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1
METHOD AND SYSTEM FOR MONITORING
HEMODYNAMICS

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/235,101 filed on Jan. 27, 2014, which is a
National Phase of PCT Patent Application No. PCT/IL2012/
050271 having International Filing Date of Jul. 25, 2012,
which claims the benefit of priority under 35 USC § 119(e)
of U.S. Provisional Patent Application No. 61/511,163 filed
on Jul. 25, 2011. The contents of the above applications are
all incorporated by reference as if fully set forth herein in
their entirety.

FIELD AND BACKGROUND OF THE
INVENTION

The present invention, in some embodiments thereof,
relates to the medical field and, more particularly, but not
exclusively, to a method and system for monitoring hemo-
dynamics.

Heart diseases are major causes of morbidity and mortal-
ity in the modern world. Generally, heart diseases may be
caused by (1) a failure in the autonomic nerve system where
the impulses from the central nervous system control to the
heart muscle fail to provide a regular heart rate and/or (ii) an
insufficient strength of the heart muscle itself where even
though the patient has a regular heart rate, its force of
contraction is insufficient. Fither way, the amount of blood
or the rate at which the blood is supplied by a diseased heart
is abnormal and it is appreciated that an assessment of the
state of a patient’s circulation is of utmost importance.

The simplest measurements, such as heart rate and blood
pressure, may be adequate for many patients, but if there is
a cardiovascular abnormality then more detailed measure-
ments are needed.

Cardiac output (CO) is the volume of blood pumped by
the heart during a time interval, which is typically taken to
be a minute. Cardiac output is the product of heart rate (HR)
and the amount of blood which is pumped with each
heartbeat, also known as the stroke volume (SV). For
example, the stroke volume at rest in the standing position
averages between 60 and 80 ml of blood in most adults.
Thus, at a resting heart rate of 80 beats per minute the resting
cardiac output varies between 4.8 and 6.4 L per min.

Several methods of measuring cardiac output are pres-
ently known.

One such method employs transesophageal echocardiog-
raphy (TOE) which provides diagnosis and monitoring of a
variety of structural and functional abnormalities of the
heart. TOE is used to derive cardiac output from measure-
ment of blood flow velocity by recording the Doppler shift
of ultrasound reflected from the red blood cells. The time
velocity integral, which is the integral of instantaneous
blood flow velocities during one cardiac cycle, is obtained
for the blood flow in a specific site (e.g., the left ventricular
outflow tract). The time velocity integral is multiplied by the
cross-sectional area and the heart rate to give cardiac output.

U.S. Pat. No. 6,485,431 discloses a technique in which the
arterial pressure, measured by a pressure cuff or a pressure
tonometer, is used for calculating the mean arterial pressure
and the time constant of the arterial system in diastole. The
compliance of the arterial system is then determined from a
table and used for calculating the cardiac output as the
product of the mean arterial pressure and compliance
divided by a time constant.
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An additional method of measuring cardiac output is
known as thermodilution. This method is based on a prin-
ciple in which the cardiac output can be estimated from the
dilution of a bolus of saline being at a different temperature
from the blood. The thermodilution involves an insertion of
a fine catheter into a vein, through the heart and into the
pulmonary artery. A thermistor, mounted on the tip of the
catheter senses the temperature in the pulmonary artery. A
bolus of saline (about 5 ml. in volume) is injected rapidly
through an opening in the catheter, located in or near to the
right atrium of the heart. The saline mixes with the blood in
the heart and temporarily depresses the temperature in the
right atrium. Two temperatures are measured simultane-
ously: the blood temperature is measured by the thermistor
sensor on the catheter and the temperature of the saline to be
injected is typically measured by means of a platinum
temperature sensor. The cardiac output is inversely related to
the area under the curve of temperature depression.

A non-invasive method, known as thoracic electrical
bioimpedance, was first disclosed in U.S. Pat. No. 3,340,867
and has recently begun to attract medical and industrial
attention (see, e.g., U.S. Pat. Nos. 3,340,867, 4,450,527,
4,852,580, 4,870,578, 4,953,556, 5,178,154, 5,309,917,
5,316,004, 5,505,209, 5,529,072, 5,503,157, 5,469,859,
5,423,326, 5,685,316, 6,485,431, 6,496,732 and 6,511,438;
U.S. Patent Application No. 20020193689]. The thoracic
electrical bioimpedance method has the advantages of pro-
viding continuous cardiac output measurement at no risk to
the patient.

Various methods employing bioimpedance are found in:
International Publication ~ Nos. WO02004098376,
WO02006087696, W(O2008129535, W(02009022330 and
W02010032252 all assigned to the common assignee of the
present invention and fully incorporated herein by reference.

SUMMARY OF THE INVENTION

According to an aspect of some embodiments of the
present invention there is provided a system for monitoring
hemodynamics of a subject. The system comprises: a signal
generating system configured for providing at least an output
electric signal and transmitting the output signal to an organ
of the subject. The system also comprises a demodulation
system configured for receiving an input electrical signal
sensed from the organ responsively to the output electric
signal, and for modulating the input signal using the output
signal to provide an in-phase component and a quadrature
component of the input signal. The system also comprises a
processing system configured for monitoring the hemody-
namics based on the in-phase and the quadrature compo-
nents.

According to an aspect of some embodiments of the
present invention there is provided a method of monitoring
hemodynamics of a subject. The method comprises gener-
ating at least an output electric signal, and transmitting the
output signal to an organ of the subject. The method further
comprises sensing an input electrical signal from the organ
responsively to the output electric signal, and modulating
the input signal using the output signal to provide an
in-phase component and a quadrature component of the
input signal. The method further comprises monitoring the
hemodynamics based on the in-phase and the quadrature
components.

According to some embodiments of the invention the
processing system and/or method combines the in-phase
component with the quadrature component thereby to gen-
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erate a hybrid signal, wherein the monitoring is based at
least in part on the hybrid signal.

According to some embodiments of the invention the
signal generating system and/or method provides a first
output electric signal and a second output electric signal, and
transmits each of the output signals to a separate part of the
organ. According to some embodiments of the present
invention the demodulation system and/or method receives
an input electrical signal sensed from each part of the organ
responsively to a respective output electric signal, and
modulates the signals to provide an in-phase component and
a quadrature component of each of the input signals.

According to some embodiments of the invention the
processing system and/or method combines, for each input
signal, a respective in-phase component with a respective
quadrature component thereby to generate a hybrid signal
corresponding to the input signal. According to some
embodiments of the present invention the monitoring is
based at least in part on the hybrid signals.

According to some embodiments of the invention the
processing system and/or method combines the hybrid sig-
nals, thereby to provide a combined hybrid signal, and
wherein the monitoring is based at least in part on the
combined hybrid signals.

According to some embodiments of the invention the
processing system and/or method combines an in-phase
component of a first input signal with an in-phase compo-
nent of a second input signal to provide a combined in-phase
signal. According to some embodiments of the invention the
monitoring is based at least in part on the combined in-phase
signal.

According to some embodiments of the invention the
processing system and/or method combines a quadrature
component of a first input signal with a quadrature compo-
nent of a second input signal to provide a combined quadra-
ture signal. According to some embodiments of the inven-
tion the monitoring is based at least in part on the combined
quadrature signal.

According to some embodiments of the invention the
processing system and/or method calculates, for each input
signal, a phase component, an amplitude component, and a
phase-amplitude hybrid signal defined as a combination of
the phase component with the amplitude component.
According to some embodiments of the invention the moni-
toring is based at least in part on this combination.

According to some embodiments of the invention the
processing system and/or method combines a phase-ampli-
tude hybrid signal corresponding to the first input signal
with a phase-amplitude hybrid signal corresponding to the
second input signal, thereby to provide a combined phase-
amplitude hybrid signal. According to some embodiments of
the invention the monitoring is based at least in part on the
combined phase-amplitude hybrid signal.

According to an aspect of some embodiments of the
present invention there is provided a system for monitoring
hemodynamics of a subject. The system comprises a signal
generating system configured for providing a first output
electric signal and a second output electric signal, and for
transmitting each of output signals to a separate part of an
organ of the subject. The system further comprises a pro-
cessing system configured for receiving an input electrical
signal sensed from each part of the organ responsively to a
respective output electric signal, and for monitoring the
hemodynamics based on input electrical signals.

According to an aspect of some embodiments of the
present invention there is provided a method for monitoring
hemodynamics of a subject. The method comprises: gener-
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4

ating a first output electric signal and a second output
electric, and transmitting each of the output signals to a
separate part of an organ of the subject. The method further
comprises sensing an input electrical signal from each part
of the organ responsively to a respective output electric
signal, and monitoring the hemodynamics based on the input
electrical signals.

According to some embodiments of the invention the
system and/or method combines the input signals to provide
a combined signal, wherein the monitoring is based at least
in part on the combined signal.

According to some embodiments of the invention any of
the above signal combinations is the combination is a linear
combination.

According to some embodiments of the invention any of
the above signal combinations is a non-linear combination.

According to some embodiments of the invention the
processing system and/or method assesses, based on the
combined hybrid signal and/or the combined phase-ampli-
tude hybrid signal and/or the combined signal, at least one
property selected from the group consisting of stroke vol-
ume (SV), cardiac output (CO), ventricular ejection time
(VET), cardiac index (CI), thoracic fluid content (TFC), total
peripheral resistance index (TPRI), blood vessel compli-
ance.

According to some embodiments of the invention the
processing system and/or method estimates exercise capac-
ity of the subject based on the combined hybrid signal and/or
the combined phase-amplitude hybrid signal and/or the
combined signal.

