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RESONANT COIL FOR MEASURING SPECIMEN CONDITION

FIELD OF THE INVENTION

[0001] The present invention generally relates to
conductivity measurements and, in particular, determining a
condition of a specimen by noninvasive measurement of its

conductivity.

BACKGROUND OF THE INVENTION

[0002] Measurement of conductivity for most ligquids or
solids involves the use of electrodes which are placed into
contact with the specimen of interest. A voltage is applied
(usually AC) with resulting current measured and conductivity
computed. In some cases, many electrodes are attached so
that a kind of imaging is made possible, provided that
conductivity varies spatially through the specimen. This
latter condition is true for geological specimens and human
tissue specimens.

[0003] An alternative is to generate eddy currents
within the specimen through inductive coupling to an external
coil. The eddy currents exist in proportion to the local
conductivity of the material and can be detected in a number
of ways. A recent techrique in connection with attempting to
measure conductivity of the human thorax, more specifically
cardiac output, measures the additional electrical energy
dissipated in the coil when placed near to the patient's
body.

[0004] In spite of technigues employed to date, various
technical issues prevent widespread use: not well known or
understood; competing invasive methods; inadequate
development of models to distinguish the variety of factors
contributing to human tissue conductivity, making
interpretation less straightforward; and use of either
expensive or awkward instrumentation to measure coil related

parameters such as complex impedance. Many devices use
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circuitry that permits the frequency of the exciting
voltage to vary as a coil is placed adjacent its target
material. Such an arrangement makes interpretation of
measurements more confusing.

Reference to any prior art in the specification is not, and
should not be taken as, an acknowledgment or any form of
suggestion that this prior art forms part of the common
general knowledge in Australia or any other jurisdiction or
that this prior art could reasonably be expected to be
ascertained, understood and regarded as relevant by a

person skilled in the art.

SUMMARY OF THE INVENTION

[0005] A noninvasive induction type sensor measures
electrical conductivity at some depth beneath the skin, and
without the usual attachment of electrodes to the skin
surface. In one embodiment, an induction coil forms part
of an RLC auto-resonant circuit that is forced to remain in
resonance by a varactor diode combined with phase-locked
loop circuitry. With such an arrangement, impedance of the
resonant circuit and thus tissue conductivity is
straightforward to measure, leading to compact electronics.
A number of applications are contemplated, including an
ability to monitor recovery from hypothermia, onset of
hyperthermia, impairment of blood circulation or other
circulator performance, cardiovascular elasticity, cardiac
output, arterial dilation, edema, and fat distribution.

[0006] Other objects and features will be in part

apparent and in part pointed out hereinafter.

[0006a] In a first aspect, there is provided a
noninvasive apparatus for measuring a condition of a
specimen comprising a noninvasive oscillator providing a
reference signal having a phase and a fixed frequency; a
tunable reactive circuit receiving the reference signal
from the oscillator, said tunable reactive circuit
containing an induction coil adapted to be positioned

adjacent the specimen and generating an oscillating signal

2
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corresponding to the condition of the specimen, said
oscillating signal having a frequency and having a phase,
said tunable reactive circuit providing an output signal
having a parameter indicative of the condition of the
specimen, wherein the parameter comprises an impedance of
an element of said tunable reactive circuit, the impedance
linearly relating to a conductivity of the specimen; and a
noninvasive resonant control circuit comparing the
reference signal to the oscillating signal and providing to
the tunable reactive circuit a resonance control signal
representative of the comparison, said resonance control
signal tuning the tunable reactive circuit to resonance at
the fixed frequency of the oscillator while the impedance
of the element of said tunable reactive circuit is
measured.

[0006b] In a second aspect, there is provided a method
for measuring a condition of a specimen comprising:
positioning adjacent the specimen a noninvasive apparatus
comprising a tunable reactive circuit receiving a fixed
frequency reference signal from an oscillator; generating,
from the noninvasive apparatus, an oscillating signal
corresponding to the condition of the specimen, said
oscillating signal having a frequency and having a phase;
providing, from the noninvasive apparatus an output signal
having a parameter indicative of the condition of the
specimen; comparing the reference signal to the oscillating
signal; and controlling the tunable reactive circuit so
that the tunable reactive circuit remains in resonance at
the fixed frequency of the oscillator while an impedance of
the tunable reactive circuit is measured.

