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IMPEDANCE-BASED MEASURING METHOD
FOR HEMODYNAMIC PARAMETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of International Appli-
cation 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 dis-
closure of which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

The invention relates to a non-invasive method for measur-
ing the volume, the composition and the movement of elec-
troconductive body fluids, based on the electrical impedance
of the body or a body segment, especially for performing
electromechanocardiography (ELMEC) or impedance cardi-
ography (IKG) measurements for determining hemodynamic
parameters, wherein an alternating measuring current of at
least one frequency is introduced into the body by measuring
electrodes applied to the body surface.

In medical practice, it is often necessary to measure cardiac
mechanical activity. There are different methods, such as
echocardiography, for measuring stroke force, inotropism,
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=CO) 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 physiologi-
cal findings. However, echocardiography is not really appro-
priate 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 seri-
ous problem, medics have numerous other methods at their
disposal for determining CO.

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 concerns the intro-
duction of a catheter into a human vessel and complications
resulting therefrom, such as bleeding and infections. Conse-
quently, this invasive method involves high costs with regard
to disposable catheters and high risks for patients. See Dalen,
I. E, “The Pulmonary Artery Catheter—Friend, Foe, or
Accomplice?” JAMA, 286(3): 348-350 (Jul. 18, 2001);
Polanczyk C. A. et al., “Right Heart Cathertization and Car-
diac Complications in Patients Undergoing Noncardiac Sur-
gery” JAMA, 286(3): 309-314 (Jul. 18, 2001). The principle
of thermodilution or dye dilution is also susceptible to errors
so thatusually an average of several measurements is required
to obtain a plausible result. Furthermore, physical strain or
other conditions resulting in body temperature variations also
yield wrong results in thermodilution.

Recently it has been attempted to use the Flick principle to
determine cardiac output by measuring gases in 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
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as in the alveolar air, wherein according to the Fick principle,
CO can be calculated from the concentration decrease within
a given time unit.

One method that has proven especially successful is CO,
rebreathing. Here, a loop is introduced into the patient’s res-
piratory 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 concentration 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 respiratory rate. With spontane-
ously 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 consequently also breathing effort. Further-
more, the method’s accuracy decreases significantly with
spontaneous breathing. 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.

Another method involves the determination of stroke vol-
ume 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 hemo-
dynamic parameters, which allows an indirect derivation of
changes of stroke volume and other hemodynamic param-
eters 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 transcutaneous 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.

Another method well known in the art is impedance cardi-
ography (IKG). In this method, a constant alternating electric
field is applied to the thorax, and the alternating voltage
variation caused by the alternating electric field indicates a
change of thoracic fluid content. More particularly, with this
method resistance to alternating current (impedance) is mea-
sured, 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.

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 calculated according to the
following formula: Z(t)=u(t)/1,, where u(t) is the changing
alternating current and I, is the alternating current constant
effective current intensity impressed into the body.

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 elec-
trode 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
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carrier sheet and reproducible. One of these parallel 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 elec-
trodes left and right, respectively, at the inferior thoracic
aperture. This electrode arrangement shows much better
reproducibility of results than former circular electrodes and
the spot electrodes described in the U.S. Pat. No. 4,450,527 of
Sramek for “Noninvasive Continuous Cardiac Output Moni-
tor,” see F1G. 1a+F1G. 15

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,” Aero-
space Medicine 37, 1208-1212 (1966); and “The Minnesota
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., “Non-
invasive Continuous Cardiac Output Monitor”; Sramek, B.,
“Noninvasive Technique for Measurement of Cardiac Output
by Means of Electrical Impedance,” Proceedings of the Vih
ICEBI, Tokyo (1981); and Sramek, B. et al., “Stroke Volume
Equation with a Linear Base Impedance Model and 1ts Accu-
racy. as Compared to Thermodilution and Magnetic Flowme-
ter Techniques in Humans and Animals, Proceedings of the
Vth 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 considerable errors in the calculation of stroke
volume and other hemodynamic parameters as well as of
cardiac output.

Equation 1 shows the Kubicek equation for calculating
stroke volume and other hemodynamic parameters from a
variation of the impedance signal:

5 (0
SV =pu 5 LVET- (dZ]d1),,
0

Herein, L is the measuring length in cm between two elec-
trodes on the body surface, p is the resistivity of the blood in
Q cm, Z, is the base impedance in Q, (dZ/dt),, . is the maxi-
mum of the first derivative of electrical resistance and imped-
ance variations with respect to time in ©/sec by cardiac activ-
ity and LVET, left ventricular ejection time in sec.

As can be seen, the electrode measuring length I enters the
equation as a quadratic value, wherein, at present, this elec-
trode measuring length is determined on the thorax surface.

Furthermore, blood resistivity p is a linear value in the
formula, which means that blood resistivity mainly depends
ontheblood’s content of red blood cells. According to the law
by Lamberts, R. et al., “Impedance Cardiography,” Van Gor-
cum, Assen, Holland (1984)], p can be approximately calcu-
lated from the hematocrit Het by means of the formula

p=71.24. 0000358 Het pawer 2 Q)
or estimated by means of a similar formula or, in other meth-
ods, simply kept constant. What is not taken into account here
is that blood conductivity is not only influenced by the hema-
tocrit, but also by the ionic concentration in plasma as well as
proteins contained therein. Therefore, an empirically deter-
mined equation, which takes into account only one and not all
blood components, will never give the exact conductivity or

20

25

40

60

65

4

resistance of blood. Furthermore, blood conductivity is also
influenced by the flow rate, since with higher velocity eryth-
rocytes are oriented lengthwise and consequently increase
fluid cross section. With even higher velocities and resulting
turbulences, blood resistance can increase even further.

