


































































































Literature Review of Bio-Impedance Technigue in Cardiology

Lead Field Approach

Penney and colleagues'>” were probably the first to apply the lead field theory to
examine the sensitivity of IPG to conductivity changes as a function of position in
the volume conductor. The tetrapolar measurement setting in a uniform cylinder
model was simulated and compared with i# zifro model measurements. Fig. 7
illustrates schematically the formation of the measurement sensitivity of tetrapolar
BI measurement in a homogeneous cylinder. Their study demonstrated that the
electrode distances greatly affect whether superficial or deep regions are more
cfficiently sampled, and that the regions of negative sensitivity (as depicted by Eq.
13) lay near the electrodes. Negative sensitivity is detected in regions where the two
lead fields have antiparallel components. In another study, cadaver measurements
wete made to verify results obtained with the homogeneous cylinder model®.
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Figure 7. Sensitivity distribution of a four-electrode IPG system applied to a untform conductive cylinder. (a)
The lead field produced by the curvent excitation electrodes (I, refers to reciprocal current injection).
(b) The field which would be produced if curvent were driven through voltage measurement
electrodes. (c) Superimposed fields of the previous two lead fields. (d) Principled presentation of the

sensitivity of the measurement setup in a few locations.

Sherman and colleagues'®® studied regional spot electrode configurations
theoretically in tank models to ascertain the effects of artery location with respect to
the electrodes. They also recognized the importance of negative sensitivity in
producing the net impedance change. If the object is to record information from a
single artery, the displacement of the recording electrodes may lead to varied
information due to negative sensitivity. Other studies on uniform cylinders and the
equivalent have produced similar results, noting negative sensitivity and the impact

of electrode placement in defining the sensitivity properties of measurements '35 157.
158, 167, 215
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More recently, Wtorek's group>'* applied the lead field approach to simulate the
measurement properties of five electrode configurations. They used a 15-slice FEM
model, with anatomy from the cross-sectional anatomy map, including 8 tissues but
excluding fat. However, their application of the lead field theory was limited to the
calculation of Z before and after the induced changes in the volume conductor,
thus yielding no new information as compared to the studies of the conventional
approach presented in the previous section. The changes in the conductivity and
volumes included in their study thus restrict the significance of their results.
Assumptions as to how conductivity changes and to what extent in different
regions due to cardiac activity were not substantiated. Kubicek's electrode
configuration produced the most uniform current distribution. The authors
concluded that the relation between the contributions from different sources
strongly depends on the electrode configuration and that ICG measures all
conductivity changes throughout the thorax.
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Figure 8. Schematic representation of focused BI measurement using two electrodes for each terminal of the
impedance device. a) Approximared lead field of current injection electrode pairs, b) lead field for
voltage electrode pairs; shaded area shows the highest sensitivity of the lead field, ) superimposed
Jields and d) the measurement sensitivity; highest values are in the middle of the four voltage
measuring electrodes with relatively small regions of negative sensitivipy. It should be noted that the
lead fields are only approximated, not calculated.
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As tetrapolar impedance measurements produce distributed sensitivity to several
sources, 2 focused impedance measurement scheme has been proposed to restrict
sensitivity distribution'®. By carrying out two four-electrode measurements
perpendicular to each other over a certain region and combining the impedances, it
is possible to enhance the sensitivity of the central region. This method has been
applied in studying gastric emptying with empirically optimized electrode settings
obtained in saline phantom experiments. A homogeneous phantom shows more
uniform sensitivity to changes in the conductivity in the central region and less
negative sensitivity than is obtained with the tetrapolar technique using four
electrodes. These investigations did not employ the lead field theory, but the idea of
focused measurement can be conceived in the framework of the theory. A similar
illustration of the lead fields in focused measurement to that in Fig. 7 for four-
clectrode measurement is given in Fig. 8.

2.5 Conclusion

The ICG yields a great deal of relevant information concerning the mechanical
functioning of the heart and the cardiovascular system. The changes in impedance
during the cardiac cycle have been attributed to a variety of sources and
compositions of several sources. ICG is an indirect technique with evidently several
simultaneous sources contributing to the basal and the time-varying components,
involving troublesome intra- and interindividual variation. The recorded signal is
thus not well defined and the physiological conditions giving rise to unreliable
results cannot be relably determined.

The simplicity and other advantageous properties of ICG have kept development
and evaluation of the method active since the introduction by Kubicek and his
group of the tetrapolar band arrangement and the SV calculation method. The
development of ICG has been mainly empirical and has generally not lead to
significantly more sophisticated methods than the conventional ICG developed
decades ago.

The lead field theory applied in ICG provides a means of recognizing the
characteristics of the electrode configuration applied. The impact of a certain
conductivity variation at different locations depends on the sensitivity field
provided by the theory. However, the theory has not yet been applied in
investigating the overall measurement sensitivity of any ICG method. Moreover,
especially because a BI measurement depends on numerous unpredictable factors,
it seems likely that several signals should be obtained in order to assess the state of
the system, as is the case in standard 12-lead ECG. The development of such a
system providing multiple signals with desired and localized measurement
properties could be based on the application of the lead field theory and accurate
volume conductor modeling. Instead of empirically placing four electrodes at
various body locations to make a measurement, the lead field theory can be
harnessed to constitute measurement configurations with particular properties, e
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varied and regional sensitivity distribution. To achieve such configurations, more
than four electrodes in a simple combination will probably be required and intuitive
arrangement of such complex configurations having specific sensitivity is not
feasible. As stated in Chapter 1, the purpose of this thesis was to harness the lead
field theory for the purpose of such an undertaking.
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Chapter 3
MATERIAL AND METHODS

