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Abstract

We have developed the theory and instrumentation of multiple multi-electrode bio-impedance (BI) measurements based on lead
field theoretical approach. To derive reliable information based on BI data, a quantity of measurements should be taken with
electrode configurations possessing regional measurement sensitivity. An apparatus has been developed with an eye to the require-
ments imposed by the theoretical aspects of achieving multiple multi-electrode BI measurements. It has features compensating
electrode-contact related errors and errors due to imbalance between the conductive pathways when multiple electrodes are utilised
for BI measurement. The proposed design allows simultaneous multi-electrode BI and bioelectric recording with the same electrode
system. Initial operation experiences in clinical environment indicate that the device functions as intended, and allows user-friendly
utilisation of multiple BI measurements. Contributions presented to BI methodology and instrumentation improve the reliability of
BI measurements. 1999 IPEM. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Detection of physiological events and anatomical
structures by BI is a well-known principle with a wide
range of possible applications [1]. Impedance cardiogra-
phy (ICG) estimates parameters related to the function
of the heart, such as stroke volume (SV). Despite all
efforts, the various ICG techniques have not attained a
very advanced level. Conventional methods utilise a sin-
gle waveform, that reflects an integrated combination of
multiplicity of sources [2–4], rendering it difficult to
extract specific and reliable information. An alternative
approach where multiple signals with desired measure-
ment properties are recorded might provide more reliable
information [5].

To understand the measurement properties and
especially the inherent reasons for problems in BI meth-
odology, it is particularly important to gain a picture of
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the formation of measurement sensitivity distribution.
The measurement sensitivity distribution describes how
basal impedanceZ0 and its time-varying componentDZ
resulting from conductivity distribution and its change
within a particular volume conductor can be approxi-
mated by knowing the lead fields associated with the
current injection and voltage measurement electrodes
[6,7].

Recent work has made it possible to analyse and
develop BI measurements using the lead field approach
with computerised volume conductor modelling [3,5].
Controlled, more selective measurements can be achi-
eved by employing several selected electrode sites (e.g.
employing the 12-lead ECG electrode system) for each
terminal of the BI device. Considering the sensitivity
distribution of measurements utilising multiples of elec-
trodes (also in conventional ICGs), a source of likely
error lies in possible differences in skin-electrode contact
impedances between the electrodes connected to the
same terminal. Similarly, differences in the resistive
pathway (i.e. total impedance) between multiples of
electrodes applied in the same terminal may lead to sub-
stantial errors. Eventual differences act as a voltage or



372 P.K. Kauppinen et al. / Medical Engineering & Physics 21 (1999) 371–375

current divider, resulting in less uniform lead fields pro-
ducing unpredictable variation in the measurement sensi-
tivity distribution. Fig. 1 represents schematically how a
lead field is changed when one of the electrode contact
impedances is larger than the others.

To overcome some of the above problems, the design
of an apparatus is presented that enables us to, a) record
multiple BI signals with digitally controlled electrode
configurations, b) eliminate the effects of unbalanced
contact impedances or conductive pathway on measure-
ment sensitivity, and c) combine multi-electrode BI and
bioelectric measurements without the two modalities
interfering with each other.

2. Materials and methods

For the purpose of generating multiple multi-electrode
BI measurements, a software-controlled switching
device was designed and implemented for use in combi-
nation with a BI monitor. One commercial unit
(CircMon B202 by JR Medical Ltd, Tallinn, Estonia)
was used, but the design should be applicable with other
monitors utilising tetra-polar BI measurement. Electrical
characteristics of the monitor were: current 0.7 mA at 30
kHz throughRout of 20 kV, voltage sensingRin=2 MV.

2.1. General design of switching system

Fig. 2 presents a schematic view of the switching
device and the connections between patient, computer
and BI monitor. The device is capable of functioning
with up to nine electrodes targeted for use with the 12-
lead ECG electrode system. A general-purpose PC-com-
patible digital I/O module (e.g. Blue Chip Technology
Ltd, Cheshire, England) is used to control the functions
of the switching device. Care was taken in the design to

Fig. 1. Lead fields associated between the electrode sites (E1, E2)
and (E3, E4). (a) case where the electrode contact impedances are
equal; (b) the contact impedance of electrode E2 is larger than the
others, directing the lead field more on the right side of the thorax. As
a consequence, the associated measurement is altered to sample more
the right side. The variation is greater when imbalances exist for both
current and voltage terminals, since the sensitivity field is the dot pro-
duct of both lead fields.