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 assump-
tion 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
50ff). Body length H therefore even enters the formula as a
cubic value.

(0.17-H) 3
SV = -LVET-
4.25

(dZ]d1) 0
Zy

Bernstein, D. P. etal. (see “A New Stroke Volume Equation
for Thoracic Electrical Bioimpedance: Theory and Ratio-
nale,” Critical Care Medicine, 14: 904 to 909 (1986)) “cor-
rected” this formula by multiplying the above formula by a
correction factor .

O=B(Weat W igear) )

wherein { is a blood volume index, and W, ., and W, are
the ideal and real weights of an individual.

The ideal weight for men is

W ideal—=0.534H-17.36 (5)
The ideal weight for women is
W ideal—=0.534H-27.36 (6)

Herein, H is the standing height in cm.

This shows that in all equations different measuring units
are mixed. Consequently, the resulting equations have noth-
ing to do with correctly derived, credible mathematics. By
introducing anthropometric values into such an equation,
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 hemo-
dynamic 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 hemody-
namic parameters, i.e. the patient’s body measurements.
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 for-
mula by KUBICEK directly includes a measure for body
dimensions as well.

As shown in F1G. 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.

According to the above, in individuals without heart dis-
eases, hemorrhagically measured stroke volume and other
hemodynamic parameters correspond well with impedance
cardiography results because real standing height is a mea-
sure for cardiac output. A tall and heavy individual actually
has to transport much more blood to tissue within a certain
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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 formula loose
their significance. In individuals with heart diseases, this
leads to an enormous bias towards normal and thus incorrect
high values.

Additionally, values determined by impedance cardiogra-
phy 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 7, 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.

This is illustrated in FIG. 2. Here the ejection fraction EF
was measured echocardiographically according to the Simp-
son technique in patients with and without cardiac insuffi-
ciency and compared with CO. The echocardiographic
parameter EF was used instead of echocardiographically
measured CO because this value can be determined 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 cardiography was a suitable
method for cardiac insufficiency.

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, accurateness is
rather poor. In the United States, the technique has neverthe-
less 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 interventions can be deter-
mined very well, even if the absolute values are wrong.

Furthermore, none of the apparatus currently available 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, i.e. 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.

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 thermodilution and other meth-
ods 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.e., 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 mea-
sured cardiac output only electrically measured parameters
should be introduced into an equation.

U.S. Pat. No. 4,450,527 describes an apparatus for imped-
ance measurements where the dimensions of the thorax, espe-
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cially the measuring length between the electrodes, where the
measurements are conducted, have to be determined and
entered. Thorax impedance is measured as a function of time
and effects caused by respiration movements are eliminated
so that the patient can breath normally during the measure-
ment 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 mea-
surement.

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 measurements, which
catheter includes an insulating plastic tube, annular elec-
trodes and interior channels for electrode leads. The annular
electrodes are connected to impedance transformers which
convert the measured signals into voltage or current signals so
that they can be displayed. Due to this multiple electrode
arrangement a simultaneous measurement 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 posi-
tion. Even for patients in good health condition, this measur-
ing method is rather strenuous and can therefore not be
repeated arbitrarily often. Cardiac output is not determined
with said method.

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, second para-
graph), this document mentions non-invasive techniques for
obtaining cardiac output and holds that these have severe
limitations and that invasive measurements by means of car-
diac catheters show decisive advantages. Only invasive car-
diac catheter measurements are mentioned, which by nature
cannot be repeated very often on one patient and may entail
serious complications.

U.S.Pat. No. 4,947 862 describes a device for the measure-
ment 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 mea-
suring the magnitude and phase of the produced voltage sig-
nals 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.

Finally, U.S. Pat. No. 5,063,937 discloses a multiple fre-
quency measurement system for determining bioimpedance
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

It is thus an object of the present invention to provide a
method as mentioned in the beginning, particularly for deter-
mining stroke volume and generally for measuring other
hemodynamic parameters, such as inotropism or ejection
fraction, by means of impedance cardiography, which helps
to overcome the above disadvantages.

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 impedance and
temporal variations thereof of essentially the same body seg-
ment through which the alternating measuring current flows
for at least two different measuring lengths, essentially in the
longitudinal direction of the body.
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By measuring the impedance and its variation for two
different measuring lengths, the actually electrically partici-
pating “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 information can,
with empirically determined equations, be entered into a so-
called “black box” model, into which only electrically mea-
sured values are entered. Consequently, the dependence on
body measurements and other information of the body is
eliminated.

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 aper-
tures for at least two different measuring lengths of essen-
tially the same body segment.

Another embodiment of the invention, where the imped-
ance 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 can be mea-
sured over two different distances, providing an operational
length and an electrically participating volume, respectively,
for this area as well.

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 preferable for
the measurement, which can be achieved by current introduc-
tion 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.

In the determination of some hemodynamic parameters or
parameters concerning fluid balance, it may be an advantage
to additionally measure whole-body impedance, i.e. imped-
ance between the lower and upper body end. This additional
measurement of whole-body impedance is not only appli-
cable 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.

Maximum accuracy and reproducibility of impedance
measurements are also provided if the difference between the
two different measuring lengths is small compared 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.

In impedance measurements on the body, an alternating
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 electrical impedance and
variations thereof may be calculated from the measuring cur-
rent and the measuring voltage.

An embodiment of the invention can comprise the calcu-
lation of an operational electrode measuring length or, if

20

25

40

45

55

60

65

8

necessary, also an operational distance between electrodes
from the impedance values determined for different measur-
ing lengths between electrodes. Based on these values actu-
ally 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.

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 mea-
suring lengths used for the measurement, 7, is the imped-
ance for the longer electrode measuring length, and Z,,, is the
impedance for the shorter electrode measuring length.