3.1 Introduction

As discussed in Chapter 2, for a study of the properties of BI electrode
configurations the lead field theory provides a means of estimating the
measurement sensitivity distribution. In order to utilize the theory in analyzing and
developing ICG electrode configurations, methods of modeling and simulating the
human thorax as a volume conductor were devised [I, II]. Thereafter, sensitivity
distributions were assessed with the resulting method for conventional ICGs [III]
and BI configurations derived using the electrode locations of the 12-lead ECG
electrode system [VII]. Theoretical appraisal of existing spot electrode
configurations and clinical experiments with the 12-lead based configurations
picked out shortcomings in the present ICG instrumentation. Development of 2
front-end unit for BI instrumentation was therefore carried out to increase the
correspondence between the simulations and physiological measurements and open
the way for clinical experimentation with a number of different electrode

configurations [V].
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3.2 Modeling Software Development

The basis for the modeling software development was the previous doctoral thesis
of Hyttinen"!, who implemented 2 core for FDM-based modeling software?'> 24,
The software was advanced and properties suitable for current field analysis of BI
were added in a licentiate thesis by the present author’’. So far, many steps in the
modeling and simulation process have required several separate data files,
parameters and constants to be given as an input line in running the programs. The
user must have memorized parameters and factors affecting the simulation and
program function. For instance, all tissue resistivities were given in a number of
source code files and changing a tssue resistivity required modifications and
recompilation of all programs using tissue resistivity values. This has restricted the
utilization of the modeling by software-oriented users.

The work conducted for this thesis further advanced the modeling software [I]. A
tissue priority coding was realized and is exploited from tissue segmentation to final
post-processing of the simulated data. Model data and simulation programs were
rewritten and integrated in a software package referred to as Volume Conductor
Modeling Tools (VCMT), which reads and updates a devised header section
associated with the anatomy data used for model construction and simulations.
Steps taken in the course of modeling process are written in a simulation diary in
the header data, and can be recalled to when necessary.

Several pre- and post-processing programs and utilities were written for analyzing
and visualizing the data at various stages [I]. Central to the undertaking is the
calculation of the sensitivity distribution according to Eq. 13, ie the overall
sensitivity of each tissue type in the model with a given electrode configuration
[ITT]. Another routine was implemented to generate measurement combinations
from a given set of lead fields for the automatic analysis of a large number of
configurations [IV]. Post-processing programs included a 2-D viewing software for
the presentation of model anatomy data and calculated current, potential and
sensitivity distributions [I-II1].

3.3 Construction of Volume Conductor Models

In order to yield useful information, 2 model must accurately reflect the anatomy of
actual human structures in discretizing and solving Eq. 10. For anatomy extraction
from medical images, 2 segmentation algorithm known as IARD (Image
enhancement, Amplitude segmentation, Region growing, Decision trees) was
developed and utilized in constructing FDM models of the human body™. A
modification of TARD using tissue priority coding made it possible to classify a
large number of tissues and to import tissue voxel data into the VCMT software.

Viistble Human Man model. A particularly accurate source of anatomical data, the U.S.

National Library of Medicine’s Visible Human Man (VHM)! ' 156 as employed
as basis for detailed FDM modeling [IT]. A total of 118 cryosection images from the
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top of the head to the pelvis were segmented into approximately 4 000 000 voxels
for the thorax model, resulting in total of 32 segmented and classified tissue types and
organs. The accuracy of the final model used for simulation can be set with the
VCMT for a particular purpose. Another less accurate set of 52 images covering the
whole body was segmented to simulate the ICGyy and selectivity of segmental
measurements ' 13 obtainable with the electrode system [VI]. For the whole-body
model the inhomogeneities were separated for trunk and each limb in order to
analyze their contribution separately in each measurement.

Diastolic & Systolic models. The triggered end-systolic and end-diastolic MR image
data sets used by Wang and Patterson”'¢ were segmented with TARD. A two-phase
thorax model (Ze. two models of the same person at different moments of the
cardiac cycle) was constructed from these data [VII]. The number of voxels was
equal in both models, as the segmented outermost layer from the first data set was
used as base for segmentation of the other set. Both models consisted of 70 slices
and 30 tissue types.

Head model. The head model was constructed from 84 MR images taken at 2 mm
intervals [I, IV]. The tissue priority coding devised for thorax modeling was applied
for detailed classification of the MR data. Originally, the model was intended for
studying the electric fields in the brain associated with electroencephalography
(EEG), evoked potential and transcranial stimulation'"”. In this present study, the
lead fields calculated for the EEG inverse solution were used to estimate by the
methods developed the properties of BI measurements utilizing the 10-20 EEG
electrode locations [IV].

3.4 Calculation of Measurement Sensitivity Distributions

As stated above, at any point in the human body the lead field of a given lead can
be defined as a current density field produced by a source of unit current connected
to the lead's terminals according to the reciprocity theorem. BI measurement
sensitivity distributions, Ze. the contribution from each tissue type included in the
model, were estimated utilizing the concept of Eq. 13 and analyzed with the VCMT
for the following cases:

*  Four cnventional ICG configurations [III]. Contributions to the sensitivity
distribution were assessed with the VHM thorax model for four ICG
clectrode configurations utilizing conventional band electrodes or
modifications replacing the bands with spot electrodes.

