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NON-INVASIVE METHOD AND DEVICE FOR MEASURING CARDIAC
OUTPUT

PRIORITY CLAIM

This application claims the benefit of United States Provisional Application No.
61/010,035 filed on January 4, 2008 entitled “Non-Invasive Method and Device for

Measuring Cardiac Output” the entirety of which is incorporated herein by reference.

GOVERNMENT
This invention was made with government support under Grant No.
DAMDI1700C0013 awarded by the Department of Defense. The government has certain

rights in the invention.

FIELD OF THE INVENTION

The present invention relates to medical devices, and more particularly to devices
and methods of operation of said devices for non-invasively measuring the cardiac output

of a patient.

BACKGROUND

There are numerous parameters that are measured invasively and non-invasively
to gain diagnostic information about the cardiovascular system. The major function of
the cardiovascular system is to supply sufficient amounts of oxygen and nutrients to meet
the metabolic demands of the tissues. Cardiac output is a primary determinant of global
oxygen transport from the heart to the body and cardiovascular insufficiencies are
reflected in cardiac output. Measurement of cardiac output provides both diagnostic and
prognostic information, and the means to monitor the adequacy of therapy, as well as to
assess the condition of a patient following a major trauma with hemorrhage and during
the ensuing fluid resuscitation.

Hemorrhage is a major cause of death of battlefield casualties who are not killed
immediately and survive beyond the initial five minutes from injury. Half of battiefield
deaths are the result of uncontrolled bleeding. Successful treatment requires immediate

medical attention that can be very limited in the battlefield until the casualty is evacuated



10

15

20

25

30

WO 2009/089183 PCT/US2009/030157

to higher echelons of care. Monitoring of the physiological status during transport and
the end points of the resuscitative treatment is critical to both immediate survival as well
as long-term treatment of a patient. It has been suggested that severely injured casualties
should be evacuated in less than one hour to a front-line high echelon care unit and that
during initial treatment and evacuation, physiological monitoring should be used to guide
resuscitation efforts,

Cardiac output is an important indicator of hemodynamic status of the circulatory
system and is important in diagnosis and treatment of heart disease and in guiding fluid
resuscitation following major trauma with hemorrhage. Cardiac output provides a direct
measure of the heart’s ability to pump blood and is determined as a product of stroke
volume and heart rate. As the hemorrhage progresses, arterial blood pressure decreases
and sympathetic compensatory mechanisms are activated that shunt the blood from the
peripheral to central compartment in order to maintain blood pressure and thus
oxygenation of vital organs. In healthy and physically trained individuals, these
compensatory mechanisms maintain blood pressure disproportionately high within the
body only to cause a rapid circulatory collapse as the hemorrhage causes massive loss of
blood volume. Cardiac output, in turn, reacts faster to the progression of hemorrhagic
shock and drops sooner than the arterial pressure in response to blood loss during
hemorrhage. Early intervention and resuscitation based on monitoring of cardiac output
is the most complete way of capturing the physiological impact of the hemorrhage and
resulting circulatory shock. In addition to the delay in blood pressure drop caused by the
compensatory mechanisms, arterial blood pressure is not available under battlefield
conditions and is commonly substituted by traditional, non-invasive (occlusive) blood
pressure measurements in peripheral circulation. As mentioned above, the compensatory
mechanisms that maintain btood supply to the vital organs do so by increasing peripheral
resistance and diverting blood from the peripheral to central pool, causing the cessation of
pressure pulse in peripheral circulation, and further difficulties in the determination of
blood pressure. Although blood pressure is currently used to monitor the progression of
hemorrhagic shock and the effectiveness of fluid resuscitation, direct measurement of
cardiac output would provide a more effective, direct measure of both and, consequently,

a more effective therapy.
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Clinicians have an increasing number of available sensors and instrumentation
that support measurements of cardiac output. These include, without limitation, indicator
dilution techniques with or without the use of a pulmonary artery catheter, arterial pulse
contour techniques, aortic pulsed Doppler, both of the ascending and descending aortas,
indirect measures using arterio-venous gas content differences and expired gas measures
via the Fick’s equation, and bio-impedance techniques. Due to the high costs and need
for highly specialized medical personnel and well-equipped facilities, as well as
potentially severe complications associated with invasive measurement of cardiac output,
noninvasive techniques are highly desirable. For battlefield applications, only non-
invasive methods that require minimal skills and that can be deployed under “far
forward” and “casualty transport™ conditions are practical. None of the above methods

has as yet fulfilled these requirements.

SUMMARY OF THE INVENTION

In light of the problems and deficiencies inherent in the prior art, the present
invention seeks to overcome these by providing a method of measuring cardiac output of
a person, the method comprising placing a device about the mid-sternal position on the
person, said device comprising a RF signal generator coupled to an antenna, said antenna
having a dielectric material disposed about the exterior of the antenna. The method
further comprises propagating a first signal having a predetermined frequency towards the
heart of the person and receiving and measuring a portion of the first signal returned from
the heart of the person with the device. The method further comprises comparing the
magnitude of the first signal propagated into the heart of the person to the magnitude of
the portion of the first signal returned from the heart of the person and calculating a return
loss of the signal. Additionally, the method comprises propagating an additional signal
into a portion of the heart of the person using the device, wherein said additional signal
has a frequency different from the first signal and receiving and measuring a portion of
the additional signal returned from the heart of the person with the device. The method
further comprises comparing the magnitude of the additional signal propagated into the
heart to the person to the magnitude of the additional signal returned from the heart of the
person and calculating a return loss of the additional signal as well as comparing the

return loss of the first signal to the return loss of the additional signal. The method
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further comprises repeating certain steps referenced above while incrementally varying
the frequency of the signal with each repetitive step and determining a maximum return
loss value of the signals propagated into the heart.