Fig. 2. Schematic view of the switching device and connections
between BI unit and subject.

meet the European medical electrical equipment safety
regulations (standard EN 60601-1).

The goals envisaged were attained by the realization
of the following four design principles:

1. Analog switches are employed to separately connect
each BI terminal to any one or number of the patient
electrodes. MAX313 CMOS quadruplet analog
switches were selected since they are bi-directional,
provide low on-resistance, and have low power con-
sumption. The amplitude of the routed analog signal
can be between the supply voltages used for switches.
Dual 9 V batteries are well suited as power sources
for the switching unit, since the voltage range
detected by the CircMon BI monitor is±5 V. In cases
where the unit is to be used in conjunction with
another BI monitor using larger amplitudes, the sup-
ply voltage can be increased up to±20 V.

2. Unity-gain buffers (buffer1, …, buffern in Fig. 2) are
used for each electrode line to maintain the electrode
potential even in cases where more than one electrode
is electrically connected to one of the voltage-sensing
terminals (U1 and U2 in Fig. 2). The signals for volt-
age-sensing terminals are also connected through
resistors which produce an average potential of the
connected electrodes. Use of buffers makes it possible
to record bio-electric potentials simultaneously with
possible multi-electrode BI voltage sensing.

3. High pass filters (HPF1, …, HPFn in Fig. 2) isolate
the electrodes electrically from each other when used
simultaneously for current delivery. Below the cut-off
frequency of the filter (e.g. 10 kHz for the present
design), the electrodes connected to the same current
terminal still maintain their individual potential of
bioelectric nature. This allows measurement of bio-
electric signals simultaneously with the BI current
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injection, even with several electrodes connected to
one current delivery terminal.

4. Additional lead resistances (R1, …, Rn in Fig. 2) are
used to compensate possible imbalances in the elec-
trode impedances (an example illustrated in Fig. 1).
Also when the pathway resistance (tissue resistance in
addition to contact impedance) between the electrodes
connected to one terminal differ significantly, the lead
resistances aid in maintaining the intended lead field
distribution. The maximum reasonable value of the
additional resistance depends on the current generator
Rout. Resistances were selected at 600V and they can
be digitally set on or off.

2.2. Control software

The basic function of the control software is to drive
the state of the I/O module to produce the desired BI
measurement configuration sequences. Being intended
for BI plethysmographic recordings, which do not
require particularly fast scanning of measurement con-
figurations (traditionally there has only been one
configuration), a user-friendly yet sufficiently effective
software for Microsoft Windows was implemented with
Visual Basic 3.0. Fig. 3 shows the appearance of the
control program main window.

Sequencing is carried out according to a control file
with a specific format for each measurement configur-
ation in the sequence. Parameters are given for the global
selection of the electrode system (e.g. 12-lead ECG),
together with control instructions defining the measure-
ment configuration, recording time and the additional
lead resistance settings. During the sequencing, infor-
mation on the given measurement configuration is shown
in the main window in text and graphical form and

Fig. 3. The main window of the switching device control software
for multiple BI measurements.

reported to a file for purposes of post-processing the
measured data.

2.3. Test measurement set-ups

As a simple simulation of the whole-body volume
conductor, a 13-resistor model was constructed rep-
resenting the impedance of each body segment. Eight
electrode leads were physically connected to the
extremities of the model through electrode contact
impedances (100V each) as shown in Fig. 4, mimicking
the whole-body ICG electrode configuration [8,9] and
the electrode contact impedance of pre-jelled ECG spot
electrodes (Blue Sensor type R–00–S, Medicotest A/S,
Denmark) [10]. Measurements with and without
additional lead resistances were taken with a set of
measurement configurations [11] measuring each seg-
ment and the whole-body impedance independently. The
same measurements were carried out without the switch-
ing device by making the connections manually for each
case. Similar test measurements as with the resistor
model were repeated with a group of 15 volunteers to
obtain the segmental and whole-body impedance data.
Whole-body Z0 and DZ were reconstructed off-line
(calculated by arms in parallel+trunk+legs in parallel)
from the segmentally measured data and compared with
the directly measured whole-body data. Effects of the
lead resistances were tested on two individuals with spe-

Fig. 4. Settlement for the whole-body resistor simulator with a
resistor representing each segment of the body and individual skin-
electrode contact resistors for each electrode site. The switching device
is used to control the electrical connections from the BI unit to the
resistor simulator to measure each segment independently.
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cific 12-lead ICG configurations possessing regional sen-
sitivity distributions as simulated with computer model
of the human thorax [5].

