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Diagnostic apparatus includes a plurality of antennas (24, 26, 28, 30, 32), which are configured to be disposed at different,
respective locations on a thorax (34) of a living body so as to direct radio frequency (RF) electromagnetic waves from different,
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respective directions toward a heart (22) in the body and to output RF signals responsively to the waves that are scattered from the

heart. Processing circuitry (42, 44) 1s configured to process the RF signals over time so as to provide a multi-dimensional
measurement of a movement of the heart.
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MICROWAVE MONITORING OF HEART FUNCTION

FIELD OF THE INVENTION
The present invention relates generally to methods and systems for medical diagnostic
measurement and monitoring, and specifically to radio frequency (RF)-based measurement and

monitoring of the heart.

BACKGROUND OF THE INVENTION

RF 1mmaging 1s best known in the context of radar systems, but RF diagnostic imaging
and measurement systems have also been developed for medical applications. For example,
U.S. Patent Application Publication 2008/0169961, whose disclosure 1s incorporated herein by
reference, describes computerized tomography using radar, which may be used for generating
an 1mage of living tissue.

As another example, U.S. Patent Application Publication 2009/0299175, whose
disclosure 1s incorporated herein by reference, describes a method and apparatus for
determining and tracking the location of a metallic object in a living body, using a radar
detector adapted to operate on a living body. Applications described in this publication include
determination of the extent of in-stent restenosis, performing therapeutic thrombolysis, and
determining operational features of a metallic implant.

Yet another example 1s U.S. Patent 5,766,208, whose disclosure 1s incorporated herein
by reference. This patent describes a non-acoustic pulse-echo radar monitor, which 1s
employed in the repetitive mode, whereby a large number of reflected pulses are averaged to
produce a voltage that modulates an audio oscillator to produce a tone that corresponds to the
heart motion. The monitor output potential can be separated into a cardiac output indicative of
the physical movement of the heart, and a pulmonary output indicative of the physical
movement of the lung.

U.S. Patent 4,926,868, whose disclosure 1s incorporated herein by reference, describes a
method and apparatus for cardiac hemodynamic monitoring based on the complex ficld
amplitudes of microwaves propagated through and scattered by thoracic cardiovascular
structures, particularly the heart chambers, as a function of time during the cardiac cycle. The
apparatus uses conformal microstrip antennas that operate in the UHF band. The basic
measurement technique 1s vector network analysis of the power wave scattering parameter.

U.S. Patent Application Publication 2009/0240133, whose disclosure 1s incorporated

herein by reference, describes a radio apparatus and method for non-invasive, thoracic radio
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interrogation of a subject for the collection of hemodynamic, respiratory and/or other
cardiopulmonary related data. A radio transmitter transmits an unmodulated radio interrogation
signal from an antenna into a subject, and a radio receiver captures, through the antenna,
reflections of the transmitted radio interrogation signal returned from the subject. A Doppler
component of the reflections contains the data that can be extracted from the captured

retlections.

SUMMARY OF THE INVENTION

Embodiments of the present invention that are described hereinbelow provide methods
and devices for assessment of cardiovascular function by transmission and detection of RF
waves through the body.

There 1s therefore provided, in accordance with an embodiment of the present invention,
diagnostic apparatus, including a plurality of antennas, which are configured to be disposed at
different, respective locations on a thorax of a living body so as to direct radio frequency (RF)
clectromagnetic waves from different, respective directions toward a heart 1n the body and to
output RF signals responsively to the waves that are scattered from the heart. Processing
circuitry 1s configured to process the RF signals over time so as to provide a multi-dimensional
measurement of a movement of the heart.

In some embodiments, the plurality of antennas includes at least three antennas, and the
respective locations are chosen so as to at least partially surround the thorax.

In disclosed embodiments, each antenna has a front surface, which 1s configured to
contact an outer surface of the body and includes a planar antenna element. The planar antenna
clement may include a conductive spiral. Additionally or alternatively, each antenna may
include a ground plane behind the front surface with an eclectromagnetic band gap (EBG)
structure between the ground plane and the front surface. Typically, a dielectric gel 1s applied
between the antenna and the outer surface of the body.

In one embodiment, cach antenna 1s configured to contact an outer surface of the body
and, the processing circuitry 18 configured to receive and process an electrocardiogram signal
received from the body by at least one of the antennas, in addition to the RF signals.

In a disclosed embodiment, the apparatus includes excitation circuitry, which 1s coupled
to sclect different ones of the antennas to serve as transmitting and receiving antennas and to
apply a RF excitation waveform at multiple different frequencies to the selected transmitting
antennas, while the processing circuitry receives the RF signals from the selected receiving

antennas, wherein the transmitting and receiving antennas and the different frequencies are
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selected according to a predetermined temporal pattern. Typically, the excitation circuitry
includes a driver circuit, which 1s configured to generate the RF excitation waveform with a
variable frequency, and a switching matrix, which 1s configured to sclect sets of the antennas 1n
alternation, cach set including at least one transmitting antenna and at least one receiving
antecnna, and for cach sclected set, to couple the driver circuit to excite the at least one
transmitting antenna at a sclected frequency while coupling the processing circuitry to receive
the RF signals from the at least one receiving antenna.

In one embodiment, the plurality of antennas includes at least first and second antennas
disposed on respective opposite sides of the thorax, so that the second antenna receives the RF
clectromagnetic waves transmitted by the first antenna after passage of the RF electromagnetic
waves through at least one lung 1n the body, and the processor 1s configured to process the RF
signals output by the second antenna so as to assess an amount of fluid accumulation in the at
least one lung.

In another embodiment, the apparatus includes at least one pacing electrode, wherein the
processing circuitry 1S configured to drive the at least one pacing clectrode so as to pace the
heart responsively to the measurement of the movement of the heart.

In yet another embodiment, the processing circuitry 18 configured to compare the
measure of the movement of the heart before, during and after heart stress.

There 1s also provided, in accordance with an embodiment of the present invention,
diagnostic apparatus, including an antenna, which 1s configured to be disposed on a thorax of a
living body so as to direct radio frequency (RF) electromagnetic waves toward a heart in the
body while sweeping the waves over multiple different frequencies and to output an ultra-
wideband RF signal responsively to the waves that are scattered from the heart. Processing
circuitry 18 configured to process the RF signal over time so as to provide a measurement of a
movement of the heart.

In some embodiments, the apparatus includes a package, which contains the antenna and
the processing circuitry and 1s configured to be affixed as a patch to an outer surface of the
body. The apparatus may include a conductive element associated with the package, which 1s
configured to receive clectrocardiogram (ECG) signals from the outer surface of the body.
Additionally or alternatively, the apparatus includes a wireless communication interface for
communicating with a remote console.

There 1s additionally provided, in accordance with an embodiment of the present

invention, diagnostic apparatus, including one or more antennas, which are configured to be
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disposed on a thorax of a living body so as to direct radio frequency (RF) clectromagnetic
waves through a lung 1n the body and to output RF signals responsively to the waves that have
passed through the lung. Processing circuitry 1s configured to process the RF signals over time
so as to measure RF path characteristic of the RF clectromagnetic waves and, based on the path
characteristic, to assess a fluid content of the lung.

