below a respective predetermined threshold.

[0048] A user may re-connect one or more of the electrodes to the tissue when the

voltage/bioimpedance measurements (V(A’-B’), Z(A’-B’), V(D’-E’), Z(D’-E’)) are above the
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predetermined threshold, indicative of poor electrode contact. The apparatus may
automatically issue an alarm or other alert signal to indicate when poor electrode contact has

been determined based on these measurements.

[0049] As indicated above, bioimpedance (Zror) at the region of interest may be
determined by measuring the voltage (V(A’-C’) between the pair of sensing electrodes (A’,
C’), However, in accordance with the third and fourth aspects, additionally or alternatively,
bioimpedance (Z’ror, 2’ ros, Z’”'roy) at the region of interest may be measured in a number of

other ways.

[0050] For example, bioimpedance (Zror) at the region of interest may be determined by
measuring:

voltage (B’-C’) between the first current electrode (B’) and the second sensing
electrode (C’) and voltage (V(A’-B’) between the first sensing electrode (A’) and the first
current electrode (B’); and/or

voltage (A’-E’) between the first sensing electrode (A’) and the third sensing
electrode (E’) and voltage (V(C’-E’) between the second sensing electrode (C’) and the third
sensing electrode (E”); and/or

voltage (A’-D’) between the first sensing electrode (A’) and the second current
electrode (D) and voltage (V(C’-D’) between the second sensing electrode (C”) and the

second current electrode (D’).

[0051] These measurements allow bioimpedance to be determined across a region that
includes the tissue region of interest, while substantially allowing the contribution to this
bioimpedance by tissue and/or electrodes, independent of the tissue region of interest, to be
factored out. In carrying out this “combinational two-electrode” technique, bioimpedances
(Z’ro1, Z’’ro1, Z° 7 'ro1) can be determined using equations 9a-9c. In general, the
combinational two-electrode technique may provide for wider assessment of the configuration
of the apparatus. The technique may be performed automatically or semi-automatically by
the apparatus and it may reduce or eliminate errors associated with standard tetrapolar

electrode arrangements.
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- V(B'-C') V(A-B) [9a]

1(t) 1(t)

A-E' —E'
. _V(A-E) VC-E) ob)

I(t) I(t)
”'R()[ :V(A_D ) _V(C -D ) [9C]
I(t) I(t)
[0052] A comparison may be made between the two or more of the measured

bioimpedances (Z’ror, Z”’ro1, Z’”’ro1) calculated in accordance with equations 9a to 9c.
[0053] The configuration of the apparatus may be assessed using equation 10:

V(B-D) _V(A-C) V(A-B) V(D-E)

[10]
1(t) 1(0) 1(t) 1(t)

[0054] If equation 10 is not met, it may be determined that one or both of the first and
second sensing electrodes (A’, C’) are positioned either too close or too far from the first
current electrodes (B’) to provide an accurate measurement of bioimpedance at the region of
interest. More specifically, if the current electrodes (B’, D) are positioned relatively close to
each other and equation 10 is not met, at least one of the first and second sensing electrodes
(A’, C’)is likely to be too far away from the current electrodes (B’). The apparatus may
automatically issue an alarm or other alert signal to indicate that the first and/or second
sensing electrode (A’, C’) is too far away from and/or to indicate that the first and/or second
sensing electrode (A’, C”) should be moved closer to the current electrodes (B’).
Alternatively, if the current electrodes (B’, D) are positioned relatively remotely from each
other and equation 10 is not met, at least one of the first and second sensing electrodes (A’,
C’) is likely to be too close to the first current electrode (B’). The apparatus may
automatically issue an alarm or other alert signal to indicate that the first and/or second
sensing electrode (A’, C’) is too close to and/or to indicate that the first and/or second sensing
electrode should be moved away from the first current electrode (B’). This approach may
apply where the electrodes are substantially the same size and where there is good electrode

contact, e.g. as determined based on any one of equations 6 to 9¢. .
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[0055] The electrode arrangement may be such that the second sensing electrode (C’) is
as close as possible to, but not touching, the first current electrode (B’). For example, the
distance between the electrodes (C’, B’) may be less than 50 mm, less than 20 mm, less than
10 mm, less than 5 mm, less than 2 mm or otherwise. Alternatively, the electrode
arrangement may be such that the second sensing electrode (C’) is distant to the first current
electrode (B’). For example, the distance between the electrodes (C’, B’) may be greater than
50 mm, greater than 100 mm, greater than 200 mm or otherwise. Further, the electrode
arrangement may be such that the first sensing electrode (A’) is distant to the first current
electrode (B’). For example, the distance between the electrodes (A’, B’) may be greater than

50 mm, greater than 100 mm, greater than 200 mm or otherwise.

[0056] The methods and apparatuses described herein may have a variety of applications.
For example, they may be employed for general bioelectrical impedance analysis applications
such as body composition determination, fluid management, wound assessment and
monitoring, which may give more accurate impedance determinations than existing
arrangements. For example, for subjects such as infants and children having small limbs it
may be impossible to satisfy standard protocols for minimum spacing between current and
voltage based on anatomical landmarks. Methods and apparatuses described herein, however,
are not limited by any minimum spacings for accurate measurement. The methods and
apparatuses may also be used in wound healing applications and muscle condition assessment
and/or recovery applications or otherwise. In some embodiments, the region of interest may
be a portion of the body that is defective. For example, the region of interest may be a

wound, or a discased or strained muscle or likewise.

[0057] The methods and apparatuses described herein may be particularly advantageous
where localized, e.g. superficial, tissue is to be monitored. Since, at least with respect to the
first and second aspects, the current electrodes can be placed as close as desired to the region
of interest (e.g. a superficial wound), without needing to interpose a sensing electrode
therebetween, the electrical signal for bioimpedance measurement can course through the

localized region of interest, rather than deeper tissue.

[0058] In one embodiment, bioimpedance is measured, using the techniques described
herein, on corresponding limbs. A relative bilateral bioimpedance data comparison may

therefore be achieved. For example, bioimpedance measurements at a region of interest on
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one limb (e.g. the left arm or leg), which is associated with defected tissue such as a wound,
may be compared with bioimpedance measurements at a region of interest on another limb

(e.g. the right arm or leg), which is associated with normal, healthy tissue.

Brief Description of Drawings

[0059] By way of example only, embodiments are now described with reference to the

accompanying drawings, in which:

[0060] Fig. 1 provides a representation of electrode positioning in a method and
apparatus for characterization of body tissue according to an embodiment of the present

disclosure;

[0061] Fig. 2 provides a representation of electrode positioning in a method and
apparatus for characterization of body tissue according to another embodiment of the present

disclosure;

[0062] Fig. 3 shows a schematic illustration of apparatus for characterization of body

tissue according to an embodiment of the present disclosure;

[0063] Fig. 4 shows a schematic illustration of apparatus for characterization of body

tissue according to another embodiment of the present disclosure;

[0064] Fig. 5 shows a representation of a body upon which bioimpedance measurements

are carried out on opposing limbs for comparative purposes;

[0065] Figs. 6a and 6b provide schematic illustrations of a standard four-electrode
(tetrapolar) arrangement and a reciprocal four-electrode arrangement, respectively, as used in

computer modelling studies according to the present disclosure; and

[0066] Fig. 7 provides a representation of a tissue/electrode model with selected

dimensions for the computer modelling studies.
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Description of Embodiments

[0067] In a method and an apparatus for characterization of body tissue according to an
embodiment of the present disclosure, electrodes are provided in accordance with the
arrangement shown in Fig. 1. In particular, at least four electrodes are provided (described for
ease of reference as electrodes A, B, C, D) which are in electrical contact with a surface 11 of
tissue 10 of a patient. The inner two current electrodes B, C are adapted to apply an electrical
signal from a signal generator 20 to the tissue 10. The outer two sensing electrodes A, D are
provided for the purpose of sensing voltages. Nonetheless, the current electrodes B, C can

also provide a voltage sensing function.

[0068] Application of the electrical signal to the tissue permits measurement of
bioimpedance Zgror across a region of interest (ROI) 12 of the tissue 10. In this embodiment,
the region of interest 12 is positioned at and directly underneath the tissue surface 11, between

the inner pair of current electrodes B, C.

[0069] To measure the bioimpedance Zgop across the region of interest, the voltage V(A-
D). is measured between the outer pair of sensing electrodes A, D during application of the
electrical signal. Since current is applied by the current electrodes B, C through substantially
the region of interest 12 only, the voltage measurement is dictated by the impedance of the
tissue 10 at the region of interest 12, and is substantially independent of the impedance of the
tissue 10 outside of the region of interest 12. Accordingly, through application of the
electrical signal having a waveform or waveform spectrum suitable for electrical
bioimpedance measurement (such as a controlled current AC waveform I(t)), the

bioimpedance Zgor may be determined using equation 1:

V(A-D)
— 7 1
ROIL I (t) [ ]
[0070] The arrangement can provide an accurate indication of bioimpedance at the region

of interest 12 located between the inner current electrodes B, C. Moreover, the arrangement
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allows for characterisation of the quality of electrode-to-tissue contact at the current

electrodes B, C.

[0071] In more detail, transverse impedances Zp, Z¢ at the contact positions between the
current electrodes B, C and the tissue surface can be calculated by measuring the voltage
V(A-B) between the first sensing electrode A and the first current electrode B, and by
measuring the voltage V(C-D) between the second current electrode C and the second sensing

electrode D. The transverse impedances (Zg, Z¢) can be calculated using equations 2 and 3.

