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VOLUMETRIC PHYSIOLOGICAL MEASURING SYSTEM

Field of the Invention

The invention relates to a system and method for accurate measurements of

volume and area of objects. utilizing electromagnetic induction techniques.

Background of the Invention

Numerous opportunities exist in which accurate measurements of volume
and area are essential, particularly of objects or portions of objects having variable
volumes or areas. For example, in the field of medicine, the recording of breathing
volumes in patients is often quite critical. Unfortunately these measurements are
often crude and inaccurate. or at best rely upon outmoded technical modalities or
upon unreliable. The recording of breathing volumes in patients is currently either
performed by connecting a volume flow-sensing device to a subject's airway (e.g.
by use of a spirometer or tachymeter) or by measuring the mechanical excursions
of the chest and abdominal walls. For long-term monitoring purposes. the airway-
based techniques are inappropriate since they interfere with normal breathing and
are unpleasant for the patient. This is particularly relevant to children and certain
other patients. Although airway-based techniques are currently used in patients
dependent on respiratory-assist devices there may be less intrusive and more
reliable means of obtaining such data.

Similarly. techniques that rely on recordings of chest and abdominal wall
movements are either strain gauge based (recording of changes in body
circumference length), or based on elastic inductive electrical conductor loops
arranged around the chest and abdomen of the patient. Recordings of the
inductance of the loops can then be used to estimate the magnitude of cross-
sectional area variations of the chest and abdominal compartments. United States
Patent No. 4,308,872 is an example of this self-inductance loop estimation
technology. Such methods might be used for quantitative measurements of
respiratory volumes only after a calibration procedure where the patient breathes
known air volumes with variable respiration movement distributions between the
chest and abdominal compartments.

Currently, most devices for measurements of chest volume variations have
shortcomings related to calibration. stability, accuracy or reliability. The methods
are either based on measurements of circumference of the chest and abdomen

(strain-gauge transducers), or on measurements of the electrical inductance of
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conductor loops arranged around the chest and abdomen. The reason for using
abdominal sensors is that the downward movement of the diaphragm during
inspiration causes volume changes of both the chest and abdomen that have to be
added to estimate the lung volume excursions. There is no fixed ratio between the
abdominal and chest volume variations. Indeed. the relative contributions to total
volume variations might even vary as a consequence of respiratory effort, airway
resistance or sleep state. Thus, independent calibrations of both measurement sites
are necessary (when using known techniques) to estimate the actual volume
variations caused by respiration.

The strain gauge or circumferential distance methods have no simple or
reproducible relation between the measured variations and the volumes that are
measured. This relation depends on assumptions about the relation between the
area enclosed by the loop and the length of the loop that are valid only for a fixed
geometry. Although some of the methods based on inductance may claim that area
is measured (i.e., it is assumed to be proportional to loop inductance), the
assumption is only valid as long as the relative shape of the loop is conserved.
Unfortunately, this is not the case for the cross-sectional area variations of the
human chest or abdomen that are caused by respiration.

Common to all area-based methods is a considerable uncertainty in the
calculations of volume variations from the estimated area variations. One reason
for this is that only point samples of the area (at the sites of the transducers) are
measured. To relate area variations to volumes. some means of calibration is
necessary. The calibration procedure depends highly upon patient cooperation to
obtain coefficients for both chest and abdominal measurement sites, and is
virtually inapplicable to small children, patients with dyspnea (shortness of
breath), and unconscious patients.

This invention describes novel systems and methods for volume and area
measurements, based on electrical inductance, in ways which eliminate the
shortcomings discussed above. The invention does not depend on patient
cooperation for calibration and is a true volume or area measurement method that

does not depend on assumptions about the relations between circumference, area
and volume.

Summary of the Invention

A new family or class of devices is provided for recording of cross-
sectional areas and volumes of objects. in particular portions of the human body.

This includes static measurements as well as measurements of the smaller
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overlying variations in area and volume caused by respiratory and cardiac activity.
The principle relies on measurement of electromagnetic induction between one or
more electrical conductor loops wrapped around a body part to be measured, and
one or more remotely located electromagnetic coil arrangements. By proper design
of the coils, the induced voltages that are measured will be proportional to the area
or volume that is measured.

In one embodiment, a device is provided for measuring the movement of an
object which comprises means for creating time-varying magnetic fields at least
large enough to surround the object. Electrical circuits are adapted to conform to
the surface of the object, and voltage monitoring means are connected to the
electrical circuits, whereby motion of the surface creates a measurable change in
induced voltage in the circuits that correlates to the movement of the object.

In another embodiment. a method is provided for measuring the area or
volume of an object which comprises the steps of adapting electrical circuits to
conform to the object surface, and measuring the voltage induced in the circuits by
a time-varying magnetic field surrounding the object, whereby the change in the
area or volume of the object may be calculated without calibration of the device to

the individual.

Brief Description of the Drawings

Figure 1 is an arrangement of serially connected loops and a magnetic field
vector.

Figure 2 is a block diagram of a first embodiment of the system of the
invention.

Figure 3 is one embodiment of a transducer design for use as a coil means.

Figure 4 is a sample recording from the use of the system of Figure 2.

Figure 5 is a magnified view of the raw volume curve of Figure 4,
demonstrating cardiac pulsations in volume.

Figure 6 is a schematic view of a second embodiment of the invention.

Figure 7 is a schematic view of a third embodiment of the invention.

Figure 8 is a schematic view of a fourth embodiment of the invention.

Figure 9 is a schematic view of a fifth embodiment of the invention.

Figure 10 is a schematic view of a sixth embodiment of the invention.

Figure 11 is a schematic view of a seventh embodiment of the invention.

Figure 12 is a screen view graph of simultaneous recordings using a

spirometer and the system of the invention.
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Figure 13 is a screen view graph of blood volume variations in the chest
and abdomen caused by cardiac activity.

Figure 14 is a block diagram schematic view of one embodiment of the
system of the invention.

Detailed Description of the Invention

By way of technical background, and in reference to Figure 1, it may be
seen that the induced voltage in a closed electrical conductor loop 10

perpendicular to a homogeneous magnetic field that varies with time is:

Eq. 1) Uyop = (dB/dt) A

loop

where B is the magnetic field strength, and Aoy 18 the area of the loop regardless
of its shape and t is time.