[0006c] In another aspect, there is provided an
apparatus for measuring a condition of a specimen
comprising: a noninvasive oscillator providing a reference
signal having a phase and a fixed frequency; a tunable
reactive circuit receiving the reference signal from said

oscillator, the reference signal inducing a resonance

2A
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condition at a resonant frequency within said tunable
reactive circuit, said tunable reactive circuit containing
an induction coil adapted to be positioned adjacent the
specimen and generating an oscillating signal corresponding
to a condition of the specimen, said tunable reactive
circuit providing an output signal having a parameter
indicative of the condition of the specimen, wherein the
parameter comprises an impedance of an element of said
tunable reactive circuit, the impedance linearly relating
to a conductivity of the specimen; and a resonant control
circuit comparing the reference signal to the oscillating
signal and providing to said tunable reactive circuit a
resonance control signal representative of the comparison,
the resonance control signal maintaining the resonant
frequency of said tunable reactive circuit at the same
frequency as said oscillator so that the impedance of said
tunable reactive circuit element is measured under a
condition of resonance.

[0006d] As used herein, except where the context
requires otherwise, the term "comprise" and variations of
the term, such as "comprising", "comprises" and
"comprised", are not intended to exclude further additives,

components, integers or steps.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1 is a block diagram of one embodiment

of the invention.

[0008] Figure 2 is a block diagram of another
embodiment of the invention.

[0009] Figure 3 is a schematic diagram of one
embodiment of the invention.

[0010] Figure 4 is a schematic diagram of one
embodiment of the invention, corresponding to Figure 2.

[0011] Figure 5 is a plan view of one embodiment of an
induction coil of the invention having a spiral

configuration.
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[0012] Corresponding reference characters indicate

corresponding parts throughout the drawings.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] In one form, the invention comprises an
apparatus for measuring a condition (e.g., conductivity) of a
specimen 100, such as human tissue, as illustrated in Fig. 1.

A fixed frequency oscillator 102 provides a fixed frequency
reference signal having a phase. An induction coil of a
tunable reactive circuit 104, such as a series RLC circuit,
is driven by the reference signal of the oscillator 102. The
fixed frequency oscillator 102 is independent of and isolated
from the tunable reactive circuit 104. The circuit 104
includes an induction coil 105 adapted to be positicned
adjacent the specimen 100. The circuit 104 generates an
oscillating signal corresponding to the condition of the
specimen 100. In other words, the proximity of the specimen
100 to circuit 104 affects the point of resonance of the
reactive circuit, such as by modifying the impedance of the
reactive circuit.

[0014] A resonant contrcl circuit 106 compares the
reference signal to the oscillating excitation signal and
provides to the tunable reactive circuit 104 a resonance
control signal representative of the comparison. The
resonance control signal tunes the tunable reactive circuit
104 so that resonance is maintained while the frequency of
the oscillating signal is substantially constant. As will be
discussed below, the tunable reactive circuit 104 provides an
output signal having a parameter indicative of the condition
of the specimen 100.

[0015] Thus, in one embodiment, the invention comprises
a method for measuring the condition of the specimen 100.

The coil of the tunable reactive circuit 104, driven by the
reference signal of the oscillator 102, is positioned

adjacent the specimen 100. The oscillating signal
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corresponding to the condition of the specimen 100 is
generated by the tunable circuit 104 so that the output
signal has a parameter indicative of the condition of the
specimen 100. The reference signal is compared to the
oscillating signal by the resonant control circuit 106. The
tunable reactive circuit 104 is kept tuned to resonance by
the resonant control circuit 106 while the oscillating signal
maintainsg a substantially constant frequency.