®  12-lead ECG celectrode system-based configurations [IV, VII]. The prospects of
recording multiple ICG waveforms with more selective sensitivity to
particular regions of the thorax were investigated employing the 12-lead
electrode system. As explained in Chapter 2, the lead field concept can be
applied even when several leads are combined. Calculation of the lead
vectors of combined leads does not require new simulation runs, since in a
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linear system they can be derived from the once simulated set of lead
vectors by linear combination. This facilitates synthesis of leads with
desired properties, for example, more specific leads to detect sources
induced by a heart disease. The VHM and two-phase models were used in
calculating the sensitivity distributions for a large number of BI
measurement configurations combined from the 12-lead system. The 12-
lead electrode system was selected since it is clinically widely applied and
may be adopted for new BI method recorded during ECG acquisition.

* 1020 EEG electrode  system-based  configurations  [I17].  Rationale:
Administrations of high penicillin doses in cats, causing epileptic seizures,
have been noted to elevate the cerebrospinal fluid (CSF) impedance 10-15
minutes prior to seizure activity!!’. In the study in question, variations in
CSF impedance ranged from 2.0 to 3.3 times the original value in three
different cases when measured invasively. In the present case, the lead
fields of the 10-20 EEG system were used to determine theoretically how
sensitive noninvasive measurements can be derived to detect regional
conductivity changes occurring in the CSF.

*  Whole-body 1CG electrode configuration and obtainable segmental recordings [V1].
Modification of the conventional whole-body ICG using eight-electrode
tetrapolar measurement was simulated to establish the segmental
contribution from the thorax and each limb. Using the same electrode
locations, it is possible to record these segments independently, as reported
by Patterson'?® 1%, The selectivity of these segmental measurements to
measure exclusively some particular segment was evaluated by calculating
the sensitivity distribution for each case.

3.5 Bio-Impedance Hardware Development

In assessing the measurement sensitivity distribution of ICG using spot electrodes,
a likely source of error lies in the fact that differences in skin-electrode contact
impedances between electrodes connected to the same terminal of the BI device
may be present. Mismatches in electrode-skin contact impedances will result in
unbalanced current injection or voltage measurement [V]. This modifies the
sensitivity distribution and introduces error in measurement which is difficult to
observe. Possible sources for such mismatches include variations in skin properties,
which are different from site to site, a preparation procedure which might poorly
cover the electrode placement area applied, sweating and the mechanical contact of
the electrode''". With 12-lead configurations, the overall impedance between the
terminals may be more unbalanced due to different conductive pathways between
the electrodes. For instance, neglecting the skin-electrode contacts, the pathway
resistance between the left arm and chest lead V1 is approximately half of the value
between the left and right arm.
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Recording BI applying the 12-lead based configurations simultaneously with ECG
acquisiion from the same electrodes requires the development of ICG
instrumentation for the following reasons. First, it is impractical to connect the BI
measurement leads manually for each configuration recorded. Second, if several
leads are connected to a same terminal of a BI unit, ECG acquisition is not possible
from these combined electrodes.

A front-end apparatus, referred to as DigBox, was designed to be operated with a
tetrapolar BI measurement unit [V]. The DigBox makes it possible to a) record
multiple BI signals with digitally controlled electrode configurations, b) eliminate
the effects of unbalanced contact impedances or conductive pathway on
measurement sensitivity, and c) combine multi-electrode BI and bioelectric
measurements without the two modalities interfering with each other.

3.6 Clinical Experiments

In clinical experiments [V-VII] the DigBox was used with a commercial BI unit
(CircMon'™, JR Medical Ltd., Estonia) operating at 30 kHz and 0.7 mA. Off-line
analysis of impedance data were made with specifically written signal processing
and analysis functions in Matlab (version 5.2, MathWorks, Natick, MA).

The ICGyr method has not been widely evaluated, and knowledge of approximate
qualitative signal composition is lacking. To establish how much of a signal
originates in each segment of the body and what is the contribution of each to SV
in ICGyy, impedance in the extremities and trunk were investigated in 15 healthy
volunteers [VI].

For the 12-lead-BI measurements, first clinical experience was acquired by making
recordings in 12 healthy volunteers and 9 valve patients in supine position
breathing spontaneously [VII]. Based on computer simulations with the VHM and
two-phase models, 237 measurement configurations derived from the 12-lead
system were selected as measurements to compare with the simulations. The
configurations were chosen so as to produce high sensitivity in various
cardiovascular structures, and for possible edema monitoring, in the lungs.
Additional configurations sensitive in skeletal muscle or fat were included.
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Chapter 4
RESULTS

4.1 Introduction

Publications I & II describe the development of methods for simulating the human
body as a volume conductor, which was a prerequisite for research on ICG. The
sensitivity distributions of conventional ICG are reported in III, and in TV the lead
field approach is introduced in developing BI measurement configurations.
Publication V reports the front-end design (DigBox) for making multiple regional
BI measurements, VI utilizes the apparatus developed in examining the
composition of ICGywy and, finally, the 12-lead-based BI measurement
configurations are explored in publication VII. The following comprises an account
of the core of the results.

