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Conventional impedance cardiography (ICG) methods estimate
parameters related to the function of the heart from a single
waveform that reflects an integrated combination of complex
sources. We have previously developed methods and tools for
calculating measurement sensitivity distributions of 1CG
electrode configurations. In this study, the methods were
applied to investigate the prospects of recording mulliple aimed
ICG waveforms utilizing the 12-lead electrocardiography
(ECG) electrode locations. Three anatomically realistic volume
conductor models were used: one based on Visible Human Man
eryosection. data and two on ic resonance (MR) tmages
representing end diastolic and end systolic phases of the cardiac

electrode configurations were selected for preliminary clinical
examination on 12 healthy volunteers and 9 valvular
patients. The model study suggested that a variety of
configurations had clearly enhanced sensitivity to the cardio-
vascular structures as compared to conventional ICGs.
Simulation data and clinical experiments showed logical
correspondence supporting the theoretically predicted differences
between the configurations. Recorded 12-lead ICG signals had
characteristic waveforms and landmarks not coinciding with
!hose of conventional ICG. Furthermore, configurations

resemblance to i data and morphological
vana.:mwmdueasemofmmm The results indicate the
applicability of the modelling approach in developing ICG
measurement configurations. However, the level of clinical
relevance and potential of the 12-lead method remains o be
explored in studies employing dynamic modelling and
acquisition of invasive reference data.

Introduction

Convendonal ICG techniques provide a single impe-
dance tracing, from which parameters related to the
pump function of the heart are estimated [1-4]. Time
varying changes in impedance (AZ) reflect the inte-
grated combination of multiple sources, including
tissue volume and movement, tissue resistivity, blood
distribution and blood flow changes [5-7]. The
contributions of these phenomena are reflected in AZ
depending on the electrode configuration used for the
measurement [5, 6, 8-10].

Since ICG measurements are not focused to any
specific activity of the thorax, the contributions to AZ
are not known exactly, rendering it difficult to extract

" specific information to quantify cardiovascular para-

meters, such as cardiac output (CO). Conditons such
as intracardiac shunts and valvular disease might be
indistinguishable [11, 12]. Also, various anatomical and
physiological differences between the individuals may
impose limitations to the reliability of the method.

ICG has mainly been studied by clinical evaluation,
while few studies have udlized models of the thorax as a
volume conductor [7, 9, 12, 13]. Yet, these studies have
generally not provided insight into improving the basis
of the method. The applicability of the lead field theory
in impedance measurements has been shown theoret-
cally by Geselowitz in 1971 [14]. Based on that theory,
by appropriately selecting the electrode configuradon it
is possible to arrive at measurement imposing increased

5 2 5 e K Ruans -5 Measurement sensitivity and selectivity to particular
oycle. on the sensitivity distributions oblained, 236/

regions. Selective measurements could improve the
reliability of ICG by offering information related to
cardiac function or abnormalities not detected by
conventional methods. Since muldple sources contri-
bute to AZ, an approach where the quantity of signals is
recorded might be useful in esumating cardiac para-
meters.

There exist no studies in which theoretical knowledge
of the formation of ICG measurement sensitivity has
been applied in developing ICG electrode configura-
tons. Recent work has made it possible to analyse the
measurement sensitivity distributions of ICG using the
lead field theoretical approach with computerized
volume conductor modelling [9, 10, 15, 16]. Simulated
sensitivity distributions can be used to approximate how
conductivity changes in different regions of the human
thorax affect the measured impedance signal.

The objective of this study was to investigate the
possibility of developing multiple aimed ICG measure-
ment configuratons with enhanced detection of the
heart-related components in the recorded AZ. Volume
conductor models of the human thorax were applied to
simulate the sensitivity distributions of such impedance
measurements as can be established using the 12lead
ECG electrode system. The 12-lead electrode system was
selected since it provides a clinically easily adopted basis
for new measurement method with the possibility of
simultaneous ECG recording. Based on computer
simulations, electrode configurations producing either
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high sensitivity or selectivity in various tssues and
organs were chosen for preliminary clinical examina-
tdon on volunteers and valvular patients. General
morphology and inter-individual variability in recorded
signals were considered and compared with the
theoretical results obtained.

