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1

SYSTEM FOR DETERMINING THE
LEFT-VENTRICULAR EJECTION TIME
TLVE OF A HEART OF A SUBJECT

This application is a divisional of U.S. application Ser. No.
11/386,422, filed Mar. 22, 2006 (now U.S. Pat. No. 7,904,
141); which is a divisional of U.S. application Ser. No.
10/267,313, filed Oct. 9, 2002 (now U.S. Pat. No. 7,822,470);
which claims the benefit of U.S. Provisional Application No.
60/328,694, filed Oct. 11, 2001; all of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method and an apparatus
for determining the left-ventricular ejection time T, of a
heart of a subject.

T,y 1s the temporal interval defining the mechanical
period for ejection of blood from the left ventricle of a sub-
ject’s heart. T, temporally refers to the ejection phase of
mechanical systole. T,,, commences with opening of the
aortic valve, and ends with aortic valve closure. The accurate
measurement of T, is of paramount importance in the cal-
culation of left ventricular stroke volume, cardiac output, and
systolic time ratio.

Stroke volume (SV), and specifically left ventricular SV, is
the quantity of blood ejected from the left ventricle into the
aorta over T, or the ejection phase of mechanical systole,
over one cardiac cycle, or heart beat. Cardiac output (CO) is
the quantity of blood ejected from the left ventricle per
minute, i.e., depends on SV and heart rate (HR). HR is the
number of heartbeats per minute. CO is the product of SV and
HR, ie.,

CO=SV-HR.

Accurate, serial, quasi, or non-static determinations of SV,
and thus, CO, are rigidly dependent on the accurate measure-
ment of T .

2. Description of the Related Art

Intherelated art, T, ;- was derived from curves obtained by
measurements of a thoracic electrical bioimpedance or bio-
admittance (TEB). In young, healthy individuals, the mea-
surement of TEB results in waveforms that routinely exhibit,
and readily permit, identification of the opening of the aortic
valve (point “B”) and its closure (point “X”) by visual inspec-
tion. However, in various states and degrees of cardiopulmo-
nary pathology, point “X” is commonly obscured or absent,
see Lababidi Z, Ehmke D A, Dumin R E, Leaverton P E,
Lauer R M.: The first derivative thoracic impedance cardio-
gram. Circulation 1970; 41: 651-658. These are, unfortu-
nately, the situations where accurate T, measurements are
mandatory.

In a further advanced method, simultaneous electronic reg-
istration of the first time-derivative of the cardiac-related
impedance change waveform generated by TEB, and the
mechanically generated heart sounds obtained via phonocar-
diography, were employed for determination of T,,, and
specifically, aortic valve closure (first high frequency regis-
tration of the second heart sound). Unfortunately, the tech-
nique of phonocardiography is cumbersome, sensitive to
motion and ventilation artifacts (low signal-to-noise ratio),
and is unsuited for routine clinical application.

To the present time, alternative methodology is limited to
frequency spectrum domain analysis (Wang et al., U.S. Pat.
Nos. 5,443,073; 5,423,326, 5,309,917) and to the establish-
ment of temporal “expectation windows” for predictive esti-
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2

mation of periodic landmark occurrences, namely, aortic
valve closure, and the duration between such landmarks,
namely, T; .

Regarding the latter method, Weissler et al. (Weissler A M,
Harris W S, Schoenfeld C D. Systolic time intervals in heart
failure in man. Circulation 1968; 37: 149-159, incorporated
herein by reference) empirically determined, with heart rate
as the variable, regression equations for the temporal interval
defining and predicting electromechanical systole (known as
“QS,”) and the subordinate time intervals contained within,
comprising, in particular, the left ventricular flow, or ejection
time T, ;. Bleicher et al. (Bleicher W, Kemter B E, Koenig C.
Automatische kontinuierliche Vermessung des Impedanzkar-
diogramms. Chapter 2.6 In: Lang E, Kessel R, Weikl A [eds.].
Impedanz-Kardiographie. Verlag C M Silinsky, Niirnberg,
Paris, London 1978) compares the regression equations
reported by Weissler with those of other investigators (Spi-
taels S. The influence of heart rate and age on the systolic and
diastolic time intervals in children. Circulation 1974; 49:
1107-1115. Kubicek W G. The Minnesota impedance cardio-
graph. Theory and applications. Biomed Engineering Sep-
tember 1974.) Weissler remains the “gold standard” within
the statistical-based methods. With temporal reference to the
electrocardiogram and the predetermined temporal occur-
rence of aortic valve opening obtained by an alternative
method, these regression equations predict time intervals
which can then be used to estimate the magnitude of T, ;- and,
thus, the temporal occurrence of aortic valve closure. A time-
predictive expectation window can be bracketed around a
predicted occurrence of aortic valve closure to confirm the
point of measured aortic valve closure assessed by an alter-
native method.

However, the application of an expectation window,
employed as the only alternative method for determining
T,z 1s based on error prone, statistical methods. While
correlation (the closeness of association) between the regres-
sion equations and measured values of T, is clinically
acceptable, time-predictive expectation windows inherently
possess unacceptably large standard deviations due to indi-
vidual biologic variability. In contradistinction, inherently
accurate, alternative, objective measurements of T, are
limited in accuracy solely by the precision of the measure-
ment device, which is presupposed to have a much smaller
error of the estimate. Thus, time-predictive expectation win-
dows have only limited validity within a single, discreet car-
diac cycle. Moreover, the predictive accuracy further deterio-
rates in the presence of cardiac rhythms, which are not of
regular sinus origin. In the presence of irregularly, irregular
chaotic rhythms of supraventricular origin, such as atrial
fibrillation with variable ventricular response, or other irregu-
lar supraventricular tachydysrhythmias, the use of time-pre-
dictive expectation windows are rendered virtually all but
useless. In the presence of sinus or pathologic supraventricu-
lar rhythms, coexisting with electrical systoles generated
from ventricular origins, known as premature ventricular
contractions, accurate assessment of mean values for T,
based on time-predictive expectation windows is impossible.