In order to avoid asymmetric current distribution in the
patient’s body, another embodiment may comprise the pro-
vision of voltage electrodes at the inferior thoracic aperture as
double electrodes on the left and right side, respectively, of
the thorax, wherein electrodes positioned at the same distance
in the longitudinal direction are electrically connected to each
other.

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

When positioning measuring electrodes on the trunk, an
advantageous embodiment of the method of the present
invention consists in the provision of voltage electrodes 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 longitu-
dinal direction are electrically connected to each other. Con-
sequently, the measurement may include a relatively large
body volume. Here, the electrodes on the left and right lower
end of the trunk, respectively, may selectively be switched
off.

The provision of at least one further current electrode and/
or voltage electrode results in a change of the electrode mea-
suring length of the current electrodes and/or voltage elec-
trodes 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 measurement 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 elec-
trode measuring length L should be constant, known or cal-
culable.

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 deter-
mining the portions of the intra- and extracellular spaces,
followed by the use of these values for the calculation of
stroke volume and other hemodynamic parameters. This
method can, independently of the defined change of measur-
ing length of the present invention, also be applied in a con-
ventional 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 hemodynamic param-
eters depending on blood resistivity.

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 embodiment of
the invention is approximately 1 kHz and the higher measur-
ing frequency approximately 1000 kHz at most.
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A phase angle between measuring current and measuring
voltage at different frequencies may also be a measure for the
determination of hemodynamic parameters.

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 mul-
tiplexer). Alternatively, several measuring frequencies can be
measured alternately within very short time frames. From the
different impedance values, which may be measured at dif-
ferent frequencies, body fluid distribution can be determined,
which allows conclusions with regard to thorax geometry.

Another embodiment of the method of the present inven-
tion may comprise the measurement of the impedance at three
different frequencies, wherein the different frequencies are 1
to 10 kHz, 30 to 100 kHz and more than 200 kHz.

As mentioned above, one of the problems of impedance
cardiography consists in the determination of blood resistiv-
ity, which plays a role in several calculation formulas for
hemodynamic parameters. Since the determination of the
maximum temporal derivative of impedance with respect to
time at increasing frequencies is a measure for blood resis-
tivity, 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 therefrom 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 electrodes.

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 vol-
ume.

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 ofthe cardiac cycle may thus be determined.
This leads to a time average of impedance value changes over
the cardiac cycle.

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.

1ftime 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.

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, pul-
monal wedge pressure, diastolic function and the like, may be
used for measuring hemodynamic parameters, 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 regres-
sion equations, or by means of neural networks or other
“machine learning” methods.

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
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values the operational length for impedance determination is
determined in contrast to a reference electrode.

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 deter-
mination of the measuring voltage for a third voltage elec-
trode measuring length differing from the first and second
ones.

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. 1f additionally measure-
ments 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 calculat-
ing cardiac output. Since intracellular space and extracellular
space show characteristic variations in individuals suffering
from heart diseases, further conclusions with regard to car-
diac function may be drawn. Cardiac insufficiency, for
instance, leads to a decrease of intracellular space and an
increase of extracellular space.

Another embodiment of the present invention may com-
prisethe 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.

All substances involved in the impedance measurement on
the body depend on the frequency, which may provide impor-
tant information on the constitution of the organism to be
measured.

Consequently, the measuring current should be impressed
at different measuring frequencies, and the according mea-
suring voltage values and temporal variations thereof, espe-
cially during a cardiac cycle, should be determined. Frequen-
cies used herein should result in a measurable variation of
blood impedance values.

An advantageous signal-to-noise ratio in the determination
of the measuring values may be achieved by impressing,
according to a further embodiment of the present invention,
the measuring current over several different voltage electrode
measuring lengths and at several different measuring fre-
quencies, followed by the determination of the measuring
voltage caused by the measuring current.

Furthermore, it may be advantageous for the determination
of the impedance character (inductive or capacitive) to deter-
mine the phase angle between measuring current and mea-
suring voltage.

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.

Another variant of the method of the present invention may
comprise the determination of the sodium content in serum
and its use in the calculation of relevant parameters.

Furthermore, the sodium concentration in serum may be
mathematically estimated by the method ofthe present inven-
tion and obtained as a result.

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

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.

Furthermore, the invention is related to an apparatus for
measuring electrical impedance or temporal variations
thereof in a human body, especially for performing electro-
mechanocardiography or impedance cardiography (IKG)
measurements for determining hemodynamic parameters.

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 temporal variations
thereof between the two voltage electrodes may be sensed.

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 mea-
suring length may be determined from two measuring volt-
ages sensed at the double voltage electrode.

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.

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 current and the sens-
ing of measuring voltages may thus be conducted at a single
electrode element. More particularly, the current electrode
and the double voltage electrode element may be fixed to a
common carrier sheet as a triple electrode element.

In order to allow impedance measurements according 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 distribution element is con-
nected to measuring lines and control lines of a measuring
device.

Another possibility to automate the method of the present
invention may comptrise a controllable distribution element
so that the electrode elements are connectable to different
measuring lines and control lines of the measuring device.

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 advan-
tageous to record the angle between the longitudinal body
axis and the horizontal or perpendicular. Another embodi-
ment of the measuring system of the present invention may
provide for an angle meter for measuring body inclination.
Preferably, it is positioned on the distribution element.

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 car-
diography (IGK) measurements for determining hemody-
namic 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 there-
from, which has a voltage terminal for sensing an electrical
measuring voltage, wherein at least one further voltage elec-
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trode is provided with a voltage terminal, and wherein the at
least one further voltage electrode is/are positioned in a dis-
tance 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.

