BIOIMPEDANCE

As an introduction to electrical impedance and conduc-
tance in biology, a review of the relevant terminology is
given and the scope of the discipline is presented. The
area of bioimpedance is broad, including, for example,
impedance cardiography, electrode impedance, impedance
spectroscopy, intraluminal conductance, and impedance to-
mography. The field of bioimpedance deals with the elec-
trical conduction properties of biological materials as a
response to the injection of current. It has been known
for more than two centuries that biological structures dis-
play the phenomenon of electrical conduction. Later, it
was found that the precise electrical properties of tissues
depend on their cellular composition and their coupling.
These characteristics imply that the voltage changes at a
particular site may provide valuable information regard-
ing the biological materials and processes concerned.

However, to date, our understanding of the electrical
impedance of biological tissues and their changes, as far
as they are associated with physiological activity, is still
limited. This article discusses the application of electrical
impedance in medicine. Briefly, bioimpedance can be used
to quantitate extracellular fluid, to assess volume changes,
and as an imaging tool similar to ultrasonography. Reviews
can be found in (1-3), and (4).

In order to meet the requirements of specific applica-
tions, electrodes for delivering or recording electrical po-
tentials in biological structures appear in a variety of ma-
terials, sizes, and shapes. The interface between electrode
and tissue has been studied extensively (5, 6).

IMPEDANCE CARDIOGRAPHY

Impedance cardiography (ICG) is the noninvasive mea-
surement of physiologically and clinically relevant pa-
rameters of the heart and circulation, based on electrical
impedance measurements of the thorax during the car-
diac cycle. Recent reviews have been presented by (7) and
(8). The technique uses a low-current (0.5 mA to 4 mA),
high-frequency (50 kHz to 100 kHz), alternating current
across the thorax, not perceivable to the subject. The re-
sulting impedance changes associated with the cardiac cy-
cle (impedance decreases by about 0.2 Q from diastole to
systole) provide information on stroke volume, cardiac out-
put, pulmonary capillary wedge pressure (9), and systolic
time intervals (by calculating the first time derivative of
the impedance waveform). In 1969, (10) suggested an index
of cardiac function based on particular calculations applied
to the impedance tracing. This so-called Heather index was
shown to correlate with the severity of cardiac pathology
(7).

Among other techniques to measure cardiac size (e.g.,
X ray, ultrasound, magnetic resonance imaging), external
impedance cardiography has the advantages of being non-
invasive, requiring only relatively low-cost equipment, and
permitting continuous monitoring of signals originating
from the beating heart, even during exercise (11). Major
shortcomings result from the fact that a sound physical
model and a comprehensive theory still need to be devel-

oped. (12, 13), and (14) were among the first researchers
to study the feasibility of the method. Chest impedance
is determined by the relatively constant electrical con-
duction properties of all tissues concerned, plus a mod-
ulated component caused by the combination of respira-
tion, thoracic dimensional changes, and a cardiovascualr
size-related factor. The latter component is due to cyclic
changes of size (i.e., the geometry changes with contrac-
tion) of the four compartments of the heart and the major
blood vessels, as well as to the periodic alignment and de-
formation of the erythrocytes in the flow. Ejection of blood
from the heart distends the walls of the arteries, thus in-
creasing their blood volume and resulting in an impedance
decrease, besides a decrease of lung resistivity owing to
blood perfusion. During relaxation of the cardiac ventri-
cles, blood in the systemic circulation travels downstream,
causing a reduction of the arterial diameter while the ery-
throcytes lose their orientation owing to the lower veloc-
ity, all leading to an increase of the thoracic impedance.
Using suitable filtering techniques, it turns out that the
contributions derived from breathing and locomotion can
be eliminated. Obviously, respiratory components are sim-
ply removed if patients are instructed to temporarily hold
their breath, but in animals this approach would not be
feasible. Various filtering procedures have been developed,
including Fourier linear combiner (FLC) and event-related
transversal types. A major problem is that many physio-
logical signals are quasiperiodic; that is, they have a mean
period with a small random variation around this mean at
each interval. (15) introduced a scaling factor to enhance
flexibility when choosing filter parameters in the FLC ap-
proach. They successfully applied their method to ICG-
derived stroke volume (SV) in a volunteer during exercise.
Alternatively, one may apply an ensemble averaging tech-
nique to 20 beats, thus eliminating respiratory influences
(16). The number and position of the electrodes employed
may vary depending on the specific purpose of the study
or the particular geometrical model assumed. Basically, a
four-electrode (tetrapolar) arrangement is employed: two
current injecting electrodes form the outer pair, and the
inner two are the sensing electrodes. This setup overcomes
not only impedance problems related to electrode polariza-
tion but also the relatively high skin impedance. A typical
configuration for ICG is illustrated in Fig. 1.