According to some embodiments of the invention the
processing system and/or method identifies sleep apnea
events based on the combined hybrid signal and/or the
combined phase-amplitude hybrid signal and/or the com-
bined signal.

According to some embodiments of the invention the
processing system and/or method assesses the likelihood
that the subject develops sepsis based on the combined
hybrid signal and/or the combined phase-amplitude hybrid
signal and/or the combined signal.

According to some embodiments of the invention the
processing system and/or method predicts onset of electro-
mechanical dissociation based on the combined hybrid sig-
nal and/or the combined phase-amplitude hybrid signal
and/or the combined signal.

According to some embodiments of the invention the
processing system and/or method assesses blood hematocrit
based on the combined hybrid signal and/or the combined
phase-amplitude hybrid signal and/or the combined signal.

According to some embodiments of the invention the first
and the second output electric signals are dependent elec-
trical signals.

According to some embodiments of the invention the first
and the second output electric signals are independent
electrical signals.

Unless otherwise defined, all technical and/or scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of embodiments of the invention, exem-
plary methods and/or materials are described below. In case
of conflict, the patent specification, including definitions,
will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be
necessarily limiting.
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Implementation of the method and/or system of embodi-
ments of the invention can involve performing or complet-
ing selected tasks manually, automatically, or a combination
thereof. Moreover, according to actual instrumentation and
equipment of embodiments of the method and/or system of
the invention, several selected tasks could be implemented
by hardware, by software or by firmware or by a combina-
tion thereof using an operating system.

For example, hardware for performing selected tasks
according to embodiments of the invention could be imple-
mented as a chip or a circuit. As software, selected tasks
according to embodiments of the invention could be imple-
mented as a plurality of software instructions being executed
by a computer using any suitable operating system. In an
exemplary embodiment of the invention, one or more tasks
according to exemplary embodiments of method and/or
system as described herein are performed by a data proces-
sor, such as a computing platform for executing a plurality
of instructions. Optionally, the data processor includes a
volatile memory for storing instructions and/or data and/or
a non-volatile storage, for example, a magnetic hard-disk
and/or removable media, for storing instructions and/or data.
Optionally, a network connection is provided as well. A
display and/or a user input device such as a keyboard or
mouse are optionally provided as well.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

Some embodiments of the invention are herein described,
by way of example only, with reference to the accompanying
drawings. With specific reference now to the drawings in
detail, it is stressed that the particulars shown are by way of
example and for purposes of illustrative discussion of
embodiments of the invention. In this regard, the description
taken with the drawings makes apparent to those skilled in
the art how embodiments of the invention may be practiced.

In the drawings:

FIG. 1 is a schematic block diagram illustrating a system
suitable for monitoring hemodynamics of a subject, accord-
ing to some embodiments of the present invention;

FIG. 2 is a schematic block diagram illustrating the
system, according to other embodiments of the present
invention;

FIG. 3 1s a is a schematic block diagram illustrating a
system which is a combination of the system illustrated in
FIG. 1 and the system illustrated in FIG. 2, according to
some embodiments of the present invention;

FIG. 4 is a schematic illustration of an operational prin-
ciple of a demodulation system according to some embodi-
ments of the present invention;

FIGS. 5A and 5B are schematic block diagrams of a
demodulation system (FIG. 5A) and a processing system
(FIG. 5B) according to some embodiments of the present
invention;

FIGS. 6A and 6B show representative examples of a
dynamically varying frequency bounds, according to some
embodiments of the present invention;

FIG. 6C shows a dynamically varying band pass filter
(BPF), according to some embodiments of the present
invention;

15

20

25

30

40

45

50

60

65

6

FIG. 7 is a schematic illustration of a typical morphology
of a single beat of a signal and its first derivative, as a
fanction of the time, according to some embodiments of the
present invention;

FIG. 8 is a schematic illustration of a prototype system
built according to some embodiments of the present inven-
tion;

FIG. 9A shows the left ventricle volume signal in ml
(blue) as derived by a 3-Fr Micromanometer secured with a
purse string suture, as a function of time, synchronized with
the ECG signal (black);

FIG. 9B shows a signal S .{(t) obtained according to some
embodiments of the present invention (red) synchronized
with the ECG signal (black);

FIG. 10 shows a left ventricle flow signal as derived by an
ultrasonic flow probe around the ascending aorta (blue), and
adS_,(t) signal obtained according to some embodiments of
the present invention (black);

FIG. 11 shows mean cardiac output as derived by an aortic
ultrasonic flow probe (blue), and mean cardiac output
derived by a dS_.{(t) signal obtained according to some
embodiments of the present invention (red) during infusion
of Dobutamine;

FIG. 12A shows mean cardiac output as derived by an
aortic ultrasonic flow probe (blue), and mean cardiac output
derived by a dS;(t) signal obtained according to some
embodiments of the present invention (black), after infusion
of Dobutamine;

FIG. 12B shows mean cardiac output as derived by an
aortic ultrasonic flow probe as a function of the number of
heart beat (blue), and mean cardiac output derived by a
dSx(t) signal obtained according to some embodiments of
the present invention (black);

FIG. 13A shows mean cardiac output derived by an aortic
ultrasonic flow probe (blue), and mean cardiac output
derived by a dS_x(t) signal obtained according to some
embodiments of the present invention (black) during pro-
gression of Severe Edema;

FIG. 13B shows mean cardiac output derived by an aortic
ultrasonic flow probe (blue), and mean cardiac output
derived by a dS;(t) signal obtained according to some
embodiments of the present invention (black); and

FIG. 14 shows mean cardiac output as derived by an
aortic ultrasonic flow probe (blue), and mean cardiac output
derived by a dS,,{t) signal obtained according to some
embodiments of the present invention (black) during infu-
sion of 500 cc fluid bolus.

DESCRIPTION OF SPECIFIC EMBODIMENTS
OF THE INVENTION

The present invention, in some embodiments thereof,
relates to the medical field and, more particularly, but not
exclusively, to a method and system for monitoring hemo-
dynamics.

Before explaining at least one embodiment of the inven-
tion in detail, it is to be understood that the invention is not
necessarily limited in its application to the details of con-
struction and the arrangement of the components and/or
methods set forth in the following description and/or illus-
trated in the drawings and/or the Examples. The invention is
capable of other embodiments or of being practiced or
carried out in various ways.

The present inventors observed that the components of a
decomposition of signals can be used to assess the hemo-
dynamic state of a subject, wherein different components are
complementary to each other in terms of the information
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they carry. The present inventors also observed that signals
obtained from different parts of the same section of the
vasculature are also complementary to each other. The
present Inventors devised a technique which utilizes one or
both the above observations for the purpose of monitoring
hemodynamics of a subject.

Referring now to the drawings, FIG. 1 is a schematic
block diagram illustrating a system 10 suitable for monitor-
ing hemodynamics of a subject 12, according to some
embodiments of the present invention. System 10 typically
comprises a signal generating system 14 which preferably
provides one or more output electric signals 16 and transmits
signal 16 to an organ 18 of subject 12. Signal(s) 16 can be
transmitted via a medical lead as known in the art.

For clarity of presentation, medical leads are designated
herein by the reference signs of the signals they carry.

Organ 18 can be any part of a body of human or animal.
Preferably, organ 18 is external organ so that the transmis-
sion of signals can be done non-invasively. Representative
example of organ 18 include, without limitation, a chest, a
hip, a thigh, a neck, a head, an arm, a forearm, an abdomen,
a back, a gluteus, a leg and a foot. In some embodiments of
the present invention organ 18 is a chest.

In some embodiments of the present invention system 10
comprises a demodulation system 20 configured for receiv-
ing an input electrical signal 22 sensed from organ 18
responsively to output signal 16, and for modulating input
signal 22 using output signal 16 to provide an in-phase
component 24 and a quadrature component 26 of input
signal 22. System 10 can further comprise a processing
system 28 which, in some embodiments, is configured for
monitoring the hemodynamics based on in-phase compo-
nent 24 and quadrature component 26.

FIG. 2 is a schematic block diagram illustrating system
10, according to other embodiments of the present invention.
In the embodiments illustrated in FIG. 2, signal generating
system 14 provides two signals, referred to herein as first
output electric signal 32 and a second output electric signal
34, and transmits them to separate parts of organ of 18. For
example, signal 32 can be transmitted to the left side of
organ 18 and signal 34 can be transmitted to the right side
of organ 18. In some embodiments of the present invention
signals 32 and 34 are dependent signals. Alternatively,
signals 32 and 34 can be independent signals.

As used herein, “dependent signals” means signals which
are synchronized in at least one, more preferably at least
two, more preferably any of: their frequency, phase and
amplitude.

As used herein, “independent signals” means signals
which are not synchronized in at least one, more preferably
at least two, more preferably any of: their frequency, phase
and amplitude.

Also contemplated are embodiments in which signal
generating system 14 provides more than two (depended or
independent) signals.

In the embodiments illustrated in FIG. 2, processing
system 28 receives first input electrical signal 36 sensed
from the first part of organ 18 (the right side in the above
example) responsively to first output signal 32, and a second
input electrical signal 38 sensed from the second first part of
organ 18 (the left side, in the above example) responsively
to second output signal 34. Processing system 28 preferably
monitors the hemodynamics based on input signals 36 and
38.