4.2 Software and Models for Volume Conductor Modeling

The more recent developments in VCMT have extended the usage of modeling
software to modes of analysis more sophisticated, but easier to perform [I]. The
header data format collects the necessary information in one defined file format
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making data transfer possible between different programs and routines. For future
developments, the software was written in ANSI C language in a package in easy
readable and reusable format. The VCMT toolkit enables the user to concentrate
on the design of a particular application without having to design many of the
system routines over again for the new application. The performance of the
equation solver programs was improved by rewriting the core solver routine and
enabling it to take stored simulation results as an input file. This reduces the
number of iterations, depending on the problem set-up, and has proved efficient

when re-simulating a source configuration with altered tissue resistivities®>05. 78 105,
109, 189

The same theoretical approach of sensitivity distribution and field calculations
applies in all bioelectric field problems, and the models with VCMT have been
employed in a number of studiesé? 00 91, 104 105, 109, 133, 160, 161, 189. 19, The properties
of the model affect the simulation results, and wvarious tissues and their
conductivities have different impacts. The influence of various blood tissues and
level of anatomical detail on sensitivity distributions of ECG was analyzed with the
VCMT and VHM thorax model®>%5. Effects of various blood masses on simulation
results were obtained by altering the resistivity values of the masses separately. The
effects of the large vessels was found to be of great significance over and above the
well-known effect of intra-cardiac blood masses, which indicates that they too
should be modeled in order to ensure accurate solutions.

In one further study, the effects of cardiac and body fat on conventional ICG
measurement sensitivity were investigated’®. The results showed significant
differences in sensitivity distributions with altered fat resistivity values. In particular
the effect of body fat was found to be substantial and exclusion of it can lead to
significant errors in simulations. Fat percentage may thus be a factor influencing SV
estimation in ICG.

Although anatomically detailed, the VHM thorax model represents only one static
view of a cyclically dynamic volume conductor [II]. The two-phase model [VII]
extends the representation of the volume conductor to two different time instants,
bringing additional insight into simulated problems. Anatomical changes between
systole and diastole show substantial effects on body surface potentials when
simulated by cardiac dipole sources!?".

4.3 Sensitivity Distributions of Bio-Impedance Measurement
Configurations

4.3.1 Conventional ICG

The conventional band electrode configuration and alternative configurations
suggested to replace the bands were simulated and analyzed [III]. ICG was shown
not to be specifically sensitive in measuring conductivity changes in regions
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generally considered important in measuring SV or CO, namely the heart, lungs or
aorta and other large vascular trees. More than half of the measurement sensitivity
in each case studied was concentrated in the skeletal muscle. Furthermore, the
results showed heterogeneous current field flow in the thorax, and modifying the
electrode configuration resulted in different sensitivity distributions which must
have an influence on the composition of measured signals.

4.3.2 Whole-body ICG

The proportional contributions from each segment and the selectivity of segmental
measurements were evaluated [VI]. Of the measurement sensitivity obtained, 46 %
was found to originate in the legs, 30 % in the arms and 23 % in the trunk.
Simulations confirm that segmental measurements are most ideal in respect of
selectivity for the legs, involving a contribution of less than 10 % from the trunk.
For segmental arm measurements the contribution from the trunk was significant,
as much as 30 %, while for the trunk null sensitivity from the limbs was detected.

4.3.3 12-Lead-Based Configurations

As described in the Methods section, the calculations of the lead vectors of
combined leads did not require new simulation runs, since they can be derived from
the simulated set of the lead vectors of the 12-lead ECG. Since a simulation run
may take several hours of computing time, it would not have been possible to
simulate all the combinations involved. With the lead field-based analyzing method

developed in this series, deriving new combinations was a non-iterative procedure
which was applied by an algorithm to analyze 65 476 configurations [VII].

Simulated electrode configurations indicated markedly different measurement
sensitivity distributions. As compared to the conventional ICG, clearly enhanced
sensitivities were obtained in various tissues. However, no absolutely selective
measurement configurations for particular structures of the cardiovascular system
were obtained. As a consequence, no measurements applying any combination of
the 12-lead electrodes will produce exclusive data from a particular region, although
the partial contributions from various regions may be significantly increased.

4.3.4 10-20-Based CSF Configurations

A total of 97 273 electrode configurations were derived from the 10-20 system for
BI measurements and analyzed with respect to sensitivity for conductivity changes
occurring in the CSF [IV]. Numerical experiments showed that the regionally most
specific configuration concentrated 69 % of the sensitivity in the CSF, which in
theory provides sufficiently high selectivity for successful measurement. Simulations
with 20 % decreased conductivity of the CSF produced expected changes in the
simulated impedance, following the proportional sensitivity values obtained with
the analyzing algorithm with variation within a few percent.
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4.4 Developments in Bio-Impedance Instrumentation

The design of an apparatus capable of producing computer-controlled multiple
multi-electrode BI measurements was realized [V]. It has features compensating
clectrode contact-related errors and errors due to imbalance between the
conductive pathways when multiple electrodes are applied for BI measurement.
Test measurements with a resistor simulator produced values comparable to those
obtained by manually connecting the current and voltage leads. An average
difference of 0.4 % in impedances was observed.

4.5 Clinical Experiments

4.5.1 Whole-body ICG

The experiments with the ICGuyp electrode setting compared favorably with the
whole-body model results, showing that most of the basal impedance originated
from the extremities [VI]. Clinical experiments revealed that the heart-related
amplitude variations in the ICGy; signal originate more evenly from various body
segments, the trunk slightly more than the arms or legs when corrected with the
unideal selectivity of segmental measurements obtained with simulations. The
heart-related ICGyy; signal represents a weighted sum of segmental pulsatile events
in the whole body; segmental measurements might thus provide more detailed
information.