In accordance with additional embodiments, the present invention improves upon
deficiencies in the prior art by providing a system for measuring the cardiac output of the
heart of a patient, comprising a hand-held device comprising a housing containing a
signal generator coupled to an antenna and a dielectric material disposed about the
antenna, wherein said hand-held device is adapted to generate a plurality of radio
frequency signals and direct said signals towards the heart of the person and measure a
magnitude of a signal returned from the heart of the person. The hand-held device
further comprises a processor contained within said housing, wherein said processor is
adapted to compare differences between a magnitude of a signal propagated into the heart
of the person and the magnitude of the signal returned off the heart. The processor is
further adapted to determine a signal frequency having a maximum return loss value
based on the differences between the magnitude of the signal propagated into the heart of
the person and the magnitude of the signal returned off of the heart of the person.
Additionally, the processor is further adapted to estimate a change in the amplitude of
motion of a portion of a wall of the heart based on the differences between the magnitude
of the signal propagated by the device and the magnitude of the signal returned off of the
portion of the heart.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully apparent from the following
description and appended claims, taken in conjunction with the accompanying drawings.
Understanding that these drawings merely depict exemplary embodiments of the present
invention they are, therefore, not to be considered limiting of its scope. It will be readily
appreciated that the components of the present invention, as generally described and
illustrated in the figures herein, could be arranged and designed in a wide variety of
different configurations. Nonetheless, the invention will be described and explained with
additional specificity and detail through the use of the accompanying drawings in which:

FIG. 1 shows one embodiment of an RF device in accordance with one

embodiment of the present invention;
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FIG. 2 shows a schematic block diagram of a RF device in accordance with one
embodiment of the present invention;

FIG. 3 shows a schematic block diagram of a RF system in accordance with one
embodiment of the present invention;

FIG. 4 illustrates calculated contributions to a complex electric field of certain
terms in a near field region of a circular loop antenna in a material with a relative
dielectric constant in accordance with one embodiment of the present invention;

FIG. 5 shows a comparison of the sensor signal with and without motion artifact
reduction in accordance with one embodiment of the present invention;

FIG. 6 shows a record of pressure sensor stabilizer data in accordance with one
embodiment of the present invention;

FIG. 7 shows a comparison of an ECG trace synchronousty recorded with signals
using an RF system in accordance with one embodiment of the present invention;

FIG. 8 illustrates an estimated depth of penetration of an EM wave in various
tissues in accordance with one embodiment of the present invention;

FIG. 9 is an illustration of a frequency tuning sweep and resulting work point in
accordance with one embodiment of the present invention;

FIG. 10 shows a data plot of the sensor magnitude versus pulmonary artery stroke
volume from experiment SW3 in accordance with one embodiment of the present
invention;

FIG. 11 shows the bleed summary of experiment SW3 in accordance with one
embodiment of the present invention;

FIG. 12 shows a comparison of stroke volume derived from PA flow test and
sensor signal during full bleed and re-infusion during experiment SW3 in accordance with
one embodiment of the present invention; and

FIG. 13 shows calibration lines for PEEP experiments 4, 6, 13, and 14 in

accordance with one embodiment of the present invention.

DESCRIPTION OF EXAMPLE EMBODIMENT(S)

The following detailed description of exemplary embodiments of the invention
makes reference to the accompanying drawings, which form a part hereof and in which

are shown, by way of illustration, exemplary embodiments in which the invention may be
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practiced. While these exemplary embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention, it should be understood that other
embodiments may be realized and that various changes to the invention may be made
without departing from the spirit and scope of the present invention. Thus, the following
more detailed description of the embodiments of the present invention is not intended to
limit the scope of the invention, as claimed, but is presented for purposes of illustration
only to describe the features and characteristics of the present invention, and to
sufficiently enable one skilled in the art to practice the invention. Accordingly, the scope
of the present invention is to be defined solely by the appended claims.

The following detailed description and exemplary embodiments of the invention
will be best understood by reference to the accompanying drawings, wherein the elements
and features of the invention are designated by numerals throughout.

In accordance with one embodiment of the invention, a method and device are
disclosed for measuring the cardiac output of a patient. The method and device are based
on the general operating principle that alternating current electrical signals used to
produce and detect radio waves may be utilized to detect the status of biological systems
within the body. Generally speaking, radic waves are propagated into the body. A
certain portion of those waves are absorbed by the body. A certain portion of the waves
not absorbed by the body are returned back near their point of origin. The difference
between the magnitude of the waves sent into the body and the magnitude of the waves
returned back near their point of origin (referred to herein as “return loss™) is utilized to
estimate certain characteristics of biological tissue (e.g., cardiac tissues) within the body.
Additional details regarding the signal propagating device and method of estimating
cardiac output from data the device gathers are presented in turn below.

The present invention provides several significant advantages over prior related
medical device. Many advantages will be apparent in light of the detailed description set
forth below, with reference to the accompanying drawings. These advantages are not
meant to be limiting in any way. Indeed, one skilled in the art will appreciate that other
advantages may be realized, other than those specifically recited herein, upon practicing

the present invention,
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RF DEVICE

With reference now to FIGS. 1 through 3, and in accordance with one
embodiment of the invention, a device 10 for estimating changes in the cardiac output of
a patient is disclosed comprising a radio frequency (“RF”) signal generator coupled to an
antenna 15, said antenna 15 having a dielectric material 20 disposed about an exterior
surface of the antenna 15, The dielectric material 20 may be disposed about select
portions of the exterior surface of the antenna 15 or substantially about the entire exterior
surface of the antenna 15.

The RF signal has a near field component and a far field component. In one
aspect of the invention, the dielectric material 20 has a predetermined thickness and a
predetermined dielectric constant such that a substantial portion of the near field
component of the electronic signal returned from the patient is not received by the
antenna 15. In one aspect of the invention, the dielectric material 20 is designed such that
substantiaily the entire near field component of the electronic signal returned from the
patient is not received by the antenna 15. In one embodiment, the dielectric material 20
has a dielectric constant ranging from 5 to 25 and has a thickness ranging from 2 mm to
20 mm. Importantly, the design of the dielectric material 20 is dependant upon numerous
characteristics which vary depending on the type of dielectric material used. That is, the
thickness of the material is a function of its dielectric constant and thus it is specific for a
given material. Accordingly, no limitation should be read into the exact specifications of
the dielectric material used herein.