The provision of strip-shaped electrodes leads to a rela-
tively high measuring volume, e.g. within the thorax,
whereby significant measurement results for the determina-
tion of body impedance may be obtained.

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 thereofin the body segment may be examined—for
the shorter as well as the longer measuring length between the
respective electrodes.

By introducing further degrees of freedom, i.e. different
measuring lengths between the voltage electrodes and live
electrode pairs, the actually electrically participating “opera-
tional 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 empiri-
cally 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.

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

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 electrode for impedance
determination may be calculated from the obtained measur-
ing values.

The distance d between the first and second voltage elec-
trodes is known due to the design of the electrode element of
the present invention, however, it has proven advantageous to
additionally determine an operational distance between the
first and second voltage electrodes in line with the determi-
nation of an operational measuring length.

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

It has been shown that the use of strip electrodes provides
a high level of reproducibility of the values measured by
means of the electrode element of the present invention if the
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ratio of strip length to distance between electrodes is in the
range between approximately 2, preferably 4, and approxi-
mately 15, preferably 10.

According to a further embodiment of the invention, 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
and/or the at least one further current electrode on a common,
electrically insulating carrier material.

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 electrocon-
ductive adhesive layer. Thus, a constant spacing of the indi-
vidual electrodes on the body surface can be guaranteed dur-
ing the implementation of the method of the present
invention.

In another embodiment of the present invention, the carrier
material may comprise a plurality of sheet strips with adhe-
sive surfaces, onto which 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
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 attach-
ment 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.

In order to achieve a reliable and easy-to-handle connec-
tion 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 longitudi-
nal 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/or the at least one
further current electrode are closely spaced.

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, imped-
ance measurements may be conducted on very small contact
areas on the body surface.

Furthermore, the invention relates to a measuring system
for measuring electrical impedance and temporal variations
thereof in a human body, especially for performing imped-
ance cardiography (IKG) measurements for determining
hemodynamic parameters, by means of an alternating mea-
suring 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 connect-
able to the first voltage electrode of the electrode element.

In measuring systems for measuring electrical impedance
in a body currently in use, the measuring length between two
electrode elements for impedance measurements 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 operational measuring length
differs significantly and unpredictably from the distance
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between the individual electrodes, which distance is to be
measured on the body surface, lead to measurement errors
and inaccuracies.

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

The present invention achieves this object by providing a
selector switch which connects the voltage measuring device
either to the first voltage electrode or to the at least one further
voltage electrode. Alternatively, the measuring system may
also provide for a simultaneous measurement for different
measuring lengths.

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

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 measur-
ing current source can have a, optionally continuously, vari-
able measuring frequency. Thus, the effects of body compo-
nents such as blood, tissue and bones on the measurement
results at different measuring frequencies can be determined.

In this connection, a phase detector for determining the
phase angle between the measuring current of the measuring
current source and the measuring voltage measured by the
voltage measuring device may be provided in order to gain
another measurement value from the phase angle.

Since the different impedance values, which can be deter-
mined by the measuring system of the present invention,
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.

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

Since the electrode element of the present invention
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 fraction, diastolic cardiac func-
tion, valve alterations, and potential other hemodynamic
parameters, e.g. pulmonary pressure, and other important
parameters, such as volume, distribution and composition of
different body compartments.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of the invention, will be better understood 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 lim-
ited to the precise arrangements and instrumentalities shown.
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In the drawings:

FIG. 1 is a graph showing the correlation between the
patient’s height and the measured distance between the elec-
trodes when place correctly between the superior and inferior
thoracic apertures;

FIG. 2 is a graph showing no relation between cardiac
output (CO) measured by impedance cardiography and ejec-
tion fraction (EF) measured by echocardiography;

FIG. 3 is a graph showing the relation between the mea-
suring length determined on the body and the operational
measuring length determined between two voltage or current
electrodes;

FIG. 4A is a graph showing a comparison between cardiac
stroke volume determinations according to conventional
impedance cardiography and the rebreathing technique;

FIG. 4B is a graph showing a comparison between cardiac
stroke volume determinations according to impedance cardi-
ography of the present invention (ms{-ELMEC) and the
rebreathing technique;

FIG. 5 shows an impedance signal derived with respect to
time, an electrocardiogram and a phonocardiogram of a
patient;

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

FIG. 7 is a schematic view of an embodiment of the elec-
trode element of the present invention;

FIG. 8 is a schematic view of another embodiment of the
electrode element of the present invention;

FIG. 9 is a schematic view of an embodiment of the mea-
suring system of the present invention;

FIG. 10 is another schematic view of an embodiment of the
measuring system of the present invention;

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

FIG. 105 is a detailed view of an improved embodiment of
the measuring system of FIG. 10;

FIG. 11 is a schematic view of another embodiment of the
measuring system of the present invention;

FIG. 12 is a schematic view of another embodiment of the
measuring system of the present invention; and

FIG. 13 is a schematic view of another embodiment of the
measuring system of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the method of the present invention for measuring the
volume, the composition and the movement of electrocon-
ductive body fluids, based on the electrical impedance of the
body or a body segment, especially for performing electro-
mechanocardiography (ELMEC) or impedance cardiography
(IKG) measurements for determining hemodynamic param-
eters, an alternating measuring current of at least one fre-
quency is introduced into the body, and the impedance and
temporal variations thereof of essentially the same body seg-
ment through which the alternating measuring current flows
are measured for at least two different measuring lengths,
essentially in the longitudinal direction of the body.

More particularly, in an impedance cardiography (IKG)
measurement for determining hemodynamic parameters,
such as cardiac stroke volume, an alternating measuring cur-
rent 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 produced by the
measuring current may be sensed by means of voltage elec-
trodes, which are spaced from each other on the body surface,
especially the thorax surface, by a voltage electrode measur-
ing length.
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Based on the measuring current and the measuring voltage,
the electrical impedance and temporal variations thereof are
calculated.