4.5.212-Lead ICG

Clinical experiments with the BI measurements derived from the 12-lead electrode
system showed logical correspondence to the simulations, supporting the
theoretically predicted differences between the configurations [VII]. Systolic AZ,,

correlated significantly to the difference in basal impedances simulated with the
two-phase model, but logically, no significant correlation was found to the VHM or
cither of the two-phase models when considered separately. The strongest
correlations between sensitivity and measured waveform were noted for the right
ventricle and the area under the systolic part of the impedance curve. Recorded 12-
lead signals had characteristic waveforms and landmarks not coinciding with those
of conventional ICG, indicating varied information content between the
configurations. Furthermore, configurations were noted showing a suggestive
resemblance to invasive data and morphological variations in disease.
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Chapter 5
DISCUSSION

Using ICG for measuring SV with conventional methods involves many
assumptions and models with gross simplifications. The technique is by nature
particularly indirect, reflecting complex simultaneous variations in the clectrical,
geometrical and physiological properties of tissues. To derive valid measures of
cardiac-related parameters using BI measurements it is of primary importance that
the signal contain the relevant information in a distinguishable manner. In the
assessment of cardiac function, knowledge of a single parameter such as aortic
volume is of limited use, since many interconnected hemodynamic factors affect
other parameters, for instance SV. In this series of studies, the conventional ICG
and a large number of measurement configurations derived from the 12-lead ECG
clectrode system were analyzed in respect of their measurement sensitivity
distributions. The uniqueness of the methods used was that the sensitivity of the
whole measurement setting was obtained in accurate models with a single
simulation without approximations of quantitative conductivity changes occurring
in the thorax. This was important in that an understanding of the ICG requires a
conception of how the sensitivity of measurement is distributed, not only how large
is the global impedance change due to a particular resistivity change in a specific
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5.1 Modeling Software and Volume Conductor Models

The VCMT software package [I] utilized the FDM, which affords a2 number of
benefits. The construction of a model from segmented voxel anatomy data proved
fast without limitations on the number of different tissue types and their
distribution. The simulation result is provided in each discrete element in the
model, not only at the boundaries of inhomogeneities as in BEM or FEM. The
major drawback in implemented FDM is the inefficiency of the solver routine,
which is based on an iterative over-relaxation technique. This could be overcome
by utllizing a more efficient solver’™ or multigrid solution®. Orthotropic
conductivity generates error in simulations due to the fiber orientation in tissues,
and arbitrarily anisotropic conductivity could be implemented in the VCMT. This
requires anatomy source data with fiber orientation information, which is not as yet
generally available!”” and the effort to build and solve the model would thereby be

considerably increased.

The VCMT provides a flexible method to investigate potential and current fields
and the effects of various tissues and organs on generated field distributions.
Several inhomogeneous volume conductor models were constructed. The VHM
data were the most accurate source, allowing detailed detection and manual editing
of the tissues. The VHM thorax model [II] was the most detailed, while the VHM
whole-body model [VI] ignored details. This latter was used only in simulating the
segmental selectivity of regional measurements with the ICGup electrode
configuration [VI]. In the future, the limbs in the whole-body model could be
attached to the detailed thorax model for more realistic simulations. With the VHM
thorax model, the limb electrodes of the 12-lead ECG have been applied to the
shoulders and pelvis, which produces some deviation from results with the actual
limb electrodes. More recently, the whole VHM data set has been segmented to 1
mm?’ cubic voxels including muscle fiber orientation data by applying advanced 3D
image processing techniques'’ '™, Simulations with this accurate data could
elucidate the importance of anatomical details on fields associated with ICG. The
two-phase model [VII] was constructed from MR data containing considerable
noise. The number of elements in the applied two-phase model was less than in the
VHM thorax model, but it allowed investigation of the effects of volumetric
changes and comparison with the VHM model [VII]. Including more than two
phases of the cardiac cycle would provide a means for more sophisticated
simulations.

5.2 Theoretical Results

Sensitivity distributions were obtained for electrode configurations by applying the
lead field theory and computer modeling [III, IV, VI, VII]. In ICG research to date,
contributions attributable to only certain conductivity changes have been simulated,
not illuminating the overall sensitivity of the measurement. It should be noted,
however, that the uncertainty still remains as to the physiological conductivity and
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its changes occurring in the human body. This constitutes 2 major limitation in all
simulation studies related to BI measurements.

5.2.1 Sensitivity Distributions of Conventional ICG

The simulated sensitivity distributions for conventional and alternative spot
clectrode configurations revealed that most of the measurement sensitivity was
concentrated in skeletal muscle [III]. Visualizations of the sensitivity showed that
apart from the four-spot configuration generating a more inhomogencous field, a
significant portion of it was located in the posterior side of the thorax. Kinnen's
group™ investigated the current flow by two sectioned band electrodes and
obtained a corresponding result, showing that most of the current flow occurred
through the posterior sections of the circumferential electrodes. This along with the
high impedance of the large vessels as compared to the trunk impedance led the
authors to conclude that most of the current would flow through the lungs.
According to the present study, the proportional lung contribution was slightly less
than 10 %.

The sensitivity value for a given tissue type can be used in estimating the
contribution resulting from a conductivity change in it. Penney'®' reports that
during the systole, the aortic volume increase of 7.2 ml causes a 6 % conductivity
change in aortic blood. This 6 % change with the proportional sensitivity in the
aorta together with simulated Z, [III] gives AZ . of 0.011 €2, which matches the

values reported in other simulation studies®>: 5 96, 143, 205, 206,

Replacing the band electrodes with spot-electrodes generated more non-uniform
fields inside the thorax [IIT]. Generally, band electrodes produced the most uniform
sensitivity distribution without any sign of negative sensitivity close to the
electrodes as with the eight- and nine-spot configurations. Compared to the band
configuration, the replacements produced surprisingly similar sensitivities both in
the lungs and when considering all the blood masses and the lungs as a whole. In
smaller regions such as the aortas and vena cavas, the proportional changes were
substantial. In clinical experiments, Penney and colleagues'> reported attaining a
linear relationship with changes in dZ/dt,,, by the band and the four-spot

configurations. Wang's group”” in numerous attempts could find no such
relationship for either four- or eight-spot configurations, a discrepancy attributable
to the differences in the simulated sensitivity distributions [IIT].