Materials and methods

ICG sensitivity distribution

ICG sensitivity distribution deseribes the ability of
applied elecrode configuration to detect conductivity
changes within the body. The measured basal impe-
dance Z; and its change AZ resuling from the
conductivity ¢ and its change A¢ within a volume
conductor can be evaluated by

1

@2=| x5 Se 1)
where §(x,y,21) is the scalar field giving the sensitivity to
conductivity changes at each locaton. § can be
obtained by determining two independent current
fields generated by a unit current applied to the
current injection electrodes and the voltage measure-
ment electrodes. These fields form the lead fields
associated with the electrode setting. The sensitivity
field Sis the dot product of the two fields:

S=Jig e Ju (2)

where [J;; is the lead field produced by current
excitation electrodes, and J;z the lead field produced
by the reciprocal energization of voltage measurement
leads [14, 17].

Utllizing equation 1 with finite difference method
(FDM) computer modelling, information as to the
respective capacity of different ICG measurements to
detect conductivity and its changes in the thorax can be
estimated [9, 10]. In FDM, the modelled volume is
divided into a three-dimensional resistor network which
reflects the thorax both geometrically and as a
conductor. Methods to construct and solve accurate
volume conductor computer models based on FDM
have been previously developed and validated [15, 18—
20].

The relative magnitude of the sensitivity field in a tissue
type (or a group of tissues considered as one target
volume) gives a measure of how conductivity variation
in that dssue will affect the detected AZ. The overall
sensitivity of a tissue type is obtained by integrating the
sensitivity values of the tssue over the volume it
occupies. This sensitivity value can then be compared
with the absolute total sensitivity of the model as given

@)

where n, is the number of FDM elements in the target
volume and =, the number of tssue elements of a
certain type. The denominator is the sum of the

2

absolute partial contributions from all tissues (or tissue
groups), and the numerator is the contribution of the
target tissue.

Volume conductor models

Three different models were employed. Two models
representing end diastole (end diastole model
—EDM) and end systole (end systole model—ESM)
were constructed from two ECG triggered magnetic
resonance image sets obtained from a healthy male
subject. Image data has been described earlier [7].
The third model was based on high resolution
cryosection anatomy data from the US National
Library of Medicine’s Visible Human Man (visible
human model—VHM) project [21]. All three image
sets were segmented to 26 tissue types and organs
based on a segmentation algorithm that provides
elements for the FDM calculation [22]. The resolu-
ton of FDM elements in the ECG-triggered models
varied from 0.10 to 5.8 cm® resulting in 121 431
elements. For the VHM, the resolution was from
0.044 to 5.7 cm®, comprising 162 786 elements [16].
Table 1 presents selected tissue volumes of the
models and volume changes between EDM and
ESM as well as between the VHM and the average
volumes of EDM and ESM.

Derivation and analysis of 12-lead ICG configurations

The nine electrode locations of the 12Jead ECG
electrrode system were used separately to calculate a
basic set of lead fields for each model. A computer
algorithm was developed to make possible combina-
tions with the 12Jlead electrode system using at
maximum four electrodes at a tdme for either lead
field in equation 2. Configurations, which utlize the
same electrode location for current injection and
voltage measurement, were omitted to reduce the
skin-electrode impedance effect on AZ. Deriving ICG
measurement combinations with the pre-calculated
lead fields is a simple non-iterative calculation, since
the system is assumed to be linear. For example, a lead
field between the chest leads V1 and V6 may be
obtained by subtracting V1y; from V6;;. On the other
hand, the same result is obtained by subtracting V14
from V6 4. A total of 65 476 impedance measurement
configurations utilizing the 12lead electrode locations
was thus derived.

A database was computed for each model and 65 476
measurement configuratdons containing the informa-
tion on the formation of Z; and proportional contribu-
dons according to equation 3. This was done for each
tissue listed in Table 1 and for a number of different
tissue groups reflecting functional structures of the
cardiovascular system. Tissue groups were formed e.g.
from the dssues forming the systemic and pulmonary
circulation in addition to groups containing smaller
number of tssues such as left atria together with left
ventricle. Further, the same calculations were applied to
the data produced by subtracting the sensitivity and Z,
values simulated by the ECG-triggered models EDM
and ESM.
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Table 1. Volumes of selected tissues in applied models in addition to volume changes between the end diastole and end systole models and between the
visthle human model and average of triggered models.
AV % AV % (VHM to avg

