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Abstract
Background: Methods for stroke volume (SV) and ejection fraction (EF) measurements require the presence of qualified physicians and are
not suited for continuous monitoring.
Aim: To develop an automated non-invasive method for the measurement and continuous monitoring of SV and EF.
Methods: We have designed a method for the measurement of EF and SV using multiple-site-impedance (z0) measurements, applying
multiple frequencies of 5, 40 and 200 kHz whereby various segments of the human body, including volume changes within these segments,
could be defined electrically. The obtained variables were used to train neuronal nets and related by multiple regression analyses to cardiac
output (CO) as measured by a partial rebreathing Fick method (COr-fick) or EF as measured by echocardiography (EFecho), respectively. A
total of 129 subjects (48 with normal heart function and 81 with CHF, NYHA I–IV) were investigated.
Results: The multiply derived values of z0 and of change of impedance (dz/dt) were shown, by multiple regression analysis, to be
significantly related to COr-fick and to EFecho, (total r=0.77, n=35, pb0.001, and r=0.81, n=47, pb0.001, respectively.). By training a
neuronal net with the electrical data of 67 (out of 94) subjects, EFecho could be predicted in the remaining 27 subjects which were unknown to
the neuronal net with a combined r=0.71 ( pb0.001,n=27). In contrast, conventional impedance cardiography (ICG) was unable to predict
either COr-fick or EFecho.
Conclusion: The new method, which we call multi-site-frequency electromechanocardiography (msf-ELMC) appears promising for the
automated electrical measurement of the mechanical heart action in patients with normal and reduced cardiac function.
D 2004 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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cardiography

1. Introduction
Accepted current methods for stroke volume (SV) and
ejection fraction (EF) measurements require the presence of
qualified physicians and are not suited for continuous
monitoring. Impedance cardiography (ICG) would not have
these draw backs, but despite the use of impedance
cardiography (ICG) for the measurement of stroke volume
(SV) and cardiac output (CO) since its invention 50 years
ago [1], this technique has not gained acceptance among
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cardiologists. The reason for this is that the performance of
this technique deteriorates progressively as the cardiac
output deviates from normal [2–4]; therefore, a method
reliable with normal and reduced heart function could be
useful. In healthy subjects, CO fits very closely to body size.
This is the reason why CO can be predicted solely from
height, weight, sex and age [5]. All formulas calculating CO
from the impedance cardiogram include measurements such
as height [6], weight [7] or surface electrode distance [1]
(which, again, is related to body height [6]), thereby
producing strong bias towards normal values. Therefore,
in healthy subjects, COICG relates sufficiently well to CO as
gauged against the gold standard of the Fick principle. The
more CO deviates from normal, as is the case in heart failure
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or in critically ill patients, the correlation between COICG
and CO as measured by the Fick principle (COFick), due to
its bias towards normal values, becomes progressively
worse [3,4,8]. In the method presented, we have eliminated
all measures of body size and have solely related electrically
measured variables, namely impedance (z0) and impedance
change over time (dz/dt)) derived at different sites and at
different frequencies in two different black-box approaches
to SV and EF as measured by accepted (bgold standardQ)
methods. Besides using a number of different measurement
sites and frequencies, the main difference of the suggested
black-box approach to conventional methods of ICG is that
no assumptions such as geometrical models are made. In
contrast, it is evaluated which electrically measured
variables provide independent, statistically significant and
meaningful contributions to the prediction of SV and CO as
measured by the best available bgold standardQ method in
patients with normal and reduced cardiac function.