Thus, when a homogeneous magnetic field with a known intensity and
temporal variation and with a direction that is along a patient's body axis is
generated, measurements of induced voltages in conductor loops wrapped around
the patient's body will give accurate area measurements. In order to measure
volume, it is necessary to add together the volumes of a stack of slices. each with a
measured area and a known thickness. This is readily accomplished by using
several conductor loops wrapped around the patient's body. If the spacing between

the loops is constant and known. then the volume to be measured (Vbody) may be
expressed as:

Eq. 2) Vigy = s lim ¥ A, = s (dt/dB) lim & U

s—0 s—0

loop

where s is the spacing between the loops.

Summation of the induced voltages is accomplished by electrical serial
connection of the loops, effectively reducing the complexity of the system, since
only one voltage needs to be measured. This is an important advantage of the
invention disclosed herein resulting in reduced system complexity. The choice of
the loop spacing s (also referred interchangeably herein as distance d) is a
compromise between accuracy and convenience in the design of the volume
transducer. A low value of s means that a higher number of loops will be needed

to encompass the measurement region. which typically is from the level of the
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axilla and down to the crest of the hips. when measuring a torso. If the number of
loops becomes high, the self-inductance of the serially connected loops starts to
increase dramatically, with implications for the design of the electronic circuits.
A preferable embodiment is to use values of s in the range of four to eight cm,
which are the smallest values to be used for infants. This typically results in eight
(8) to ten (10) loops. Other configurations, however, are possible. The magnetic
field need only be homogeneous within the volume occupied by the relevant parts
of the patient's body or other object being measured. Practical experience
indicates that a field of sufficient intensity and homogeneity can be generated just
by arranging a conductor wire as a vertical rectangular loop, following the floor,
walls and ceiling of the room, and feeding an alternating current through the loop.
Preferable values are 10kHz to 200 kHz with currents below 1 A, although other
configurations are possible. For example. more than one electrical conductor loop
may be used.

Figures 2-8 relate to a first embodiment of this invention discussed below.
This embodiment, shown in block diagram form in Figure 2, comprises integrating
both the alternating current source for the current loop that generates the magnetic
field and the circuits needed to amplify and rectify the returned signal into a single
unit. Stable crystal oscillator 30 controls system 20, with the output frequency of
the oscillator being divided down to the desired value by binary counter 34. The
suggested values of 1 MHz and a division of 16 are arbitrary. It is, however. an
advantage that the signal fed into the power amplifier 36 is a symmetric square
wave, since this waveform lacks even frequency harmonics. The removal of
unwanted harmonic frequency components by filter 37 is then easier. Such
removal of harmonics is preferable to avoid radiation interference with other
electronic equipment. The amplifier output will eventually be fed into an
inductive load that absorbs almost no energy. By using a (class D) switching
amplifier design, and by proper design of the low-pass filter, the total power
consumption of the amplifier unit can be minimized, reducing the demands for
circuit cooling and for power supply capacity. The low-pass filter 37 would likely
be a passive one, and would not introduce substantial phase-shifts to the voltage
waveform at the frequency used. The signal picked up by the serially-connected
loops, which in one embodiment are wrapped around a patient as shown and
described below in relation to Figure 6. is first fed into band pass filter 44. The
purpose of this filter is to increase the system noise immunity. The filter can be

designed as a narrow-band resonant transformer. effectively implementing
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galvanic separation of the conductive wires close to the patient and the rest of the
apparatus.

Pre-amplifier 48 is useful since the noise performance of the amplifiers is
better than that of demodulator 53. The gain of the amplifier need not be more
than necessary to suppress the noise of the demodulator, with a typical value of
about 20 to 25 dB.

The coherent demodulator 53 rectifies the alternating voltage signal. and is
easily implemented by CMOS analog switches, such as the CD4016 or CD4066
circuit. Using a coherent demodulator_ has two advantages. It is very linear over a
broad signal intensity range, and together with low-pass filter 58, a substantial
improvement in relation to noise suppression is achieved. The effective
bandwidth of the amplifier chain will be twice the cut-off frequency of low-pass
filter 58, with one example of a typical value of this cut-off frequency being 5Hz
to 15 Hz, with the highest value suited for infants with a higher natural respiration
rate.

The signal-conditioning block 63 serves several purposes. It provides
amplification of the signal, making it suited for further processing in a computer-
based system. Also, the unit provides some means of coarse adjustment of the
amplification, preferably controlled by the analyzing software. Since the signal at
the output of the low-pass filter 58 contains a substantial DC or constant
component (corresponding to the total volume of the body inside the coils), some
means of subtracting this component will increase the sensitivity of the system in
detecting small volume changes. Such subtraction can be made with an electronic
high-pass filter, the cut-off frequency of which must be substantially below
common respiration frequencies (0.05 Hz or below). In order to shorten the time
for the output signal to stabilize at start-up of the system, a means of shortening
the time constant of this filter (by resistor switching) is desired. In some cases,
where slow changes not related to respiration are measured, absolute readouts of
volume without any zero subtraction might be desired. Applications of this might
be monitoring of edema development, vascular volume reflexes, muscle growth or
atrophy, effects of surgical procedures, etc.

The electronic circuits described above are easily constructed within less
than 50 cm® of circuit board area. and could be integrated with an A/D converter
and interface control circuitry on a plug-in board for an ordinary personal
computer, for example as shown in Figure 14 below. A complete stand-alone unit
could also be made, with the size and complexity being dependent on the amount

of signal analysis, presentation capability and storage capacity built into the unit.
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It should be emphasized that the above illustrative description is for only one
embodiment of the invention, with numerous alternate means of practicing the
underlying technology also being within the scope of the appended claims. Parts of
the function of the suggested block diagram in Figure 2 could be implemented
using digital signal processing or other means. At least one alternate construction
is to let all processing of the received signal be digital from and including
demodulator 53 with a sampling rate of exactly twice the loop current frequency.