The processing circuitry may be configured to measure a change 1n the path
characteristic over one or more respiratory cycles of the lung, and to assess the fluid content
responsively to the change.

In disclosed embodiments, the path characteristic includes an effective RF path length
of the RF clectromagnetic waves through the body. In some embodiments, the processing
circuitry 18 configured to receive a measure of a physical distance traversed by the RF
clectromagnetic waves through the thorax, and to compare the effective RF path length to the
physical distance 1n order to assess the amount of the fluid accumulation. In one embodiment,
the one or more antennas include a transmitting antenna at a first location on a first side of the
thorax, which transmits the RF eclectromagnetic waves through the lung, and a receiving
antenna, which receives the waves that have passed through the lung at a second location on a
second side of the thorax, opposite the first side, and the physical distance 1s measured between
the first and second locations.

Alternatively, the one or more antennas include at least one antenna that 1s configured to
direct the RF clectromagnetic waves through the lung toward a heart 1in the body, and to output
the RF signals responsively to the RF clectromagnetic waves reflected from the heart. The
apparatus may include an ultrasonic transducer, which 1s adjacent to the at least one antenna
and 1s configured to direct ultrasonic waves toward the heart and receive the ultrasonic waves
reflected from the heart so as to provide a measure of the physical distance.

Additionally or alternatively, the path characteristic includes an amplitude of the RF
signals.

There 1s further provided, in accordance with an embodiment of the present invention,
diagnostic apparatus, including an antenna unit, which has a front surface configured to be
brought into contact with an outer surface of a living body. The antenna unit includes a planar
antenna clement, which 1s configured to direct radio frequency (RF) electromagnetic waves
from the front surface into the body and to output RF signals responsively to the waves that are
scattered from within the body, and a conductive element, which 1s configured to receive

clectrocardiogram (ECG) signals from the outer surface of the body. A cable 1s connected to
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the antenna unit so as to communicate with the planar antenna element and the conductive
clement. Processing circuitry 18 connected to the cable so as to receive and process the RF and
ECG signals.

Typically, the apparatus includes a diplexer coupled between the cable and the
processing circuitry for separating the RF signals from the ECG signals.

The antenna unit may include an adhesive patch for attachment to the body.
Alternatively, the antenna unit may be configured to be worn on the body as part of a garment.

In a disclosed embodiment, the antenna unit 1s coated with metal and electrolytes.

There 1s morcover provided, in accordance with an embodiment of the present
invention, diagnostic apparatus, including an antenna unit, which has a front surface configured
to be brought into contact with an outer surface of a living body. The antenna unit includes a
planar antenna e¢lement, which 1s formed on the front surface and 1s configured to direct radio
frequency (RF) electromagnetic waves into the body and to output RF signals responsively to
the waves that are scattered from within the body, with a ground plane behind the front surface
and an eclectromagnetic band gap (EBG) structure between the ground plane and the front
surface. Processing circuitry 18 coupled to the antenna unit so as to receive and process the RFE
signals.

There 1s furthermore provided, 1n accordance with an embodiment of the present
invention, therapeutic apparatus, including at least one pacing electrode, configured to apply a
pacing signal to a heart 1n a living body. One or more antennas are configured to be disposed
on a thorax of the body so as to direct radio frequency (RF) electromagnetic waves toward the
heart and to output RF signals responsively to the waves that are scattered from the heart.
Processing circuitry 1S configured to process the RF signals over time so as to measure a
movement of the heart and to drive the at least one pacing clectrode so as to pace the heart
responsively to the measured movement.

There 1s also provided, 1n accordance with an embodiment of the present invention, a
method for diagnosis, including directing radio frequency (RF) electromagnetic waves from a
plurality of antennas, which are disposed at different, respective locations on a thorax of a
living body, toward a heart in the body from different, respective directions, and outputting RF
signals responsively to the waves that are scattered from the heart. The RF signals are
processed over time so as to provide a multi-dimensional measurement of a movement of the

heart.
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There 1s additionally provided, 1n accordance with an embodiment of the present
invention, a method for diagnosis, including directing radio frequency (RF) clectromagnetic
waves from an antenna, which 1s disposed on a thorax of a living body, toward a heart 1n the
body while sweeping the waves over multiple different frequencies, and outputting an ultra-
wideband RF signal responsively to the waves that are scattered from the heart. The RF signal
1S processed over time so as to provide a measurement of a movement of the heart.

There 1s further provided, in accordance with an embodiment of the present invention, a
method for diagnosis, including directing radio frequency (RF) electromagnetic waves from one
or more antennas disposed on a thorax of a living body so that the waves pass through a lung in
the body, and outputting RF signals responsively to the waves that have passed through the
lung. The RF signals are processed over time so as to measure a RF path characteristic of the
RF clectromagnetic waves and, based on the path characteristic, to assess a fluid content of the
lung.

There 1s morcover provided, in accordance with an embodiment of the present
invention, a method for diagnosis, including bringing a front surface of an antenna unit into
contact with an outer surface of a living body. The antenna unit included a planar antenna
clement and a conductive element, which 18 configured to receive electrocardiogram (ECG)
signals from the outer surface of the body. The planar antenna element 1s driven to direct radio
frequency (RF) electromagnetic waves from the front surface into the body and to output RF
signals responsively to the waves that are scattered from within the body. Both the RF and the
ECG signals from the antenna unit are received and processed.

There 1s furthermore provided, in accordance with an embodiment of the present
invention, a therapeutic method, including directing radio frequency (RF) clectromagnetic
waves toward a heart 1n a living body from one or more antennas disposed on a thorax of the
body, and outputting RF signals responsively to the waves that are scattered from the heart.
The RF signals are processed over time so as to measure a movement of the heart, and the heart
1s paced responsively to the measured movement.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings 1n which:

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 1s a schematic, pictorial illustration showing a system for monitoring of heart

function, 1n accordance with an embodiment of the present invention;
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Fig. 2 1s a schematic representation of a display screen 1n a system for monitoring of
heart function, 1n accordance with an embodiment of the present invention;

Fig. 3 1s a block diagram that schematically shows functional elements of a system for
monitoring of heart function, 1n accordance with an embodiment of the present invention;

Fig. 4 1s a schematic exploded view of a patch antenna, 1n accordance with an
embodiment of the present invention;

Figs. SA and 5B are schematic plots of propagation delay and amplitude, respectively,
of RF waves reflected from the heart, in accordance with an embodiment of the present
Invention;

Fig. 6 1s a schematic, pictorial 1llustration showing elements of a system for diagnosis of
pulmonary edema, 1n accordance with an embodiment of the present invention;

Fig. 7 1s a schematic, pictorial illustration showing clements of a system for pacing the
heart, 1n accordance with an embodiment of the present invention; and

