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APPARATUS AND METHODS THAT USE
MAGNETIC INDUCTION SPECTROSCOPY
TO MONITOR TISSUE FLUID CONTENT

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to apparatus and methods that
use magnetic induction spectroscopy (MIS) to monitor the
fluid content of tissue in a human or animal body, and in
particular to apparatus and methods that use MIS that are
robust against movement of the apparatus and/or tissue,
and/or robust against the low signal levels obtained from the
tissue.

BACKGROUND TO THE INVENTION

[0002] The total amount of water in a man of average
weight is approximately 40 litres, which is around 60% of
his total body weight. Around two-thirds of the total amount
of water in a man is intracellular fluid (i.e. within the cells
of the body) and one-third is extracellular fluid i.e. outside
the cells of the body). The extracellular fluid is, in turn,
divided over three ‘compartments’ or ‘spaces’. The first
compartment is the intravascular space, which comprises
blood cells and plasma (making up around 4% of total body
weight). The second compartment is the interstitial space or
tissue space, which is filled with fluid that surrounds the
cells (making up around 16% of total body weight). The
third space is space in the body where fluid does not
normally collect, or where any significant fluid collection is
physiologically non-functional or even harmful due to
depressed oxygen diffusion. Significant examples of the
third type of space include the peritoneal cavity and pleural
cavity.

[0003] Under normal conditions, the amount of fluid in the
body is well maintained in terms of both volume and
electrolyte concentrations through processes like drinking
and urine production. However, fluid balance may be dis-
turbed due to a variety of reasons. Fluid shifts between tissue
and blood occur through changes in hydrostatic pressure
gradients and/or osmotic pressure gradients. Water moves
passively from one compartment into another until the
hydrostatic and osmotic pressure gradients balance each
other. However, many medical conditions can cause fluid
shifts that alter the fluid volumes and electrolyte concentra-
tions in the different compartments. For example, if fluid
moves out of the blood vessels, hypovolemia might arise and
result in hypotension and shock. If fluid accumulates in
tissues, oxygen diffusion is hampered which leads to organ
hypoxia and consequent dysfunction. Fluid shifts may be
compensated by fluid replacement or diuretics.

[0004] Fluid-related complications can roughly be divided
into four categories: (1) whole-body dehydration due to
insufficient fluid intake; (2) whole body-dehydration due to
onset and progression of hypovolemia caused by bleeding or
other excessive fluid losses; (3) whole-body over-hydration
due to excessive fluid therapy to treat hypovolemia; and (4)
local or whole-body edema formation due to a specific
underlying pathology including heart, kidney, or liver dys-
function, sepsis, diabetes, hypertension, and pregnancy.
Complications associated with under- and over-hydration
start when the fluid balance is deviating from ‘normal’ levels
by, for example, +2%. Dehydration of >15% is often lethal
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and over-hydration of >15% is associated with severe organ
edema and consequent organ dysfunction, co-morbidities,
and potential mortality.

[0005] Thus there is a clinical need for a reliable, easy-
to-use, preferably continuous, and non-invasive apparatus
and method for monitoring the fluid content of tissue (e.g. a
specific part of the body such as an arm or leg, or the whole
body) in order to provide an early warning for changes in a
patient’s hydration status. Furthermore, it is desirable to
provide non-invasive apparatus for measuring other physi-
ological characteristics of a patient, such as heart rate.
[0006] Currently, the monitoring of the local fluid distri-
bution or fluid content in human tissues non-invasively
presents a difficult task. Established methods are either
complicated and/or costly (e.g. tracer dilution, imaging
methods) or exhibit poor reproducibility (bioimpedance
spectroscopy, BIS).

[0007] Magnetic induction spectroscopy (MIS) is a rela-
tively new method for measuring the electrical conductivity
of biological tissue via the perturbation of an alternating
magnetic field at multiple frequencies. MIS is described, for
example, in the paper “Over-Hydration Detection in Brain
by Magnetic Induction Spectroscopy” by Gonzalez et al.,
International Conference on Electrical Bioimpedance, Jour-
nal of Physics: Conference Series 224 (2010). This paper
describes the non-invasive detection of tissue edema using
multi-frequency induced magnetic fields, and in particular
indicates that measuring induction phase shift throughout
the bulk of the tissue in time and in a broad range of
frequencies could be used as an alternative technique for
detection of tissue edema formation.

[0008] One of the main advantages of MIS over BIS is that
MIS examines the tissue in a fixed volume, i.e. within the
magnetic field, while the measurement volume of BIS is not
defined since the distribution of the current depends on the
path of least resistance. This has two important implications.
Firstly, MIS, in principle, could be a fully contactless
method for assessing tissue fluid content, and secondly MIS
can allow control over the measurement depth, since the
penetration depth of the excitation field can be controlled.
[0009] Currently, MIS has only been used to detect brain
and lung edema, and it has not been used for the assessment
of the general hydration status (e.g. under- or over-hydra-
tion) of patients. A MIS-based technology for providing
non-invasive fluid management support by monitoring tis-
suie composition (e.g. tissue water content) and/or monitor-
ing vital signs (e.g. heart rate) would be useful.

[0010] However, using MIS to monitor tissue fluid content
comes with some practical challenges related to the low
signal levels from the tissue and relatively large noise levels
due to movement artefacts (e.g. movement of the tissue
under examination and/or movement of the components of
the MIS apparatus).

[0011] Therefore there is a need for apparatus and methods
for using MIS to monitor the fluid content of tissue in a
human or animal body that are robust against movement of
the apparatus and/or tissue, and/or robust against the low
signal levels obtained from the tissue.

SUMMARY OF THE INVENTION

[0012] Various aspects and embodiments of the invention
are set out in the following statements.

[0013] Statement 1. An apparatus for using magnetic
induction spectroscopy, MIS, to determine a measure of the
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fluid content of a tissue sample of a subject, the apparatus
comprising a first excitation coil that is to be placed near to
the tissue sample for inducing a current in the tissue sample;
a reference coil; a second excitation coil that is arranged
close to the reference coil and that is for inducing a current
in the reference coil; and a control unit that is configured to
apply an alternating current to the first excitation coil and the
second excitation coil; obtain a measure of the current
induced in the tissue sample; and determine a measure of the
fluid content of the tissue sample from the measure of the
current induced in the tissue sample and a reference signal.
[0014] Statement 2. An apparatus as defined in statement
1, wherein the first excitation coil is the same size and
construction as the second excitation coil.

[0015] Statement 3. An apparatus as defined in statement
1 or 2, wherein the control unit is configured to apply the
same alternating current to each of the first excitation coil
and the second excitation coil.

[0016] Statement 4. An apparatus as defined in statement
1, 2 or 3, wherein the reference coil and second excitation
coil are arranged in the same orientation with respect to each
other.

[0017] Statement 5. An apparatus as defined in any pre-
ceding statement, wherein the apparatus further comprises a
receiver coil that is to be placed near to the tissue sample so
that the current in the tissue sample induces a current in the
receiver coil, wherein the induced current in the receiver coil
provides the measure of the current induced in the tissue
sample.

[0018] Statement 6. An apparatus as defined in statement
5, wherein the receiver coil is arranged in the same orien-
tation as the first excitation coil.

[0019] Statement 7. An apparatus as defined in statement
5 or 6, wherein the receiver coil is connected to the reference
coil such that the current induced in the receiver coil by the
current in the tissue sample flows in the opposite direction
to the current induced in the reference coil by the second
excitation coil; and wherein the control unit is configured to
obtain the measure of the current induced in the tissue
sample and to determine the measure of the fluid content of
the tissue sample using the output of the interconnected
receiver coil and reference coil and a signal representing the
alternating current applied to the first excitation coil and the
second excitation coil.

[0020] Statement 8. An apparatus as defined in any of
statements 5, 6 or 7, wherein the first excitation coil and the
receiver coil are configured to be placed around the tissue
sample to be measured.

[0021] Statement 9. An apparatus as defined in any of
statements 1-4, wherein the apparatus further comprises two
electrodes that are for attachment to the tissue sample and
that are for measuring the potential created by the current
induced in the tissue sample.

[0022] Statement 10. An apparatus as defined in statement
9, wherein the control unit is configured to determine the
measure of the fluid content of the tissue sample from the
measured potential from the two electrodes, a phase adjust-
ment value that compensates for a phase delay introduced
through the use of the electrodes, and a measure of the
current induced in the reference coil.

[0023] Statement 11. An apparatus as defined in any of
statements 1-4 or 9-10, wherein the first excitation coil is
configured to be placed around the tissue sample to be
measured.
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[0024] Statement 12. An apparatus as defined in any
preceding statement, wherein the control unit is configured
to determine the measure of the fluid content of the tissue
sample using a function or table that relates phase delay to
the electrical conductivity of the tissue sample.

[0025] Statement 13. An apparatus as defined in any
preceding statement, wherein the control unit is configured
to apply an alternating current having a first magnitude to the
first excitation coil and the second excitation coil in order to
measure the fluid content of the tissue sample at a first depth
in the tissue sample.

[0026] Statement 14. An apparatus as defined in statement
13, wherein the control unit is further configured to apply a
further alternating current having a second magnitude to the
first excitation coil and the second excitation coil in order to
measure the fluid content of the tissue sample at a second
depth in the tissue sample; obtain a measure of the current
induced in the tissue sample at the second depth; and
determine a measure of the fluid content of the tissue sample
at the second depth from the measure of the current induced
in the tissue sample at the second depth.

[0027] Statement 15. An apparatus as defined in statement
14, wherein the control unit is further configured to deter-
mine the difference in fluid content at the first depth and
second depth from the determined measures of the fluid
content.

[0028] Statement 16. An apparatus as defined in any
preceding statement, wherein the control unit is further
configured to control the apparatus to determine a plurality
of measures of the fluid content of the tissue sample over
time; and analyse the plurality of measures of the fluid
content of the tissue sample over time to determine a
measure of the heart rate, breathing rate and/or pulse pres-
sure variations of the subject.

[0029] Statement 17. An apparatus as defined in any
preceding statement, the apparatus further comprising a
motion sensor that is for attachment to the subject and that
is for measuring the movement of the subject; wherein the
control unit is further configured to analyse the measure-
ments of the movement of the subject from the motion
sensor to determine if the amount of movement exceeds a
threshold value; and discard the measure of the fluid content
if the amount of movement exceeds the threshold value.
[0030] Statement 18. An apparatus as defined in any of
statements 1-16, the apparatus further comprising a motion
sensor that is for attachment to the subject and that is for
measuring the movement of the subject; wherein the control
unit is further configured to analyse the measurements of the
movement of the subject from the motion sensor to deter-
mine if the amount of movement exceeds a threshold value;
and only apply the alternating current to the first excitation
coil and the second excitation coil if the amount of move-
ment is below the threshold value.

[0031] Statement 19. A method of using magnetic induc-
tion spectroscopy, MIS, to determine a measure of the fluid
content of a tissue sample of a subject, the method com-
prising applying an alternating current to a first excitation
coil that is placed near to the tissue sample to induce a
current in the tissue sample and to a second excitation coil
that is arranged close to a reference coil to induce a current
in the reference coil; obtaining a measure of the current
induced in the tissue sample; and determining a measure of
the fluid content of the tissue sample from the measure of the
current induced in the tissue sample and a reference signal.
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[0032] Statement 20. A method as defined in statement 19,
wherein the step of applying an alternating current com-
prises applying the same alternating current to each of the
first excitation coil and the second excitation coil.