2. Materials and methods
2.1. Patients studied
2.1.1. CO study
Female subjects undergoing gynaecological surgery were
chosen because the type of operation enabled undisturbed
access to the neck and lower thoracic aperture, where the
electrodes had to be placed. There were 35 patients with an
age range from 28 to 86 years. Twelve patients had normal
heart function as revealed by echocardiography obtained
externally, 23 patients had heart failure due to coronary
heart disease (clinical NYHA classes I and II). Patients with
valvular heart disease were excluded. All patients had
normal lung function and none had evidence of pulmonary
shunts. Patients with emphysema and chronic obstructive
bronchitis were excluded from the study.
2.1.2. EF study
The EF study included 94 subjects (33 female, 61 male)
with an age range from 20 to 90 years. 36 had a normal EF
(either hospital staff or patients referred for endoscopic
evaluation), 58 had chronic heart failure due to coronary
heart disease. A total of 29 of these had an EF between 40%
and 56%, 14 an EF between 30% and 39% and 15 subjects
an EF below 30%. The instrument for whole body
impedance measurements only became available at a later
stage of the study, so that whole body impedance measurements at different frequencies were obtained in only 47 of
the 94 patients. In all 94 patients, measurements of thoracic
impedance at 40 kHz and at two different electrode
distances (in order to calculate l op, see later) were available.
The ethics committee of the hospital approved both the
CO and the EF study and the patients gave informed consent
to the experimental protocol. The investigation conforms to
the principles outlined in the declaration of Helsinki
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(Cardiovascular Research 1997; 35:2–4).We relied on a
modified Fick principle as the best available bgold standardQ
method, since the ethical committee did not approve
invasive Swan Ganz haemodynamic measurements. This
should however not reduce the validity of the conclusions
(see Method and Refs. [13–15]).

3. Methods
3.1. Cardiac output study
3.1.1. Experimental protocol during general anaesthesia
Before induction of anaesthesia, short band electrodes [9]
were placed on the extensor side of the left foot and at the left
hand. Further double band electrodes were placed at the neck
and two triple band electrodes were placed at both sides of
the lower thoracic aperture [9]. The triple band electrodes of
both sides were connected to each other. The placement of
the electrodes is shown in Fig. 1. During surgery, the patients
were in the supine position and the measurements were
started 10 min after the induction of anaesthesia, when
absolute haemodynamic stability had been reached.
The application of the currents and the measurement of z0
and dz/dt were performed as displayed in Fig. 1. As can be
seen, three sites were chosen for the application of the
currents (b400 AA effective for all) at frequencies of 5, 40 and
200 kHz, respectively. These frequencies were chosen in
order to cover a broad range, whereby the frequency of 5 and
40 kHz predominantly measures the resistance of the
extracellular fluid, while the 200 kHz also takes the resistance
of the intracellular compartments [10,11] into consideration.
The Bodystat Dual Scan 2005 (Bodystat, British Isles, UK)
was used for the 5- and 200-kHz measurements, while the
Diefenbach (Frankfurt, BRD) device was used for the 40kHz measurements. Three sites were chosen for the voltage
measurements (Fig. 1). Each measurement phase lasted about
60 s while stable values for z0 and dz/dt were achieved for
each respective period. The hardware and software for
measuring and calculating z0 and dz/dt at 40 kHz, preejection period (PEP) and left ventricular ejection time
(LVET) has been described in detail [12]. It was not
necessary to interrupt the ventilation for the z0 and dz/dt
measurements since a breathing filter was included in the
software [9] for the impedance measurements.
The NICO device (Novametrix, USA) was used to monitor CO by a partial rebreathing Fick technique (COr-fick):
the NICO loop was placed into the intraoperative
anaesthetic tube system and the system was used as
described by the manufacturer. This method is reported to
have good precision and reproducibility in patients on
fixed ventilation [13,14,15]. All patients investigated were
on mechanical ventilation with fixed breathing rate and
volume, which is a prerequisite for the CO measurements
using the NICO device. There was no significant intraoperative bleeding in any of the patients and all patients
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divided by the mean heart rate of the respective
experimental period.
3.2. Ejection fraction (EF) study
3.2.1. Measurement of EF by echocardiography
One single observer performed all measurements of EF
by two-dimensional echocardiography using the modified
Simpson’s rule technique [16]. The subjects were resting for
at least 15 min in the supine position before measurements
were begun. The Powervision 6000k (ToshibaR Medical
Systems, Europe), with a 2.5-MHz transducer and the
included software as provided by the manufacturer was
used. The person responsible for the EF measurements was
unaware of any of the electrical measurements.
The electrical measurements were performed on the same
day as the echocardiographic study as described above for
the CO study. The subjects were rested for at least 15 min in
the supine position before measurements were begun during
spontaneous breathing. Measurements at the different sites
and at the different frequencies were performed for 60 s each,
during these periods, very stable z0 and dz/dt readings were
obtained. Again the mean values of all z0 and dz/dt readings
of the different periods were used for further evaluation.
3.2.2. Mathematical and statistical methods
3.2.2.1. Calculation of the belectrically derived operative
electrode distanceQ. For the calculation of the b electrically
operative b electrode distance at the thorax, the following
equations were used:

z01 ¼ q4 Lop =A
ð1Þ
where z01=thoracic impedance of segment 1, q=the specific
resistance, L op is the operative length and A is the area of the
first investigated segment.
And where Eq. (2) is:

ð2Þ
z02 ¼ q4 Lop2 =A :
Fig. 1. A scheme of the placement of the electrodes as used in the present
study is shown on the top. For explanation see method section. At the
bottom of the figure, the principle of measuring essentially the same
segment of the body at two different electrode distances in order to derive
an belectrically operativeQ or bvirtual b electrode distance is shown. If a
small variation of electrode distance does not cause an appreciable change
of resistance, the investigated segment must be comparatively very long
(bottom left). In contrast, if the same small variation of electrode distance
causes a marked change of resistance, the investigated segment must be
very short (bottom right).

had very stable CO readings during the entire experimental
protocol. The z0 and dz/dt readings were matched closely
in time to the readings of the NICO instrument and mean
values were calculated from the beat-to-beat values of the
respective period. SVNICO was calculated from CONICO

If d is a constant and defined distance (by the design of
the triple band electrode, which is short in comparison with
l op), (see Fig. 1) then
Lop2 ¼ Lop þ d

ð3Þ

where q=the specific resistance, L op2 is a second length, and
A is the area of a second segment under investigation
z01 ¼ q

lop
A

ð4Þ

z02 ¼ q

lop þ d
A

ð5Þ

z01
¼
z02

q4lop
A
q4lop þd
A

ð6Þ
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lop
z01
¼
z02
lop þ d

ð7Þ

z02 4lop
¼ lop þ d
z01

ð8Þ

z02 4lop
 lop ¼ d
z01

ð9Þ

z02
d
1¼
lop
z01

ð10Þ

The electrically derived operative length L op becomes
Lop ¼

z02
z01

d
1

ð11Þ

if the area A and q are the same for Eqs. (1) and (2) which is
fairly safe to assume given the very close distance (d)
between the two sections of the body defined by l op and l op2,
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which corresponds to the fact that essentially the same part
of the body is measured at both l op and l op2. The electrically
derived boperativeQ electrode distance l op was compared to
the mean distance of the electrodes measured at the surface
of the body between the inner neck electrode and the inner
electrodes at the lower thoracic aperture (see Fig. 1) and this
l op was also used for further partial correlation and multiple
regression analysis (see below).
Since the resistivity of blood influences all impedance
measurements and since the haematocrit (Hk) is the main
determinant of its resistivity [17], the haematocrit was
measured in all patients of the CO and EF study on the day
of the study. The resistivity of blood q blood was derived
from the formula of Lamberts [18]
qblood ¼ 71:24e0:000358Hk

2

The Hk and the derived value for q blood were also
included in the mathematical analysis.

Table 1
(a) CO-study raw data
n

NYHA 0

NYHA I–II

12

CO-NICO [ml/min]
Age [years]
Height [cm]
Weight [kg]
Hkt [%]
l op
z0 (V1) 5 kHz [V]
z0 (V1) 40 kHz [V]
z0 (V1) 200 kHz [V]
dz/dt (V1) [V]
dz/dt (V2) [V]
z0 (V3) 5 kHz
z0 (V3) 40 kHz
z0 (V3) 200 kHz

23

Mean

S.D.

Mean

S.D.

5.08
45.83
166.58
69.83
40.35
23.74
41.40
33.83
32.80
4.98
4.01
660.67
33.46
511.67

0.38
10.84
7.59
12.96
4.24
5.73
5.73
4.55
6.42
11.23
8.69
37.54
13.74
36.72

3.84
53.54
162.67
65.54
41.05
25.11
43.71
37.70
35.50
1.38
1.30
675.32
32.11
531.00

0.52
13.04
6.08
10.62
3.43
14.65
4.38
6.02
3.92
0.52
0.49
74.08
9.21
64.46

(b) EF-study raw data
n

EFN56

EFN40b56

14

EF Echo [%]
Age [years]
Height [cm]
Weight [kg]
Hkt [%]
l surf [cm]
l op
z0 5 kHz (V1) [V]
z0 40 kHz (V1) [V]
dz/dt (V1) [V]
dz/dt (V2) [V]
z0 (V1) 200 kHz [V]
z0 (V3) 5 kHz [V]
z0 (V3) 40 kHz [V]
z0 (V3) 200 kHz [V]

EFN30b40

13

EFb30

12

8

Mean

S.D.