V(A-B
_Y(A-B) 2]
I(t)
V({C-D
A >} (3]
I(t)
[0072] Equations 2 and 3 are used to obtain the transverse impedances since current is

applied between current electrodes B and C only, and therefore the voltage measurements
V(A-B), V(C-D) are dictated by the impedance at the contact position between the current
electrodes B, C and the tissue surface (e.g. skin), substantially independently of the
impedance of remaining tissue between the sensing electrodes A, D and the respective current

clectrodes B, C.

[0073] If there is poor electrode contact, the transverse impedances Zp and Z¢ will be

above respective predetermined thresholds.

[0074] In this or alternative embodiments, bioimpedance is also estimated by measuring
voltage V(A-C) or V(B-D) between one of the outer pair of sensing electrodes A,D and the
current electrode B,C that is on the opposite side of the region of interest from that sensing
electrode, and measuring voltage V(C-D) or V(A-B) between the other of the outer pair of
sensing electrodes A,D and the current electrode that is on the same side of the region of

interest as that other sensing electrode.

[0075] Using these “combinational two-electrode” techniques, bioimpedance Z’ror and/or
Z’’ror 18 determined using equation 4a and/or equation 4b. In general, the combinational two-

electrode techniques may provide for wider assessment of the configuration of the apparatus.
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I(v) I(t)
[0076] In an alternative embodiment, voltage V(B-C) is measured between the inner pair

of current electrodes (B,C). In this alternative embodiment, voltages (V(A-C), V(B-D)) are
also measured between each electrode of the outer pair of sensing electrodes (A,D) and the
current electrode (B,C) that is on the opposite side of the region of interest from that sensing
electrode, and bioimpedance (£’ rop) across the tissue region of interest is determined from
the voltage measurements. In carrying out this further combinational two-electrode approach,

bioimpedance Z’”’rorcan be determined using equation 4c.

_ V(A-C) JrV(B—D) _V(B-0)

" 4C
R0 1(0) 1(0) el
[0077] The voltage measurements are also used in combination to provide a wider
assessment of the configuration of the apparatus.
[0078] The configuration of the apparatus can be assessed using equation 5:
V(B—C):V(A—D)+V(A—B)+V(C—D) (5]
I(t) I(t) I(t) I(t)
[0079] If equation 5 is not met, it can be determined in this embodiment, where the

region of interest is relatively localized tissue and the current electrodes are placed relatively
closely, that the sensing electrodes A, D are positioned too far from the current electrodes (B,
C) to provide an accurate measurement of bioimpedance at the region of interest. In
alternative embodiments, if the current electrodes B, C are positioned relatively remotely, to
monitor non-localized tissue, and equation 5 is not met, the sensing electrodes A, D are likely
to be too close to the current electrodes B, C. This assessment applies where the electrodes
are substantially the same size and where there is good electrode contact, e.g. as determined

based on any one of equations 2 to 4c.
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[0080] As indicated, in this embodiment, the ROI 12 is superficial localized tissue. The
electrode arrangement is therefore such that the outer sensing electrodes A, D are as close as
possible to, but not touching, the closest inner current electrodes B, C (the electrode
positioning in Fig. 1 is not drawn to scale). In particular, the outer sensing electrodes A, D
are separated by less than 50 mm from the closest inner current electrodes B, C, e.g. less than

20 mm, less than 10 mm, less than 5 mm or less than 2 mm.

[0081] In alternative embodiments, the electrode arrangement can be such that the outer
sensing electrodes A, D are more remote (e.g. greater than 50 mm) from the inner current

electrodes B, C, particular where the ROI is non-localised tissue.

[0082] Apparatus employing an electrode configuration in accordance with Fig. 1, and
utilising the above-described methods for determining impedances, is shown schematically in

Fig. 3.

[0083] The apparatus comprises integrated drive and voltage sensing circuitry 31, the
circuitry 31 being connected to the inner pair of current electrodes B, C to deliver electrical
signal current from a power supply 32 across a tissue region of interest 12 of a patient 1 and to
sense voltages between electrodes while the signal is delivered. The drive and voltage
circuitry 31 is connected to a processor 33, which provides a monitoring device and is
configured to control the delivery of the electrical signal, determine the voltage
measurements, and process the measurements to determine one or more bioimpedance
measurement Zror Z ror, Z’'roL, 2”7 ror across the region of interest in accordance with
equations 1, 4a, 4b and 4c, and/or one or more transverse bioimpedances Z¢, Zp in accordance
with equations 2 and 3, and/or to assess the configuration of the apparatus in accordance with

equation 5.

[0084] A user interface 34 (e.g. keyboard, touch screen, etc.) is connected to the
processer 33 to allow the user to start and stop the process and/or control other characteristics
of the process. The processor 33 is also connected to a display 35 to display at least the
determined bioimpedance(s) and/or transverse bioimpedances for the region of interest and/or
other indicators about the configuration of the apparatus. Particularly where a touch screen is
employed, the display and user interface may be provided by substantially the same element.

The processor 33 is also connected to a loudspeaker 36 to provide an alert signal when either
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one of the transverse impedances Zp Z¢ (and/or the voltage measurements V(A-B), V(C-D)
that can be used to determine the transverse impedances Zg, Z¢) are below respective
predetermined thresholds. The predetermined thresholds can be adapted for different
electrode sizes. The alert signal from the loudspeaker 36 provides an indication to the user of
poor electrode contact. An alert may additionally, or alternatively, be issued on the display

35.

[0085] In this embodiment, the circuitry 31, power supply 32, processor 33, user interface
34, display, 35, and loud-speaker 36 are integrated into a single bioimpedance analysis unit 3,
manufactured to carry out the process described above However, any one or more of these
components may be located separately and connected by wires and/or other appropriate
communication links. For example, the processor 33, user interface 34, loud-speaker 36 and
display 35 may be provided by more standard personal computing apparatus configured to run
bespoke software in order to implement the process described above, which computing
apparatus is connected to the integrated drive and voltage sensing circuitry 31 and power
supply. In general, a wide variety of apparatus configurations may be used in order to carry

out the process described above.

[0086] Poor electrode contact of the current electrodes is of particular concern in relation
to the use of the signal generator. If contact impedance is very high as a result of poor
contact, the signal generator may not be able to deliver the selected amount of current (if a
current controlled mode is used), or the current delivered may be excessively low (if a voltage
controlled mode is used). Where poor electrode contact is determined, the processor 33

controls the circuitry 31 to cut off and/or adjust the electrical signal.

[0087] In this embodiment, the electrical signal is applied for non-therapeutic effect.
That is, the electrical signal is applied for the purpose of analysing bioimpedance. However,
the apparatus may be adapted such that the same or additional electrical signals are applied by
the current electrodes for therapeutic purposes. These signals may have very different
characteristics to those required for bioimpedance analysis, in order to provide therapeutically

relevant electrostimulation of the tissue.

[0088] In a method and an apparatus for characterization of body tissue according to

another embodiment of the present disclosure, electrodes are provided in accordance with the
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arrangement shown in Fig. 2. In particular, at least five electrodes are provided (described for
ease of reference as electrodes A’, B”, C’, D, E’), which are in electrical contact with a
surface 11 of tissue 10 of a patient. A first current electrode B’ is connected to the surface 11
above a tissue region of interest 121. A second current electrode D’ is connected to the
surface 11 on a second side of the tissue region of interest 121. A first sensing electrode A’ is
connected to the surface 11 at an opposite, first side of the tissue region of interest from the
second current electrode D’. A second sensing electrode C’ is connected to the surface 11 on
the second side of the tissue region of interest and between the first and second current
electrodes B’, D’. A third sensing electrode E’ is connected to the tissue 11 on the second
side of the tissue region of interest but substantially an opposite side of the second current
electrode (D’) to the tissue region of interest. The first and second current electrodes B’, D’
are adapted to apply an electrical signal from a signal generator 20 to the tissue 10. The
sensing electrodes A’, C’, E’ are provided for the purpose of sensing voltages. Nonetheless,

the current electrodes B’, D’ can also provide a voltage sensing function.

[0089] The first current electrode B’ differs from the second current electrode D’ by
being configured to contact and extend over the surface of the tissue region of interest 121.
The tissue region of interest 121 is therefore positioned directly underneath the first current
electrode B’. A relatively large electrode such as this is known to be used in two-electrode
stimulation systems, particularly where therapeutic electrostimulation of the tissue is carried
out. However, the present disclosure provides additional electrodes A’, C’ and E’ for

enhanced bioimpedance analysis and characterisation of electrode-to-tissue contact.

[0090] Application of the electrical signal to the tissue permits measurement of
bioimpedance Zror across the region of interest (ROI) 121 of the tissue. To measure the
bioimpedance Zgop across the region of interest, voltage V(A’-C’) can be measured between
the first and second sensing electrodes A’, C’ during application of the electrical signal. The
second current electrode C’ is placed very close to, but not touching, the region of interest.
Since the voltage measured between the first and second sensing electrodes A’, C’ is therefore
dictated by the portion of the electrical current between the current electrodes B’, D’ that is
substantially in the region of interest only, bioimpedance at the region of interest can be
determined from the voltage V(A’-C’). Through application of the electrical signal having a
waveform or waveform spectrum suitable for electrical bioimpedance measurement (such as a

controlled current AC waveform I(t)), the bioimpedance Zgor can be determined using
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[0091] The arrangement can provide an accurate indication of bioimpedance at the region

of interest 121 between the current electrodes B’, D. Moreover, the arrangement allows for

characterisation of electrode-to-tissue contact at the current electrodes B’, D’.