Fig. 8 1s a block diagram that schematically illustrates a patch antenna unit, 1n

accordance with another embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW
PCT Patent Application PCT/IB2009/055438, whose disclosure 1s incorporated herein

by reference, describes the use of radar imaging techniques to 1dentify and locate features 1n the
body, based on the difference in their complex dielectric constant relative to the dielectric
constant of the surrounding tissue. In the disclosed embodiments, an array of antennas (also
referred to as antenna clements) directs RF clectromagnetic waves toward the heart and
receives the waves that are scattered from within the body. Excitation circuitry applies a RF
excitation waveform at multiple different frequencies to different transmitting antennas in the
array. Processing circuitry receives and processes signals from different receiving antenna
clements 1n order to locate a feature or features of interest, and possibly to track the movement
of such features over the course of the heart cycle. The selection of transmitting and receiving
antennas, as well as the selection of excitation frequency, follows a predetermined temporal
pattern, which may be implemented by a switching matrix connected to the antenna elements.
As a result of this scheme of excitation and reception, the processing circuitry receives
and processes signals from multiple spatial channels (corresponding to different pairs of

antennas) at multiple different frequencies for cach channel. Taken together in the time
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domain, these multi-frequency signals are equivalent to short pulses of RF energy. To
reconstruct a three-dimensional (3D) image of the interior of the body and find the location of a
feature or features, the processing circuitry applies a spatial transform to the set of received
signals. The transform may, for example, comprise an inverse spherical Radon transform or an
algebraic approximation of such a transform.

Embodiments of the present invention that are described hereinbelow apply techniques
similar to those described in PCT/IB2009/055438 for purposes of cardiovascular diagnosis and
therapy. In one embodiment, multiple antennas are disposed at different, respective locations
on the thorax of a patient, typically surrounding all or at least a part of the thorax. The antennas
direct RF waves from different, respective directions toward the heart and output RF signals in
response to the scattered waves that they receive. The RF signals received over time are
processed so as to provide a multi-dimensional (two- or even three-dimensional) measurement
of movement of the heart. This approach can give a picture of heart wall movement that
resembles the sort of information provided by cardiac ultrasound 1maging, but does not require
the active involvement of an expert operator and can even be carried out over a long period
while the patient is ambulatory.

Heart wall motion measured by embodiments of the present invention provides detailed
diagnostic information regarding functioning of the heart muscle. For example, the heart
motion information 18 useful 1n diagnosis and monitoring of cardiac 1schemia and heart failures,
and can also give an indication of cardiac performance, such as chamber volume or ¢jection

fraction. The information provided by embodiments of the present invention can be used 1n
diagnosis, as well as prediction, of 1schemic disecase and/or 1schemic €vents, such as acute

myocardial infarction. The heart wall motion may be compared before, during and after heart
stress caused by physical exercise or by medication, 1n a manner similar to ECG-based stress
testing.

As yet another example, the heart wall motion information provided by embodiments of
the present invention may be used in place of ultrasonic 1maging data in analyzing and
diagnosing cardiac mechanical function. For instance, radar-based measurements may be used
instead of the Doppler imaging techniques described by Larsson et al., in “State Diagrams of
the Heart — a New Approach to Describing Cardiac Mechanics,” Cardiovascular Ultrasound
7:22 (2009), which 1s incorporated herein by reference.

Additionally or alternatively, embodiments of the present invention can be used 1n long-

term monitoring of heart conditions, and particularly as an ambulatory monitor for the detection
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of “silent 1schemias™ 1n coronary artery disease. Heart wall motion monitoring of this sort can
thus be used as a diagnostic tool 1n addition to or instead of conventional stress testing or Holter
monitoring.

The heart motion information provided by embodiments of the present invention may
also be used for therapeutic purposes. For example, in one embodiment, a pacemaker 1s driven
to pace the heart based on this sort of measurement, as an addition to other parameters, so that
the amplitude and timing of the pacing signal give an optimal result in terms of the actual
profile of contraction of the heart muscle. This sort of approach can be particularly useful 1n
cardiac resynchronization therapy.

In some embodiments, these RF-based techniques are used to assess fluid accumulation
in the lungs, typically for diagnosis and follow-up of pulmonary edema or lung congestion. In
these embodiments, one or more antennas on the thorax direct RF waves through one (or both)
of the lungs and output RF signals in response to the waves that have passed through the lung.
The RF signals are processed over time 1n order to measure a path characteristic of the RF
waves passing through the body, such as the effective RF path length of the RF waves. The RF
path length, as opposed to the actual, physical distance, 1s defined by the length of time required
for the waves to pass through the chest (cither directly, from one side to the other, or by
reflection from the heart and return to an antenna). This path length depends on the dielectric
constant of the tissue along the path. When there 1s fluid 1n the lungs, the dielectric constant 1s
greater (relative to normal, air-filled lungs), and the RF path length increases accordingly. This
RF path length may thus be used to assess the fluid content of the lung.

In some embodiments, monitoring information 1s sent from a local controller attached to
the antennas on the patient’s body to a center where 1s the information can be accessed by a
referring physician, experts, technicians, and/or the patient himself. The data may flow via a
local gateway device, such as a cell-phone or personal computer, via a network, such as the
Internet or telephone network, to the center, where 1t 1s stored.

Various types of antennas may be used in implementing embodiments of the present
invention, including the sort of cavity-backed antenna that 1s described in PCT/IB2009/055438.
Alternatively, some embodiments of the present invention use a planar antenna comprising a
conductive spiral, which 1s formed on the front surface of the antenna. The antenna 1s backed
by an in-phase reflective structure based on an electromagnetic band gap (EBG) structure
between the antenna ground plane and the front surface. This design provides a flat, possibly

flexible antenna, which can be fixed to the body surface by a gel or other adhesive. (Suitable
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types of gels for this purpose are described in PCT/IB2009/055438.) The antenna may also
comprise a conductive element, which receives electrocardiogram (ECGQG) signals from the body
surface along with the RF signals output by the antenna itself. The antenna thus performs two
complementary measurements simultancously and obviates the need for separate ECG
clectrodes.

In one embodiment, the antenna 1s part of a sclf-contained patch that also includes radar
processing circuits and a power source. The patch may also include a transmitter, such as a

wireless unit, for transmission of data to a monitor or gateway.

SYSTEM DESCRIPTION

Fig. 1 1s a schematic, pictorial illustration of a system 20 for monitoring the function of
a heart 22, 1n accordance with an embodiment of the present invention. Multiple antennas 24,
26, 28, 30, 32 arc disposed at different, respective locations around a thorax 34 of the patient.
(The thorax 1s transparent 1n the figure so as to make visible heart 22 and lungs 36, as well as
antennas 28 and 30 on the patient’s side and back.) The antennas in this embodiment partially
surround the thorax. In alternative embodiments, a larger number of antennas may surround the
thorax completely. In other embodiments, a smaller number of antennas, possibly only one or
two antennas, may be used. The use of three or more antennas, however, 1s advantageous 1n
providing multi-dimensional heart motion data, as explained further hereinbelow.