The transducers containing the current loops can be made with varying
materials, such as copper or similarly conductive metalization, as well as other
designs. For example, one design of elastic electrical conductors might integrate a
spring component with the electrical conductor. Also, ease and costs of
manufacturing are important. Another solution is to develop a disposable unit,
based on metallized plastic bands as the conductor elements. Since the induced
voltages are very low (in the order of a few millivolts), and the impedances are
low (unless the number of loops becomes high), there may be no need to use
insulated conductors. Indeed, the magnetic field generated by a room coil is
weaker than that generated by the deflection magnets in a television set.
Prolonged exposure to such fields is generally deemed to be harmless. Since a
pick-up conductor coil wrapped around the patient can be galvanically separated
from the rest of the equipment (as is already done in most other electrical
equipment used for patient monitoring), there will not be any electrical shock
hazards either.
One embodiment for the design of a disposable transducer is shown in Figure 3.
Strips of metallized foils 72 and plain plastic foils 74. possibly one cm wide, are
made into a meshwork by welding at the cross sections. Alternatively, the whole
assembly can be stamped from a sheet of foil with metallized bands on it. The
thickness of the foil is selected so that the zig-zagged strips have a suitable
elasticity. A rectangular sheet of such meshwork is wrapped around the patient or
subject, with a skew, so that the conductor strips are turned into a helix. The seam
must provide electrical conducting, either by using some sort of clips, or simply
by twisting the pairs of strips together. A cable may be connected to the recording
apparatus. It is recognized that other devices may be used to arrange the coil
configurations around the object to be measured, for example, as will be discussed
below.

One embodiment of the system according to Figure 2, with some minor

modification, was tested using the following parameters:
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Current frequency: 70 KHz

Loop current: 200 mA (a 4-turn loop was used, thus the effective

current was 800 mA)

Loop size: 2 x 2 meters

Magnetic field strength in patient body: ~2 p T

Incremental volume sensitivity (system noise level): 1 ml

This embodiment deviates somewhat from the suggested diagram in
Figure 2. A free-running RC-oscillator was used as the frequency control element,
and the low-pass filter between the power amplifier and the room loop was
omitted. More strict conformance with the block diagram in Figure 2 will
probably result in even better performance, especially with regard to the noise
level.
A sample recording from the use of this embodiment is shown in Figure 4.

The volume waveform 81 can be used to calculate breath-by-breath tidal volumes
in liters 77 by considering the amplitude of the waveform. Ventilation in liters per
second 75 can be found by dividing the tidal volume by the duration of the
individual cycle. The instantaneous frequency of respiration (not display) can be
found by inverting the duration of the cycles. By careful inspection. variations are
observed in the volume that occur in synchrony with the heart rate, and which
probably reflect variations in thoracic and abdominal blood volume caused by the
beating action of the heart. A magnified view of the raw volume curve 81 in
Figure 4 (from 61 to 64 seconds on the time axis) is shown in Figure 5 to
demonstrate cardiac pulsations in volume. These pulsations are, however, far
smaller than the expected cardiac stroke volume of the subject, and reflect the net
volume variations of summed abdominal and thoracic blood volume, which might
be related to the fraction of the cardiac stroke volume that is diverted to the limbs
and brain. Clearly, this provides a valuable diagnostic indication by analysis of
this waveform, which may be used for monitoring and assessment of patients with
heart failure, shunts or valvular disease. The waveform can easily be extracted
from the underlying respiratory variations by coherent averaging, possibly using
the patient’s ECG as a timing reference. Volume minima coinciding with cardiac
end-systole are indicated with arrow markers Ces. Thus, an apparatus combining
respiratory and cardiac monitoring is disclosed. The curve trace of Figure 5 also
demonstrates the noise level of the system which, when translated to measured

volume, is in the order of one ml RMS or standard deviation.
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As noted above, a typical use of the invention is to continuously measure
the volume or area of the chest and abdomen of a human patient. This volume or
area will show variations in synchrony with the movements of breathing. These
variations correspond to the changes in the volume of gas contained in the lungs,
since all fluids and tissues present in the measured volume are incompressible. It
is essential also to include the abdomen in the measurement, since breathing action
also comprises up and down contraction of the diaphragm muscle, which again
causes inward and outward motion of the abdominal walls. Analysis of the time
course of volume variations may be used for estimating the quantitative amount of
breathing, and a plurality of variables describing the breathing pattern, such as
frequency, depth of breath (tidal volume) and airway flow are also discernible.

It should be noted that this invention occurred due to the recognition of the
shortcomings of the previously known technology for measuring volumes and
areas of objects having an outer material within which an inner volume may
change. In addition to human torso and limbs, this invention is well suited for use
in the industrial applications of various types, such as where internal volumes may
be fuel containers, propellants, or other materials having variable volumes or
areas. Regardless of the application. the inventors have recognized the value of the
fact that the induced voltage in a conductor loop by a homogeneous alternating
magnetic field is exactly proportional to the loop area, independent of the loop
shape. The induced voltage in such loops will be added together when the loops
are connected in series. for example as when the voltages from individual battery
cells are added in everyday electrical equipment. This provides the basis for the
measurements of volumes by a single voltage reading from a stack of loops with
equidistant spacings.

In addition to greater accuracy of this system and method of obtaining
measurements, this technique is also important due to its speed. In particular, the
system of the invention does not need to be calibrated to each patient. Rather,
volume and area measurements may be accurately taken regardless of the shape or
variation pattern of the object/patient provided that the conductive coil follows the
contours of the object’s/patient’s surface contours. For example, in one
embodiment, a patient may be equipped with a tightly fitting elastic shirt or
garment. This shirt has embedded electrical conductors that comprise a plurality of
closed circumferential loops that closely follow the body contours.
Electromagnetic induction between this body coil and another remotely located
fixed coil is then measured. This may be done by feeding an alternating electrical

current (with frequency in the range of about 10 kHz - 200 kHz) through either
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coil, and measuring the induced voltage in the other coil. It is important to note
that magnetic fields that are used in the invention are not affected or modified by
the presence of body tissue, so the physical laws describing electromagnetic
phenomena in void spaces are still valid.

In one embodiment of the invention. a passive use of the patient coil is
used, for example as will be later discussed in relation to Figure 6. In that
embodiment the room coil 101 is generating the magnetic field rather than in a
"reversed" arrangement where the patient coil is energized instead of the remote or
room coil. Such a reversed arrangement will be further described below in relation
to Figure 7. The first embodiment mentioned above comprised a large (a few
meters or more) electrical conductor loop mounted along a building structure such
as a wall, floor, or ceiling in order not to be obstructive. However, another
embodiment of this coil is possible and consists of a plurality. such as three.
carefully positioned and matched small coils. as shown in Figure 8. These coils
will together generate the same type of magnetic field as a large coil would do at
the patient measurement site. These embodiments for coil assemblies can be used
instead of a bulkier room coil either as a magnetic field generator, or as a magnetic
field sensor in the reversed coil arrangement. When the design of the overall
system uses this coil configuration as a sensor. it may be possible to use non-
inductive technology, such as point sensors or magnetometers, or the like. In the
embodiment of Figure 7. instead of generating the magnetic field with the room
coil, the patient coil is energized and used for generating a magnetic field whose
properties depend on the volume or area to be measured: while the room coil or
three-coil assembly mentioned above is used for picking up an induced voltage
caused by the field. By proper design of the electronic circuits that energize the
patient coil (constant current amplifiers), the desired linear area or volume
dependency of the induced voltage will be preserved.