Tissue VHM [1] EDM [1] ESM [1] (EDM —ESM) of EDM+ESM)
Heart muscle 0.31 0.29 0.29 1.9 9
Heart fat 0.20 0.12 0.14 -12 51

Left atrium 0.012 0.034 0.052 —35 —-73
Right atrium 0.11 0.054 0.082 —34 55

Left ventricle 0.010 0.095 0.053 80 —86
Right ventricle 0.097 0.015 0.062 143 -9
Ascending aorta 0.013 0.052 0.036 -11 —61
Aortic arch 0.018 0.021 0.027 —22 —24
Descending aorta 0.031 0.059 0.069 —-14 —52
Superior vena cava 0.022 0.018 0.018 —0.6 21
Inferior vena cava 0.091 0.029 0.030 —3.4 209
Pulmonary artery 0.038 0.084 0.15 —44 —68
Pulmonary vein 0.027 0.031 0.015 100 17
Carotid artery 0.007 0.012 0.014 -18 —44
Jugular vein 0.039 0.018 0.025 —30 80
Other blood 0.077 0.027 0.043 —357 120

Left lung 1.7 1.0 1.0 3.1 69
Right lung 1.8 1.1 11 1.8 68
Skeletal muscle 18.8 6.2 6.3 -1.0 200

Fat 16.7 5.5 5.4 13 206
Totl volume 46.9 21.2 21.2 - —

The most sensitive configurations for classified tissues
and defined tssue groups were selected from the
database. Configurations for the same single tissue and
tissue groups with minimal simultaneous sensitivity in
the lung regions were also separated. Additionally,
configuratons producing high sensitivity in the lungs
were selected, resulting altogether in 237 different
electrode configurations.

Experimental clinical measurements g

An experimental pilot study was coniducted to evaluate
the impedance waveforms detected by the configura-
tions selected based on the ulations. The study
involved twelve healthy volusiteers (age 30.5+6.47y
mean +SD, range 20—42 y‘H male; 3 female, weight
79+16 kg, 55-100 kg; height 179+8.0 cm, 164—
192 cm, BMI 24+3.6 kg/m® 17-30 kg/m®). The
measurements were also taken preoperatively on a
group of nine patients with valvular heart disease (three
mitral, six aortic: age 58.4+9.6, 35-72 y; all male;
weight 76+ 14 kg, 62-111 kg; helght 171 +2 8 cm,
166—175 cm, BMI 26+ 5.2 kg/m®, 20-39 kg/m?).

The measurements were performed by CircMon™
B202 (JR medical Ltd, Tallinn, Estonia), which
includes an impedance channel delivering 0.7 mA at
30 kHz. A novel softwarecontrolled switching device
capable of electrically connecting the impedance
measurement terminals to any number of applied
elecrodes was used in combinatioan with the
CircMon [23]. The electrode configuradon used for
impedance measurement could thus be altered
rapidly by computer control without manual opera-
don.

¥ AL meaturtrmer b were 4oken witha
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All subjects were prepared for the procedure by
attaching disposable ECG spot electrodes (type Q-10-A
manufactured by Medicotest®) in standard locations of
the 12-lead ECG system. An additional two electrodes
were applied to the chest for simultaneous ECG
recording to indicate the tcmpom.l relation of AZ
signals to the cardiac cycle. *a period of 10s was
measured with each configuration followed by a 4 s
reciprocal measurement where electrode sites of the
current injection and voltage measurement were inter-
changed. Possible differences between normal and
reciprocal data indicate electrode contact or other
related technical inaccuracies in the measurement
[24]. All data was sampled at a rate of 200 Hz using a
12-bit analogue—to—digital converter of the CircMon
and stored on hard disk for offline processing and

analysis.

Analysis and comparison of clinical and simulated data

The theoretical data from the models were compared
between each model and the data from the test
measurements. The clinical data was compared be-
tween the two study groups consisting of healthy
volunteers and valvular patients.