Typically, for good RF coupling, antennas 24, 26, 28, 30, 32 are fixed to the skin of the
torso. For this purpose, the antennas may have the form of adhesive patches, as described in
orcater detail with reference to Fig. 4, for example. Additionally or alternatively, for improved
coupling, a diclectric gel may be spread between the front surfaces of the antennas and the skin,
as described, for example, 1n the above-mentioned PCT/IB2009/055438. This gel may have a
high dielectric constant at microwave frequencies, to give good RF impedance matching, and
high conductivity at low frequencies to enhance electrocardiogram signal acquisition. Further
additionally or alternatively, the antennas may be attached to and held 1n place by a suitable
garment, such as a vest (not shown), which the patient wears during the monitoring procedure.
Typically, the procedure takes a short time, on the order of a few hours or less, although it 1s
possible to monitor patients 1n this manner over the course of a day or even several days.

Antennas 24, 26, 28, 30, 32 arc connected by cables 38 to a control console 40. The
console comprises a front end 42, which drives the antennas to direct RF electromagnetic waves
from different, respective directions toward heart 22. In response to the waves that are

scattered from the heart (and from other features in the body), the antennas output RF signals.
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Front end 42 recerves these signals via cables 38, filters and digitizes the signals, and passes the
resulting digital samples to processing circuitry 44. This processing circuitry processes the RF
signals over time so as to provide a multi-dimensional measurement of movement of the heart,
as shown and described below. Typically, processing circuitry 44 comprises a general-purpose
computer processor, which 1s programmed 1n software to carry out the functions described
herein. Additionally or alternatively, processing circuitry 44 may comprise dedicated or
programmable hardware logic circuits.

In the pictured embodiment, processing circuitry 44 drives a display 46 to show a
measurement of the movement of the heart, either graphically or numerically, or both.
Additionally or alternatively, the processing circuitry may make other measurements based on
the RF signals, such as measuring the amount of fluid accumulated 1n lungs 36, as described 1n
orcater detail hereinbelow. Further additionally or alternatively, front end 42 may receive ECG
signals from the antennas on the body surface, and processor 44 may process and output ECG
information 1n addition to measurement of heart motion. The combination of ECG and motion
measurement 1n a single unit 18 efficient and useful 1in providing a complete picture of heart
function, both electrical and mechanical.

In some embodiments, 1t 1s useful to know the precise locations, and possibly also the
orientations, of the antennas. For this purpose, antennas 24 and 30 are shown 1n the figure as
comprising position sensors 48. (The other antennas may also comprise position sensors, but
these sensors are omitted from the figures for the sake of simplicity.) Various types of position
sensors that are known in the art, such as magnetic, ultrasonic, optical or even mechanical
position sensors, may be used for this purpose. PCT/IB2009/055438 includes further details of
such position sensors and their integration 1n a radar-based measurement system.

Fig. 2 1s a schematic representation of the screen of display 46 1n system 20, 1n
accordance with an embodiment of the present invention. Typically, the display 1s configurable
by the user to show different measurements 1n various different formats. In the example shown
in Fig. 2, display 46 shows traces 50 that are indicative of the motion of selected points on the
heart wall over time, as measured by system 20. An ECG trace 52 1s displayed alongside the
wall motion traces for comparison. (Although only two motion traces and one ECG trace are
shown 1mn Fig. 2 for the sake of simplicity, a larger number of traces may alternatively be
displayed.)

A graphical window 54 gives a two-dimensional (2D) view of the measured heart

motion and also enables the user to choose the points whose motion 1s to be shown by traces 50.
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Alternatively, given a sufficient number of measurement points around the heart, window 54
may show a real-time three-dimensional (3D) representation of heart wall motion.

Display 46 may optionally include other information and user interface features. For
cxample, a parameter window 56 may show parameters derived from the measurements made
by system 20, such as cardiovascular and/or respiratory parameters, in either graphical or
numerical form (or both). A status window 58 shows the current status of cach of the antennas.
This window may 1ndicate, for example, an antenna that 1s not properly attached to the body
(based on measurement of impedance between the antenna and the skin or on characteristics of
the RF signals from the antenna), so that the operator can correct the situation. A control
window 60 displays status messages and operational buttons to turn system functions on and
off.

Fig. 3 1s a block diagram that schematically shows functional clements of system 20,
and specifically of front end 42, in accordance with an embodiment of the present invention.
The clements of the front end exchange data and control instructions via a high-speed bus 62,
which 1s connected to processing circuitry 44 via a bridge 64. To enable ECG measurements,
antennas 24, 26, 28, 30, 32 are connected via cables 38 and a switching matrix 78 to a diplexer
66 at the mput to front end 42. The diplexer separates out the low-frequency ECG signals from
the RF signals, passing the ECG signals to an ECG preprocessing circuit 68. This circuit filters
and digitizes the ECG signals and passes the ECG data via bus 62 to processing circuitry 44.

Front end 42 comprises a RF generator 70, which serves as a driver circuit to generate
signals at multiple different frequencies for exciting the transmitting antennas. A RF digitizer
72 demodulates and digitizes the signals received by the receiving antennas. Typically, the
signals are 1n the range of about 400 MHz to about 4 GHz, although higher and lower
frequencies outside this range may also be used. An I/Q cancellation unit 74 performs signal
conditioning functions, including amplification of the outgoing and the incoming signals and
cancellation of background components 1n the received signals. The background cancellation
functions of unit 74 are controlled by an 1/Q controller 76, as 1s described 1n greater detail
hereinbelow.

Switching matrix 78 selects different sets of the antennas to transmit and receive signals
at different, respective times and frequencies, 1in a predetermined temporal pattern. Typically,
the scts comprise pairs of antennas — one transmitting and one receiving. Alternatively, the
switching matrix may seclect a sect consisting of a single monostatic antenna, which both

transmits and receives. Further alternatively, other antenna groupings may also be used. The
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structure and operation of a switching matrix of this sort are described i1n detail 1n
PCT/IB2009/055438. Switching matrix 78 and RF generator 70 together serve as excitation
circuitry and generate a temporal excitation pattern comprising a sequence of measurement
frames, wherein each frame typically defines a sweep of the excitation signal both 1n frequency
and over spatial channels (antennas or antenna pairs). The beginning of each frame is triggered
by a trigger controller 80, which also provides a clock input to the other components of front
end 42.

The sweep over multiple different frequencies creates, in effect, an ultra-wideband
signal, which 1s equivalent, 1n the signal processing domain, to a very short radar pulse. The
use of this sort of ultra-wideband signal enables system 20 to measure path length and heart
wall range more accurately and robustly than can generally be achieved using narrowband
methods that are known 1n the art. Although system 20 1s shown and described as comprising
multiple antennas at different locations on the patient’s thorax, the ultra-wideband approach
described here may alternatively be used advantageously in measurements of heart wall
movement using only a single antenna.

The functions of I/Q cancellation umit 74 are also described 1n detall 1n
PCT/IB2009/055438. Brietly, unit 74 modifies the phase and amplitude of the sampled signals
from RF digitizer 72, under the control of I/Q controller 76, so as to generate an anti-phased
signal matching a background component that 1s to be canceled. This background component
may, for example, be a constant and/or slowly-varying part of the incoming signals, which 1s
canceled 1n order to enhance the time-varying signal component that 1s due to heart motion.
The I/Q cancellation unit generates a signal that 1s equal 1n amplitude to the background
component but 180 out of phase and adds this anti-phased signal to the received signal from
switching matrix 78 and digitizer 72. The 1/Q cancellation unit thus cancels the background
component without degrading the actual radar signal from the body.