In various exemplary embodiments of the invention the
embodiment illustrated in FIG. 1 are combined with the
embodiments illustrated in FIG. 2. A representative example
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of such combination is illustrated in FIG. 3. In the present
embodiment, generating system 14 provides two or more
output signals, preferably, but not necessarily independent
signals and transmits them to separate parts of organ of 18.
In the schematic illustration of FIG. 3 which is not to be
considered as limiting, generating system 14 provides two
signals 32 and 34, and transmits them to the right and left
sides of organ 18, respectively.

In some embodiments of the present invention demodu-
lation system 20 receives an input electrical signal sensed
from each part of organ 18 responsively to the respective
output signal. For example, demodulation system 20 can
receive first input signal 36 sensed from the first part of
organ 18 responsively to first output signal 32, and second
input signal 38 sensed from the second first part of organ 18
responsively to second output signal 34. Demodulation
system 20 optionally and preferably modulates all input
signals using the input signals to provide, for each input
signal, an in-phase component and a quadrature component.
Thus, demodulation system 20 preferably provides 2N sig-
nals, where N is the number of the received input signals.

In the above example in which demodulation system 20
receives input signals 36 and 38, the output of system 20 is
a first in-phase component 40 and a first quadrature com-
ponent 42 both being demodulations of first input signal 36,
and a second in-phase component 44 and a second quadra-
ture component 46 both being demodulations of second
input signal 38.

A more detailed description of system 10 as delineated
hereinabove and in accordance with some embodiments of
the present invention will now be provided.

The signals provided by generating system 14 are pref-
erable alternate current (AC) signals which can be at any
frequency. It was found by the present inventors that radiof-
requency signals are useful, but it is not intended to limit the
scope of the present invention to any particular frequency.
Specifically, the frequency of the transmitted signals can be
below the radiofrequency range, within the radiofrequency
range or above the radiofrequency range. A representative
frequency range suitable for the present embodiments
include, without limitation, from 20 KHz to 800 KHz, e.g.,
about 75 KHz. Current, generated by the signal generating
system of the present embodiments, flows across the organ
and causes a voltage drop due to the impedance of the body.
The input radiofrequency signals are typically, but not
obligatorily, relate to the impedance of an organ of the
subject. In various exemplary embodiments of the invention
the parameters (e.g., frequency, amplitude, and phase) of the
output signal(s) is selected such that the input signal is
indicative of the impedance of organ 18. A typical pick to
pick amplitude of the signal is, without limitation, below
600 mv.

Without loss of generality, the input signals are referred to
below as “impedance”, but it should be understood that a
more detailed reference to impedance is not to be interpreted
as limiting the scope of the invention in any way, and that
the signal be expressed as other measurable electrical quan-
tities, including, without limitation, voltage, current, resis-
tance, reactance, and any combination thereof.

Itis recognized that an impedance signal can be expressed
as a complex number that satisfies any of the following
equations:

Zp=|Zlexp(jxqz) EQ 1
and
Ze=Z4jZ; (EQ 2



US 10,512,405 B2

9

where, 7, denotes a Polar representation and Z .. denotes a
Cartesian representation, and where |Z| is the absolute
amplitude of the impedance, ¢, is the phase of impedance,
Z, is the real component of the impedance, Z, is the imagi-
nary component of the impedance, and j is a pure imaginary
number satisfying j*=-1.

The relation between the components (1Z1, ¢,) and (7,
Z,) is given by:

Z,=1Z1 Cos(yz); Z,=1Z! Sin{gpy). (EQ. 3)
and
Zl=sqrt(Z,+Z);p7arctan(Z,/Z,) (EQ. 4)

The polar components |ZI and @, can be detected using a
Amplitude Modulation (AM) envelope detector, and a Phase
Modulation (PM) detector, respectively, as disclosed for
example, in WO2010032252 supra.

It was found by the present inventors that it is advantage
to directly extract from the signal the Cartesian components
using quadrature demodulation, which preferably performed
by demodulation system 20 for any input signal S received
thereby. A preferred operational principle of demodulation
system 20 is schematically illustrated in FIG. 4.

In any signal manipulation described herein, the signal
and its components are to be understood as varying as
function of the time.

Received input signal R is multiplied, in parallel, by (i) a
signal A which is in-phase with the transmitted output signal,
and (ii) a signal B which is phase-shifted, typically using a
phase-shifter 404, relative to the corresponding transmitted
output signal T. This procedure provides two multiplication
signals, RxA and RxB, respectively. The multiplication
signals can be obtained using signal multipliers M, and M.
The multiplication signals RxA and RxB, are then filtered
using low pass filters 402. In some embodiments of the
present invention multiplication signals RxA and RxB are
also using a high pass filter. This can be achieved, for
example, by adding a high pass filter immediately before or
immediately after filters 402, or by making filters 402 band
pass filters.

A typical cutoff frequency for the low pass filters is,
without limitation from about 5 Hz to about 20 Hz or from
about 5 Hz to about 15 Hz or from about 8 Hz to about 12
Hz, e.g., a cutoff frequency of about 9 Hz or less. A typical
cutoff frequency for the high pass filters LPF is, without
limitation from about 0.5 Hz to about 1.5 Hz, or from about
0.6 Hz to about 1.4 Hz or from about 0.7 Hz to about 1.3 Hz,
e.g., a cutoff frequency of 0.8 Hz. In various exemplary
embodiments of the invention the multiplication signals
RxA and RxB are filtered by a dynamically adaptive filter,
as further detailed hereinbelow. The dynamically adaptive
filter can be in addition to one or both of filters 402.
Alternatively, one or both of filters 402, can be replaced by
the dynamically adaptive filter.

The filtered signal obtained from RxA is referred to as the
in-phase component I of the input signal R and the filtered
signal obtained from RxB is referred to as the quadrature
component Q of the input signal R.

Typically, the phase shifter generates a phase shift of /2,
so that B is m/2 shifted relative to T. However, this need not
necessarily be the case since in some embodiments of the
present invention phase shifter generates a phase shift which
is other than 7/2.

Thus, as used herein, “quadrature component” refers to
any signal which is a result of the low-pass filtered multi-
plication between a received input signal R and a signal B
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which is phase-shifted with respect to the corresponding
output signal T, wherein the phase-shift Ag of B relative to
T is other zero.

In some embodiments of the present invention A¢ is about
/2.

The demodulation performed by system 20 can be using
any known circuitry capable of performing quadrature
demodulation. The circuitty can be digital or analog, as
desired. In some embodiments of the present invention the
circuitry is analog. Suitable analog circuitry is marked under
catalog No. AD8333 of Analog Devices Analog Devices,
Inc., Norwood, Mass.

In some embodiments of the present invention, demodu-
lation system 20 performs the processing in a digital manner.
In these embodiments, demodulation system 20 comprises
an analog to digital converter and a digital data processor
or/and a digital signal processor or/and a field-program-
mable gate array. A representative example of a system 20
having an analog to digital converter (ADC) 50 and a digital
signal processor (DSP) 52 is illustrated in FIG. SA. Analog
signals are received by ADC 50 are digitized according to a
predetermined sampling rate and transmitted as vectors of
discrete data to data DSP 52. A typical sample rate is,
without limitation, from about 200 KHz to about 1.5 MHz.
DSP 52 receives the input signal R and the transmitted signal
T, and calculate the I and Q signals as further detailed
hereinabove except that it is performed digitally. Thus,
referring again to FIG. 4, when demodulation system 20
performs the processing in a digital manner, phase shifter
404, signal multipliers M, and M, and filters 402 can each
independently be digital elements.

Processing system 28 serves for providing the monitoring
information carried by the input signals. System 28 receives
the signals from system 20 (FIGS. 1 and 3) or directly from
the organ (FIG. 2), processes the signals and generates an
output pertaining to the processed signals. Preferably, the
output is a graphical output, which is transmitted to a
computer readable medium, such as a display card, a net-
work card or memory medium of a computer. From the
computer readable medium the output can be read by a local
or remote computer and displayed, e.g., on a display device.

Optionally and preferably processing system 28 performs
the processing in a digital manner. In these embodiments,
processing system 28 can comprise an analog to digital
converter and a digital data processor or a digital signal
processor. When demodulation system 20 is digital, it is not
required for processing system 28 to include an analog to
digital converter since in these embodiments processing
system 28 receives digital signals from demodulation system
20.

A representative example of a system 28 having an analog
to digital converter (ADC) 54 and a data processor 56 is
illustrated in FIG. 5B. This embodiment is useful when the
output of demodulation system 20 (e.g., after filters 402)
includes analog signals. The analog signals are received by
ADC 54, digitized according to a predetermined sampling
rate and transmitted as vectors of discrete data to data
processor 56. A typical sample rate is, without limitation,
from about 200 Hz to about 800 Hz.

Data processor 56 can be a general purpose computer or
dedicated circuitry. Computer programs implementing the
processing technique of the present embodiments can com-
monly be distributed to users on a distribution medium such
as, but not limited to, a floppy disk, CD-ROM or flash
memory. From the distribution medium, the computer pro-
grams can be copied to a hard disk or a similar intermediate
storage medium. Alternatively, the computer program can be
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distributed as a data stream downloadable, e.g., from an http
or ftp internet site, in which case the computer program is
copied to the computer directly from the internet site. The
computer programs can be run by loading the computer
instructions either from their distribution medium or their
intermediate storage medium into the execution memory of
the computer, configuring the computer to act in accordance
with the method of this invention. All these operations are
well-known to those skilled in the art of computer systems.

Processing system 28 can provide hemodynamic moni-
toring in more than one way.