[0033] Statement 21. A method as defined in statement 19
or 20, the method further comprising the step of placing a
receiver coil near to the tissue saniple so that the current in
the tissue sample induces a current in the receiver coil;
wherein the induced current in the receiver coil provides the
measure of the current induced in the tissue sample.
[0034] Statement 22. A method as defined in statement 19
or 20, the method further comprising the step of placing a
receiver coil near to the tissue samiple so that the current in
the tissue sample induces a current in the receiver coil and
connecting the receiver coil to the reference coil such that
the current induced in the receiver coil by the current in the
tissue sample flows in the opposite direction to the current
induced in the reference coil by the second excitation coil,
wherein the steps of obtaining the measure of the current
induced in the tissue sample and determining the measure of
the fluid content of the tissue sample using the signal output
from the connected receiver coil and reference coil and a
signal representing the alternating current applied to the first
excitation coil and the second excitation coil.

[0035] Statement 23. A method as defined in any of
statements 21 or 22, the method further comprising the step
of placing the first excitation coil and the receiver coil
around the tissue sample to be measured.

[0036] Statement 24. A method as defined in any of
statements 19 or 20, the method further comprising the step
of attaching two electrodes to the tissue sample and mea-
suring the potential created by the current induced in the
tissue sample to provide the measure of the current induced
in the tissue sample.

[0037] Statement 25. A method as defined in statement 24,
wherein the step of determining the measure of the fluid
content of the tissue sample comprises determining the
measure of the fluid content from the measured potential, a
phase adjustment value that compensates for a phase delay
introduced through the use of the electrodes and the measure
of the current induced in the reference coil.

[0038] Statement 26. A method as defined in any of
statements 19-20 or 24-25, the method further comprising
the step of placing the first excitation coil around the tissue
sample to be measured.

[0039] Statement 27. A method as defined in any of
statements 19-26, wherein the step of determining the mea-
sure of the fluid content of the tissue sample comprises using
a function or table that relates phase delay to the electrical
conductivity of the tissue sample.

[0040] Statement 28. A method as defined in any of
statements 19-27, wherein the step of applying an alternat-
ing current to the first excitation coil and the second exci-
tation coil comprises applying an alternating current having
a first magnitude in order to measure the fluid content of the
tissue sample at a first depth in the tissue sample.

[0041] Statement 29. A method as defined in statement 28,
the method further comprising the steps of applying a further
alternating current having a second magnitude to the first
excitation coil and the second excitation coil in order to
measure the fluid content of the tissue sample at a second
depth in the tissue sample; obtaining a measure of the
current induced in the tissue sample at the second depth; and
determining a measure of the fluid content of the tissue
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sample at the second depth from the measure of the current
induced in the tissue sample at the second depth.

[0042] Statement 30. A method as defined in statement 29,
the method further comprising the step of determining the
difference in fluid content at the first depth and second depth
from the determined measures of the fluid content.

[0043] Statement 31. A method as defined in any of
statements 19-30, the method further comprising the steps of
determining a plurality of measures of the fluid content of
the tissue sample over time; and analysing the plurality of
measures of the fluid content of the tissue sample over time
to determine a measure of the heart rate, breathing rate
and/or pulse pressure variations of the subject.

[0044] Statement 32. A method as defined in any of
statements 19-31, the method further comprising the steps of
measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
discarding the measure of the fluid content if the amount of
movement exceeds the threshold value.

[0045] Statement 33. A method as defined in any of
statements 19-31, the method further comprising the steps of
measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
applying the alternating current to the first excitation coil
and the second excitation coil only if the amount of move-
ment is below the threshold value.

[0046] Statement 34. An apparatus for using magnetic
induction spectroscopy, MIS, to determine a measure of the
fluid content of a tissue sample of a subject, the apparatus
comprising an excitation coil that is configured to be placed
around the tissue sample for inducing a current in the tissue
sample; a control unit that is configured to apply an alter-
nating current to the excitation coil; obtain a measure of the
current induced in the tissue sample; and determine a
measure of the fluid content of the tissue sample from the
measure of the current induced in the tissue sample.
[0047] Statement 35. An apparatus as defined in statement
34, wherein the control unit is configured to obtain the
measure of the current induced in the tissue sample as a
measurement of the change in impedance of the excitation
coil; and wherein the control unit is configured to determine
the measure of the fluid content of the tissue sample from the
measured change in impedance and a signal representing the
alternating current applied to the excitation coil.

[0048] Statement 36. An apparatus as defined in statement
34, wherein the apparatus further comprises a receiver coil
that is to be placed near to the tissue sample so that the
current in the tissue sample induces a current in the receiver
coil, wherein the induced current in the receiver coil pro-
vides the measure of the current induced in the tissue
sample.

[0049] Statement 37. An apparatus as defined in statement
36, wherein the receiver coil is arranged in an orthogonal
orientation with respect to the excitation coil.

[0050] Statement 38. An apparatus as defined in statement
36 or 37, wherein the control unit is configured to determine
the measure of the fluid content of the tissue sample from the
induced current in the receiver coil and a reference signal.
[0051] Statement 39. An apparatus as defined in statement
38, wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.
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[0052] Statement 40. An apparatus as defined in statement
38, the apparatus further comprising a reference coil that is
arranged close to the excitation coil so that the excitation
coil induces a current in the reference coil, wherein the
reference signal corresponds to the current induced in the
reference coil by the excitation coil.

[0053] Statement 41. An apparatus as defined in statement
40, wherein the reference coil and the excitation coil are
arranged in the same orientation with respect to each other.
[0054] Statement 42. An apparatus as defined in statement
40 or 41, wherein the reference coil is configured to be
placed around the tissue sample.

[0055] Statement 43. An apparatus as defined in statement
34, wherein the apparatus further comprises two electrodes
that are for attachment to the tissue sample and that are for
measuring the potential created by the current induced in the
tissue sample.

[0056] Statement 44. An apparatus as defined in statement
43, wherein the control unit is configured to determine the
measure of the fluid content of the tissue sample from the
measured potential, a phase adjustment value that compen-
sates for a phase delay introduced through the use of the
electrodes, and a reference signal.

[0057] Statement 45. An apparatus as defined in statement
44, wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.

[0058] Statement 46. An apparatus as defined in statement
44, the apparatus further comprising a reference coil that is
arranged close to the excitation coil so that the excitation
coil induces a current in the reference coil, wherein the
reference signal corresponds to the current induced in the
reference coil by the excitation coil.

[0059] Statement 47. An apparatus as defined in statement
46, wherein the reference coil and the excitation coil are
arranged in the same orientation with respect to each other.
[0060] Statement 48. An apparatus as defined in statement
46 or 47, wherein the reference coil is configured to be
placed around the tissue sample.

[0061] Statement 49. An apparatus as defined in any of
statements 34-48, wherein the control unit is configured to
determine the measure of the fluid content of the tissue
sample using a function or table that relates phase delay to
the electrical conductivity of the tissue sample.

[0062] Statement 50. An apparatus as defined in any of
statements 34-48, wherein the control unit is configured to
apply an alternating current having a first magnitude to the
excitation coil in order to measure the fluid content of the
tissue sample at a first depth in the tissue sample.

[0063] Statement 51. An apparatus as defined in statement
50, wherein the control unit is further configured to apply a
further alternating current having a second magnitude to the
excitation coil in order to measure the fluid content of the
tissue sample at a second depth in the tissue sample; obtain
a measure of the current induced in the tissue sample at the
second depth; and determine a measure of the fluid content
of the tissue sample at the second depth from the measure of
the current induced in the tissue sample at the second depth.
[0064] Statement 52. An apparatus as defined in statement
51, wherein the control unit is further configured to deter-
mine the difference in fluid content at the first depth and
second depth from the determined measures of the fluid
content.

[0065] Statement 53. An apparatus as defined in any of
statements 34-52, wherein the control unit is further con-
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figured to control the apparatus to determine a plurality of
measures of the fluid content of the tissue sample over time;
and analyse the plurality of measures of the fluid content of
the tissue sample over time to determine a measure of the
heart rate, breathing rate and/or pulse pressure variations of
the subject.

[0066] Statement 54. An apparatus as defined in any of
statements 34-53, the apparatus further comprising a motion
sensor that is for attachment to the subject and that is for
measuring the movement of the subject; wherein the control
unit is further configured to analyse the measurements of the
movement of the subject from the motion sensor to deter-
mine if the amount of movement exceeds a threshold value;
and discard the measure of the fluid content if the amount of
movement exceeds the threshold value.

[0067] Statement 55. An apparatus as defined in any of
statements 34-53, the apparatus further comprising a motion
sensor that is for attachment to the subject and that is for
measuring the movement of the subject; wherein the control
unit is further configured to analyse the measurements of the
movement of the subject from the motion sensor to deter-
mine if the amount of movement exceeds a threshold value;
and only apply the alternating current to the first excitation
coil and the second excitation coil if the amount of move-
ment is below the threshold value.

[0068] Statement 56. A method of using magnetic induc-
tion spectroscopy, MIS, to determine a measure of the fluid
content of a tissue sample of a subject, the method com-
prising placing an excitation coil around the tissue sample;
applying an alternating current to the excitation coil to
induce a current in the tissue sample; obtaining a measure of
the current induced in the tissue sample; and determining a
measure of the fluid content of the tissue sample from the
measure of the current induced in the tissue sample.

[0069] Statement 57. Amethod as defined in statement 56,
wherein the step of obtaining the measure of the current
induced in the tissue sample comprises measuring the
change in impedance of the excitation coil; and wherein the
step of determining the measure of the fluid content of the
tissue sample comprises determining the measure of the
fluid content of the tissue sample from the measured change
in impedance and a signal representing the alternating
current applied to the excitation coil.

[0070] Statement 58. Amethod as defined in statement 56,
the method further comprising the step of placing a receiver
coil near to the tissue sample so that the current in the tissue
sample induces a current in the receiver coil; wherein the
induced current in the receiver coil provides the measure of
the current induced in the tissue sample.

[0071] Statement 59. A method as defined in statement 58,
wherein the step of determining the measure of the fluid
content of the tissue sample comprises determining the
measure of the fluid content of the tissue sample from the
induced current in the receiver coil and a reference signal.
[0072] Statement 60. A method as defined in statement 59,
wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.

[0073] Statement 61. A method as defined in statement 59,
the method further comprising placing a reference coil close
to the excitation coil so that the excitation coil induces a
current in the reference coil, wherein the reference signal
corresponds to the current induced in the reference coil by
the excitation coil.



US 2018/0143150 Al

[0074] Statement 62. A method as defined in statement 61,
wherein the step of placing the reference coil comprises
placing the reference coil around the tissue sample.

[0075] Statement 63. A method as defined in statement 56,
the method further comprising the step of attaching two
electrodes to the tissue sample and measuring the potential
created by the current induced in the tissue sample to
provide the measure of the current induced in the tissue
sample.

[0076] Statement 64. A method as defined in statement 63,
wherein the step of determining the measure of the fluid
content of the tissue sample comprises determining the
measure of the fluid content of the tissue saniple from the
measured potential, a phase adjustment value that compen-
sates for a phase delay introduced through the use of the
electrodes, and a reference signal.