A commercial software was used for statistical analysis
(STATISTICA® for Windows 5.0 by StatSoft inc., Tulsa,
USA). Simulated Z, values were compared between the
three models. Average measured AZ Were
calculated for each configuration and subject; average
AZ for each configurations was obtained from the
averaged AZ #aluey from each healthy volunteer.
Several parameters were derived from the data mea-
sured from the volunteers: minimum and maximum Zg,

3
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AZ 2y jndicating the maximum impedance deflection
of avgraged AZ, AZ,., the amplitude of ventilaton
effect during the recording period of each configura-
tion] ratio of AZ,../AZ,.,. and the mean absolute
percentage error (MAPE) [25] berween the individual
average AZ and the average AZ calculated from all the
volunteers. MAPE describes the difference between an
individual AZ and the average AZ obtained from the
study group with particular configuradon. The para-
meters were computed as average values from each
subject for each configuration. MAPEs were calculatd
for three phases of the cardiac cycle; the whole
averaged AZ, before the R-peak and after the R-peak
of ECG. Pearson product—moment correlation matrix
was calculated between the derived parameters and the
sensitivity distributions (i.e. proportional sensitvity
values from each Gssue type and dssue group)
simulated by the models. In addition, the intergroup
(volunteers versus patients) differences (MAPEs) were

al d for th d AZ 3
calculated for the average: m

Results

Simulated sensitivity distributions

Figure 1 summarizes the simulated measurement
sensitiviies of the configuratdons discussed above.
Values are indicated for each tissue type in additon
to three tissue groups consisting of pulmonary circula-
tion, systemic circulation and all the blood masses and
the heart muscle. The agreement between the different
models was notable and the values in figure 1 are
averages as calculated from the three models.

Basal impedances

The simulated values of Z; showed statstically signifi-
cant correlation between the models (p<0.008). For

the selected configuratons the values were on the
average 1.39, 1.31 and 1.33 Q for the EDM, ESM and
VHM, respectively. The measured basal impedances
from the volunteers deviated from the simulated 0.79 Q
on the average with significant correlation only to the
VHM (p<0.05). Excluding configurations with mea-
sured Z, remaining zero (indicating problems with the
instrumentation measuring small Z,), 89% (141/158)
of the simulated values of Z; fell between the minimum
and maximum value measured from the volunteers.

Correlation data

The calculated correladon matrix showed a large
number of statstically significant relationships between
the simulated data and the parameters derived from the
measurements. However, the strongest value for corre-
lation was only 0.45 as calculated between the positive
area after the R-peak and the sensitivity proportion in
right ventricle in ESM (p<0.000) and also for the
MAPE after the R-peak and the Z, change between the
ECG triggered models (p<0.000). AZ,,,, did not show
correlation to Zg simulated with any of the models, but
significant correlation was found to the AZ calculated
by subtracting values of Z, calculated with the EDM and
ESM (r=0.30, p<0.000). Proportional sensitivity
change as calculated with the EDM and ESM correlated
positively with AZp.. when investgating the heart
region (r=0.31, p<0.000), while negative correlation
was found for the sensitivity in the lungs, the VHM
showing the strongest correlation (r= —0.43, p<0.000).
The amplitude of respiratory deflection AZ,.,,, showed
positive correlation with the ESM and EDM Z, (r=0.23
... 0.24, p<0.000) and similar values with the sensitivity
in the group of skeletal muscle and fat tissue. Negative
correlation was found for several tssues and tissue
groups of the cardiovascular system. Negative correla-
ton was noted between the AZ,.,, and the sensitivity in
the lungs with the VHM (r= —0.29, < 0.000). Ratio of
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Figure 1 Simulated values for sensitivities in different tissues of the configurations selected for clinical experiments. Values are

calculated as averages from the three different FDM models. The central

of the sensitivity in terms of the median of the values

is represented by the smallest box in the plot, the spread (variability) by the quartiles (the 25th and 75th percentiles, larger box in the
plot) and the minimum and maximum values of the sensitivity indicating the highest and lowest sensitivity among the

configurations.
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AZ/AZ, ey, indicated strongest positive correlation to
sensitvity in right ventricle (r=0.36, $<0.000) and
negative to the fat tissue (r=—0.26, p<0.000). The
sensitivity in the lungs correlated negatively with the
VHM (r=—0.14, $<0.027).