[0092] In more detail, transverse impedances Zg-, Zy at the contact positions between the
current electrodes B’, D’ and the tissue surface 11 can be calculated by measuring the voltage
V(A’-B’) between the first sensing electrode A’ and the first current electrode B’, and by

measuring the voltage V(D’-E’) between the second current electrode D’ and the third sensing

electrode E’. The transverse impedances (Zg° Zp-) can be calculated using equations 7 and 8.

_ V(A-B")

0 [7]

B

_V(D-E")

1(t) L8]

D'

[0093] Equations 7 and 8 can be used to obtain the transverse impedances since current is
applied between electrodes B’ and D’ only, and therefore the voltage measurements V(A’-
B’), V(D’-E’) are dictated by the impedance beneath current electrodes B’, D’, substantially
independently of the impedance of the remaining tissue between the current electrodes B’, D’

and the respective sensing electrodes A’, D’.

[0094] If there is poor electrode contact, the transverse impedances Zg> and Zp' will be

above respective predetermined thresholds.

[0095] In this or alternative embodiments, bioimpedance at the region of interest may be

measured in a number of additional or alternative ways

[0096] For example, bioimpedance Z’ro1, Z’ ror1, 2’ ror1 at the region of interest may be
determined by measuring:

voltage V(B’-C’) between the first current electrode B’ and the second sensing
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electrode C’ and voltage V(A’-B’) between the first sensing electrode A’ and the first current
electrode B’; and/or

voltage V(A’-E’) between the first sensing electrode A’ and the third sensing
electrode E’ and voltage V(C’-E’) between the second sensing electrode C’ and the third
sensing electrode (E’); and/or

voltage V(A’-D’) between the first sensing electrode A’ and the second current
electrode D’ and voltage V(C’-D’) between the second sensing electrode C’ and the second

current electrode D’.

[0097] Using these “combinational two-electrode” techniques, bioimpedances 7 roy,
Z”’ro1, 2" ro1 can be determined using equations 9a-9c¢. In general, the combinational two-

electrode techniques may provide for wider assessment of the configuration of the apparatus.

_V(B-C) V(A-B)

Z o = 9a
ol 1(t) 1(t) Bl
" V(A-E') V(C'-F'
ROL — ( ) - ( ) [9b]
I(t) I(t)
V(A-D') V({C'-D'
1(t) 1(t)
[0098] The configuration of the apparatus can be assessed using equation 10:
V(B—D):V(A—C )+V(A—B)+V(D—E) [10]
1(t) I(t) 1(t) 1(t)
[0099] If equation 10 is not met, it can be determined in this embodiment, where the

region of interest is relatively localized tissue and the current electrodes B’, D’ are placed
relatively closely, that at least one of the first and second sensing electrodes A’, C’ is
positioned too far from the first current electrode B’ to provide an accurate measurement of
bioimpedance at the region of interest In alternative embodiments, if the current electrodes
B’, D’ are positioned relatively remotely, to monitor non-localized tissue, and equation 10 is
not met, at least one of the first and second sensing electrodes A’, C’ is likely to be too close

to the current electrodes B’, D’. This assessment applies where the electrodes are
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substantially the same size and where there is good electrode contact, e.g. as determined based

on any one of equations 6 to 9c.

[00100]  In this embodiment, with second current electrode D’ positioned remote to first
current electrode B’, the second sensing electrode C’ is positioned as close as possible to, but
not touching, the first current electrode B’. The distance between the electrodes B’ and C’ is
less than 50 mm. On the other hand, the first sensing electrode A’ is positioned distant to the
first current electrode B’. The distance between the electrodes A’ and B’ is greater than 50
mm. Also, the third sensing electrode E’ is positioned distant to the second current electrode

D’. The distance between the electrodes D’ and E’ is greater than 50 mm.

[(00101]  Apparatus employing an electrode configuration in accordance with Fig. 2, and
utilising the above-described methods for determining impedances, is shown schematically in
Fig. 4. The apparatus is very similar to that described with respect to Fig. 3, and the same or

very similar components have therefore been given the same reference numerals.

[00102] In this embodiment, however, the processor 33 is configured to process
measurements to determine bioimpedance in accordance with any one or more of equations 6
to 9c, above. The processor causes the display 35 to display one or more bioimpedances Zror,
Z’ron 27 roL 277 ror for the region of interest determined using one or more of equations 6
and 9a to 9c, and/or display the transverse impedances Zg’ Zp’ determined using equations 7
and 8 and/or display indicators obtained during an assessment of the configuration of the

apparatus determined using equation 10.

[00103]  In contrast to the preceding embodiment, an electrical signal is applied by the
current electrodes B’ D’ to achieve a therapeutic effect. That is, an electrical signal is applied
not merely for the purpose of analysing bioimpedance. Bioimpedance may be analysed from
the electrical signal providing the therapeutic effect, or from an additional electrical signal

that has different and non-stimulating characteristics.

[00104]  The embodiments described herein can be employed for general bioelectrical
impedance analysis determination, which may give more accurate impedance determination
especially for subjects such as infants and children having small limbs. In such cases, it may

be impossible to satisfy standard protocols for minimum spacing between current and voltage
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based on anatomical landmarks. Methods and apparatuses described herein, however, do not
require such minimum spacings for accurate measurement. The analysis can be performed
before, during, after or independently of any therapeutic electrostimulation. The
embodiments can also be used in wound healing applications and muscle condition

assessment and recovery applications.

[00105]  The embodiments described herein may be particularly advantageous where
localized, e.g. superficial, tissue is to be monitored. Since, for example, in the embodiment of
Fig. 1, the current electrodes can be placed as close as desired to the region of interest (e.g. a
superficial wound), without needing to interpose a sensing electrode therebetween, the
electrical signal for bioimpedance measurement can course through the localized region of

interest, rather than deeper tissue.

[00106]  Referring to Fig. 5, in one embodiment, the techniques describe above with
reference to Figs. 1 and 3, are carried out on both a right arm 41 and a left arm 42 of a body 4.
In this embodiment, the right arm has a tissue wound 43, and the wound is the region of
interest. On the other hand, the left arm has no wound, and includes only healthy tissue at a
region of interest 44. The configuration of the electrodes A, B, C, D on the left arm is
essentially a mirror image of the configuration on the right arm. Accordingly, bioimpedance
measurements at a region of interest, in particular the wound 43, of the right arm can be
compared with bioimpedance measurements at the corresponding healthy region of interest 44
of the left arm 42. In alternative embodiments, the techniques described above with reference

to Figs. 2 and 4 can be applied to a similar bilateral bioimpedance measurement technique.

[00107]  In any embodiment described herein, one or more of the current and sensing
electrodes may use a wet-type contact (e.g. using a conductive paste or hydrogel etc.). The
contact may be adhesive or non-adhesive. Alternatively or additionally, any one or more of
the current and sensing electrodes may use a dry-type contact (e.g. using metal, metal oxide,
conductive textile, conformal “tattoo-like” thin-film, microstructured carbon or ultrafine
microneedle arrays etc.). Any one of more of the electrodes can be active electrodes which
have small or unit amplification close to the electrode. This may allow the electrodes to be
used without electrode gel, for example. Any one or more of the electrodes may rely on an

adhesive contact with the patient, and/or tattoo-like van der Waal’s contact and/or may be
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held in position using straps, bands, gloves, socks or belts or patient pressure (e.g. through a

patient gripping or standing or resting on the electrodes).

(00108]  Any one more of the electrodes may be fixed to the patient or be moveable. Any
one or more of the electrodes may be provided by the same or different moveable probes,

which are brought into contact with the patient.

[00109] Any one or more of the electrodes may take the form of metal plates, discs,
strips, ellipses, heart-shapes, squares, rectangles or otherwise. Arrays of such electrodes may
also be employed. The electrodes may have a width or diameter of between 0.1 and 15 mm,
between 2 mm and 10 mm, between 10 mm and 20 mm, between 10 mm and 100 mm or

otherwise.

[00110] Electrodes can be independently mounted, or two or more electrodes can be
fabricated onto/into a single carrier material such as a dressing. All or part of any one of the
electrodes may be disposable, and discarded following testing to reduce the likelihood of
cross-contamination between patients. Alternatively, any one or more of the electrodes may

be disinfected after use, and suitably dried.

[00111]  Physical contact is preferably avoided between the examiner and the patient
during measurement to prevent the introduction of short-circuit contributions into the

electrical measurement. The examiner may wear insulating gloves to prevent this possibility.

[00112] Standard medically-approved leads and cables may be used to connect the
electrodes to the control apparatus. The leads may be directly connected to the control
apparatus or connected to a wireless transmission unit for wireless transfer of data and/or

electrical signals.