The results emphasized the multiregional sampling sensitivity of the studied ICG
configurations [III]. Only an approximately 5 % contribution from all blood masses
and cardiac tissue was detected. This can be taken to imply that the valuable
information, Ze. the information needed to determine the SV or other desired
parameters, overlaps with a wide range of other information unretrievable from
AZ . Although useful information has been obtained from the ICG waveform, it
originates from a multiplicity of sources with unpredictably varying contributions
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depending on the characteristics and hemodynamic condition of the subject. Thus,
particular caution is called for when applying ICG to clinical work. It is unlikely that
a universally ideal electrode configuration providing accurate measurements exists
for ICG. If the number of unpredictable factors contributing to or modifying the
ICG waveform are many, at least as many specific measurements should be taken
as there are contributing factors to establish the state of the system [TV-VII].

5.2.2 Sensitivity Distributions of 12-Lead ICG

Numerical modeling with the lead field theoretical approach made possible detailed
analysis of a large number of configurations [IV], in this study 65 476 derived from
the 12-lead ECG electrode system [VII]. Increasing the contribution from a limited
region may improve the physiological relevance of recorded data, which was
achieved in theory with the regional multi-electrode measuring configurations.
According to simulations with the VHM and the two-phase models, greatly
increased sensitivities were obtained for each classified tissue with certain
measurement configurations [VII]. For the tissues of the cardiovascular structures,
a maximum of 75 % proportional sensitivity was attained. For the aortas and vena
cavas the values were relatively small, since the electrode locations of the 12-lead
system are not favorable for vertical measurements, especially when the right leg,
often used in ECG acquisition, was ignored in the simulations. For this reason, the
maximal sensitivity for the pulmonary circulation was twice that of the systemic
circulation. Although highly elevated sensitivities were obtained, it was not possible
to achieve fully selective measurements for any of the tissues. Moreover, even with
these enhanced measuring configurations, everything still affects everything;
nonetheless their relative contributions should be more favorable than in
conventional methods to produce regional information.

The anatomical differences between the VHM and the two-phase models were
considerable; for instance, the total volumes were 47 and 21 1 for the VHM and the
two-phase models, respectively. In spite of this, many of the most selective
configurations for certain anatomical region or tissue were identical independent of
the model applied [VII]. This result was unexpected, since to achieve high
sensitivity in a certain region and low in others requires in principle a measuring
configuration similar to one presented in Fig. 8, where lead fields of current and
voltage electrodes are perpendicular to each other. Slight deviations in model
geometry or electrode locations could then markedly modify the partial sensitivity
values. On the other hand, the derived configurations producing high sensitivities
utilized more than four electrodes. Nonetheless these configurations with high
sensitivity produced small basal impedances, which supports the conception that
perpendicular electrode placement produces zero basal impedance. Also, as each
tissue was considered as a whole in the analysis, the contribution from large tissues
such as skeletal muscle could have been reduced by the fact that both positive and
negative sensitivity values present can result in practically nil total sensitivity in that
tissue. This, of course, does not imply that the tissue has no effect if its conductivity
changes. On the other hand, however, the contribution from skeletal muscle has
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been noted to be almost nil when measured with conventional band electrodes
placed on the abdomen!?> 127,

The results obtained demonstrate the appropriateness of the method in developing
ICG measurements [IV, V, VII]. Ideally, it would be desirable to achieve
measurement sensitivity only in the region of interest, producing selective
information. Such measurement would require lead fields having null values
anywhere else than in the target region, which is practically impossible for any
surface electrode system. However, employing multiple measurements with
different and known sensitivities to the relevant component in the system may
convey useful information related to some specific event or region undetectable by
conventional methods.

5.2.3 Sensitivity of Other BI Measurements

As already pointed out, the lead field approach presented can be applied to any BI
measurement. The application of the international 10-20 EEG electrode system in
measuring CSF conductivity changes was examined by simulations [IV]. Results
revealed that several configurations were obtained producing more than 60 %
proportional sensitivity in the CSF, suggesting promise of a non-invasive mode of
detecting impending epileptic seizure by multiple BI measurements. Combining
particular measurements with various contributions from other tissues, the
changing conductivity of the CSF may be obtained, especially since dynamic tissue
volume changes in the head are smaller than in the thorax. The lead field approach
may be also utilized in optimizing EIT electrode configurations for head
measurements instead of rigorous trial and error*®. As with 12-lead measurements,
the existing BI instrumentation requires further development in order to apply
electrode configurations utilizing several electrode locations for each terminal on
the measuring device [V]. Such a system, integrated with ambulatory EEG'®!, could
improve the diagnostic potential of EEG and help patients suffering from epilepsy.
This study, however, was theoretical and relied strongly on the assumption that
CSF conductivity does change prior to epileptic activity. Ambulatory monitoring of
epileptics with BI measurements could be taken into consideration in future studies.

