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7) ABSTRACT

A method is provided for measuring the volume, the com-
position and the movement of electroconductive body fluids,
based on the electrical impedance of the body or a body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters.
According to the method, an alternating measuring current
of at least one frequency is introduced into the body, and the
impedance and temporal variations thereof of essentially the
same body segment through which the alternating measuring
current flows are measured for at least two different mea-
suring lengths (L, 1.2, L3, L4, L5), essentially in the longi-
tudinal direction of the body.
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IMPEDANCE-BASED MEASURING METHOD FOR
HEMODYNAMIC PARAMETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of International
Application No. PCT/AT2003/000302, filed Oct. 7, 2003,
which was published in the German language on Apr. 15,
2004 under International Publication No. WO 2004/030535,
and the disclosure of which is incorporated herein by
reference.

BACKGROUND OF THE INVENTION

[0002] The invention relates to a non-invasive method for
measuring the volume, the composition and the movement
of electroconductive body fluids, based on the electrical
impedance of the body or a body segment, especially for
performing electromechanocardiography (ELMEC) or
impedance cardiography (IKG) measurements for determin-
ing hemodynamic parameters, wherein an alternating mea-
suring current of at least one frequency is introduced into the
body by measuring electrodes applied to the body surface.

[0003] Inmedical practice, it is often necessary to measure
cardiac mechanical activity. There are different methods,
such as echocardiography, for measuring stroke force, inot-
ropism, contractility and ejection fraction. In addition, the
amount of blood a heart ejects in one heartbeat, stroke
volume and other hemodynamic parameters are frequently
determined. If the heart rate is known, cardiac output
(cardiac output=cardiac output per minute=CQO) may thus be
calculated. From these values cardiac function may be
derived, which in turn is a basis for the diagnosis of heart
diseases and new physiological findings. However, echocar-
diography is not really appropriate for monitoring patients
with serious heart diseases in ICUs or during anesthesia
because it requires the permanent presence of medical
personnel. Since this constitutes a serious problem, medics
have numerous other methods at their disposal for deter-
mining CO.

[0004] One such method comprises the introduction of a
catheter into the pulmonary artery and/or into the aorta,
where by means of an indicator value or substance, which
may be heat, cold, sodium chloride or lithium, a drop of said
indicator substance within a measuring distance may be
determined, followed by the determination of CO according
to the Fick principle. A disadvantage of this method con-
cerns the introduction of a catheter into a human vessel and
complications resulting therefrom, such as bleeding and
infections. Consequently, this invasive method involves
high costs with regard to disposable catheters and high risks
for patients. See Dalen, J. E, “The Pulmonary Artery Cath-
eter—Friend, Foe, or Accomplice?’ JAMA, 286(3): 348-350
(Jul. 18, 2001); Polanczyk C. A. et al., “Right Heart Cathe-
rtization and Cardiac Complications in Patients Undergoing
Noncardiac Surgery” JAMA, 286(3): 309-314 (Jul. 18,
2001). The principle of thermodilution or dye dilution is also
susceptible to errors so that usually an average of several
measurements is required to obtain a plausible result. Fur-
thermore, physical strain or other conditions resulting in
body temperature variations also yield wrong results in
thermodilution.

[0005] Recently it has been attempted to use the Flick
principle to determine cardiac output by measuring gases in
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alveolar air. This is made possible by the quick gas exchange
between blood and alveolar air so that the concentration in
these two media can practically be equated. If a gas is added
to alveolar air, its blood concentration increases as well, and
if the gas addition is stopped, gas content decreases in the
blood as well as in the alveolar air, wherein according to the
Fick principle, CO can be calculated from the concentration
decrease within a given time unit.

[0006] One method that has proven especially successful
is CO, rebreathing. Here, a loop is introduced into the
patient’s respiratory tract, and the patient rebreathes his own
exhaled air for a particular period of time to increase CO,
concentration in the blood. A disadvantage of this method is
that the patient has to wear a mouthpiece and keep his
respiration rather steady to guarantee a constant concentra-
tion of breathing gases in the alveolar air and the blood.
Therefore, this method is mainly used during anesthesia
which guarantees a steady tidal volume and a steady respi-
ratory rate. With spontaneously breathing patients, there
remains the disadvantage of respiration through a tube
system with a mouthpiece, which considerably increases
respiratory dead space and airway resistance, and conse-
quently also breathing effort. Furthermore, the method’s
accuracy decreases significantly with spontaneous breath-
ing. Another method for measuring CO consists in a similar
technique where instead of CO, an inert gas is used, which
is inhaled and also quickly equilibrates in the blood.

[0007] Another method involves the determination of
stroke volume and other hemodynamic parameters from the
pulse form, which is sensed at a peripheral artery. Pulse form
variations are partly due to changes of stroke volume and
other hemodynamic parameters, which allows an indirect
derivation of changes of stroke volume and other hemody-
namic parameters by means of a transfer function. This
method, however, requires calibration by one of the above
techniques at the beginning and is not sufficiently accurate.
Another well-known method relates to the transcutancous
measurement of an indicator substance, such as indigo
green, at the capillaries of an ear or finger, which, however,
significantly reduces the accuracy of the Fick principle.

[0008] Another method well known in the art is imped-
ance cardiography (IKG). In this method, a constant alter-
nating electric field is applied to the thorax, and the alter-
nating voltage variation caused by the alternating electric
field indicates a change of thoracic fluid content. More
particularly, with this method resistance to alternating cur-
rent (impedance) is measured, which is a measure for the
change of thoracic fluid content. The change of the thoracic
fluid content, on the other hand, is a measure for the amount
of blood ejected per stroke. From stroke volume and other
hemodynamic parameters (SV) and the heart rate (HR),
cardiac output (CO=SV*HR) can be calculated.

[0009] Usually a pair of electrodes leading a current to the
body is attached above or at the upper limit and below or at
the lower limit of the thorax. Between this pair of electrodes,
a second pair of electrodes is attached for measuring the
resulting alternating current. The inner pair of electrodes
must be kept at a particular distance so that the upper voltage
electrode is positioned at least at glottis level, and the lower
electrode at xiphoid level. The distance between the two
electrodes also depends on the thorax length and is hereafter
called electrode measuring length L. Impedance is calcu-
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lated according to the following formula: Z(t)=u(t)/1,, where
u(t) is the changing alternating current and I, is the alter-
nating current constant effective current intensity impressed
into the body.

[0010] So far, either circular electrodes or spot electrodes
similar to ECG electrodes have been used for this purpose.
Austrian patent application A 392/2001, filed on Mar. 13,
2001, by J. Fortin et al. for “Medical Electrode” describes a
new electrode arrangement, where two strip electrodes run
parallel to each other over a short distance on the same sheet,
their distance from each other being exactly preset by the
common carrier sheet and reproducible. One of these par-
allel strip electrodes mounted on the common carrier sheet
serves for the application of the measuring current, the other
parallel strip electrode is intended for sensing the measuring
voltage. The upper pair of electrodes (or double electrode)
can be positioned, for example, at the neck, the lower pair
of electrodes left and right, respectively, at the inferior
thoracic aperture. This electrode arrangement shows much
better reproducibility of results than former circular elec-
trodes and the spot electrodes described in the U.S. Pat. No.
4,450,527 of Sramek for “Noninvasive Continuous Cardiac
Output Monitor,” see FIG. 1a+FIG. 1b.

[0011] Disadvantages of the above impedance technique
relate to the fact that the results are calculated according to
the Kubicek equation (Kubicek, W. G., et al., “Development
and Evaluation of an Impedance Cardiac Output System,
“Aerospace Medicine 37,1208-1212 (1966); and “The Min-
nesota Impedance Cardiograph—Theory and Applications,
“Biomed. Eng., 9(2): 410-416 (1974)) or the Sramek
equation (U.S. Pat. No. 4,450,527 of Sramek et al.; Sramek,
B., “Noninvasive Continuous Cardiac Output Monitor”;
Sramek, B., “Noninvasive Technique for Measurement of
Cardiac Output by Means of Electrical Impedance,”Pro-
ceedings of the Vth ICEBI, Tokyo (1981); and Sramek, B. et
al., “Stroke Volume Equation with a Linear Base Impedance
Model and Its Accuracy, as Compared to Thermodilution
and Magnetic Flowmeter Techniques in Humans and Ani-
mals, Proceedings of the Vih ICEBI, Zadar, Yugoslavia, p.
38 (1983)), respectively, both being based on strongly
simplified assumptions about the human body. These
assumptions are only partly true, which leads to consider-
able errors in the calculation of stroke volume and other
hemodynamic parameters as well as of cardiac output.

[0012] Equation 1 shows the Kubicek equation for calcu-
lating stroke volume and other hemodynamic parameters
from a variation of the impedance signal:

L* €8]
SV =ps—5 - LVET-(Z]d D)
0

[0013] Herein, L is the measuring length in cm between
two electrodes on the body surface, p is the resistivity of the
blood in © cm, Z, is the base impedance in Q, (dZ/dt),,,.. is
the maximum of the first derivative of electrical resistance
and impedance variations with respect to time in Q/sec by
cardiac activity and LVET, left ventricular ejection time in
sec.
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[0014] As can be seen, the electrode measuring length L
enters the equation as a quadratic value, wherein, at present,
this electrode measuring length is determined on the thorax
surface.

[0015] Furthermore, blood resistivity p is a linear value in
the formula, which means that blood resistivity mainly
depends on the blood’s content of red blood cells. According
to the law by Lamberts, R. et al., “Impedance Cardiogra-
phy,” Van Gorcum, Assen, Holland (1984)], p can be
approximately calculated from the hematocrit Het by means
of the formula

=71.24,¢0-000358 et pover 2 2

[0016] or estimated by means of a similar formula or, in
other methods, simply kept constant. What is not taken into
account here is that blood conductivity is not only influenced
by the hematocrit, but also by the ionic concentration in
plasma as well as proteins contained therein. Therefore, an
empirically determined equation, which takes into account
only one and not all blood components, will never give the
exact conductivity or resistance of blood. Furthermore,
blood conductivity is also influenced by the flow rate, since
with higher velocity erythrocytes are oriented lengthwise
and consequently increase fluid cross section. With even
higher velocities and resulting turbulences, blood resistance
can increase even further.

[0017] The formula according to Sramek uses 17% of
standing height instead of the electrode measuring length,
since it has been empirically shown that thorax length
corresponds approximately to 17% of total body length.
Another assumption in this formula is the divisor 4.25,
which arises from an estimated relation between electrode
measuring length and waist circumference as well as an
estimated constant relation between a cylindrical thorax
model and a truncated-cone thorax model (see U.S. Pat. No.
4,450,527, column 5, line 50ft). Body length H therefore
even enters the formula as a cubic value.

(017 Hy
SV = .LVET
.LS

dZ]di),,. ©)

[0018] Bernstein, D. P. et al. (see “A New Stroke Volume
Equation for Thoracic Eectrical Bioimpedance: Theory and
Rationale,”Critical Care Medicine, 14: 904 to 909 (1986))
“corrected” this formula by multiplying the above formula
by a correction factor 0.

6=B(ereal/vvideal) (4)

[0019] wherein B is a blood volume index, and W, ,__, and
W,..; are the ideal and real weights of an individual.

[0020] The ideal weight for men is

W ideal=0.534H-17.36 Q)
[0021] The ideal weight for women is

W ideal=0.534H-27.36 (©
[0022] Herein, H is the standing height in cm.
[0023] This shows that in all equations different measuring

units are mixed. Consequently, the resulting equations have
nothing to do with correctly derived, credible mathematics.
By introducing anthropometric values into such an equation,
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indirect measures for stroke volume and other hemodynamic
parameters of the heart of healthy individuals are directly
involved in the calculation of stroke volume and other
hemodynamic parameters. In individuals with healthy
hearts, CO shows a perfect relation to the body surface.
Consequently, the formula contains a parameter which has
nothing to do with the measurement of stroke volume and
other hemodynamic parameters, i.e. the patient’s body mea-
surements. Based on standing height and resulting electrode
measuring length L between glottis and xiphoid, tall patients
therefore automatically have larger stroke volumes and
higher other hemodynamic parameters than small patients.
The above formula by KUBICEK directly includes a mea-
sure for body dimensions as well.