Mean

S.D.

Mean

S.D.

Mean

S.D.

66.87
72.50
169.00
71.29
39.36
33.00
22.38
40.21
35.53
1.31
1.25
31.36
613.64
76.34
508.57

5.86
7.11
7.90
13.51
3.69
3.08
2.80
9.11
7.79
0.53
0.48
7.45
84.84
2.44
68.15

47.86
65.93
168.86
64.74
42.05
31.86
25.66
42.07
34.70
1.36
1.25
30.64
663.07
74.34
549.43

5.49
20.95
9.52
14.85
3.63
4.30
4.27
13.69
5.06
0.86
0.76
5.62
155.29
6.54
137.66

34.18
67.36
170.18
78.10
46.02
33.50
26.83
40.09
35.20
0.95
0.91
30.64
569.73
76.92
458.82

3.31
13.71
6.78
15.03
4.17
3.71
8.10
5.74
4.48
0.28
0.28
4.18
90.02
0.88
84.95

24.44
69.00
170.88
73.84
43.64
33.56
24.51
43.88
37.95
1.44
1.29
32.50
700.00
71.58
568.50

3.92
9.35
5.77
13.94
4.70
3.96
4.20
8.24
7.82
0.49
0.33
8.12
130.94
7.95
120.08
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3.2.2.2. Partial correlation and multiple regression
analysis. SV as derived by the partial rebreathing Fick
method and EF measured by echocardiography were related
by partial correlation and multiple regression analyses to the
multiple values of z0 and dz/dt (as obtained at the different
sites and frequencies), the pre-ejection period (PEP), left
ventricular ejection time (LVET), haematocrit, the mathematically derived q and the electrically derived boperativeQ
electrode distance (l op) at the thorax. Partial correlation and
multiple regression analyses were performed using the SPSS
software package (SPSS, Chicago, USA).
3.2.2.3. Analysis using a neuronal net. In the 95 patients in
whom measurements of thoracic impedance at two different
electrode distances were available and in whom the electrically operative electrode distance could therefore be
calculated, a backward propagation net with two hidden
layers (BrainMakerR, California Scientific Software, USA)
was trained on 2/3 of the patient samples to predict EF from
l op, the multiple z0’s, dz/dt, LVET and haematocrit. The
derived net structure was used to predict EF in the
remaining third of the patients whose values were not used
for the training process.
In the current article, the output of the multiple
regression equations using different measurement sites and
frequencies is called multiple site-frequency electromechanocardiography (msf-ELMC). The output of the neuronal
net from different sites but at only one single frequency is
called ms-ELMC.

and directly with each supplied fictitious step in body
weight and height.
Fig. 3 (left) shows the relation and Bland Altman plot of
SV derived by conventional impedance cardiography using
Sramek’s formula [6] and SVNICO. This formula again
includes body height (but not body weight), which per se is
related to CO in healthy subjects [6]. Surprisingly, only the
z0 but not dz/dt used in conventional ICG showed a weak
relation to SVNICO in the partial correlation or multiple
regression analysis (Table 2).
The relation of EFEcho to EFICG as calculated from
conventional formulas [19] is shown in Fig. 3, right. As can
be seen, there is no significant correlation of EFEcho to the
values determined by conventional ICG. Again, none of the
parameters used in conventional ICG showed a significant
correlation to EFEcho in the partial correlation or multiple

4. Results
The raw data for all impedance measurements are given
in Table 1.
4.1. Conventional impedance cardiography
Fig. 2 demonstrates an example of how absolute values
of CO are currently derived by commercially available ICG
instruments. For this analysis, the healthy subject was under
stable bed rest and an FDA approved ICG-instrument
produced and currently sold widely in the USA was used
to measure stroke volume. While measuring the same
person during steady state conditions every 2 min, the
manual inputs to the instrument were changed:
(a)

to supply the information of a fixed weight of 70 kg
and a fictitious body height of the same healthy subject
between 140 and 220 cm;
(b) thereafter the body height was kept constant at 180 cm
and body weight input of the instrument was changed
to supply the fictitious information of a body weight
from 40 kg to 140 kg again in the same person. As can
be seen from Fig. 2, the CO output of the commercial
ICG-instrument in the same person changes linearly