With reference to FIG. 2, a block diagram of the RF device with digital detection
means in accordance with one embodiment of the present invention is illustrated. In one
aspect of the invention, the RF signal is generated by a voltage controlled oscillator 25
(“VCO”) contained within a device housing 11. The VCO 25 generates the RF signal at
differing frequencies by varying the tuning voltage. Examples of VCO’s 25 which may
be used include the ROS-2150 made by Minicircuits, however any VCO 25 capabie of
generating an appropriate RF signal may be utilized. As noted herein in more detail,
initially, a micro-controller 30 via a digital to analog (“D/A™)} converter 31 sweeps the
frequency of the RF signal between approximately 1000 and 2000 MHz by causing the
tuning voltage to vary between approximately zero and 20 volts. In one aspect of the

invention, the output of the VCO 25 is less than 4 mW. While any suitable operating
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frequency may be used, in one embodiment of the present invention, the VCO 25 operates
at a frequency ranging from 0.5 GHz to 2.5 GHz.

In one aspect of the invention, the device 10 further comprises a network analyzer
12 such as that manufactured by Analog Devices (AD8302 IC). The detector is capable
of identifying the magnitude and phase of subject signals and has a 60 dB dynamic range
and outputs a magnitude voltage of 30 mV per dB of return loss. The phase output is 10
mYV per degree over 180 degrees. The device 10 further comprises microcontroller 30
(such as those manufactured by Cygnal) to read the network analyzer outputs, determine
the minimum or maximum values of magnitude and phase during a frequency sweep and
generate a digital sweep that enters the D/A converter 31 that then drives the VCO 25,
This closed loop generates the VCO sweep, determines the frequency of maximum return
loss (magnitude or phase), and then locks on to that frequency. As the heart beats or
lungs move, the microcontroller 3¢ tracks the magnitude and phase of the “organ’s”
signal.

In one aspect of the invention, a low pass filter 35 (“LPF”) is used to prevent the
VCO second harmonic from entering the network analyzer 12 (e.g., AD8302 magnitude
and phase integrated circuit). In one aspect, the LPF 35 has a -3 dB “corner” frequency
of 1700 MHz. In an additional aspect of the invention, the LPF output is routed to two
directional couplers 38. The directional couplers 38, 39 sample the RF signal both in the
forward (38) and reverse (39) directions. In one embodiment, the sampled signal is 20 dB
down from the transmitted signal. In an additional aspect, directional couplers 38, 39
exhibit directivity. That is, they are relatively insensitive to signals coming in a reverse
direction. The directional couplers 38, 39 noted herein have directivities of 20 tc 34 dB
depending on the frequency of the RF signal. The transmitted RF energy goes to the
antenna 15 where the coupled signals are routed to the network analyzer 12. A voltage
multiplier 32 and appropriately placed attenuators 33 may also be used in accordance
with certain aspects of the invention. In one aspect, appropriate programming control and
display interfaces are incorporated on the face of the RF device. In other aspects, the
programming control and display interfaces are located on a remote programming device.

With reference now to FIG. 3, a block diagram of the RF device with analog
detection means in accordance with one embodiment of the present invention is

illustrated. While similar to the digital detection system shown in FIG. 2, additional
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components are shown to achieve proper detection of an analog signal. Additional
components include a sawtooth generator 36, a generator trigger signal 37 and an
amplifier/signal conditioner/peak detector/analog digital converter device 41.

Referring generally again to FIGS. 1 through 3, the RF components discussed
herein are fitted to a 4 layer PCB with 50-ohm traces. The RF board components are
shielded and, in some embodiments, feed through capacitors are used to prevent RF
signals from “leaking out” of the shield via the DC or low frequency signals. In
accordance with one aspect of the invention, the device is capable of measuring the signal
transmitted from the VCO 25 to an antenna 15 where the signal has been modulated by
the organ system of the patient. In this aspect, the device 10 comprises an additional
dipole antenna 15a, an additional LPF 35a, a single directional coupler and a second
network analyzer 12a, one of whose inputs is from the VCO 25. Output from the network
analyzer 12a is routed to the data collection system,

In one embodiment of the present invention, the device further comprises a switch
sensor for activating and deactivating the device 10. The switch sensor would activate
the device 10 only when it is in full contact with the body of the patient and would
deactivate the device 10 when not in full contact with the body. Advantageously, errant
RF radiation emitted into the surrounding environment would be minimized by using the
switch sensor. The switch sensor may comprise a touch-activated switch sensor or other
desirable switch sensor as suits a particular application.

Coupling of the RF signal into the body is maximized when there is a good
impedance match between the coupler and the body. It is believed that biclogical tissues
present about a 50-ohm load for the RF signal. Appropriately placed dipoles and loop
antennas provide as much as 50 dB return loss at frequencies when placed near the body,
even through clothing. As the antenna 15 nears the body, the tissue loads the antenna 15
changing its resonance to below that of free-space resonance. In accordance with one
aspect of the invention, the measurement of the return loss is performed at 1 millisecond
intervals, resulting in 1 kilosample per second signal acquisition rate. As noted above,
the core of the system is the network analyzer 12 which measures the ratio of the returned
RF signal to the sampled outgoing signal generated by the VCO 25. The optimal
frequency of the VCO 25 is found by scanning the frequency range within approximately

1-2 GHz range and determining the frequency of the maximum return loss. The
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magnitude, phase, and frequency at the maximum return loss point is then digitized and
displayed and/or stored in the data file. Additional functions of the device included
acquisition of up to 4 analog channels (e.g., flow, impedance, ECG, other) of 0-5V range
and synchronizing the analog data channels with the RF magnitude, phase and frequency.
In accordance with one aspect of the invention, a dipole antenna is utilized which
comprises copper foil tape applied to a suitable backing substrate. A 50-ohm coaxial

cable connects the dipole antenna to a processor.