SUMMARY OF THE INVENTION

Itis an object of the present invention to provide a method
and an apparatus for determining the left-ventricular ejection
time T, of aheart of a subject more reliably, in particular in
those situations in which the determination of T, with the
related art methods is insufficient, namely in some states of
cardiopulmonary pathology.
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According to the invention, the measurement of the tho-
racic electrical bioinpedance or thoracic electrical bioadmit-
tance (TEB) is used for deriving a waveform from which the
left-ventricular ejection time can be determined. However, in
addition to that method, at least a second waveform is derived.
For the derivation of this second waveform, the present inven-
tion offers a variety of different methods. These methods
include, but are not limited to

a) the continuous extrapolation of arterial blood oxygen
saturation (SpO,) values by means of pulse oximetry,

b) the use of Doppler velocimetry, in particular

b,) the use of Doppler velocimetry applied to the esopha-

gus, and/or

b,) the use of Doppler velocimetry applied to the radial

artery,

c) the measurement of arterial blood pressure, in particular

¢, ) the continuous invasive measurement of arterial blood

pressure, and/or

¢,) the continuous noninvasive measurement of arterial

blood pressure (applanation tonometry, or sphygmocar-
diography).

Each of these methods can provide continuous waveforms
with characteristic patterns related to either an arterial pres-
sure or flow pulse wave.

Each method, when applied, determines T,,, beat-by-
beat. Ideally, a signal processor receives the continuous wave-
forms provided by each method in parallel, performs syn-
chronization in time, and then determines a “method
averaged”, or “final”, T, ;.. The contribution of each method
applied depends on the level of acceptable signal quality. In
the preferred embodiment, each method’s contribution to the
“method averaged” T, is weighted, based on the level of
acceptable signal quality. The weights can be fixed, i.e., pre-
determined, or also can be adapted depending on signal qual-
ity parameters, such as the noise level.

Alternatively, the “method-averaged” T; - is determined
by identifying “common” points in time for opening and
closure of the aortic valve, which requires that all waveforms
are exactly aligned synchronously with time.

In order to further improve the inventive method, an expec-
tation window for T,z can be established by using a regres-
sion equation, prior to precisely determining 1, ;.. The latter
improvement is in particular useful in those cases wherein the
determination of aortic valve closure from the waveform is
ambiguous.

In order to make use of the inventive method, the invention
provides a system suited to perform some of the various
methods mentioned above but need not apply to each method.
In a preferred version of the invention, the system is suited to
perform three different of the above-mentioned methods, i.e.,
the thoracic electrical bioimpedance/bioadmittance measure-
ment (TEB) and two additional methods.

The apparatus according to the invention can be tailor-
made for the respective application in which the apparatus is
to be used. In many cases, a combination of an apparatus for
obtaining a thoracic electrical bioimpedance/bioadmittance
(TEB) waveform and a pulse oximeter is sufficient.

For an anesthesiologist, a combination of a TEB apparatus
and a Doppler velocimeter is preferred. In this case, the tho-
racic electrical bioimpedance or bioadmittance is measured
by electrodes placed on a catheter, or probe, which is adapted
to be inserted into the esophagus. An ultrasound crystal being
part of a Doppler velocimeter also is incorporated into the
catheter, or probe. The trunk of a patient under anesthesia is
often covered with sterile blankets. The patient’s head
remains the only part of the upper body being easily acces-
sible. Hence, the practical approach to obtain waveforms
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from which T,,, can be derived is inserting a catheter, or
probe, into the patient’s esophagus. The apparatus tailored for
the anesthesiological applications can, as a third unit, also
includes a pulse oximeter having a probe attached to a
patient’s finger or toe, because, in a lot of cases, the hand or
the foot of the patient subject also is readily accessible.

For a doctor investigating the vasculature, for example, in
a hypertension clinic, an apparatus including a bioimpedance
analyzer, a pulse oximeter and other methods accessing the
“peripheral” blood pressure is ideally suited. In this context,
a peripheral method is defined as method which can be
applied to an extremity (limb) of a patient. Peripheral meth-
ods include Doppler velocimetry applied to the radial artery,
and the invasive measurement of arterial blood pressure,
wherein a sensor is inserted into an artery of an extremity of
a patient. Alternatively, applanation tonometry or sphyg-
mocardiography can be used.

The inventive system is not limited to the above examples.
In particular, other combinations are imaginable, as long as
TEB is used. Furthermore, a system is part of the invention
which includes any of the above-mentioned methods or
devices, such that the system can be used in a variety of
different fields and applications.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the inven-
tion, as claimed.

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate several
embodiments of the invention and together with the descrip-
tion, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically shows a system/apparatus according
to one embodiment of the present invention, and its electrical
interfaces with a subject.

FIG. 2 schematically shows an alternative system/appara-
tus according to another embodiment of the present invention.

FIG. 3 illustrates the processing of waveform data obtained
by various methods for determining a method-averaged T, ;.
of increased accuracy.

FIG. 4 illustrates parallel recordings of a surface electro-
cardiogram (ECG), the change in thoracic bioimpedance,
AZ(t) (“Delta 7”), and the rate of change of bioimpedance,
dZ(t)/dt.

FIG. 5 illustrates parallel recordings of a surface electro-
cardiogram (ECGQ), the change in thoracic bioadmittance,
AY(t) (“Delta Y”), and the rate of change of bioadmittance,
dy(t)/dt.

FIG. 6 illustrates light absorbance in living tissue.

FIG. 7 illustrates a pulse plethysmogram obtained by pulse
oximetry.

FIG. 8 illustrates how a catheter comprising electrodes for
a TEB measurement and a Doppler velocimeter is placed in
the human esophagus for the measurement of the left-ven-
tricular ejection time, the left-ventricular stroke volume, and
the cardiac output.

FIG. 9a shows a raw signal obtained from esophageal
Doppler velocimetry during mechanical systole.

FIG. 956 shows the signal of FIG. 9a after smoothing (fil-
tering). It graphically demonstrates the method how TLVE is
extracted from the Doppler velocity waveform.

FIG. 10 shows a curve obtained by a Doppler velocimeter
transducer placed over the radial artery.
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FIG. 11 demonstrates that the morphology of a velocity-
versus-time wave derived from radial artery applanation
tonometry is akin to an invasively derived pressure waveform.

FIG. 12 demonstrates waveform tracings derived from the
ECG, oximeter derived pulse plethysmogram, and invasive
radial arterial blood pressure, respectively.