[0024] As shown in FIG. 1, the measuring length between
the electrodes, when placed correctly between the superior
and inferior thoracic apertures, correlates surprisingly well
with the patient’s height.

[0025] According to the above, in individuals without
heart diseases, hemorrhagically measured stroke volume and
other hemodynamic parameters correspond well with
impedance cardiography results because real standing height
is a measure for cardiac output. A tall and heavy individual
actually has to transport much more blood to tissue within a
certain time unit than a delicate individual. With heart
diseases, this principle does not hold anymore so that the
correlation between actual cardiac output and cardiac output
measured by impedance cardiography is bad or not existent
because body measurement values introduced into the for-
mula loose their significance. In individuals with heart
diseases, this leads to an enormous bias towards normal and
thus incorrect high values.

[0026] Additionally, values determined by impedance car-
diography are distorted in the wrong direction, that is
towards too high CO values, because of the following
phenomenon. Due to their illness, patients with cardiac
insufficiency usually have more body fluid in their thorax
than individuals with healthy hearts. The increased thoracic
fluid content reduces base impedance Z, in Q by nature. This
value enters the respective calculation formula in an inverted
(Sramek) or quadratically inverted form and gives CO
values that are too high, which can lead to fatal diagnostic
errors. In individuals with healthy hearts, Z, is a measure for
thorax geometry, which is not the case in patients with
increased thoracic fluid content.

[0027] This is illustrated in FIG. 2. Here the ejection
fraction EF was measured echocardiographically according
to the Simpson technique in patients with and without
cardiac insufficiency and compared with CO. The echocar-
diographic parameter EF was used instead of echocardio-
graphically measured CO because this value can be deter-
mined much more accurately. As can be seen, there is no
relation between CO and ejection fraction, a relation that
would, however, be expected to exist if impedance cardi-
ography was a suitable method for cardiac insufficiency.

[0028] Consequently, impedance cardiography has not
really become accepted by cardiologists, at least in Europe,
because correspondence with the actual stroke volume and
other hemodynamic parameters may be good in individuals
with healthy hearts, but in individuals with heart diseases,
where the results are really decisive for diagnosis, accurate-
ness is rather poor. In the United States, the technique has
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nevertheless been increasingly used because it has been
shown that relative changes of stroke volume and other
hemodynamic parameters can thereby be monitored rather
conveniently so that effects of pharmacological interven-
tions can be determined very well, even if the absolute
values are wrong.

[0029] Furthermore, none of the apparatus currently avail-
able on the market is able to provide results for stroke
volume and other hemodynamic parameters or CO without
first entering standing height or thorax length between the
electrodes, ie. a different measure for standing height.
Especially in intensive care units, a patient’s weight and
height can often not be measured or asked for. Entering a
wrong value, which in practice can happen easily, would
even further distort the results.

[0030] An apparatus or a method for measuring cardiac
output should, however, be able to give reliable results
without a priori knowledge about standing height and
weight, as is the case with the gold standard of thermodi-
lution and other methods using the Fick principle, for
example the CO, rebreathing technique or other breathing
gas methods. As soon as a priori knowledge about body
measurements is used, the measuring results are pushed into
the direction where the CO value should be, i.c., a bias is
introduced into the equation that simulates good results of
the respective method in individuals with healthy hearts.
Furthermore, in case of electrically measured cardiac output
only electrically measured parameters should be introduced
into an equation.

[0031] U.S. Pat. No. 4,450,527 describes an apparatus for
impedance measurements where the dimensions of the tho-
rax, especially the measuring length between the electrodes,
where the measurements are conducted, have to be deter-
mined and entered. Thorax impedance is measured as a
function of time and effects caused by respiration move-
ments are eliminated so that the patient can breath normally
during the measurement process. Spot electrodes for current
impression as well as sensing of a measuring voltage are
positioned in the neck area and sternum area. The measuring
length between the lower and upper electrodes is not
changed during the measurement.

[0032] U.S. Pat. No. 5,109,870 describes a catheter for
measuring motility and peristalsis in tubular organs, e.g. the
esophagus, by simultaneous, multiple impedance measure-
ments, which catheter includes an insulating plastic tube,
annular electrodes and interior channels for electrode leads.
The annular electrodes are connected to impedance trans-
formers which convert the measured signals into voltage or
current signals so that they can be displayed. Due to this
multiple electrode arrangement a simultaneous measure-
ment of a plurality of measuring channels is possible in order
to draw conclusions with regard to movement and transport
characteristics of the organ being measured. For this purpose
the catheter has to be inserted into the organ and fixed
therein in a particular position. Even for patients in good
health condition, this measuring method is rather strenuous
and can therefore not be repeated arbitrarily often. Cardiac
output is not determined with said method.

[0033] U.S.Pat.No. 4,951,682 discloses a cardiac catheter
for measuring cardiac output by means of a plurality of
spaced ring electrodes. In the introduction (column 2, sec-
ond paragraph), this document mentions non-invasive tech-
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niques for obtaining cardiac output and holds that these have
severe limitations and that invasive measurements by means
of cardiac catheters show decisive advantages. Only inva-
sive cardiac catheter measurements are mentioned, which by
nature cannot be repeated very often on one patient and may
entail serious complications.

[0034] U.S. Pat. No. 4,947,862 describes a device for the
measurement of the amount of body fat on a patient by a
applying high-frequency current to the body and sensing a
voltage. It comprises magnitude and phase detection circuits
for measuring the magnitude and phase of the produced
voltage signals with reference to the impressed current.
Here, standing height, weight and age have to be determined
and entered into an input device, wherein measuring errors
relating to these values enter the calculation of the amount
of body fat.

[0035] Finally, U.S. Pat. No. 5,063,937 discloses a mul-
tiple frequency measurement system for determining bio-
impedance of a patient’s body over a large frequency range,
wherein errors in the determination of the measuring length
between the electrodes are not taken into consideration.

BRIEF SUMMARY OF THE INVENTION

[0036] It is thus an object of the present invention to
provide a method as mentioned in the beginning, particu-
larly for determining stroke volume and generally for mea-
suring other hemodynamic parameters, such as inotropism
or ejection fraction, by means of impedance cardiography,
which helps to overcome the above disadvantages.

[0037] According to the present invention this is achieved
by introducing an alternating measuring current of at least
one frequency into the body and by measuring the imped-
ance and temporal variations thereof of essentially the same
body segment through which the alternating measuring
current flows for at least two different measuring lengths,
essentially in the longitudinal direction of the body.

[0038] By measuring the impedance and its variation for
two different measuring lengths, the actually electrically
participating “operational body segment length” and the
actually participating electrically “operational body segment
volume” and the actually measured “operational resistivity”
of the blood can be electrically determined by solving
equations with several unknowns, or this additional infor-
mation can, with empirically determined equations, be
entered into a so-called “black box” model, into which only
electrically measured values are entered. Consequently, the
dependence on body measurements and other information of
the body is eliminated.

[0039] Since impedance changes in the thoracic area have
special significance in the determination of cardiac output,
and since it has proven advantageous to change the electrode
measuring length in the main flow direction of blood, a
further aspect of the present invention consists in that the
impedance is sensed at the thorax close to the inferior and
superior thoracic apertures for at least two different mea-
suring lengths of essentially the same body segment.

[0040] Another embodiment of the invention, where the
impedance is measured on the trunk near the upper and
lower ends of the trunk for at least two different measuring
lengths on essentially the same body segment, has the
advantage that additionally the impedance of the extremities

Aug. 11, 2005

can be measured over two different distances, providing an
operational length and an electrically participating volume,
respectively, for this area as well.

[0041] Introduction of the measuring current at the thorax
or trunk area leads to current antinodes in the body interior,
while usually a strongly linear current propagation is pref-
erable for the measurement, which can be achieved by
current introduction at the extremities. Another embodiment
of the invention may comprise the introduction of a current
at or close to the lower body end instead of the inferior
thoracic aperture as well as impedance measurements at the
thorax and/or at the trunk and/or at the extremities, and that
for two different measuring lengths.

[0042] Inthe determination of some hemodynamic param-
eters or parameters concerning fluid balance, it may be an
advantage to additionally measure whole-body impedance,
i.e. impedance between the lower and upper body end. This
additional measurement of whole-body impedance is not
only applicable to the method of the present invention, but
also to any other conventional impedance cardiography
measuring method, and it is therefore claimed independently
of the measuring method of the present invention with
different electrode measuring lengths, i.e. also with regard to
known prior art categories of methods.

[0043] Maximum accuracy and reproducibility of imped-
ance measurements are also provided if the difference
between the two different measuring lengths is small com-
pared to the length of the measured body part, especially if
the ratio of the length of the examined body part to the length
difference is 3:1 to 50:1, most preferably approximately
10:1.

[0044] In impedance measurements on the body, an alter-
nating measuring current may be impressed by means of
current electrodes spaced from each other on the body
surface by a current electrode measuring length, and a
measuring voltage produced by the measuring current may
be sensed by means of voltage electrodes spaced from each
other on the body surface, especially the thorax surface, by
a voltage electrode measuring length, whereafter the elec-
trical impedance and variations thereof may be calculated
from the measuring current and the measuring voltage.

[0045] An embodiment of the invention can comprise the
calculation of an operational electrode measuring length or,
if necessary, also an operational distance between electrodes
from the impedance values determined for different mea-
suring lengths between electrodes. Based on these values
actually effective in the body, a reliable determination of the
impedance or variations thereof may be achieved. Conse-
quently, variations of the electrode measuring length do not
have to be determined manually anymore.

[0046] This allows the calculation of the electrically
operational length of the body segment from the formula
L,=d/(Z,,Z,,-1), where d is the difference between the two
electrode measuring lengths used for the measurement, Z,
is the impedance for the longer electrode measuring length,
and Z,, is the impedance for the shorter electrode measuring
length.

[0047] Inorder to avoid asymmetric current distribution in
the patient’s body, another embodiment may comprise the
provision of voltage electrodes at the inferior thoracic aper-
ture as double electrodes on the left and right side, respec-
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tively, of the thorax, wherein electrodes positioned at the
same distance in the longitudinal direction are electrically
connected to each other.

[0048] Alternatively, it can be provided that the electrodes
on the left and right side, respectively, of the thoracic
aperture may selectively be switched off.

[0049] When positioning measuring electrodes on the
trunk, an advantageous embodiment of the method of the
present invention consists in the provision of voltage elec-
trodes at the lower end of the trunk as double electrodes on
the left and right side, respectively, of the lower end of the
trunk, wherein the electrodes positioned at the same distance
in the longitudinal direction are electrically connected to
each other. Consequently, the measurement may include a
relatively large body volume. Here, the electrodes on the left
and right lower end of the trunk, respectively, may selec-
tively be switched off.

[0050] The provision of at least one further current elec-
trode and/or voltage electrode results in a change of the
electrode measuring length of the current electrodes and/or
voltage electrodes with respect to another electrode element,
preferably in the longitudinal direction of the body, and thus
in the main flow direction of the blood, so that the mea-
surement of the impedance or temporal variations thereof in
the thorax can be conducted simultaneously or sequentially
for the shorter and longer electrode measuring length. This
change of the electrode measuring length L. should be
constant, known or calculable.

[0051] In an above-mentioned method, objects of the
present invention may also be achieved by measuring the
electrical impedance at two or more measuring frequencies
and determining the portions of the intra- and extracellular
spaces, followed by the use of these values for the calcula-
tion of stroke volume and other hemodynamic parameters.
This method can, independently of the defined change of
measuring length of the present invention, also be applied in
a conventional two-electrode system or in combination
therewith. By choosing the two measuring frequencies, the
property of blood to show different resistances at different
frequencies can be used for determining different hemody-
namic parameters depending on blood resistivity.