In accordance with an additional embodiment of the present invention, a full wave
loop antenna placed in a cylindrical shield may be utilized. As is the case with many
biomedical sensors, the output of the sensor (i.e., the antenna) is affected by multiple
factors giving rise to common mode error, such as sensor-body interface, relative motion
of the sensor and the tissues at the sensor placement site, RF absorption and reflection by
internal body organs other than the heart, and by motion artifacts generated by both
intrinsic (e.g., breathing) and external factors (e.g., sensor pressure, sensor motion, etc.).
Interfacial motion generates signal components that are much larger than the signals
related to the heart and therefore it is essential to provide signal conditioning and data
processing that can separate the signal of interest. That is, signals that relate to the stroke
volume of the heart need to be measured while also preserving the breathing and
respiratory components of the measured signal, such as breathing rate and depth. The
difficulty of achieving these tasks is compounded by small levels of the RF signal from
the sensor and the resulting low Signal to Noise ratio (SNR), and by the high ratio of the
DC to AC component of the return [oss signal.

Generally speaking, interactions of electromagnetic fields with matter are a
function of frequency, dielectric, conductive and magnetic properties of the material,
geometry of the radiating element (antenna) and distance, and orientation of the antenna
with respect to the observation point. Calculations of an antenna field have been
extensively studied for different antenna configurations, sizes and materials, and
fundamental equations approximating electric and magnetic fields for simple antenna
geometries and homogeneous media, are available. However, in cases of either complex
antenna shapes or non-homogeneous media, calculations are very difficult, if possible.
Therefore, while the following analysis is an oversimplification of the actual setting, it

provides significant insights into the origin of motion artifact and offers a practical way of
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reducing the influence of undesirable interference. In one aspect of the present invention,
a circular loop antenna was employed for which the components of the electric and
magnetic field as a function of distance from the antenna are given by numerous
equations. These equations represent fields resulting from a sinusoidally-excited current
loop with a magnetic moment "dm". Electric and magnetic components of the field are

given by the relationships:
B, =30" * dm * [1/(Br)-j / (Br)2]sin® )* e -i(B1)

The electric field contains components are proportional to the 1 /(B r) and 1 / (Br)2 and
magnetic field components which are a function of 1 / (B r)3 where r is a distance from
the radiating element, and (f is a wave number, (p = 2Pi/X). Therefore, the behavior of
the complex electric field as a function of distance is determined by the functions:

1/(Pr), and 1/(Pr)2, 1/ (P r)3 for magnetic components)

If the boundary between near and far electrical field is defined as a distance at which
r/h=1/2Pi, then at that distance the contributions of each of the terms 1/( Br)n becomes
equal (i.e., forr=2 /2Pi, 1/(f)= 1/ (Br)*). In the near field, the higher power term, 1/
()’ dominates the complex field components, while beyond that limit, the contribution of
this term becomes insignificant and the electric field is determined by a familiar
relationship:

E=1/r. Thus, it is believed that any interactions between the radiated EM wave and an
object will be stronger in the near field region than in the far field, FIG. 4 illustrates the
calculated contributions to the complex electric field, of the 1 /(fr) n terms (curves 1, 2)
in the near field region of the circular loop antenna in the material with the relative
dielectric constant er = 15. In the material with such high dielectric constant, the
wavelength, 1, at 1.5GHz is only about Scm (A=c/f* (I/sqt(er)), where ¢ is the speed of
light and f is the frequency. Curve (1+2) represents the sum contribution from the 1/

(Br)" components.

The above analysis suggests that at the frequency range of interest all the
interactions between the antenna and the body surface of the patient occur within the
near-ficld distance, and therefore tend to be dominated by higher-power terms of the
complex field, while the impact of the heart (that is positioned under the tissues in the

distance of more than 2 cm from the surface) is dominated by the 1 / (Br) term, which
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varies much slower than the quadratic term. Accordingly, it is believed that a circular
loop antenna would be expected to exhibit much higher sensitivity to interfacial motion
than to the motion/absorption at the tissues and organs at distances further away from the
antenna surface, especially considering that the wavelength inside the body is even

shorter (average dielectric constant of the tissues is about 50, therefore A= 2.4¢cm).

Accordingly, it is believed that if the near-field region is contained within the
stationary (not subject to interfacial perturbations) antenna limit, and all the interactions
between the antenna and the body could be limited to the far-field region where the
complex fteld is dominated by the I/r term only, the return loss sensitivity would be the
same for all the interactions contributing to the return loss signal of the sensor. That is,
the relative contribution from the surface motion artifact to the signal would be greatly
reduced. As such, by disposing a dielectric material about the antenna, motion artifacts

are greatly reduced.

In one embodiment of the present invention, ceramic disks of 8.5 mm and 5.5 mm
thickness and er =15 are attached to the front surface of the antenna 15. The results of
tests of monitoring of the heart and breathing action in human volunteers in the presence
and absence of the interfacial motion are shown in FIG. 5. Advantageously, the output
signal of the antenna 15 having the dielectric material 20 was attenuated as compared to
the signal measured with the antenna 15 without the diclectric material 20. However, the
signal was much less sensitive to motion artifacts induced by moving the antenna 15 with
respect to the surface of the patient. While the bandwidth of the signal detected by the
device 10 after passing through the dielectric material 20 is reduced, thereby making the
system less efficient, without the dielectric material 20, the motion artifact signal entirely

obliterates the heart beat signal.

For the frequencies used in the testing of the device 10 (e.g., 1000 MHz to 2000
MHz), the motion artifact-related signal originated in the near-field of the antenna 15
(i.e., at the interface between the antenna and the body). In this region, complex electric
field modulation is dominated by fast changing 1/r* function, whereas in the far field,
these interactions result in a slower 1/r relationship. Placing a dielectric material 20 on
the surface of the antenna 15 causes shortening of the wavelength in the dielectric region

by a factor of 1/(sqrt{(er)). Thus, a proper selection of the dielectric material 20 and its
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geometry (thickness), permits enclosing the near-field region entirely in the dielectric
material, resulting in the significant reduction of the device sensitivity to interfacial

motion as noted above.