FIG. 13a illustrates the method by which a time domain is
constructed for predicting the temporal occurrence of aortic
valve closure.

FIG. 135 illustrates the Q-S, interval at a heart rate of 60
bpm, shown within a cardiac cycle of the ECG and corre-
sponding rate of change of impedance waveform.

FIG. 13c¢ illustrates the Q-S, interval at a heart rate of 100
bpm, shown within a cardiac cycle of the ECG and corre-
sponding rate of change of impedance waveform.

FIG. 134 illustrates the Q-S, interval at a heart rate of 140
bpm, shown within a cardiac cycle of the ECG and corre-
sponding rate of change of impedance waveform.

FIG. 14a illustrates the method by which an expectation
window is established for predicting the T; ;..

FIG. 145 illustrates T, at a heart rate of 60 bpm, shown
within a cardiac cycle of the ECG and corresponding rate of
change of impedance waveform.

FIG. 14¢ illustrates T, ,;- at a heart rate of 100 bpm, shown
within a cardiac cycle of the ECG and corresponding rate of
change of impedance waveform.

FIG. 14d illustrates T; - at a heart rate of 140 bpm, shown
within a cardiac cycle of the ECG and corresponding rate of
change of impedance waveform.

DETAILED DESCRIPTION OF THE DRAWINGS

Reference will now be made in detail to the present pre-
ferred embodiments (exemplary embodiments) of the inven-
tion, an examples of which are illustrated in the accompany-
ing drawings. Wherever possible, the same reference
numbers will be used throughout the drawings to refer to the
same or like parts.

FIG. 1 schematically shows a system according to the
present invention, and its electrical interfaces with a subject
10. A dashed line indicates the subject’s areas of interest to
which an apparatus according to this invention can be applied.

The measurement of thoracic electrical bioimpedance (or
bioadmittance), which is part of all embodiments of the
present invention, is performed by one of the two different
methods: In the first, more commonly used method, surface
electrode arrays 14 are applied to the thorax of the subject. For
example, tetrapolar arrays of spot electrodes are placed on
each side of the neck and on each side of the lower part of the
thorax, at the level of the xiphoid process. Alternatively, elec-
trodes are located on an esophageal catheter, or probe 16, and
this catheter, or probe 16, is inserted into the esophagus 18.
Either surface electrode arrays, or the electrodes for the
esophageal catheter, or probe, are connected to an electrical
bioimpedance (or bioadmittance) analyzer 20. The preferred
apparatus for measurement of bioimpedance, or bioadmit-
tance, and the corresponding electrode montage of electrode
arrays, are described and shown in U.S. patent application
Ser. No. 09/824,942 [Bernstein/Osypka] incorporated herein
by reference. The bioimpedance, or bioadmittance, measur-
ing apparatus 20 applies a low amplitude, high frequency
alternating current (AC) through the outer electrodes, mea-
sures a corresponding voltage drop between the inner elec-
trodes, and calculates the bioimpedance, or bioadmittance.
Hence, if the bioimpedance is determined, the measured volt-
age magnitude is divided by the applied current sent through
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the electrodes, and electrical bioimpedance analyzer 20 pro-
cesses a continuous impedance signal

Z(H=Z+AZ(t),

comprising of a quasi-constant offset, Z,,, or base impedance,
and a pulsatile component, AZ(t), related to the cardiac cycle.

In this context, “continuous” presupposes that this wave-
form contains a stream of discrete, digital samples, and, thus,
is not limited to a truly continuous, analog waveform.

The continuous AZ waveform, which can be considered as
an image of an aortic blood flow signal superimposed on an
aortic volume change signal, is transferred to a processing
unit 22, along with the simultaneously obtained value for the
base impedance Z,.

By the apparatuses mentioned above, a first waveform can
be derived from which a first value for the left-ventricular
ejection time T, can be determined.

The system according to the invention offers a vast variety
of possibilities for deriving at least one second waveform
from which T, ;- can also be determined.

A first one of these possibilities relates to determining the
blood flow velocity in the aorta. To this end, an esophageal
catheter/probe, with an ultrasound crystal sensor 24 incorpo-
rated at the tip, is placed into the subject’s esophagus 18. In
the event that the electrodes for the bioimpedance measure-
ments are placed on a catheter/probe, the same catheter can be
used both for the bioimpedance measurement and for Dop-
pler velocimetry. Ultrasound crystal sensor 24 is connected to
aDoppler velocimeter 26. Doppler velocimeter 26 transfers a
continuous voltage, corresponding to aortic velocity, to pro-
cessing unit 22.

Another possibility for deriving a second curve is pulse
oximetry. The subject’s area of interest is here a finger or toe
28 (the peripheral vasculature). For obtaining signals, an
infrared emitter 30 as well an infrared sensor 32 are applied to
the fingertip or toe. The data obtained by sensor 32 are sent to
a pulse oximeter 34. The latter transfers an oxygen saturation
waveform (which is continuously obtained) to processing
unit 22.

Another apparatus also measures the electrical bioimped-
ance. However, it is not the bioimpedance across the thorax of
the subject. Rather, an impedance signal obtained at the limbs
36 (the peripheral vasculature) of the subject is used to mea-
sure a second waveform from which T ;- can be derived. To
this end, an array of four surface electrodes 38 are applied to
an arm or a leg of the subject. As in the case of the measure-
ment of the thoracic electrical bioimpedance, an alternating
current (AC) source applies a low amplitude, high frequency
current through the outer electrodes, and a voltage drop is
measured by a voltmeter between the inner electrodes. Alter-
natively, an array of two surface electrodes is utilized, using
each electrode for current application and voltage sensing.
The dataare processed in an electrical bioimpedance analyzer
40 which is also connected to processing unit 22.

Three further methods that may be incorporated into the
apparatuses of certain embodiments of the present invention
are directed towards the peripheral vasculature of the arm or
the wrist 42. The first of the apparatuses performs Doppler
velocimetry by attaching an ultrasound transducer 44 to the
radial artery at the wrist. Data obtained by the transducer are
transferred to a Doppler velocimeter 46, and the data are
further processed in processing unit 22, which is connected to
Doppler velocimeter 46.