Another refinement of the system allows simultaneous measurement of two
portions of an object, such as a plurality of patient volume compartments,
typically the chest and abdomen. This gives supplementary information about the
distribution of muscular effort in breathing. and provides information relevant for
diagnosis of infant pulmonary diseases. especially diseases associated with
airways obstruction. Adding the two measured volumes will still give the total
volume measurement advantages of the other embodiments. In order to perform
simultaneous measurements, the patient coil is divided in two halves by an

electrical "tap" connection at the center turn. as shown in Figure 10.
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Thus what has been provided by this invention is measurement of the area
of an electrical conductor loop by recording of the induced voltage in the loop
when the loop is positioned in a homogeneous magnetic field. The magnetic field
must be alternating, such as a field generated by an alternating electrical current.
The area of the loop is, according to physical laws, proportional to the induced
voltage. Also, the invention enables measurement of the sum of areas of multiple
conductor loops by recording the induced voltage either individually, or as a single
measurement when they are electrically connected in series, Measurement of the
amount of volume contained inside a plurality of equidistantly stacked conductor
loops, by measuring their summed area and multiplying this measured area with
the distance between the loops to obtain volume, is also disclosed. The use of
these techniques to measure cross sectional areas or volumes of parts of animal or
human bodies, using a system of one or more elastic and compliant conductor
loops tightly wrapped around the body part. is quite advantageous. Further
benefits are taught by the systems and methods herein for achieving accurate
measurements of variations in the volume of an animal or human body with the
above techniques in order to record breathing, and measurements of variations in
the volume of an animal or human body with the above techniques in order to
record volume variations caused by cardiac activity. Additional embodiments of
the invention are disclosed which provide the further advantages of reversal of
electrical coil connections: more compact design for the room coil, comprising
two or more smaller coils with optimized shapes and positions; an arrangement
comprising three small rod-like coils wound on ferrite cores arranged along a
straight line, with optimized positions and signal intensity weighting to generate a
homogeneous magnetic field or sensing volume encompassing the patients body or
body parts; and simultaneous measurement of two or more areas or volumes by
phase, frequency or time multiplexing. using any of the techniques above.

The inventors have determined that implementation of the following
embodiments require adherence to several principles. First, the electrical
conductor coils that are wrapped around the body part or object to be measured
must follow the body/object surface contours. even when these contours change
shape. Thus the coil assembly must be elastic and deformable. Second, for
measurements of volume, the coils that are wrapped around the body/object part
must be stacked with a known spacing between each loop. Coil loops stacked with
a constant spacing might be connected in series electrically in order to sum up
their voltages and thus to ease volume calculations. Third, the remote coil or coils

must, when energized by an electrical current, generate a magnetic field that is
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reasonably homogeneous (of equal magnetic field strength) at the location of the
body part to be measured. Only the vector component of the magnetic field that is
perpendicular to the coils that are wrapped around the body needs to be considered
regarding this homogeneity. It is further desirable that the remote coils must be
able to record the field from a point-sized magnetic dipole located inside the
volume to be measured (i.e. the patients body) with a sensitivity that is
independent of the location of the dipole, as long as the dipole is oriented
perpendicular to the patient body coil loops. It is further desirable to use the
remote coil or coils to generate a magnetic field (by feeding an alternating
electrical current through them), and then recording the induced electrical voltages
in the coils wrapped around the body part to be measured. The voltage will be
proportional to the area or volume enclosed by the coils. The remote coil or coils
might be arranged in a manner that meets the homogeneity criterion noted above.
Finally, it is desirable to feed an alternating current through the stacked coils
wrapped around the body part to be measured and then to measure the magnetic
field generated by this current. This can be done by recording the induced voltages
in the remotely located coil or coils. The voltage will be accurately proportional
to the area or volume enclosed by the patient body coils. During these
measurements it is essential to keep the current in the patient coil constant even if
the self-inductance of this coil varies due to dynamic variations in shape. Thus, a
constant-current circuit, or equivalent means, must be used for energizing the
patient coil. The design of such a circuit is trivial for those skilled in the art.
Several embodiments of the system and methods of the invention are
disclosed in Figures 6-11. In Figure 6, an arrangement is shown in which a
conductive coil means 107 is configured tightly about the various circumferences
of a torso portion of a human 110. Fixed coil means is remotely located relative to
the conductive coil means about the human. Current generating means is provided
and generally shown as signal generator 117 and power amplifier 123 to create an
induced voltage in the conductive coil means which changes over time due to the
respiration of the human 110. The induced voltage in the conductive coil means is
then amplified by amplifier means 127, and rectified by rectifier means 133, and
provided as a volume output that is used for measurement of area or volume. The
system and method embodiment of Figure 7 is similar to those of Figure 6 except
that in Figure 7 the conductive coil means 107 is energized by a constant current,
and the induced voltage in the fixed coil means or room coil is used for
measurement of area or volume. As noted above. a constant current amplifier