[0052] The number of different frequencies applicable to
the method of the present invention is not bounded above,
and a continuous sweeping of a frequency band, preferably
from a lower measuring frequency to a higher measuring
frequency, lies within the scope of the invention, wherein the
lower measuring frequency according to a preferred embodi-
ment of the invention is approximately 1 kHz and the higher
measuring frequency approximately 1000 kHz at most.

[0053] A phase angle between measuring current and
measuring voltage at different frequencies may also be a
measure for the determination of hemodynamic parameters.

[0054] An advantageous embodiment of the present
invention may comprise the simultaneous measurement of
the electrical impedance or impedance variations with
respect to time at two measuring frequencies. The two
frequencies can, for instance, be separated by a frequency
filter (frequency multiplexer). Alternatively, several measur-
ing frequencies can be measured alternately within very
short time frames. From the different impedance values,
which may be measured at different frequencies, body fluid
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distribution can be determined, which allows conclusions
with regard to thorax geometry.

[0055] Another embodiment of the method of the present
invention may comprise the measurement of the impedance
at three different frequencies, wherein the different frequen-
cies are 1 to 10 kHz, 30 to 100 kHz and more than 200 kHz.

[0056] As mentioned above, one of the problems of
impedance cardiography consists in the determination of
blood resistivity, which plays a role in several calculation
formulas for hemodynamic parameters. Since the determi-
nation of the maximum temporal derivative of impedance
with respect to time at increasing frequencies is a measure
for blood resistivity, the objects of the present invention may
be achieved by determining maximum temporal variation of
the measured impedance values (dZ/dt) at at least two
different measuring frequencies, and by determining there-
from the resistivity of the blood present in the body. Such a
measurement may be conducted with or without changing
the measuring length between the voltage or current elec-
trodes.

[0057] From the impedance changes, for instance at a high
and at a low measuring frequency, a ratio may be calculated,
which is a measure for the erythrocytes deformed in the
aorta by acceleration. From this ratio, another parameter
may be derived by appropriate mathematical signal analysis,
which parameter is of importance for the calculation of
stroke volume.

[0058] According to an improved embodiment of the
present invention, the maximum temporal variation of the
measured impedance value, especially in relatively small
time frames, at different times of the cardiac cycle may thus
be determined. This leads to a time average of impedance
value changes over the cardiac cycle.

[0059] The determination of mean values from extreme
values of a cardiac cycle may, according to a further
embodiment of the present invention, be achieved by setting
the time slots at an abrupt rise of resistivity and at the time
of minimum blood flow at the end of a diastole.

[0060] If time slots are put over the entire cardiac cycle in
the form of small floating time slots, the accuracy of the
method of the present invention may be increased.

[0061] Finally, an important advantage of the method of
the present invention is that empirical equations that have
been determined by means of a gold standard, such as the
Fick principle for stroke volume or echocardiography or
isotope methods for other parameters, such as ejection
fraction, pulmonal wedge pressure, diastolic function and
the like, may be used for measuring hemodynamic param-
eters, underwater weighing or DXA techniques, and dilution
techniques for body fluid. These empirical equations can, for
instance, be obtained by means of partial correlations and
multiple regression equations, or by means of neural net-
works or other “machine learning” methods.

[0062] When using two spaced voltage electrodes, the
measuring voltage for the first voltage electrode measuring
length and for a second voltage electrode measuring length
differing from the first one are determined, and from the
measurement values the operational length for impedance
determination is determined in contrast to a reference elec-
trode.
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[0063] In order to be able to determine the distance
between the voltage electrodes by measuring electrical
quantities, another embodiment of the present invention
provides for the determination of the measuring voltage for
a third voltage electrode measuring length differing from the
first and second ones.

[0064] Furthermore, by positioning electrodes at the
periphery or at the extremities or at the upper and lower
body end, whole-body impedance at different frequencies as
well as body fluid with its fractions, such as extracellular
space and intracellular space, may be determined, and the
relation between body fluid and electrically participating
thoracic volume allows further conclusions with regard to
actual stroke volume and other hemodynamic parameters. If
additionally measurements with different frequencies are
conducted at the extremities, the intracellular space and
extracellular space may be determined, and these values as
well as their relation to each other can be introduced into an
equation for calculating cardiac output. Since intracellular
space and extracellular space show characteristic variations
in individuals suffering from heart diseases, further conclu-
sions with regard to cardiac function may be drawn. Cardiac
insufficiency, for instance, leads to a decrease of intracellular
space and an increase of extracellular space.

[0065] Another embodiment of the present invention may
comprise the impression of the measuring current by means
of two current electrodes at the upper and lower end,
respectively, of a body extremity, for instance a leg, e.g. an
ankle, and/or an arm, e.g. a wrist.

[0066] All substances involved in the impedance measure-
ment on the body depend on the frequency, which may
provide important information on the constitution of the
organism to be measured.

[0067] Consequently, the measuring current should be
impressed at different measuring frequencies, and the
according measuring voltage values and temporal variations
thereof, especially during a cardiac cycle, should be deter-
mined. Frequencies used herein should result in a measur-
able variation of blood impedance values.

[0068] An advantageous signal-to-noise ratio in the deter-
mination of the measuring values may be achieved by
impressing, according to a further embodiment of the
present invention, the measuring current over several dif-
ferent voltage electrode measuring lengths and at several
different measuring frequencies, followed by the determi-
nation of the measuring voltage caused by the measuring
current.

[0069] Furthermore, it may be advantageous for the deter-
mination of the impedance character (inductive or capaci-
tive) to determine the phase angle between measuring cur-
rent and measuring voltage.

[0070] Furthermore, the use of amplitudes, areas, and
ascending or descending tangents of the impedance waves
B, C, X and O independently or together is advantageous for
calculating hemodynamic parameters.

[0071] Another variant of the method of the present inven-
tion may comprise the determination of the sodium content
in serum and its use in the calculation of relevant param-
cters.
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[0072] Furthermore, the sodium concentration in serum
may be mathematically estimated by the method of the
present invention and obtained as a result.

[0073] Additionally, hormones, such as ADH and natri-
uretic peptide, especially the atrial natriuretic hormone, the
brain natriuretic peptide and precursors thereof regulating
body fluids, fractions and the composition thereof, may be
estimated by the method of the present invention by means
of empirical equations and obtained as a result.

[0074] Using modern communication means, data
obtained by the method of the present invention may be
processed by sending the results in digital form to a central
station, preferably by telephone or e-mail, where they are
further processed and assessed, whereafter all necessary
measures and therapy changes are transmitted to the patient
from a remote place.

[0075] Furthermore, the invention is related to an appara-
tus for measuring electrical impedance or temporal varia-
tions thereof in a human body, especially for performing
electromechanocardiography or impedance cardiography
(IKG) measurements for determining hemodynamic param-
eters.

[0076] According to the present invention, the above
object of the invention is achieved by providing two voltage
electrodes, at least one of which is provided as a double
voltage electrode element, wherein the impedance and tem-
poral variations thereof between the two voltage electrodes
may be sensed.

[0077] By providing the voltage electrode in the form of a
double voltage electrode element having two electrodes
spaced from each other in a known distance, the difference
between two electrode measuring lengths with regard to the
other voltage electrode is predefined so that an operational
electrode measuring length may be determined from two
measuring voltages sensed at the double voltage electrode.

[0078] An embodiment of the double voltage electrode
element adaptable to the body shape may be obtained by
attaching the at least one double voltage electrode element
to a common insulating carrier sheet.

[0079] In a further embodiment of the invention, at least
one of the voltage electrodes comprising a triple electrode
element may consist of a current electrode and two voltage
electrodes. When implementing the method of the present
invention, the introduction of an alternating measuring cur-
rent and the sensing of measuring voltages may thus be
conducted at a single electrode element. More particularly,
the current electrode and the double voltage electrode ele-
ment may be fixed to a common carrier sheet as a triple
electrode element.

[0080] In order to allow impedance measurements accord-
ing to the present method without manual replugging or
switching, the invention may provide that all electrode
element terminals are brought together in a distribution
element by means of connecting leads, and that the distri-
bution element is connected to measuring lines and control
lines of a measuring device.

[0081] Another possibility to automate the method of the
present invention may comprise a controllable distribution
element so that the electrode elements are connectable to
different measuring lines and control lines of the measuring
device.
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[0082] Since the impedance values measurable by means
of the measuring system of the present invention depend on
the position of the respective human body in space, it is
advantageous to record the angle between the longitudinal
body axis and the horizontal or perpendicular. Another
embodiment of the measuring system of the present inven-
tion may provide for an angle meter for measuring body
inclination. Preferably, it is positioned on the distribution
element.

[0083] Furthermore, the present invention relates to a
medical electrode element for measuring the electrical
impedance or temporal variations thereof in a human body,
especially for performing electromechanocardiography or
impedance cardiography (IGK) measurements for determin-
ing hemodynamic parameters, by means of a first current
electrode, which has an electrical terminal for impressing an
alternating measuring current, and a first voltage electrode
spaced therefrom, which has a voltage terminal for sensing
an electrical measuring voltage, wherein at least one further
voltage electrode is provided with a voltage terminal, and
wherein the at least one further voltage electrode is/are
positioned in a distance from the first voltage electrode, for
implementing the method of the present invention, wherein
the first voltage electrode as well as the at least one further
voltage electrode are provided as parallel, electroconductive
strips and the widths of the strips are equal to, preferably
smaller than, the distance between the strips.

[0084] The provision of strip-shaped electrodes leads 1o a
relatively high measuring volume, e.g. within the thorax,
whereby significant measurement results for the determina-
tion of body impedance may be obtained.

[0085] In contrast to the conventional four point method
(two current electrodes and two voltage electrodes), here a
further voltage electrode and optionally a further current
electrode are provided, which are placed on the body in a
way to make sure that the attachment of these additional
voltage and/or current electrodes results in a change of the
measuring length L between the voltage electrodes or the
current introduction sites of at least two electrode elements
placed on the patient’s body, preferably in the longitudinal
direction of the body and thus in the main flow direction of
blood, so that simultaneous or sequential measurements of
the impedance and temporal variations thereof in the body
segment may be examined—for the shorter as well as the
longer measuring length between the respective electrodes.

[0086] By introducing further degrees of freedom, ie.
different measuring lengths between the voltage electrodes
and live electrode pairs, the actually electrically participat-
ing “operational thorax length” and the actually participating
electrical “operational” thorax volume and the actually
measured “operational resistivity” of the blood, respectively,
may be electrically determined by solving equations with
several unknowns, or this additional information can, with
empirically determined equations, be entered into a so-
called “black box” model. Consequently, only electrically
measured values enter this formula. The problem of standing
height, i.e. that stroke volume and other hemodynamic
parameters can only be correctly determined in healthy
individuals based on advance anthropometric information, is
thereby eliminated.

[0087] In another embodiment, the at least one further
voltage electrode is formed by a second voltage electrode,
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which is positioned in a known, constant or calculable
distance (d) from the first voltage electrode.

[0088] Thus, the measuring voltage towards a reference
voltage, which is introduced into a different body area, may
be sensed at the first voltage electrode as well as at the
second voltage electrode, and based on the known distance
d between the first and the second voltage electrodes, an
operational measuring length for the reference voltage elec-
trode for impedance determination may be calculated from
the obtained measuring values.

[0089] The distance d between the first and second voltage
electrodes is known due to the design of the electrode
element of the present invention, however, it has proven
advantageous to additionally determine an operational dis-
tance between the first and second voltage electrodes in line
with the determination of an operational measuring length.