[0077] Statement 65. A method as defined in statement 64,
wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.

[0078] Statement 66. A method as defined in statement 64,
the method further comprising placing a reference coil close
to the excitation coil so that the excitation coil induces a
current in the reference coil, wherein the reference signal
corresponds to the current induced in the reference coil by
the excitation coil.

[0079] Statement 67. Amethod as defined in statement 66,
wherein the reference coil and the excitation coil are
arranged in the same orientation with respect to each other.
[0080] Statement 68. A method as defined in statement 66
or 67, wherein the step of placing the reference coil com-
prises placing the reference coil around the tissue sample.

[0081] Statement 69. A method as defined in any of
statements 56-68, wherein the step of determining the mea-
sure of the fluid content of the tissue sample comprises using
a function or table that relates phase delay to the electrical
conductivity of the tissue sample.

[0082] Statement 70. A method as defined in any of
statements 56-69, wherein the step of applying an alternat-
ing current to the excitation coil comprises applying an
alternating current having a first magnitude in order to
measure the fluid content of the tissue sample at a first depth
in the tissue sample.

[0083] Statement 71. Amethod as defined in statement 70,
the method further comprising the steps of applying a further
alternating current having a second magnitude to the exci-
tation coil in order to measure the fluid content of the tissue
sample at a second depth in the tissue sample; obtaining a
measure of the current induced in the tissue sample at the
second depth; and determining a measure of the fluid content
of the tissue sample at the second depth from the measure of
the current induced in the tissue sample at the second depth.
[0084] Statement 72. A method as defined in statement 71,
the method further comprising the step of determining the
difference in fluid content at the first depth and second depth
from the determined measures of the fluid content.

[0085] Statement 73. A method as defined in any of
statements 56-72, the method further comprising the steps of
determining a plurality of measures of the fluid content of
the tissue sample over time; and analysing the plurality of
measures of the fluid content of the tissue sample over time
to determine a measure of the heart rate, breathing rate
and/or pulse pressure variations of the subject.

[0086] Statement 74. A method as defined in any of
statements 56-73, the method further comprising the steps of
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measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
discarding the measure of the fluid content if the amount of
movement exceeds the threshold value.

[0087] Statement 75. A method as defined in any of
statements 56-73, the method further comprising the steps of
measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
applying the alternating current to the excitation coil only if
the amount of movement is below the threshold value.
[0088] Statement 76. An apparatus for using magnetic
induction spectroscopy, MIS, to determine a measure of the
fluid content of a tissue sample of a subject, the apparatus
comprising an excitation coil that is to be placed near to the
tissue sample for inducing a current in the tissue sample; two
or more electrodes that are to be attached to the tissue
sample to measure the potential in the tissue sample; and a
control unit that is configured to apply an alternating current
to the excitation coil; obtain a measure of the potential in the
tissue sample; and determine a measure of the fluid content
of the tissue sample from the measured potential in the tissue
sample.

[0089] Statement 77. An apparatus as defined in statement
76, wherein the control unit is configured to determine the
measure of the fluid content of the tissue sample from the
measured potential, a phase adjustment value that compen-
sates for a phase delay introduced through the use of the
electrodes, and a reference signal.

[0090] Statement 78. An apparatus as defined in statement
77, wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.

[0091] Statement 79. An apparatus as defined in statement
76, 77 or 78, wherein the excitation coil is configured to be
placed around the tissue sample.

[0092] Statement 80. An apparatus as defined in statement
77, the apparatus further comprising a reference coil that is
arranged close to the excitation coil so that the excitation
coil induces a current in the reference coil, wherein the
reference signal corresponds to the current induced in the
reference coil by the excitation coil.

[0093] Statement 81. An apparatus as defined in statement
80, wherein the reference coil and the excitation coil are
arranged in the same orientation with respect to each other.
[0094] Statement 82. An apparatus as defined in statement
80 or 81, wherein the excitation coil and the reference coil
are configured to be placed around the tissue sample.
[0095] Statement 83. An apparatus as defined in any of
statements 76-82, wherein the control unit is configured to
determine the measure of the fluid content of the tissue
sample using a function or table that relates phase delay to
the electrical conductivity of the tissue sample.

[0096] Statement 84. An apparatus as defined in any of
statements 76-83, wherein the control unit is configured to
apply an alternating current having a first magnitude to the
excitation coil in order to measure the fluid content of the
tissue sample at a first depth in the tissue sample.

[0097] Statement 85. An apparatus as defined in statement
84, wherein the control unit is further configured to apply a
further alternating current having a second magnitude to the
excitation coil in order to measure the fluid content of the
tissue sample at a second depth in the tissue sample; measure
the potential in the tissue sample at the second depth; and
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determine a measure of the fluid content of the tissue sample
at the second depth from the potential measured in the tissue
sample at the second depth.

[0098] Statement 86. An apparatus as defined in statement
85, wherein the control unit is further configured to deter-
mine the difference in fluid content at the first depth and
second depth from the determined measures of the fluid
content.

[0099] Statement 87. An apparatus as defined in any of
statements 76-86, wherein the control unit is further con-
figured to control the apparatus to determine a plurality of
measures of the fluid content of the tissue sample over time;
and analyse the plurality of measures of the fluid content of
the tissue sample over time to determine a measure of the
heart rate, breathing rate and/or pulse pressure variations of
the subject.

[0100] Statement 88. An apparatus as defined in any of
statements 76-87, the apparatus further comprising a motion
sensor that is for attachment to the subject and that is for
measuring the movement of the subject; wherein the control
unit is further configured to analyse the measurements of the
movement of the subject from the motion sensor to deter-
mine if the amount of movement exceeds a threshold value;
and discard the measure of the fluid content if the amount of
movement exceeds the threshold value.

[0101] Statement 89. An apparatus as defined in any of
statements 76-87, the apparatus further comprising a motion
sensor that is for attachment to the subject and that is for
measuring the movement of the subject; wherein the control
unit is further configured to analyse the measurements of the
movement of the subject from the motion sensor to deter-
mine if the amount of movement exceeds a threshold value;
and only apply the alternating current to the first excitation
coil and the second excitation coil if the amount of move-
ment is below the threshold value.

[0102] Statement 90. A method of using magnetic induc-
tion spectroscopy, MIS, to determine a measure of the fluid
content of a tissue sample of a subject, the method com-
prising attaching two or more electrodes to the tissue sample
to measure the potential in the tissue sample; applying an
alternating current to an excitation coil to induce a current in
the tissue sample; measuring the potential in the tissue
sample; and determining a measure of the fluid content of
the tissue sample from the measured potential in the tissue
sample.

[0103] Statement 91. Amethod as defined in statement 90,
wherein the step of determining the measure of the fluid
content of the tissue sample comprises determining the
measure of the fluid content of the tissue saniple from the
measured potential, a phase adjustment value that compen-
sates for a phase delay introduced through the use of the
electrodes, and a reference signal.

[0104] Statement 92. A method as defined in statement 91,
wherein the reference signal is a signal representing the
alternating current applied to the excitation coil.

[0105] Statement 93. A method as defined in statement 90,
91 or 92, the method further comprising the step of placing
the excitation coil around the tissue sample.

[0106] Statement 94. A method as defined in statement 91,
the method further comprising the step of arranging a
reference coil close to the excitation coil so that the exci-
tation coil induces a current in the reference coil, wherein
the reference signal corresponds to the current induced in the
reference coil by the excitation coil.
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[0107] Statement 95. Amethod as defined in statement 94,
the method further comprising the step of placing the
excitation coil and the reference coil around the tissue
sample.

[0108] Statement 96. A method as defined in any of
statements 90-95, wherein the step of determining the mea-
sure of the fluid content of the tissue sample comprises using
a function or table that relates phase delay to the electrical
conductivity of the tissue sample.

[0109] Statement 97. A method as defined in any of
statements 90-96, wherein the step of applying an alternat-
ing current to the excitation coil comprises applying an
alternating current having a first magnitude in order to
measure the fluid content of the tissue sample at a first depth
in the tissue sample.

[0110] Statement 98. A method as defined in statement 97,
the method further comprising the steps of applying a further
alternating current having a second magnitude to the exci-
tation coil in order to measure the fluid content of the tissue
sample at a second depth in the tissue sample; obtaining a
measure of the potential at the second depth; and determin-
ing a measure of the fluid content of the tissue sample at the
second depth from the potential measured in the tissue
sample at the second depth.

[0111] Statement 99. A method as defined in statement 98,
the method further comprising the step of determining the
difference in fluid content at the first depth and second depth
from the determined measures of the fluid content.

[0112] Statement 100. A method as defined in any of
statements 90-99, the method further comprising the steps of
determining a plurality of measures of the fluid content of
the tissue sample over time; and analysing the plurality of
measures of the fluid content of the tissue sample over time
to determine a measure of the heart rate, breathing rate
and/or pulse pressure variations of the subject.

[0113] Statement 101. A method as defined in any of
statements 90-100, the method further comprising the steps
of measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
discarding the measure of the fluid content if the amount of
movement exceeds the threshold value.

[0114] Statement 102. A method as defined in any of
statements 90-100, the method further comprising the steps
of measuring the movement of the subject; analysing the
measurements of the movement of the subject to determine
if the amount of movement exceeds a threshold value; and
applying the alternating current to the excitation coil only if
the amount of movement is below the threshold value.
[0115] Statement 103. An apparatus for using magnetic
induction spectroscapy, MIS, to determine a measure of the
fluid content of a tissue sample of a subject, the apparatus
comprising an excitation coil that is to be placed near to the
tissue sample for inducing a current in the tissue sample; a
receiver component for obtaining a measure of the current
induced in the tissue sample by the excitation coil; a
reference signal component for providing a reference signal;
and a control unit that is configured to determine a phase
delay from the measure of the current induced in the tissue
sample and the reference signal; and determine a measure of
the fluid content of the tissue sample from the determined
phase delay.

[0116] Statement 104. A method of using magnetic induc-
tion spectroscopy, MIS, to determine a measure of the fluid
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content of a tissue sample of a subject, the method com-
prising applying an alternating current to an excitation coil
to induce a current in the tissue sample; using a receiver
component to obtain a measure of the current induced in the
tissue sample by the excitation coil; providing a reference
signal; determining a phase delay from the measure of the
current induced in the tissue sample and the reference signal,
and determining a measure of the fluid content of the tissue
sample from the determined phase delay.