means 136, or equivalent circuit component, is provided in this embodiment.
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Figures 8 and 9 illustrate the use of a more compact three-coil system
design for the fixed coil means instead of the large room coil configuration of
carlier embodiments. The individual coils 144 might be serially connected as
shown in Figures 8 and 9, or they might also be connected in parallel if this is
considered during their design. Alternatively, magnetic field sensing devices not
based on electromagnetic induction could be used, such as sensors based on the
well known Hall effect. Arrangement of a plurality of small coils above the object
being measured is designed to generate a homogeneous magnetic field. The coils
are typically wound on ferrite rod cores and each coil will then generate a
magnetic field pattern similar to that of a magnetic dipole. The positions and
number of turns of the coil loops are optimized to satisfy the homogeneity
criterion noted above. The serial connection assures identical currents in all three
coils. The individual field strength contributions of the coils might be set by their
number of loops, physical dimensions or magnetic core material permeability. One
example of a three-coil system includes a small cylindrical coil, having about a 10
cm length and 1 cm in diameter. This will generate a magnetic field that closely
resembles that of two opposite magnetic monopoles at the two coil ends. The field
can be strengthened substantially by inserting a rod made of a material with high
magnetic permeability into the coil. A suitable material is ferrite, which is similar
to the core material in electronic high-frequency transformers. The remote
magnetic field from such a device is close to that of an ideal magnetic dipole,
which can be described in exact mathematical terms. The process of finding an
optimized design for a homogeneous field is initiated by deciding a set of physical
constraints, such as the desired shape and extension of the spatial volume where a
homogeneous field is desired. and the space into which a given number of such
coils are to be positioned. A set of parameters or degrees of freedom must also be
defined, with typical parameters being coordinates for the position and angular
orientation of the individual coils. and the strength of the field generated by the
individual coils. A general numeric error minimalization routine such as the
Levenberg-Marquard method is then used to adjust the parameters to find a
solution to the problem where the field homogeneity is maximized. The three-coil
design described herein has been developed with this method.

Systems according to these embodiments also comprise sensing and control
means for controlling operation of the system. Timing and multiplex switching
means may also be included for providing simultaneous measurement capabilities
of multiple portions of the object being measured, for example a thoracic region

and an abdominal region, or perhaps a plurality of limbs. One of the methods of
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performing a plurality of simultaneous volume or area measurements is to use
phase encoding of the signals. The scheme can be adapted to systems where the
patient coil is energized, and the room coil is used for sensing the field, as shown
in Figure 10. The two constant current amplifiers 136 are driven by signals that are
phase shifted 90° at phase shift means 158 with respect to each other. The patient
coil or conductive coil means 107 is equipped with a center-tap connection means,
so that the two halves can be energized by independent currents. The two
demodulators 169 rectify the signal that has been picked up by the three room
coils 144 and amplified. Since the demodulators receive reference signals that are
phase-shifted in the same manner as the inputs to the current amplifiers, they will
respond to signal components that match the phase of the two patient coil signals.
The apparent swap of output signals (the demodulator that receives the same phase
as the abdomen coil current gives an output that reflects chest volume) is caused
by an inherent 90° phase shift of the induced voltage in the sensing room coils
compared to the current-dependent magnetic field strength from the patient coils.
It is recognized that various techniques might be used to perform simultaneous
measurements of two or more volumes or areas. If the room coil generates the
magnetic field, then independent signal processing chains consisting of amplifiers
and rectifiers as shown in other figures can be connected to any number of coils
wrapped around the patient’s body. For the coil arrangement indicated in Figure
10, the different patient coils 107 might be driven with currents of different
frequencies, and electronic band-pass filters might be used to extract the
individual volume signals from a common room coil and pre-amplifier. Time
multiplexing might also be used, energizing the patient coils in a rapidly repeating
sequence, typically cycling through all coils between 10 and 1000 times per
second, and sampling a common volume output signal in synchrony with this
sequence to separate the volume measurements from each other. An additional
potentially useful technique for simultaneous measurements of several volumes
might be to use different, non-correlated pseudo-random bit sequences for
generating patterns of current variation in two or more patient coils. The voltage
picked up by the room coil is amplified. and the individual volume signals are
recovered by demodulating the composite signal using the corresponding bit
sequences as reference signals. Due to the encrypted nature of pseudo-random bit
sequences, this type of instrument is expected to be very immune against
clectromagnetic interference noise, and instruments located close to each other

will not interfere with each other’s operation.
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A measurement system as described above. with any of the disclosed room
coil designs or electrical connection arrangements needs to be initially calibrated
but not calibrated at every patient or object measurement session. This calibration
will compensate for variations in: the current used for generating the magnetic
field, the exact geometrical arrangement of the room coil with respect to the
patient’s position, and the gain of the electronic amplifier and characteristics of
the rectifier circuit calibration is performed by connecting a reference coil instead
of the patient coil, and positioning this reference coil in the same position as the
patient’s body will be later during measurements. The summed cross-sectional
area of the loops of the reference coil are known from the geometry and number of
turns of this coil. Typically, this area should be of the same order of magnitude as

the area of the patient coil. A constant, k, is then calculated as:
Eq. 3) ke =ap/ Ug

where a. is the area of the reference coil, and U, is the voltage reading of the
volume output signal.

For measurements of area, using a single conductor loop wrapped around

the relevant body part, the area 4 can be calculated as:
Eq. 4) A=U-k: -where Uis the measured voltage.

During volume measurements. using serially connected equidistantly spaced loops

the instantaneous volume ¥ is calculated from the voltage reading U as:

Eqg. 5) V=U-d-kc -wheredis the spacing between the loops of the
patient coil.

Example 1

A circular electrical conductor loop with a radius of 1.5 meters was placed
on the floor. An alternating current of 0.1 A with a frequency of 100 kHz was fed
through the conductor from a signal generator. A small, 10 x 10 cm (100 cm?)
square conductor loop was connected to the input of a broadband signal amplifier
with a gain of 40 dB, and the output from this amplifier was passed through a
narrow 100 kHz band-pass filter with no gain. The output signal from the filter

was presented on an oscilloscope screen. where voltages could be read by cursors.
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When the small loop was positioned flat on the floor in the center of the larger
current loop, a voltage of 5 mV p/p was measured. This voltage remained
essentially constant when the small loop was elevated 50 ¢cm above the floor, and
it also remained constant when the small loop was moved up to 50 c¢m in any
horizontal direction away from the center of the large current loop. Another square
loop, measuring 14.1 x 14.1 c¢m, with an area of 200 cm? was then connected

instead of the 10 x 10 ¢cm loop. The voltage reading was now 10 mV.

Example 2

The same conductor loops as described in Example 1 were used, but the
0.1 A current from the signal generator was fed to the 100 cm’ loop, and the large
loop on the floor was connected to the input of the 40 dB broadband amplifier.
The small loop was positioned as explained in Example 1. The same general
relations between induced voltage and loop position and area was observed as in
Example 1, however the voltages were reduced to 250 1LV when using the 100 cm’

loop, and 500 pV when using the 200 cm® loop.