[0016] As illustrated in the embodiment of Fig. 2, the
resonant control circuit 106 compares the phase of the
reference signal to the phase of the oscillating signal. The
resonant control circuit includes a phase comparator 202
having first and second inputs and yielding a phase
difference signal 204 indicative of a phase difference of
signals applied to the first and second inputs. A phase
shifter 206 shifts the phase of the oscillating signal of the
oscillator to provide a shifted signal to a first sguaring
circuit 210 for squaring the shifted signal, this providing
the reference signal to the first input of the phase
comparator 202. In the embodiment of Fig. 2, the tunable
reactive circuit 104 comprises a tunable reactive resonant
circuit 212 such as a series RLC circuit providing a resonant
output signal 214. A second squaring circuit 216 sguares the
resonant output signal 214 to generate the oscillating square
wave signal provided to the second input of the phase
comparator.

[0017] The phase difference signal, which may be
averaged by an optional averager 217 (e.g., an integrator) is
provided to an errcr amplifier 218 which is responsive to the
phase difference signal 204. The error amplifier 218
provides the resonance control signal to the tunable reactive
resonant circuit 212. In general, the resonance control
signal varies one or more of the parameters of the tunable

reactive resonant circuit 212 in order to maintain the
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resonance of the circuit 212 at a substantially constant
frequency.

[0018] Optionally, an automatic or manual resonance
control circuit 220 may be used for selectively providing the
resonance control signal to the tunable circuit 212. In one
embodiment, the control circuit 220 has a first mode and a
second mode. In the first mode, the resonance control signal
is provided to the tunable circuit 212 substantially
continuously. In the second mode, the resonance control
signal is provided to the tunable circuit 212 intermittently
in response to operator input, as noted in more detail below.

In addition, an rf blocking circuit 222, such as an rf choke
in line together with a bypass capacitor between error
amplifier 218 and the tunable circuit 212, may be employed.

[0019] In general, in one embodiment, the condition of
the specimen being measured is conductivity indicative of at
least one of the following: hypothermia; hyperthermia;
circulatory performance; cardiac output; arterial dilation;
edema; and fat distribution.

[0020] Figure 3 is a schematic of the electronic
components comprising an RLC circuit maintained in a
resonance condition according to one embodiment of the
invention. The schematic indicates functionality and
describes an example of a working circuit. Insignificant
details have been omitted for clarity. In one embodiment,
resistor RS is about 10 ohms, since the resistance appearing
due to eddy currents will be in that vicinity. However, to
achieve a resonance locked condition due to circuit
variations, resistor R5 may have a value as high as 1000
ohms.

[0021] Signals arriving at pins 1 and 2 of phase
comparator 302 are shaped into square wave pulse trains by
voltage comparators A and B. If the RLC circuit comprised of
probe coil 304, varactor 3206, resistor R5 and capacitor C3 is

at resonance, then the signal arriving at pin 2 of comparator

th
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302 leads the signal at pin 1 by 90 degrees - this is ensured
by the phase shift network made up of resistor R1, capacitor
Cl and resistor R2, capacitor C2.

[0022] If the inductance of the probe coil 304 rises
when it is placed adjacent a specimen, then resonance would
be lost and the signal at pin 2 of comparator 302 would lead
pin 1 by more than 90 degrees. However, this difference in
phase is indicated at pin 3 of the phase comparator 302. As
a result, amplifier C increases the DC voltage applied to the
varactor 306, reducing its capacitance. A reduction in
varactor capacitance tends to restore the 90 degree phase
shift.

[0023] Alternatively, if inductance were to fall when
the coil 304 is placed adjacent a specimen, resonance would
again be lost causing the signal at pin 2 to lead pin 1 by
less than 90 degrees. This condition causes amplifier C to
lower the DC voltage applied to the varactor 306, having the
effect of increasing its capacitance, causing the 90 degree
phase shift condition between pins 1 and 2 to be restored.
Thus, the frequency of the excitation voltage applied to the
RLC circuit remains substantially constant even as the
voltage applied to varactor 306 varies. As a result,
measurement of the variation of the voltage applied to the
varactor 306, or preferably the voltage drop across the
resistance contained in the RLC circuit, is one indication of
condition (e.g., conductivity) of the specimen.