Another apparatus is based on the indirect measurement of
the blood pressure inthe radial artery. A pressure sensor 48, or
an array of pressure sensors, is attached to the subject’s wrist
42, over the radial artery, and is connected to an applanation
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tonometer 50. The applanation tonometer transfers a continu-
ous voltage, corresponding to peripheral arterial blood pres-
sure, to processing unit 22.

The blood pressure can also be measured invasively by
placing a pressure sensor 52 mounted on a catheter in the
radial artery. The data from the pressure sensor are transferred
to a unit 54 which is connected to processing unit 22.

The processing unit determines, from each continuous
waveform obtained, the temporal occurrence of aortic open-
ing (point “B”) and closure (point “X”). The possible range of
temporal occurrences of aortic valve closure is limited by
time predictive expectation windows, established around
points approximated by heart-rate dependent regression
equations, such as proposed by Weissler mentioned above.
Potential “X” points, closer to the predicted X point, are
weighted differently than those farther away.

When applicable, each method contributes to a “final”,
method-averaged T, ., which is used for the calculation of
stroke volume and other cardiodynamic parameters relying
on T, ;. Depending on subject 10 under measurement, and
his/her state of health, the various methods will not necessar-
ily perform with the same degree of accuracy and reliability.
The ability of a method to determine aortic valve opening and,
especially, aortic valve closure, depends on the signal quality
of the waveforms obtained. Thus, the preferred embodiment
weights the T, - contributions corresponding to each signal
quality.

The “final” T, ;. is displayed on a display and control panel
56 which at the same time serves for controlling the whole
system.

In the preferred embodiment, the different units for pro-
cessing the data, i.e., electrical bioimpedance analyzer 20 and
40, Doppler velocimeters 26 and 46, pulse oximeter 34, and
applanation tonometer 50 are incorporated into a single
device together with processing unit 22 and display and con-
trol panel 56. This single device is indicated at 58 and repre-
sented by adashed line. Electrical bioimpedance analyzers 20
and 40 may be of similar design, and Doppler velocimeters 26
and 46 may be of similar design, too, or used alternatively for
the esophageal or radial artery approach. Only those parts of
the systems which are applied to subject 10 can, of course, not
be implemented in device 58. However, the device 58 is
provided with interfaces for each of the measuring devices 14,
16,24, 30/32, 38, 44, 48, and 52/54.

Whilst in FIG. 1, an embodiment is shown in which all
possible units are part of a single device 58, FIG. 2 schemati-
cally shows how T, can be obtained by using various meth-
ods and merged into a most reliable, “final” T, ;. determina-
tion. In particular, FIG. 2 shows a system of different
apparatuses which need not necessarily be incorporated into
a single device.

The system comprises a trans-thoracic or esophageal bio-
impedance apparatus 60. In the context of this application,
and in particular also in the claims, “thoracic electrical bio-
impedance”, or TEB, is not limited to the transthoracic
approach using surface electrodes, but includes the applica-
tion of measuring electrical bioimpedance or bioadmittance
within the esophagus. Therefore, apparatus 60 is shown as a
single apparatus 60 which can be considered as a first appa-
ratus for measuring thoracic electrical bioimpedance. Bio-
impedance apparatus 60 can be replaced by a bioadmittance
apparatus. The TEB apparatus 60 transfers an impedance
signal to a signal processor 62. At the same time, an electro-
cardiogram (ECG) can be obtained by apparatus 60 which is
also transferred to signal processor 62. Signal processor 62
processes these data and determines a part of Z, of the imped-
ance signal which does not change during one heart stroke,
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the time-derivation dZ/dt and in particular the minimum
dZ/dt, ; of the derivation, the left-ventricular ejection time
T, and the period Ty, i.e., the time between two peaks in
the ECG. All these data are transferred to a main processing
unit 64.

TEB apparatus 60 is needed in all embodiments of systems
according to the invention.

The system according to the invention includes at least one
second apparatus selected from the group of apparatuses
described in the following.

A first of these additional apparatuses is an esophageal
Doppler velocimeter 66 which transfers a velocity signal to a
signal processor 68 which derives a value of T, from the
velocity signal and transfers this value to main processing
unit 64.

Alternatively, or in addition, a radial artery Doppler veloci-
meter 70 can be used which transfers a velocity signal to a
signal processor 72 which derives a value of T, from the
velocity signal and transfers this value to main processing
unit 64.

Furthermore, a pulse oximeter 74 can be provided which
transfers a plethysmogram to a signal processor 76. The sig-
nal processor 76 derives a value of T, from the plethysmo-
gram and transfers this value to main processing unit 64.

Moreover, a peripheral electrical bioimpedance 78 can be
used to derive an impedance signal which is transferred to a
signal processor 80, which determines a value of T, from
said impedance signal and transfers it to main processing unit
64.

Another possibility is the use of an applanation tonometer
82 sending a blood pressure signal to a signal processor 84.
Signal processor 84 determines a value of T, from said
blood pressure signal and transfers it to main processing unit
64.

Instead of an applanation tonometer, or in addition thereto,
an invasive arterial blood pressure measurement apparatus 86
can be used which transfers a blood pressure signal to a signal
processor 88, the latter also deriving a value of T, ;.- from the
blood pressure signal. Main processing unit 64 determines the
“method-averaged”, or “final” T, ., based on the T, ;- mea-
surements of the various available methods, and their signal
quality. The T, measurement provided by a method with
questionable signal quality will be considered with less sta-
tistical weighting than the T, ;. measurement provided by a
method with acceptable signal quality. For each method, a
preferably adaptive time-predictive, expectation window
may or may not be applied.

The “final” T, is used to determine the stroke volume.
According to a preferred embodiment, the stroke volume is
calculated by using the following formula:

‘(dZ(t)]

) di Tpyvg

SV = VEFF' 70 My '_T .
VIRR

wherein V .z is the effective volume of electrical participat-
ing thoracic tissue. When V. is given in milliliters, the
stroke volume SV is also obtained in milliliters. This formula
has been presented for the first time in the application Ser. No.
09/824,942 (Bernstein/Osypka) mentioned and incorporated
above. The cardiac output is the stroke volume, multiplied
with the heart rate.

The values finally obtained by main processing unit 64 are
output to a display and control panel 90.
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FIG. 3 illustrates the processing of waveform data obtained
by various methods for determining a method-averaged T;
of increased accuracy for computation of stroke volume and
other cardiodynamic parameters relying on T ;.