The amount of blood pumped per minute by one side
of the heart is termed cardiac output (CO) and equals the
product of heart rate (HR) and SV. In ICG it is the pas-
sage of blood in the major arterial vessel (called the aorta)
during the ejection phase of the ventricle that mainly de-
termines the changes in electrical impedance. In contrast,
the electrocardiogram (ECG) is a recording of the electri-
cal wavefront as it spreads over the cardiac tissues, and
this signal provides no information on the amount of blood
pumped nor does it give any insight into the size of the
ventricle or the strength of contraction. Therefore it is im-
portant to emphasize that the actual (internal) source of
electricity in the heart, namely, the action potentials that
cause a periodic voltage change on the order of 100 mV
over the cell membranes of the heart, are unrelated to the
electrical impedance variations resulting from the exter-
nal stimulation electrodes and as recorded by the sensing
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Figure 1. Electrode configuration for thoracic impedance cardio-
graphy: V, the voltage recording electrodes on the lateral base of
the neck and another pair on the chest at the level of the xyphoid,;
C, constant current-injecting electrodes on forehead and at ab-
domen placed 15 cm caudally from the voltage electrodes.

electrodes. It may be concluded that the ECG and the tho-
racic impedance signal provide complementary informa-
tion on the activity of the heart: the ECG on the internally
generated electricity, and the thoracic impedance on the
hemodynamic changes owing to the mechanical action of
the heart.

The electrical impedance signal is obtained from a spe-
cial arrangement of disposable spot or band electrodes
placed on the skin of the head, neck, and chest. A set of
current-injecting electrodes is driven by a constant sinu-
soidal current of less than 1 mA root mean square at a
frequency ranging from 50 kHz to 100 kHz, while another
set of electrodes senses the resulting voltage from which
the impedance signal is calculated. The peripheral ECG is
usually recorded from the limb leads (Fig. 2).

Thoracic impedance ( Z) has a baseline component Z,
and a time-variable component ( dZ). Z, depends on pos-
ture, tissue composition, and the volume of fluids within
the chest. Cardiac edema causes a decrease of the value
for Zy, (17). In noncardiac edema (e.g., in the adult respira-
tory distress syndrome), Z, can increase or decrease owing
to capillary leakage of proteins (18). The component dZ cor-
responds to the volume change in the thoracic aorta during
the cardiac cycle. The maximum value of the time deriva-
tive of AZ is proportional to the peak ascending aortic blood
flow. (13) developed a formula to derive SV (in mL) from the
thoracic ICG:

SV = pTau(L/ Z0)*(@Z/dt) min

where p is the specific resistivity of blood (about 135 Q-cm
and 150 Q-cm for women and men, respectively), Te; the
duration of the ejection period (s), L the distance between
both recording electrodes (cm), and Z, the baseline com-
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Figure 2. Left ventricular (LV) volume as obtained by intraven-
tricular impedance catheter in the open-chest dog. Also shown is
the flow in the aorta resulting from these volume changes during
an episode of irregular heart rhythm. (From Ref. (35) with permis-
sion.)