Processing circuitry 44 collects samples of the received signals, following background
cancellation, and processes the samples to 1dentify and locate reflecting volumes within the
thorax that correspond to points on the heart surface. One method that may be used for this
purpose 18 the inverse spherical Radon transform. More specifically, PCT/IB2009/055438
describes a first-order approximation of the inverse spherical Radon transform, which can be
applied efficiently and effectively to the sampled RF signals.

Alternatively, processing circuitry 44 may apply other transform techniques. For

example, the processing circuitry may compute a frequency response vector for each pair of
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antennas, and may then apply a window function, such as a Kaiser window, to each vector and
transform the windowed frequency data to the time domain using an inverse Fast Fourier
Transform (FFT). A time-domain filter, such as a Kalman filter, may be applied to the
transformed data in order to model the location and motion of the heart wall. The processing
circuitry may correlate location and motion data between different antenna pairs, as well as
correlating the motion with ECG measurements. Additionally or alternatively, circuitry 44 may
perform ECG-gated or ECG-phased background subtraction, wherein the subtracted
background signal 1s computed as a combination of the different phases in the heartbeat.

In estimating the heart wall location, circuitry 44 may treat the returned signal as a
superposition of a number of point reflectors, ecach moving and scintillating at a predefined rate
and 1n a predefined manner. The locations of the point reflectors are estimated using
optimization techniques, such as a modified simplex technique. The estimated locations are
then used to calculate path length and amplitude and thereby to calculate heart wall movement
and/or liquid content of the lungs.

Further additionally or alternatively, processing circuitry 44 may receive and process
other physiological parameters 1n conjunction with the RF signals. For example, the processing
circuitry may receirve breathing information, as well as data concerning patient posture, patient

weight, and blood pressure.

ANTENNA DESIGN

Fig. 4 1s a schematic exploded view of a patch antenna unit 82, 1n accordance with an
embodiment of the present invention. The pictured antenna design may be used, for example,
for any or all of the antennas shown 1n Fig. 1, as well as the antennas 1n the figures that follow.
This design 1s suitable for production as a flexible patch, similar to a large ECG c¢lectrode,
which can be glued onto the body surface with a suitable adhesive. Antenna unit 82 1s shown
solely by way of example, however, and other types of antennas may similarly be used in
system 20, as well as in the embodiments that are described below.

Antenna unit 82 comprises a front surface 84 1n the form of a planar printed circuit
board (PCB), on which a conductive spiral 86 1s printed to serve as the radiating element of the
antenna, using methods of printed circuit fabrication that are known in the art. The front
surface 18 made of suitable biocompatible materials 1n order to be brought into contact with the
body surface. (A layer of gel may be applied between front surface 84 and the body surface, as
explained above.) A rear clement 88 of the antenna, behind the front surface, serves as a

reflective structure. Element 88 comprises a ground plane 90 and a periodic structure that create
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an clectromagnetic band gap (EBG) between the ground plane and the front surface. Details of
the theory and design of this sort of antenna are provided by Bell et al., in “A Low-Profile
Archimedean Spiral Antenna Using an EBG Ground Plane,” IEEE Antennas and Wireless
Propagation Letters 3, pages 223-226 (2004), which 1s incorporated herein by reference.

The EBG structure in antenna unit 82 1S made up of a periodic mesh of conductive
patches 92, which are connected to ground plane 90 by vias 94 through a thin dielectric layer
(omitted from the figure for visual clarity). The periodic mesh of rear element 88 can have
Cartesian or cylindrical symmetry. Since different frequencies exhibit different power densities
at different locations on the rear element surface, the components of the EBG structure can have
variable dimension to reflect the different frequencies accordingly. For the frequency range
mentioned above (400 MHz to 4 GHz), the PCB making up front surface 84 may be 1.6 mm
thick, for example, while patches 92 are spaced 1.6 mm from ground plane 90 and contact the
rear side of the front surface PCB when assembled. The thickness of front surface 84 and the
height of the EBG (as defined by vias 94) can be optimized for the target VSWR performance,
front lobe pattern and gain. Under these conditions, the mesh of patches 92 creates an array of
cavitics having a parallel resonant response that mimics a perfect magnetic conductor in the
specified frequency range. The EBG structure thus reflects the backward wave from spiral 86
in phase with the forward beam, thereby constructively adding to the main forward beam from
the antenna.

A flexible backing 96 covers the rear side of rear element 88. Backing 96 extends over
the edges of the front surface and rear clement in order to facilitate secure attachment of
antenna unit 82 to the body surface. For this purpose, backing 96 may comprise an adhesive
margin 98. Backing 96 may comprise a conductive element for receiving ECG signals from the
body surface. Alternatively, front surface 84 may contain such a conductive element (not
shown) alongside spiral 86, or the conductive spiral itself may serve to pick up the ECG signals.
Additionally or alternatively, the antenna can be coated with metal and clectrolytes to enable
ECG measurement without affecting RF performance. A RF connector 100 connects antenna
unit 82 to cable 38. This connector conveys the RF excitation signal to spiral 86 and returns

both RF and ECG signals from the antenna unit to the cable.

ASSESSMENT OF PULMONARY EDEMA

Referring back to Fig. 1, some of antennas 24, 26, 28, 30 and 32 are¢ positioned 1n such a
way that the RF waves they emit and/or receive pass through one of lungs 36. For example,

when antenna 26 operates in monostatic mode, 1t directs RF waves through the left lung toward
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heart 24 and then receives reflected waves from the heart back through the left lung. As
another example, 1n bistatic mode, antenna 30 receives RF waves emitted by antenna 24 after
transmission through the lung. The RF path length in either case will vary over the respiration
cycle, as the lung fills with air and then empties, and 1t will vary depending on the amount of
fluid accumulated 1n the lung. Processing circuitry 44 may analyze these path length variations
in order to assess the amount of fluid accumulation in the lung.

Figs. SA and 5B are schematic plots of propagation delay and amplitude, respectively,
of RF waves reflected from the heart, in accordance with an embodiment of the present
invention. These plots represent measurements made on a healthy subject using an antenna
configured and positioned similarly to antenna 26. The scales are arbitrary. The delay and, to a
lesser extent, the amplitude vary periodically with the heart cycle, as shown particularly by the
sharp peaks 1n Fig. SA.

The depressed portions of both plots between marks 260 and 290 on the horizontal scale
correspond to a period of inhalation during the respiratory cycle. This depression in Fig. SA
shows that when the lungs are full of air, the effective RF path length through the lung
decreases, since the physical distance between antenna 24 and heart 22 remains about the same,
while the average dielectric constant along the path decreases. Exhalation empties the lungs of
air and thus 1increases the effective RF path length. The amplitude of the reflected wave 1n Fig.
5B also drops during inhalation, presumably because of increased variations of the dielectric
constant, and hence more reflections, along the RF path through the lung when the lung 1s filled
with air.