The “final”, method-averaged T, can be obtained by, but
is not limited to, transferring the results of the various T;
measurements through decision-node logic or a neural net-
work. U.S. Pat. No. 6,186,955 describes a method employing
aneural network to optimize determination of cardiac output.
In a similar manner, waveform data recorded by a method
measuring blood flow or blood pressure, or a combination
thereof, such as thoracic electrical bioimpedance (TEB) 92,
or bioadmittance, pulse oximetry (POX) 94, Doppler veloci-
metry (EDV 96 and RDV 98), applanation tonometry (ATN)
100, peripheral electrical bioimpedance (PEB) 102, or bio-
admittance, or invasively measured arterial blood pressure
(ABP) 104, are used as inputs to a neural network determin-
ing a “final”, method-averaged T, of increased accuracy. In
this implementation, a processing unit 106 determines the
weighting factors based on the applicability and use of a
method, and empirically derived criteria for signal quality
(SQI=signal quality indicator). The operator can influence the
decision process by enabling or disabling the method contri-
butions, and thus the weighting, through a display and control
panel 108.

In the following, the different methods for obtaining values
of T,z are described in detail, one after another.

The determination of T, ;- from thoracic bioimpedance or
bioadmittance is a standard method in the determination of
the stroke volume (see the application of Bernstein and
Osypka mentioned and incorporated by reference above).

FIG. 4 illustrates the parallel recordings of a surface elec-
trocardiogram (ECG), the change in thoracic bioimpedance,
AZ(t) (“Delta Z”), and its first time-derivative,

dZ(r)
dr

In the ECG, point “Q” is defined as the onset of ventricular
depolarization, i.e., beginning of electrical systole.

Points “B” and “X” are characteristic points on the first
time-derivative

4z

dr -’

Point “B” is indicated by a significant change in slope of
the dZ(t)/dt waveform immediately preceding a strong
decrease of dZ(t)/dt. This change in slope is often observed as
a notch prior to the strong decrease of dZ(t)/dt up to its
minimum,

Az

diyiy”

Point “B” occurs approximately 55-65 milliseconds prior to
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and can be readily determined by using well-known methods
of waveform analysis using a microprocessor or computer.

Point “X” is the next maximum in the dZ(t)/dt waveform
following

dzZ(n)
duy

and can be readily determined by using well-known methods
of waveform analysis using a microprocessor or computer.

Point “B” is defined as the opening of aortic valve and
marks the beginning of the ejection phase of left-ventricular
systole.

Point “X” is defined as the closure of aortic valve and
marks the end of the ejection phase of left-ventricular systole.

Accordingly, the left-ventricular ejection time is defined as
the time interval between point “B” and point “X”.

Point “Y” is defined as the closure of the pulmonic valve,
i.e.,point “Y” marks the endpoint of right-ventricular systole.
In a subject with anatomically normal intracardiac electrical
conduction pathways (without presence of a left bundle
branch block), point “Y” follows point “X” in time. The “O”
wave in the

dz(r)
dr

waveform corresponds to rapid ventricular filling in early
diastole. The time interval between point “Q” and point “B”
is known as the pre-ejection period (Tpz).

FIG. 5 illustrates the parallel recordings of a surface elec-
trocardiogram (ECG), the change in thoracic admittance,
AY(t) (“Delta Y”), and its first time-derivative,

are
dr -’

Points “Q”, “B”, “X” and “O” are equivalent to FIG. 4, and,
consequently, T, ;- and T .

With respect to pulse oximetry, FIG. 6 illustrates light
absorbance in living tissue. The baseline, static component
(analog to DC) represents absorbance of the tissue bed,
venous blood, capillary blood, and non-pulsatile arterial
blood. The pulsatile component (analog to AC) is due solely
to pulsatile arterial blood.

In pulse oximetry, light is sent through living tissue (target
tissue), and the light absorbance in that tissue is detected.
Pulse oximeters utilize two wavelengths of light, one in the
red band, usually 660 nm, and one in the infrared band,
usually 940 nm. Light emitting diodes in the signal probe
located at one side of the target tissue (usually the finger) emit
light of the appropriate wavelength. The intensity of the light
transmitted through the tissue is measured by a photo-detec-
tor located on the opposite side. Transmitted light intensities
of each wavelength are sampled hundreds of times per pulse
cycle. The variation in absorption of light that is sensed as the
blood vessels expand and contract with each arterial pressure
pulse is registered.

As arterial blood pulses in the fingertip, the path length of
light increases slightly. This increase in path length and light
absorption is due solely to the augmented quantity of hemo-
globin in arterial blood. Hence, pulse oximetry is a non-
invasive method for determining the saturation of red blood



US 8,562,538 B2

11

cell hemoglobin with oxygen. Since this saturation is directly
related to the heart stroke, the temporal interval between
opening and closure of aortic valve, T ,, can be derived from
a plethysmogram obtained by pulse oximetry.

In pulse oximetry, it is assumed that the only pulsatile
absorbance between the light source and photo detector is the
arterial blood. The oximeter first determines the AC compo-
nent of the absorbance at each wavelength and then divides
this AC component by the corresponding DC component to
derive “pulse added” absorbance hat is independent of the
incident light intensity. It then calculates the ratio

_ ACe0/DCo0
ACuo/DCop’

The pulsatile waveform of the AC component takes the
shape of an attenuated arterial pressure pulse tracing.

FIG. 7 shows three waveforms, wherein the waveform
shown at the bottom is a pulse plethysmogram obtained by
pulse oximetry, and wherein the two other curves are electro-
cardiograms shown for comparison. Of that waveform, two
points T, and T, are indicated. T, is the foot of a strong
upslope and corresponds to a local minimum in the plethys-
mogram which can be readily determined by using well-
known methods of waveform analysis using microprocessors
or computers. T, is the dicrotic notch equivalent on the decel-
eration phase of the signal. T, can be readily determined by
searching for an abrupt change in the derivative of the
plethysmogram by using well-known waveform analysis
methods.

The time interval between T, and T, corresponds to the
time interval between points “B” and “X” on the bioimped-
ance waveform. Thus, it is precisely equivalent to the tempo-
ral interval between opening and Closure of aortic valve
(T, ), except for a transit time delay of the propagated
arterial pressure/flow pulse wave measured from proximal to
distal sampling site. The time delay (AT) is dependent on the
distance between aortic root and pulse oximetry sampling
location, and on the ‘stiffness” of the arterial system. AT,
however, has no effect on T, ;.