ponent of the thoracic impedance (2). This approach has
been widely applied, sometimes after modification of the
expression to account for body build. Underlying assump-
tions for Kubicek’s equation and subsequent modifications
are that the tissues are modeled as a homogeneous elec-
trical conductor with the shape of a cylinder or truncated
cone, and that the impedance variations observed in syn-
chrony with the heartbeat exclusively reflect the time-
varying volumetric changes of the cardiovascular system
in the specific model considered. For the cylinder model,
the length is related to the height of the chest, while the
cross-sectional area reflects the thoracic circumference; the
values of these parameters are obviously characteristic for
each individual at a given time. (19) determined the inac-
curacy of Kubicek’s one-cylinder model, or more generally
of any geometrical model with a uniform cross section, both
in a theoretical study and using in vivo experiments. The
results indicate that the one-cylinder model is not valid
and must be replaced by a model with two serially placed
cylinders, which appropriately exhibit a length-dependent
behavior corresponding to differences in body height and
mass. It was concluded that corrections for the Kubicek
equation are required, along with the incorporation of a
two-cylinder model. Interestingly, (20) found for the trun-
cated cone model no gender effect on SV when normalized
for body surface, because the differences in the component



Zy were counterbalanced by changes in dZ. However, both
in females and in males they documented a decline of nor-
malized SV with age (range 20 years to 69 years).

As an extension of the routine approach to estimating
SV by thoracic impedance and using the Kubicek equation,
(9) also found a high correlation with the clinically impor-
tant pulmonary capillary wedge pressure (PCWP), which
corresponds to left atrial pressure and thus reflects left
ventricular filling. They also compared the noninvasively
obtained SV with values determined by thermodilution.
The study population consisted of 24 patients with cardiac
problems, including coronary artery disease and various
types of valvular defects. The PCWP as determined with a
pulmonary artery catheter correlated (7 = 0.92, p < .0001)
with the ratio obtained by dividing the amplitude of the
ICG during diastole (the O-wave) by the maximum value
during systole. It was hypothesized that this ratio reflects
efficiency of the left ventricle (LV) because the O-wave cor-
responds with preload, whereas the peak of dZ/dt is related
to afterload. A comparison between the two methods (i.e.,
impedance versus thermodilution) to estimate SV was less
encouraging ( r = 0.69, p < .05), particularly for patients
with valvular disease. As an extension, (21) assessed right
ventricular diastolic function in patients with chronic ob-
structive pulmonary disease by means of region of inter-
est analysis applied to electrical impedance tomography,
as will be described later.

Of crucial importance, of course, is a quantitative vali-
dation of the thoracic impedance method, preferably using
a gold standard for the determination of SV. Unfortunately,
an ideal reference technique does not exist, and there-
fore researchers often rely on methods that are feasible
and minimally traumatic. For example, (22) recently per-
formed a comparison of hemodynamic parameters derived
from transthoracic electrical bioimpedance with those ob-
tained by thermodilution and ventricular angiography.
These investigators studied 24 human patients with coro-
nary artery disease while employing the three indepen-
dent methods and concluded that impedance cardiogra-
phy should not replace invasive hemodynamic monitoring.
However, an accompanying editorial moderated this pes-
simistic conclusion by pointing to the expected impact from
emerging noninvasive echocardiographic Doppler technol-
0gy.

As mentioned before, the physical size and shape of an
individual are related to the dimensions considered in any
geometrical model such as the cylinder or the truncated
cone. For a given adult these values may be expected not to
change very much, unless a disproportionate dimensional
change occurs within a relatively short time frame. In preg-
nancy, for example, maternal blood volume increases by
about 40%, while CO reportedly rises by some one-third
within nine months. Therefore, in longitudinal studies in-
volving pregnant women, certain precautions may be indi-
cated. (23) addressed the question of whether thoracic elec-
trical bioimpedance is suitable for monitoring SV during
pregnancy. It was demonstrated that the Kubicek formula
for SV needs to be modified by a multiplication factor, which
for each woman is to be determined at the beginning of the
pregnancy period. Subsequently, (24) explored the possibil-
ity of relating CO to body surface area in women during the
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course of their pregnancy. Based on the poor correlations
found for both impedance and Doppler echocardiographic
data, the authors concluded that normalized CO does not
offer any additional information relevant for comparative
evaluations during pregnancy and may even be mislead-
ing.