BRIEF DESCRIPTION OF THE DRAWINGS

[0117] Exemplary embodiments of the invention will now
be described, by way of example only, with reference to the
following drawings, in which:

[0118] FIG. 1 illustrates the principle of using magnetic
induction spectroscopy to obtain tissue fluid measurements;
[0119] FIGS. 2(a). (b) and (c) illustrate known magnetic
induction spectroscopy, MIS, apparatus;

[0120] FIG. 3 is a block diagram of a MIS apparatus
according to a first aspect of the invention;

[0121] FIG. 4 is an illustration of the interconnection of
coils in the MIS apparatus of FIG. 3;

[0122] FIG. 5 is a flow chart illustrating an exemplary
method of using MIS to monitor tissue fluid content accord-
ing to the first aspect;

[0123] FIG. 6 is a block diagram of an alternative MIS
apparatus according to the first aspect of the invention;,
[0124] FIG. 7 is a block diagram of another alternative
MIS apparatus according to the first aspect of the invention;
[0125] FIG. 81s a block diagram of yet another alternative
MIS apparatus according to the first aspect of the invention;
[0126] FIG. 9 is a block diagram of a MIS apparatus
according to the second aspect of the invention;

[0127] FIG. 10 is a flow chart illustrating a method of
using MIS to monitor tissue fluid content according to the
second aspect;

[0128] FIG. 11 is a block diagram of an alternative MIS
apparatus according to the second aspect of the invention;
[0129] FIG. 12 is a block diagram of another alternative
MIS apparatus according to the second aspect of the inven-
tion;

[0130] FIG. 13 is a block diagram of a MIS apparatus
according to the third aspect of the invention;

[0131] FIG. 14 is a flow chart illustrating a method of
using MIS to monitor tissue fluid content according to the
third aspect;

[0132] FIG. 15 is a block diagram of an alternative MIS
apparatus according to the third aspect of the invention;
[0133] FIG. 16 is a block diagram of a MIS apparatus
according to the second and third aspects of the invention;
[0134] FIG. 17 is a block diagram of another MIS appa-
ratus according to the second and third aspects of the
invention; and

[0135] FIG. 18 is a flow chart illustrating a general method
according to the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0136] FIG. 1 illustrates the principle of using magnetic
induction spectroscopy to obtain tissue fluid measurements.
In particular, FIG. 1 illustrates a conventional magnetic
induction spectroscopy (MIS) apparatus 2 that is being used
to measure the fluid content of a tissue sample 4. The tissue
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sample 4 can be any part of a subject, including part of a
limb, such as an arm, leg, finger, toe, wrist or ankle, or a
larger part of the body of a patient or animal, such as the
torso or chest.

[0137] The MIS apparatus 2 comprises an excitation coil
6 and a receiver coil 8 that are connected to a control unit 10.
The excitation coil 6 is arranged adjacent to the tissue
sample 4 of the subject and the receiver coil 8 is arranged
generally on the opposite side of the tissue sample 4 to the
excitation coil 6. The excitation coil 6 and receiver coil 8 are
arranged so that they are in the same orientation with respect
to each other—i.e. they are arranged so that their axes are
parallel to each other.

[0138] The control unit 10 drives the excitation coil 6 with
an excitation signal in the form of an alternating current
(typically at a frequency in the range of 1-10 MHz) in order
to generate a magnetic field. The alternating magnetic field
generated by the excitation coil 6 is shown by magnetic field
lines 12 in FIG. 1. The alternating magnetic field 12 gen-
erates an eddy current 14 in the tissue sample 4. The strength
of the eddy current 14 depends on the strength of the
excitation field 12 and the conductivity of the sample 4. For
biological tissue, the conductivity of the sample 4 depends
on the amount of water (including the amount of blood) in
the tissue sample 4 within the excitation field 12. The eddy
current 14 is sensed by the receiver coil 8, which is used to
detect the magnetic field created by the generated eddy
current 14. Lines 16 illustrate the magnetic field induced by
the eddy current 14. In particular the magnetic field 16
generated by the eddy current 14 generates a current in the
receiver coil 8, and this current is processed by the control
unit 10 to determine the, or an indication of the, fluid content
of the tissue sample 4.

[0139] It will be appreciated that low tissue water content
results in low tissue conductivity and magnetic inductance
and this, in turn, results in a weaker magnetic field 16
generated by the eddy current 14, which is sensed by the
receiver coil 8. Similarly, higher tissue water content results
in higher tissue conductivity and magnetic inductance and
thus a stronger eddy current 14 and stronger magnetic field
16. It will be appreciated that pulsatile beat-to-beat changes
in tissue blood volume result in pulsatile beat-to-beat
changes in tissue conductivity.

[0140] With the excitation coil 6 and receiver coil 8
arranged in the same orientation, there will be coil crosstalk
between the excitation coil 6 and receiver coil 8 which will
influence the measurement and is affected by the mechanical
stability and thermal variations of the apparatus 2. That is,
the excitation magnetic field 12 may directly induce a
current in the receiver coil which can obscure the signal
corresponding to the current induced by the eddy current 14
in the tissue sample 4.

[0141] In some known implementations, the problem of
coil crosstalk can be avoided by omitting the receiver coil 8
and sensing the magnetic field 16 generated by the eddy
current 14 in the tissue sample 4 using the excitation coil 6.
FIG. 2(a) is a simplified illustration of an apparatus 22
according to this implementation. The apparatus 22 in FIG.
2(a) is similar to apparatus 2 shown in FIG. 1, and is for
measuring the fluid content of a tissue sample 24 and
comprises an excitation coil 26 arranged near to the sample
24 and a control unit 30 that is connected to the excitation
coil 26. The control unit 30 comprises excitation coil driving
circuitry 32 that generates an alternating current having
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magnitude T and frequency f for driving the excitation coil
26 to generate a magnetic field, and a processing unit 34 that
receives the voltage signal induced in the excitation coil 26
by the eddy current in the tissue sample 24 and determines
an indication of the tissue fluid content (e.g. a measure of the
conductivity of the tissue sample 24) from the voltage
signal.

[0142] In some other known implementations, as illus-
trated in FIG. 2() (which uses the same reference numerals
as FIG. 2(a)), the problem of coil crosstalk is overcome by
positioning the receiver coil 28 such that it is minimally
sensitive to the large excitation field from the excitation coil
26 but still sensitive to the small magnetic field from the
eddy current in the biological tissue sample 24. In particular,
the receiver coil 28 can be arranged orthogonally to the
excitation coil 26 (e.g. the receiver coil 28 can be arranged
so that it’s axis is at 90° with respect to the axis of the
excitation coil 26). This configuration is called a Zero Flow
Coil (ZFC). In this case, the signal (voltages) obtained in the
receiver coil 28 will originate in part from coil crosstalk
(which is substantially reduced compared to when the axes
of the coils 26, 28 are parallel) and from the current induced
in the coil 28 by the indirect magnetic field from the tissue
sample 24.

[0143] With both of the above implementations it has been
found that a good way to detect changes in tissue conduc-
tivity (and thus tissue fluid content) using MIS is to perform
a phase measurement between the excitation coil 6, 26 and
the receiver coil 8, 28. The phase angle ¢ corresponds to the
conductivity of the tissue and is the parameter of interest.
During relative movements between the tissue sample 24
and the coils this phase angle ¢ stays fairly constant and
remains mainly dependent on the tissue conductivity. To
enable this measurement, the processing unit 34 receives a
reference signal from the excitation coil driving circuitry 32
that corresponds to the voltage signal used to drive the
excitation coil 26 and determines the phase angle ¢ from the
reference signal and the voltage signal from the receiver coil
28.

[0144] It has been appreciated that it is important to have
a phase measurement with very low coil crosstalk and
excellent overall phase stability over time. A known
approach to eliminate phase influence of the excitation coil
driving circuitry 32 is to measure the phase difference Ap
between the receiver coil 28 and a reference coil that has a
strong mutual induction with the excitation coil 26. FIG.
2(c) illustrates an apparatus 22 according to this approach.
In this approach, the receiver coil 28 is arranged orthogo-
nally to the excitation coil 26 as in FIG. 2() and a reference
coil 36 is provided that is connected to the processing unit
34. The reference coil 36 is arranged near to the excitation
coil 28 and in the same orientation as the excitation coil 28
to maximise the coil crosstalk. The processing unit 34 can
measure the coil crosstalk using the signal from the refer-
ence coil 36 and subtract this from the voltage signal from
the receiver coil 28 to improve the measure of the fluid
content of the sample 24.

[0145] With the arrangement in FIG. 2(c), the effects of
variations in the excitation coil driving circuitry 32 and
excitation coil 34, e.g. due to temperature variations, are
strongly suppressed. By matching the reference coil 36 and
receiver coil 28 some of the drift in the detection system can
be compensated. In addition, with a strategically placed
reference coil 36, relative motion between the tissue sample
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24 and the coils only results in a common gain change while
the phase will stay constant. Thus, it is important to make
sure that the reference coil 36 has as little mutual induction
to the tissue sample 24 as possible. Effectively, this is similar
to a magnetic gradiometer.

[0146] A remaining issue with the arrangement in FIG.
2(c) is that the reference coil 36 is still sensitive to the
magnetic field generated by the eddy current in the tissue
sample 24.

[0147] To address this issue, according to a first specific
aspect of the invention a second excitation coil is provided
in the MIS apparatus that is paired with the reference coil,
with the coupling between the second excitation coil and the
reference coil matching the coupling between the (first/
main) excitation coil and the receiver coil. In this configu-
ration, the coupling between the excitation coil and receiver
coil is far from zero, but this coupling is matched with the
coupling between the second excitation coil and the refer-
ence coil.

[0148] A first embodiment of a MIS apparatus 42 accord-
ing to this aspect of the invention is shown in FIG. 3. The
MIS apparatus 42 is for use in measuring the fluid content
of a tissue sample 44, such as an arm, leg, torso, chest, etc.
of a patient or animal.

[0149] The MIS apparatus 42 comprises an excitation coil
46 and a receiver coil 48 that are connected to a control unit
50. The excitation coil 46 is arranged adjacent to the tissue
sample 44 (e.g. no more than a few centimetres (e.g. 5 cm)
from the surface of the tissue sample 44) and the receiver
coil 48 is also arranged adjacent to the tissue sample 44 (the
receiver coil 48 should also be no more than a few centi-
metres (e.g. 5 cm) from the surface of the tissue sample 44).
In some implementations the receiver coil 48 can be
arranged generally on the opposite side of the tissue sample
44 to the excitation coil 46, although it will be appreciated
that arranging the receiver coil 48 in this way is not required.
All that is required is that the receiver coil 48 is placed
somewhere close to the tissue sample 44 so that it can
measure the eddy current induced in the tissue sample 44 by
the excitation coil 46. In this embodiment the excitation coil
46 and receiver coil 48 are arranged so that they are in the
same orientation with respect to each other—i.e. they are
arranged so that their axes are parallel to each other.
[0150] The diameters of the excitation coil 46 and receiver
coil 48 and the number of windings depend on the size/area
of the tissue sample to be investigated. The number of
windings should be as high as possible given the chosen
geometry. However, if the excitation coil 46 and receiver
coil 48 are provided on a printed circuit board (PCB), the
number of windings can be as low as 1 or 2. However, the
strength of the excitation field is linearly proportional to the
number of windings and the current, so more windings could
be beneficial. An exemplary diameter for the excitation coil
46 and receiver coil 48 is 5 cm, although other diameters can
be used.