While prior art utilizes the method of pulse oximetry deter-
mining the saturation of red blood cell hemoglobin with oxy-
gen, a plethysmogram, as shown in FIG. 7, is used for other
purposes than display. Commonly, a microprocessor or com-
puter analysis determines the maximal oxygen saturation
level and the heart rate. The determination of T, from a
plethysmogram obtained by pulse oximetry, however, is not
known in prior art.

An alternative or additional method to obtain a value of
T, 1 1s Doppler velocimetry. Doppler velocimetry makes use
of the Doppler principle. According to the Doppler principle,
the frequency of waves emitted by a moving object is depen-
dent on the velocity of that object. In Doppler velocimetry, an
ultrasonic wave of constant magnitude (in the MHz range) is
emitted into the axial direction of an artery comprising red
blood cells which correspond to the above-mentioned moving
object. The ultrasonic wave is reflected by the red blood cells
(back-scattered) and the reflected wave is detected. Depend-
ing on the velocity of the red blood cells, the frequency of the
reflected ultrasound is altered. The difference in frequency
between the ultrasound emitted (f;,) and that received () by
the Doppler transducer produces a frequency shift

Nfa o

This instantaneous frequency shift depends upon the mag-
nitude of the instantaneous velocity of the reflected targets,
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their direction with respect to the Doppler transducer, and the
cosine of the angle at which the emitted ultrasound intersects
with the targets. The instantaneous frequency shift (Af)) is,
like velocity, a vector, since it possesses the characteristics of
both magnitude and direction. Instantaneous red blood cell
velocity (v,) and the corresponding Doppler frequency shift
(Af) are related by the Doppler equation, which is given as:

2- fo-cosf

Af ==,

where Af; is the instantaneous frequency shift (measured in
KHz),

f, is the emitted, constant magnitude ultrasonic frequency
(measured in MHz),

¢ is the speed (propagation velocity) of ultrasound in tissue
(blood), usually in the range of 1540-1570 m/s,

0 is the incident angle formed by the axial flow of red blood
cells and the emitted ultrasonic signal, and wherein

v, 1s the instantaneous red blood cell velocity within the
scope of the interrogating ultrasonic perimeter or target
volume.

By algebraic rearrangement:

c Af;
g

Since ¢ and {;, are constants,

Af;
Y

Vi .
! cosfl

Moreover, if 6=0°, then cos 6=1, and then

vi=kAf;,
and

v

The system according to the preferred embodiment makes
use of two different kinds of Doppler velocimeters.

In one example, a Doppler velocimeter is placed in the
human esophagus. FIG. 8 illustrates how this method is per-
formed: A Doppler transducer 110 is affixed to the tip of a
pliable plastic catheter 112 having a diameter of about 6 mm.
That catheter 112 is inserted into the esophagus 114 of a
subject (patient) 116. When properly aligned, the Doppler
transducer senses the peak ultrasound Doppler frequency
shift, proportional to peak aortic blood velocity, as well as the
entire time-velocity sequence of ventricular ejection. Since
the descending aorta 118 is located in close proximity to
esophagus 114, Doppler transducer 110 can emit ultrasound
which s reflected by blood in the aorta (indicated by the series
of curves near transducer 110 in FIG. 8).

Ifthe frequency shift Af, is measured, the aortic blood flow
velocity can be derived according to the formula discussed
above. FIG. 9a shows a signal obtained by esophageal Dop-
pler velocimetry. FIG. 95 shows the signal of FIG. 9a after
smoothing. T, ;- can be determined by defining the point T,
when the aortic blood flow velocity starts to exceed the value
of zero, and by defining the point T, when the aortic blood
flow velocity again reaches a value of zero in the smoothed
curve. The esophageal Doppler velocimetry is ideally suited
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for measurement of T, . because of the close proximity of
sensor 110 to descending aorta 118.

If the aortic valve cross-sectional area (CSA) is known,
either by echocardiographic measurement, or by nomogram,
integration of the time-velocity signal produces SV when the
integral of velocity and CSA are multiplied. SV can be cal-
culated as the product of CSA and the systolic velocity inte-
gral, known as SVI, obtained at the site of maximum flow
amplitude.

According to an alternative Doppler velocimetry method, a
Doppler velocimeter transducer is placed over the radial
artery. This method is known in the prior art and is used in
order to obtain information about the total blood flow through
the radial artery. However, usually no waveforms are derived
from such a measurement.

However, such a waveform can readily be derived. FIG. 10
illustrates such a waveform representing the velocity of flow-
ing blood versus time. One can define a first point T, corre-
sponding to a local minimum in the waveform preceding an
upslope ending at the total maximum in a period of the curve.
This local minimum can readily be determined by using well-
known computer-analysis systems.

Furthermore, a second point T, can be determined which is
the absolute minimum of a period of the curve following a
part of the curve descending from the maximum. This point
can be determined by computer analysis, too.

The time interval between T, and T, corresponds to the
time interval between points “B” and “X” on the impedance
or admittance waveforms. Thus, it is precisely equivalent to
the temporal interval between opening and closure of aortic
valve (T, ), except for a transit time delay of the propagated
arterial pressure/flow pulse wave measured from proximal to
distal sampling site.

The pulsatile changes in the periphery follow the pulsatile
changes in the aorta by a time delay (AT), which is dependent
on the distance between aortic root and sampling location on
the radial artery at the wrist, and on the “stiffness” the arterial
system. AT, however, has no effect on T, ..

According to an alterative, or additional, method of deter-
mining T, the arterial blood pressure is measured. Non-
invasive or invasive methods can be used therefore.

Arterial tonometry (a special form of sphygmocardio-
graphy) is a technique employed to measure arterial blood
pressure noninvasively. A tonometric instrument provides a
continuous measurement of blood pressure, as well as regis-
tering the sensed waveform. Its continuous nature is thus akin
to direct, invasive blood pressure methods. Like its invasive
counterpart, arterial tonometry is usually applied to the radial
artery. Tonometric measurements require a superficial artery
close to an underlying bone. The radial artery is most com-
monly used because it is easily accessible, closely apposed to
bone, and the transducer can be easily stabilized at the wrist.