The availability of ICG as a measurement technique
that is noninvasive and permits continuous registration ev-
idently opens the way to investigations of circadian effects.
(25) took advange of these properties of ICG and studied
sleep and circadian influences on the cardiac autonomic
nervous system activity. They found that parasympathetic
activity (derived from respiratory sinus arrhythmia ob-
served in the ECG) is mostly influenced by the circadian
system, whereas sympathetic nervous system activity (as-
sessed with the pre-ejection period of the impedance signal)
is predominantly affected by the sleep system.

Unfortunately, there exists no “gold standard” for car-
diac size determination, because most techniques require
barely verified assumptions concerning anatomical geom-
etry. A similar shortcoming also applies to SV, which refers
to the difference between diastolic and systolic volumes.
Another approach would be to compare SV as measured in
the aorta using a flow probe with the ICG signal; such as
experiment will be feasible in the chronically instrumented
animal and therefore deserves due attention.

Two types of problems related to application of the ICG
will be discussed. First is the type of electrodes employed,
that is, band (or tape type, consisting of a 6 mm conductive
foil strip) versus spot (or regional) electrodes. The band
signal is made up of different signals from various regions
and may reflect changes in SV (rather than the absolute
value), whereas spot electrodes may be important in mea-
suring regional physiological activities of the central cir-
culation (11, 26). Also, the anatomical position of the elec-
trode and movement can cause large artifacts that may
override the signal of primary interest (27). Second, the
commonly made assumption that aortic distension during
the ventricular ejection phase is the predominant compo-
nent is not justified, because concomitant changes of lung
resistivity, ventricular contraction, and other factors may
interfere with comparable magnitude (26, 28). Obviously,
the current limitations preclude wide clinical acceptance
and certainly require further measurement refinements of
the ICG method, but recently progress has been made in
this field (19-29).

CONDUCTANCE MEASUREMENTS

Besides the method of measuring external impedance
changes caused by the mechanical activity of the heart, it
is also technically possible to record conductance changes
within the lumen of each cardiac compartment. Since the
beginning of this century, scattered reports were published
about the recording of cardiac volume changes derived
from impedance measurements by placing electrodes on
the heart. (30) placed electrodes on the inside of the ven-
tricular wall, but practical problems concerning the elec-
trodes delayed progress in this field. In 1961 the Brazil-
ian dentist A. Mello-Sobrinho started experiments with a



4 Bioimpedance

bipolar arrangement, where electrodes mounted on pointed
rods were passed through the myocardium and sutured to
the apex and base of the left ventricle of a dog; he suc-
ceeded in producing intraventricular pressure-impedance
loops (31). Tremendous advances were made when multi-
ple electrodes were mounted on a catheter, which can be po-
sitioned along the long axis of the ventricle. Because such a
catheter usually is introduced via a peripheral artery, there
is no longer a need to open the chest in order to carry out
the internal impedance measurements. The catheter tech-
nique has been pioneered by the research group of Baan
at Leiden University (32—-35) with applications in both an-
imals and humans. Obviously, this approach implies an in-
vasive procedure (called cardiac catheterization) but has
the advantage that geometrical variation associated with
the cardiac cycle can be measured at a segmental level.
The theoretical background of the impedance catheter, a
term that was coined in the early phases, and its appli-
cation to cardiac volumetry have been described by (32).
In their model, the left ventricular cavity and the myocar-
dial wall are represented by two confocal spheroids. The
wall is included because the impedance signal is perma-
nently affected by a certain amount of current that leaks
into the ventricular wall and the surrounding extracar-
diac tissues. This offset component, the so-called parallel
conductance (34), can be determined by a relatively sim-
ple intervention, the injection of chglucose or hypertonic
saline (35). A new technique, using dual-frequency exci-
tation, eliminates the need for such an intervention and
offers the additional advantage of providing continuous in-
formation on this offset component without physiological
interference (36). The method exploits the fact that muscle
and blood exhibit different conductivities depending on the
frequency employed. Muscle tissue is more conductive at
frequencies above 12 kHz when the current is applied in a
direction normal to the fiber orientation (37), while the con-
ductivity of blood is essentially constant within the range
of 2 kHz to 100 kHz. While this technique elegantly solves
problems inherent in parallel conductance for a particular
heart under investigation, the question whether parallel
conductance is independent of left ventricular size remains
controversial. (38) used the conductance catheter for the
measurement of left ventricular volume in the intact dog
to study whether parallel conductance is independent of
left ventricular size, that is, if it is constant throughout the
cardiac cycle. In contrast to the findings of other investi-
gators, these authors concluded that parallel conductance
varies between animals, but within any given animal par-
allel conductance does not decrease with left ventricular
size, but rather remains constant.