Inter-indtvidual variations within volunteers

Generally, increasing MAPEs correlated positively with
the Z; difference between the triggered models
(r=0.24...0.44, $<0.000), the sensidvity change in
the fat and skeletal muscle (r=0.24,...0.43, $<0.000)
and also the heart region r=0.29...0.37, p<0.000).
Negative correlations (i.e. smaller MAPE with higher
sensitivity) were evident for lung configurations with all
of the three models (r= —0.23... —0.32, p<0.000), but
not for the sensitivity change obtained by subtracting
the triggered model values, and for the tissue groups
consisting of either pulmonary or systemic circulation.
Figure 2 shows averaged AZ values from the volunteers
for the configurations producing the smallest (27%)
and the largest (450%) inter-individual MAPEs for the
period of the whole cardiac cycle.

Differences between volunteers and patients

The inter-group MAPEs between the volunteers and the
valvular patients showed the highest positve correla-
tions to the sensitivity in VHM heart muscle (r=0.36,
$<0.000). MAPE before the R-peak correlated posi-
tvely to the sensitivity change between the triggered
models in the atria (r=0.38, #<0.000), and after the R-

to the heart muscle and left ventricle (r=0.20,
$<0.008). The largest negative correlation was found
for the sensitivity in the lungs in the triggered models

(r=—0.25, $<0.000). Example averaged AZs recorded
from both of the sudy populations are shown in figure
3. For several configurations, the differences between
the study groups and the individuals were comprehen-
sive in the morphology and timing of deflections in AZ.
Certain configurations recorded similar waveforms
between the study groups (a), several produced similar
shapes in the impedance deflection but shifting the
time instant of the peak change (b). The maximum
impedance deflection was more often delayed than
advanced with the patients when compared to the
healthy subjects although the patients heart rate was
higher (average HR: volunteers 62, patents 71). Figure
3¢ shows configurations with additional or missing
deflections between the study groups, and figure 3d
data with larger deviations between the groups.
Investigating AZ #atuey from individuals reveals a
tendency shown i.7/the averaged signals, although some

Lignals

Figure 2 AZ waveforms obtained with two different config-
urations exhibiting the smallest and largest variations (MAPE)
between the volunteers. Thin lines show individual averaged
AZ, thicker tracing the average from all the volunteers.

Figure 3 Examples of the 12-lead based ICG recordings shown as average signals from the study groups (volunteers and valvular
patients). (a) Tracings with small intergroup variation. (b) changes between the groups in the time instant of the maximum
impedance deflection. (c) characteristic signals with notable peaks or deflections missing between the groups. (d) large inter-group
MAPEs. For explanation of tracings marked i and i, please refer to text.
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configurations seem to detect Tegional information #nd#
thus producing more diversified impedance curves. As
an example, in figure 3c the distinct peak marked i
occurs in the data recorded from 11/12 volunteers, but
not in any patient. The peak marked ii, on the other
hand, is elevated in 6/9 patents and in only one
volunteer.

Discussion

Sitmulated sensitivity distributions showed enhanced coniribu-
tions

The simulation results obtained imply that it is not
possible to separate exclusively the contribution from
any single organ or blood mass from the measurement
using the ICG configurations based on the 12-lead ECG
electrode system. The simulated proportional contribu-
dons from the classified dssues of the cardiovascular
system remained less than 30% when calculated as an
average of the three thorax models (figure 1). For
single classified blood masses in the model, e.g. large
blood vessels, less than 10% contibutions were
obtained. A markedly increased value of 75% was noted
for the group of tssues consisting of cardiovascular
structures. The contribution from pulmonary circula-
tion was 35% at maximum, while from the systemic
circulation only 15%. Sensitivity along the ascending
aorta cannot be as high as in the pulmonary compo-
nents, since electrode locatons of the 12-lead include
only one electrode at the ankle, which was not accepted
for simultaneous current injection and voltage mea-
surement. Using additionally the rightleg drive elec-
trode common in the 12-lead ECG recordings could
enhance the sensitivity in the aorta. However, in
conventional ICGs the contributions are much lower,
such as less than 7% from all the blood masses and the
heart [9]. As compared to the conventional ICGs,
markedly elevated sensitvities with the 12]ead ICG
configurations were obtained partly as the sensitivity
(scalar) field may have both positive and negative values
reducing the total sensitivity in e.g. skeletal muscle to
almost zero.