In some embodiments, system 28 generates a separate
output based on each of the signals as received by system 20.
The output can include a graphical representation (e.g., as a
function of the time) of the signals themselves, or their
time-derivative (e.g., first time-derivative) or the area under
the curves of the signals. Optionally and preferably system
28 performs a normalization procedure before generating the
output, for example, to obtain similar scales for different
output types.

In some embodiments, system 28 generates an output
based on a combination of signals as received by system 20.
Representative examples of such combinations are provided
hereinbelow. When more than one combination is calculated
by system 28 a separate output can optionally provided for
each signal combination.

In some embodiments of the present invention system 28
applies a dynamically adaptive filter to the signal before
displaying it. The filtration is preferably performed respon-
sively to the physiological condition of the subject. The
filtration can be done, for example, by employing the
filtering techniques described in International Patent Publi-
cation No. 2009/022330 the contents of which are hereby
incorporated by reference, separately to the phase and to the
absolute components.

Generally, the dynamically variable filter filters the data
according to a frequency band which is dynamically adapted
in response to a change in the physiological condition of the
subject. It was found by the Inventors of the present inven-
tion that the dynamical adaptation of the frequency band to
the physiological condition of the subject can significantly
reduce the influence of unrelated signals on the measured
property.

Thus, in the present embodiment, system 28 employs a
process in which first the physiological condition of the
subject is determined, then a frequency band is selected
based on the physiological condition of the subject, and
thereafter the received signals are filtered according to
frequency band. The frequency band is dynamically adapted
in response to a change in the physiological condition.

The physiological condition is preferably, but not obliga-
torily, the heart rate of the subject. The data pertaining to the
physiological condition can be collected via a suitable data
collection unit either in analog or digital form, as desired.
For example, the physiological condition can be a heart rate
which can be determined, e.g., by analysis of ECG signals
or the like.

While the embodiments below are described with a par-
ticular emphasis to physiological condition which is a heart
rate, it 1s to be understood that more detailed reference to the
heart rate is not to be interpreted as limiting the scope of the
invention in any way. For example, in exemplary embodi-
ments of the present invention the physiological condition is
a ventilation rate of the subject, a repetition rate of a
particular muscle unit and/or one or more characteristics of
an action potential sensed electromyography.
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The adaptation of the frequency band to the physiological
condition can be according to any adaptation scheme known
in the art. For example, one or more parameters of the
frequency band (e.g., lower bound, upper bound, bandwidth,
central frequency) can be a linear function of a parameter
characterizing the physiological condition. Such parameter
can be, for example, the number of heart beats per minute.

FIGS. 6A and 6B show representative examples of a
dynamically varying frequency bounds, which can be
employed according to some embodiments of the present
invention separately to each signal received by system 28
and/or collectively to any combination of signals as further
detailed hereinbelow.

Shown in FIGS. 6A and 6B is the functional dependence
of the frequency bounds (upper bound in FIG. 6 A and lower
bound in FIG. 6B) on the heart rate of the subject. As shown
in FIG. 6A, the upper bound of the frequency band varies
linearly such that at a heart rate of about 60 beats per minute
(bpm) the upper bound is about 6 Hz, and at a heart rate of
about 180 bpm the upper bound is about 9 Hz. As shown in
FIG. 6B, the lower bound of the frequency band varies
linearly such that at a heart rate of about 60 the lower bound
is about 0.9 Hz bpm and at a heart rate of about 180 bpm the
lower bound is about 2.7 Hz.

In some embodiments of the present invention the upper
bound approximately equals the function F,(HR) defined as
F(HR)=6+1.5x[(HR/60)-1] Hz, where HR 1is the heart rate
of the subject in units of bpm. In some embodiments, the
upper bound equals F,(HR) at all Times, while in Other
Embodiments, the Upper Bound is Set Using an iterative
process.

In some embodiments of the present invention the lower
bound approximately equals the function F,(HR) defined as
F;(HR)=0.9x(HR/60) Hz. In some embodiments, the lower
bound equals F,(HR) at all times while in other embodi-
ments the lower bound is set by an iterative process.

Representative examples of iterative process suitable for
some embodiments of the present invention are provided
hereinunder.

A dynamically varying band pass filter (BPF) character-
ized by a dynamically varying upper frequency bound and a
dynamically varying lower frequency bound, according to
some embodiments of the present invention is illustrated in
FIG. 6C. As shown, each heart rate is associated with a
frequency band defined by a lower bound and an upper
bound. For example, for a heart rate of 60 bpm, FIG. 6C
depicts a BPF in which the lower bound is about 0.9 Hz and
the upper bound is about 6 Hz.

It is to be understood that the values presented above and
the functional relations illustrated in FIGS. 6A-C are exem-
plary embodiments and should not be considered as limiting
the scope of the present invention in any way. In other
exemplary embodiments, the functional relations between
the frequency band and the physiological condition can have
different slopes and/or offsets, or they can be non-linear.

Following is a description of an iterative process for
determining the frequency band of the band pass filter which
filters to the phase component and separately the absolute
component according to some embodiments of the present
invention. The iterative process can, in some embodiments,
be based a comparison between a value of a physiological
parameter as extracted or calculated from the respective
filtered component and a value of the same physiological
parameter as extracted or calculated from a reference signal,
for example, an ECG signal.

The term “physiological parameter” refers to any variable
parameter which is measurable or calculable and is repre-
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sentative of a physiological activity, particularly, but not
necessarily, activity of the heart. In various exemplary
embodiments of the invention the physiological parameter is
other than the heart rate per se. The physiological parameter
can be a time-related parameter, amplitude-related param-
eters or combination thereof.

Typically, the filter signal and the reference signal are
expressed in terms of amplitude as a function of the time.
Thus, time-related parameters are typically calculated using
abscissa values of the signals and amplitude-related param-
eters are is typically calculated using ordinate values of the
signals.

Representative of time-related physiological parameters
suitable for the present embodiments include, without limi-
tation, systolic time, diastolic time, pre-ejection period and
ejection time. A representative example of amplitude-related
physiological parameter suitable for the present embodi-
ments includes, without limitation, maximal amplitude
above zero during a single beat, maximal peak-to-peak
amplitude during a single beat, and RMS level during a
single beat. Also contemplated are various slopes param-
eters, such as, but not limited to, the average slope between
two points over the signal.

In various exemplary embodiments of the invention the
physiological parameter is a ventricular ejection time
(VET).

While the embodiments below are described with a par-
ticular emphasis to VET as the physiological parameter, it is
to be understood that more detailed reference to VET is not
to be interpreted as limiting the scope of the invention in any
way.

The present inventors discovered that a significant amount
of the biological information for a particular subject can be
obtained from a frequency range between I, (HR) and 5.5
Hz, where HR is the heart rate of the subject. It was further
discovered by the present inventors that for some medical
conditions some of the information can reside between 5.5
Hz and F (HR).

The advantage of the comparison between two different
techniques for extracting or calculating the same physiologi-
cal parameter, is that it allows to substantially optimize the
upper frequency bound of the band pass filter. In various
exemplary embodiments of the invention in each iteration of
the iterative process, the comparison is repeated. If the
comparison meets a predetermined criterion, the upper fre-
quency bound is updated by calculating an average between
a low threshold for the upper bound and a high threshold for
the upper bound. The lower frequency bound can be a
constant bound, e.g., a constant frequency which is from
about 0.9 Hz to about 2.7 Hz), or it can be dynamic, e.g.,
F,;(HR), HR being the heart rate of the subject before or
during the respective iteration.

The low and high thresholds for the upper bound can be
set in more than one way. In some embodiments, the low and
high thresholds are predetermined (namely they determined
a priori before the iterative process), in some embodiments,
the thresholds are set in a previous iteration of iterative
process, in some embodiments one of the thresholds is
predetermined and the other threshold is set in a previous
iteration of iterative process. In any event, the first iteration
is based on two thresholds which are determined a priori
before the iterative process. It was found by the inventors of
the present invention that, at least initially (i.e., at the first
iteration), the first threshold can be about F,(40), which in
various exemplary embodiments of the invention is about
5.5 Hz, and the second threshold can be the calculated value
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of F,(HR), HR being the heart rate of the subject before or
during the respective iteration.

The predetermined criterion used during the iterations can
be, for example, that the results of the two calculations are
similar (e.g., within about 40% or 30% or 25% of each
other). The predetermined criterion can also relate to the
direction of difference between the two calculations.
Broadly, for time-related parameters, the upper bound is
updated if the value of the parameter as calculated based on
the reference signal is higher than value of the parameter as
calculated based on the filtered signal, and for amplitude-
related parameters the upper bound is updated if the value of
parameter as calculated based on the reference signal is
lower than the value of the parameter as calculated based on
the filtered signal. For slope-related parameters, the upper
bound is typically updated if the value of the parameter as
calculated based on the reference signal is higher than the
value of the parameter as calculated based on the filtered
signal.

A Boolean combination between the above criteria can
also be used as a criterion. For example, an AND Boolean
combination can be employed in which case the upper
frequency bound can be updated if the results of the two
calculations are similar and the calculation according to the
filtered signal indicates an abnormal physiological condition
while the calculation according to the reference signal
indicates a normal physiological condition.

An iterative process for selecting the upper frequency
bound, suitable for some exemplary embodiments of the
present invention is described in International Patent Pub-
lication No. W(02010/032252, the contents of which are
hereby incorporated by reference.

Following is a description of suitable signal combination
which can be performed by processing system 28 according
to some embodiments of the present invention. Each of the
following signal combination can be used as a basis for
generating an output indicative of the hemodynamics of
organ 18, as further detailed hereinabove.