Example 3

Referring to Figure 11. three identical cylindrical ferrite rods 175 with a
diameter of 8 mm, length of 150 mm and permeability of 100 were arranged along
a straight horizontal line with a common axis. The end-to-end horizontal spacing
between each rod was 50 cm. The two outer coils were equipped with 163 turns of
lacquer-insulated 0.1 mm copper wire evenly distributed along a central 8 cm
segment of the rod, while the center rod had 100 turns arranged in the same
manner. The coils were electrically connected in series, and care was taken to
assure identical current directions in all coils. The serially connected coils were
then tuned to parallel resonance at 100 kHz with a common capacitor 177 of about
10 nF. An oscilloscope directly monitored the signal from the resonant circuit. A
10 cm x 10 cm current loop carrying a 100 kHz alternating current of 0.1 A was
positioned adjacent to the coil assembly, keeping the orientation of the loop
perpendicular to the ferrite rods common axis. It was found that the induced
voltage in the ferrite rod circuit varied only 5 % from an average value for all

positions of the probing coil in the homogeneous region 182 indicated in Figure
11.
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Example 4

The circular room coil described in Example 1 was positioned horizontally
120 cm above the floor. An alternating current of 0.1 A at 100 kHz was fed
through the coil from a signal generator. A human was dressed with an elastic
Lycra textile shirt that covered the torso from the armpits and down to the ridge of
the hip. A helical electrical conductor was attached to the surface of the textile
shirt, making a total of 10 equidistant turns around the torso. The spacing between
the turns was 5 cm. The conductor was arranged in a fine zigzag pattern to allow
for circumferential variations without becoming over-stretched or loosing contact
with the body contour. The subject was positioned standing with the chest and
abdomen located close to the center of the room coil and the amplitude of the
induced voltage in the helical coil was measured to be 350 mV peak to peak with

an oscilloscope. Combining this with the reference measurements described in

. Example 1. the volume of the torso could be calculated as:

100 cm? .
350mV -5Scem-————=35000 cm” = 35 liters
SmV

Example 5

The same subject and as in Example 4 wearing the same elastic textile shirt
with electrical conductors is used. The subject is positioned supine on a bench. and
three small ferrite coils as in Example 3 are mounted 90 cm above the surface
where the subject is lying, parallel to the subjects body axis and centered above
the subject’s chest and abdomen. A constant alternating current of 0.1 A is fed
through the coil, which follows the surface contours of the torso. The voltage that
is induced in the ferrite coils is measured with an oscilloscope. This voltage is

compared to the voltage that is measured when a 100 ¢cm’ coil carrying 0.1 A is

_positioned at the same site as the subject’s torso, and a volume very similar to that

described in Example 4 is calculated.

Example 6

The experiment of Example 4 was repeated. The induced voltage from the
patient coil was rectified in order to generate a DC voltage signal reflecting
instantaneous torso volume. This signal was sampled with 14 bits of resolution by
an analog to digital converter, and then transferred to a computer at a sampling

rate of 25 Hz. Equation 5 above was used to convert the voltage readings to
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volume values. The signal was then fed through a digital high-pass filter with a
cut-off frequency of 0.05 Hz. This removed the time-averaged volume component
from the signal. The filtered signal then reflected breathing activity. The subject’s
breathing activity was also recorded by connecting the patient airways to a
recording dry-seal spirometer by the use of a mouthpiece. A simultaneous
recording of breathing by the two methods is displayed in Fig. 12. As shown, the
comparison of the simultaneous recordings of breathing volume by a dry-seal
spirometer connected to a human subject’s airways (broken line), and the
measurements using the device described in Example 4 (solid line) are virtually
identical. Upward deviations of the traces mean increasing lung air content. To
ease the comparison of traces, the spirometer trace has been inverted. The
deviation between the traces during the first four seconds is probably related to

thermal equilibration within the closed spirometer system.

Example 7

The experiment in Example 6 was repeated. Volume measured by the
inductive device was recorded for 8 seconds while the subject held his breath in
expiration phase. Variations in volume with amplitude of about 15 ml occurring in
synchrony with his heartbeats could be seen. as shown in line 188 of Figure 13.
These variations are expected to represent the total blood volume variations in the

chest and abdomen caused by the beating action of the heart.

While the above Examples illustrate some of the capabilities of the
invention. they are not intended to limit the scope of this disclosure. Also, as
referenced above, various system embodiments are contemplated. Figure 14
discloses yet another embodiment of the measurement systems disclosed herein.
Fixed coil means 101 is configured as a sensor for induced voltage created when
current is generated in signal generator 117 and current amplifier 123 and fed to
conductive coil means 107 within homogeneous region 182. The sensed voltage is
amplified at amplifier 127, and is fed through rectifier 133, A/D converter 192,
and becomes the measured value 195 that transmits to personal computing and/or
display means 201. Finally, status and control means provides signals 197 to give
status and control commands.

It is recognized that the functionality and display of the accurate values
being measured by the systems and methods disclosed herein present significant

advantages to users of the invention. The speed and accuracy greatly enhances the
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value of multiple, real-time traces, traces with rapid x-axis and waveform details,
traces with a wide range of time axis span of minutes to hours, and reconstruction
displays. Numerous other display features and diagnostics are enabled due to the
system advantages identified above.

It will be wunderstood that various modifications and alternate
configurations may be made in the preferred embodiments shown and described
herein without departure from the scope of the invention, and that the invention
embraces all such changes, modifications. and equivalents as are within the scope

of the following claims.
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CLAIMS:

1. A system for measuring the changing volume within at least one portion of
a mammal due to respiration, comprising:

a. conductive coil means configured tightly about the various
circumferences of at least one portion of the mammal:

b. fixed coil means remotely located relative to the conductive coil
means about the mammal; and,

C. current generating means for selectively providing alternating
current to either one of the conductive coil means or the fixed coil means to create

an induced voltage in the other coil means which changes over time due to the
respiration of the mammal.

2. The system of claim 1 in which the conductive coil means comprises
electrically conductive coil loops that are equally spaced on a flexible substrate
that is suitable for wearing by the mammal.

~

3. The system of claim 1 in which the conductive coil means comprises
electrically conductive coil loops that are closed circumferential loops.

4. The system of claim 1 in which the current generating means generates
current with a frequency range of about 10 kHz to about 200 kHz and from about 1
milliampere to about 1 ampere.