[0151] The control unit 50 comprises excitation coil driv-
ing circuitry 52 that generates an alternating current having
magnitude I and frequency f for driving the excitation coil
46 to generate a magnetic field, and a processing unit 54 that
receives the voltage signal induced in the receiver coil 48 by
the eddy current in the tissue sample 44 and determines an
indication of the tissue fluid content (e.g. the conductivity of
the tissue sample 44 or the phase difference Ag) from the
voltage signal and a reference signal from the excitation coil
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driving circuitry 52 that corresponds to the voltage signal
used to drive the excitation coil 46. The frequency of the
alternating current from the driving circuitry 52 is typically
in the range of 1-10 MHz

[0152] The apparatus 42 also comprises a second excita-
tion coil 56 and a reference coil 58. The second excitation
coil 56 and the reference coil 58 preferably correspond to the
first excitation coil 46 and receiver coil 48 respectively in
construction and relative arrangement (i.e. in the illustrated
embodiment the second excitation coil 56 and reference coil
58 are in the same orientation with respect to each other—
their axes are parallel) so that the second excitation coil 56
and the reference coil 58 respond in a similar way to the first
excitation coil 46 and receiver coil 48. If the second exci-
tation coil 56 and the reference coil 58 do not correspond to
the first excitation coil 46 and receiver coil 48 respectively,
the difference in response will need to be determined from
calibration experiments. The second excitation coil 56 is
connected to the excitation coil driving circuitry 52 and is
driven using the same alternating current as the first exci-
tation coil 46. The reference coil 58 is arranged close to the
second excitation coil 56 so that the magnetic field generated
by the second excitation coil 56 induces a current in the
reference coil 58. Since the signals in the reference coil 58
and second excitation coil 56 are of similar amplitude, the
reference coil 58 is connected to the processing unit 54 and
the receiver coil 48 in a gradiometer-like way (i.e. the
reference coil 58 and receiver coil 48 are connected in series
such that the direction of the currents in the receiver coil 48
and reference coil 58 are opposite to each other, i.e. flow in
opposite directions). This connection arrangement is shown
as shown in FIG. 4. When no tissue sample is near to the
receiver coil 48 and the apparatus 42 is operated, the signal
in the receiver coil 48 and the signal in the reference coil 58
will be exactly 180° out of phase with each other which
means they will cancel each other out at each point in time.
When a tissue sample is near to the receiver coil 48, a phase
delay will be introduced to the signal in the receiver coil 48
which will cause the signal to be out of phase with the signal
induced in the reference coil 58, and the resulting signal
from the interconnected coils 48, 58 will represent the signal
of interest, i.e. the voltage induced by the eddy current in the
tissue sample 44.

[0153] Thus, connecting the reference coil 58 and receiver
coil 48 in this way causes subtraction of the signal in the
reference coil 58 from the signal in the receiver coil 48 in the
analog domain (i.e. before any analog-to-digital (A/D) con-
version), since the connection between the coils 48, 58
means the induced currents are flowing in opposite direc-
tions, which just leaves the signal of interest, namely the
signal in the receiver coil 48 representing the current
induced by the eddy current in the tissue sample 44. This is
much simpler than in the arrangement of FIG. 2(c) where the
amplitude of the signal in the reference coil is much greater
than the signal in the receiver coil which means that the
subtraction of the signals has to be done in the digital
domain (i.e. after analog-to-digital conversion), which sig-
nificantly limits the number of bits available to find the
phase difference Aq. Effective subtraction in the analog
domain with the arrangement in FIG. 3 leaves the whole bit
range of an A/D converter to find the phase difference Ag.
Another advantage of the embodiment in FIG. 3 is that the
second excitation coil 56 and the reference coil 58 do not
have to be immediately adjacent to the tissue sample 44 or
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the other coils 46, 48, as long as they are in the same
environment (i.e. same temperature, humidity, etc).

[0154] A method of using magnetic induction spectros-
copy to monitor tissue fluid content according to the first
aspect is illustrated by the flow chart in FIG. 5.

[0155] In a first step, the MIS apparatus 42 is placed
adjacent the tissue sample 44 that is to be measured (step
201). That is, the first excitation coil 46 and receiver coil 48
are placed adjacent to the tissue sample 44 to be measured.
[0156] In step 203, the excitation coil driving circuitry 52
is operated to generate an alternating current of magnitude
I and frequency f that is supplied to the first excitation coil
46 and the second excitation coil 56 in order for those coils
to generate magnetic fields.

[0157] A (voltage) signal is induced in the receiver coil 48
by the magnetic field generated by the first excitation coil 46
and by the magnetic field generated by the eddy current in
the tissue sample 44, and a (voltage) signal is induced in the
reference coil 58 by the magnetic field generated by the
second excitation coil 56. By connecting the reference coil
58 and receiver coil 48 in series such that the currents
induced therein flow in opposite directions, the processing
unit 54 obtains a signal from the coils 48, 58 that represents
the signal induced in the receiver coil 48 by the eddy current
in the tissue sample 54 (step 205). Thus, connecting the
reference coil 58 and receiver coil 48 in this way and
providing a second excitation coil 56 allows the effects of
coil crosstalk between the first excitation coil 46 and the
receiver coil 48 to be removed.

[0158] In step 207, the processing unit 54 determines a
measure of the fluid content of the tissue sample 44 using the
signal from the coils 48, 58. The measure of the fluid content
can be an indication of the conductivity of the tissue sample
44.

[0159] Preferably, the signal obtained from the reference
coil 58 and receiver coil 48 (which comprises the current
induced by the eddy current in the tissue sample 44, the
current induced in the receiver coil 48 by the magnetic field
from the first excitation coil 46 and the current induced in
the reference coil 58 by the magnetic field from the second
excitation coil 56, the latter of which is effectively cancelled
out by the current induced in the receiver coil 48 by the
magnetic field from the first excitation coil 46 due to the
gradiometer-like connection) is amplified and demodulated
by analog electronics in the processing unit 54. After ampli-
fication and demodulation the signal is converted to the
digital domain using an analog to digital converter in the
processing unit 54. Once the signal is in the digital domain,
the real and imaginary parts of the received signal can be
obtained. A signal ratio (received signal/excitation field) can
be expressed by the following formula

AV . €8]
+ = Qenolwey(e, — D - iol+ R~ 1)

[0160] Where, in the embodiment of FIG. 3, AV=(V, -
encetV . ), withV . being the induced voltage in the
receiver coil from the eddy current in the tissue sample and
V eforence DeNg the primary field (the induced voltage
obtained by the reference coil), respectively. V is the refer-
ence signal corresponding to the voltage signal from the
excitation coil driving circuitry 52 that is used to drive the
excitation coils 46, 56. The electrical conductivity (the
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remaining variable in Equation 1 once AV and V are
known), the relative permittivity and the relative permeabil-
ity of the sample are represented by o, &, and . respectively.
The permittivity and permeability are e, and y,,, respectively.
The geometrical values Q and R are related to the coil
configuration. The imaginary component of the signal ratio
in Equation 1 (wey=(e, =1)) is proportional to the tissue
conductivity. The real part of the signal ratio is (i0). Once
the phase angle is known, the tissue conductivity can be
found by taking the arctan of the phase angle. The process-
ing of the signal from the coils 48, 58 and the reference
signal (which provides the ratio AV/V on the left hand side
of Equation 1) in step 207 to determine the measure of the
fluid content of the tissue sample 44 is generally conven-
tional and will be understood by those skilled in the art.
[0161] It will be appreciated that the MIS apparatus 42 in
FIG. 3 is thus more sensitive to changes in the fluid content
of the tissue sample 44 than conventional MIS apparatus,
and is stable in the presence of temperature and humidity
fluctuations and less sensitive to movement of the apparatus
and/or patient during measurements.

[0162] As noted above, a significant drawback of using
MIS for biomedical purposes is that it is sensitive to the
relative movement between coils and relative movement
between the coils and the tissue sample. Furthermore, since
MIS only examines the tissue sample in the excitation
magnetic field, tissue inhomogeneities (e.g., bones and large
blood vessels) also affect the measurement. On the one hand,
this is a strength of MIS as it allows the detection of local
tissue characteristics (e.g., brain edema) but on the other
hand, it is a weakness when one wants to apply MIS to
measure ‘global’ (i.e., not site-specific) under- or over-
hydration.

[0163] Although the apparatus in FIG. 3 mitigates the
above drawbacks to some extent, further improvements in
the robustness of the MIS apparatus against relative move-
ments between the coils and/or between the coils and the
tissue sample can be obtained through a modification to the
apparatus according to the first embodiment shown in FIG.
3.

[0164] In particular, a solution to the movement problem
is to configure the first excitation coil 46 so that it can be
placed around the tissue sample 44 to be measured. That is,
the excitation coil is placed around the tissue sample 44 so
that the tissue sample is in the centre (core) of the coil 46.
When applied to the MIS apparatus 42 shown in FIG. 3, the
receiver coil 48 is also configured such that it can be placed
around the tissue sample 44 to be measured. Thus the coils
46, 48 are configured so that they can be placed around a
finger, toe, wrist, ankle, arm, leg, waist, torso of the patient
as required for the measurement to be taken. The coils 46,
48 can thus be arranged in an item of clothing or jewellery
(e.g. a ring, bracelet or watch) so that they can be easily and
consistently used by the patient to measure the fluid content
of the tissue sample 44. By placing the excitation coil 46 and
receiver coil 48 around the tissue sample 44 to be measured,
the range of movement of the coils 46, 48 relative to the
tissue sample 44 is limited by the diameter of the coils 46,
48 relative to the diameter of the tissue sample 44.

[0165] A MIS apparatus 42 according to a second embodi-
ment is shown in FIG. 6, where it can be seen that the first
excitation coil 46 and receiver coil 48 are placed around the
tissue sample 44. As the first excitation coil 46 is placed
around the tissue sample 44, the magnetic field from the
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excitation coil 46 does not need to be as strong as in the
embodiment of FIG. 3 in order to generate a sufficiently
strong eddy current in the tissue sample 44 for it to be
detected by the receiver coil 48. As well as being more
robust against relative movement of the apparatus 42 and the
tissue sample 44, this embodiment also requires less power
in order to make the measurements, which makes it more
suitable for portable implementations (e.g. a device that the
patient wears continuously). Other than the configuration of
the excitation coil 46 and receiver coil 48, the MIS apparatus
42 according to the second embodiment operates in the same
way as the apparatus 42 in the first embodiment (i.e. with the
first excitation coil 46 and second excitation coil 56 being
driven with a common driving signal).

[0166] A third embodiment of a MIS apparatus according
to the first aspect of the invention is shown in FIG. 7. In this
embodiment, to avoid problems with coil crosstalk between
the excitation coil and receiver coil, the receiver coil is
replaced by two or more (e.g. four) electrodes that are placed
on the skin of the patient around the measurement site and
that measure the potential (voltage) created by the eddy
current induced in the tissue sample by the magnetic field
from the excitation coil.

[0167] The advantage of this embodiment over BIS
(which uses skin-mounted electrodes) is that MIS allows the
tissue in a fixed volume (i.e. within the magnetic field) to be
examined, whereas the measurement volume of BIS is not
fixed since the distribution of the current depends on the path
of least resistance. This has the implication that a MIS
apparatus according to this embodiment still allows control
over the measurement depth even though it is using skin-
mounted electrodes.

[0168] The MIS apparatus 42 according to the third
embodiment shown in FIG. 7 corresponds generally to the
first embodiment, with like components having the same
reference numerals. However, the receiver coil 48 has been
replaced by two electrodes 59 that are for attachment to the
skin of the tissue sample 44 around the volume to which the
magnetic field from the excitation coil 46 is applied. It will
also be noted that the reference coil 58 is now directly
connected to the processing unit 54.