In some embodiments of the present invention processing
system 28 combines input signals as obtained from each part
of organ 18 (e.g., 36 and 38). The combination can be linear
or non-linear combination. For example, denoting signal 36
by S and signal 38 by S;, system 28 can calculate a
combined signal S, using the following equation:

(EQ. 5)

where w; and wj, are predetermined weight parameters and
o, and o are predetermined power parameters. In some
embodiment, a;=cx=1, so that EQ. 5 expresses linear
combination.

In some embodiments of the present invention processing
system 28 combines the in-phase component with the
quadrature component (e.g., components 24 and 26). For
example, denoting signal 24 by I and signal 26 by Q, system
28 can calculate a hybrid signal S, using the following
equation:

- ol aR
Spr=WixS;“wexSp

(EQ. 6)

where w; and w, are predetermined weight parameters and
o0, and o, are predetermined power parameters. In some
embodiment, c,,=,=1, so that BQ. 6 expresses linear com-
bination.

In some embodiments of the present invention processing
system 28 combines, for each input signal, a respective
in-phase component with a respective quadrature compo-
nent. For example, for first input signal 36, system 28 can
combine first in-phase component 40 with first quadrature

Sio=wxs$, ,d+ngSQ°Q
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component 42, and for second input signal 38, system 28 can
combine second in-phase component 44 with second
quadrature component 46.

Denoting components 40 and 42 by Z,, and Z,, respec-
tively, system 28 can calculate a hybrid signal S using the
following equation:

_ oR BR
Sca™WRXZR T HW.gX Zyp

(EQ. 3)
where w,; and w,, are predetermined weight parameters and
0, and f, are predetermined power parameters. In some
embodiment, az=Rr=1, so that EQ. 7 expresses linear
combination.

Denoting components 44 and 46 by Z,; and 7, respec-
tively, system 28 can calculate a hybrid signal S, using the
following equation:

Scp=wgxZy“Frw  xZ, Pt (EQ. 8)
where w,; and w,; are predetermined weight parameters and
o, and p, are predetermined power parameters. In some
embodiment, o, =B,=1, so that EQ. 8 expresses linear com-
bination.

In some embodiments of the present invention processing
system 28 is configured to combine two or more hybrid
signals. For example, system 28 can combine hybrid signals
Scz and S, to provide a combined hybrid signal S,
according to the following equation:

Ser=werxScr™ +werxSc* (EQ.9)
where w, and w, are predetermined weight parameters
and y; and y, are predetermined power parameters. In some
embodiment, y,=y,=1, so that EQ. 9 expresses linear com-
bination.

In some embodiments of the present invention processing
system 28 combines the in-phase components of two or
more input signals. For example, system 28 can combine the
first in-phase component 40 with the second in-phase com-
ponent 44. Using the above notations for components 40 and
44, system 28 can calculate a combined in-phase signal S,
using the following equation:

S, =W Z g Rawy x 2oL,

i

(EQ. 10)
As stated a; and o can both be 1 so that EQ. 10 expresses
linear combination.

In some embodiments of the present invention processing
system 28 combines the quadrature components two or more
input signals. For example, system 28 can combine first
quadrature component 42 with second quadrature compo-
nent 46, to provide a combined quadrature signal S, using
the following equation:

— =74 ol
Ser WXL g AW X O

(FQ. 11)

When the power parameters satisfy o,=o,=1 EQ. 11
expresses linear combination.

A combination of S, and S, is also contemplated. This
combination is not explicitly formulated mathematically, but
it can be obtained for example as described above with
respect to EQ. 9.

In some embodiments of the present invention processing
system 28 calculates, for each input signal, a phase compo-
nent and an amplitude component. This can be done using
EQ. 4 above and substituting the in-phase component for 7,
and quadrature component for 4.

For example, the phase component 7., corresponding
to the first input signal 36, the amplitude component 7,
corresponding to the first input signal 36, the phase com-
ponent Z,,,, corresponding to the second input signal 38,

—
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and the amplitude component Z ,,, corresponding to the
second input signal 38 by Z,,., can be calculated as
follows:

Zppygmarctan(Zg/Z,.p)

Zang=sqt(Z g +Zig")

Zpyg=arctan(Z;/Z,1)

Zaag =St (2 + 2y (EQ. 12)

In some embodiments of the present invention processing
system 28 calculates a combination of the phase component
with amplitude component for each signal. For example,
using EQ. 12, two phase-amplitude hybrid signals can be
obtained:

(EQ. 13)

_ aL L
SpL=WanXZ s tWpriXZpagr,

(EQ. 14)

where W70 Weags Woar and wp,, are predetermined
weight parameters and §,, €,, 8,, and &, are predetermined
power parameters. When the power parameters satisfy
8, =¢,=1 EQ. 13 expresses linear combination, and when the
power parameters satisfy dz=ex=1 EQ. 14 expresses linear
combination.

In some embodiments of the present invention processing
system 28 combines phase-amplitude hybrid signals corre-
sponding to two or more input signals. For example, a
combined phase-amplitude hybrid signal S, can be calcu-
lated as follows:

_ 3R R
SpR=Wantr*Zanr " +Weur*Lpur

(EQ. 15)

where W, and w,, are predetermined weight parameters
and «; and x; are predetermined power parameters. When
the power parameters satisfy 1;k,=1 EQ. 15 expresses
linear combination.

Any of the weight parameters w;, Wg, Wy, Wg, Wiz, Wz,

_ KR WL
Spr=WerxSpr"+WprxSpr,

Wirs Wors Wers Wers Wirs Wirs Wors Wors Woaars Wengs Wanrs
Woam Wegp and Wpr; and any of the power parameters o,
Clgs Opy Coy By Brs Yo Vo5 05 €15 Ogs €3y K a0 Ky, can be
found prior to the monitoring for example, using a calibra-
tion curve. Typical values for the weight parameters,
include, without limitation, any value from 0 to about 10,
and typical values for the power parameters, include, with-
out limitation any value from 0 to about 10.

In some embodiments, a normalization factor is
employed. The normalization factor can be included in any
of the signals of the present embodiments, including the
signals listed in EQs. 5-15 or derivatives thereof or the area
under their curves. A representative example of a normal-
ization factor NF suitable for the present embodiments,
includes, without limitation:

NE=WyexZe® (EQ. 16)

where 7, is a baseline impedance either for each lead
separately or for the entire organ, W - is a weight parameter
and a is a power parameter. The parameters W, and a can
be found, for example, using a calibration curve. Typical
values for W,,. parameter include, without limitation, any
positive number up to about 5, and typical values for the
power parameter a include, without limitation, any number
from about -10 to 0.

In other embodiments, the normalization factor is calcu-
lated using the following relation:

NF=mxtan® (q+¢)+nxtan(q+d), (EQ. 17)
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where ¢ is the current phase in radians for each lead
separately or for the entire organ, ¢ and d are angle param-
eters, and m and n are multiplication parameters. The
parameters ¢, d, m and n, can be found, for example, using
a calibration curve. Typical values for the parameters ¢ and
d include, without limitation, any number from 0 to about
0.6 radians, and typical values for the parameters m and n
include, without limitation, any number from -5 to about 5
radians.

For any of the signals of the present embodiments,
including the signals listed in EQs. 5-15, a time-derivative,
e.g., a first time derivative can be calculated. The time
derivative can be calculated numerically. For example,
denoting the time-dependence of an arbitrary signal by S(t),
the first time derivative dS(t) can be calculated numerically
as:

AS(E={(S(H)-S(t-AB)/AL (EQ. 18)

Any of the signals of the present embodiments, for example,
the signals listed in EQs. 5-15, including any time-derivative
thereof, particularly a first time-derivative, can be used for
assessing one or more properties pertaining to the hemody-
namics of the organ. In some embodiments of the present
invention the property is calculated based on at least one
signal selected from the group consisting of the combined
signal S, ; (see, e.g., EQ. 5), the combined hybrid signal S,
(see, e.g., EQ. 9), and the combined phase-amplitude hybrid
signal S, (see, e.g., EQ. 15).

Once the properties are calculated, system 28 can generate
an output based on the calculated properties or their time-
derivative. The output can include a graphical representa-
tion, e.g., the calculated property as a function of the time.

For a given signal of the present embodiments, properties
pertaining to the hemodynamics of the organ can be calcu-
lated using any technique known in the art, such as, but not
limited to, the technique disclosed in International Publica-
tion Nos. W(02004/098376, WO2006/087696, WO2008/
129535, W(02009/022330 and W02010/032252 the con-
tents of which are hereby incorporated by reference.

Representative examples of properties that can be calcu-
lated according to some embodiments of the present inven-
tion include, stroke volume (SV), cardiac output (CO),
ventricular ejection time (VET), cardiac index (CI), thoracic
fluid content (TFC), total peripheral resistance index (TPRI),
blood vessel compliance and any combination thereof.

For example, the VET can be extracted from the mor-
phology of the pulses of the signal being used for the
calculation. In some embodiments of the present invention
points of transitions are identified on the pulse and the time
interval between two such points is defined as the VET. An
exemplified procedure is illustrated in FIG. 7, which illus-
trates a typical morphology of a single beat of a signal S and
its first derivative dS/dt, as a function of the time.

Signal S can be any of the signals of the present embodi-
ments, e.g., S, or Sor or Sy, optionally and preferably
following the application of a dynamically varying filter as
further detailed hereinabove.