Applanation tonometry typically involves a transducer,
including one or more pressure sensors positioned over a
superficial artery. The radial artery at the wrist is a preferred
superficial artery. Manual or mechanical hands-off affixation
methods provide steady pressure application to the trans-
ducer, so as to flatten (applanate) the wall of the underlying
artery without occluding it. The pressure measured by the
sensor is dependent upon the applied affixation pressure used
to transfix the transducer against the skin of the patient, and on
the arterial blood pressure transducer component, which is
ideally aligned perpendicular to the axial flow of arterial
blood.

Tonometric systems measure a reference pressure directly
from the wrist and correlate this with arterial pressure. The
tonometer sensor continuously transduces the arterial pres-
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sure pulse from systolic expansion and deceleration to aortic
valve closure, and through diastolic decay and recoil. The
radial arterial waveform signal is registered.

FIG. 11 illustrates a waveform derived from radial artery
applanation tonometry, i.e., a representation of the measured
blood pressure versus time. In FIG. 11, the first point T, is
defined where a minimum of the waveform occurs, followed
by a steep upslope of the signal. This minimum can be readily
determined by using computer analysis. The minimum is
followed by an upslope to a maximum, and afterwards the
curve is descending again and reaches a first minimum in
which the point T, is defined. Such a minimum can readily be
determined by using computer methods for waveform analy-
sis. The time interval between T, and T, corresponds to the
time interval between points “B” and “X” on the admittance
waveform. Thus, it is precisely equivalent to the temporal
interval between opening and closure of aortic valve (T, ),
except for a transit time delay of the propagated arterial
pressure/flow pulse wave measured from proximal to distal
sampling site.

The pressure changes in the periphery follow the pressure
changes in the aorta by a delay (AT), which is dependent on
the distance between aortic root and tonometric sampling
location and on the ‘stiffness” of the arterial system. AT,
however, has no effect on T .

The measurement of the radial arterial blood pressure can
also be determined invasively. An invasive arterial pressure
tracing is extracted by cannulation of the radial artery. A
transducer connected by a fluid column provides a continuous
pressure waveform that is used to determine the approximate
arterial pressure. It is assumed that proper zeroing and cali-
bration of the transducer has been effected.

When the clinical situation dictates the need for accurate,
continuous blood pressure measurement, as well as frequent
blood sampling for arterial blood gas analysis, cannulation of
the femoral, brachial, and especially the radial artery is com-
mon.

FIG. 12 illustrates a tracing obtained by invasive radial
arterial blood pressure (curve on the bottom). For compari-
son, an oximeter-derived pulse plethysmogram (in the
middle) and an electrocardiogram (ECG) are also shown. Ina
similar manner as in the case of FIG. 11, in the blood pressure
tracing of FIG. 12, a first point T, ;A is defined as a local
minimum of the waveform, preceding by steep increase of the
pressure waveform. A second point T, ,;,, 1s defined as sig-
nificant change in slope following the absolute maximum of
the plethysmogram. Both points can be readily determined by
using computer waveform analysis. Also shown are the two
points T, poy-and Tz oy, Which have been determined in the
same manner as described above with respect to FIG. 7.

It is to be noted that the time interval on the oximeter
tracing T, pox 10 T,pox 15 equivalent to the time interval
derived from the invasive pressure tracing, T, ;5 t0 Touya-
Both modalities, the noninvasive and the invasive approaches,
respectively, describe the same approximation of T, ., albeit
with a temporal delay from its aortic origins.

Invasively derived blood pressure is one of the most reli-
able methods for the determination of T, ,, despite that this
fact is not commonly acknowledged in the prior art. The
derivation of T, - by means of invasively derived blood pres-
sure can be used as a standard by which all the preceding
methods are assessed.

The continuous waveforms obtained from thoracic electri-
cal bioimpedance, or bioadmittance, esophageal Doppler
velocimetry, radial artery Doppler velocimetry, pulse oxim-
etry, applanation tonometry and invasive arterial cannulation,
demonstrate, regardless of disease state, a distinct slope



US 8,562,538 B2

15

change upon opening of aortic valve, or equivalent upstroke
of peripheral propagated pressure/flow pulse waves. How-
ever, timing of aortic valve closure, especially by waveform
analysis of TEB, is sometimes obscured by the severity of the
disease state, which may render this temporal landmark elec-
tronically indecipherable. Therefore, the critical determinant
of T, ;5 is usually the timing of aortic valve closure. There-
fore, to circumvent this problem, temporal expectation win-
dows can be constructed by two methods: either by approxi-
mating the timely occurrence of the closure of aortic valve as
predicted, or by the width of T, ;. itself; as predicted.

TABLE 1
Repression equations for the QS, interval after Weissler et al.
Standard
Gender Regression equation; [QS,] in s Deviation
Male QS, =-0.0021 - HR + 0.546 0.014 s
Female QS, =-0.0020 - HR + 0.549 0.014s

FIGS. 13a-d illustrate the method by which a time domain
is constructed for predicting the temporal occurrence of aortic
valve closure. Weissler et al. (see article cited above) estab-
lished regression equations for the duration of the systolic
time intervals based on recordings of the electrocardiogram,
phonocardiogram, and carotid arterial pulse tracing. Regard-
ing the time domain expectation window for closure of the
aortic valve, the predictive regression equation for the dura-
tion of the QS, interval is employed (Table 1). Point “Q” is
defined as the onset of ventricular depolarization, i.e., begin-
ning of electrical systole. Point “Q” can be readily determined
as the local minimum in the electrocardiogram preceding the
main peak in the electrocardiogram. Point ‘s,” is defined by
phonocardiography as the second heart sound and corre-
sponds to aortic valve closure. An expectation window can be
constructed by establishing temporal limits prior to and after
the predicted point in time. Depending upon the timely occur-
rence of measured aortic valve closure, by any of the afore-
mentioned methods, within or outside the expectation win-
dows, an algorithmically determined nominal point of aortic
valve closure is assigned. The inherent error of this approach
is determined by the confidence intervals of the estimate. An
alternative method for the construction of an expectation
window is to establish weighted means of all timely occur-
rences of indicated closure points depending on the temporal
distance from the predicted closure of the aortic valve.