3. Results

Test measurements with the whole-body simulator
and switching device produced values comparable to
those obtained by manually connecting the current and
voltage leads. An average difference of 0.4% in imped-
ances was recognised. Using the extra lead resistances
with four-electrode configurations (i.e. one electrode to
one BI terminal) gave rise to significant error inZ0 being
on average approximately 20% lower than the actual
value. With eight electrodes, two connected to each ter-
minal as is usual in ICG, the error was reduced to
approximately 1%. When eight-electrode configurations
are used, the additional resistances for any terminal are
in parallel, reducing the overall load.

Average segmentalZ0 values measured from 15 vol-
unteers with the whole-body electrode configuration
were similar to those reported in the literature [11].
Whole-body Z0 calculated from the segmental values
varied 1.5% from the measured whole-bodyZ0. In the
same way, the whole-body ICG signal (DZ) composed
from segmentalDZs did not differ significantly from the
directly measured whole-bodyDZ. An example of the
effects of additional lead resistances on lung sensitive
measurements with the 12-lead ICG is shown in Fig. 5,
demonstrating the importance of balancing lead resistors
with multi-electrode measurements.

4. Discussion

A BI method could be made more reliable by sam-
pling the target region or organ with several different
electrode settings giving special emphasis to the parti-
cular region. The properties of the devised apparatus
allow the use of regional multi-electrode measurement
configurations without manual operation in changing
the configuration.

An important consideration in BI measurement is the
alteration in measurement sensitivity due to unbalanced
skin electrode impedances when multiple electrodes are
presented to any of the terminals. Even slight changes
in contacts due to faulty skin preparation, poor place-
ment or varying skin properties [10] may lead to differ-
ent information content, since the sensitivity distribution
of the measurement is changed. The use of an additional
lead resistance for each electrode stabilises these differ-
ences. More importantly, with specific multiple electrode
configurations, the redistribution of lead fields due to
possibly substantial differences in the resistive pathways
from one terminal to another are significantly compen-

Fig. 5. Effects on additional lead resistances (600V) on regional
lung sensitive 12-lead ICG measurement. Current injection between
the electrodes (right arm, left leg) and (V1, left arm) and voltage sens-
ing between (V3) and (V6) of the 12-lead ECG electrode system. With-
out the lead resistances, most current flows between the V1 and right
arm since the total resistance between these electrode sites is the small-
est. Additional resistances divide the currents more evenly between
the current injection electrodes affecting the measuredDZ tracings.
With the lead resistances switched on, the effects of ventilation are
markedly larger and the heart-related waveform shows more detailed
information. Effects depend on the electrode configuration, e.g. no
effect is seen when only one electrode is connected to each terminal.

sated (Fig. 5). This compensation is important in
attempting to reproduce specific sensitivity distributions
derived with computer simulations [5]. In the presented
design, the additional resistance was set at 600V, which
decreased the amplitude of the injected current due to
the limitedRout of the BI unit. Yet, it is possible to achi-
eve current generatorRout of 1 MV at 30 kHz [12], which
would overcome this problem.

At the present time, the prototype system is being used
in clinical research projects related to cardiac function
and fluid dynamics. In one on-going study, 30 chronic
dialysis patients are measured during the treatment
(normally 4–5 hours) to follow changes inZ0 andDZ in
each body segment using the whole-body electrode sys-
tem. On-going investigations with the 12-lead electrode
system include measurements during dialysis to monitor
the progress of treatment in pulmonary oedema,
measurements distinguishing cardiac abnormalities
which disturb the SV estimation with conventional ICGs
and, measurements of quantity of signals closely related
to cardiac function for deriving SV based on biophys-
ical function.



375P.K. Kauppinen et al. / Medical Engineering & Physics 21 (1999) 371–375

5. Conclusion

The reliability of BI plethysmography may be
improved by utilising multiple measurements and com-
bining the gathered data for diagnosis. To aid in this,
some or all of the functions of the constructed versatile
device could be implemented in a commercial BI system
without radical increase in complexity or costs. The
envisaged improvements should be taken into consider-
ation by manufacturers and clinical users in developing
BI instrumentation and measurements.
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