The derivative dS/dt has two zeroes O, and O, over the
beat, with a point of local maximum M, between the zeroes
and a point of local minimum M, after the second zero. In
some embodiments of the present invention the VET is
defined as the time period (difference between the abscissa
values) between the first zero O, and the first minimum M,
after the second zero O,.

Other examples include the stroke volume SV and the
cardiac output CO. The SV can be calculated based on dS/dt,
a characteristic time-interval T and optionally one or more
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global characteristics of the subject such as, but not limited
to, the weight, height, age, BMI and gender of the subject.
In some embodiments of the present invention the time-
interval is VET. SV can depend on dS/dt and T linearly, for
example, SV=c, . xTxdS/dt, where ¢, ., is a constant
which depends of one or more global characteristics of the
subject. However, it is not intended to limit the scope of the
present invention only to linear relation for calculating SV.
Generally, SV is calculated according to the relation SV=f
(dS/dt, T, ¢yp00) Where f is a function (not necessarily
linear of dS/dt, T and c,,, ., Alternatively, the function f
can be universal to all subjects, in which f does not vary with
Coupjecr 10 these embodiments, SV can be calculated accord-
ing to the relation SV=c,, .. f(dS/dt, T) or SV=f(dS/dt, T).
A representative non-linear expression for the stroke volume
SV include, without limitation:

SV=(wx(Age P Ix (wox(Weight)??)x (w3x

(Heighty??)x (wx (dS/dfPHx(wsx (VET P ]xw, (EQ. 19)

where Age is the age of the subject in years, Weight is the
weight of the subject in Kg, Height is the height of the
subjectin cm, VET is the ventricular ejection time in ms, and
dS/dt is the digital dimensionless representation of the first
time derivative of the respective signal. The parameters w,,
W, . . ., W are weight parameters and the parameters p;,
Dss - - -, D5 are power parameters.

The weight parameters w , w,, . . . , Wy and power
parameters p,, ps, - - - , Ps, can be found, for example, using
a calibration curve. Typical values for the weight parameters
Wy, Wa, . . ., W include, without limitation, any number
from about 107'° to about 107, and typical values for the
power parameters p,, P, - - - , Ps include, without limitation,
any number from -2 to about 2.

The cardiac output CO can be calculated using the rela-
tion CO=SVxHR, where HR is the heart rate of the subject
(e.g., in units of beats per minutes).

The calculated cardiac output can optionally and prefer-
ably be used for estimating the exercise capacity of the
subject. Generally, the exercise capacity correlates with the
cardiac output. For example, when the cardiac output is
below a predetermined threshold, processing system 28 can
estimate that the subject’s exercise capacity is low, and when
the cardiac output is above a predetermined threshold, the
method can estimate that the subject’s exercise capacity is
high. It was demonstrated by the present inventors that
during exercise the cardiac output among normal subjects is
about 34% higher than that of Congestive Heart Failure
(CHF) patients. The system of the present embodiments can
therefore be used to assess or determine worsening of the
condition of the subject, particularly subjects with conges-
tive heart failure.

Optionally, a cardiopulmonary exercise testing is per-
formed to provide one or more cardiopulmonary exercise
(CPX) measures. The cardiac output can be combined with
the CPX measure(s) and the combination can be used to
estimate the exercise capacity, and/or to assess the quality of
the estimation. For example, the maximal cardiac output is
inversely correlated to the VE/VCO, slope, where VE is the
ventilation efficiency and VCO, is the carbon dioxide pro-
duction rate. The correlation coefficient between the maxi-
mal cardiac output during exercise and the VE/VCO, slope
can be calculated and the quality of the exercise capacity
estimation can be assessed based on this correlation coefi-
cient, where negative and large in absolute value correlation
coeflicient corresponds to high quality of exercise capacity
estimation and vice versa.
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The maximal cardiac output is directly correlated to the
oxygen uptake efficiency slope OUES. The correlation coef-
ficient between the maximal cardiac output during exercise
and the OUES can be calculated and the quality of the
exercise capacity estimation can be assessed based on this
correlation coefficient, where high positive correlation coef-
ficient corresponds to high quality of exercise capacity
estimation and vice versa.

The calculated cardiac output can optionally and prefer-
ably be used for identifying sleep apnea events. The present
inventors conducted experiments in which cardiac output
response to positive end expiratory pressure was evaluated.
Without being bound to any theory, it is postulated that
positive end expiratory pressure can be surrogate for sleep
apnea because it creates positive thoracic pressure induced
by mechanical ventilation in anesthetized subjects in inten-
sive care units. The pressure dynamics in positive end
expiratory pressure are similar to those observed during an
apnea episode.

In various exemplary embodiments of the invention an
apnea event is identified when the cardiac output is reduced
by at least 30%, more preferably at least 40%, more pref-
erably at least 50% over a time period of less than two
minutes. In some embodiments, arterial oxygen saturation
(SPO,) is monitored, for example, conventional non-inva-
sive pulse oximeter. In these embodiments a lower threshold
of comprises reduction can be employed. For example, an
apnea event can be identified when the calculated cardiac
output is reduced by at least 25% and the value of SPO, is
significantly decreased (say, by more than 40%).

Optionally, the hemoglobin concentration of the subject is
estimated or received as input, and used for estimating blood
oxygen content. The blood oxygen content can be supple-
mented to the calculated cardiac output for the purpose of
improving sensitivity and/or specificity. In some embodi-
ments of the present invention the total oxygen delivery is
estimated. The total oxygen delivery can be estimated by
combining the cardiac output, oxyhemoglobin saturation
and hemoglobin concentration. For example, total oxygen
delivery rate (typically expressed in units of mL of oxygen
per minute) can be estimated by multiplying the cardiac
output by the oxygen content.

When the total oxygen delivery falls below a predeter-
mined threshold which can be expressed as percentage of
baselines, system 10 can generate a wakening alarm sensible
by the sleeping subject.

The present embodiments can also be employed for
subjects who already been diagnosed with sleep apnea and
for whom a CPAP device has been prescribed. Specifically,
the present embodiments can be used as a supplement to a
conventional treatment (e.g., a CPAP device) so as to assess
the efficacy of treatment. For example, the present embodi-
ments can be used for determining whether or not a sufficient
amount of oxygen is delivered to vital organs such as the
brain, heart and kidneys. It is recognized that even when a
CPAP device pushes air to the lungs, oxygen delivery from
the cardio-pulmonary system to vital tissues is not guaran-
teed. For example, a significant drop in cardiac output may
result in insufficient oxygen delivery even when the CPAP
device increases the oxygen content in the blood. In this
case, a system according to some embodiments of the
present invention can signal the CPAP device to increase the
positive airway pressure and/or generate a wakening signal
sensible by the sleeping subject. Thus, according to some
embodiments of the present invention when the total oxygen
delivery falls below the predetermined threshold system 10
can control a CPAP device to increase pressure.
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The calculated property can also be used for predicting
onset of electromechanical dissociation. It was found by the
present inventors that the onset of electromechanical disso-
ciation can be predicted ahead of time, unlike traditional
techniques which only provide post occurrence identifica-
tion of electromechanical dissociation. The present embodi-
ments predict electromechanical dissociation onset by pro-
viding a quantitative estimate of the mechanical activity of
the heart while monitoring its electrical activity. Specifically,
according to the present embodiments onset of electrome-
chanical dissociation is likely to occur, if the flow rate
characterizing the mechanical activity of the heart is lower
than one predetermined threshold while the rhythm charac-
terizing the electrical activity of the heart remains above
another predetermined threshold.

Thus, in various exemplary embodiments of the invention
an electrocardiac signal e.g., electrocardiogram (ECG) sig-
nal or a signal which correlates with an ECG signal is
obtained. The electrocardiac signal can be obtained from an
external source, or be extracted from the signal of the
present embodiments. Typically, the electrocardiac signal
comprises a DC signal or a signal characterized by very low
frequency (less than 150 Hz). ECG signals, for example, are
typically characterized by amplitudes of 0.1-5 mV and
frequencies of 0.05-130 Hz.

The extraction of DC signal or a very low frequency
signal can be done using a suitable electronic circuitry or
device which receives the signal of the present embodiments
and filter out high frequency (typically radiofrequency)
components. Such electronic circuitries are known in the art.
For example, a feedback capacitor or an integrator type
electronic circuitry can be constituted to extract the electro-
cardiac signal. Optionally, the electronic circuitry can
amplify the electrocardiac signal as known in the art.

The electrical activity of the heart can be assessed based
on the electrocardiac signal. Preferably, but not obligatorily
one or more repetitive patterns are identified in the electro-
cardiac signal, and the repetition rate of the identified
patterns is measured. For example, when the electrocardiac
signal is an ECG signal, the QRS complex can be identified,
and the QRS rate can be measured, for example, by mea-
suring the RR interval and defining the rate as the inverse of
the RR interval.

The mechanical activity of the heart can be assessed based
on the calculated property, preferably, but not necessarily the
cardiac output or cardiac index or stroke volume.

Once the electrical and mechanical activities are assessed,
processing system 28 predicts the onset of electromechani-
cal dissociation (EMD) or Pulseless FElectrical Activity
(PEA) according to predetermined criteria. Generally, when
the electrical activity is above a predetermined threshold and
the mechanical activity is below a predetermined threshold,
processing system 28 predicts onset of EMD or PEA.

For example, when the calculated property is cardiac
output the predetermined threshold for the mechanical activ-
ity can be about X liters per minute, where X is a number
ranging from about 1 to about 1.5. Alternatively, a baseline
cardiac output for the subject can be defined and compared
to the instantaneous cardiac output. In this embodiment, the
predetermined threshold for the mechanical activity can be
defined as 70% or 60% or 50% of the baseline.