For a lung with a high fluid content, the average diclectric constant will typically be
higher than a healthy lung, and the path delay of RF waves traversing the lung will therefore be
orcater. The overall amplitude may also be greater due to reduced reflections as the waves
traverse the lungs. On the other hand, the difference between air-filled and empty lungs over
the respiratory cycle 1s expected to be smaller in both delay and amplitude than the differences
shown 1 Figs. 5SA and 5B. Thus, to diagnose and monitor pulmonary edema, processing
circuitry 44 may, for example, compare the delay and possibly the amplitude of the reflected
waves to benchmarks provided by healthy and edematous lungs, or to previous measurements
made on the same patient. Additionally or alternatively, the processing circuitry may assess the
amount of fluid in the lungs by analyzing the changes 1in delay and/or amplitude of the reflected

waves over the course of one or more respiratory cycles.
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In order to quantify the assessment of fluid accumulation, the actual physical distance
traversed by the RF waves passing through the lung may be measured, and a relation (such as a
ratio) may be computed between the effective RF path length and the physical distance. For
example, referring back to Fig. 1, 1f antennas 24 and 30 on opposite sides of the thorax are used
to make a transmission-based measurement of the RF path length through lung 36, the physical
distance between these antennas may also be measured. One way to measure the physical
distance 18 by mechanical measurement, using a large caliper, for example. Alternatively or
additionally, position sensors 48 attached to the antennas may be used to compute the spatial
coordinates of cach antenna, and the physical distance may then be computed simply as the
Cartesian distance between the coordinate points.

Fig. 6 1s a schematic, pictorial 1illustration showing clements of a system 110 for
diagnosis of pulmonary edema, in accordance with an embodiment of the present invention. In
this embodiment, antenna 26 1s operated monostatically to measure the effective path length of
RF waves that are reflected from heart 22 via lung 36. An ultrasound transducer 112 alongside
antenna 26 15 used to measure the physical distance to the heart and back. (Although antenna
26 and transducer 112 are shown, for the sake of clarity, as separate units, they may
alternatively be integrated 1n a single package.) The heart wall 1s 1dentified 1n both the RF and
ultrasound data as the nearest significantly moving reflective surface.

Processing circuitry 44 computes the relation between the physical distance traversed by
the ultrasonic waves and the effective path length traversed by the RF waves. Variations 1n this
relation among different patients and among measurements at different points in time for a

given patient are indicative of the amount of fluid 1n the lung.

THERAPEUTIC APPLICATIONS

Mechanical sensing of cardiac activity has been proposed for use in cardiac stimulation
therapy, such as optimizing timing intervals during cardiac pacing. Detection of peak
endocardial wall motion 1n the apex of the right ventricle for optimizing AV intervals has been
validated clinically. Systems and methods for using cardiac wall motion sensor signals to
provide hemodynamically-optimal values for heart rate and AV interval have been described,
for example, in U.S. Patent 5,549,650, whose disclosure 1s incorporated herein by reference. A
cardiac stimulating system designed to automatically optimize both the pacing mode and one or
more¢ pacing cycle parameters 1n a way that results in optimization of a cardiac performance
parameter, such as heart accelerations, 1s generally described in U.S. Patent 5,540,727, whose
disclosure 1s also incorporated herein by reference.
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Fig. 7 1s a schematic, pictorial illustration showing elements of a system 120 for pacing
heart 22 based on measurements of heart wall motion, 1n accordance with an embodiment of the
present invention. For the sake of simplicity, this figure shows a single antenna 26 used to
measure motion of heart 22, but alternatively, multiple antennas may be used (as shown 1n Fig.
1, for example) to provide multi-dimensional wall motion data. A pacing circuit 122 receives
and processes the RF signals from the antennas 1n order to measure the heart wall movement.
Based on this measurement, the pacing circuit generates pacing signals to drive pacing
clectrodes 124 in the heart. The pacing circuit may adjust the timing and/or amplitude of the
pacing signals adaptively, while measuring the wall movement, 1n order to reach an optimal
therapeutic result.

As noted above, antenna 26 may also be used 1n assessing the fluid content of the lungs.
The level of fluid content may then be used in adjusting the pacing regime of clectrodes 124, as
described, for example, 1n U.S. Patent 7,191,000, whose disclosure 1s incorporated herein by

reference.

SELF-CONTAINED ANTENNA PATCH UNIT

Fig. 8 15 a block diagram that schematically illustrates a patch antenna unit 130, 1n
accordance with another embodiment of the present invention. Patch 130, in effect, performs
most of the functions of system 20, using components that are contained 1nside an integrated
package 142 having the form of a patch, which 1s typically no more than 20 x 50 mm across
(and may be smaller). As 1n the preceding embodiments, package 142 may include an adhesive
layer (as shown 1n Fig. 4, for example), by means of which unit 130 can be affixed to the
patient’s skin.

Patch unit 130 comprises a flat antenna 132, which may be of one of the types described
above. A transceiver 136 generates driving signals for transmission by antenna 132 and filters
and digitizes the reflected signals that the antenna receives from the patient’s body. An active
background cancellation circuit 134 cancels background components from the reflected signals,
in a manner similar to that of 1/Q cancellation unit 74, shown in Fig. 3. A processor 138
controls the operation of the other components of patch 130 and processes the digitized signals
output by transceiver 136 1n order to extract heart wall motion data, in a similar manner to
processing circuitry 44. A power module 144, such as a low-profile battery, provides power to

the components of the patch unit.
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Patch unit 130 also comprises an ECG clectrode 140, in eclectrical contact with the
patient’s skin, and an ECG acquisition circuit 150, which filters and digitizes the ECG signals
for input to processor 138.

Patch unit 130 may comprise a user interface, such as one or more indicator LEDs 146,
which signal the operational state of the patch (on/off, and possibly parameters such as battery
level, quality of skin contact or signal strength). Alternatively or additionally, the user interface
may comprise a more informative display, such as a LCD, as well as user controls, such as
on/off and adjustment buttons.

A communication interface 148 communicates with a remote console (not shown), in
order to transmit radar and ECG measurement data and possibly to receive operational
commands. The communication interface typically comprises a wireless link, such as a
Bluetooth™ or WiF1 link. The console may be located in proximity to the patient’s location
and may thus receive data from interface 148 directly. Alternatively, interface 148 may
communicate with a local gateway, such as a personal computer or smart phone, which
communicates with the console over a network, such as the Internet or a telephone network. In
this sort of embodiment, for example, the console may comprise a server, which stores the data
for subsequent viewing and analysis by a physician or other expert. This sort of system
configuration 1s particularly useful for extended ambulatory monitoring.

It will be appreciated that the embodiments described above are cited by way of
cxample, and that the present invention 1s not limited to what has been particularly shown and
described hereinabove. Rather, the scope of the present invention includes both combinations
and subcombinations of the various features described hereinabove, as well as variations and
modifications thercof which would occur to persons skilled in the art upon recading the

foregoing description and which are not disclosed 1n the prior art.
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CLAIMS

1. Diagnostic apparatus, comprising:

a plurality of antennas, which are configured to be disposed at different, respective
locations on a thorax of a living body so as to direct radio frequency (RF) electromagnetic
waves from different, respective directions toward a heart in the body and to output RF signals
responsively to the waves that are scattered from the heart; and

processing circuitry, which 1s configured to process the RF signals over time so as to

provide a multi-dimensional measurement of a movement of the heart.