Fig. 2. This figure shows how a widely used commercially available ICG
instrument sold widely in the USA, currently calculates stroke volume
mainly from body height and body weight in order to derive a nominal
value. For these measurements the spot electrodes provided by the
manufacturer were used. As can be seen, an input change of weight and/
or height for the same investigated subject causes the corresponding change
of SV. This measure introduces strong bias towards nominal values and
makes the method unsuitable in conditions like heart failure where it is most
needed.
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Fig. 3. Left: The correlation and Bland Altman plot of SV as determined by conventional ICG as compared to SV as determined by a partial rebreathing Fick
technique (NICO, Novametrix) in 12 normal subjects and 23 patients with heart failure NYHA classes I and II. As can be seen, only a weak and clinically
useless correlation was found although weight and height as determinants of CO are included. Right: EF as measured by echocardiography as compared to EF
derived from conventional ICG in 47 patients with normal heart function (n=14) and in patients with heart failure NYHA I–IV (n=33). As can be seen, no
significant correlation can be found.

regression analyses, nor was it possible to predict EF by
neuronal nets.
4.2. New method (msf-ELMC)

kHz and whole body z0 at 5 kHz are all highly significantly
and independently related to SVNico. The combined
correlation coefficient in the multiple regression analysis
is 0.77, pb0.0001, n=35.

The comparison of the electrically operative electrode
distance (l op) as calculated from Eq. (4) to the measured
surface distance is shown in Fig. 4: As can be seen, the
electrically derived operative distance l op is usually much
shorter than the measured distance but also very variable so
that no significant relation between l surf and l op can be found
(r=0.1, n.s.). There was also only a very weak relation
between l op and body height (r=0.25, pb0.05,) and no
relation to body weight (r=0.11, n.s.) (Fig. 4).

4.2.2. EF study
The parameters derived from msf-ELMC also show a
highly significant relation to EFEcho (Table 1, bottom) if l op
is included in the analysis. A multiple regression equation
using Hk, LVET, L op and whole body z0 at 40 kHz achieves
a combined correlation coefficient of r=0.81, pb0.0001,
n=47 (Table 1b).

4.2.1. Cardiac output study
The results of the prediction of SVNico by multiple
regression analyses of the parameters provided by msfELMC are shown in Fig. 5 and in Table 1a (top). As can be
seen in the partial correlation and multiple regression
analysis l op, dz/dt at the thorax, z0 at the thorax at 40

The prediction of EF in 27 bunknownQ patients with
normal EF (n=10) and patients with heart failure NYHA I–
IV (n=17) by a neuronal net trained on 67 patients is shown
in Fig. 6. As can be seen in this quasi-prospective part of the
study, prediction of EF is possible on the basis of electrically
measured values if the electrically operative electrode

4.3. Neuronal net to predict EF by ms-ELMC prospectively
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Table 2
Standardized coefficients
Beta
(a) Prediction of SVr-fick from conventional ICG
Height [cm]
0.343
Weight [kg]
z0 (V1) 40 kHz [V]
0.346
dz/dt (V1)
LVET [ms]
(b) Prediction of SVr-fick from msf-ELMC
dz/dt (V2) 40 kHz [V]
0.260
Operative length [cm]
0.524
z0 (V1) 40 kHz [V]
0.625
z0 (V4) 5 kHz [V]
0.331
LVET [ms]
z0 (V2) 40 kHz [V]
PEP [ms]
z0 (V4) 200 kHz [V]
z0 (V3) 40 kHz [V]
(c) Prediction of EF Echo from msf-ELMC
Hkt [%]
0.554
LVET [ms]
0.487
Operative length [cm]
0.373
z0 (V3) 5 kHz [V]
0.242
dz/dt (V2) 40 kHz [V]
z0 (V1) 40 kHz [V]
z0 (V4) 5 kHz [V]
z0 (V2) 40 kHz [V]
PEP [ms]
z0 (V4) 200 kHz [V]
z0 (V3) 40 kHz [V]

t

Sig.
2.42

2.25

0.021
n.s.
0.031
n.s.
n.s.

2.19
3.52
4.13
2.63

0.037
0.001
0.000
0.013
n.s.
n.s.
n.s.
n.s.
n.s.