[0169] In operation, the first excitation coil 46 and second
excitation coil 56 are driven with an alternating current to
generate respective magnetic fields (as in the embodiments
of FIGS. 5 and 6 the same driving signal is provided to each
coil 46, 56). The processing unit 54 receives a signal from
the reference coil 58 representing the current induced in the
coil 58 by the magnetic field from the second excitation coil
56 and a voltage signal from the electrodes 59 representing
the eddy current induced in the tissue sample 44 by the
magnetic field from the first excitation coil 46. The process-
ing unit 54 generally processes these signals in a similar way
to the signal obtained in the embodiment of FIG. 3 above
and shown in step 207 of FIG. 5 (although in this embodi-
ment the ratio AVIV in Equation 1 is determined by dividing
the signal from the electrodes 59 by the signal from the
reference coil 58). However, the difference compared to the
embodiment of FIG. 3 is that there needs to be a phase
adjustment of the received signal from the electrodes 59
before comparison with the signal from the reference coil 58
(due to electrode measurement principle). The comparison
of the phase-adjusted received signal from the electrodes 59
with the signal from the reference coil 58 comprises sub-
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tracting the signal from the reference coil 58 from the
phase-adjusted received signal.

[0170] The amount of the phase adjustment can be deter-
mined in advance of an actual MIS measurement during a
reference or calibration experiment in which no tissue
sample is present and the phase delay between the signal
from the electrodes 59 and the signal from the reference coil
58 is measured. Once this baseline phase delay is known,
this should be corrected for to only account for phase delay
caused by the tissue sample.

[0171] A fourth embodiment of a MIS apparatus according
to the first aspect of the invention is shown in FIG. 8. This
MIS apparatus 42 represents a combination of the second
and third embodiments described above, and thus provides
a first excitation coil 46 that is configured to be placed
around the tissue sample 44 to be measured and comprises
two or more electrodes 59 for attachment to the skin of the
patient in place of a receiver coil 48. This embodiment
operates in generally the same way as the third embodiment
described above, but having the first excitation coil 46
around the tissue sample 44 enables less power to be used to
generate the magnetic fields from the first excitation coil 46
and second excitation coil 56.

[0172] In addition to the above first aspect of the inven-
tion, a second aspect is provided in which the improvement
of placing an excitation coil around the tissue sample to be
measured is applied to the conventional MIS arrangements
shown in FIGS. 2(a), (b) and (c). As in the second embodi-
ment of the first aspect above, placing the excitation coil
around the tissue sample to be measured reduces or prevents
relative movement between the coils and the tissue sample.
[0173] A first embodiment of the second aspect is shown
in FIG. 9. The MIS apparatus 62 in this figure corresponds
to the arrangement shown in FIG. 2(a) with the excitation
coil placed around the tissue sample 64.

[0174] The MIS apparatus 62 comprises an excitation coil
66 that is configured so that it can be placed around a finger,
toe, wrist, ankle, arm, leg, waist, torso of the patient as
required for the measurement to be taken. The coil 66 can
thus be arranged in an item of clothing or jewellery (e.g. a
ring, bracelet or watch) so that they can be easily and
consistently used by the patient to measure the fluid content
of the tissue sample 64.

[0175] The excitation coil 66 is connected to a control unit
70 that comprises excitation coil driving circuitry 72 that
generates an alternating current having magnitude I and
frequency f for driving the excitation coil 66 to generate a
magnetic field, and a processing unit 74 that measures the
impedance change in the excitation coil 66 caused by the
eddy current in the tissue sample 64, receives a reference
signal from the excitation coil driving circuitry 72 corre-
sponding to the signal used to drive the excitation coil 66,
and determines an indication of the tissue fluid content (e.g.
a measure of the conductivity of the tissue sample 64).
[0176] The inductance of the excitation coil 66 will reduce
when the conductivity of the tissue sample 64 increases due
to increased energy transfer to the tissue sample 64 in the
form of eddy currents. With the excitation coil adjacent to
the tissue sample as in ‘conventional’ MIS in FIG. 2(a), the
driving signal of the excitation coil must be powerful
enough to generate sufficient eddy currents in the tissue
sample to create, in turn, a sufficiently large eddy current-
induced magpetic field. However, such a strong excitation
field makes it difficult, if not impossible, to detect the eddy
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current-induced magnetic field with the same coil, so a
separate receiver coil is needed. However, this introduces
the problem of coil crosstalk. Designing the excitation coil
such that it would be sensitive to the magnetic field created
by the eddy currents in the tissue sample, would limit the
penetration depth of the technique dramatically. In contrast,
when placing the excitation coil 66 around the tissue sample,
the excitation coil 66 can be designed (e.g. in terms of
diameter of wire, number of windings, etc.) such that the
effect of the eddy currents in the tissue sample can be
measured with the same coil (so no separate receiver coil is
required). In some exemplary embodiments, the diameter of
the wire can be 0.5-1 mm and there can be 2-4 windings in
the coil.

[0177] A method of using magnetic induction spectros-
copy to monitor tissue fluid content according to the second
aspect is illustrated by the flow chart in FIG. 10.

[0178] In a first step, the excitation coil 66 of the MIS
apparatus 62 is placed around the tissue sample 64 that is to
be measured (step 301).

[0179] In step 303, the excitation coil driving circuitry 72
is operated to generate an alternating current of magnitude
T and frequency fthat is supplied to the excitation coil 66 in
order for the coil to generate a magnetic field in the tissue
sample 64.

[0180] The magnetic field generated by the excitation coil
66 causes an eddy current in the tissue sample 64 which
itself causes a change in impedance in the excitation coil 66.
This change in impedance of the excitation coil 66 is
measured over time by the processing unit 74 (step 305).
[0181] In step 307, the processing unit 74 determines a
measure of the fluid content of the tissue sample 64 using the
measured change in impedance. Preferably the processing
unit 74 determines the difference between the signal in the
excitation coil 66 and the reference signal to obtain the tissue
signal (this is equal to AV in equation (1) above). The
properties of the tissue can be determined in the same way
as is described above for step 207.

[0182] A second embodiment of the second aspect is
shown in FIG. 11. The MIS apparatus 62 in this figure
corresponds to the arrangement shown in FIG. 2(5) but with
the excitation coil placed around the tissue sample 64. Thus
in this embodiment, the excitation coil 66 is placed around
the tissue sample 64 and a receiver coil 68 is provided
adjacent to the tissue sample 64 and arranged orthogonally
to the excitation coil 66 to minimise the crosstalk between
the coils.

[0183] As in the arrangement of FIG. 2(5), the processing
unit 74 performs a phase measurement between the excita-
tion coil 66 and the receiver coil 68 to determine the
indication of the tissue fluid content. The processing pet-
formed by the processing unit 74 to determine the indication
of the tissue fluid content can be the same as that performed
in the conventional apparatus of FIG. 2(5), and thus will not
be described in detail herein.

[0184] A third embodiment of the second aspect is shown
in FIG. 12. The MIS apparatus 62 in this figure corresponds
to the arrangement shown in FIG. 2(c) but with the excita-
tion coil placed around the tissue sample 64. Thus in this
embodiment, the excitation coil 66 and a reference coil 76
is placed around the tissue sample 64, and a receiver coil 68
is provided adjacent to the tissue sample 64 that is arranged
orthogonally to the excitation coil 66 to minimise the
crosstalk between the coils.
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[0185] As in the arrangement of FIG. 2(c), the processing
unit 74 measures the phase difference A between the
receiver coil 68 and the reference coil 76 (which has a strong
mutual induction with the excitation coil 66) to determine an
indication of the tissue fluid content. The processing per-
formed by the processing unit 74 to determine the indication
of the tissue fluid content can be the same as that performed
in the conventional apparatus of FIG. 2(c), and thus will not
be described in detail herein.

[0186] The embodiment shown in FIG. 12 provides all of
the advantages of the arrangement of FIG. 2(c), i.e. that the
effects of variations in the excitation coil driving circuitry
and excitation coil, e.g. due to temperature variations, are
strongly suppressed, along with some compensation of the
drift in the detection system by matching the receiver coil 68
and reference coil 76, and also has the advantage provided
by arranging the excitation coil 66 around the tissue sample
to be measured that movements of the apparatus relative to
the patient are reduced.

[0187] In addition to the above first and second aspects of
the invention, a third aspect is provided in which the
improvement of using two or more electrodes to measure the
potential (voltage) resulting from the induced eddy current
in the tissue sample 1s applied to the conventional MIS
arrangements shown in FIGS. 2(b) and (c). As in the third
embodiment of the first aspect above, this aspect avoids
problems with coil crosstalk between the excitation coil and
receiver coil.

[0188] A first embodiment of the third aspect is shown in
FIG. 13. The MIS apparatus 82 in this figure corresponds to
the arrangement shown in FIG. 2(b) with the receiver coil
replaced by a pair of electrodes at the measurement site on
the tissue sample 84.

[0189] The MIS apparatus 82 comprises an excitation coil
86 that is placed adjacent to the tissue sample 84 to be
measured. The excitation coil 86 is connected to a control
unit 90 that comprises excitation coil driving circuitry 92
that generates an alternating current having magnitude I and
frequency f for driving the excitation coil 86 to generate a
magnetic field, and a processing unit 94 that measures the
potential between the electrodes 88, receives a reference
signal from the excitation coil driving circuitry 92 corre-
sponding to the signal used to drive the excitation coil, and
determines an indication of the tissue fluid content (e.g. a
measure of the conductivity of the tissue sample 84).
[0190] A method of using magnetic induction spectros-
copy to monitor tissue fluid content according to the third
aspect is illustrated by the flow chart in FIG. 14.

[0191] In a first step, the excitation coil 86 is placed
adjacent the tissue sample 64 that is to be measured and the
electrodes 88 are attached around the area of the tissue
sample 84 to be measured (step 401).

[0192] In step 403, the excitation coil driving circuitry 92
is operated to generate an alternating current of magnitude
T and frequency f that is supplied to the excitation coil 86 in
order for the coil to generate a magnetic field in the tissue
sample 84.

[0193] The magnetic field generated by the excitation coil
86 causes an eddy current in the tissue sample 84 which is
measured by the electrodes 88 attached to the tissue sample
84 (step 405).

[0194] In step 407, the processing unit 94 determines a
measure of the fluid content of the tissue sample 84 using the
signal from the electrodes 88.
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[0195] Preferably in step 407 the processing unit 94 per-
forms a phase adjustment of the received signal from the
electrodes 88 before comparison with the reference signal
from the excitation coil driving circuitry 92. This phase
adjustment is similar to that described above for the embodi-
ment in FIG. 7. The comparison of the phase-adjusted
received signal from the electrodes 88 with the reference
signal from the excitation coil driving circuitry 92 comprises
subtracting the reference signal from the phase-adjusted
received signal. The resulting signal is then processed by the
processing unit 94 as described above for step 207 (e.g. the
signal is amplified and demodulated, converted to the digital
domain, the real and imaginary parts are obtained from the
signal ratio (received signal/excitation field)).