2. The apparatus according to claim 1, wherein the plurality of antennas comprises at least
three antennas, and wherein the respective locations are chosen so as to at least partially

surround the thorax.

3. The apparatus according to claim 1, wherein each antenna has a front surface, which 1s

configured to contact an outer surface of the body and comprises a planar antenna element.

+. The apparatus according to claim 3, wherein the planar antenna clement comprises a

conductive spiral.

5. The apparatus according to claim 3, wherein each antenna comprises a ground plane
behind the front surface with an electromagnetic band gap (EBG) structure between the ground

plane and the front surface.

0. The apparatus according to claim 3, and comprising a dielectric gel, which 1s applied

between the antenna and the outer surface of the body.

7. The apparatus according to any of claims 1-6, wherein each antenna 1s configured to
contact an outer surface of the body, and wherein the processing circuitry 1s configured to
receive and process an electrocardiogram signal received from the body by at least one of the

antennas, 1n addition to the RF signals.

8. The apparatus according to any of claims 1-6, and comprising ¢xcitation circuitry,
which 1s coupled to select different ones of the antennas to serve as transmitting and receiving
antennas and to apply a RF excitation waveform at multiple different frequencies to the selected
transmitting antennas, while the processing circuitry receives the RF signals from the selected
receiving antennas, wherein the transmitting and receiving antennas and the different

frequencies are selected according to a predetermined temporal pattern.
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9. The apparatus according to claim &, wherein the excitation circuitry comprises:

a driver circuit, which 1s configured to genecrate the RF excitation waveform with a
variable frequency; and

a switching matrix, which 1s configured to select sets of the antennas 1n alternation, each
set comprising at least one transmitting antenna and at least one receiving antenna, and for each
selected set, to couple the driver circuit to excite the at Ieast one transmitting antenna at a
selected frequency while coupling the processing circuitry to receive the RF signals from the at

least one recelving antenna.

10.  The apparatus according to any of claims 1-6, wherein the plurality of antennas
comprises at least first and second antennas disposed on respective opposite sides of the thorax,
so that the second antenna receives the RF clectromagnetic waves transmitted by the first
antenna after passage of the RF electromagnetic waves through at least one lung in the body,
and

wherein the processor 1s configured to process the RF signals output by the second

antenna so as to assess an amount of fluid accumulation 1n the at Ieast one lung.

11.  The apparatus according to any of claims 1-6, and comprising at lecast one pacing
clectrode, wherein the processing circuitry 1s configured to drive the at least one pacing

clectrode so as to pace the heart responsively to the measurement of the movement of the heart.

12. The apparatus according to any of claims 1-6, wherein the antennas are configured to sweep
the RF electromagnetic waves over multiple different frequencies so that the RF signals output

by the antennas create an ultra-wideband signal.

13. The apparatus according to any of claims 1-6, wherein the processing circuitry 1s configured

to compare the measure of the movement of the heart before, during and after heart stress.

14.  Diagnostic apparatus, comprising:

an antenna, which 18 configured to be disposed on a thorax of a living body so as to
direct radio frequency (RF) electromagnetic waves toward a heart in the body while sweeping
the waves over multiple different frequencies and to output an ultra-wideband RF signal
responsively to the waves that are scattered from the heart; and

processing circuitry, which 1s configured to process the RF signal over time so as to

provide a measurement of a movement of the heart.
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15.  The apparatus according to claim 14, and comprising a package, which contains the
antenna and the processing circuitry and 1s configured to be affixed as a patch to an outer

surface of the body.

16.  The apparatus according to claim 15, and comprising a conductive element associated
with the package, which 1s configured to receive clectrocardiogram (ECG) signals from the

outer surface of the body.

17.  The apparatus according to claim 15 or 16, and comprising a wircless communication

interface for communicating with a remote console.

18.  Diagnostic apparatus, comprising:

one or more antennas, which are configured to be disposed on a thorax of a living body
so as to direct radio frequency (RF) clectromagnetic waves through a lung 1n the body and to
output RF signals responsively to the waves that have passed through the lung; and

processing circuitry, which 1s configured to process the RF signals over time so as to
measure RF path characteristic of the RF eclectromagnetic waves and, based on the path

characteristic, to assess a fluid content of the lung.

19.  The apparatus according to claim 18, wherein the processing circuitry 18 configured to
measure a change 1n the path characteristic over one or more respiratory cycles of the lung, and

to assess the fluid content responsively to the change.

20.  The apparatus according to claim 18, wherein the path characteristic comprises an

ctfective RF path length of the RF electromagnetic waves through the body.

21.  The apparatus according to claim 20, wherein the processing circuitry 1s configured to
recerve a measure of a physical distance traversed by the RF electromagnetic waves through the
thorax, and to compare the effective RF path length to the physical distance 1n order to assess

the amount of the fluid accumulation.

22.  The apparatus according to claim 21, wherein the one or more antennas comprise a
transmitting antenna at a first location on a first side of the thorax, which transmits the RF
clectromagnetic waves through the lung, and a receiving antenna, which receives the waves that
have passed through the lung at a second location on a second side of the thorax, opposite the

first side, and wherein the physical distance 1s measured between the first and second locations.

23.  The apparatus according to claim 21, wherein the one or more antennas comprise at

lcast one antenna that 1s configured to direct the RF electromagnetic waves through the lung
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toward a heart in the body, and to output the RF signals responsively to the RF electromagnetic

waves reflected from the heart.

24.  The apparatus according to claim 23, and comprising an ultrasonic transducer, which 1s
adjacent to the at least one antenna and 1s configured to direct ultrasonic waves toward the heart
and receive the ultrasonic waves reflected from the heart so as to provide a measure of the

physical distance.

25.  The apparatus according to any of claims 18-24, wherein the path characteristic

comprises an amplitude of the RF signals.

26.  Diagnostic apparatus, comprising:
an antenna unit, which has a front surface configured to be brought into contact with an
outer surface of a living body and which comprises:

a planar antenna clement, which 1s configured to direct radio frequency (RF)
clectromagnetic waves from the front surface into the body and to output RF signals
responsively to the waves that are scattered from within the body; and

a conductive element, which 1s configured to receive electrocardiogram (ECG)
signals from the outer surface of the body;

a cable, which 1s connected to the antenna unit so as to communicate with the planar
antenna element and the conductive element; and

processing circuitry, which 1s connected to the cable so as to receive and process the RF

and ECG signals.

27.  The apparatus according to claim 26, wherein the planar antenna clement comprises a

conductive spiral.

28.  The apparatus according to claim 26, wherein the antenna unit comprises a ground plane
behind the front surface and an electromagnetic band gap (EBG) structure between the ground

plane and the front surface.

29.  The apparatus according to claim 26, and comprising a diplexer coupled between the

cable and the processing circuitry for separating the RF signals from the ECG signals.