While specific reference has been made herein to ceramic as a dielectric material
20, any desirable dielectric material may be utilized as suits a particular application.
Example dielectric materials include ceramics, glass, plastics, and polymers. Fluid
dielectric materials may also be used as desired including, but not limited to gels, liquids,
polymeric fluids, and hydrocarbon-based fluids. Additionally, while specific reference
has been made to a specific thickness, it is important to note that the thickness of the

dielectric material 20 will vary according to the type of dielectric material used.

In an additional embodiment of the present invention, additional modifications to
the antenna 15 were made to minimize motion artifact. As has been discussed herein, the
antenna 15 is very sensitive to tangential (lateral), as well as normal motion of the
antenna 15 with reference to the skin surface. The sensitivity includes changes in the
force of the sensor on a surface of the body. These factors affected both the initial sensor
coupling to the body (DC loading level, dB), and to the lesser extent, an AC component

of the signal.

As noted above and in accordance with one embodiment of the present invention,
a pressure sensor is coupled to the device 10 to detect the application force and motion of
the antenna 15 with reference to the body. Sensor software can be created to permit valid
data measurements only while the sensor is balanced and indicates "no-motion"
conditions, In one aspect of the invention, pressure sensors are disposed on all four
corners of the antenna 15 and are connected to a quad bridge circuit. In one embodiment
of the antenna design, three strain gages are built into the applicator shield and used in the
same manner. Software is programmed into the network analyzer 12 to visually show the
strain on cach gage and prevent measurement if the difference in strain exceeds an
adjustable threshold. An indicator light is disposed on the device 10 so the user knows
when the strain is equal on all three gages thus indicating the applicator is evenly

positioned.

An example force sensor-based stabilization signal is shown in FIG. 6. At the left

of the graph, the sensor applicator is pressed against the chest and the variation in the
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sensor signal is illustrated. Towards the center of the graph, applicator motion becomes
minimal and the sensor is stabilized. On the right hand side of the graph, sensor motion
is again occurring and as such, data should not be recorded. Illustrated further in FIG. 5,
are example sensor signals with and without motion artifact reduction. The signal at the
left of the top panel graph is off-scale and cannot be interpreted while suppressing the
motion-free signal segment. The bottom panel illustrates the result of sensor signal

measurement with motion artifact reduction design.

SIGNAL PROCESSING AND NON-INVASIVE METHOD OF MEASURING CARDIAC OUTPUT

In accordance with one embodiment of the present invention and as described in
more detail through this application, a method for estimating certain parameters of a
person’s cardiac output is disclosed. Broadly speaking, the method comprises placing a
device 10, such as that described in the preceding sections of this application, about the
mid-sternal position of the person. The device 10 comprises an RF signal generator 25
coupled to an antenna 15, said antenna 15 having a dielectric material 20 disposed about
the exterior 16 of the antenna 15. The method further comprises propagating a first signal
having a predetermined frequency towards the heart of the person and receiving and
measuring a portion of the first signal returned from the heart of the person with the
device 10. The magnitude of the first signal propagated into the heart of the person is
compared to the magnitude of the portion of the first signal returned from the heart of the
person and a return loss of the signal is calculated. The method further comprises
propagating an additional signal into a portion of the heart of the person using the device,
wherein satd additional signal has a frequency different from the first signal and receiving
and measuring a portion of the additional signal returned from the heart of the person
with the device 10. The magnitude of the additional signal propagated into the heart to
the person is then compared to the magnitude of the additional signal returned from the
heart of the person and a return loss of the additional signal is calculated. The method
further comprises comparing the return loss of the first signal to the return loss of the
additional signal and repeating certain of the above-referenced steps while incrementally
varying the frequency of the signal with each repetitive step. The method also comprises
determining a maximum return loss value of the signals propagated into the heart. of the

person over the utilized frequency range. As noted above, in one embodiment, the
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frequency of the signal is swept between 1000 and 2000 MHz in an effort to determined
the maximum return loss for a particular patient at a particular frequency.

It is believed that proper positioning of the device 10 on the patient is important
for optimal operation of the device. In one aspect of the invention, optimal results are
obtained when the device 10 is positioned in the mid-sternal position. That is, the optimal
results are obtained when the signals from the device are predominantly focused on the
right ventricle of the patient’s heart.

In an effort to understand the physiological interpretation of the RF device signal,
a time-domain analysis of the RF signal was recorded synchronously with a 3-lead ECG
(RA-LA-LL). A comparison of that analysis is explained in more detail below and
illustrated in the attached figures. Generally speaking, the cardiac cycle consists of two
major periods, systole, during which the ventricles contract and, under high pressure,
eject blood into the pulmonary artery and into the aorta, and diastole, during which the
heart is in its low pressure state and the ventricles are filling with blood. At the beginning
of the systole, the heart is maximally extended, while at the beginning of the diastole the
extension of the heart muscle is minimal. The systole starts with the R-wave, which is
immediately followed by contraction of the left ventricle, and ends after the T-wave with
the closing of the aortic valve. According to Frank-Starling Law of the heart, tension
developed in cardiac muscle fibers is proportional to their stretching and thinning, or to
the volume of blood filling the heart, or End Diastolic Volume (“EDV™). The EDV is one
of the factors that determine the size of the subsequent stroke volume. If a signal is

proportional to the volume of the right ventricle, the magnitude of the signal should vary

between cardiac cycles with the venous return, or preload. Therefore, the device acts as a

sensitive indicator of the physiological events that affect venous return.