APPLICATIONS OF CONDUCTANCE METHODS IN
VARIOUS SPECIES

While the dog is historically employed as a standard animal
in cardiovascular research, today we witness conductance
applications in a variety of species. Regarding the canine
heart an example is given in Fig. 3.

(39) applied the conductance catheter to the left ventri-
cle of newborn lambs and demonstrated a clear interaction

between afterload and contractility. Preload and afterload
were varied by inflating a balloon catheter positioned in the
posterior vena cava and the thoracic aorta, respectively. In
these anesthetized neonates the authors found evidence of
homeometric autoregulation, enabling the heart to main-
tain SV at different levels of afterload. Both (40) and (41)
developed a microconductance device (8 mm x 2 mm x 0.5
mm) and a 3F catheter, respectively, so as to accommodate
the standard number of six to eight electrodes of a probe
suitable for use in the rat heart.

As a variant to the dilution technique, (42) measured
CO in small laboratory animals using recordings of blood
conductivity. A 5% glucose solution was injected as a bo-
lus via the femoral vein of mice and rats. The changes of
blood conductivity resulting from this perturbation were
recorded by an intra-aortic probe with platinum electrode
combined with another one positioned within the rectum,
and this signal was used to calculate CO. Other investiga-
tors previously applied the method in dogs, and for these
small animals an excellent correlation (r =0.97,p < .001)
with the classical type of the indicator dilution method was
observed.

(43) were the first investigators to simultaneously mea-
sure left ventricular (LV) pressure ( P) and volume ( V)
in the horse. Thus far, the conductance catheter was ap-
plied to obtain V for clinical evaluations in human patients,
and also for experimental investigations in animals. While
there is a tendency to miniaturize catheters and study
small species such as rats, larger animals like the horse
have not been evaluated with this instrument. They inves-
tigated the P-V relationship in three anesthetized venti-
lated horses, with body mass ranging from 250 kg to 600
kg. Introduced via the carotid artery, they employed a 7F
Millar P-catheter and a large-size conductance catheter
(outer electrodes 20 cm apart, with four equidistant sens-
ing electrodes) built at their institution. Respiration in
terms of chest wall excursion was externally recorded using
a mercury-in-silastic gauge placed around the chest. Reli-
able measurements were obtained including LV volume at
segmental levels, while P-V loops could be constructed. An
example is given in Fig. 4. In these preliminary experi-
ments calibration procedures were not yet carried out, and
therefore V data are presented as arbitrary units (A.U.).
Yet, the relative values and the time relationships with
left ventricular pressure and the pneumogram are still ap-
plicable and informative.

This pilot study demonstrates the feasibility of perform-
ing P and V measurements in the adult equine model. The
slow heart rate and the large LV dimensions in the horse
permit detailed analysis of the hemodynamic consequences
of asynchronous contraction patterns, while fully employ-
ing the potential of the conductance catheter to measure
LV contraction at segmental levels.