This technique can be applied to any of the invasive and
noninvasive methods described above. The closure of the
aortic valve (the end of T,,) corresponds to the ejection
phase of systole, or the end of the Q-S, time interval (elec-
tromechanical systole), determined by phonocardiography.
Weissler et al. determined that Q-S, is independent of the
disease state and virtually constant at any heart rate HR, while
T,z 1s highly variable. Therefore, the expectation window
for T, is focused on the expected occurrence of the end of
QS,. The regression equations for QS.,, as shown in Table 1,
are not applicable or valid in the presence of iatrogenically
induced intraventricular conduction delay of the left bundle
branch block type (i.e., single chamber ventricular pacing) or
in pathologically occurring left bundle branch block.

FIGS. 14a-d illustrate the method an expectation window
is established for T, ;.. Weissler et al. (see article cited above)
determined the regression equations (Table 2) for systolic
time intervals in normal individuals. These regression equa-
tions are not applicable for all patients categorized by certain
cardiopulmonary abnormalities.
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TABLE 2

Regression equations for T; - after Weissler et al.

Standard
Gender Regression equation; [T;;z] ins Deviation.
Male Tzyz=-0.0017- HR + 0.413 0.010s
Female Tzyp=-0.0016 - HR +0.418 0.010s

The user of the invention can implement one, a combina-
tion, or all, alternative aforementioned methods delineated,
dictated by the clinical situation, the constraints of time, and
the necessity for near absolute accuracy of stroke volume,
cardiac output and systolic time ratio measurements deter-
mined by means of TEB.

Since T, is linearly and highly correlated negatively with
heart rate (HR), time domains related to standard regression
equations may be used to identify the time domain in which
aortic valve closure is statistically expected to occur. Algo-
rithmic decision nodes, based on static requirements and/or
artificial neural networks, can determine which method, or
methods, provides the most accurate assessment of T ;.

In each of the methods described above, the expectation
window for the closure of aortic valve (see FIGS. 13a-d) or
for the width of T, ;- itself (see FIGS. 14a-d) can be useful,
and those criteria used to define the points in the respective
curve which are employed to determine T;,. By the appli-
cation of the expectation windows, errors in the determina-
tion of these respective points can be considerably reduced.

Ifthe closure of aortic valve (point “X”) can be definitively
be determined by signal analysis in conjunction with time
windows, this interval will be entered into computation.

If signal failure occurs, such that no alternative method can
provide accurate T,,, measurements, the invention will
default to standard regression equations, and/or alert the user
of inappropriate signal quality. In the rare case that the alter-
native methods fail to provide precise T, measurements,
the invention can default to T, determined by means of
TEB.

Though the system according to the invention has been
described to include apparatuses for employing a plurality of
alternative methods, those systems will fall under the scope of
the invention in which the TEB apparatus for determining
T, 1s combined with at least a second apparatus. Preferably
three out of the alternative methods discussed above are
implemented in a system according to the invention. The
specific system used may be dependent upon the specific
purpose for which the system is to be used, in particular for
the special field in which the medical specialists using the
system works.

Other embodiments of the invention will be apparent to
those skilled in the art from consideration of the specification
and practice of the invention disclosed herein. It is intended
that the specification and examples be considered as exem-
plary only, with a true scope and spirit of the invention being
indicated by the following claims.

We claim:

1. A system for determining the left-ventricular ejection

time T, of a heart of a subject, the system comprising:

a first apparatus for measuring data representing one of
thoracic electrical bioimpedance and thoracic electrical
bioadmittance over time;

at least one second apparatus selected from the group com-
prising:

an apparatus for deriving plethysmogram data,



US 8,562,538 B2

17

an apparatus for deriving signal data representing the
velocity of blood in an artery in the vicinity of the
esophagus of the subject,

an apparatus for deriving signal data representing the
velocity of blood in radial artery of the subject,

a first pressure sensor configured to be non-invasively
attached to the subject, said first pressure sensor for
measuring data representing the blood pressure in an
artery of the subject,

a second pressure sensor configured to be inserted into an
artery of the subject, said second pressure sensor for
measuring data representing the blood pressure in an
artery of the subject,

an apparatus for measuring data representing peripheral
electrical bioimpedance, and

an apparatus for measuring data representing peripheral
electrical bioadmittance; and

a device configured to input and derive from the data
obtained by said first apparatus and said at least one
second apparatus an averaged opening point of the aortic
valve by averaging valve opening time-points measured
by said first apparatus and said at least one second appa-
ratus using predetermined criteria, and further config-
ured to input and derive from the data obtained by said
first apparatus and said at least one second apparatus an
averaged closure point of the aortic valve by averaging
valve closing time-points measured by said first appara-
tus and said at least one second apparatus using the
predetermined criteria, and further configured to deter-
mine a value for T, by calculating the time interval
between the averaged opening point of the aortic valve
and the averaged closure point of the aortic valve.
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2. The system according to claim 1, further comprising:

a device communicating with said first apparatus using the
predetermined criteria to independently define the open-
ing and the closure points of the aortic valve of the
subject based on the data obtained by said first appara-
tus, and

foreach of'said at least one second apparatus selected from
the group, a device communicating with said at least one
second apparatus using the predetermined criteria to
independently define the opening and the closure points
of the aortic valve of the subject based on the data
obtained by said at least one second apparatus.

3. A system according to claim 2, wherein said device
adapted to input, derive, and determine, said device commu-
nicating with said first apparatus, and said device communi-
cating with said at least one second apparatus are formed asa
unit.

4. The system according to claim 1, further comprising at
least one of a display for displaying the value of T, ;. deter-
mined by said system and an output line for electronically
outputting the value of T, . determined by said system.

5. The system according to claim 1, wherein the predeter-
mined criteria includes weighted values for valve operning
time-points and valve closing time-points.

6. The system according to claim 1, wherein said first
apparatus comprises: at least two electrodes attached to the
subject; an alternating current (AC) source connected to said
at least two electrodes and applied to the subject; a voltmeter
adapted to measure a voltage drop across the subject.

7. The system according to claim 6, wherein said electrodes
are adapted to attach to the thorax of the subject.

8. The system according to claim 6, further comprising a
catheter adapted to be inserted in the esophagus of the subject,
wherein said electrodes are placed on said catheter.
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