Immediately following the R-wave, both tricuspid and pulmonic valves are closed,
and the initial ventricular contraction results in an isovolumetric intraventricular pressure
build-up. With general reference now to FIG. 7, based on the comparison of the left
ventricular pressure wave and S-wave timing, components of a recorded RF signal can be
identified that correspond to mechanical contraction of the heart and thus provide
information about changes in the cardiac output. In one aspect of the invention, an
analysis begins with the R-wave, which initiates contraction of the ventricles. Upon

contraction, with some delay related to spreading of the electrical wave, the ventricles
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contract isovolumetrically (both valves are still closed). During isovolumetric
contraction, the RS trade rises initially slowly, then rapidly, indicating a thickness change
of the ventricular wall as detected by the antenna, consistent with contraction of the left
ventricle. When the LVP exceeds the End Diastolic Pressure (“EDP™) in the aorta, the
aortic valve opens and blood is ejected from the left ventricle into the aorta, initiaily
rapidly, and then slowly as the aortic pressure rises to the End Systolic Level, resulting in
reduced low. During this period, the left ventricle reaches its minimum volume
(maximum point on the RS curve), and starts expanding. Also during this period, the RS
reaches its maximum. That is, the heart wall has reached its maximum thickness. As the
LVP declines, the aortic valve closes. The left ventricle continues to relax, with both
valves closed (isovolumic relaxation), resulting in reduced thickness of the ventricular
wall, which appears on the RS as a section with significantly reduced slope. As the
ventricular pressure drops below the level of atrial pressure, the mitral valve opens,
initiating the period of rapid filling. The ventricular wall continues thinning as blood fills
the ventricle. Both mitral and aortic valves are closed, and the left ventricle continues its
(isovolumic) relaxation. When the LVP drops below the atrial pressure, the mitral valve
opens, and the ventricle fills with blood, expanding its size and causing a thinning of the
wall. The minimum of the RS curve corresponds to a filled ventricle ready for ejection
following atrial contraction (P-wave). Following the P-wave, the mitral valve closes, and
the cycle begins again. Similar pressure — valve opening/closing relationships are also
true for the right atrium, right ventricle closing and opening of the pulmonic valve during
systole.

Based on this relationship between data points shown in FIG. 7, it is believed that
(i) the positive slope indicates increasing return loss (less return of the RF signal), (ii} the
section curve corresponding to isovolumic relaxation is either more (1% trace) or less (last
trace) pronounced, as the filling of the heart is influenced by the intrathoracic pressure
during the breaching cycle, (iii) the negative slope of the return loss curve indicates
decreasing return loss, (iv) the section of the Recorded Signal trace corresponding to the
filling cycle is flat due to atrial “pull,” and (v) the top section of the left intraventricular

pressure curve is flat due to saturation of the LVP sensor. As a result, the correlation of

return loss signal and movement of the ventricular wall enables estimation of the
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magnitude of movement of the heart wall and thereafter information regarding changes in
stroke volume and cardiac output.
SIGNAL MODELING

According to one embodiment of the present invention, the device described in
detail above utilizes the interaction of electromagnetic energy with biological tissues.
The RF device utilizes the interaction of electromagnetic energy with biological tissues.
Generally speaking, biological tissues are characterized by their conductivity and
dielectric constant. It is believed that the magnetic permeability (i) of tissues is similar to
that of free space, and thus it is assumed that p = 1. These properties are a function of
frequency and tissue type. The FCC has compiled a database of these properties at
http://www fce.gov/fec-bin/dielec.sh and this database was used extensively throughout
the research and development of the RF device described herein.,

The interaction of electromagnetic (“EM”) energy with materials can be described
by several important equations. The equation A = o + j where gamma is the complex
propagation constant, alpha is the attenuation constant and beta is the phase constant is
helpful for understanding modeling of the device signals. It is important to note that these
“constants” are constant for only one frequency and particular material. That is, as the
signal frequency is varied and the subject tissue is changed, the constants are variable.
Beta is equal to 2*pi/lambda, the wavelength in the material. Alpha has the units of
Nepers/meter. For lossy dielectrics the propagation constant can be written as

A= oV(ue)* V(1-j(c/ox))
where omega is the radian frequency, p is the permeability of free space, epsilon is the
permittivity of the material and sigma is the material’s conductivity (Siemens/meter).
The intrinsic impedance of a lossy dielectric is given by:
n = V(Gop/(c+ios)
EM energy is attenuated by lossy dielectrics and returned at impedance boundaries. A
useful equation is the transmission line equation that describes the impedance seen by an
EM wave as it traverses materials of differing impedance. Thus the impedance looking
into a series of slabs of material is:
Thin = m{(2 i *tanBl)/(m+jmz*tanpl))

where 1 is the thickness of material 1.
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To estimate the amount of the signal returned from the muscle/blood interface, the
intrinsic impedances of muscle and blood are estimated to be: muscle (49.2+j 5.91) and
blood (46.5+j7.69) (note that the real part of the impedances is very close to 50 ohms so
the tissues present a good match to 50 ohm cable). To estimate the amount of energy that
is returned from the blood/muscle interface it is assumed that p=(Z-Z)/ (Z1+Zo) where
Z; and Zo are the complex impedances of the load (blood) and line (muscle). Thus p = (-
0.0247, v0.022) and about 2.5% of the energy is reflected at the muscle blood interface.
There is also a change in the phase of the returned wave referenced to the incoming wave
of 0.022 radians. These background assumptions allow for the construction of more
complex models where there are multiple slabs including air layers representing different
tissue layers, such as heart wall, heart ventricle, etc.

Of the possible approaches to examine the coupling of RF EM energy into the
body, two are discussed below. First, the body is a load presented to a transmission line
via an *antenna coupling device” or second, an EM wave impinges on the bedy in the
antenna’s near field. Such an approach is an oversimplification but provides a qualitative
assessment of the interaction of the applicator with the body.

One objective of developing a simplified propagation model for calculating RF
properties of the antenna as a function of cardiac output and presence/absence of
hemo/pneumothorax was to determine whether, given the dielectric properties of the
tissues at the frequency range between | and 2GHz, using a simplified 2-D slab
configuration.