5.44
4.84
3.66
2.39

0.000
0.000
0.001
0.022
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

distance is included in the analysis. The correlation
coefficient (r) between EFEcho and EFmsELMC equals 0.71
(n=27, pb0.001).

5. Discussion
There is no doubt that conventional impedance cardiography can be of considerable value for clinical [20,21] and
scientific [22] purposes, especially to follow relative
changes of SV [20–22]. However, absolute values are often
adjusted to plausible values by introducing strong measures
of body size into current formulas (as an example, see Fig.
2). The acceptable correlation between COICG and the true
CO in normal subjects is produced by the simple calculation
shown in Fig. 2, but the trade-off is the poor performance of
these methods in patients with heart disease. Weight
significantly influences Sramek’s formula but not Kubicek’s
method [23]. By using height (and weight), it produces a
strong bias towards bnormalQ values of CO even in patients
with heart failure, which makes the method relatively
useless where it is needed most [2–4].
One of the many permanent problems with impedance
cardiography is that the source of the dz/dt signal is
multifactorial and largely unknown [2]. These multiple
sources include pulsatile blood volume changes in the lung,

atria and the great vessels including the aorta. The present
investigation was not designed to address this issue.
However, we have addressed another essential and problematic issue of ICG: the fundamental basis of impedance
cardiography is the assumption that the volume (i.e.
lengtharea) of the segment, which is used for impedance
measurements, is known [1,2]. One important finding of the
present study is that the length of the segment cannot be
equated to the surface electrode distance, since it bears no
relation to the distance the electrical current actually bseesQ
(Fig. 4); this may be explained partly by distortions of the
length caused by hidden electrical bulges and laces. Therefore, very disturbingly for the users of conventional ICG,
only z0 but not dz/dt shows a weak relation to SVr-fick by
partial correlation analysis (Table 2) and there is also only a
weak and clinically useless relation to COFick. using
Sramek’s formula (see Fig. 3 left) and also using formulas
of the type shown in Fig. 2. Although we have used short
band electrodes [9] instead of the spot electrodes for which
Sramek’s formula was developed, this is not likely to
explain these disappointing results. A multiple regression
should, however, identify all bdependent variablesQ contributing independently of each other to the bindependent
variableQ by giving a significant partial correlation coefficient. We have named the distance which the current
virtually bseesQ (and which we have derived by measuring
essentially the same segment of the body at two adjacent
measurement sites) belectrically operative lengthQ although
we are aware that this electrically operative blengthQ actually
is a combined measure of length divided by area. The
importance of this approach is shown by the fact that z0 and
dz/dt show a highly significant relation to SV as derived
from a bgold standardQ method in the partial correlation or
multiple regression analysis only if the electrode distance is
determined electrically (l op) (Table 2, mid).
Fig. 1 (bottom) shows the principle of measuring
impedance of basically the same segment of the body but
at adjacent measurement sites. If a small variation of
electrode distance does not cause an appreciable change of
the measured impedance, the measured segment can be
safely assumed to be very long as compared to the variation
in distance (Fig. 1, bottom left). In contrast, a large change
of impedance with the same small variation of electrode
distance can only be explained by a comparatively short
segment investigated (Fig. 1, bottom right).
It is interesting to note that the partial correlation and
multiple regression analysis without prior assumptions (a
bblack box modelQ as opposed to a theoretical geometrical
model) correctly identifies the direction of the relation of the
individual components of the SVmsf-ELMC to SVNICO as
predicted from the theoretical model [1] (dz/dt and l op
directly and z0 inversely, see Table 2). A draw back of the
study is that we were unable to recruit patients with very
low cardiac outputs during these routine operations, so that
our study will have to be extended also to patients with very
low CO. Even if CO as measured by the partial rebreathing
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Fig. 4. This figure gives the explanation for the unsatisfactory results of conventional ICG shown in Fig. 3. The fundamental basis of ICG is the knowledge of
the length of the investigated thoracic segment. As can be seen, there is no relation between the surface electrode distance of the investigated segment and the
belectrically operativeQ electrode distance as defined in the present paper (see top left). There is also no relation between l op and weight, body surface area and
only a very week relation to body height (see top right).