[0196] A second embodiment of the third aspect is shown
in FIG. 15. The MIS apparatus 82 in this figure corresponds
to the arrangement shown in FIG. 2(c) but with the receiver
coil replaced by electrodes 88 that are in contact with the
tissue sample 84. Thus in this embodiment, the excitation
coil 86 is placed adjacent to the tissue sample and a
reference coil 96 is placed near to the excitation coil 86.
[0197] The processing unit 94 measures the phase differ-
ence Ap between the potential measured by the electrodes 88
and the reference coil 96 (which has a strong mutual
induction with the excitation coil 86) to determine an
indication of the tissue fluid content. Preferably the process-
ing unit 94 applies a phase adjustment to the received signal
from the electrodes 88 before comparison with the signal
from the reference coil 96. This phase adjustment is similar
to that described above for the embodiment in FIG. 7. The
comparison of the phase-adjusted received signal from the
electrodes 88 with the reference signal from the reference
coil 96 comprises subtracting the reference signal from the
phase-adjusted received signal. The resulting signal is then
processed by the processing unit 94 as described above for
step 207 (e.g. the signal is amplified and demodulated,
converted to the digital domain, the real and imaginary parts
are obtained from the signal ratio (received signal/excitation
field)).

[0198] The embodiment shown in FIG. 15 provides the
advantages of the arrangement of FIG. 2(c), i.e. that the
effects of variations in the excitation coil driving circuitry
and excitation coil, e.g. due to temperature variations, are
strongly suppressed, and also has the advantage that there is
no crosstalk between the excitation coil 86 and a receiver
coil.

[0199] It will be appreciated that the improvements pro-
vided by the second and third aspects can also be used
together in a MIS apparatus to reduce the motion sensitivity
of the apparatus and avoid the problems with crosstalk
between the excitation coil and the receiver coil. FIGS. 16
and 17 illustrate two embodiments of a MIS apparatus 102
in which the excitation coil is placed around the tissue
sample to be measured and two or more electrodes are used
to measure the potential of the eddy current.

[0200] The MIS apparatus 102 in FIG. 16 is based on the
arrangement in FIG. 2(b). The MIS apparatus 102 is for
measuring the fluid content of a tissue sample 104 and
comprises an excitation coil 106 that is configured to be
placed around the tissue sample 104 to be measured. Two or
more electrodes 108 are connected or attached to the tissue
sample 104 for measuring the potential in the tissue sample.
The excitation coil 106 and electrodes 108 are connected to
a control unit 110 that comprises excitation coil driving
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circuitry 112 that generates an alternating current having
magnitude I and frequency f for driving the excitation coil
106 to generate a magnetic field, and a processing unit 114
that measures the potential between the electrodes 108,
receives a reference signal from the excitation coil driving
circuitry 112 corresponding to the signal used to drive the
excitation coil, and determines an indication of the tissue
fluid content (e.g. a measure of the conductivity of the tissue
sample 104). The processing performed by processing unit
114 is the same as described above for the embodiment of
FIG. 13.

[0201] The MIS apparatus 102 in FIG. 17 is based on the
arrangement in FIG. 2(c). The MIS apparatus 102 comprises
excitation coil 106 that is configured to be placed around the
tissue sample 104 to be measured and two or more elec-
trodes 108 are connected or attached to the tissue sample 104
for measuring the potential in the tissue sample. A reference
coil 116 is also provided that is configured to be placed
around the tissue sample 104. The excitation coil 106,
reference coil 116 and electrodes 108 are connected to
control unit 110 which determines an indication of the tissue
fluid content (e.g. a measure of the conductivity of the tissue
sample 104) from the signal from the reference coil 116 and
the measured potential between the electrodes 108. The
processing performed by processing unit 114 is the same as
described above for the embodiment of FIG. 15.

[0202] A general method of using magnetic induction
spectroscopy. MIS, to determine a measure of the fluid
content of a tissue sample is shown in the flow chart of FIG.
18. This method 1s applicable to all of the above embodi-
ments and aspects.

[0203] Thus, an excitation coil in the MIS apparatus is
driven with an alternating current in order to cause the
excitation coil to generate a magnetic field and thus an eddy
current in a tissue sample. This eddy current generates a
magnetic field and thus a current in a receiver component in
the MIS apparatus. This current is measured by the receiver
component (step 501 of FIG. 18). Due to the tissue sample,
this measured current (received signal) will have a phase
delay (and small amplitude reduction) compared to the
signal used to drive the excitation coil. Assuming the exci-
tation signal is a sine wave, the received signal will also be
a sine wave (but phase-delayed with respect to the excitation
signal).

[0204] It will be noted from the above that in the embodi-
ment of FIG. 9, the receiver component that obtains the
signal in step 501 is the excitation coil itself, whereas in the
embodiments of FIGS. 3, 6, 11 and 12 the receiver compo-
nent is a receiver coil that is arranged near to the tissue
sample and in the embodiments of FIGS. 7, §, 13, 15, 16 and
17 the receiver component are electrodes that are placed on
the tissue sample.

[0205] A reference signal is also required in order to
determine the phase difference induced in the received
signal by the eddy current in the tissue sample. Thus, a
reference signal is obtained from a reference signal compo-
nent (step 503). Assuming the excitation signal is a sine
wave, the reference signal will also be a sine wave.

[0206] In some embodiments (in particular the embodi-
ments of FIGS. 3, 6, 9, 11, 13 and 16), the reference signal
is the electrical signal used to drive the excitation coil to
generate the magnetic field, and thus the reference signal
component is the excitation coil driving circuitry. It will be
noted that in the embodiments of FIGS. 3 and 6, the signal
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from the reference coil is coupled to the signal from the
receiver coil in order to produce a signal that just represents
the current induced in the receiver coil by the eddy current
in the tissue sample. In other embodiments, (in particular the
embodiments of FIGS. 7 and 8) the reference signal is the
signal obtained from a reference coil that is placed near to
a second excitation coil (that is driven with the same signal
as the first excitation coil) and thus the reference signal
component is the second excitation coil and the reference
coil. In the remaining embodiments (the embodiments of
FIGS. 12, 15 and 17) the reference signal is the signal
obtained from a reference coil that is placed near to the
excitation coil, and thus the reference signal component is
the reference coil.

[0207] After obtaining the received signal and reference
signal, in some embodiments it is necessary to apply a phase
adjustment to the received signal (although it will be appre-
ciated that the opposite adjustment could instead be applied
to the reference signal) to account for differences in the
components used to obtain the received signal and reference
signal (in particular differences introduced through the use
of electrodes to obtain the received signal). Thus, in step
505, which is applicable to the embodiments that use elec-
trodes to obtain the received signal (the embodiments of
FIGS.7, 8,13, 15, 16 and 17), a phase adjustment is applied
to one of the signals. As described above, the amount of the
phase adjustment can be determined in a calibration experi-
ment when no tissue sample is present.

[0208] Next, in step 507, the phase difference between the
received signal (phase-adjusted, if appropriate) and the
reference signal is determined. In all embodiments except
those in FIGS. 3 and 6, step 507 comprises subtracting one
signal from the other (in the digital domain) to give the
phase difference. In these embodiments, as most of the bit
range of the A/D converter (used to convert the analog
signals to the digital domain) is dedicated to describe the
large signals of the excitation electronics, the effects of the
tissue magnetic field are very small compared to these
signals and only covers a few bits.

[0209] In the embodiments of FIGS. 3 and 6, the phase
difference is obtained in step 507 through connecting the
receiver coil and reference coil such that the currents
induced therein flow in opposite directions to create a
gradiometer and comparing the resulting signal to the ref-
erence signal. When neither coil is around or adjacent to
tissue, the reference signal and receiver signal are exactly
180 degrees out of phase and will cancel each other out at
each point in time. However, when the receiver coil is
adjacent or around tissue, a phase delay is introduced in the
receiver signal, which causes the signal to be out of phase
with the reference signal, so the signal obtained from the
receiver and reference components is a signal that is the sum
of the signal in the receiver coil and the signal in the
reference coil, which represents the signal of interest; i.e. the
signal coming from the tissue. In these embodiments, the
full bit range of the A/D converter (used to convetrt the signal
from the interconnected receiver coil and reference coil to
the digital domain) is dedicated to describe the tissue signal,
which yields a much better resolution than the other embodi-
ments.

[0210] Once the phase delay has been determined in step
507, the phase delay is used to determine a measure of the
tissue conductivity (and thus water content) of the tissue
sample (step 509). In preferred implementations, the tissue



US 2018/0143150 Al

conductivity is determined using a calibration function or
table that maps values of phase delay to tissue conductivity.
[0211] Further variations of the above-described embodi-
ments and aspects are contemplated to further improve the
reliability and versatility of MIS for measuring tissue fluid
content. Some of these variations are described below.
[0212] Multi-depth and differential-depth MIS—The mea-
surement depth of MIS (i.e. the extent of the measurement
volume in the tissue sample) depends on the strength of the
excitation field (which is dependent on the current through
the excitation coil) and the radius of the excitation coil.
Increasing the strength of the excitation field (by increasing
the magnitude of the alternating current) increases the depth
of the measurement and vice versa.

[0213] Therefore, in some embodiments the strength of
the excitation field can be set at a particular value to effect
a MIS measurement at a particular depth (e.g. to measure the
fluid content of a particular subsurface tissue such as the
lungs or muscles). In other embodiments, multiple MIS
measurements can be performed with different strength
excitation fields to obtain measurements of the fluid content
at different depths in the tissue sample. These measurements
can be combined to obtain differential-depth measurements
(i.e. which indicate the differences in fluid content between
different depths). Differential-depth measurements are more
robust against movement artefacts than single depth MIS
measurements.

[0214] Use of heart beat-induced modulation of the MIS
signal—As suggested above, as well as being sensitive to the
long-term amount of fluid in a tissue sample, the MIS
measurements obtained using the above aspects and embodi-
ments are also sensitive to the heart beat-induced pulse
pressure waves since these pressure waves temporarily
change the composition of the tissue in the MIS excitation
field (i.e. due to an increase in blood volume). Therefore,
taking a number of MIS measurements in a short interval
enables MIS measurements to be used for the simultaneous
assessment of heart rate.

[0215] Further, ventilation-related changes in intra-tho-
racic pressure and cardiac preload lead to variations in
stroke volume and therefore also to variations in the ampli-
tudes of the pulse pressure waves. Detecting this ventilation-
induced pulse pressure modulation in the MIS measure-
ments allows for the respiration rate to be assessed. These
pulse pressure variations (PPV), moreover, are considered a
measure of a patient’s volume status; high PPV have been
associated with hypovolemia and fluid responsiveness. The
measurement of heart rate, ventilation rate, and PPV is
possible with all of the embodiments and aspects described
herein.

[0216] Use of accelerometers to time MIS measure-
ments—Even with the above embodiments and aspects, the
MIS measurements are still sensitive to relative movement
between the coils themselves and relative movement
between the coils and the tissue sample. Therefore, in some
embodiments, a motion sensor, such as an accelerometer,
can be included in the MIS apparatus (and preferably
attached to the patient close to the measurement site (tissue
sample)), and the signal from the motion sensor processed to
determine the amount of movement (e.g. a magnitude,
intensity, etc.) and to determine if the patient is moving too
much through comparison of the amount of movement with
a threshold value (e.g. if the magnitude or intensity of
acceleration measured by the accelerometer 1s greater than a
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threshold value at a given time instant or at any point during
a given time period then the amount of movement can be
considered too high). In some cases a MIS measurement can
be discarded if it is determined that there is too much
motion, and in other cases the MIS apparatus can be
controlled so that it does not perform a MIS measurement
until the level of motion decreases to a suitable level (e.g.
below the threshold).