When the calculated property is cardiac index (cardiac
output per unit surface area of the subject’s body) the
predetermined threshold for the mechanical activity can be
about Y liters per minute per square meter, where Y is a
number ranging from about 0.75 to about 1. Alternatively, a
baseline cardiac index for the subject can be defined and
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compared to the instantaneous cardiac index, wherein the
predetermined threshold for the mechanical activity can be
defined as 70% or 60% or 50% of the baseline.

Following are some representative for criteria suitable for
predicting EMD. The onset of EMD can be predicted if the
cardiac output is reduced by at least 50% and the electrical
activity is characterized by pulse rate of at least 60 pulses per
minute. The onset of EMD can also be predicted if, over a
period of about five minutes, the cardiac output is less than
1 liter per minute and the electrical activity is characterized
by a rhythm of at least 40 cycles per minute. The onset of
EMD can also be predicted if, over a period of about five
minutes, the cardiac index is less than 1 liter per minute per
square meter and the electrical activity is characterized by a
rhythm of at least 40 cycles per minute. The onset of EMD
can be predicted if, over a period of about five minutes, the
cardiac index is less than 0.75 liter per minute per square
meter and the electrical activity is characterized by a rhythm
of at least 40 cycles per minute.

The morphology of the signal of the present embodiments
can be used according to some embodiments of the present
invention to calculate the likelihood that the subject devel-
ops sepsis.

In various exemplary embodiments of the invention a
sepsis indicator is extracted from the pulse morphology, and
the likelihood is assessed based on the sepsis indicator. The
assessment can be done, for example, by thresholding,
wherein the sepsis indicator as obtained from the pulse
morphology is compared to a predetermined threshold
which can be used as a criterion to assess whether or not the
subject is likely to develop sepsis.

In some embodiments of the present invention the sepsis
indicator is a ratio between the time-derivative of the
obtained signal (e.g., S; 5 or Sy or Sp;) and the ventricular
ejection time.

Without wishing to be bound by any particular theory, the
present inventors identified that this ratio reflects the relative
behavior of contractility per time to eject. Thus, this ratio
also reflects the cardiac work against the after load pres-
sures. In cases of hyperdynamic cardiac performance, such
as septic shock and liver failure or cirrhosis, the heart
contracts in relatively enhanced contractile force against a
low after load. This results in a higher value of the ratio.
Thus, such a ratio can be used according to some embodi-
ments of the present invention for assessing the likelihood
for the subject to develop sepsis. The present inventors
conducted experiments and uncovered that this ratio can be
used as a discriminator for screening septic and non-septic
subjects. It was found that for septic subjects, this ratio is
generally high, wherein for non-septic subjects this ratio is
generally low.

When the above ratio is used as a sepsis indicator, the
ratio is optionally and preferably compared to a predeter-
mined threshold, wherein a ratio above the predetermined
threshold indicates that the subject is likely to develop
sepsis, and a ratio above the predetermined threshold indi-
cates that the subject is not likely to develop sepsis. Typical
values for the predetermined threshold are from about 0.5 to
about 0.8, or from about 0.6 to about 0.8, e.g., about 0.7. It
was found by the present inventors that using such threshold,
the likelihood is characterized by a p-value less than 0.1,
e.g., 0.05.

Optionally and preferably a report is issued. The report
can include the assessed likelihood and optionally other
parameters, particularly statistical parameters (e.g., charac-
teristic p-value and the like).
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The signals of the present embodiments can also be used
for other applications including, without limitation, predict-
ing body cell mass, fat free mass and/or total body water of
a subject, for example, as disclosed in U.S. Pat. No. 5,615,
689, the contents of which are hereby incorporated by
reference; determining hematocrit of blood in a body part of
a subject, for example, as disclosed in U.S. Pat. No. 5,642,
734, the contents of which are hereby incorporated by
reference; monitoring hydration status of a subject, for
example, as disclosed in U.S. Published Application No.
20030120170, the contents of which are hereby incorporated
by reference; discriminating tissue, for example, as dis-
closed in U.S. Published Application No. 20060085048, the
contents of which are hereby incorporated by reference; and
calculating the circumference of a body segment for
example, as disclosed in U.S. Published Application No.
20060122540, the contents of which are hereby incorporated
by reference.

As used herein the term “about” refers to +10%.

The word “exemplary” is used herein to mean “serving as
an example, instance or illustration.” Any embodiment
described as “exemplary” is not necessarily to be construed
as preferred or advantageous over other embodiments and/or
to exclude the incorporation of features from other embodi-
ments.

The word “optionally” is used herein to mean “is provided
in some embodiments and not provided in other embodi-
ments.” Any particular embodiment of the invention may
include a plurality of “optional” features unless such fea-
tures conflict.

The terms “comprises”, “comprising”, “includes”,
“including”, “having” and their conjugates mean “including
but not limited to”.

The term “consisting of” means “including and limited
to”.

The term “consisting essentially of” means that the com-
position, method or structure may include additional ingre-
dients, steps and/or parts, but only if the additional ingre-
dients, steps and/or parts do not materially alter the basic and
novel characteristics of the claimed composition, method or
structure.

As used herein, the singular form “a”, “an” and “the”
include plural references unless the context clearly dictates
otherwise. For example, the term “a compound” or “at least
one compound” may include a plurality of compounds,
including mixtures thereof.

Throughout this application, various embodiments of this
invention may be presented in a range format. It should be
understood that the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accord-
ingly, the description of a range should be considered to
have specifically disclosed all the possible subranges as well
as individual numerical values within that range. For
example, description of a range such as from 1 to 6 should
be considered to have specifically disclosed subranges such
as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from
2 to 6, from 3 to 6 etc., as well as individual numbers within
that range, for example, 1, 2, 3, 4, 5, and 6. This applies
regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is
meant to include any cited numeral (fractional or integral)
within the indicated range. The phrases “ranging/ranges
between” a first indicate number and a second indicate
number and “ranging/ranges from” a first indicate number
“to” a second indicate number are used herein interchange-
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ably and are meant to include the first and second indicated
numbers and all the fractional and integral numerals ther-
ebetween.

It is appreciated that certain features of the invention,
which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of
a single embodiment, may also be provided separately or in
any suitable subcombination or as suitable in any other
described embodiment of the invention. Certain features
described in the context of various embodiments are not to
be considered essential features of those embodiments,
unless the embodiment is inoperative without those ele-
ments.

Various embodiments and aspects of the present invention
as delineated hereinabove and as claimed in the claims
section below find experimental support in the following
examples.

EXAMPLES

Reference is now made to the following examples, which
together with the above descriptions illustrate some embodi-
ments of the invention in a non limiting fashion.

Prototype System

A prototype system was built according to some embodi-
ments of the present invention. The system included cir-
cuitry for generating and transmitting the output signals are
receiving and demodulating the input signals. The circuitry
is illustrated in FIG. 8.

The prototype system included left and right lead trans-
mitters and two 1/Q detectors for the detection of the thoracic
impedance. Transmitted low current sinusoidal signals from
a current source were transmitted, via balun circuits, sepa-
rately to a left lead and a right lead (T, and T ). The signals
were transmitted to the thorax via dedicated transmitting
electrodes that were attached to the skin.

The received modulated signals from each lead (R,; and
R, z) were filtered using a high pass filter having a cutoff
frequency of about 50 Hz, and thereafter multiplied, in
parallel, by (i) T ; and T g, respectively, and (if) T,; and T
after they were shifted by n/2. The two resulting multipli-
cation signals from each lead underwent a band pass filter
with upper cutoff selected to obtained the in-phase and
quadrature signals and low cutoff for eliminating respiratory,
resulting in a left and right in-phase components (I_T, I_R,
respectively) and a left and right quadrature components
(Q_L, Q_R, respectively). The lower and upper cutoff
frequencies of the band pass filter were 0.8 Hz and 9 Hz,
respectively. These four signals were then sampled at a
sampling rate of 500 Hz by Analog to Digital Convertors for
further processing in the digital processor (not shown).

Animal Study

Two pigs weighing 55 Kg and two Beagle dogs weighing
9 Kg where used for the experiment.

For the pigs, an ultrasonic flow probe was adjusted to the
ascending Aorta and for the dogs a Electromagnetic flow
probe was adjusted to the ascending Aorta both devices are
considered Gold Standard in measuring the flow from the
Left Ventricle to the aorta.
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In addition, A Fr. micromanometer was inserted into the
left ventricle via a stab in the apex and secured with a purse
string suture for the measurement of pressure and volume
within the left ventricle.

Four sensors were placed around the thorax for the
detection of the different thoracic impedance based signal of
the present embodiments. After the experimental setup,
various pharmaceutical and surgical interventions were
employed with the goal of creating acute, large hemody-
namic variations which would be used to test the behavior of
the system as compared with the invasive gold-standard.

The following Interventions were performed:

(i) Baseline steady-state hemodynamic data was recorded
for 10 minutes.

(ii) Infusion of intravenous fluid—500 cc/200 cc of nor-
mal saline (pigs/dogs respectively) was infused over 10
minutes to increase blood volume and CO.

(iii) PEEP Test: The positive end expiratory pressure
(PEEP) was increased to between 10 to 15 cmH,O in
order to reduce CO. PEEP testing is a recognized
method to create acute reductions in CO, where the
physiological mechanism works by reducing venous
blood flow returning to the heart by creating a more
positive pressure environment in the thorax.