In the method according to the invention, e.g. the measur-
ing voltage for different voltage electrode measuring lengths
between voltage electrodes on essentially the same body seg-
ment or segments is determined. From the resulting measur-
ing voltage values, the respective impedance values are cal-
culated. 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.

Furthermore, it is advantageous to determine the imped-
ance 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 con-
tinuous, alterable measuring frequency.

Here, the measuring frequencies should be sufficiently 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 fre-
quencies 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 measure-
ment, it may be advantageous to conduct alternating or simul-
taneous measurements for several lengths and several fre-
quencies. 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 measured by the
voltage measuring device.

As is generally known, according to the definition of resis-
tivity impedance is

Z=p*(L/A) o
where p is the resistivity of the working section, L is the
measuring length and A is the cross section of the working
section.

If a second working section with the measuring length

L=L+d (8)
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 9]

fe
Zy

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

In an apparatus for measuring the electrical impedance and
temporal variations thereof in a human body in order to deter-
mine body fluids, their composition and their movement in
the body, e.g. hemodynamic parameters, the present inven-
tion 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 elec-
trodes. 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.

The design of the triple electrode element 80, 81, 82 con-
sisting of a current electrode 70 and two voltage electrodes
72, 73, which form a double voltage electrode element, 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.

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

The calculation of do requires e.g. the mounting of an
additional measuring electrode 71 on an electrode element 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 electrodes 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 supe-
rior thoracic aperture is sufficient.

A voltage measuring device 51 is connected to a voltage
electrode 61 of the electrode element 20 and connectable, 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
1s L.2, and the measuring length between the voltage electrode
61 and the third voltage electrode 71 is L3. Here, L.2=].+d and
L3=L+dl.

By setting the select switch 50, a total of three measuring
voltages corresponding to the measuring lengths [, [.2 and 1.3
may be sensed.

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

One embodiment of the measuring system of the present
systen1, which provides for several current electrodes instead
of several voltage electrodes, is shown in FIG. 13.

The starting point is again a quadruple electrode element
80, on which a voltage electrode 33 and three current elec-
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trodes 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.

The measuring current is impressed via an alternating mea-
suring 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.

The voltage measuring device 51 is connected to the volt-
age electrode 61 of the electrode element 20 and to the voltage
electrode 33 so that by means of voltage measurements for
three different measuring lengths [, L4 and L5 of current
impression, impedance and an operational measuring length,
which is based on considerations analogous to the embodi-
ment of FIG. 11, may be determined.

FIG. 3 shows the differences identified in practical experi-
ments between the actual length measured on the body sur-
face in cm and the “operational length” [, calculated accord-
ing 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 sur-
face and the operational length derived from the above for-
mula. 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 elec-
trodes, which, in the form of “electrical antinodes”, obviously
reduce the virtual distance between electrodes in an unpre-
dictable manner.

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 dif-
ferent 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 attach-
ment site of electrodes has been eliminated because the
method is always corrected by the determination of the opera-
tional measuring length, even if circumstances within the
thorax have changed, e.g. due to different fluid distribution.

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 ves-
sels 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.

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, e.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. Espe-
cially with cardiac insufficiency, the relation between fluid



US 7,783,345 B2

19

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.

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 hemat-
ocrit. Quail et al. (see “Thoracic Resistivity for Stroke Vol-
ume 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):

SVieur - 723 (10)

Poood = BT VET -(dZ]dn),,.

QUAIL et al. found out that p,,,,, is dependent on the hema-
tocrit, but remains constant otherwise. They replaced p,;,.4
by a mean thoracic resistance p,. 1f p,, is approximately con-
stant in Kubicek’s equation, it may be replaced as follows:

Zy-A 7=>11)

72p LR
Sy T

This is entered into Kubicek’s equation:

7oA P a, b, ¢

SV = T-Z—%-LVET-(JZ/JI)MM

Al
5V ="" LVET-(dz/du,,,
%

dz/dn

SV = Vitora LVET- — max

Now the resistivity p, the determination of which is rather
problematic, has been mathematically eliminated from the
equation for stroke volume and other hemodynamic param-
eters. This requires blood resistivity to remain constant dur-
ing cardiac activity. According to Shankar et al. (see “The
Contribution of Vessel Volume Change and Resistivity
Change to the Electrical Impedance Pulse,” IEEE 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.

An alternative would comprise the measurement of p at
different times of cardiac activity, e.g. at the time of maxi-
mum blood flow, during systoles, as well as at the time of
minimum blood flow, at the end of diastoles. Like in imped-
ance cardiography, it is better to monitor impedance varia-
tions with respect to time (dZ/dt),, . since this value is deter-
mined 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 cur-
rent frequency. At 20 kHz, for instance, electrical resistance
ofblood is significantly higher than at e.g. 100 kHz, wherein
the conductivity of erythrocytes increases even further with
higher frequencies because at higher frequencies the erythro-
cyte membrane acts like an electric capacitor. This character-
istic may be used for determining p, or more precisely, the
decrease of (dZ/dt),, . is a measure for the number of red
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blood cells, i.e. 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/d[)maxifreql] 13)

= f(Hkt) = F] ——————
p=J(HkD ((dzm)m,ﬁeqz

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 deter-
mined by comparison of the measurement results with a con-
ventional determination of the hematocrit Het.