[00113]  The electrical signals for the non-therapeutic electrical characterisation of the
body tissue may have a variety of different waveforms (frequencies, current levels) etc. The
electrical signals may be a continuous AC waveform or pulsed. The electrical signals may
have a frequency range of 1 kHz to 100 MHz, preferably 3 kHz to IMHz. Signals may be in
the form of a single frequency, a set of frequencies (i.e. multi-frequency) or a continuous

sweep (spectrum) of frequencies. For controlled current drive, applied current may be
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between 0.2 pA and 2 mA, e.g., between 5 pA and 250 pA or between 5 pA and 500 pA, or
otherwise. For controlled voltage drive, the applied voltage may be between 0.05V to 5.0 V,
e.g. between 0.2 V to 2.0 V, or otherwise. A constant current drive may be preferable to
counteract slight variations in the surface profile / quality of electrode contact at the
connection positions. The electrical signals for the therapeutic (stimulating) treatment of the
body tissue can be direct current (DC) and/or alternating current (AC). The therapeutic
schemes include constant DCs, DC pulses, and ACs. A significant number of choices of
different amplitudes, frequencies (AC and pulsed DC), duty cycles, durations, current
strengths, etc. can be used. Current is typically very small for DC stimulation (hundreds of
«# A). Low-voltage pulsed currents can be pulses with durations up to 1 s and voltages up to
150 V, for example. Monophasic and biphasic pulsed currents can be low voltage and high

voltage up to several hundred volts with short duration ( «s), for example.

Computer Modelling Studies

[00114] Finite Element Modelling (FEM) studies were conducted. The studies included
comparisons of a four-electrode (tetrapolar) arrangement according to the present disclosure
(“reciprocal arrangement”) with a standard four-electrode arrangement (“standard
arrangement”). The reciprocal arrangement utilised an inner pair of current electrodes B, C
and an outer pair of voltage sensing electrodes A, D, as represented schematically in Fig. 6a.
The standard arrangement utilised an outer pair of current electrodes A, D and an inner pair of

voltage sensing electrodes B, C as represented schematically in Fig. 6b.

[00115] The FEM studies were carried out using COMSOL Multiphysics v4.3a software.

[00116] With reference to Fig. 7, a tissue/electrode model 5 was selected having
dimensions replicating the geometry ratios used in Grimnes, S. and Matinsen, O.G. "Sources
of error in tetrapolar impedance measurements on biomaterials and other ionic conductors”: J.
Phys, D: Appl. Phys. 40 (2007), 9-14. The model included an air space 51 and tissue 52. A
cylindrical object 53 was positioned between one of the outermost pairs of electrodes A and
the adjacent inner electrode B to facilitate alteration of the impedance in the region between
those electrodes. Specific dimensions were as follows: model domain width: 32.0 cm; air
space height: 10.0 cm; tissue height: 20.0 cm; electrode radius: 1.5 cm; spacing between

adjacent electrodes: 8.0 cm; cylindrical object radius: 2.5 cm.
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[00117] The tissue 52 was chosen to have electrical properties of muscle and the
cylindrical object 53 was chosen to have electrical properties of fat, in order to approximate
an anticipated environment for use of the electrode arrangements. Fat was selected to
characterise the cylindrical object as it has markedly lower conductivity and permittivity than
muscle tissue (by one and two orders of magnitude, respectively) and thus would be expected
to have a measurable effect on impedance in the vicinity of the object. The material

properties were specifically as set forth in Table 1 below.

Material Conductivity Relative
permittivity
Tissue (muscle)  0.36 [S/m] 8,100
Object (fat) 0.03 [S/m] 95
Electrodes 1E+07 [S/m] 1
Air 1E+06 [S/m] 1
Table 1
[00118] The computational mesh was defined as being ‘physics-controlled’ with ‘normal’

element size. Two iterations of automatic mesh adaptation/refinement were carried out. The

final mesh contained approximately 16,000 elements.

[00119] Current was applied to a flat external surface of one of the pair of current
electrodes using the ‘Terminal’ boundary type, with the other of the current electrodes defined
using the ‘Ground’ boundary type (v=0). Voltage sensing electrodes were defined using the
‘floating potential’ boundary type with zero current. The current was set at 100puA with

100kHz frequency.

Study 1

[00120] Study 1 sought to compare the accuracy of estimation of Zror, as determined
using the reciprocal electrode arrangement using the measurement V(A-D)/I, with an
estimation of Zggy, as determined using the standard electrode arrangement using the
measurement V(B-C)/I. Study 1 also sought to determine if there were any increased
negativity sensitivity error associated with impedance Zy between electrodes A and B, and

impedance Zy between electrodes C and D, respectively.
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[00121] For both the standard and reciprocal electrode arrangement, a cylindrical object
was defined between electrodes A and B. The object was centred horizontally between the
two electrodes and 1.5 times the object radius below the surface. Two scenarios were then
considered for each electrode arrangement. In the first, the object was defined to have the
same material properties as the surrounding tissue. In the second scenario the object was
defined to have conductivity and permittivity smaller than the surrounding tissue (by one and
two orders of magnitude, respectively). This two-domain approach was adopted for both
electrode arrangements to ensure that the FEA mesh would be consistent between them,
eliminating any effects which may have been attributed to different FEA meshes. The

absence or presence of the object, and associated variation in Z,,, was then used to assess the

influence of negative sensitivity on the estimation of Zgoy.

[00122] The results of the study are presented in Table 2 (standard electrode
arrangement) and Table 3 (reciprocal electrode arrangement). With reference to Table 2 it
can be seen that Zgor as measured using the standard electrode arrangement is estimated to be
2.5% lower when the object is present compared to that estimated for the homogeneous tissue
scenario. This reduction is comprised of a 2.5% reduction in the real component and 2.0%
reduction in the imaginary component of the impedance. Similarly, with reference to Table 3,
it can be seen that Zgo; as measured using the reciprocal electrode arrangement, is estimated
to be 2.5% lower when the object is present compared to that estimated for the homogeneous

tissue scenario. This reduction is again comprised of a 2.5% reduction in the real component

and 2.0% reduction in the imaginary component of the impedance.

All 'muscle’ Including 'fat' object
R Xi R Xi
Electrode A (current source) (V) 5.9763E-04 -7.4820E-05 6.8679E-04 -8.4108E-05
Electrode B (voltage PU1) (V) 3.7427E-04 -4.6860E-05 3.6853E-04 -4.6288E-05
Electrode C (voltage PU2) (V) 2.2340E-04 -2.7971E-05 2.2138E-04 -2.7766E-05
Electrode D (ground) (V) 0 0 0 0
Zroi = V(B-C)/1 (Q) 1.5087 -0.1889 1.4714 -0.1852

Table 2
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All 'muscle’ Including 'fat' object
R Xi R Xi

Electrode A (voltage PU1) (V) 2.2338E-04 -2.7965E-05 2.1772E-04 -2.7394E-05
Electrode B (current source) (V) 2.9587E-04 -3.7039E-05 3.0733E-04 -3.8256E-05
Electrode C (ground) (V) 0 0 0 0
Electrode D (voltage PU2) (V) 7.2516E-05 -9.0792E-06 7.0587E-05 -8.8749E-06
Zror = V(A-D)/1 (Q) 1.5086 -0.1889 1.4713 -0.1852

Table 3

[00123] Thus, in Study 1 Zgey is estimated to be the same using both the standard and
reciprocal electrode arrangements. Measurement of Zgoy using the reciprocal electrode
arrangement is equally as accurate as measurement of Zgo; using the standard electrode
arrangement. Further, there is no increased negativity sensitivity error associated with
impedance Z,, between electrodes A and B (and impedance Z, between electrodes C and D),

when using the reciprocal electrode arrangement over the standard electrode arrangement.

Study 2

[00124] Study 2 sought to compare the accuracy of estimation of Z ror, Z " ro1and Z." ROI
as determined using the reciprocal electrode arrangement using “combinational two
electrode” measurement techniques, in accordance with equations 4a, 4b and 4¢ below, with

the estimation of Zgror using the reciprocal electrode arrangement obtained in Study 1.

_V(A-C) V(C-D)

- 4
ROI 0 1) [4a]
HROI — V(B_D) _V(A_ B) [4b]
1(t) 1)
V(A-C) V(B-D) V(B-C
w _Y(A-Q) V(B-D) V(B-O) el

LI(t) 1(t) 1(t)
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[00125] The results of the study are presented in Table 4, in which it can be seen that the

model predicts bioimpedance values for each combinational two electrode measurement

technique that are identical to the bioimpedance values obtained in Study 1.

All 'muscle’ Including 'fat' object
R Xi R Xi
Zror = V(A-D)/I 1.5086 -0.1889 1.4713 -0.1852
Zror = V(A-C)/1 = V(C-D)/I 1.5086 -0.1889 1.4713 -0.1852
Z’ro1 = V(B-D)/1 - V(A-B)/I 1.5086 -0.1889 1.4713 -0.1852
Z"""vor = V(A-C)/1 + V(B-D)/I — V(B-C)/I 1.5086 -0.1889 1.4713 -0.1852
Table 4

[00126] The modelling conducted in Studies 1 and 2 indicates that the reciprocal
electrode arrangement provides equally as accurate bioimpedance estimates as the standard
electrode arrangement. Given advantages offered by the reciprocal electrode arrangement
with regards characterisation of the quality of electrode-to-tissue contact at the current
electrodes and the ability to place the current electrodes very close to the region of interest,
the reciprocal electrode arrangement can provide for significant advantages in the field of

bioimpedance measurement.

Experimental Examples

[00127] Testing was carried out on a healthy male subject, seated in a chair, with feet

resting spaced apart on a rubber mat on the floor.