(iv) Dobutamine infusion for pigs and Phenilephrine
infusion for dogs—a rapid onset, short-acting cardiac
stimulant, Dobutamine/Phenilephrine progressively
increases CO, generally to a level twice that present
prior to drug administration; infusion was stopped after
5-10 minutes.

(v) Esmolol injection—a fast onset, short duration beta-
blocker, esmolol reverses the effects of Dobutamine/
Phenilephrine, rapidly decreasing CO.

(vi) Oleic Acid Infusion—Oleic Acid was infused during
60 minutes to produce Pulmonary Edema resulting in
declining blood flow and right Heart Insufficiency.

(vii) Sacrifice and tissue harvest—saturated potassium
chloride was injected into the heart to cause instant
cardiac arrest; any offset in the aortic flow values were
recorded.

Results

FIG. 9A shows the left ventricle volume signal in ml as
derived by the Micromanometer (blue) synchronized with
the ECG signal (black), as a function of time in seconds. The
ECG is scaled for display purposes.

FIG. 9B shows the signal S,{t) in ml (red) synchronized
with the ECG signal in black. Both the S, signal and the
ECG signal are scaled for display purposes.

FIGS. 9A-B demonstrate that the signal S.,{t) of the
present embodiments correlates well with the volume of
blood in the ventricles of the heart.

FIG. 10 shows the left ventricle flow signal as derived by
the ultrasonic flow probe (blue), synchronized with the ECG
signal (red), as a function of time in seconds. FIG. 10 also
shows the dS.,{t) signal of the present embodiments
(black). Both the dS . signal and the ECG signal are scaled
for display purposes.

FIG. 10 demonstrates that the area under the positive
curve of the signal dS.{t) correlates well with the flow of
blood from the left ventricle to the aorta.

FIG. 11 shows the mean cardiac output in liters/minute as
derived by the aortic ultrasonic flow probe (blue), and the
mean cardiac output derived by the dS.{t) signal of the
present embodiments (red), during infusion of Dobutamine,
as a function of the time in seconds.
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FIG. 11 demonstrates that the signal dS.,(t) of the present
embodiments correlates with high precision the hemody-
namic behavior.

FIG. 12A shows, as a function of the number of heart beat,
the mean cardiac output in liters/minute as derived by the
aortic ultrasonic flow probe (blue), and the mean cardiac
output in liters/minute derived by the signal dS_,(t) of the
present embodiments black), after the infusion of Dobuta-
mine was ended. The signal dS.,(t) is scaled.

FIG. 12B shows, as a function of the number of heart beat,
the mean cardiac output in liters/minute (blue) as derived by
the aortic ultrasonic flow probe, and the mean cardiac output
in liters/minute as derived by the signal dS_ (1) of the
present embodiments (black). The signal dS (1) is scaled
and is presented at the same time frame as in FIG. 12A. The
left lead showed more correlation with the reference com-
pared to the right lead.

FIG. 13A shows, as a function of the number of heart beat,
the mean cardiac output in liters/minute derived by an aortic
ultrasonic flow probe (blue), and the mean cardiac output in
liters/minute as derived by the signal dS _,(t) of the present
embodiments (black), during progression of Severe Edema.
The signal dS (1) is scaled.

FIG. 13B shows, as a function of the number of heart beat,
the mean cardiac output in liters/minute as derived by an
aortic ultrasonic flow probe (blue), and the mean cardiac
output in liters/minute as derived by the signal dS, (t) of the
present embodiments (black). The signal dS, (1) is scaled
and is presented at the same time frame as in FIG. 13A. The
right lead showed more correlation with the reference com-
pared to the left lead.

The present example demonstrates that the hemodynamic
trends invoked by drug titration and captured with the
experimental system of the present embodiments correlated
well with the Gold Standard in S, (t) (see FIGS. 12A-B)
and hemodynamic trends invoked by fluid challenge or
respiratory challenged were described in high correlation in
Scr(t) (see FIGS. 13A-B).

These finding can be explained by the physiologic
response wherein the volume and respiration challenges
impact firstly the right heart, before blood flow continues to
the left circulation after passing the pulmonary circulation.
On the other hand, vasoactive drugs impact the peripheral
arterial circulation or the heart itself, are first manifested in
left heart output.

FIG. 14 shows, as a function of the number of heart beat,
the mean cardiac output in liters/minute as derived by an
aortic ultrasonic flow probe (blue), and mean cardiac output
in liters/minute derived by the signal dS,,(t) of the present
embodiments (black), during infusion of 500 cc fluid bolus.
The signal dS,,{(t) is scaled. FIG. 14 demonstrates that the
signal S,,(t) correlates with the cardiac output of the ref-
erence.
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Although the invention has been described in conjunction

with specific embodiments thereof, it is evident that many
alternatives, modifications and variations will be apparent to
those skilled in the art. Accordingly, it is intended to
embrace all such alternatives, modifications and variations
that fall within the spirit and broad scope of the appended
claims.

All publications, patents and patent applications men-
tioned in this specification are herein incorporated in their
entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be
construed as an admission that such reference is available as
prior art to the present invention. To the extent that section
headings are used, they should not be construed as neces-
sarily limiting.

What is claimed is:

1. A system for monitoring hemodynamics of a subject,
comprising:

medical leads connectable to an organ at a first part of the
body of the subject, and to an organ at a second part of
the body of the subject;

a signal generating system configured for providing at
least a first output electric signal and a second output
electric signal, and transmitting, via said medical leads,
said first output signal to said organ at said first part of
the body of the subject and said second output signal to
said organ at said second part of the body of the subject;

a demodulation system configured for receiving via said
medical leads a first input electrical signal sensed from
said first part of the body and a second input electrical
signal sensed from said second part of the body, and for
demodulating each input electrical signal to provide an
in-phase component and a quadrature component of
each input signal;

a signal processing system having a circuit for generating
a linear combination of powers of a respective in-phase
component and a respective quadrature component of
each input signal, to respectively provide a first hybrid
signal and a second hybrid signal, and for generating on
a display device a graphical output co-displaying said
hybrid signals.

2. The system according to claim 1, wherein said first part
of the body is a right part of the body and said second part
of the body is a left part of the body.

3. The system according to claim 2, wherein the right part
of the body is a right part of the thorax, and the left part of
the body is a left part of the thorax.

4. The system according to claim 1, wherein said first and
said second output electric signals are independent from
each other.

5. The system according to claim 1, wherein said first and
said second output electric signals are mutually dependent
signals.

6. The system according to claim 1, wherein said pro-
cessing system is configured to determine, based on at least
one of said hybrid signals, at least one property selected
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from the group consisting of stroke volume (SV), cardiac
output (CO), ventricular ejection time (VET), cardiac index
(CI), thoracic fluid content (TFC), total peripheral resistance
index (TPRI), blood vessel compliance.

7. The system according to claim 1, wherein said pro-
cessing system is configured to estimate exercise capacity of
the subject based on at least one of said hybrid signals.

8. The system according to claim 1, wherein processing
system is configured to identify sleep apnea events based on
at least one of said hybrid signals.

9. The system according to claim 1, wherein processing
system is configured to assess the likelihood that the subject
develops sepsis based on at least one of said hybrid signals.

10. The system according to claim 1, wherein processing
system is configured to predict onset of electromechanical
dissociation based on at least one of said hybrid signals.

11. The system according to claim 1, wherein processing
system is configured to assess blood hematocrit based on at
least one of said hybrid signals.

12. A method of monitoring hemodynamics of a subject,
comprising:

generating at least a first output electric signal and a

second output electric signal;

by medical leads, transmitting said first output signal to an

organ at a first part of the body of the subject and said
second output signal to an organ at a second part of the
body of the subject;

by medical leads, receiving a first input electrical signal

sensed from said first part of the body and a second
input electrical signal sensed from said second part of
the body,

modulating each input electrical signal to provide an

in-phase component and a quadrature component of
each input signal;

combining a respective in-phase component and a respec-

tive quadrature component of each input signal, to
respectively provide a first hybrid signal and a second
hybrid signal, and

generating on a display device a graphical output co-

displaying said hybrid signals;

[
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wherein at least one of said hybrid signals comprises a
linear combination of powers of a respective in-phase
component and a respective quadrature component of a
respective input electrical signal.

13. The method according to claim 12, wherein said first
part of the body is a right part of the body and said second
part of the body is a left part of the body.

14. The method according to claim 13, wherein the right
part of the body is a right part of the thorax, and the left part
of the body is a left part of the thorax.

15. The method according to claim 12, wherein said first
and said second output electric signals are independent from
each other.

16. The method according to claim 12, wherein said first
and said second output electric signals are mutually depen-
dent signals.

17. The method according to claim 12, comprising deter-
mining based on at least one of said hybrid signals, at least
one property selected from the group consisting of stroke
volume (SV), cardiac output (CO), ventricular ejection time
(VET), cardiac index (CI), thoracic fluid content (TFC), total
peripheral resistance index (TPRI), blood vessel compli-
ance.

18. The method according to claim 12, comprising esti-
mating exercise capacity of the subject based on at least one
of said hybrid signals.

19. The method according to claim 12, comprising iden-
tifying sleep apnea events based on at least one of said
hybrid signals.

20. The method according to claim 12, comprising diag-
nosing the subject with sepsis based on at least one of said
hybrid signals.

21. The method according to claim 12, comprising pre-
dicting onset of electromechanical dissociation based on at
least one of said hybrid signals.

22. The method according to claim 12, comprising deter-
mining blood hematocrit based on at least one of said hybrid
signals.
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