Another method for determining variations of blood resis-
tance 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 resis-
tivity corresponds to ~25% of impedance variation, i.e. itis 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 differentiated impedance signals
measured at different frequencies (dZ/dt),, ,/(dZ/dt), ..
Thus, an additional signal Ap(1)=(dZ/dt),,,/(dZ/dt). > can
be continuously obtained, which is a measure for blood resis-
tivity 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 determin-
ing CO. Thus, it is not absolutely necessary to empirically
predetermine the function f.

/A0,
(dZ]d0) o

(14
Ap(r)

Another advantage of the method is that a sufficient accu-
rate 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 deter-
mined how long the blood flows and whether the blood flow
is laminar or turbulent. Thus, LVET (left ventricular ejection
time), which is conventionally determined directly from the
1GK signal or from the phonocardiogram, may also be deter-
mined from the changing p value by means of a measurement.

An accurate determination of blood resistivity p, the cor-
rect operational length L, or base impedance 7, which is a
measure for the thorax geometry, is required for determining
the correct SV because the electrically participating thorax
volume V... may be deduced from these values. This elec-
trically participating thorax volume V... s the most impor-
tant measure for determining the SV by means of impedance
cardiography, as can be seen from the general 1IKG equation
(12c):
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SV = Vipogy - LVET - (2] 00 (12¢)
Z
As described above, Kubicek calculated V. from the

thorax

distance between the electrodes L, blood resistivity p, and
base impedance 7, Sramek or Bernstein estimated V..
from standing height H and/or patient weight W. Other
“improved” formulas used for different IKG devices even use
the patient’s age to determine V,, ...

As mentioned above, these values or linear dependencies
of these values may only be determined from electrically
measured values. Thus, V.. may only be determined from
various electrical values as well.

Viorax = f(L, p, Zo, H, W) 13

Vawas = f d  AZ]d0e: rreqt Zpegt  Lfreql
thorax = , .
e Zo 1 (AZ]30 e jreqr” Zpreqr Zfreqs

Zo

These values determined solely by means of electrical
measurements may not only be introduced into any known
formula for determining stroke volume and other hemody-
namic parameters, e.g. the formulas by Kubicek, Sramek or
Bernstein, but also into any other equation for determining
stroke volume and other hemodynamic parameters; this also
includes nonderived, empirically determined 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 secondary importance since
measurements may be conducted at each heartbeat, i.e. 70
times per minute, and the values obtained at different heart-
beats may be averaged or an accurate template may be deter-
mined from the impedance signal.

Similarly, the electrically determined parameters L and p
may be introduced into any known or newly developed equa-
tion for determining stroke volume and other hemodynamic
parameters. Furthermore, the plurality of parameters electri-
cally determined in this way may be used for calculating other
important parameters of mechanical cardiac function, e.g.
ejection fraction, contractility, inotropism and pulmonary
pressure and the like.

Inour experience, is has proven successful to use empirical
formulas for stroke volume and other hemodynamic param-
eters, e.g. ¢jection fraction, inotropism and the like, which are
obtained by use of gold standards for the above values. Here,
the determined values 7,, Zy, (d2/d0),.0 pegis
(213t frogs Lpogis Lirogos Lsregss - - - 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 param-
eters would primarily be the Fick principle, thermodilution or
the breathing gas technique.

Based on this, a multiple regression equation can be cre-
ated, which describes the best relation between the above
parameters and the actual stroke volumes in a purely empiri-
cal way, and thus all inhomogeneities of biological measure-
ments are eliminated, as for instance the fact that the thorax is
not a geometrically exactly defined body and that homoge-
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neity 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 suffi-
cient 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, extra-
cellular space and intracellular fluid and their relations to
thoracic fluid content are thus taken into account. Any elec-
trically measured value that has shown in a partial correlation
analysis to have a significant relation to cardiac mechanical
performance would enter this formula.

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 dueto
various diseases. During surgery, CO was determined as
“gold standard” by means of a NICO device, which measures
CO via CO, rebreathing and shows excellent 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, constitut-
ing a clinically bad and consequently useless correlation
(even though the body measures were used, providing a math-
ematical prediction of CO). The lower part of the figure, on
the other hand, shows a comparison between NICO—CO and
avery simple embodiment of msf-ELMEC without the use of
body parameters, such as weight and height, where the cor-
relation coefficient r is 0.84, constituting a clinically usable
correlation. This correlation may be strongly improved in a
technically more complex embodiment.

FIG. 5 shows the conventional impedance signal following
the conventional nomenclature, i.e. the times A, B, C, X, Y
and O and the simultaneously recorded ECG and phonocar-
diogram. 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 conventionally the sign of
impedance curves (AZ and dZ/dt) is reversed.

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

At present, only the height of dZ/dt is used in the interpre-
tation of impedance cardiography, even though the shape of
the impedance signal contains much more information. 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/df), (C point)
decreases, but there are additional changes, such as increases
of the amplitudes of the X wave and the O wave.

As can be seen in the figure, instead of using (dZ/dt),, .
alone, the formula should include the amplitudes of the nega-
tive 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.

Furthermore, it might be necessary to know the human
body’s position in space since the different Z, values at dif-
ferent positions may enter the equation differently. Therefore,
it may be advantageous to simultaneously determine 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 equa-
tion for determining stroke volume and other hemodynamic
parameters would be corrected for the different body posi-
tions.
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Thanks to these new developments, the technique is for the
first time sufficiently physically accurate, exclusively electri-
cally 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 pur-
poses. Unlike all other techniques, this one requires the place-
ment 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, intro-
duces a bias favoring errors into the equation; the patient does
no longer have to have a catheter introduced into the pulmo-
nary artery or another artery and he does no longer have to
breath through a mouthpiece and in a closes system.

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

FIG. 7 shows an example of the required electrode ele-
ments of the present invention. Thereon, a first current elec-
trode 70 has an electrical terminal 90 for impressing an alter-
nating measuring current, while a first voltage electrode 73
spaced therefrom has a voltage terminal 93 for sensing an
electrical measuring current.