[0090] According to another embodiment of the present
invention, this may be achieved if the at least one further
voltage electrode consists of the second voltage electrode
and a third voltage electrode, the third voltage electrode
being positioned in a distance from the first voltage elec-
trode.

[0091] Tt has been shown that the use of strip electrodes
provides a high level of reproducibility of the values mea-
sured by means of the electrode element of the present
invention if the ratio of strip length to distance between
electrodes is in the range between approximately 2, prefer-
ably 4, and approximately 15, preferably 10.

[0092] According to a further embodiment of the inven-
tion, the distance between individual electrodes may be kept
constant by positioning the first voltage electrode and the
first current electrode as well as the at least one further
voltage electrode andfor the at least one further current
electrode on a common, electrically insulating carrier mate-
rial.

[0093] The carrier material may consist of a carrier sheet,
wherein the first voltage electrode and the first current
electrode as well as the at least one further voltage electrode
and/or the at least one further current electrode are secured
on one side of the carrier sheet and preferably provided with
an electroconductive adhesive layer. Thus, a constant spac-
ing of the individual electrodes on the body surface can be
guaranteed during the implementation of the method of the
present invention.

[0094] In another embodiment of the present invention,
the carrier material may comprise a plurality of sheet strips
with adhesive surfaces, onto which the first voltage elec-
trode and the first current electrode as well as the at least one
further voltage electrode and/or the at least one further
current electrode are attached, the sheet strips with the
electrodes secured thereon being able to adhere to a common
base carrier sheet in a substantially parallel arrangement,
wherein the base carrier sheet may be pulled off from the
body surface after the attachment of sheet strips thereto.
After pulling off the base carrier sheet, only the sheet strips
with one electrode each remain adhered to the patient’s body
and are in electrical contact with the body surface. While
thereby a constant spacing of the individual electrodes is
maintained, the small total contact surface results in a clear
reduction of skin irritations so that the electrodes can be kept
in longer contact with the patient.
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[0095] In order to achieve a reliable and easy-to-handle
connection to the leads required for the operation of the
electrode elements of the present invention, in another
embodiment of the present invention, the carrier sheet may
on one longitudinal end be tapered to a plug-type surface, on
which the first voltage electrode and the first current elec-
trode as well as the at least one further voltage electrode
and/or the at least one further current electrode are closely
spaced.

[0096] In another embodiment, the first voltage electrode
and the first current electrode as well as the at least one
further voltage electrode and/or the at least one further
current electrode are provided in the form of spot electrodes
spaced from each other by means of spacers, such as another
carrier sheet, a tensioned band or cable, or rigid spacers. In
this way, impedance measurements may be conducted on
very small contact areas on the body surface.

[0097] Furthermore, the invention relates to a measuring
system for measuring electrical impedance and temporal
variations thereof in a human body, especially for perform-
ing impedance cardiography (IKG) measurements for deter-
mining hemodynamic parameters, by means of an alternat-
ing measuring current source and a first voltage measuring
device as well as a medical electrode element of the present
invention, the measuring current source being connectable
to the current electrode and the voltage measuring device
being connectable to the first voltage electrode of the
electrode element.

[0098] In measuring systems for measuring electrical
impedance in a body currently in use, the measuring length
between two electrode elements for impedance measure-
ments or at least the patient’s standing height have to be
determined, e.g. by means of a tape measure. Measuring
inaccuracies and the fact that the actually electrically opera-
tional measuring length differs significantly and unpredict-
ably from the distance between the individual electrodes,
which distance is to be measured on the body surface, lead
to measurement errors and inaccuracies.

[0099] Tt is thus an object of the present invention to
provide a measuring system as described above which
overcomes the above problems.

[0100] The present invention achieves this object by pro-
viding a selector switch which connects the voltage mea-
suring device either to the first voltage electrode or to the at
least one further voltage electrode. Alternatively, the mea-
suring system may also provide for a simultaneous mea-
surement for different measuring lengths.

[0101] From the known distance between the first and the
further voltage electrode, the actual measuring length
towards a reference electrode may be determined, which is
used for the determination of the impedance by means of the
impressed current and the sensed voltage values.

[0102] Since the results of impedance measurements on
the patient’s body depend on the frequency, in an improved
embodiment of the present invention the alternating mea-
suring current source can have a, optionally continuously,
variable measuring frequency. Thus, the effects of body
components such as blood, tissue and bones on the mea-
surement results at different measuring frequencies can be
determined.
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[0103] In this connection, a phase detector for determining
the phase angle between the measuring current of the
measuring current source and the measuring voltage mea-
sured by the voltage measuring device may be provided in
order to gain another measurement value from the phase
angle.

[0104] Since the different impedance values, which can be
determined by the measuring system of the present inven-
tion, depend on the position of the human body in space, it
is advantageous to record the angle between the longitudinal
body axis and the horizontal or perpendicular. Another
embodiment of the present measuring system may provide
for an angle meter for measuring body inclination. This can
preferably be positioned in a distribution element.

[0105] The measuring electrodes of the present invention
may also be used for other purposes, wherein it seems to be
advantageous to connect the electrode elements according to
another embodiment of the invention to an ECG measuring
device.

[0106] Since the electrode element of the present inven-
tion described herein and the accordingly implementable
method of the present invention have no great resemblance
to current impedance cardiography, we propose the new
term “multi site frequency electromechanocardiography
(msf-ELMEC)” for the method and measuring system of the
present invention described herein, which allow for the
determination of all determinable parameters of cardiac
function, such as stroke volume, inotropism, ejection frac-
tion, diastolic cardiac function, valve alterations, and poten-
tial other hemodynamic parameters, e.g. pulmonary pres-
sure, and other important parameters, such as volume,
distribution and composition of different body compart-
ments.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0107] The foregoing summary, as well as the following
detailed description of the invention, will be better under-
stood when read in conjunction with the appended drawings.
For the purpose of illustrating the invention, there are shown
in the drawings embodiments which are presently preferred.
It should be understood, however, that the invention is not
limited to the precise arrangements and instrumentalities
shown. In the drawings:

[0108] FIG. 1 is a graph showing the correlation between
the patient’s height and the measured distance between the
electrodes when place correctly between the superior and
inferior thoracic apertures;

[0109] FIG. 2 is a graph showing no relation between
cardiac output (CO) measured by impedance cardiography
and ejection fraction (EF) measured by echocardiography;

[0110] FIG. 3 is a graph showing the relation between the
measuring length determined on the body and the opera-
tional measuring length determined between two voltage or
current electrodes;

[0111] FIG. 4A is a graph showing a comparison between
cardiac stroke volume determinations according to conven-
tional impedance cardiography and the rebreathing tech-
nique;
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[0112] FIG. 4B is a graph showing a comparison between
cardiac stroke volume determinations according to imped-
ance cardiography of the present invention (msf-ELMEC)
and the rebreathing technique;

[0113] FIG. 5 shows an impedance signal derived with
respect to time, an electrocardiogram and a phonocardio-
gram of a patient;

[0114] FIG. 6 is a comparison between time-derived
impedance signals of a healthy and an ill individual;

[0115] FIG. 7 is a schematic view of an embodiment of
the electrode element of the present invention;

[0116] FIG. 8 is a schematic view of another embodiment
of the electrode element of the present invention,

[0117] FIG. 9 is a schematic view of an embodiment of
the measuring system of the present invention;

[0118] FIG. 10 is another schematic view of an embodi-
ment of the measuring system of the present invention;

[0119] FIG. 10a is a detailed view of an improved
embodiment of the measuring system of FIG. 10;

[0120] FIG. 10b is a detailed view of an improved
embodiment of the measuring system of FIG. 10,

[0121] FIG. 11 is a schematic view of another embodi-
ment of the measuring system of the present invention;

[0122] FIG. 12 is a schematic view of another embodi-
ment of the measuring system of the present invention; and

[0123] FIG. 13 is a schematic view of another embodi-
ment of the measuring system of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0124] In the method of the present invention for measur-
ing the volume, the composition and the movement of
electroconductive body fluids, based on the electrical imped-
ance of the body or a body segment, especially for perform-
ing electromechanocardiography (ELMEC) or impedance
cardiography (IKG) measurements for determining hemo-
dynamic parameters, an alternating measuring current of at
least one frequency is introduced into the body, and the
impedance and temporal variations thereof of essentially the
same body segment through which the alternating measuring
current flows are measured for at least two different mea-
suring lengths, essentially in the longitudinal direction of the
body.

[0125] More particularly, in an impedance cardiography
(IKG) measurement for determining hemodynamic param-
eters, such as cardiac stroke volume, an alternating measur-
ing current is impressed by current electrodes, which are
spaced from each other on the body surface by a current
electrode measuring length, and a measuring voltage pro-
duced by the measuring current may be sensed by means of
voltage electrodes, which are spaced from each other on the
body surface, especially the thorax surface, by a voltage
electrode measuring length.

[0126] Based on the measuring current and the measuring
voltage, the electrical impedance and temporal variations
thereof are calculated.
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[0127] In the method according to the invention, e.g. the
measuring voltage for different voltage electrode measuring
lengths between voltage electrodes on essentially the same
body segment or segments is determined. From the resulting
measuring voltage values, the respective impedance values
are calculated. Changes of the measuring length are mainly
made in the longitudinal direction of the body and thus in the
main flow direction of the blood transported therein.

[0128] Furthermore, it is advantageous to determine the
impedance and variations thereof at at least two different
measuring frequencies, preferably at least three to four
frequencies. This requires the alternating measuring current
source, which is used for the measurement, to have a
variable, optionally continuous, alterable measuring fre-
quency.

[0129] Here, the measuring frequencies should be suffi-
ciently far apart to allow for the observation of a measurable
variation of blood impedance and the penetration of body
membranes by the electrical current at the higher frequency.
Relevant frequencies are for instance those between 1 and
10 kHz, between 30 and 100 kHz, especially approximately
40 kHz, more than 200 kHz, e.g. approximately 300 kHz to
1 MHz, these representing only general guidelines for the
desired frequency range. Furthermore, it is proposed to not
measure single frequencies but instead conduct a frequency
sweep over the total possible frequency spectrum, from a
lower measuring frequency to a higher measuring frequency,
e.g. between approximately 1 kHz and approximately 1000
kHz, or over a portion of interest within this range. In order
to maintain a favorable signal-to-noise ratio during the
measurement, it may be advantageous to conduct alternating
or simultaneous measurements for several lengths and sev-
eral frequencies. Furthermore, it may be advantageous to
influence the phase angle of the impedance signals by means
of a special design of the electronic equipment. For this
purpose, there is provided a phase detector for determining
the phase angle between the measuring current from the
measuring current source and the measuring voltage mea-
sured by the voltage measuring device.

[0130] As is generally known, according to the definition
of resistivity impedance is

Zo=p*(LIA) ™

[0131] where p is the resistivity of the working section, L.
is the measuring length and A is the cross section of the
working section.

[0132] If a second working section with the measuring
length

Lo=L+d )
[0133] is provided, where d is a constant or calculable

distance between the measuring lengths L and L,, it can
easily be derived that the operational electrical measuring
length L, may be calculated according to the following
formula:

__d ©
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[0134] When entering the electrically determined measur-
ing length L, into e.g. the KUBICEK equation, all unknown
measures of length in the formula are eliminated, with the
exception of the difference d (distance between the elec-
trodes), which is defined by the design of the electrodes
themselves.

[0135] Inan apparatus for measuring the electrical imped-
ance and temporal variations thereof in a human body in
order to determine body fluids, their composition and their
movement in the body, e.g. hemodynamic parameters, the
present invention provides two voltage electrodes 8a, 80 and
81, 82, 80, 81', 82, 85, 85', 85", 7, at least one of which is
provided as a double voltage electrode element 80, 81, 82,
81', 82', 85, 85, 85", wherein the impedance and variations
thereof with respect to time may be sensed between the two
voltage electrodes. In FIG. 9, one voltage electrode is
formed by a triple electrode element 80, and the second
voltage electrode is formed by two triple electrode elements
81, 82 positioned at the same height.