[00128] After allowing the subject to remain rested in a seated position for more than
S minutes, electrodes were connected to the subject, generally in accordance with the
configuration of electrodes shown in Figs. 7a and 7b. In particular, four medium-sized oval-
shaped adhesive gel electrodes (3.2 cm x 5.7 cm) were attached in a linear configuration along
the lateral surface of the left leg of the subject, proximal to the left malleolus. The spacing
between the inner pair of the four electrodes (B, C) was 1 cm and the spacing between each
one of the inner pair of electrodes (B, C) and its most adjacent outer electrode (A, D) was

2 cm. The electrodes were attached with oval long axis perpendicular to the length of the leg.
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Example 1

[00129] In Example 1, once the electrodes were in position, two sets of measurements
were carried out. The first set of measurements was based on the standard electrode
arrangement, as illustrated schematically in Fig. 7a, where an electrical current signal was
applied between the outer pair of electrodes (A, D) and voltage measurements were made
between the inner pair of electrodes (B, C). The second set of measurements was based on
the reciprocal electrode arrangement, as illustrated schematically in Fig. 7b, where an
electrical signal was applied between the inner pair of electrodes (B, C) and measurement of
voltage between the outer pair of electrodes (A,D). The electrical signals were delivered at

frequencies of 50 and 100 kHz , with constant current value of 250 pA.

[00130] Example 1 results are presented in Table 5, which shows the average resistance
(R) and reactance (Xc) values determined for the region of interest (ROI) between the inner
pair of electrodes (B,C). Each entry is the average of two determinations. Associated errors

represent the measurement range.

50 kHz 100 kHz
R Xc R Xc
Standard Zzg, 22.4+0.2 49+0.1 20.1+0.2 42+0.1
Reciprocal Zgg 22.3+0.01 4.8+ 0.05 19.9+0.04 41+0.1
Table 5

[00132] As can be seen, bioimpedance impedance data (R & Xc) at the ROl is essentially
equivalent for the standard and reciprocal electrode arrangements at applied frequencies 50
kHz and 100kHz. Given advantages offered by the reciprocal electrode arrangement with
regards characterisation of the quality of electrode-to-tissue contact at the current electrodes
and the ability to place the current electrodes very close to the region of interest (e.g., a
wound), the reciprocal electrode arrangement can provide for significant advantages in the

field of bioimpedance measurement.
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Example 2

[00133] In Example 2, the same reciprocal electrode arrangement was used as for
Example 1, except that a 100 ohm resistor was added alternately to each of the inner pair of
electrodes (B, C) to simulate increased impedances associated with poor electrode-to-tissue
contact at these electrodes. The electrical signals were delivered at frequencies of 100 kHz
only, with constant current value of 250 pA. Resistance (R) and reactance (Xc) was
determined based on voltage measurements between each possible pair combination of the

electrodes (A-D, A-B, C-D, B-C).

[00134] Example 2 results are presented in Table 6. Table 6 shows that the addition of
the resistor (in series) to either one of the inner pair of current electrodes (B, C) results in
corresponding increases in resistances determined between that electrode and the adjacent one
of the outer sensing voltage electrode (A, D). For example, the addition of the 100 ohm
resistor in series to electrode B resulted in an increase of R(A-B), a measure of the transverse
resistance under electrode B, of approximately 100 ohms. Likewise, the addition of 100 ohms
resistor to electrode C resulted in an increase of R(C-D) of approximately 100 ohms. As was

expected, there were no similar increases in reactance (Xc).

[00135] Thus, by establishing a suitable upper range of transverse resistance for the inner
pair of current electrodes (B, C), in case of poor contact of the current electrodes, it is possible
to use measurement of resistances R(A-B) and R(C-D) to indicate which of the current
electrodes is at fault. It is important to identify poor quality contact so as to reduce the
possibility of any further deterioration in the quality of the contact, which might prevent the
device from delivering the set amount of current during measurement, and thus lead to
erroneous impedance determination. A similar option for measuring the transverse
impedance (and hence assessing contact status) is not available when using the standard

electrode arrangement.

100 Ohm resistor position | R(A-D) | R(A-B) [R(C-D) | R(B-C) | Xc(A-D) | Xc (A-B) [ Xc (C-D) | Xc (B-C)
No resistor 20.9 42.0 50.1 112.7 3.7 28.1 325 64.8
Electrode B 20.9 141.7 [50.0 213.3 (3.8 28.6 32.8 62.5
Electrode C 20.9 42.5 149.2 12119 |[3.7 26.8 28.2 63.1

Table 6
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[00136] Substantial consistency of the experimental data presented in Table 6 with the
rule provided by Equation 5 (reproduced below and discussed further above) can also be

clearly seen.

V(B-C) _V(A-D) V(A-B) V(C-D)

[5]
1(t) 1(t) 1(t) 1(t)

[00137] It will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the above-described embodiments, without departing from the
broad general scope of the present disclosure. The present embodiments are, therefore, to be

considered in all respects as illustrative and not restrictive.
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CLAIMS:

1. A method for characterization of body tissue, the method comprising:

applying a first electrical signal between an inner pair of current electrodes (B,C),
the inner pair of current electrodes comprising a first current electrode (B) and a second
current electrode (C) connected to tissue at a first side and a second side, respectively, of a
tissue region of interest;

measuring one or more voltages between a first sensing electrode (A) and a
second sensing electrode (D) of an outer pair of sensing electrodes (A,D) and/or between one
of the outer pair of sensing electrodes (A,D) and one of the inner pair of current electrodes
(B,C), the voltages resulting from the application of the first electrical signal, wherein the first
sensing electrode (A) and the second sensing electrode (D) are connected to tissue at the first
side and the second side, respectively, of the tissue region of interest, and at positions outside
of the inner pair of electrodes (B,C); and

determining, from the one or more voltage measurements, bioimpedance (Zgror)

across the tissue region of interest.

2. The method of claim 1, comprising measuring voltage (V(A-D)) between the
outer pair of sensing electrodes (A,D) resulting from the application of the first electrical
signal and determining bioimpedance (Zror) across the tissue region of interest from the

voltage measurement (V(A-D)).

3. The method of claim 1 or 2, comprising measuring voltage (V(A-B)) between the
first electrodes (A, B) resulting from the application of the first electrical signal or a further

electrical signal applied between the first and second current electrodes (B,C).

4. The method of claim 3, comprising determining, from the voltage (V(A-B))
measured between the first electrodes (A, B), bioimpedance (Z{A-B)) across tissue between

the first electrodes (A, B).

5. The method of claim 3 or 4, comprising determining whether or not the voltage
(V(A-B)) measured between the first electrodes (A, B) and/or the bioimpedance (Z(A-B))
determined across tissue between the first electrodes (A, B), is above or below a

predetermined threshold level.
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6. The method of any one of the preceding claims, comprising measuring voltage
(V(C-D)) between the second electrodes (C, D)) resulting from the application of the first
electrical signal or a further electrical signal applied between the first and second current

electrodes (B,C).

7. The method of claim 6, comprising determining, from the voltage measurement
(V(C-D)) between the second electrodes (C, D), bioimpedance (Z(C-D)) across tissue

between the second electrodes (C, D).

8. The method of claim 6 or 7, comprising determining whether or not the voltage
(V(C-D)) measured between the second electrodes (C, D) and/or the bioimpedance (Z(C-D))
determined across tissue between the second electrodes (C, D), is above or below a

predetermined threshold level.

9. The method of claim 5 or 8, comprising, if the voltage or bioimpedance is above
the predetermined level, issuing an alarm or other alert signal to indicate that poor electrode

contact has been determined.

10. The method of any one of the preceding claims, comprising measuring voltage
(V(A-C) or V(B-D)) between one of the outer pair of sensing electrodes (A,D) and the current
electrode (B,C) that is on the opposite side of the region of interest from that sensing
electrode, measuring voltage (V(C-D) or V(A-B)) between the other of the outer pair of
sensing electrodes (A,D) and the current electrode (B,C) that is on the same side of the region
of interest as that other sensing electrode, and determining bioimpedance (Zgop) across the

tissue region of interest from these voltage measurements.

11. The method of any one of the preceding claims, comprising determining if the

following equation is met:

V(B-C) V(A-D) V(A-B) V(C-D)
v 1w 1(t) It

12. The methods of any one of the preceding claims, wherein the region of interest is

a portion of the body that is a wound, a diseased muscle or a strained muscle.
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13. Apparatus for characterization of body tissue, the apparatus comprising:

an inner pair of current electrodes (B,C), the inner pair of current electrodes
comprising a first current electrode (B) and a second current electrode (C) adapted to connect
to tissue at a first side and a second side, respectively, of a tissue region of interest;

a signal generator adapted to apply a first electrical signal between the inner pair
of current electrodes;

an outer pair of sensing electrodes (A,D), the outer pair of electrodes comprising a
first sensing electrode (A) and a second sensing electrode (D) adapted to be connected to
tissue at the first side and the second side, respectively, of the tissue region of interest, and at
positions outside of the inner pair of electrodes; and

a monitoring device adapted to measure one or more voltages between the first
sensing electrode (A) and the second sensing electrode (D) of the outer pair of sensing
electrodes (A,D) and/or between one of the outer pair of sensing electrodes (A,D) and one of
the inner pair of current electrodes (B,C), resulting from the application of the first electrical
signal, and determine, from the one or more voltage measurements, bioimpedance (Zgror)

across the tissue region of interest.