[0024] Difference amplifier D measures the voltage drop
across the resistor R5, and is in proportion to the condition
of the specimen. If impedance at resonance were to fall,
current rises causing a larger voltage to appear across R5.
Thus, increased impedance corresponds to a decreased voltage
across Rb.

[002B5] Thus, the invention provides for a compact,
inexpensive device that can be used in a variety of ways to

evaluate cardiovascular health of a specimen via
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conductivity. In corder to improve sensitivity and linearity,
the probe coil 304 which is part of the tunable reactive
circuit 104, 212 is placed at the surface of the specimen
100. The probe coil 304 is connected in series with the
varactor type diode 306 to form a resconant LC circuit which
can be auto-tuned by the resonant control circuit 106 to
maintain resonance at all times. To aid stability of auto-
tuning, the wvaractor 306 may be padded by introducing an
opticonal, small mica capacitor 308 in parallel with the
varactor 306. The varactor 306, which is a solid state device
whose capacitance can be varied, is reverse biased in
proportion to the phase angle difference between current
through and voltage applied to the RLC circuit. If
maintained at resonance, then the impedance of the RLC
circuit varies linearly with specimen conductivity and at
least quadratically with specimen dimensions.

[0026] In the case of a solenocidal coil surrounding a
cylindrical specimen of diameter 2a, the resonant impedance Z
when the coil is in series with an external resistor R and
capacitance C, has a simple form, with impedance linearly
related to specimen conductivity O and magnetic permeability

1, as indicated by equation 1:

. lad*uo
Zres_R+§ C

[0027] This result shows that impedance is linearly
related to tissue conductivity, which is about 0.5 mho/m, and
also linearly related to the magnetic permeability, which for
human tissues is nearly identical with that of a vacuum.
Sensitivity is improved when specimen diameter is increased
(note the guadratic dependence on diameter indicated by
equation 1), but also is improved if a smaller capacitance is

used (equivalent to raising the resonant frequency).
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[0028] For the case of a flat, circular loop coil of
diameter 2a containing N turns of wire, the resonant
impedance, when the loop is placed in the vicinity of a
conductive sphere of radius b placed on the loop axis, is
given by an equally simple form indicated by equation 2:
a*h’
30RS

[0029] In this case, impedance is still linearly

Z..=R+row’u’N?

related to conductivity, but more sensitive to the conductive
specimen's dimensions, here a sphere of radius b. Angular
frequency is given by o while the distance from the sphere
center to any point on the current locp is Re. The
additional impedance due to eddy current generation is
proportional to b raised to the fifth power, which permits
the technique to be applied to cases where the dimensions of
the conductive object may change.

[0030] Figure 4 is a schematic diagram of one
embodiment of the invention, corresponding to Figure 2. 1In
this embodiment, the optional auto/manual resonance control
circuit 220 comprises a sample and hold circuit U8 activated
by a manual switch Jl responsive to an operator input.
Jumpers added to headers J2 and J3 selectively bypass the
sample and hold circuit U8. The cptional auto/manual
resonance circuit 220 allows the user to select whether the
tunable reactive circuit 212 is constantly held at resonance
or whether pushbutton Jl1 will force the reactive circuit 212
to resonance each time it is depressed. To select between
the two modes of operation, jumpers are added to headers J2
and J3 either to jumper row 1 for auto or to jumper row 2 for
manual. In Fig. 4, the tunable reactive rescnant circuit 212
comprises a varactor D1 and D2 and a resistor R10 in series
with a sensor coil L1. As noted above, an optional padding
capacitor 402 in parallel with the varactor D1, D2 may be

provided. As illustrated, an rf blocking circuit 222 is in
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line between the resonance control circuit 220 and the
varactor D1, D2. 1In this embodiment, the voltage across
resistor R10 comprises the parameter indicative of the
condition of the specimen so that resistor R10 is the

component of the RLC circuit which is monitored.