Statistically significant correlations between simulations and
measurements
Preliminary clinical experiments were conducted to
obtain a first impression of the clinical applicability of
ICG electrode configurations selected from a large
number available. The calculated correlations between
the models and the measurements were generally
rather weak. A linear correlation might not describe
the relatonships between the sensitivity distributions
and the simple parameters that were detected from the
Z31'should be noted that when contribution in some
part of the thorax increases, a simultaneous decrease in
other regions may actually be an important contributor
partly causing the changes in AZ. Also, a variety of
different type of sensitivity distributions were selected
for clinical experiments. If only certain type of
measurements had been selected, the correlations
might have been higher. Nevertheless, attained correla-

6

tons are indicative of the general ability of the
modelling approach in developing and understanding
the properties of various electrode configurations
applied in ICG.

End systolic and end diastolic models constitute a dynamic
model

The measured values of Z; were generally small,
indicating the effect of regions with negative sensitivity.
Significant correlaton was noted only to the VHM,
which is more accurate in the anatomy than the
triggered models EDM and ESM. Yet the average
difference between the simulated and measured data
was less than 1 . Each of the three models was static in
anatomy when considered separately. Z; can be
considered static over the cardiac cycle, while AZ is a
dynamic factor. The relations between the maximum
value of the dynamic AZ (AZ,,,) and simulated (static)
Zy values were not observed with any of the three
models but, logically, the difference between the ESM
and EDM Z; values showed significant correlation to
AZ yox. As ESM and EDM were constructed from MR
data acquired from one individual, together they
constitute the most simple dynamic model consisting
of only two phases of the cardiac cycle, yet providing
more realistic comparisons with the measured data.

Lung contribution not substantial

The configurations concentrating measurement sensi-
tivity in the lungs were selected for investigating a
possible future application in pulmonary oedema
detection. Brown et al [26] considered the lungs to
be the major origin of both the cardiac- and respiratory-
related components in convendonal ICG. In our
measurements, the AZ,.. correlated positvely with
the sensitivity in the heart region but negatvely with the
lung sensitivity. This suggests that the lungs are not 2
major contributor in the measured AZ values, which
can partly be explained also by the smaller pulsatory
blood flow changes in the lungs because the pulmonary
vascular resistance is substantally lower than the
systemic resistance. AZye, decreased with increasing
concentration of the sensitivity in the cardiovascular
structures, and with the VHM also in the lungs. Regions
of the highest sensitivity in the lungs might not be
homogeneously distributed corresponding directly with
the volume changes due to ventilation, leading con-
ductive pathways and decreasing the effects of changing
lung volume on impedance. More meaningful results
about the relationship between the AZ,../AZ,.,, and
simulated tissue sensitivities were obtained, indicatng
that the ventricles produced high AZ,,. instead of
lungs or for instance skeletal muscle.

Heart sensitive measurements produce varied information

The general morphology of the recorded 12-lead ICG
signals often had additional waveforms and notches not
coinciding with those of conventional ICG signal.
Waveforms very similar in morphology and tming as
reported by Patterson and Wang [27] resembling
ventricular volume curve were also obtained. Inter-
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individual differences in AZ falues (MAPE) were larger
in the heart sensitive measurements and smaller in the
lung and the systemic and pulmonary circulation
measurements, This lends support for the assumption
that the configurations somewhat measured what was
anticipated by the simulations, since changes in the
lungs are generally more homogeneous and equal
between the individuals as the heart related volume,
movement and flow changes.

Marked differences in signals between volunteers and patients

Between the study groups the differences (inter-
group MAPEs) were also largest with configurations
concentrating the sensitivity in the heart region.
Similarly, when the conuibution from the lungs was
larger, inter-group deviations decreased. Inter-group
MAPEs before the R-peak increased most signifi-
cantly with the increasing sensitivity in the atria and
after the R-peak with the sensidvity in the ventricles
as assessed by the difference in the sensitvides
between the triggered models. These observations
seem reasonable as in these regions the abnormal-
ides related to mital and aortic valve diseases
originate. Inter-group variability with the 12lead
ICG tracings was significant with certain configura-
tions, as shown in figure 3b—d, but considerable
similarides were detected with several configurations
(a). Interestngly, the instant of the maximum
impedance deflection could occur earlier or later
as compared to the healthy population depending
on the measurement configuration. Weak but statis-
tically significant correladon was noted between the
time delay and the sensitivity of the measurement in
either left (left ventricle and aorta; positive correla-
tion) or the right side of the heart (right ventricle
and pulmonary vessels; negative correlation). The
pressure is generally much lower in the pulmonary
circulaton [28], which can cause the shifting of the
maximum impedance peak. Although the maximum
sensitivities in large vessels and blood chambers were
rather limited, they were evidently enough to cause
changes between health and disease. This implies
that the emphasis of such measurements is different
in the regions reflecting varied AZ due to valvular
disease.