14. The apparatus of claim 13, wherein the monitoring device is adapted to measure
voltage (V(A-D)) between the outer pair of sensing electrodes (A,D) resulting from the
application of the first electrical signal and determine bioimpedance (Zgor) across the tissue

region of interest from the voltage measurement (V(A-D)).

15. The apparatus of claim 13 or 14, wherein the monitoring device is adapted to
measure voltage (V(A-B)) between the first electrodes (A, B) resulting from the application of
the first electrical signal or a further electrical signal applied between the first and second

current electrodes (B,C).

16. The apparatus of claim 15, wherein the monitoring device is adapted to determine,
from the voltage (V(A-B)) measured between the first electrodes (A, B), bioimpedance (Z(A-

B)) across tissue between the first electrodes (A, B).

17. The apparatus of claim 15 or 16, wherein the monitoring device is adapted to

determine whether or not the voltage (V(A-B)) measured between the first electrodes (A, B)
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and/or the bioimpedance (Z(A-B)) determined across tissue between the first electrodes (A,

B), is above or below a predetermined threshold level.

18. The apparatus of any one of claims 13 to 17, wherein the monitoring device is
adapted to measure voltage (V(C-D)) between the second electrodes (C, D)) resulting from
the application of the first electrical signal or a further electrical signal applied between the

first and second current electrodes (B,C).

19. The apparatus of claim 18, wherein the monitoring device is adapted to determine,
from the voltage measurement (V(C-D)) between the second electrodes (C, D), bioimpedance

(Z(C-D)) across tissue between the second electrodes (C, D).

20. The apparatus of claim 18 or 19, wherein the monitoring device is adapted to
determine whether or not the voltage (V(C-D)) measured between the second electrodes (C,
D) and/or the bioimpedance (Z{C-D)) determined across tissue between the second electrodes

(C, D), is above or below a predetermined threshold level.

21. The apparatus of claim 17 or 20, wherein, if the voltage or bioimpedance is above
the predetermined level, the apparatus is adapted to issue an alarm or other alert signal to

indicate that poor electrode contact has been determined.

22. The apparatus of any one claims 13 to 21, wherein the monitoring device is
adapted to measure voltage (V(A-C) or V(B-D)) between one of the outer pair of sensing
electrodes (A,D) and the current electrode (B,C) that is on the opposite side of the region of
interest from that sensing electrode, and measure voltage (V(C-D) or V(A-B)) between the
other of the outer pair of sensing electrodes (A,D) and the current electrode (B,C) that is on
the same side of the region of interest as that other sensing electrode, and determine

bioimpedance (Zror) across the tissue region of interest from these voltage measurements.

23. The apparatus of any one of claims 13 to 22, wherein the monitoring device is

adapted to determine if the following equation is met:

V(B-C)_V(A-D) V(A-B) V(C-D)
I I 1(t) It
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24. A method for characterization of body tissue, the method comprising:

applying a first electrical signal between a pair of current electrodes (B’, D’), the
pair of current electrodes comprising a first current electrode (B’) and a second current
electrode (D), the first current electrode (B’) being connected to the surface of a tissue region
of interest and the second current electrode (D’) being connected to tissue at a second side of
the tissue region of interest;

measuring one or more voltages between a first sensing electrode (A’) and a
sensing electrode (C”) and/or a third sensing electrode (E’), and/or between one of the first,
second and third sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’,
D’), resulting from the application of the first electrical signal, wherein the first sensing
electrode (A”) is connected to tissue at a first side of the tissue region of interest, substantially
opposite to the second side, and the second and/or third sensing electrodes (C’, E’) are
connected to tissue at the second side of the tissue region of interest; and

determining, from the one or more voltage measurements, bioimpedance (Zgroy)

across the tissue region of interest.

25. The method of claim 24, wherein the second sensing electrode (C’) is connected
to tissue between the first and second current electrodes (B’, D’) and the third sensing
electrode (E’) is connected to tissue on an opposite side of the second current electrode (D)

to the tissue region of interest.

26. The method of claim 24 or 25, comprising measuring voltage V(A’-C’) between
the first and second sensing electrodes (A’, C), during application of the first electrical
signal, and determining bioimpedance (Zro1) across the tissue region of interest from the

voltage measurement (V(A’-C’)).

27. The method of claim 25, 25 or 26, comprising measuring voltage (V(A’-B’))
between the first electrodes (A, B) resulting from the application of the first electrical signal

or a further electrical signal applied between the first and second current electrodes (B*,D’).

28. The method of claim 27, comprising determining, from the voltage (V(A’-B’))
measured between the first electrodes (A’, B’), bioimpedance (Z(A’-B’)) across tissue
between the first electrodes (A’, B).



WO 2014/201522 PCT/AU2014/050082

42

29. The method of claim 27 or 28, comprising determining whether or not the voltage
(V(A’-B”)) measured between the first electrodes (A, B’) and/or the bioimpedance (Z(A’-
B’)) determined across tissue between the first electrodes (A’, B’), is above or below a

predetermined threshold level.

30. The method of any one of claims 24 to 29, comprising measuring voltage (V(D’-
E’)) between the second current electrode (D’) and the third sensing electrode (E’), resulting
from the application of the first electrical signal or a further electrical signal applied between

the pair of current electrodes (B’, D’).

31. The method of claim 30, comprising determining, from the voltage measurement
(V(D’-E”)), bioimpedance (Z(D’-E’)) across tissue between the second current electrode (D)
and the third sensing electrode (E’).

32. The method of claim 30 or 31, comprising determining whether or not the voltage
(V(D’-E’)) measured between the second current electrode (D’) and the third sensing
electrode (E’) and/or the bioimpedance (Z(D’-E’)), determined across tissue between the
second current electrode (D’) and the third sensing electrode (E’), is above or below a

predetermined threshold level.

33. The method of claim 29 or 32, comprising, if the voltage or bioimpedance is
above the predetermined level, issuing an alarm or other alert signal to indicate that poor

electrode contact has been determined.

34. The method of any one of claims 24 to 33, comprising determining bioimpedance
(Zrop) at the region of interest by measuring:

voltage (B’-C’) between the first current electrode (B’) and the second sensing
electrode (C’) and voltage (V(A’-B’) between the first sensing electrode (A’) and the first
current electrode (B’); and/or

voltage (A’-E’) between the first sensing electrode (A’) and the third sensing
electrode (E’) and voltage (V(C’-E’) between the second sensing electrode (C’) and the third
sensing electrode (E”); and/or

voltage (A’-D’) between the first sensing electrode (A’) and the second current
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electrode (D) and voltage (V(C’-D’) between the second sensing electrode (C”) and the

second current electrode (D’).

35. The method of any one of claims 24 to 34, comprising determining if the

following equation is met:

V(B-D) _V(AC) V(A-B) V(D-E)
() 1) 1(t) ()

36. The method of any one of claims 24 to 35, wherein the region of interest is a

portion of the body that is a wound, a diseased muscle or a strained muscle.

37.  Apparatus for characterization of body tissue, the apparatus comprising:

a pair of current electrodes (B’, D’), the pair of current electrodes comprising a first
current electrode (B’), adapted to connect to the surface of a tissue region of interest, and
comprising a second current electrode (D’), adapted to connect to tissue at a second side of
the tissue region of interest;

a signal generator adapted to apply a first electrical signal between the pair of current
electrodes (B’, D’);

a plurality of sensing electrodes (A’, C’, E’), the sensing electrodes comprising a first
sensing electrode (A”), adapted to connect to tissue at a first side of the tissue region of
interest, substantially opposite to the second side, and comprising a second sensing electrode
(C?) and/or a third sensing electrode (E’), adapted to connect to tissue at the second side of the
tissue region of interest; and

a monitoring device adapted to measure one or more voltages between the first sensing
electrode (A’) and the second and/or third sensing electrode (C’, E”) and/or between one of
the sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’, D), resulting
from the application of the first electrical signal, and determine, from the one or more voltage

measurements, bioimpedance (Zgrop) across the tissue region of interest.

38.  The apparatus of claim 37, wherein the second sensing electrode (C’) is adapted to
connect to tissue between the first and second current electrodes (B’, D’) and the third sensing
electrode (E’) is adapted to connect to tissue on an opposite side of the second current

electrode (D) to the tissue region of interest.



WO 2014/201522 PCT/AU2014/050082

44

39. The apparatus of 37 or 38, wherein the monitoring device is adapted to measure
voltage V(A’-C’) between the first and second sensing electrodes (A’, C’), during application
of the first electrical signal, and determine bioimpedance (Zrar) across the tissue region of

interest from the voltage measurement (V(A’-C”)).

40. The apparatus of claim 37, 38 or 39, wherein the monitoring device is adapted to
measure voltage (V(A’-B”)) between the first electrodes (A, B) resulting from the application
of the first electrical signal or a further electrical signal applied between the first and second

current electrodes (B’,D’).

41. The apparatus of claim 40, wherein the monitoring device is adapted to determine,
from the voltage (V(A’-B’)) measured between the first electrodes (A’, B”), bioimpedance
(Z(A’-B’)) across tissue between the first electrodes (A’, B’).