APPLICATION TO HYPOTHERMIA AND HYPERTHERMIA

[0031] When body temperature has dropped to dangerously
low levels, blood circulation into the extremities is reduced
- i.e., hypothermia. Thus, blood volume, for example, would
be reduced in any of the patient’s fingers. Furthermore, the
temperature of body tissues in the area of reduced blood flow
is reduced, resulting in a drop of specific conductivity. As
indicated by equation 1, impedance at resonance is decreased
due to the drop in conductivity, but is especially affected
by a reduction in blood volume - note that impedance responds
to the square of the specimen radius, which presumably is a
function of blood volume and capillary dilation.

[0032] Using a sensor in the form of a solenoid type
induction coil according to the invention (e.g., prcbe coil
304 or sensor coil L1 of Fig. 4), the effectiveness of any
approach to treat hypothermia may be continucusly monitored
by placing the coil directly over a finger (e.g. the index
finger). As blood flow returns to the extremities and blocod
becomes warmer, impedance in the RLC circuit, of which the
coil is part, increases and eventually levels off. It is
important to note that this type of measurement has the
ability to probe tissues well beneath the skin surface, which
is something that a non-implanted thermistor is unable to do
accurately and consistently.

[0033] TLikewise, the onset of hyperthermia is something
that may be monitored with a conductivity sensor of the
solenoid type, if placed around a finger, or perhaps even the
ankle of the wearer. Given the simplified electronics design

of the “resonant locked” device of the invention, the sensor



WO 2008/020351 PCT/IB2007/052904

may be compact and unobtrusive. In one form, data would be
accessed remotely using RF telemetry. As temperature rises,
blood flow into the probed tissue rises as well. Thus, the
signal from either the solenoid or flat coil type sensor
rises accordingly. Given the availability of appropriate
mathematical forms derived for either of these coil types,
calibration may be unnecessary and absolute assessments are
feasible provided some correlation is developed between body

temperature and blcod volume in the target tissues.

CIRCULATORY PERFCORMANCE

[0034] In some cases, it may be desirable to assess the
robustness of the human circulatory system. This may be
achieved by deliberately plunging a subject’s hand into an
ice water bath for a specified period of time, followed by
removal and placement of a solencid type inductive sensor
according to the invention over the index finger for
monitoring. Subsequently, the signal produced by the sensor
coil would track the reestablishment of normal conditions.
Recovery of normal blood flow and temperature for someone
having healthy circulation is expected to be different from
one whose circulatory system is impaired in some way. The
transient signal produced by the sensor coil during the
course of return to normal blood flow and temperature may be
analyzed by spectral deconvolution to identify the time
constants associated with the overall process or a much

simpler approach may be employed, if warranted.

CARDIAC OUTPUT
[003B5] An EKG provides useful information about the

electrical signals associated with a beating heart. However,
it may not produce significant information about output on
each beat. By placing a loop coil according to the invention,
having dimensiongs similar to that of the heart, at a location

just above the heart, a pulsating signal appears as the heart

10
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undergoes expansion and contraction through each beat. An
RLC circuit equation 3 can be developed for the coil,
replacing the current I with a harmonically varying current

1(t):

. 1
. dl 7dd) 1 .
=i tR+L—+N-—e+—jz r)dr (3)
(?) dt dt Co (7)
[0036] The inductance of the isolated coil of N turns
is given by L. Taking the time derivative of equation 3, and

dividing by jo leads to an impedance Z as indicated by the

following egquation 4:

30R® wC

[0037] Of course, there are higher order corrections to

475 |
Z =R+7m00’ y;N? ab +j[La)—L] (4)

both real and imaginary parts of 7, but these are not
important for most cases. To arrive at approximately a 6.0
ohm contribution, due to eddy currents, we would need about
N=50 for a multi-turn loop coil of diameter 4.0 cm, assuming

further that a=b=R,and a freguency of 10 MHz.