The model is based on the interaction of a planar electromagnetic wave with the
body tissues modeled as slabs and has not been designed to provide predictive
information, but to assist in understanding the behavior of the reflection coefficient as a
function of the changes in thickness of muscle, blood, and air and thus help in selecting
the frequency of the measurement and characteristic waveform of the recorded sensor
signal as a function of the beating heart. It is believed that the model assists in assessing
the mechanisms responsible for modulation of the return loss signal as a function of either
ventricular volume and of the movement of the ventricular wall. Similarly, introduction
of an air pocket, as in pneumothorax, would create an impedance change that may be

predicted by the model and therefore measurable by a suitable RF device.
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Selection of the working frequency impacts the depth of penetration of the RF
radiation into the tissues. FIG. 8 is a schematic of the anticipated depth of penetration
with the range of frequencies of interest to this project, based on the literature data. The
model assumes that the body is represented by a sequence of layers, corresponding to
chest wall, heart muscle, blood and bone. Based on a lumped parameter model of a
transmission line, complex electrical impedance was calculated for each layer, and an
impedance change (reflection) was determined at each interlayer interface. According to
this model, each layer, corresponding to different tissue forms a load for the EM wave
traveling through the immediately preceding layer of tissue, and calculations are
completed iteratively for all the layers of tissues, over a range of frequencies and
dimensions.

The reflection coefficient in a lossy terminated transmission line is given by:

p=(Z1-Zo) (Z1+Zy)
where Z; is the complex impedance of the load, and Zj is the complex input impedance
“looking into” the line. For example, for the first layer, Z; is the characteristic impedance
of the chest wall, which is assumed to be a 2cm thick layer with dielectric properties
corresponding to those of the muscle, bone and fat in 1:1:1 proportion. The input

impedance at each interface can be computed using the formula:

Zin = Zo*[(Z1Hj* Zo*tanh(Al))/Zo+j* Z, *tanh(Al}]
and
tanh(Al) = (sinh(al)*cosh(Bl) + j*cosh{al)*sinh(pI))/
(cosh(al)*cosh(Bx) + j*sinh{al)*sinh(pI))

Where B = is the phase constant parameter representing lossy (imaginary) part of the
complex propagation constant, A = o + jB and o is the attenuation constant. The intrinsic

impedance is calculated from the formula:
Zi = SQRT (Wego)*[1/SQRT(1-jo/w &£p))]
FIG. 9 is an illustration of a frequency tuning sweep and resulting work point in

accordance with one embodiment of the present invention.
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ANIMAL STUDIES

In the course of developing certain embodiments of the present invention, animal
testing was conducted to establish metrological correlation between the measured sensor
signal and the stroke volume/cardiac output tests that are impossible, or at best extremely
dangerous to perform on human subjects. The animal studies included (i) measurements
of cardiac output in the puimonary artery during hemorrhage, and (ii) measurements of
cardiac output using the device described herein as a function of blood loss during
controlled hemorrhage and in correlation with the Pulmonary Artery Flow (“PAF”).
Sensor readings were recorded during: (i} a control period prior to hemorrhage, (ii)
bleeding and re-infusion of blood at a rate of 100 ml/min, up to approximately thirty-three
percent of the estimated blood volume of the animal, and (iii) terminal bleeding. The
following experimental variables were continuously recorded in a personal computer: (i)
ECG using 3-lead standard ECG configuration, (ii) breathing, (iii) sensor output, AC-
coupled, (iv) sensor output, DC-coupled, (v) PA flow, instantaneous, (vi) PA flow,

average, and (vii) frequency (i.c., the optimized maximum return loss frequency).

In order to separate the breathing-related baseline variations, selected segments of
data are digitally filtered. In one aspect of the invention, the sensor output signal contains
two components: an additive, breathing and motion-modulated baseline at breathing and
motion-artifact frequencies, and the stroke volume-related signal at heart beat frequency.
The separation of these components is performed in the frequency domain, and is

followed by subsequent interpretation of the filtered signal in time domain.

Generally speaking, the digital filtering discussed herein includes the following
steps: (i) calculating the FFT of the selected data segments, (i) plotting the power
spectrum, (iii) dividing the power spectrum of the signal into two separate spectra
containing the breathing-related and (separately) the heart-beat-related frequency
components of the original signal, (iv) re-creating the heart-related and breathing-related
waveforms using inverse FFT function, and (v) plotting the peak amplitudes of the
sensor signal versus the corresponding peak amplitudes of the PA flow or volume bled/re-

infused.

In one aspect of the invention, the frequency bandwidth used for the analysis is

3Hz (adjustable), and the breathing rate separation frequency is 0.75Hz, or 25% of
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frequency bandwidth. This routine resulted in zero-average signals that showed
multiplicative (amplitude) modulation by breathing. This digital filter was implemented
in MatLab and the calculations were performed off-line. However, this filter routine can
be implemented for processing of the RF sensor data in real time on an embedded
platform. This method of filtering the baseline drift and its additive contribution to the
sensor signal is not adaptive and does not account for inter-subject variability. However,
it provides a simple and effective method of separating the breathing and low frequency
motion interferants. In dynamic situations, when static selection of filtration boundaries
is not possible, the limits are adjusted dynamically as a function of heart and breathing

frequencies.

FIG. 10 shows one implementation of the above-described filter using MatLab
data processing software for a selected data segment. Specifically, FIG. 10 shows a data
plot of the sensor magnitude versus pulmonary artery stroke volume from experiment
SW3 in accordance with one embodiment of the present invention.

FIG. 11 provides a summary data from the bleed experiment in SW3 experiment.
High correlation between the returned RF device signal with bled volume is practically
the same as for the pulmonary artery stroke volume signal, indicating that the RF device
can become a non-invasive, simple to use diagnostic tool for detection of hemorrhage.
FIG. 12 (upper panel) shows a bleed re-infusion cycle in the animal of SW3. Stroke
volume derived by integrating PA instantaneous flow is plotted versus blood loss/gain.
From the same data record, the bottom panel shows the sensor signal plotted similarly.
FIG. 13 provides correlation graph for pooled unsealed PEEP08 and PEEP14 data. The
correlation coefficient, R = 0.9116, indicated a strong correlation between stroke volume

derived from COTB measurements, and that from the RF sensor signal.