[0136] The design of the triple electrode element 80, 81,
82 consisting of a current electrode 70 and two voltage
electrodes 72, 73, which form a double voltage electrode
clement, is shown in FIG. 7, wherein the current electrode
70 and the two voltage electrodes 72, 73 are secured in a
constant and known distance, preferably on a common
carrier sheet 2 to maintain the constant distance.

[0137] The difference d is known from the design of the
electrodes 72, 73, which can, however, also be just as
electrically invalid as the length L measured on the thorax
surface. Thus, it can be advantageous to calculate an opera-
tional do by respective operation of the existing measuring
electrodes in accordance with the calculation of L, by
formula (9). Since it is advantageous not to intervene in the
basically inhomogeneous electric field within the thorax
during the calculation of these operational lengths, the live
electrodes should not be altered and only additional mea-
suring electrodes should be used.

[0138] The calculation of do requires e.g. the mounting of
an additional measuring electrode 71 on an electrode ele-
ment 80 of the present invention, as shown in FIG. 12, so
that a quadruple electrode element consisting of a current
electrode 70 and three voltage e¢lectrodes 71, 72, 73 is
positioned at the superior thoracic aperture. The measuring
current is impressed by means of an alternating measuring
current source 52, inserted between the current electrode 70
and a current electrode 60 of an electrode element 20, which
is secured at the inferior thoracic aperture. If the current is
impressed e.g. at the patient’s lower body end 7 or at the
lower trunk end 85, 85', a triple electrode element with three
voltage electrodes optionally positioned either at the inferior
or superior thoracic aperture is sufficient.

[0139] A voltage measuring device 51 is connected to a
voltage electrode 61 of the electrode element 20 and con-
nectable, via a selector switch 50, to either the first voltage
electrode 73 or a further, i.e. the second or third, voltage
electrode 72, 71. The measuring length between the voltage
electrode 61 and the first voltage electrode 73 is L, the
measuring length between the voltage electrode 61 and the
second voltage electrode 72 is [.2, and the measuring length
between the voltage electrode 61 and the third voltage
electrode 71 is L3. Here, L.2=L+d and L3=L+d1.

Aug. 11, 2005

[0140] By setting the select switch 50, a total of three
measuring voltages corresponding to the measuring lengths
L, L2 and 1.3 may be sensed.

[0141] After d, has been calculated, this value may be
used in equation (9) instead of d.

[0142] One embodiment of the measuring system of the
present system, which provides for several current elec-
trodes instead of several voltage electrodes, is shown in
FIG. 13.

[0143] The starting point is again a quadruple electrode
element 80, on which a voltage electrode 33 and three
current electrodes 30, 31, 32 positioned in a defined distance
from each other are provided. The measuring length between
the current electrode 60 of the electrode element 20 and the
current electrode 32 is L, for the current electrode 31 it rises
to L4, and for the current electrode 30 it rises to L5, where
L4=L+a and L5=L+al.

[0144] The measuring current is impressed via an alter-
nating measuring current source 52, which is connected to
the current electrode 60 of the electrode element 20 and
connectable to the current electrodes 30, 31, 32 via the select
switch 50.

[0145] The voltage measuring device 51 is connected to
the voltage electrode 61 of the electrode element 20 and to
the voltage electrode 33 so that by means of voltage mea-
surements for three different measuring lengths I, 1.4 and L5
of current impression, impedance and an operational mea-
suring length, which is based on considerations analogous to
the embodiment of FIG. 11, may be determined.

[0146] FIG. 3 shows the differences identified in practical
experiments between the actual length measured on the body
surface in cm and the “operational length” L, calculated
according to Ohm’s law for a state-of-the-art electrode
element. As can be seen, the relation between the two
lengths is rather unsatisfactory, which shows that there is no
clinically relevant interrelation between the length measured
on the body surface and the operational length derived from
the above formula. FIG. 3 particularly shows that the
measured length is considerably larger than the virtual
length, which suggests that there are substantial variations in
the diameters of the electrically participating thorax tissues
between the electrodes, which, in the form of “electrical
antinodes”, obviously reduce the virtual distance between
electrodes in an unpredictable manner.

[0147] This shows that impedance cardiography has so far
been based on completely wrong theoretical considerations.
That is easily understandable because electrical distribution
in the thorax is rather inhomogeneous, and conduction
through different media like skin, bones, fat, lungs, heart and
vessels varies. Until now, reproducibility of impedance
cardiography has been strongly limited because of these
inhomogeneities. In order to achieve certain reproducibility,
electrodes had to be placed on exactly the same spot on the
thorax. This is possible in short-term experiments, not,
however in long-term observations lasting several days or
more. With the method of the present invention, dependence
on the attachment site of electrodes has been eliminated
because the method is always corrected by the determination
of the operational measuring length, even if circumstances
within the thorax have changed, e.g. due to different fluid
distribution.
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[0148] A particularly advantageous method provides for
the attachment of the live electrode on the extremities 7, 8a
because from there the current flows mainly along large
vessels and along the aorta. Here, the measuring current is
impressed via two current electrodes each placed at at least
one body extremity, e.g. a leg and/or an arm.

[0149] Thus, a much more homogenous electric field is
obtained in the thorax than with the placement of the live
electrode directly on the thorax. Consequently, it would be
sufficient to place a double electrode at the inferior thoracic
aperture, as is described in Austrian patent specification
A392/2001. The attachment of two double electrodes, ¢.g.
an electrode as described in A392/2001 or two adjacent
single electrodes, to the upper body end (e.g. neck, head,
arms) or the lower body end allows for the measurement of
body fluids at the same time by simultaneously determining
whole-body impedance. This is important because thoracic
fluid content has to be regarded in relation to the organism’s
fluid balance. Especially with cardiac insufficiency, the
relation between fluid distribution in the thorax and total
body fluid is strongly distorted, and this is the reason why
until now impedance cardiography has been inapplicable for
cardiac insufficiency.

[0150] Another main problem of impedance cardiography
is the incorporation of blood resistivity, which should enter
the formula quantitatively. Therefore, the Kubicek equation
includes a blood resistivity value calculated from the hema-
tocrit. Quail et al. (see “Thoracic Resistivity for Stroke
Volume Calculation in Impedance Cardiography,”J Appl.
Physiol. (1981)) modified the Kubicek equation and calcu-
lated the resistivity from stroke volume and other hemody-
namic parameters, which they determined in dogs by means
of an electromagnetic flux meter (EMF):

SViur- 22 (10

Phieod = T TVET-(dZ] )y

[0151] QUAIL et al. found out that py,, 4 is dependent on
the hematocrit, but remains constant otherwise. They
replaced py,,.q by a mean thoracic resistance p,. If p, is
approximately constant in Kubicek’s equation, it may be
replaced as follows:

S L A 7=11)
TPRTRETT
[0152] This is entered into Kubicek’s equation:
Zy-A | a,b,c)

2
V== z -LVET-(dZ]dD),,,

'max

Al
SV = — -LVET -(dZ/d1)
%

(dZ]d1)y,

SV = Vinorax - LVET -
Zy

[0153] Now the resistivity p, the determination of which is
rather problematic, has been mathematically eliminated
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from the equation for stroke volume and other hemodynamic
parameters. This requires blood resistivity to remain con-
stant during cardiac activity. According to Shankar et al. (see
“The Contribution of Vessel Volume Change and Resistivity
Change to the Electrical Impedance Pulse,”IEFE Trans
Biomed Engl, BME32:192. (1985)), resistivity variations
depending on cardiac activity are less than 5.5%, which is
why the equation is sufficiently accurate.

[0154] An alternative would comprise the measurement of
p at different times of cardiac activity, e.g. at the time of
maximum blood flow, during systoles, as well as at the time
of minimum blood flow, at the end of diastoles. Like in
impedance cardiography, it is better to monitor impedance
variations with respect to time (dZ/df),,,.. since this value is
determined by cardiac activity and thus by the blood amount
coming from the heart (SV). The new method is based solely
on the characteristic that the blood resistivity p, especially of
red blood cells (erythrocytes), varies with an alternating
current frequency. At 20 kHz, for instance, electrical resis-
tance of blood is significantly higher than at e.g. 100 kHz,
wherein the conductivity of erythrocytes increases even
further with higher frequencies because at higher frequen-
cies the erythrocyte membrane acts like an electric capacitor.
This characteristic may be used for determining p, or more
precisely, the decrease of (dZ/dt),, 1is a measure for the
number of red blood cells, i.¢. blood resistivity related to the
hematocrit. The higher the decrease of (dZ/dt),,, . during a
rise from a low to a high frequency, the higher the number
of red blood cells, since with specific heartbeat, the stroke
volume remains unchanged.

(dZ] A1)y, fmql] 13)

=fHk) = F| ———

p= I ((au/ammfqu
[0155] In the case of nonlinear relations, measurements

may also be conducted at more than 2 frequencies, and all
functions possibly resulting therefrom may be expressed in
the form of a nonlinear regression equation. In both cases (2
frequencies, several frequencies), the function f may be
empirically determined by comparison of the measurement
results with a conventional determination of the hematocrit
Het.

[0156] Another method for determining variations of
blood resistance during the cardiac cycle from electrically
measured signals is also based on the above technique:
Wang, L. et al, (see “Multiple Source of the Impedance
Cardiogram Based on 3-D Finite Difference Human Thorax
Models,”IEEE Transactions on Biomedical Engineering,
42(2): 141-148 (Feb. 2, 1995)) have shown that the variation
of blood resistivity corresponds to ~25% of impedance
variation, i.. it is a significant measure for the determination
of the correct SV. This variation of blood resistivity is a
direct measure based on the ratio between the two differen-
tiated impedance signals measured at different frequencies
(dZ/d0)s,01/(dZ/dD), o, Thus, an additional signal Ap(t)=
(dZ/dt)ﬁeql/(dZ/dt)freqz can be continuously obtained, which
is a measure for blood resistivity variations during the
cardiac cycle. For that purpose, a gliding small slot is put
over the cardiac cycle in order to determine Ap(t) for each
of these small slots. Maximum deflection of this signal
Ap__ can also be used for determining CO. Thus, it is not
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absolutely necessary to empirically predetermine the func-
tion f.

(AZ]AD) frqr (14)

0= 770 o

[0157] Another advantage of the method is that a sufficient
accurate determination of the Ap(t) signal according to the
above technique also allows for the determination of
whether the blood is flowing or not and of what type the flow
is. With laminar flow, the resistance decreases due to the
orientation of erythrocytes in the flow direction, after which
it increases again at higher velocity due to turbulences. From
the graph of the continuously measured Ap(t) values it can
only be determined how long the blood flows and whether
the blood flow is laminar or turbulent. Thus, LVET (left
ventricular ejection time), which is conventionally deter-
mined directly from the IGK signal or from the phonocar-
diogram, may also be determined from the changing p value
by means of a measurement.

[0158] An accurate determination of blood resistivity p,
the correct operational length L, or base impedance Z,,
which is a measure for the thorax geometry, is required for
determining the correct SV because the electrically partici-
pating thorax volume V,,___ may be deduced from these
values. This electrically participating thorax volume V..
is the most important measure for determining the SV by
means of impedance cardiography, as can be seen from the
general IKG equation (12¢):

(dZ/dD) (12¢)

0

SV = Viporar - LVET -

[0159] As described above, Kubicek calculated V..
from the distance between the electrodes L, blood resistivity
p, and base impedance Z,, Sramek or Bernstein estimated
Vh from standing height H and/or patient weight W. Other

1mproved” formulas used for different IKG devices even
use the patient’s age to determine V

[0160] As mentioned above, these values or linear depen-
dencies of these values may only be determined from
electrically measured values. Thus, V,,___ may only be
determined from various electrical values as well.

thorax*

Vihoras = f(L. p, Zo H, W) (15

d @Z]A0ns freqt Zeq) Zpegi
Zop 1’ dZ/dn
Zy

Virora: = f

mas_freq2 Lfreq? Lfreq3

[0161] These values determined solely by means of elec-
trical measurements may not only be introduced into any
known formula for determining stroke volume and other
hemodynamic parameters, e.g. the formulas by Kubicek,
Sramek or Bernstein, but also into any other equation for
determining stroke volume and other hemodynamic param-
eters; this also includes nonderived, empirically determined
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equations that are obtained by means of comparison with a
gold standard, e.g. Fick’s invasive principle, thermodilution
or the breathing gas technique. This leaves only electrically
measured values in the equation, resulting in a much higher
accuracy. Here, the quality of individual signals is of sec-
ondary importance since measurements may be conducted at
each heartbeat, i.e. 70 times per minute, and the values
obtained at different heartbeats may be averaged or an
accurate template may be determined from the impedance
signal.