30.  The apparatus according to any of claims 26-29, and comprising a gel configured to be

spread between the front surface and the outer surface of the body.

31.  The apparatus according to any of claims 26-29, wherein the antenna unit comprises an

adhesive patch for attachment to the body.
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32.  The apparatus according to any of claims 26-29, wherein the antenna unit 1s configured

to be worn on the body as part of a garment.

33. The apparatus according to any of claims 26-29, wherein the antenna unit 1S coated with

metal and electrolytes.

34.  Diagnostic apparatus, comprising:
an antenna unit, which has a front surface configured to be brought into contact with an
outer surface of a living body and which comprises:

a planar antenna c¢lement, which 1s formed on the front surface and 1s configured
to direct radio frequency (RF) electromagnetic waves mto the body and to output RF
signals responsively to the waves that are scattered from within the body;

a ground plane behind the front surface; and

an clectromagnetic band gap (EBG) structure between the ground plane and the
front surface; and
processing circuitry, which 1s coupled to the antenna unit so as to receive and process

the RF signals.

35.  The apparatus according to claim 34, wherein the planar antenna element comprises a

conductive spiral.

36.  Therapeutic apparatus, comprising:

at least one¢ pacing clectrode, configured to apply a pacing signal to a heart in a living
body;

on¢ or more antennas, which are configured to be disposed on a thorax of the body so as
to direct radio frequency (RF) electromagnetic waves toward the heart and to output RF signals
responsively to the waves that are scattered from the heart; and

processing circuitry, which 1s configured to process the RF signals over time so as to
measure a movement of the heart and to drive the at least one pacing clectrode so as to pace the

heart responsively to the measured movement.

37. A method for diagnosis, comprising;:

directing radio frequency (RF) clectromagnetic waves from a plurality of antennas,
which are disposed at different, respective locations on a thorax of a living body, toward a heart
in the body from different, respective directions, and outputting RF signals responsively to the

waves that are scattered from the heart; and
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processing the RF signals over time so as to provide a multi-dimensional measurement

of a movement of the heart.

38.  The method according to claim 37, wherein the plurality of antennas comprises at lcast
three antennas, and wherein the respective locations are chosen so as to at least partially

surround the thorax.

39.  The method according to claim 37, wherein each antenna has a front surface, which 18

configured to contact an outer surface of the body and comprises a planar antenna element.

40.  The method according to claim 39, wherein the planar antenna element comprises a

conductive spiral.

41.  The method according to claim 39, wherein each antenna comprises a ground plane
behind the front surface with an electromagnetic band gap (EBG) structure between the ground

plane and the front surface.

42.  The method according to claim 39, and comprising receiving from at least one of the

antennas, 1n addition to the RF signals, an ¢lectrocardiogram signal from the body.

43.  The method according to any of claims 37-42, wherein directing the RF electromagnetic
waves comprises selecting different ones of the antennas to serve as transmitting and receiving
antennas, and applying a RF excitation waveform at multiple different frequencies to the
selected transmitting antennas, while processing the RF signals received from the selected
receiving antennas, wherein the transmitting and receiving antennas and the different

frequencies are selected according to a predetermined temporal pattern.

44.  The method according to any of claims 37-42, wherein the plurality of antennas
compriscs at least first and second antennas disposed on respective opposite sides of the thorax,
so that the second antenna receives the RF clectromagnetic waves transmitted by the first
antenna after passage of the RF clectromagnetic waves through at least one lung 1n the body,
and

wherein processing the RF signals comprises processing the RF signals output by the

second antenna so as to assess an amount of fluid accumulation 1n the at least one lung.

45.  The method according to any of claims 37-42, and comprising pacing the heart

responsively to the measurement of the movement of the heart.

46. The method according to any of claims 37-42, wherein processing the RF signals over time

comprises measuring the movement of the heart before, during and after stress.
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47. A method for diagnosis, comprising:

directing radio frequency (RF) clectromagnetic waves from an antenna, which 1s
disposed on a thorax of a living body, toward a heart in the body while sweeping the waves
over multiple different frequencies, and outputting an ultra-wideband RF signal responsively to
the waves that are scattered from the heart; and

processing the RF signal over time so as to provide a measurement of a movement of

the heart.

48. A method for diagnosis, comprising:
directing radio frequency (RF) clectromagnetic waves from one or more antennas
disposed on a thorax of a living body so that the waves pass through a lung in the body, and
outputting RF signals responsively to the waves that have passed through the lung; and
processing the RF signals over time so as to measure a RF path characteristic of the RF
clectromagnetic waves and, based on the path characteristic, to assess a fluid content of the

lung.

49.  The method according to claim 48, wherein processing the RF signals comprises
measuring a change in the path characteristic over one or more respiratory cycles of the lung,

and assessing the fluid content responsively to the change.

50.  The method according to claim 48 or 49, wherein the path characteristic comprises an

etfective RF path length of the RF electromagnetic waves through the body.

51.  The method according to claim 50, and comprising measuring a physical distance
traversed by the RF electromagnetic waves through the thorax, and comparing the effective RF

path length to the physical distance in order to assess the amount of the fluid accumulation.

52.  The method according to claim 51, wherein the one or more antennas comprise a
transmitting antenna at a first location on a first side of the thorax, which transmits the RF
clectromagnetic waves through the lung, and a receiving antenna, which receives the waves that
have passed through the lung at a second location on a second side of the thorax, opposite the

first side, and wherein the physical distance 1s measured between the first and second locations.

53.  The method according to claim 51, wherein the one or more antennas comprise at least
on¢ antenna that 18 configured to direct the RF electromagnetic waves through the lung toward
a heart 1n the body, and to output the RF signals responsively to the RF clectromagnetic waves

reflected trom the heart.
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54.  The method according to claim 53, and comprising directing ultrasonic waves toward
the heart and receiving the ultrasonic waves reflected from the heart at a location adjacent to the

at least one antenna so as to provide a measure of the physical distance.

55. A method for diagnosis, comprising:
bringing a front surface of an antenna unit into contact with an outer surface of a living
body, the antenna unit comprising:
a planar antenna clement; and
a conductive element, which 1s configured to receive electrocardiogram (ECG)
signals from the outer surface of the body;
driving the planar antenna clement to direct radio frequency (RF) clectromagnetic
waves from the front surface into the body and to output RF signals responsively to the waves
that are scattered from within the body; and

recerving and processing both the RF and the ECG signals from the antenna unit.

56.  The method according to claim 55, wherein the planar antenna clement comprises a

conductive spiral.

57.  The method according to claim 55, wherein the antenna unit comprises a ground plane
behind the front surface and an electromagnetic band gap (EBG) structure between the ground

plane and the front surface.

38. The method according to any of claims 55-57, and comprising spreading a gel between

the front surface and the outer surface of the body.

59. A therapeutic method, comprising:

directing radio frequency (RF) clectromagnetic waves toward a heart 1n a living body
from one or more antennas disposed on a thorax of the body, and outputting RF signals
responsively to the waves that are scattered from the heart;

processing the RF signals over time so as to measure a movement of the heart; and

pacing the heart responsively to the measured movement.
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