APPLICATIONS OF THE INVENTION

[0217] The MIS apparatus described above can provide
feedback on a patient’s hydration status, vital signs such as
heart rate, and provide a warning of under- or over-hydration
to either the patient themselves (e.g. through some direct
indicator that is part of the apparatus) or to medical person-
nel (e.g. through communicating wirelessly, such as with
Wi-Fi, Bluetooth or a cellular telecommunication technol-
ogy to a remote location). Since MIS in principle does not
require tissue contact, it is possible to implement the appa-
ratus in a number of different forms. For example the MIS
apparatus could be formed as an anklet, bracelet, watch,
ring, textile, or a hand-held device.

[0218] Early warning for hypovolemia—Hypovolemia is
common in various very large patient populations in the
ward, intensive care unit (ICU), and operating room (OR)
due to: insufficient oral/intravenous fluid intake, vasorelax-
ing anaesthesia, internal bleeding, sepsis, kidney dysfunc-
tion, and increased fluid losses due to mechanical ventila-
tion, fever, vomiting, and diarrhoea. Mild states of
hypovolemia before surgery have been associated with
worse outcomes. A hypovolemia-check could reveal occult
internal bleeding in patients in the ambulance and in the
emergency room (ER). Since the first compensation mecha-
nism for correction of hypovolemia is shifting fluids from
the tissue to the blood, tissue (de)hydration and patient
volume status are physiologically related. A MIS apparatus
measuring (a loss of) tissue water would therefore provide
an early warning for hypovolemia in hospitalised patients in
the ward, ICU, OR, and ER.

[0219] Early warning for capillary leakage—A MIS appa-
ratus measuring (a rise in) tissue water would provide an
early warning for increased capillary leakage, which poten-
tially indicates sepsis, one of the largest causes of mortality
in the ICU setting. Tissue water content could therefore be
part of an ‘early warning score’ on the condition of the
patient.

[0220] Provide guidance for fluid therapy in hospitalized
patients—As stated above, hypovolemia is a common prob-
lem in many hospitalised patients and the first treatment of
choice is fluid therapy. However, since fluids sometimes leak
out of the vasculature, large volumes are required, poten-
tially leading to a fluid overload. Fluid overload is common
in the ward, ICU, and OR. Specific patient populations
particularly at risk of fluid overload are septic patients due
to leaky vasculature, patients with renal dysfunction, and
patients undergoing heart surgery requiring a heart-lung
machine (e.g., coronary artery bypass graft (CABG) sur-
gery). A MIS apparatus measuring tissue water content
could provide an early warning for fluid overload in patients
receiving intravenous fluids since the first sign of fluid
overload is tissue edema formation.

[0221] Provide guidance for haemodialysis—Patients
with end stage kidney disease receive haemodialysis mul-
tiple times per week. However, when to stop a haemodialy-
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sis session is very ill-defined. When haemodialysis goes on
too long, the patient will become dehydrated and hypov-
olemic which may remain unnoticed until the patient tries to
stand up and (nearly) collapses. This risk is even higher in
patients receiving haemodialysis at home. A MIS apparatus
measuring tissue water content would provide guidance for
haemodialysis for patients with chronic kidney disease.

[0222] Early warning for dehydration—Dehydration is a
big issue amongst many home care patient populations,
including babies, children in developed and developing
countries, elderly, pregnant women, diabetics, and athletes,
mountaineers, and soldiers. Especially in the neonatal and
paediatric intensive care units, dehydration is a major prob-
lem which develops very rapidly. A MIS apparatus measut-
ing tissue water content would provide an early warning for
dehydration in these people/patients.

[0223] Edema formation at home—Several home care
patient populations are at risk of developing peripheral
edema, including patients with heart failure, nephrotic syn-
drome, liver cirrhosis, diabetes, hypertension and patients
who had lymph surgery (e.g. as part of breast cancer
surgery). Furthermore, pregnancies are often complicated by
hypertension which also results in peripheral edema. A MIS
apparatus measuring tissue water content would provide an
early warning for edema formation in these patient popula-
tions. Especially for pregnant women, the early detection of
leg edema could warn for pregnancy-induced hypertension,
which besides peripheral edema can result in (pre-) eclamp-
sia and premature birth.

[0224] There is therefore provided apparatus and methods
for using MIS to monitor the fluid content of tissue in a
human or animal body that are robust against movement of
the apparatus and/or tissue, and/or robust against the low
signal levels obtained from the tissue.

[0225] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive; the invention is
not limited to the disclosed embodiments.

[0226] Variations to the disclosed embodiments can be
understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the claims,
the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude
a plurality. A single processor or other unit may fulfil the
functions of several items recited in the claims. The mere
fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of
these measures cannot be used to advantage. A computer
program may be stored/distributed on a suitable medium,
such as an optical storage medium or a solid-state medium
supplied together with or as part of other hardware, but may
also be distributed in other forms, such as via the Internet or
other wired or wireless telecommunication systems. Any
reference signs in the claims should not be construed as
limiting the scope.

1. An apparatus for using magnetic induction spectros-
copy, MIS, to determine a measure of fluid content of a
tissue sample of a subject, the apparatus comprising:

a first excitation coil that is to be placed near to the tissue
sample for inducing a current in the tissue sample;
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a receiver coil that is to be placed near to the tissue sample
so that the first excitation coil and the current in the
tissue sample induce a current in the receiver coil;
a reference coil;
a second excitation coil that is arranged close to the
reference coil for inducing a current in the reference
coil; and
a control unit that is configured to:
apply an alternating current to the first excitation coil
and the second excitation coil;

obtain a measure of the current induced in the tissue
sample from a first signal and a second signal, the
first signal representing the current induced in the
reference coil by the second excitation coil and the
second signal representing the current induced in the
receiver coil by the first excitation coil and the
current in the tissue sample; and

determine a measure of the fluid content of the tissue
sample from the measure of the current induced in
the tissue sample.

2. An apparatus as claimed in claim 1, wherein the control
unit is configured to apply the same alternating current to
each of the first excitation coil and the second excitation
coil.

3. An apparatus as claimed in claim 1, wherein the
receiver coil is connected to the reference coil such that the
current induced in the receiver coil by the first excitation coil
and the current in the tissue sample flows in the opposite
direction to the current induced in the reference coil by the
second excitation coil; and

wherein the control unit is configured to obtain the
measure of the current induced in the tissue sample and
to determine the measure of the fluid content of the
tissue sample using the output of the interconnected
receiver coil and reference coil and a third signal, the
third signal representing the alternating current applied
to the first excitation coil and the second excitation coil.

4. An apparatus as claimed in claim 1, wherein the first
excitation coil and the receiver coil are configured to be
placed around the tissue sample to be measured.

5. An apparatus as claimed in claim 1, wherein the control
unit is configured to apply an alternating current having a
first magnitude to the first excitation coil and the second
excitation coil in order to measure the fluid content of the
tissue sample at a first depth in the tissue sample, and
wherein the control unit is further configured to:

apply a further alternating current having a second mag-
nitude to the first excitation coil and the second exci-
tation coil in order to measure the fluid content of the
tissue sample at a second depth in the tissue sample;

obtain a measure of the current induced in the tissue
sample at the second depth; and

determine a measure of the fluid content of the tissue
sample at the second depth from the potential measured
in the tissue sample at the second depth.

6. An apparatus as claimed in claim 1, wherein the control

unit is further configured to:

control the apparatus to determine a plurality of measures
of the fluid content of the tissue sample over time; and

analyse the plurality of measures of the fluid content of
the tissue sample over time to determine a measure of
at least one of a heart rate, a breathing rate or a pulse
pressure variations of the subject.



US 2018/0143150 Al

7. An apparatus as claimed in claim 1, the apparatus
further comprising a motion sensor configred to be attached
to the subject for measuring movement of the subject;
wherein the control unit is further configured to:
analyse the measurements of the movement of the
subject from the motion sensor to determine if the
amount of movement exceeds a threshold value; and
discard the measure of the fluid content if the amount
of movement exceeds the threshold value.
8. An apparatus as claimed in claim 1, the apparatus
further comprising a motion sensor configred to be attached
to the subject for measuring movement of the subject;
wherein the control unit is further configured to:
analyse the measurements of the movement of the
subject from the motion sensor to determine if the
amount of movement exceeds a threshold value; and
only apply the alternating current to the first excitation
coil and the second excitation coil if the amount of
movement is below the threshold value.
9. A method of using magnetic induction spectroscopy,
MIS, to determine a measure of the fluid content of a tissue
sample of a subject, the method comprising:
applying an alternating current to a first excitation coil
configured to be placed near to the tissue sample to
induce a current in the tissue sample and a receiver coil
configured to be placed near to the tissue sample and to
a second excitation coil arranged close to a reference
coil to induce a current in the reference coil;

obtaining a measure of the current induced in the tissue
sample from a first signal and a second signal, the first
signal representing the current induced in the reference
coil by the second excitation coil and the second signal
representing the current induced in the receiver coil by
the first excitation coil and the current in the tissue
sample; and

determining a measure of the fluid content of the tissue

sample from the measure of the current induced in the
tissue sample.

10. A method as claimed in claim 9, wherein the step of
applying an alternating current comprises applying the same
alternating current to each of the first excitation coil and the
second excitation coil.

11. A method as claimed in claim 9, the method further
comprising the step of:

connecting the receiver coil to the reference coil such that

the current induced in the receiver coil by the current in
the tissue sample flows in the opposite direction to the
current induced in the reference coil by the second
excitation coil;
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wherein the steps of obtaining the measure of the current
induced in the tissue sample and determining the mea-
sure of the fluid content of the tissue sample use the
output from the connected receiver coil and reference
coil and a third signal, the third signal representing the
alternating current applied to the first excitation coil
and the second excitation coil.

12. A method as claimed in claim 9, the method further
comprising the step of placing the first excitation coil and the
receiver coil around the tissue sample to be measured.

13. A method as claimed in claim 9, wherein the step of
applying an alternating current to the first excitation coil and
the second excitation coil comprises applying an alternating
current having a first magnitude in order to measure the fluid
content of the tissue sample at a first depth in the tissue
sample;

the method further comprising the steps of:

applying a further alternating current having a second
magnitude to the first excitation coil and the second
excitation coil in order to measure the fluid content
of the tissue sample at a second depth in the tissue
sample; and

obtaining a measure of the current induced in the tissue
sample at the second depth; and determining a mea-
sure of the fluid content of the tissue sample at the
second depth from the measure of the current
induced in the tissue sample at the second depth.

14. A method as claimed in claim 9, the method further
comprising the steps of:

determining a plurality of measures of the fluid content of

the tissue sample over time; and

analysing the plurality of measures of the fluid content of

the tissue sample over time to determine a measure of
the heart rate, breathing rate and/or pulse pressure
variations of the subject.

15. A method as claimed in claim 9, the method further
comprising the steps of:

measuring movement of the subject;

analysing the measurements of the movement of the

subject to determine if the amount of movement
exceeds a threshold value; and

one of the steps of:

discarding the measure of the fluid content if the
amount of the movement exceeds the threshold
value; or

applying the alternating current to the first excitation
coil and the second excitation coil only if the amount
of the movement is below the threshold value.
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