S. The system of claim 1 in which the conductive coil means comprises a

plurality of coil loops which are configured tightly about the thoracic region and
the abdominal region of the mammal.

6. The system of claim 1 further comprising sensing and control means for
controlling operation of the system. the sensing and control means being
electrically connected to the conductive coil means, the fixed coil means, and the
current generating means.

7. The system of claim 6 in which the sensing and control means comprises
timing and multiplex switching means for providing simultaneous volume
measurements of both a thoracic region and an abdominal region of the mammal.
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8. The system of claim 7 in which the sensing and control means comprises
multiplexing means for providing simultaneous measurement of a plurality of
regions of the mammal utilizing either phase, frequency or time multiplexing.

9. The system of claim 1 in which the current generating means comprises a
constant current circuit to maintain the current in the conductive coil means
constant regardless of the dynamic variations of portions of the conductive coil

means that are configured tightly about the various circumferences of at least one
portion of the mammal.

10.  The system of claim 1 in which the current generating means comprises a
signal generator and a constant current amplifier electrically connected to the coil
means which is receiving the generated current.

Il.  The system of claim 1 in which the sensing and control means comprises an
amplifier and a rectifier electrically connected to the coil means that is receiving
the induced voltage from the other coil means.

12. The system of claim 2 in which the conductive coil means are electrically
connected in series so that the instantaneous volume V may be calculated from the

voltage reading U of the volume output signal in the coil means which is receiving
the induced voltage by use of the formula

V=U-sd-k,

wherein d is the spacing between the coils:

andk,=a /U, ;

wherein a, is the area of a reference coil. and U, is the voltage reading of
the volume signal when a calibration coil is attached.

13. The system of claim 1 in which the fixed coil means comprises a plurality
of small coil elements that are configured for matching and positioning to permit
the fixed coil means to generate a homogeneous magnetic field similar to a single
large coil for either sensing an induced voltage from the conductive coil means or
for generating a field to create an induced voltage in the conductive coil means.

14. The system of claim 13 in which the plurality of small coil elements
comprises three small coil elements.
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15 The system of claim 14 in which each of the small coil elements is wound
on a ferrite core and arranged linearly with optimized positions and signal

intensity weighting to generate a homogeneous magnetic field at the portion of the
mammal being measured.

16.  The system of claim 1 in which the conductive coil means comprises
electrically conductive coil loops that are equally spaced and carried by an elastic
and conformable substrate that is suitable for wearing by the mammal in a manner
similar to a tightly fitting garment which is configured so that the coil loops
always conform to the same surface of the portion of the mammal regardless of

any shape change which that portion of the mammal may experience during
respiration.

17. The system of claim 1 in which the conductive coil means comprises
electrically conductive coil loops that are spaced at constant and known intervals
and which are carried by an elastic and conformable substrate that is suitable for
wearing by the mammal in a manner similar to a tightly fitting garment which is
configured so that the coil loops always conform to the same surface of the portion
of the mammal regardless of any shape change which that portion of the mammal
may experience during respiration.

18.  The system of claim 1 further comprising computational means for
receiving a signal representative of sensed volume of the portion of the mammal
and for converting the signal to true volume values.

19. A system for measuring the changing area within at least one portion of a
mammal due to cardiac function, comprising:

a. conductive coil means configured tightly about the various
circumferences of at least one portion of the mammal;

b. fixed coil means remotely located relative to the conductive coil
means about the mammal; and,

c. current generating means for selectively providing alternating
current to either one of the conductive coil means or the fixed coil means to create
an induced voltage in the other coil means representative of true area within the
coil means that is configured tightly about the various circumferences of the

mammal portion or portions, with the signals and area changing over time due to
the cardiac function of the mammal.
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20. The system of claim 19 in which the conductive coil means comprises
electrically conductive coil loops that are equally spaced on a flexible substrate
that is suitable for wearing by the mammal.

21. The system of claim 19 in which the conductive coil means comprises
electrically conductive coil loops that are closed circumferential loops.

22, The system of claim 19 in which the current generating means generates

current with a frequency range of about 10 kHz to about 200 kHz and from about 1
milliampere to about 1 ampere.

23.  The system of claim 19 in which the conductive coil means comprises a
plurality of coil loops which are configured tightly about the thoracic region and
the abdominal region of the mammal.

24, The system of claim 19 further comprising sensing and control means for
controlling operation of the system, the sensing and control means being
electrically connected to the conductive coil means, the fixed coil means, and the
current generating means.

25.  The system of claim 24 in which the sensing and control means comprises
timing and multiplex switching means for providing simultaneous area
measurements of both a thoracic region and an abdominal region of the mammal.

26.  The system of claim 25 in which the sensing and control means comprises
multiplexing means for providing simultaneous measurement of a plurality of
regions of the mammal utilizing either phase. frequency or time multiplexing.

27.  The system of claim 19 in which the current generating means comprises a
constant current circuit to maintain the current in the conductive coil means
constant regardless of the dynamic variations of portions of the conductive coil

means that are configured tightly about the various circumferences of at least one
portion of the mammal.

28.  The system of claim 19 in which the current generating means comprises a
signal generator and a constant current amplifier electrically connected to the coil
means which is receiving the generated current.
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29.  The system of claim 19 in which the sensing and control means comprises
an amplifier and a rectifier electrically connected to the coil means that is
receiving the induced voltage from the other coil means.

30.  The system of claim 20 in which the conductive coil means are electrically
connected in series so that the area A may be calculated from the measured voltage
U of a single coil loop which is receiving the induced voltage by use of the
formula

A=U-«k,

wherein k, = a_/ U, ; and

wherein a, is the area of a reference coil, and U, is the voltage reading of

the volume signal when a calibration coil is attached.

31. The system of claim 19 in which the fixed coil means comprises a plurality
of small coil elements that are configured for matching and positioning to permit
the fixed coil means to generate a magnetic field similar to a single large coil for
either sensing an induced voltage from the conductive coil means or for generating
a field to create an induced voltage in the conductive coil means.

32.  The system of claim 31 in which the plurality of small coil elements
comprises three small coil elements.

33. The system of claim 32 in which each of the small coil elements is wound
on a ferrite core and arranged linearly with optimized positions and signal

intensity weighting to generate a homogeneous magnetic field at the portion of the
mammal being measured.