Fick method during general anaesthesia would not show the
high precision reported [13–15] (and would, e.g., contain
some bnoiseQ), it still gave us the opportunity to show the
effectiveness of the newly introduced principles of bmsfELMCQ. Fine-tuning of the derived formulas by using the
true Fick principle during right-sided heart catheterization
will therefore very likely not refute the method of msfELMC but should contribute further improvement by
removing any possible noise of the rebreathing technique.
For physicians interested in heart failure, determination
of EF is at present without doubt clinically much more
important than CO measurements. Although the most
important contribution to the dz/dt signal is probably the
volume change in the aorta, impedance cardiography has
also been used by many authors to derive ejection fraction
(EF) [19,23–26]. In our hands, however, conventional ICG
is also unsuited for determining EF (see Fig. 3, top right)
which confirms the results of Bowling et al. [27] in heart
failure patients. The correlation between EFEcho and
EFELMC shown in Fig. 5 right, especially the Bland Altman
plot, gives reason for hope that in the future, it may become
possible to measure EF very simply by an inexpensive and
automatic electrical method as opposed to the time
consuming echocardiographic measurement. The precision
of EF predicted by msf-ELMC as shown in Fig. 5 would
probably satisfy the practicing cardiologist at the present
state. Although these measurements will certainly not
replace echocardiography, this method could still be of

great importance, e.g., for general practice, given the
epidemic proportions of heart failure particularly in the
elderly population of industrialized countries.
In order to prove that ms-ELMC is prospectively able to
provide prediction of EF in patients with unknown cardiac
performance, we have used two thirds of the 95 subjects in
whom multiple site measurements (but not multiple frequency measurements) were available to train a neuronal net
with the incomplete data set. This included l op, multiple z0’s
and dz/dt’s at 40 kHz and the haematocrit. As can be seen in
Fig. 6, the principle of ms-ELMC is able to provide enough
information to predict prospectively EF in the test sample of
normal subjects and of patients with severe heart failure,
their status being unknown to the neuronal net. Thus, the net
was apparently able to generalize and to extract the
information needed for the prediction of EF from ms-ELMC.
In summary, the present study shows that the introduced
technology improves the electrical measurement of the
mechanical action of the heart in normal subjects and
patients with heart failure. The exclusion of measures of
body size from the formulas appears to be mandatory in
order to prevent bias towards normal values, especially in
heart failure patients. The use of black box models as
applied in the present study, whereby all assumptions of
geometrical models used for the ICG in the past are avoided,
is probably an important step. It has to be mentioned that
Mulavara et al. [28] also used neuronal nets to calculate SV
from impedance data and our results extend their findings to
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Fig. 5. Left: The correlation and Bland Altman plot of SV as determined by a partial rebreathing Fick technique and SV calculated from a multiple regression
equation using msf-ELMC (see also Table 1 top). Right: The correlation and Bland Altman plot of EF determined by echocardiography and by multiple
regression analysis using msf-ELMC. A clinically useful electrical determination of SV and EF can be achieved.

multiple site measurements as well. It will also be
interesting to see how the presented method competes
against a new version of whole body impedance cardiography [29,30]. Our work differs markedly from the work of
Raaimaker et al. [31], who have measured thoracic
impedance at two frequencies to differentiate cardiac and
non-cardiac edema on the basis of different impedance
characteristics of protein-rich and protein-free edema fluid.
The method of msf-ELMC promoted here appears to be a
small but definite step towards cheaper and fully automatic
non-invasive measurement and continuous on-line recording of SV, EF and possibly other parameters of heart
function. Our mathematical approach is apparently attractive
for data too complex and therefore unsuited for the
theoretical model approach such as the impedance cardiogram. Further improvements along these lines appear
feasible. One such improvement may be to discard the
calculation of l op after having shown the effectiveness of it’s
principle. The calculation of l op is also based on a model,
namely that of a conductor with constant diameter. Instead it
will be advantageous to feed the raw data from which it is
derived into the black box model. Black box models,
particularly the hidden layers of neuronal nets are especially
suited to detect hidden structures of the input data.

Fig. 6. A bprospectiveQ study of a test sample of 27 patients with normal
heart function (n=10) and heart failure NYHA class I to IV (n=17): A
neuronal net was trained with a training set of 67 patients with normal heart
function (n=26) and heart failure NYHA class I to IV (n=41) to predict EF
as measured by echocardiography. Although in this study no multiple
frequencies but only multiple measuring sites to determine the l op were
available, a highly significant correlation between EF predicted by the
neuronal net and EF measured by two-dimensional echocardiography was
found.
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