According to the present invention, a second voltage elec-
trode 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.

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 insulating carrier mate-
rial, most preferably a carrier sheet 2. The first voltage elec-
trode 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.

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 longitudinal 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 elec-
trodes 70, 72, 73, as is shown in the embodiment of FIG. 7.

In the embodiment of FIG. 8, on the other hand, the carrier
material comprises several sheet strips 3 with adhesive sur-
faces, 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 attach-
ing the sheet strips thereto.

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
ofavery broad carrier sheet 2 of the embodiment according to
FIG. 7, are reduced to a very small area.

Initially, the electrode element 80 of the present invention
shown in FIG. 8 has a stripping sheet, preferably on the side
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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 1s generally known from all medical electrodes.

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 opera-
tional electrode measuring length L, or the operational dis-
tance 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 7.

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.

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.

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
electrode elements 7 and 8a 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.

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 electrodes. 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 elements 81, 82, a relatively large
body volume is included in the measurement. Alternatively,
only one electrode element covering the entire body front at
theinferior thoracic aperture may be provided, however, ithas
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.

All terminals of the electrode elements 7, 84, 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 distri-
bution element 9, which is secured to the patient’s body and
comprises an angle meter 11 for determining the position of
the patient’s body with respect to the horizontal in order to
record its effects on the measurement results. The angle meter



US 7,783,345 B2

25

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 10a, which 1s 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.

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.

It is 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.

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 aper-
ture of the embodiment according to FIG. 9 may be replaced
by corresponding double electrode elements 81', 82' as long
as the current is still peripherally introduced via an electrode
7, however, these double electrode elements 81', 82' must be
operated as double voltage electrodes in order to measure the
impedance of the substantially identical thorax segment at
wo different distances.

Additionally, FIG. 10 shows another double electrode ele-
ment 85, which is optionally placed at the lower end of the
trunk approximately at crotch height. Alternatively, FIG. 10a
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 ele-
ment 85 or 85' can be implemented as double or triple elec-
trode 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 advan-
tage that it also allows for the measurement of the impedance
of extremities for two different distances so that an opera-
tional length or an electrically participating volume can be
calculated.

This may also be combined withe.g. an optional tourniquet
86 at the extremity in order to plethysmographically measure
arterial and venous circulation in a known manner. For mea-
suring 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 measur-
ing 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 calculated, electrically participat-
ing volume, volume variations can now also be given in
absolute volumes, e.g. in milliliters. Since both legs have
substantially the same volumes, double-sided measurements
on both legs may also be omitted, and the electrode element 7
may be attached to the 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. 105, 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, butno
voltage electrode, may be provided. The arm electrodes may
be omitted as well, as is shown in FIG. 10.
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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 extrapolated 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 inten-
sive care units. Consequently, whenever the upper body end is
mentioned in the present application, it includes optionally
the neck, the superior thoracic aperture, the arms and the
head.

Furthermore, the left and/or right electrode elements 81,
82, 81", 82' at the inferior thoracic aperture may selectively be
switched off in order to obtain more information 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.

The actual arrangement and implementation of the elec-
trode 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
getby with a double electrode element at the neck 80' and one
or two triple electrode elements at the trunk 81.

Another very economic alternative providing maximum
information comprises a double electrode element 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.

This alternative, which comprises only five double elec-
trode 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, respec-
tively, are exclusively operated as voltage electrodes.

Furthermore, the calculation of fluid volumes may also
take into account serum sodium. As is generally known, this
constitutes the main ion in the extracellular space and is thus
decisive for conductivity and impedance. With heart diseases,
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 conse-
quently conductivity may decrease by up to 20%. If neces-
sary, 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 imped-
ance variations during cardiac activity at various frequencies.
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An important application of the method may comprise, in
addition to the determination of stroke volume, ejection frac-
tion, diastolic function, pulmonal wedge pressure, 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 insuf-
ficiency. 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 depart-
ment, one can easily calculate the amortization time of a
single apparatus of the present invention.

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 analy-
ses. All these parameters of the method of the present inven-
tion are determined e.g. empirically by measuring the param-
eter 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, e.g. with the aid
of multiple regression equations or neural networks, other
“machine learning” algorithms or any other “black box”
model.

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 1s done by means of a tape measure and a caliper, as
shown in FIG. 5 of U.S. Pat. No. 5,335,667.

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 FI1G. 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 electrodes is absolutely
practicable, especially because they are implemented as mul-
tiple electrodes. Furthermore, the electrode arrangement
shown in FIG. 10 has the major advantage that position varia-
tions 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.

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 electrode to the other does not require any
expensive or complicated devices. Thus, it is also possible to
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use this apparatus in home care by providing such a device for
the patient’s home. For this purpose, it would be advanta-
geous to allow for the simultaneous conduction of ECGs. The
position of the electrodes on the body, as shown in 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.

Results do not necessarily have to be processed in the
apparatus in the patient’s home or do not have to be com-
pletely processed by this apparatus, but could for instance be
transferred to a central office by radio transmission or a dedi-
cated line, e.g. via telephone or e-mail, where a final evalua-
tion of the results is conducted.

This development known as “telemedicine” is especially
relevant for patients with heart diseases, who at the moment
require a close-meshed control system in expensive 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. Furthermore, overaging has led to a dra-
matic increase of patients with heart diseases, especially car-
diac insufficiency, making heart diseases a national epidemic
in industrialized countries. Information on changes, e.g. dete-
rioration 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 preprocessed in the patient’s apparatus are transmit-
ted 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.

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 operational distance is for the first
time taken into account.