[0162] Similarly, the electrically determined parameters L
and p may be introduced into any known or newly devel-
oped equation for determining stroke volume and other
hemodynamic parameters. Furthermore, the plurality of
parameters electrically determined in this way may be used
for calculating other important parameters of mechanical
cardiac function, e.g. e¢jection fraction, contractility, inotro-
pism and pulmonary pressure and the like.

[0163] In our experience, is has proven successful to use
empirical formulas for stroke volume and other hemody-
namic parameters, e.g. ejection fraction, inotropism and the
like, which are obtained by use of gold standards for the
above values. Here, the determined values Z,,, Z,, (dZ/
dt)max?freql’ (dZ/dtmaxifreq,J Zfreql’ Zfrqu’ Zfreq35 ... can
preferably be related to the actual stroke volume and other
hemodynamic parameters obtained by means of a gold
standard technique in a multiple regression analysis and/or
neural networks and/or further machine learning algorithms.
A gold standard suitable for the actual stroke volume and
other hemodynamic parameters would primarily be the Fick
principle, thermodilution or the breathing gas technique.

[0164] Based on this, a multiple regression equation can
be created, which describes the best relation between the
above parameters and the actual stroke volumes in a purely
empirical way, and thus all inhomogeneities of biological
measurements are eliminated, as for instance the fact that the
thorax is not a geometrically exactly defined body and that
homogeneity of electricity propagation in different tissues in
the thorax, such as fat, muscle, rib, skin, lung, vascular
bundle and heart, can never be mathematically described
with sufficient accuracy. Nonlinearities may also result in a
multiple polynomial equation. An important aspect in these
formulas is the use of whole-body impedance at several
frequencies, e.g. at approximately 1-10 kHz, 40 kHz and 200
kHz and optionally even higher frequencies, because body
fluid, extracellular space and intracellular fluid and their
relations to thoracic fluid content are thus taken into account.
Any electrically measured value that has shown in a partial
correlation analysis to have a significant relation to cardiac
mechanical performance would enter this formula.

[0165] FIG. 4, for instance, shows the calculation of CO
by means of a simple application of the method described
herein in an unselected cohort of individuals, i.e. including
patients with cardiac insufficiency that had to be subjected to
surgery due to various diseases. During surgery, CO was
determined as “gold standard” by means of a NICO device,
which measures CO via CO, rebreathing and shows excel-
lent correspondence with thermodilution. In the upper part
of the figure, the x-axis shows the correlation between
NICO—CO and conventional impedance cardiography. As
can be seen, r is 0.58, constituting a clinically bad and
consequently useless correlation (even though the body
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measures were used, providing a mathematical prediction of
CO). The lower part of the figure, on the other hand, shows
a comparison between NICO—CO and a very simple
embodiment of msf-ELMEC without the use of body param-
eters, such as weight and height, where the correlation
coefficient r is 0.84, constituting a clinically usable correla-
tion. This correlation may be strongly improved in a tech-
nically more complex embodiment.

[0166] FIG. 5 shows the conventional impedance signal
following the conventional nomenclature, i.c. the times A,
B, C, X,Y and O and the simultaneously recorded ECG and
phonocardiogram. The time of maximum blood flow is
between R-Z and that of minimum blood flow directly
before the A wave. It should be kept in mind that conven-
tionally the sign of impedance curves (AZ and dZ/dt) is
reversed.

[0167] Another possibility to improve msf-ELMEC is
based on the following approach:

[0168] At present, only the height of dZ/dt is used in the
interpretation of impedance cardiography, even though the
shape of the impedance signal contains much more infor-
mation. With cardiac insufficiency, for instance, the shape of
impedance signals changes as shown in FIG. 6. The upper
part of FIG. 6 shows a dZ/dt signal of an individual with a
healthy heart, the lower part shows the dZ/dt signal of a
patient with cardiac insufficiency. As can be seen, the
(dZ/dt),, (C point) decreases, but there are additional
changes, such as increases of the amplitudes of the X wave
and the O wave.

[0169] As can be seen in the figure, instead of using
(dZ/dt)  alone, the formula should include the amplitudes
of the rflla?:gative wave B, of the positive Wave C (the real
(dZ/dt),....), of the negative wave X and of the positive wave
O as well as the according rise and fall steepness and the area
integrals.

[0170] Furthermore, it might be necessary to know the
human body’s position in space since the different Z, values
at different positions may enter the equation differently.
Therefore, it may be advantageous to simultaneously deter-
mine the body’s position, and for this purpose an angle
meter may be attached to the body, the angle meter most
preferably being placed in e.g. the distribution element in
order to conceal it and allowing reuse with other patients. In
this case, the equation for determining stroke volume and
other hemodynamic parameters would be corrected for the
different body positions.

[0171] Thanks to these new developments, the technique
is for the first time sufficiently physically accurate, exclu-
sively electrically defined, highly precise and reproducible
and therefore for the first time suitable for the diagnosis of
cardiac diseases and for monitoring for intensive care and
anesthesia purposes. Unlike all other techniques, this one
requires the placement of only a few, comfortable electrical
electrodes at the thorax and the extremities, which are
simultaneously used for the implementation of ECGs; it is
no longer necessary to conduct questionable measurements
of thorax lengths, which can never be precise because of the
thorax’s asymmetrical shape and because of the use of
multiple electrodes that require averaging; the patient’s
standing height does no longer have to be entered, which, as
mentioned above, introduces a bias favoring errors into the
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equation; the patient does no longer have to have a catheter
introduced into the pulmonary artery or another artery and
he does no longer have to breath through a mouthpiece and
in a closes system.

[0172] Furthermore, the application of a dye, which is
measured transcutaneously, becomes unnecessary.

[0173] FIG. 7 shows an example of the required electrode
elements of the present invention. Thereon, a first current
electrode 70 has an electrical terminal 90 for impressing an
alternating measuring current, while a first voltage electrode
73 spaced therefrom has a voltage terminal 93 for sensing an
electrical measuring current.

[0174] According to the present invention, a second volt-
age electrode 72 with a voltage terminal 92 is provided,
which is positioned in a distance d from the first voltage
electrode 73. Furthermore, the provision of further voltage
electrodes or further current electrodes is also within the
scope of the present invention.

[0175] The first voltage electrode 73 and the first current
electrode 70 as well as the at least one further voltage
electrode 72 are provided as parallel, electroconductive
strips, which are arranged on a common, electrically insu-
lating carrier material, most preferably a carrier sheet 2. The
first voltage electrode 73 and the first current electrode 70 as
well as the second voltage electrode 72 are secured on one
side of the carrier sheet and preferably provided with an
electroconductive adhesive layer.

[0176] In order to simplify the establishment of electrical
contact with a measuring current source or a measuring
voltage device, the carrier sheet 2 is tapered on one longi-
tudinal end to a plug-type surface 6, on which the first
voltage electrode 73 and the first current electrode 70 as well
as the second voltage electrode 72 are closely spaced.
Preferably, the carrier sheet 2 is made of a skin-compatible,
nonconductive, flexible material that may be continuously
provided between the electrodes 70, 72, 73, as is shown in
the embodiment of FIG. 7.

[0177] In the embodiment of FIG. 8, on the other hand,
the carrier material comprises several sheet strips 3 with
adhesive surfaces, on which the first voltage electrode 73
and the first current electrode 70 as well as the at least one
further voltage electrode 72 are secured, wherein the sheet
strips 3 with the electrodes 70, 72, 73 adhere to a common
base carrier sheet 4 in a substantially parallel arrangement,
which base carrier sheet 4 may be pulled off from the body
surface after attaching the sheet strips thereto.

[0178] A constant distance between the electrodes 70, 72,
73 is guaranteed by the fact that the base carrier sheet 4 is
peeled off after their attachment to the thorax. This has the
advantage that skin irritations, such as those caused by the
large surface of a very broad carrier sheet 2 of the embodi-
ment according to FIG. 7, are reduced to a very small area.

[0179] Initially, the electrode element 80 of the present
invention shown in FIG. 8 has a stripping sheet, preferably
on the side facing the body, which keeps the conductive
coating of the electrodes 70, 72, 73 and the nonconductive
adhesive of the base carrier sheet 4 moist and is pulled off
directly before use, as is generally known from all medical
electrodes.
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[0180] Of course, further voltage and current electrodes
may be attached to the carrier sheet 4, such as an additional
current electrode or additional voltage electrodes, in order to
enable an even more accurate mathematical calculation of
the operational electrode measuring length L, or the opera-
tional distance d,. The use of a common current electrode
70, on the other hand, has the advantage that the electrical
field in the thorax cannot change in its inhomogeneity,
neither during the measurement of Z,, nor of Z,.

[0181] Another embodiment of the electrode element of
the present invention for guaranteeing the constant distance
may comprise the attachment of another carrier sheet on the
side facing away from the body, which is only pulled off
after the finger-shaped carrier sheet has been secured on the
thorax. Thus, the surface between the carrier sheets should
also not have a skin-irritative adhesive.

[0182] As can be seen in FIG. 8, the electrodes 70, 72, 73
are brought together in the area of a plug connection 7 for
an impedance measuring device, preferably in a lateral
tapering 6 of the sheet strips 3, so that a narrow plug
connection 7 can be used which is practicable in clinical
daily routine and inexpensive.

[0183] FIG. 9 shows a measurement setup on the body of
a patient including the measuring system of the present
invention. At the distal ends of extremities, such as arms and
legs, the electrode elements 7 and 8a are attached, which
serve for measuring whole-body impedance at most suitably
two, three ore more frequencies and comprise current as well
as voltage electrodes. In order zu avoid asymmetric current
distribution within the body, in the shown implementation
example the ¢lectrode elements 7 and 84 are attached to both
legs and both arms, wherein the impressed currents are equal
in both body halves. Alternatively, a measuring current may
be introduced via one arm or one leg only.

[0184] Furthermore, the two triple electrode elements 81,
82 are placed at the inferior thoracic aperture and the triple
electrode element 80 is attached in the neck area, each
comprising one voltage electrode and two current elec-
trodes. Via the current electrode at the upper (neck area)
triple electrode element 80 and the current electrode of the
lower electrode element 81 at the inferior thoracic aperture
as well as between the current electrode of the upper triple
electrode element 80 and the lower triple electrode element
82, a measuring current is impressed, wherein the measuring
current flowing through the left body half and the measuring
current flowing through the right body half are preferably
equal. By attaching the left and right lower electrode ele-
ments 81, 82, a relatively large body volume is included in
the measurement. Alternatively, only one electrode element
covering the entire body front at the inferior thoracic aper-
ture may be provided, however, it has been shown that two
electrode elements 81, 82 arranged side by side, as shown in
FIG. 9, provide better reproducibility of the measurement
results. The measuring voltages are sensed at the respective
first and second voltage electrodes of the electrode element
80, 81, 82 and processed for determining hemodynamic
parameters according to the present invention.