The foregoing detailed description describes the invention with reference to
specific exemplary embodiments, However, it will be appreciated that various
modifications and changes can be made without departing from the scope of the present
invention as set forth in the appended claims. The detailed description and accompanying
drawings are to be regarded as merely illustrative, rather than as restrictive, and all such
modifications or changes, if any, are intended to fall within the scope of the present

invention as described and set forth herein.
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More specifically, while illustrative exemplary embodiments of the invention have
been described herein, the present invention is not limited to these embodiments, but
includes any and all embodiments having modifications, omissions, combinations (e.g., of
aspects across various embodiments), adaptations and/or alterations as would be
appreciated by those in the art based on the foregoing detailed description. The
limitations in the claims are to be interpreted broadly based on the language employed in
the claims and not limited to examples described in the foregoing detailed description or
during the prosecution of the application, which examples are to be construed as non-
exclusive. For example, in the present disclosure, the term “preferably” is non-exclusive
where it is intended to mean “preferably, but not limited to.” Any steps recited in any
method or process claims may be executed in any order and are not limited to the order
presented in the claims. Means-plus-function or step-plus-function limitations will only
be employed where for a specific ¢laim limitation all of the following conditions are
present in that limitation: a) “means for” or “step for” is expressly recited; and b) a
corresponding function is expressly recited. The structure, material or acts that support
the means-plus function are expressly recited in the description herein. Accordingly, the
scope of the invention should be determined solely by the appended claims and their legal
equivalents, rather than by the descriptions and examples given above.

What is claimed and desired to be secured by Letters Patent is:
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CLAIMS
1. A method for measuring cardiac output of a person, comprising:

(a) placing a device about the center of the chest of the person at the mid-sternum
position, said device comprising a RF signal generator coupled to an antenna, said
antenna having a dielectric material disposed about the exterior of the antenna;

(b) propagating a first signal having a predetermined frequency towards the heart
of the person;

(c) receiving and measuring a portion of the first signal returned from the heart of
the person with the device;

(d) comparing the magnitude of the first signal propagated into the heart of the
person to the magnitude of the portion of the first signal returned from the heart of the
person and calculating a return loss of the signal;

(e) propagating an additional signal into a portion of the heart of the person using
the device, wherein said additional signal has a frequency different from the first signal;

(f) receiving and measuring a portion of the signal returned from the heart of the
person with the device;

(2) comparing the magnitude of the signal propagated into the heart to the
person to the magnitude of the additional signal returned from the heart of the person and
calculating a return loss of the additional signal;

(h) comparing the return loss of the first signal to the return loss of the additional
signal;

(i) repeating steps (¢) through (h) while incrementally varying the frequency of the
signal with each repetitive step; and

(j) determining a maximum return loss value of the signals propagated into the
heart of the person over the utilized frequency range: and

(k) determining the frequency of the maximum return loss signal.

2. The method of claim 1, wherein the signal comprises a radio frequency signal.

3. The method of claim 1, wherein the dielectric material is selected from the group
consisting of ceramics, glass, liquids, gels and other polymeric materials.

4. The method of claim 1, further comprising estimating the amplitude of motion of the

portion of a wall of the heart.
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5. The method of claim 4, further comprising estimating a change in the amplitude of
motion of the portion of the wall of the heart.

6. The method of claim 5, further comprising estimating a stroke volume of the heart
based on the change in the amplitude of motion of the portion of the wall of the heart.

7. The method of claim 5, further comprising determining the timing of a QRS complex
of the heart based on the change in the amplitude of motion of the wall of the heart.

8. The method of claim 5, further comprising determining the timing of a QRS complex
of the heart based on the change in frequency of the maximum return loss.

9. The method of claim 1, wherein the portion of the heart comprises a right ventricle of
the heart.

10. A system for measuring the cardiac output of the heart of a person, comprising:

a device comprising a housing containing a signal generator coupled to an antenna
and a dielectric material disposed about the antenna, wherein said hand-held device is
adapted to generate a plurality of radio frequency signals and direct said signals towards
the heart of the person and measure a magnitude of a signal returned off the heart of the
person;

a processor contained within said housing, said processor being adapted to
compare differences between a magnitude of a signal propagated into the heart of the
person and the magnitude of the signal reflected from the heart, said processor being
further adapted to determine a signal frequency having a maximum return loss value
based on the differences between the magnitude of the signal propagated into the heart of
the person and the magnitude of the signal returned from the heart of the person; and

said processor being further adapted to estimate a change in the amplitude of
motion of a portion of a wall of the heart based on the differences between the magnitude
of the signal propagated by the device and the magnitude of the signal returned off of the
portion of the heart.

11.  The system of claim 10, wherein said processor is further adapted to calculate the
cardiac output of the person; and further comprising a display disposed about the hand-
held device adapted to display the measured signals and that can be calibrated to display
the estimated stroke volume of the person.

12.  The system of claim 11, wherein said processor is further adapted to calculate the

cardiac output of the person based on an estimated stroke volume of the person.
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13.  The system of claim 10, wherein said device is adapted to generate a signal at a
frequency and magnitude having a determined maximum return loss value into the
portion of the heart and receive a portion of the signal propagated into the portion of the
heart.

14. The system of claim 10, wherein the dielectric material is selected from the group
consisting of ceramics, glass, liquids, gels and other polymeric materials..

15. The system of claim 12, wherein said processor is further adapted to estimate the
stroke volume of the heart based on a change in of the amplitude of motion of the portion
of the wall of the heatt.

16. The system of claim 15, wherein said processor is adapted to further comprise the
step of estimating a QRS complex of the heart based on the change of the amplitude of
motion of the portion of the wall of the heart.

17. The system of claim 15, wherein said processor is further adapted to further comprise
the step of estimating a QRS complex of the heart based on the change of the frequency
of the maximum return loss of the signal propagated towards the portion of the wall of the
heart.

18. The system of claim 10, wherein the dielectric material has a predetermined thickness
and a predetermined dielectric constant such that a substantial portion of a near field
component of the signal propagated towards the heart of the person is contained within
said dielectric material.

19. The system of claim 10, wherein the dielectric material has a predetermined thickness
and a predetermined dielectric constant such that substantially an entire near field
component of the signal propagated towards the heart of the person is contained within

said dielectric material.
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