Two-phase model not sufficient for simulating impedance curve
The theoretical models used in this study did not
address the real dynamics associated with cardiac
function and ventilaton, as only two phases were
included (ESM and EDM). Wang and Patterson [29]
have studied the formation of the conventional ICG
with the models derived from the same MR data as in
this study representing systole and diastole, and
conclude that the effects of geometrical changes were
larger than conductivity changes, but that a cancelling
effect occurs between the ventricular blood volume
change and the heart movement Cancelling of
geometrical effects was not likely to occur to that
extent with the tested 12-lead ICG configurations, thus
increasing the contribution from volumetric and
geometrical changes and enabling the detection of AZ

representing these changes. Investigating more phases
of the cardiac cycle might not increase the power of the
method in deriving more regional ICG configurations,
since most of the configurations in clinical testing were
atained by both the triggered models and the VHM.
More importantly, with the muld-phase modelling time-
varying signals could be simulated for comparison with
the measured data. In addition, refinements in the
resistivity values selected for the classified tissues could
be made to reach better correspondence between the
model and the reality. In the present study, the known
difficultes in selecting the resistiviies were not over-
come, rather, the values were based on the literature
[29-31]. The real values vary from subject to subject,
exhibiting anisotropic conductivity which produces
variations of imporance [32].
<lanals

Limitations of clinical rements
Limited recording

e for each configuration in-
creased the no physiological variation on the
averaged AZ limiting the possibility of inves-
tgating each configuration more thoroughly. For
instance, effects of ventlaton that also change
intravascular pressures did seem to induce changes
in some of the measured signals, especially with the
patient population. A multichannel ICG instrumenta-
tion capable of recording multiple mult-lead ICG
configurations would be practical in prospective 12-
lead measurements reducing the overall recording
time and allowing analyses of signals recorded
simultaneously. On the other hand, the purpose of
the pilot study was to assess preliminary feasibility of
the tested measurements. Thus, derivation of new CO
equation or quantification of changes due to valvular
disease are not feasible with the presented highly
limited study population, although the morphology of
some signals had a resemblance to pulmonary flow
and ventricular volume curves [33] and some had
landmarks that at least in this population revealed the
existence of valvular disease. A large diverse group of
patents in each disease category should be invest-
gated pre- and postoperatively prior to drawing any
definite conclusions about the 12-lead ICG measure-
ments. Simultaneous acquisition of haemodynamic
variables such as flow and pressure in different
structures of the cardiovascular system in the angio-
graphy laboratory could also increase the knowledge
of the 12-lead method.

Conclusion

Estimation of CO from a non-invasively measured
impedance signal is an ill-posed inverse problem with
no unique soluton, since AZ is always a combined
presentation of multiple sources. To the best of our
knowledge, anatomically detailed conductivity models
of the human thorax were used for the first time in
seeking ICG measurement configurations with regional
informaton content. The results obtained demonstrate
the feasibility of the method in developing and
analysing ICG measurements. Recorded 12lead ICG
signals exhibited landmarks not coinciding with those

7



P. Rauppinen et al Developing multiple ICG measurements

of conventional ICG showing resemblance to invasive
data and morphological variations in disease. Increas-
ing the number of signals should increase the sensitivity
of the method and the probability of more accurate CO
estimation. In addition, configurations producing
regional information may have a wide range of
applicatons apart from the essendal CO estimation.
However, understanding the information conveyed by
the 12-lead ICG would require multi-phase modelling
and measurements with simultaneous acquisition of
haemodynamic variables such as flow and pressure in
different structures of the cardiovascular system. The
initial results described herein are promising, but the
range of clinical relevance and potental is a matter to
be explored in future studies.
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