In ICGyp a small amount of sensitivity was found to be distributed in the thoracic
region [VI], differentiating it clearly in information content from conventional ICG
methods [ITT]. Segmental measurements give more specifically regional information
on each limb and the trunk, an asset which could be exploited with small changes in
existing ICGyyp instrumentation. According to the simulations here, whole-body
Z, is primarily determined by the impedances of the limbs, and application of
these data for SV estimation might be questionable. One whole-body ICG method
using electrodes either on both wrists or one wrist to one ankle has also been
reported®’. However, such modifications considerably alter the information content
of the eight-electrode ICGyn, emphasizing certain segments of the body. Recording
between the arms does not take account of the legs and only partly the trunk
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region. The wrist-to-ankle configuration reflects changes within the trunk by
approximately only half from the eight-electrode ICGuw; [VI]. Similarly, whole-body
impedance measurements between one wrist and one ankle in total body water or
fat-free mass measurements®’ 1% 198 217 suffer from the reduced contribution from
the trunk. If both wrists and both legs were covered, the trunk contribution would
be doubled and more meaningful data obtained.

5.3 Experimental Results

5.3.1 DigBox

In testing the DigBox [V], a simple simulation of the whole-body BI measurement
was constructed to investigate the effects of the DigBox and increasing electrode
contact for the current-injection and for the voltage-detecting circuits of the BI
monitoring device (CircMon) by means of normal and reciprocal measurements®!.
Test measurements showed that the DigBox functioned as intended without
generating marked errors in the measurements. However, the CircMon
underestimated the impedance almost linearly, with increasing contact impedance
contributing to measurement error if the impedance was substantial in practical
measurement. This undesired property was investigated in a yet unpublished
study®!. Different output and input resistances of the BI device, on the other hand,
allow to distinguish electrode contact-related technical inaccuracies in BI recording
by applying the reciprocal measurements. The manufacturer of the CircMon does
not provide the output impedance of the current circuit, but it was observed to be
only approximately 20 k€2, which reduced the output current of the CircMon when
additional lead resistances of the DigBox were switched on.

An example of the effects of balancing resistors in a 12-lead BI measurement is
shown in [V] (Fig. 5), where the importance of reproducing the simulated sensitivity
distribution is manifested. Differences in the resistive pathway (Ze. total impedance,
including skin-electrode impedance and tissue impedance) between multiple
electrodes applied in the same terminal act as voltage or current dividers, resulting
in less uniform and inconsistent lead fields. This produces unpredictable variation
in the measurement sensitivity distribution, and applies to conventional ICG using
a multiplicity of electrodes for a terminal [IIT] and especially to the regional 12-lead
configurations developed [V, VII]. Better appreciation of potential error due to
unbalanced electrode contacts in conventional ICG using spot electrodes is clearly
called for.

5.3.2 Segmental ICGws

The DigBox was used in investigating impedance signals separately from arms, legs
and the trunk, which together produce the ICGyyu data [VI]. Combining the
segmentally measured Z, and AZ from each limb and the trunk was found to

correlate well with the data from normal ICGus. This suggests that ICGwp data
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approximated a linear combination of more detailed segmentally measured data.
Improvements in [CGyy may be achieved by braking down the composite data
into regionally measurable components.

Cardiac function altered the time-varying impedance AZ of body segments with
varying intensities, clearly differentiating the proportional contributions to whole-
body Z, and AZ from each segment [VI]. In particular, the contribution to AZ

from the trunk was greater than its 10 % contribution to segmentally measured
thOISCiC ZII.

5.3.3 12-lead Configurations

Most of the configurations tested produced widely different signals from each
other, indicating the effect of the varied and regional sensitivity distributions of the
configurations [VII]. The 12-lead BI signals often had additional waveforms and
notches as compared to conventional ICG. Nonetheless the conventional dZ /dt
signal bears more resemblance to some of the recorded 12-lead BI signals, since the
first time derivative indicates slight changes in AZ .

Logically, the AZ,_, measured correlated with the difference between the basal
impedances of the two-phase model. AZ . correlated positively with the increased
sensitivity in the heart, but not with that in the lungs, suggesting that these might be
a minor source of systolic impedance deflection. Also, when the sensitivity in the
heart increased, the ventilatory deflections were found to decrease. Generally, the
correlations noted were weak, but indicated the general capacity of the modeling

approach in developing and understanding properties of measurement
configurations applied in ICG.

Measurements which according to the simulations were most sensitive in the heart
region or fat and skeletal muscle exhibited the widest inter-individual variation in
measured waveforms. This is reasonable, since the inter-individual variations
measured in the heart region are presumably considerable, and the signals
originating in the skeletal muscle and the fat tissue do not produce coherent inter-
individual variations. Increased inter-subject correlations were noted with
measurements sensitive in the lungs or in a combined group of tissues of either the
pulmonary or the systemic circulation. This suggests that a summation signal as in
conventional ICG produces less inter-individual variation. Between volunteers and
cardiac patients the increased differences before the R-peak of ECG correlated with
the proportional sensitivity in the atria, and after the R-peak with the sensitivity in
the heart muscle and the left ventricle. The smallest inter-group differences were
detected with lung-sensitive measurements. The observations are logical, lending
support to the validity of the simulations.

Information on the actual modulation of the cardiac-related signal as a function of
ventilation was not examined because of the short recording time with each
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configuration. It was, however, observed that strong influences were present in
some of the configurations, particularly in patients with disturbed hemodynamics,
while some configurations were practically insensitive to breathing. It was also
beyond the present scope to examine thoroughly the clinical utility of the method
with the limited study population. The problem of the technique reflecting complex
simultaneous variations in the electrical, geometrical and physiological properties of
tissues was not overcome. However, the morphology of some signals bore a
resemblance to pulmonary flow and ventricular volume curves and some had
landmarks which at least in this population revealed the presence of valvular
disease. With reference to cardiac events, carefully selected 12-lead BI waveforms
may reflect the status of the heart and the relevant valves, yet this potential has yet
to be explored. Therefore, a new SV equation utilizing data obtained with several
measurement configurations was not implemented in this preliminary study
population.