[0185] All terminals of the electrode elements 7, 8a, 80,
81, 82 (as well as the electrode elements 80, 81', 82', 85, 85/,
85" of FIG. 10) are brought together via connecting leads 10
in a distribution element 9, which is secured to the patient’s
body and comprises an angle meter 11 for determining the
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position of the patient’s body with respect to the horizontal
in order to record its effects on the measurement results. The
angle meter 11 may also be placed somewhere else on the
patient’s body or on the bed, on which the patient is located.
A measuring device for determining the impedance 12 is, via
a measuring and control line 10, which is connected to the
distribution element 9, able to automatically control all
operation modes of the voltage electrodes and also of the
current electrodes of the electrode elements 7, 8a, 80, 81, 82,
85, e.g. by means of an analog switch 13.

[0186] In addition to a first and a second voltage electrode,
the electrode elements 80, 81, 82, 81', 82', 85', 85" may have
a third voltage electrode or further voltage electrode.

[0187] Itis also possible to secure three or more generally
known circular electrodes on the body or to aim at a triple
or multiple implementation of spot electrodes. Any other
electrode form would also have to be implemented in a way
to obtain a variable distance, at least between the current or
voltage electrodes.

[0188] Another example of an electrode arrangement for
feeding power into the periphery is shown in FIG. 10. Here,
the two triple electrode elements 81, 82 at the inferior
thoracic aperture of the embodiment according to FIG. 9
may be replaced by corresponding double electrode ele-
ments 81, 82' as long as the current is still peripherally
introduced via an electrode 7, however, these double elec-
trode elements 81', 82' must be operated as double voltage
electrodes in order to measure the impedance of the sub-
stantially identical thorax segment at two different distances.

[0189] Additionally, FIG. 10 shows another double elec-
trode element 85, which is optionally placed at the lower end
of the trunk approximately at crotch height. Alternatively,
FIG. 10z shows the placement of a triple electrode element
85' at the lower end of the trunk, where the current may
alternatively be introduced so that impedance variations
along the trunk may be measured for two different distances.
This electrode element 85 or 85' can be implemented as
double or triple electrode element, which is to be short-
circuited if necessary, placed on the left and right side of the
trunk or on only one side of the trunk. This electrode
arrangement has the advantage that it also allows for the
measurement of the impedance of extremities for two dif-
ferent distances so that an operational length or an electri-
cally participating volume can be calculated.

[0190] This may also be combined with e.g. an optional
tourniquet 86 at the extremity in order to plethysmographi-
cally measure arterial and venous circulation in a known
manner. For measuring venous circulation, the tourniquet
has to be inflated to approximately 40 mmHg, which is
below arterial pressure, but above venous pressure, in order
to calculate the leg’s volume increase from the impedance
variation. For measuring arterial circulation, the tourniquet
has to be inflated above arterial blood pressure, after which
the tourniquet is released and impedance variations are
analyzed. This constitutes an enormous improvement of the
technique, which until now gave circulation changes only as
percentage of impedance variation. By means of the calcu-
lated, electrically participating volume, volume variations
can now also be given in absolute volumes, .g. in milliliters.
Since both legs have substantially the same volumes,
double-sided measurements on both legs may also be omit-
ted, and the electrode element 7 may be attached to the
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periphery of only one extremity, as is shown in FIG. 10.
This single electrode element may then be combined with a
single electrode element 85 or 85/, or, as is shown in FIG.
10b, with a double spot electrode element 85". If the
impedance of the legs is not relevant, an electrode element
7, which comprises only one current electrode, but no
voltage electrode, may be provided. The arm electrodes may
be omitted as well, as is shown in FIG. 10.

[0191] This is possible because the arms comprise only a
small and highly constant part of the electroconductive body
fluids so that even without directly measuring arms, whole-
body impedance and thus total body fluid may be extrapo-
lated from measurements on the rest of the body. This has
the advantage that the patient, even though he is monitored
by means of the method and apparatus according to the
present application, is free to use his arms, which are also
available for further medical treatments, which is especially
appreciated in intensive care units. Consequently, whenever
the upper body end is mentioned in the present application,
it includes optionally the neck, the superior thoracic aper-
ture, the arms and the head.

[0192] Furthermore, the left and/or right electrode ele-
ments 81, 82, 81', 82' at the inferior thoracic aperture may
selectively be switched off in order to obtain more informa-
tion about the direction of blood flow within the thorax and
the function of the left and right sides of the heart from
resulting changes in the impedance curve. As is generally
known, the heart pumps blood to the lower left side into the
aorta situated left from the heart so that the largest blood
vector goes downward to the left, that vector possibly being
recognizable more easily if one of the electrode elements 81,
82, 81', 82' at the inferior thoracic aperture is switched off.

[0193] The actual arrangement and implementation of the
electrode elements as double or triple electrode elements
depends on the respective requirements. The aim always is
to get as much information as possible with as few electrode
elements as possible. A minimum number of electrodes is
especially important in intensive care units, where one
possibly has to get by with a double electrode element at the
neck 80' and one or two triple electrode elements at the trunk
81.

[0194] Another very economic alternative providing
maximum information comprises a double electrode ele-
ment 80' at the neck, two further electrode elements 81', 82!
on the left and right sides of the inferior thoracic aperture,
and a single double electrode element 85 at one side of the
lower end of the trunk and another one at the corresponding
end of the same lower extremity 7.

[0195] This alternative, which comprises only five double
electrode elements and would be suitable for intensive care
units, does not only provide for the determination of exact
cardiac performance, but also of the fluid distribution in the
body, divided into extracellular space and intracellular
space, as well as the fluid shift from one body half into the
other. The current is always introduced via the electrode
element 80" at the upper end of the trunk and the electrode
element 7 at the lower extremity. The electrodes of the
electrode elements 80', 7, placed towards the body center, as
well as two electrodes of the electrode elements 81', 82' and
the element 85, respectively, are exclusively operated as
voltage electrodes.

[0196] Furthermore, the calculation of fluid volumes may
also take into account serum sodium. As is generally known,
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this constitutes the main ion in the extracellular space and is
thus decisive for conductivity and impedance. With heart
discases, which constitute one application area for the
method and apparatus of the present invention, serum
sodium often decreases significantly from a standard value
of 140 mmol/liter to as low as 115 mmol/liter so that ionicity
and consequently conductivity may decrease by up to 20%.
If necessary, this has to be taken into account by entering
serum sodium or ionicity into the equations used. However,
the hematocrit influences blood conductivity as well, and if
it is approximately constant, as is usually the case, variations
of serum sodium may also be determined by measuring
impedance variations during cardiac activity at various
frequencies.

[0197] An important application of the method may com-
prise, in addition to the determination of stroke volume,
ejection fraction, diastolic function, pulmonal wedge pres-
sure, whole-body fluid, extracellular space and fluid shift, an
indirect calculation of hormone concentration in the blood.
Examples are the concentration of the natriuretic peptide,
e.g. brain natriuretic peptide, or propeptide, atrial natriuretic
peptide, also called ADH. In clinical applications, natriuretic
peptides are usually used for screening and diagnosing
cardiac insufficiency. The determination requires the taking
of blood samples and is very expensive (at the moment
approximately 40 euros). Based on the typical number of
approximately 20 patients with cardiac diseases per day in
an outpatient department, one can easily calculate the amor-
tization time of a single apparatus of the present invention.

[0198] Regulation of these hormones is closely related to
the fluid balance and the expansion of the heart by these
fluids. If the fluid balance and the fluid shift by cardiac
activity are known in detail, it is possible to predict the
concentration of these hormones in the blood and thus avoid
expensive blood analyses. All these parameters of the
method of the present invention are determined e.g. empiri-
cally by measuring the parameter with the gold standard
technique, or, in the case of hormones, by blood analyses on
a representative number of patients, and by estimating the
parameter of interest on the basis of the measured electrical
parameters, ¢.g. with the aid of multiple regression equa-
tions or neural networks, other “machine learning” algo-
rithms or any other “black box” model.

[0199] The electrode arrangement of the present invention
shows significant differences to the U.S. Pat. No. 5,335,667
of Cha: In this patent, the body is indeed split up into
segments for measuring the body composition, however, it
is not possible to conduct measurements over different
lengths on essentially the same segment, wherefore no
electrically operational lengths may be calculated. For this
reason, U.S. Pat. No. 5,335,667 still requires circumference
measurements and manual length measurements on the
segment to be analyzed. This is done by means of a tape
measure and a caliper, as shown in FIG. 5 of U.S. Pat. No.
5,335,667.

[0200] The present application shows, however, that the
segment length measured on the surface has nothing or little
to do with the calculated “electrically operational length”, as
can be seen in FIG. 3. And this is the main advantage of the
method of the present invention. As can be seen in FIG. 9
and FIG. 10, despite the enormous informational value of
the method of the present invention, the number of elec-
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trodes is absolutely practicable, especially because they are
implemented as multiple electrodes. Furthermore, the elec-
trode arrangement shown in FIG. 10 has the major advan-
tage that position variations along the longitudinal axis of a
body are for the first time automatically recognized because
each position variation of the body along the longitudinal
axis causes significant fluid shifts. These fluid shifts affect
venous return to the heart and thus cardiac performance, and
venous insufficiency causes significantly larger fluid shifts
along the longitudinal axis when the body is erected so that
venous insufficiency may easily recognized. Especially in
combination with an angle meter it can easily be determined
whether the fluid shift is adequate or inadequate for the
given position variation and whether the measured cardiac
performance variation is adequate for the measured fluid
shift.

[0201] These examinations can for instance be easily
conducted on a tilting table. Electronic requirements are also
minimal because measurements at various frequencies and
switching over from one e¢lectrode to the other does not
require any expensive or complicated devices. Thus, it is
also possible to use this apparatus in home care by providing
such a device for the patient’s home. For this purpose, it
would be advantageous to allow for the simultaneous con-
duction of ECGs. The position of the electrodes on the body,
as shown 1n FIGS. 9 and 10, is perfectly suitable for the
conduction of ECGs. The patient may thus be provided with
his own cheaper, reusable electrodes. These electrodes may
for instance be made of a conductive material and be secured
by means of flexible bands, as is known from pulse meters
in sports. Into these flexible bands, which may be of a
nonconductive material, the conductive material may be
incorporated in the form of strips or spots, e.g. as conductive
rubber, which is then secured to the body by means of an
extendible, openable, circular band. These electrodes can
also easily be attached by patients, relatives or nursing staff.

[0202] Results do not necessarily have to be processed in
the apparatus in the patient’s home or do not have to be
completely processed by this apparatus, but could for
instance be transferred to a central office by radio transmis-
sion or a dedicated line, e.g. via telephone or e-mail, where
a final evaluation of the results is conducted.

[0203] This development known as “telemedicine” is
especially relevant for patients with heart diseases, who at
the moment require a close-meshed control system in expen-
sive special outpatient departments. Usually, heart patients
are brought to expensive facilities by ambulance once a
month or more often in order to optimize therapy. Often,
prognoses for these heart patients are as bad as or worse than
those for cancer patients, and therapy has to be adapted
continuously in order to keep the patients alive. Further-
more, overaging has led to a dramatic increase of patients
with heart diseases, especially cardiac insufficiency, making
heart diseases a national epidemic in industrialized coun-
tries. Information on changes, e.g. deterioration of cardiac
performance, hyperhydration, and the like, determined by
the method and apparatus of the invention and transmitted
via telemedicine to a central office, either guarantees that
patients are brought to the center early enough or allows for
the optimization of therapy via telephone or e-mail, so that
check-ups in the center may be omitted when the circulation
is all right. Despite the use of new technology, high savings
are thus guaranteed. If raw data or data only roughly
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preprocessed in the patient’s apparatus are transmitted to a
center, local intelligence in the measuring device 12 may be
omitted so that the apparatus can be provided at an even
lower price.