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 connecting cable
between the electrodes is at maximum extension 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
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spacer 16 may be provided between the electrodes, possibly
by providing arigid 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.

Itwill 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 inven-
tion 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, [ 4,
L5), essentially in the longitudinal direction of the body,
and

wherein the impedance is sensed at the thorax close to the

inferior and superior thoracic apertures for at least two
different measuring lengths (L, 1.2,1.3,1.4,1.5) of essen-
tially the same body segment.

2. A non-invasive method for measuring the volume, the
composition and the movement of electroconductive body
fluids, based on the electrical impedance ofthe body ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parametets,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
and

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 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, L.2, L3, [ 4,
LS).

3. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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

[

20

30

40

45

60

65

30

least two different measuring lengths (L, .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein the impedance of at least one lower extremity is

sensed for at least two different measuring lengths (L,
L2, 1.3, L4, L5) of essentially the same body segment.

4. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L., .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein additionally whole-body impedance between the

lower and upper body end is measured.

5. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

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.

6. The method according to claim 5, wherein the ratio of the
length of the examined body part to the length difference (d,
dl1, a, al) is between 3:1 and 30:1.

7. The method according to claim 6, wherein the ratio of the
length of the examined body part to the length difference (d,
dl, a, al) is approximately 10:1.

8. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein from the impedance values determined for differ-

ent measuring lengths (I, .2, 1.3, L4, L5) between elec-
trodes, an operational electrode measuring length (L0),
which corresponds to the electrically operational length
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of the body segment, and optionally an operational elec-
trode distance (d0) are calculated.
9. The method according to claim 8, wherein the electri-
cally operational length of the body segment is calculated
according to the formula L0=d/(Z02/701-1), 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.
10. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,
wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,

wherein the impedance is sensed at the thorax close to the
inferior and superior thoracic apertures for at least two
different measuring lengths (L, 1.2,1.3,L.4,L.5) of essen-
tially the same body segment, and
wherein 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 distance in the longitudinal direc-
tion are electrically connected to each other.
11. The method according to claim 10, wherein the elec-
trodes on the left and right side, respectively, of the thoracic
aperture may selectively be switched off.
12. A non-invasive method for measuring the volume, the
composition and the movement of electroconductive body
fluids, based on the electrical impedance ofthe body ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,
wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
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 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,
L5), and

wherein measuring 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 longi-
tudinal direction are electrically connected to each other.

13. The method according to claim 12, wherein the elec-
trodes on the left and right side, respectively, of the lower end
of the trunk may selectively be switched off.

14. 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 ora body
segment, especially for performing electromechanocardio-
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graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,
wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein impedance variations with respect to time are

measured at at least two frequencies.

15. The method according to claim 14, wherein the imped-
ance is measured at three different frequencies.

16. The method according to claim 15, wherein the differ-
ent frequencies are between | and 10 kHz, approximately 30
and 100 kHz, and above 200 kHz.

17. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (I, 1.2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein a maximum temporal variation of the measured

impedance values (dZ/dt) is determined at at least two
different measuring frequencies, and that the resistivity
ofthe blood present in the body is determined therefrom.

18. The method according to claim 17, wherein the maxi-
mum temporal variation of the measured impedance value,
especially in relatively small time frames, is determined at
different times of the cardiac cycle.

19. The method according to claim 18, 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.

20. The method according to claim 18, wherein the time
slots are put over the total cardiac cycle as small gliding slots.

21. A non-invasive method for measuring the volume, the
composition and the movement of electroconductive body
fluids, based onthe electrical impedance ofthe body orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,

wherein the impedance variations with respect to time are
measured at at least two frequencies, and

wherein the frequency of the alternating measuring current

is continuously varied from a lower measuring fre-
quency to a higher measuring frequency.
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22. The method according to claim 21, wherein the lower
measuring frequency is approximately 1 kHz and the higher
measuring frequency approximately 1000 kHz.

23. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,

wherein the impedance variations with respect to time are
measured at at least two frequencies, and

wherein the measuring current is impressed for at least

another current electrode distance and at several differ-
ent measuring frequencies, and that the impedance is
measured for the different voltage measuring lengths
and at the different frequencies.

24. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
and

wherein the phase angle between measuring current and

measuring voltage is determined.

25. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
and

wherein amplitudes, areas, and ascending or descending

tangents of theimpedance waves are used independently
or together for calculating hemodynamic parameters.

26. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,
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wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L., .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

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 hemody-
namic parameters.

27. 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 electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein the sodium content in serum is determined and

used in the calculation of relevant parameters.

28. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein the sodium concentration in serum is mathemati-

cally estimated by the method and obtained as a result.

29. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one

frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
and

wherein hormones, including one of ADH and natriuretic

peptide, especially brain natriuretic peptide, and precur-
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sors thereof regulating body fluids, fractions and the
composition thereof, are estimated by means of empiri-
cal equations and obtained as a result.
30. 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 ora body
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,
wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L, L2, L3, L4,
L5), essentially in the longitudinal direction of the body,
and

wherein results of the measurements are sent to a central

station in digital form by one of telephone and e-mail
where the results are further processed and assessed,
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whereafter all necessary measures and therapy changes
are transmitted to the patient from a remote place.
31. 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 orabody
segment, especially for performing electromechanocardio-
graphy (ELMEC) or impedance cardiography (IKG) mea-
surements for determining hemodynamic parameters,

wherein an alternating measuring current of at least one
frequency is introduced into the body by means of mea-
suring 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 measuring lengths (L., .2, L3, 14,
L5), essentially in the longitudinal direction of the body,
and

wherein the body fluid is determined with its fractions,
including extracellular space and intracellular space,
and read out.
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