[0038] Clearly, the eddy current contribution to
impedance will be very sensitive to the size of the
conductive object, a feature which can be put to good use.
Comparison with the solenoid result suggests that the flat
multi-turn loop coil is more sensitive to specimen size. It
also seems that adequate sensitivity for the flat loop coil
may be more difficult to achieve than for the solencid. The
advantage of the flat loop coil, however, is that it can
easily and conveniently be placed into close contact with
various body surfaces. In either case, sensitivity is
adequate to allow measurement.

[0039] As equation 4 indicates, coil impedance at
resonance varies with the fifth power in heart diameter -
considering the heart as though it were a sphere. The reason

for expecting a fluctuating signal is that the blood is

11
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concentrated in the heart to a much greater extent than in
tissues immediately surrounding the heart. Thus, the
development of eddy currents is greatly reduced as the heart
becomes greatly contracted. A model of heart volume as it
goes through the expansion and contraction cycle, together
with heart tissue conductivity data, coil dimensions and
placement, allows simulation of the expected signal produced
by an induction coil sensor. Adjusting the volume change
until the simulated signal compares favorably with the actual
signal may lead to a measurement of the actual volume change

per beat - depending on the accuracy of equation 4.

ARTERIAL DILATION

[0040] 2An application similar to evaluation of cardiac
output involves the placement of a relatively small diameter
induction ccil according to the invention directly over a
site where a significant artery runs sufficiently close to
the body surface. An excellent example would be the radial
artery in the wrist, where pulse rate is commonly determined.
As indicated by MRI cross sections of the wrist (not
illustrated), the radial artery is very close to the skin
surface and sufficiently large that an inductive sensor
registers a periodic signal in response to arterial expansion
and collapse. While other methods attempt to assess arterial
performance using various types of pressure transducers,
which would only provide data about pulse strength, the
induction coil sensor according to the invention provides a
direct measure of the dilatational response of the probed

artery to a pressure pulse emanating from the heart.

FAT DISTRIBUTION

[0041] The induction coil sensor may be used as a
diagnostic for distribution of body fat, especially abdominal
fat. Belly fat, and visceral fat in particular, are

excellent indicators for heart disease and diabetes.

12
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Visceral fat is fat which is located more deeply in the
abdominal cavity and is usually associated with internal
organs.

[0042] Since fatty tissue is much less conductive than
muscle or other tissues, it would be possible to use multi-
turn loop coils to obtain a 2-d map of conductivity across
the abdominal surface. As theory has shown, the depth of
field of the conductivity measurement may be controlled by
using coils of different diameters - larger diameter coils
probing more deeply. Thus, with use of different diameter

coils, both 2-d and 3-d imaging of fat is feasible.

OTHER EMBODIMENTS AND APPLICATIONS

[0043] The applications discussed above are exemplary
and not exhaustive. In some cases, a number of coils may be
implemented, with some serving the purpose of inducing the
eddy currents while others passively sense the fields created
by the eddy currents. One application using multiple coils
may be used to evaluate the appearance of edema in brain
tissues due to injury or disease. This would be an
appropriate application of the invention since the collection
of conductive fluids in any body tissue would likely produce
an abnormally high electrical impedance.

[0044] It is also contemplated that the circuitry of
the invention may be implemented digitally. For example,
referring to Fig. 1, the reference signal and oscillating
signal may be applied to an analog to digital converter and
digitally processed to generate a digital signal which may be
applied to a digital to analog converter to generate the
resonance control signal. Also, the output may be converted
to a digital signal and digitally processed to determine its
indications.