42. The apparatus of claim 40 or 41, wherein the monitoring device is adapted to
determine whether or not the voltage (V(A’-B’)) measured between the first electrodes (A’,
B’) and/or the bioimpedance (Z(A’-B’)) determined across tissue between the first electrodes

(A’, B’), is above or below a predetermined threshold level.

43. The apparatus of any one of claims 37 to 42, wherein the monitoring device is
adapted to measure voltage (V(D’-E”)) between the second current electrode (D) and the
third sensing electrode (E’), resulting from the application of the first electrical signal or a

further electrical signal applied between the pair of current electrodes (B’, D’).

44. The apparatus of claim 43, wherein the monitoring device is adapted to determine,
from the voltage measurement (V(D’-E’)), bioimpedance (Z(D’-E’)) across tissue between the

second current electrode (D’) and the third sensing electrode (E’).

45. The apparatus of claim 43 or 44, wherein the monitoring device is adapted to
determine whether or not the voltage (V(D’-E’)) measured between the second current
electrode (D) and the third sensing electrode (E’) and/or the bioimpedance (Z(D’-E’)),
determined across tissue between the second current electrode (D) and the third sensing

electrode (E’), is above or below a predetermined threshold level.
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46. The apparatus of claim 42 or 45, wherein, if the voltage or bioimpedance is above
the predetermined level, the apparatus is adapted to issue an alarm or other alert signal to

indicate that poor electrode contact has been determined.

47. The apparatus of any one of claims 37 to 47, wherein the monitoring device is
adapted to determine bioimpedance (Zror) at the region of interest by measuring:

voltage (B’-C’) between the first current electrode (B’) and the second sensing
electrode (C’) and voltage (V(A’-B’) between the first sensing electrode (A’) and the first
current electrode (B’); and/or

voltage (A’-E’) between the first sensing electrode (A’) and the third sensing
electrode (E’) and voltage (V(C’-E’) between the second sensing electrode (C’) and the third
sensing electrode (E’); and/or

voltage (A’-D’) between the first sensing electrode (A’) and the second current
electrode (D) and voltage (V(C’-D’) between the second sensing electrode (C”) and the

second current electrode (D).

48. The apparatus of any one of claims 37 to 47, wherein the monitoring device is

adapted to determine if the following equation is met:

V(B-D) _V(A-C) V(A-B) V(D-E)
Ity 1) 1(t) 1)
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AMENDED CLAIMS
received by the International Bureau on
31 October 2014 (31.10.2014)
CLAIMS:

1. A method for characterization of body tissue, the method comprising:

applying a first electrical signal between an inner pair of current electrodes (B,C),
the inner pair of current electrodes comprising a first current electrode (B) and a second
current electrode (C) connected to tissue at a first side and a second side, respectively, of a
tissue region of interest;

measuring one or more voltages between a first sensing electrode (A) and a
second sensing electrode (D) of an outer pair of sensing electrodes (A.D) and/or between one
of the outer pair of sensing electrodes (A,D) and one of the inner pair of current electrodes
(B.C), the voltages resulting from the application of the first electrical signal, wherein the first
sensing electrode (A) and the second sensing electrode (D) are connected to tissue at the first
side and the second side, respectively, of the tissue region of interest, and at positions outside
of the inner pair of electrodes (B,C), and wherein the first, second, third and fourth electrodes
(A, B, C, D) are in a substantially linear configuration; and

determining, from the one or more voltage measurements, bioimpedance (Zror)

across the tissue region of interest.

2. The method of claim 1, comprising measuring voltage (V(A-D)) between the
outer pair of sensing electrodes (A,D) resulting from the application of the first electrical
signal and determining bioimpedance (Zgrop) across the tissue region of interest from the

voltage measurement (V(A-D)).

3. The method of claim 1 or 2, comprising measuring voltage (V(A-B)) between the
first electrodes (A, B) resulting from the application of the first electrical signal or a further

electrical signal applied between the first and second current electrodes (B,C).

4. The method of claim 3, comprising determining, from the voltage (V(A-B))
measured between the first electrodes (A, B), bioimpedance (Z(A-B)) across tissue between

the first electrodes (A, B).

5. The method of claim 3 or 4, comprising determining whether or not the voltage

(V(A-B)) measured between the first electrodes (A, B) and/or the bioimpedance (Z{A-B))

AMENDED SHEET (ARTICLE 19)
46



WO 2014/201522 PCT/AU2014/050082

determined across tissue between the first electrodes (A, B), is above or below a

predetermined threshold level.

6. The method of any one of the preceding claims, comprising measuring voltage
(V(C-D)) between the second electrodes (C, D)) resulting from the application of the first
electrical signal or a further electrical signal applied between the first and second current

electrodes (B,C).

7. The method of claim 6, comprising determining, from the voltage measurement
(V(C-D)) between the second electrodes (C, D), bioimpedance (Z(C-D)) across tissue

between the second electrodes (C, D).

8. The method of claim 6 or 7, comprising determining whether or not the voltage
(V(C-D)) measured between the second electrodes (C, D) and/or the bioimpedance (Z(C-D))
determined across tissue between the second electrodes (C, D), is above or below a

predetermined threshold level.

9. The method of claim 5 or 8, comprising, if the voltage or bioimpedance is above
the predetermined level, issuing an alarm or other alert signal to indicate that poor electrode

contact has been determined.

10. The method of any one of the preceding claims, comprising measuring voltage
(V(A-C) or V(B-D)) between one of the outer pair of sensing electrodes (A,D) and the current
electrode (B,C) that is on the opposite side of the region of interest from that sensing
electrode, measuring voltage (V(C-D) or V(A-B)) between the other of the outer pair of
sensing electrodes (A,D) and the current electrode (B,C) that is on the same side of the region
of interest as that other sensing electrode, and determining bioimpedance (Zrar) across the

tissue region of interest from these voltage measurements.

11. The method of any one of the preceding claims, comprising determining if the

following equation is met:

V(B-C)_V(A-D) V(A-B) V(C-D)
v 1 1(t) It
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12. The methods of any one of the preceding claims, wherein the region of interest is

a portion of the body that is a wound, a diseased muscle or a strained muscle.

13. Apparatus for characterization of body tissue, the apparatus comprising:

an inner pair of current electrodes (B,C), the inner pair of current electrodes
comprising a first current electrode (B) and a second current electrode (C) adapted to connect
to tissue at a first side and a second side, respectively, of a tissue region of interest;

a signal generator adapted to apply a first electrical signal between the inner pair
of current electrodes;

an outer pair of sensing electrodes (A,D), the outer pair of electrodes comprising a
first sensing electrode (A) and a second sensing electrode (D) adapted to be connected to
tissue at the first side and the second side, respectively, of the tissue region of interest, and at
positions outside of the inner pair of electrodes, such that the first, second, third and fourth
electrodes (A, B, C, D) are in a substantially linear configuration; and

a monitoring device adapted to measure one or more voltages between the first
sensing electrode (A) and the second sensing electrode (D) of the outer pair of sensing
electrodes (A,D) and/or between one of the outer pair of sensing electrodes (A,D) and one of
the inner pair of current electrodes (B,C), resulting from the application of the first electrical
signal, and determine, from the one or more voltage measurements, bioimpedance (Zgor)

across the tissue region of interest.

14. The apparatus of claim 13, wherein the monitoring device is adapted to measure
voltage (V(A-D)) between the outer pair of sensing electrodes (A,D) resulting from the
application of the first electrical signal and determine bioimpedance (Zror) across the tissue

region of interest from the voltage measurement (V(A-D)).

15. The apparatus of claim 13 or 14, wherein the monitoring device is adapted to
measure voltage (V(A-B)) between the first electrodes (A, B) resulting from the application of
the first electrical signal or a further electrical signal applied between the first and second

current electrodes (B,C).

16. The apparatus of claim 15, wherein the monitoring device is adapted to determine,
from the voltage (V(A-B)) measured between the first electrodes (A, B), bioimpedance (Z(A-

B)) across tissue between the first electrodes (A, B).
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17. The apparatus of claim 15 or 16, wherein the monitoring device is adapted to
determine whether or not the voltage (V(A-B)) measured between the first electrodes (A, B)
and/or the bioimpedance (Z(A-B)) determined across tissue between the first electrodes (A,

B), is above or below a predetermined threshold level.

18. The apparatus of any one of claims 13 to 17, wherein the monitoring device is
adapted to measure voltage (V(C-D)) between the second electrodes (C, D)) resulting from
the application of the first electrical signal or a further electrical signal applied between the

first and second current electrodes (B,C).

19. The apparatus of claim 18, wherein the monitoring device is adapted to determine,
from the voltage measurement (V(C-D)) between the second electrodes (C, D), bioimpedance

(Z(C-D)) across tissue between the second electrodes (C, D).

20. The apparatus of claim 18 or 19, wherein the monitoring device is adapted to
determine whether or not the voltage (V(C-D)) measured between the second electrodes (C,
D) and/or the bioimpedance (Z(C-D)) determined across tissue between the second electrodes

(C, D), is above or below a predetermined threshold level.

21. The apparatus of claim 17 or 20, wherein, if the voltage or bioimpedance is above
the predetermined level, the apparatus is adapted to issue an alarm or other alert signal to

indicate that poor electrode contact has been determined.