5.4 Future Research

As stated in the Introduction (Chapter 1), the ultimate aim of this course of ICG
development is a reliable method applicable in combination with 12-lead ECG as a
part of an early-stage routine assessment of the heart. As different ICG
configurations which are more selective and sensitive in particular regions can be
constructed [IV, VII], various hemodynamic parameters would then be available
non-invasively and conveniently within the framework of already widely adopted
clinical practice provided that sufficiently wide range of hemodynamic information
is acquired. Reiterating, even a reliable single parameter does not represent the
cardiac function or the state of the cardiovascular system. The answer to the
question whether standard measures like SV can ever be obtained reliably lies in
further studies combining advanced simulations and clinical work. Considering the
innumerable amount of effort placed in the analysis of ECG, at this stage the
usefulness and potential of 12-lead based ICG remains to be established.

On the theoretical side, extending the two-phase to a multi-phase model one could
simulate the AZ waveform and investigate geometrical and conductivity changes
separately and not only assess the sensitivity distribution at one time instant.
Comparisons with clinical data would facilitate the development of models and
provide a guide in selecting valid tissue conductivities. Further research is clearly
needed to determine the precise effects of 1) inter-individual variations, 2) postural
changes and 3) breathing on a) sensitivity distributions and b) measured data.
Future studies should also take account of the effects of slight positional changes of
clectrodes.

Simultaneous #7-vive determination of pressure and flow data in the cardiovascular
system of cardiac patients will provide a better indication of the clinical relevance
and potential of the unique ICG methods, concentrating research in the areas of
prospective clinical applications. BI instrumentation recognizing the proposed
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improvements [V], which allow simultaneous multi-electrode impedance and ECG
measurements, could be constructed. To collect a wide range of clinical data also
from patients during invasive measurements, the system should be implemented in
a multi-channel form allowing parallel recording of several independent impedance
signals. Extension to multi-channel requires different carrier frequencies for each
channel and a separate voltage measurement channel for each clectrode. Some EIT
systems have independent sources and amplifiers for each electrode'®, which might
facilitate multi-channel BI measurements provided that the speed of the system is
adequate. Processing data obtained simultancously from several channels for self-
normalization of measurements could then be considered.
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Chapter 6
SUMMARY AND CONCLUSIONS

The purpose of this series was to investigate and develop ICG measurement
configurations by application of the lead field theory and computer modeling. For
the first time, the lead field theory was applied to ICG with realistic volume
conductor models. Publication I presented volume conductor modeling software
development, and II computer models devised for detailed analysis of field
distribution.

Sensitivity distributions were simulated and analyzed for the conventional and three
modified ICG electrode configurations in publication III. The results manifested
multiregional measuring sensitivity, indicating that ICG does not measure
exclusively information related to SV. Differences in the measurement properties
arising with modification of the electrode configuration were also noted.

Publication IV introduced lead field theoretical analysis for deriving electrode
combinations with desired measurement properties. The configurations studied
included the 12-lead ECG and the 10-20 EEG electrode systems, which were
adopted to produce measurements having maximum selectivity for particular
regions of interest. Simulations revealed that such configurations with high regional



Summary and Conclusions

sensitivity exist. To reproduce the simulated measurement sensitivity distributions
in clinical experiments with a number of electrode configurations, the design of a
novel apparatus allowing controlled multiple multi-electrode measurements with a
standard BI unit was presented in publication V. It proved essential to ensure the
intended sensitivity distributions in clinical measurements, which in addition had
implications for the improvement of existing ICG instrumentation. The device was
further applied in studying the segmental contribution to ICGywy data, showing that
ICGuys is a linear composition of data recorded from each segment separately [VI].
Two patent applications for methodological inventions were filed during the
compilation of this thesis™- %,

A more detailed inquiry into the possibiliies of developing regional BI
measurements with the 12-lead electrode system was undertaken in publication VIL
Systematic analysis was made of the large number of sensitivity distributions
simulated with accurate volume conductor models. Comparison of simulations with
parameters derived from clinical data correlated favorably, indicating the potential
of the theoretical method in predicting and developing ICG measurement
configurations. Moreover, clinical data suggested the likelihood that determination
of different parameters — whether standard ones such as stroke volume or derived
indices approximating cardiac function and changes in it — can be based more
solidly on physiological principles and not only on experimental data, although the
multiregional signal origin remains. Therefore, in clinical application, a number of
measurement configurations are needed to establish any kind of reliable
information with indirect BI technique. Application of multiple regional ICG
simultaneously with ECG has a potential in assessing the state of the cardiovascular
system more efficiently and accurately by combining these measuring technologies,
ECG as electrical and ICG as mechanical, to produce multiple well-defined
measurements. ICG could then become a useful tool for the determination of
cardiac-related diagnostic information.

In conclusion, this study underlined the importance of a theoretical grasp of the
sensitivity distribution of BI measurement. The findings demonstrated that the lead
field approach is suitable in ICG, allowing transition from the empirical selection of
a few parameters from empirically measured impedance waveforms to taking full
advantage of the information embedded in a multiplicity of regional BI
measurements. The conceptual design of the apparatus presented makes possible
simultaneous regional ICG and ECG measurements without altering clinical
routine. In this sense, this work opened up an alternative avenue to develop ICG
with modern computer technology instead of endless clinical investigations with
slightly modified electrode configurations as a means of overcoming the limitations
of conventional ICG. Efforts towards the implementation of an integrated
ECG/ICG system, possessing a potential for multi-channel regional measurements,
together with the collection of clinical data would be well warranted in future
studies.
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