[0045] Though there are coil designs such as the
solenoid or the multi-turn loop, many other possibilities

exist. A particular useful variation of the multi-turn type

13
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is a coil whose subseguent turns gradually increase coil
diameter by the diameter of the wire used. For example, as
illustrated in Figure 5, a flat, spiral-wound induction coil
may be employed as part of the invention as the spiral
configuration tends to provide added sensitivity. Subsequent
turns will be added in an outward spiraling manner which
increases the diameter, but allows the thickness or height of
the coil to remain constant, equal to the diameter of the
wire used. The leads to the coil are at the start of the
first turn (i.e. the center of the coil) and at the end of
the last turn (i.e. the outer edge of the coil). The overall
diameter of the coil can be expressed with the following
equation:

d_,=2Nd, . +d

cotl wire hole

Where N is the number of turns in the coil, d.ie 1s the
physical diameter of the wire being used to construct the
coil, and dp-ie 1s the diameter of the hole in the center of
the coil. The completed coil is able to lie flat, inasmuch
as all turns lie in the same plane, with a height equal to
the wire diameter.

[0046] With regard to the phase detection circuitry,
the output of the phase comparator is a square wave. There
are a number of techniques that could be used to convert this
square wave into a dc value that represents phase error. One
alternative technicue involves simply taking the average of
the square wave (e.g., see Fig. 2 and optional averager 217).

The simple average of a waveform is given by:

_Lr
Vo =], V (Ot

In one embodiment, a filter may be applied to the output of

an integrator to get a running average over several waveform

14
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periods. The resulting voltage can then provide the needed
feedback to retune the RLC circuit via the varactor.

[0047] Having described the invention in detail, it
will be apparent that modifications and variations are
possible without departing from the scope of the invention
defined in the appended claims.

[0048] When introducing elements of the present
invention or the preferred embodiments(s) thereof, the
articles "a", "an", "the" and "said" are intended to mean
that there are one or more of the elements. The terms
"comprising”, "including”" and "having”™ are intended to be
inclusive and mean that there may be additional elements
other than the listed elements.

[0049] TIn view of the above, it will be seen that the
several objects of the invention are achieved and other
advantageous results attained.

[0050] As variocus changes could be made in the above
constructions, products, and methods without departing from
the scope of the invention, it is intended that all matter
contained in the above description and shown in the
accompanying drawings shall be interpreted as illustrative

and not in a limiting sense.
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CLAIMS
1. A noninvasive apparatus for measuring a condition of a specimen comprising:

a noninvasive oscillator providing a reference signal having a phase and a
fixed frequency;

a tunable reactive circuit receiving the reference signal from the oscillator,
said tunable reactive circuit containing an induction coil adapted to be positioned
adjacent the specimen and generating an oscillating signal corresponding to the
condition of the specimen, said oscillating signal having a frequency and having a
phase, said tunable reactive circuit providing an output signal having a parameter
indicative of the condition of the specimen, wherein the parameter comprises an
impedance of an element of said tunable reactive circuit, the impedance linearly relating
to a conductivity of the specimen; and

a noninvasive resonant control circuit comparing the reference signal to
the oscillating signal and providing to the tunable reactive circuit a resonance control
signal representative of the comparison, said resonance control signal tuning the
tunable reactive circuit to resonance at the fixed frequency of the oscillator while the

impedance of the element of said tunable reactive circuit is measured.

2. The apparatus of claim 1 wherein the resonant control circuit compares the phase of
the reference signal to the phase of the oscillating signal and wherein the parameter

corresponds to a voltage across a component of the tunable reactive circuit.

3. The apparatus of claim 2 wherein the resonant control circuit comprises:
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a phase comparator having first and second inputs and providing a phase
difference signal indicative of a phase difference of signals applied to the first and
second inputs;

a phase shifter shifting the phase of an oscillating signal of the oscillator to
provide a shifted signal;

a first squaring circuit for squaring the shifted signal to provide the
reference signal to the first input of the phase comparator,;

a second squaring circuit for squaring a resonant output signal of the
tunable reactive circuit to provide the oscillating signal to the second input of the phase
comparator; and,

an error amplifier responsive to the phase difference signal for providing

the resonance control signal to the tunable reactive circuit.

4 The apparatus of claim 3 wherein the tunable reactive circuit comprises a series
RLC circuit.
5. The apparatus of claim 4 wherein the RLC circuit comprises a varactor of

adjustable capacitance, a fixed resistance and an induction coil.