[0204] The differences between impedance tomography
and the method and apparatus of the present invention are
easily recognizable because in impedance tomography, a
plurality of electrodes are secured at the same height, seen
in the longitudinal direction of the body, in order to create
an image of the fluid distribution in a plane based on the
impedance values in the same plane, and to determine
three-dimensional fluid distribution from a plurality of
planes. Our method, on the other hand, is not aimed at the
reconstruction of a plane or the reconstruction of fluid
distributions in space, but at the measurement of fluid shifts
along the longitudinal axis, wherein the electrically opera-
tional distance is for the first time taken into account.

[0205] FIG. 11 shows an exemplary embodiment of a
multiple spot electrode 14, wherein the constant distance
between electrodes is guaranteed by the fact that the con-
necting cable between the electrodes is at maximum exten-
sion when the electrodes are attached to the body, and that
by means of the attachment mode of the electrodes, a
variation of the distance between the electrodes along the
longitudinal axis of the body is achieved. In order to
guarantee that the user really complies with the distance
between the electrodes, a relatively rigid spacer 16 may be
provided between the electrodes, possibly by providing a
rigid connecting cable and using it as electrode spacer 16 so
that a constant distance is guaranteed. When calculating an
operational difference d,, the electrodes may be placed at
any distance from each other and the spacer is unnecessary.

[0206] It will be appreciated by those skilled in the art that
changes could be made to the embodiments described above
without departing from the broad inventive concept thereof.
It is understood, therefore, that this invention is not limited
to the particular embodiments disclosed, but it is intended to
cover modifications within the spirit and scope of the present
invention as defined by the appended claims.

We claim:

1. A non-invasive method for measuring the volume, the
composition and the movement of electroconductive body
fluids, based on the electrical impedance of the body or a
body segment, especially for performing electromechano-
cardiography (ELMEC) or impedance cardiography (IKG)
measurements for determining hemodynamic parameters,
wherein an alternating measuring current of at least one
frequency is introduced into the body by means of measur-
ing electrodes attached to the body surface, wherein the
impedance and temporal variations thereof of essentially the
same body segment through which the alternating measuring
current flows are measured for at least two different mea-
suring lengths (L, L2, L3, L4, L5), essentially in the longi-
tudinal direction of the body.

2. The method according to claim 1, wherein the imped-
ance 1s sensed at the thorax close to the inferior and superior
thoracic apertures for at least two different measuring
lengths (L, L2, L3, L4, L5) of essentially the same body
segment.

3. The method according to claim 1, wherein the electrical
current is introduced at or close to the upper body end, such
as at the neck, head, arms, and the lower body end, such as
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at a leg or legs, and that the impedance is measured at the
thorax and/or trunk for at least two different measuring
lengths (L, L2, L3, L4, L3).

4. The method according to claim 1, wherein the imped-
ance of at least one lower extremity is sensed for at least two
different measuring lengths (L, 1.2,1.3, L4, L5) of essentially
the same body segment.

5. A method either for performing conventional imped-
ance cardiography measurements or according to claim 1,
wherein additionally whole-body impedance between the
lower and upper body end is measured.

6. The method according to claim 1, wherein the length
difference (d, d1, a, al) between the two different measuring
lengths is small compared to the length of the examined
body part.

7. The method according to claim 6, wherein the ratio of
the length of the examined body part to the length difference
(d, d1, a, al) is between 3:1 and 30:1.

8. The method according to claim 7, wherein the ratio of
the length of the examined body part to the length difference
(d, d1, a, al) is approximately 10:1.

9. The method according to claim 1, wherein from the
impedance values determined for different measuring
lengths (L, L2, L3, L4, L5) between clectrodes, an opera-
tional electrode measuring length (LO), which corresponds
to the electrically operational length of the body segment,
and optionally an operational electrode distance (d1) are
calculated.

10. The method according to claim 9, wherein the elec-
trically operational length of the body segment is calculated
according to the formula L0=d/(Z02/Z01-1), where d is the
difference between the two electrode measuring lengths used
for the measurement, Z02 is the impedance for the longer
electrode measuring length, and Z01 is the impedance for
the shorter electrode measuring length.

11. The method according to claim 2, wherein the voltage
electrodes at the inferior thoracic aperture are provided as
double electrodes on the left and right side, respectively, of
the thorax, wherein electrodes positioned at the same dis-
tance in the longitudinal direction are electrically connected
to each other.

12. The method according to claim 11, wherein the
electrodes on the left and right side, respectively, of the
thoracic aperture may selectively be switched off.

13. The method according to claim 3, wherein the voltage
electrodes at the lower end of the trunk are provided as
double electrodes on the left and right side, respectively, of
the lower end of the trunk, wherein electrodes positioned at
the same distance in the longitudinal direction are electri-
cally connected to each other.

14. The method according to claim 13, wherein the
electrodes on the left and right side, respectively, of the
lower end of the trunk may selectively be switched off.

15. The method according to claim 1, wherein the imped-
ance variations with respect to time are measured at at least
two frequencies.

16. The method according to claim 15, wherein the
impedance is measured at three different frequencies.

17. The method according to claim 16, wherein the
different frequencies are between 1 and 10 kHz, approxi-
mately 30 and 100 kHz, and above 200 kHz.

18. The method according to claim 1, wherein the maxi-
mum temporal variation of the measured impedance values
(dZ/dt) is determined at at least two different measuring
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frequencies, and that the resistivity of the blood present in
the body is determined therefrom.

19. The method according to claim 18, wherein the
maximum temporal variation of the measured impedance
value, especially in relatively small time frames, is deter-
mined at different times of the cardiac cycle.

20. The method according to claim 19, wherein the time
frames are set at an abrupt rise of resistivity and at the time
of minimum blood flow at the end of a diastole.

21. The method according to claim 19, wherein the time
slots are put over the total cardiac cycle as small gliding
slots.

22. The method according to claim 15, wherein the
frequency of the alternating measuring current is continu-
ously varied from a lower measuring frequency to a higher
measuring frequency.

23. The method according to claim 22, wherein the lower
measuring frequency is approximately 1 kHz and the higher
measuring frequency approximately 1000 kHz.

24. The method according to claim 15, wherein the
measuring current is impressed for at least another current
electrode distance and at several different measuring fre-
quencies, and that the impedance is measured for the dif-
ferent voltage measuring lengths and at the different fre-
quencies.

25. The method according to claim 1, wherein the phase
angle between measuring current and measuring voltage is
determined.

26. The method according to claim 1, wherein amplitudes,
areas, and ascending or descending tangents of the imped-
ance waves B, C, X and O are used independently or
together for calculating hemodynamic parameters.

27. The method according to claim 1, wherein empirical
equations that have been determined by means of a gold
standard including one of the Fick principle for stroke
volume and e.g. echocardiography or isotope methods for
other parameters, including as ejection fraction, pulmonal
wedge pressure, diastolic function and the like, are used for
measuring hemodynamic parameters.

28. The method according to claim 1, wherein the sodium
content in serum is determined and used in the calculation of
relevant parameters.

29. The method according to claim 1, wherein the sodium
concentration in serum is mathematically estimated by the
method and obtained as a result.

30. The method according to claim 1, wherein hormones,
including one of ADH and natriuretic peptide, especially
brain natriuretic peptide, and precursors thereof regulating
body fluids, fractions and the composition thereof, are
estimated by the method according to claim 1 by means of
empirical equations and obtained as a result.

31. The method according to claim 1, wherein the results
are sent to a central station in digital form by one of
telephone and e-mail where the results are further processed
and assessed, whereafter all necessary measures and therapy
changes are transmitted to the patient from a remote place.

32. The method according to claim 1, wherein the body
fluid is determined with its fractions, such as extracellular
space and intracellular space, and read out.

33. An apparatus for measuring electrical impedance or
temporal variations thereof in a human body, especially for
performing electromechanocardiography or impedance car-
diography (IKG) measurements for determining hemody-
namic parameters, especially for implementing the method
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according to claim 1, wherein at least two voltage electrodes
are provided, at least one of which is provided as a double
voltage electrode element, wherein the impedance and tem-
poral variations thereof between the two voltage electrodes
may be sensed.

34. The apparatus according to claim 33, wherein the at
least one double voltage electrode element is attached to a
common insulating carrier sheet.

35. The apparatus according to claim 33, wherein at least
one of the voltage electrodes comprising a triple electrode
element is formed of a current electrode and two voltage
electrodes.

36. The apparatus according to claim 35, wherein the
current electrode and the double voltage electrode element
are fixed to a common carrier sheet as a triple electrode
element.

37. The apparatus according to claim 33, wherein all
electrode element terminals are brought together in a distri-
bution element by means of connecting leads, and that the
distribution element is connected to measuring lines and
control lines of a measuring device.

38. The apparatus according to claim 37, wherein the
distribution element is controllable so that the electrode
elements are connectable to different measuring lines and
control lines of the measuring device.

39. The apparatus according to claim 33, wherein an angle
meter for measuring body inclination is provided.

40. The apparatus according to claim 39, wherein the
angle meter is positioned on the distribution element.

41. A medical electrode element for measuring electrical
impedance or temporal variations thereof in a human body,
especially for performing electromechanocardiography or
impedance cardiography (IGK) measurements for determin-
ing hemodynamic parameters, by means of a first current
electrode, which has an electrical terminal for impressing an
alternating measuring current, and a first voltage electrode
spaced therefrom, which has a voltage terminal for sensing
an electrical measuring voltage, wherein at least one further
voltage electrode is provided with a voltage terminal, and
wherein the at least one further voltage electrode is posi-
tioned in a distance (d, d1) from the first voltage electrode,
for implementing the method according to claim 1, wherein
the first voltage electrode as well as the at least one further
voltage electrode are provided as parallel, electroconductive
strips, the widths of the strips being equal to, preferably
smaller than, the distance between the strips.

42. The medical electrode element according to claim 41,
wherein the ratio of strip length to distance between elec-
trodes (a, al, d, d1) is in the range between 2 and 15.

43. The medical electrode element according to claim 41,
wherein the first voltage electrode and the first current
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electrode as well as the at least one further voltage electrode
and the at least one further current electrode are provided as
parallel, electroconductive strips, the widths of the strips
being equal to, or smaller than the distance between the
strips.

44. The medical electrode element according to claim 41,
wherein the first voltage electrode and the first current
electrode as well as the at least one further voltage electrode
are positioned on a common, electrically insulating carrier
material.

45. The medical electrode element according to claim 41,
wherein the carrier material consists of a carrier sheet, and
that the first voltage electrode and the first current electrode
as well as the at least one further voltage electrode and/or the
at least one further current electrode are secured on one side
of the carrier sheet and preferably provided with an elec-
troconductive adhesive layer.

46. The medical electrode element according to claim 41,
wherein the carrier material comprises a plurality of sheet
strips with adhesive surfaces, onto which the first voltage
electrode and the first current electrode as well as the at least
one further voltage electrode are attached, and that the sheet
strips with the electrodes secured thereon are able to adhere
to a common base carrier sheet in a substantially parallel
arrangement, which base carrier sheet may be pulled off
from the body surface after the attachment of sheet strips
thereto.

47. The medical electrode element according to claim 41,
wherein the carrier sheet may on one longitudinal end be
tapered to a plug-type surface, on which the first voltage
electrode and the first current electrode as well as the at least
one further voltage electrode and the at least one further
current electrode are closely spaced.

48. The medical electrode element according to claim 43,
wherein the first voltage electrode and the first current
electrode as well as the at least one further voltage electrode
and the at least one further current electrode are provided in
the form of spot electrodes spaced from each other by means
of spacers, such as a common carrier sheet.

49. The medical electrode element according to claim 41,
wherein the electrode elements are made of reusable, at least
partially flexible or elastic, electrically nonconductive or
poorly conductive, circular, openable bands, into which the
conductive material of the electrodes is incorporated e.g. in
the form of strips or spots.

50. The apparatus according to claim 33, wherein the
electrodes or electrode elements are also operated as ECG
electrodes.
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