22. The apparatus of any one claims 13 to 21, wherein the monitoring device is
adapted to measure voltage (V(A-C) or V(B-D)) between one of the outer pair of sensing
electrodes (A,D) and the current electrode (B,C) that is on the opposite side of the region of
interest from that sensing electrode, and measure voltage (V(C-D) or V(A-B)) between the
other of the outer pair of sensing electrodes (A,D) and the current electrode (B,C) that is on
the same side of the region of interest as that other sensing electrode, and determine

bioimpedance (Zrop) across the tissue region of interest from these voltage measurements.

23. The apparatus of any one of claims 13 to 22, wherein the monitoring device is

adapted to determine if the following equation is met:
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V(B-C) _V(A— D) +V(A—B) +V(C —D)
It 1) 1(t) It

24, A method for characterization of body tissue, the method comprising:

applying a first electrical signal between a pair of current electrodes (B’, D’), the
pair of current electrodes comprising a first current electrode (B’) and a second current
electrode (D), the first current electrode (B”) being connected to the surface of a tissue region
of interest and the second current electrode (D) being connected to tissue at a second side of
the tissue region of interest;

measuring one or more voltages between a first sensing electrode (A’) and a
sensing electrode (C*) and/or a third sensing electrode (E’), and/or between one of the first,
second and third sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’,
D’), resulting from the application of the first electrical signal, wherein the first sensing
electrode (A”) is connected to tissue at a first side of the tissue region of interest, substantially
opposite to the second side, and the second and/or third sensing electrodes (C’, E’) are
connected to tissue at the second side of the tissue region of interest, wherein the current and
sensing electrodes (A, B, C, D, E) are all in a substantially linear configuration; and

determining, from the one or more voltage measurements, bioimpedance (Zror)

across the tissue region of interest.

25. The method of claim 24, wherein the second sensing electrode (C’) is connected
to tissue between the first and second current electrodes (B’, D’) and the third sensing
electrode (E’) is connected to tissue on an opposite side of the second current electrode (D’)

to the tissue region of interest.

26. The method of claim 24 or 25, comprising measuring voltage V(A’-C’) between
the first and second sensing electrodes (A’, C), during application of the first electrical
signal, and determining bioimpedance (Zrop) across the tissue region of interest from the

voltage measurement (V(A’-C?)).

27. The method of claim 25, 25 or 26, comprising measuring voltage (V(A’-B))
between the first electrodes (A, B) resulting from the application of the first electrical signal

or a further electrical signal applied between the first and second current electrodes (B’,D’).
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28. The method of claim 27, comprising determining, from the voltage (V(A’-B’))
measured between the first electrodes (A’, B’), bioimpedance (Z(A’-B’)) across tissue

between the first electrodes (A’, B).

29. The method of claim 27 or 28, comprising determining whether or not the voltage
(V(A’-B’)) measured between the first electrodes (A’, B”) and/or the bioimpedance (Z(A’-
B’)) determined across tissue between the first electrodes (A’, B’), is above or below a

predetermined threshold level.

30. The method of any one of claims 24 to 29, comprising measuring voltage (V(D’-
E’)) between the second current electrode (D) and the third sensing electrode (E’), resulting
from the application of the first electrical signal or a further electrical signal applied between

the pair of current electrodes (B’, D’).

31. The method of claim 30, comprising determining, from the voltage measurement
(V(D’-E”)), bioimpedance (Z(D’-E’)) across tissue between the second current electrode (D’)
and the third sensing electrode (E’).

32. The method of claim 30 or 31, comprising determining whether or not the voltage
(V(D’-E”)) measured between the second current electrode (D) and the third sensing
electrode (E’) and/or the bioimpedance (Z(D’-E’)), determined across tissue between the
second current electrode (D’) and the third sensing electrode (E’), is above or below a

predetermined threshold level.

33. The method of claim 29 or 32, comprising, if the voltage or bioimpedance is
above the predetermined level, issuing an alarm or other alert signal to indicate that poor

electrode contact has been determined.

34. The method of any one of claims 24 to 33, comprising determining bioimpedance
(Zroy) at the region of interest by measuring:

voltage (B’-C’) between the first current electrode (B’) and the second sensing
electrode (C’) and voltage (V(A’-B’) between the first sensing electrode (A’) and the first
current electrode (B’); and/or

voltage (A’-E’) between the first sensing electrode (A’) and the third sensing
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electrode (E’) and voltage (V(C’-E’) between the second sensing electrode (C’) and the third
sensing electrode (E’); and/or

voltage (A’-D’) between the first sensing electrode (A’) and the second current
electrode (D) and voltage (V(C’-D’) between the second sensing electrode (C’) and the

second current electrode (D”).

35. The method of any one of claims 24 to 34, comprising determining if the

following equation is met:

V(B-D) _V(A-C) V(A-B) V(D-E')
Iy I 1(t) 1y

36. The method of any one of claims 24 to 35, wherein the region of interest is a

portion of the body that is a wound, a diseased muscle or a strained muscle.

37.  Apparatus for characterization of body tissue, the apparatus comprising:

a pair of current electrodes (B’, D’), the pair of current electrodes comprising a first
current electrode (B’), adapted to connect to the surface of a tissue region of interest, and
comprising a second current electrode (D’), adapted to connect to tissue at a second side of
the tissue region of interest;

a signal generator adapted to apply a first electrical signal between the pair of current
electrodes (B’, D’);

a plurality of sensing electrodes (A’, C’, E’), the sensing electrodes comprising a first
sensing electrode (A’), adapted to connect to tissue at a first side of the tissue region of
interest, substantially opposite to the second side, and comprising a second sensing electrode
(C’) and/or a third sensing electrode (E’), adapted to connect to tissue at the second side of the
tissue region of interest, such that the voltage and sensing electrodes (A, B, C, D) are all in a
substantially linear configuration; and

a monitoring device adapted to measure one or more voltages between the first sensing
electrode (A’) and the second and/or third sensing electrode (C’, E’) and/or between one of
the sensing electrodes (A’, C’, E’) and one of the pair of current electrodes (B’, D), resulting
from the application of the first electrical signal, and determine, from the one or more voltage

measurements, bioimpedance (Zgrop) across the tissue region of interest.
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38.  The apparatus of claim 37, wherein the second sensing electrode (C’) is adapted to
connect to tissue between the first and second current electrodes (B’, D’) and the third sensing
electrode (E’) is adapted to connect to tissue on an opposite side of the second current

electrode (D’) to the tissue region of interest.

39. The apparatus of 37 or 38, wherein the monitoring device is adapted to measure
voltage V(A’-C’) between the first and second sensing electrodes (A’, C’), during application
of the first electrical signal, and determine bioimpedance (Zror) across the tissue region of

interest from the voltage measurement (V(A’-C")).

40. The apparatus of claim 37, 38 or 39, wherein the monitoring device is adapted to
measure voltage (V(A’-B)) between the first electrodes (A, B) resulting from the application
of the first electrical signal or a further electrical signal applied between the first and second

current electrodes (B’,D’).

41. The apparatus of claim 40, wherein the monitoring device is adapted to determine,
from the voltage (V(A’-B’)) measured between the first electrodes (A’, B”), bioimpedance
(Z(A’-B’)) across tissue between the first electrodes (A’, B’).

42. The apparatus of claim 40 or 41, wherein the monitoring device is adapted to
determine whether or not the voltage (V(A’-B’)) measured between the first electrodes (A’,
B’) and/or the bioimpedance (Z(A’-B’)) determined across tissue between the first electrodes

(A’, B’), is above or below a predetermined threshold level.

43. The apparatus of any one of claims 37 to 42, wherein the monitoring device is
adapted to measure voltage (V(D’-E’)) between the second current electrode (D’) and the
third sensing electrode (E’), resulting from the application of the first electrical signal or a

further electrical signal applied between the pair of current electrodes (B’, D’).

44. The apparatus of claim 43, wherein the monitoring device is adapted to determine,
from the voltage measurement (V(D’-E’)), bioimpedance (Z(D’-E’)) across tissue between the

second current electrode (D’) and the third sensing electrode (E’).

45. The apparatus of claim 43 or 44, wherein the monitoring device is adapted to

determine whether or not the voltage (V(D’-E’)) measured between the second current
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electrode (D) and the third sensing electrode (E’) and/or the bicimpedance (Z(D’-E)),
determined across tissue between the second current electrode (D”) and the third sensing

electrode (E’), is above or below a predetermined threshold level.

46. The apparatus of claim 42 or 45, wherein, if the voltage or bioimpedance is above
the predetermined level, the apparatus is adapted to issue an alarm or other alert signal to

indicate that poor electrode contact has been determined.

47. The apparatus of any one of claims 37 to 47, wherein the monitoring device is
adapted to determine bioimpedance (Zror) at the region of interest by measuring:

voltage (B’-C’) between the first current electrode (B’) and the second sensing
electrode (C’) and voltage (V(A’-B’) between the first sensing electrode (A’) and the first
current electrode (B’); and/or

voltage (A’-E”) between the first sensing electrode (A’) and the third sensing
electrode (E’) and voltage (V(C’-E’) between the second sensing electrode (C’) and the third
sensing electrode (E’); and/or

voltage (A’-D’) between the first sensing electrode (A’) and the second current
electrode (D) and voltage (V(C’-D’) between the second sensing electrode (C’) and the

second current electrode (D’).

48. The apparatus of any one of claims 37 to 47, wherein the monitoring device is

adapted to determine if the following equation is met:

V(B-D) _V(A-C") V(A-B) V(D-E)
I 1@ 1(t) 1
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