34.  The system of claim 19 in which the conductive coil means comprises
electrically conductive coil loops that are equally spaced and carried by an elastic
and conformable substrate that is suitable for wearing by the mammal in a manner
similar to a tightly fitting garment which is configured so that the coil loops
always conform to the same surface of the portion of the mammal regardless of

any shape change which that portion of the mammal may experience during
cardiac function.

35. The system of claim 19 in which the conductive coil means comprises
electrically conductive coil loops that are spaced at constant and known intervals
and which are carried by an elastic and conformable substrate that is suitable for
wearing by the mammal in a manner similar to a tightly fitting garment which is
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configured so that the coil loops always conform to the same surface of the portion
of the mammal regardless of any shape change which that portion of the mammal
may experience during cardiac function.

36.  The system of claim 19 further comprising computational means for

receiving a signal representative of sensed area of the portion of the mammal and
for converting the signal to true area values.

37. A method of obtaining a signal from a measurement system which
corresponds to empirical values of area or volume of at least one object within a
homogeneous magnetic field, comprising the steps of:

a. configuring conductive coil means tightly about the various
circumferences of at least one portion of the object;

b. positioning fixed coil means remotely to the conductive coil means
so that a homogeneous magnetic field is created around the conductive coil means
in the case of the fixed coil carrying an electrical current; and

c. generating an electrical current into either the conductive coil means
or the fixed coil means to create an induced voltage signal in the other coil means.

38.  The method of claim 37 in which the current generating step generates

current with a frequency range of about 10 kHz to about 200 kHz and from about |
milliampere to about 1 ampere.

39.  The method of claim 37 further comprising the step of configuring the
conductive coil means as electrically conductive coil loops that are equally spaced
on a flexible substrate that is placed around the object.

40.  The method of claim 37 in which the step of configuring conductive coil

means comprises placing a plurality of coil loops tightly about a first portion and a
second portion of the object.

41.  The method of claim 37 further comprising the step of providing sensing
and control means for controlling operation of the system, the sensing and control
means being electrically connected to the conductive coil means, the fixed coil
means, and the current generating means.

42.  The method of claim 41 further comprising the step of providing the
sensing and control means with timing and multiplex switching means for
providing simultaneous measurements of both a first portion and second portion of
the object.
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43.  The method of claim 41 further comprising the step of using multiplexing
means within the sensing and control means for providing simultaneous
measurement of a plurality of portions of the object utilizing either phase,
frequency or time multiplexing.

44.  The method of claim 37 in which the current generating means utilizes a
constant current circuit to maintain the current in the conductive coil means
constant regardless of the dynamic variations of portions of the conductive coil
means that are configured tightly about the various circumferences of at least one
portion of the object.

45.  The method of claim 37 in which the current generating means utilizes a
signal generator and a constant current amplifier electrically connected to the coil
means which is receiving the generated current.

46.  The method of claim 37 in which the sensing and control means utilizes an
amplifier and a rectifier electrically connected to the coil means that is receiving
the induced voltage from the other coil means.

47.  The method of claim 39 further comprising the step of electrically
connecting the conductive coil loops in series.

48.  The method of claim 37 further comprising the step of configuring the fixed
coil means as a plurality of small coil elements that are configured for matching
and positioning to permit the fixed coil means to generate a magnetic field similar
to a single large coil for either sensing an induced voltage from the conductive coil

means or for generating a field to create an induced voltage in the conductive coil
means.

49.  The method of claim 48 further comprising the step of arranging each of the
small coil elements so as to be wound on a ferrite core and arranged linearly with
optimized positions and signal intensity weighting to generate a homogeneous
magnetic field at the portion of the object being measured.

50.  The method of claim 37 in which the step of configuring the conductive
coil means comprises providing electrically conductive coil loops that are equally
spaced and carried by an elastic and conformable substrate that is suitable for
placement around the object in a manner similar to a tightly fitting garment which
is configured so that the coil loops always conform to the same surface of the

SUBSTITUTE SHEET (RULE 26)



10

15

25

WO 00/25675 27 PCT/1B99/01974

portion of the object regardless of any shape change which that portion of the
object may experience.

51. The method of claim 37 in which the step of configuring the conductive
coil means comprises providing electrically conductive coil loops that are spaced
at constant and known intervals and which are carried by an elastic and
conformable substrate that is suitable for placement around the object in a manner
similar to a tightly fitting garment which is configured so that the coil loops
always conform to the same surface of the portion of the object regardless of any
shape change which that portion of the object may experience.

52. The method of claim 37 further comprising the step of providing
computational means for receiving a signal representative of sensed area or
volume of the portion of the object being measured, converting the signal to true
area or volume values, and displaying the values on a display.

53. A method of measuring the area or volume of an object comprising the
steps of:

a. adapting electrical circuits to conform to the object surface; and

b. measuring the voltage induced in the circuits by a time-varying

magnetic field surrounding the object, whereby the change in the area or volume
of the object may be calculated without calibration of the device to the individual.

54.  The method of claim 53 in which the magnetic field is configured as a
homogeneous magnetic field.

55.  The method of claim 53 wherein the step of measuring voltage and
calculating the volume comprises the step of calculating the volume by
measurement of the sum of the induced voltages in the loops, and the means of
measuring the sum comprising electrical serial connection of the loop(s).

56. A device for measuring the movement of an object comprising:

a. means for creating time-varying magnetic fields at least large
enough to surround the object; ‘

b. electrical circuits adapted to conform to the surface of the object;
and

C. voltage monitoring means connected to the electrical circuits,

whereby motion of the surface creates a measurable change in induced voltage in
the circuits that correlates to the movement of the object.
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57.  The device of claim 56 in which the voltage monitoring means is connected
to a computing means suitable for performing a series of algorithmic steps to
calculate the volume change of the object from the measured induced voltage.

58.  The device of claim 56 in which the electrical circuits are adapted to
conform to one or more portions of a human body.

59.  The system of claim 19 in which the conductive coil means comprises a

plurality of coil loops which are configured tightly about portions of one or more
limbs of the mammal.

60. A method of measuring the area or volume of an object comprising the
steps of:
a. adapting electrical circuits to conform to the object surface;
b. providing electrical circuits remotely located relative to the object;
C. measuring the electromagnetic inductive coupling between the

electrical circuits, whereby changes in the area or volume of the object can be
calculated without calibration of the device to the individual.
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