6. The apparatus of claim 5 further comprising a padding capacitor in parallel with

the varactor.

7. The apparatus of claim 4 wherein the resonant control circuit further comprises
an averager averaging the phase difference signal and providing the averaged phase

difference signal to the error amplifier.

8. The apparatus of claim 1 further comprising a control circuit for selectively

providing the resonance control signal to the tunable reactive circuit, said control circuit
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having a first mode and a second mode, wherein in the first mode the resonance control
signal is provided to the tunable reactive circuit substantially continuously and wherein
in the second mode the resonance control signal is provided to the tunable reactive

circuit intermittently in response to operator input.

9. The apparatus of claim 8 wherein the control circuit comprises a sample and
hold circuit activated by a manual switch responsive to the operator input and jumpers

for selectively bypassing the sample and hold circuit.

10. The apparatus of claim 1 wherein the condition is at least one of the following:
hypothermia; hyperthermia; circulatory performance; cardiac output; arterial dilation;

edema; and fat distribution.

11. A method for measuring a condition of a specimen comprising:

positioning adjacent the specimen a noninvasive apparatus comprising a tunable
reactive circuit receiving a fixed frequency reference signal from an oscillator;

generating, from the noninvasive apparatus, an oscillating signal corresponding
to the condition of the specimen, said oscillating signal having a frequency and having a
phase,

providing, from the noninvasive apparatus an output signal having a parameter
indicative of the condition of the specimen;

comparing the reference signal to the oscillating signal, and

controlling the tunable reactive circuit so that the tunable reactive circuit remains
in resonance at the fixed frequency of the oscillator while an impedance of the tunable

reactive circuit is measured.
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12.  The method of claim 11 wherein the condition is at least one of the
following: hypothermia; hyperthermia; circulatory performance; cardiac output; arterial

dilation; edema; and fat distribution.

13.  The method of claim 11 wherein comparing comprises comparing the
phase of the reference signal to the phase of the oscillating signal and wherein the

parameter is a voltage across a component of the tunable reactive circuit.

14.  The method of claim 13 wherein comparing comprises averaging a phase
difference signal and providing the averaged phase difference signal to an error

amplifier for controlling the resonance of the tunable reactive circuit.

15.  The method of claim 11 wherein the tunable reactive circuit comprises a

series RLC circuit.

16.  The method of claim 11 further comprising selectively providing a
resonance control signal to the tunable reactive circuit, wherein in a first mode the
resonance control signal is provided to the tunable reactive circuit substantially
continuously and wherein in a second mode the resonance control signal is provided to

the tunable reactive circuit intermittently in response to operator input.

17. The method of claim 11 wherein the parameter comprises an impedance
of an element of the tunable reactive circuit, said impedance linearly relating to a

conductivity of the specimen.

18. An apparatus for measuring a condition of a specimen comprising:
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a noninvasive oscillator providing a reference signal having a phase and a fixed
frequency;

a tunable reactive circuit receiving the reference signal from said oscillator, the
reference signal inducing a resonance condition at a resonant frequency within said
tunable reactive circuit, said tunable reactive circuit containing an induction coil adapted
to be positioned adjacent the specimen and generating an oscillating signal
corresponding to a condition of the specimen, said tunable reactive circuit providing an
output signal having a parameter indicative of the condition of the specimen, wherein
the parameter comprises an impedance of an element of said tunable reactive circuit,
the impedance linearly relating to a conductivity of the specimen; and

a resonant control circuit comparing the reference signal to the oscillating signal
and providing to said tunable reactive circuit a resonance control signal representative
of the comparison, the resonance control signal maintaining the resonant frequency of
said tunable reactive circuit at the same frequency as said oscillator so that the
impedance of said tunable reactive circuit element is measured under a condition of
resonance.

19.  The apparatus according to any one of claims 1 to 10, wherein impedance
at resonance is further decreased due to a drop in blood volume.

20. The method according to any one of claims 11 to 17, further comprising

using the output signal, measuring a volume charge per beat of a heart.
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FIG. 5
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