AORTIC CROSS-SECTIONAL AREA MEASUREMENT

Arterial transverse dimensions change with the cardiac cy-
cle, periodically resulting in extension during the ejection
phase followed by relaxation during the diastolic phase of
the ventricle. These varying dimensions can potentially be
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Figure 3. Left ventricular pressure—volume loops recorded in the anesthetized horse. (From Ref.

(43), with permission.)
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Figure 4. Variations of left ventricular and atrial cross-sectional area in the magnetic resonance imaging (MRI) and the electrical
impedance tomography (EIT) images made with the person in the supine position. (From Ref. (29), with permission.)

measured using the electrical impedance technique with
electrodes positioned within the lumen of the blood ves-
sel. Actually, various methods have been developed to as-
sess continuously the aortic cross-sectional area (CSA), in-
cluding the intravascular ultrasound (IVUS) method. (44)
reported in 1979 the feasibility of the impedance method
for determining CSA. They noted that movement of the
catheter toward the vessel wall consisted of a calculated
error (maximally 7%), which is considered to be of minor
importance. (45) refined the method and compared the find-
ings with results obtained from IVUS (range 35 mm? to 70
mm?), yielding a correlation coefficient of 0.97 for 53 data
points collected from experiments in five piglets.

IMPEDANCE PNEUMOGRAPHY

The plethysmographic technique employs a device that
records respiratory excursions from movements of the
chest surface on the basis of electrical impedance varia-
tions. Originally, the method was applied to the detection of
apnea (i.e., suspension of respiration) in newborns, and for
tracking changes in intrathoracic fluid accumulation (46).
Other approaches such as the spirometer and the pneumo-

tachometer have the disadvantage that they require inser-
tion into the airway. The four-electrode arrangement uses
an electrode on each wrist, to which a constant 10 kHz
low-intensity current is applied, and an electrode on each
arm to record the impedance changes. As an alternative,
one may measure variations in electrical resistance of a
mercury-in-silastic-rubber gauge mounted around the tho-
rax. Using a Wheatstone bridge it is rather easy to follow
the periodic alterations caused by respiratory movements
of the chest (Fig. 5). For further details see the paper by
47).

APNEA MONITORING

Sleep apnea is defined as temporary interruption of airflow
to the lungs during the sleeping period and lasting for more
than ten seconds. This abnormality usually results either
from upper airway collapse (obstructive type) or, in 10% of
the cases, from the absence of diaphragmatic contraction
due to the lack of neural input (the central type) from the
brain, although mixed types do occur. Such conditions are
usually associated with loud snoring, while general symp-
toms and signs include fatigue, hypersomnolence during
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Figure 5. Cole—Cole diagram for an impedance with a single time constant.
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the day, cardiac problems, and hypertension. Snoring may
lead to soft tissue damage, notably an edematous uvula.
Sudden death due to sleep apnea is often related to comor-
bidity and is probably rare. The standard measurement
in sleep apnea includes the polysomnography repertoire,
which consists of recording ECG, electroencephalogram,
electro-oculogram, electromyogram of the legs, measure-
ment of oral airflow with the use of thermistors, esophageal
pressure, recording of snoring sound intensity, and plethys-
mography to estimate movements of chest and abdomen,
besides the determination of arterial oxygen saturation.
Typical costs associated with these studies amount up to
$1000 or even more. Treatment may include simple advice
to lose weight and avoid taking alcoholic drinks or sleeping
pills but may also consist of various surgical procedures or
continuous positive airway pressure (CPAP).

Apnea monitoring is based on either the measurement
of bioelectric impedance or on estimation of biopneumatic
impedance. Obviously, the time pattern of respiration is of
primary interest for monitoring in these cases, and quan-
titative volume changes are of less importance, thus per-
mitting simple instrumentation. The bioelectric technique
is virtually identical to the ICG method, but in the present
case the periodic circulatory components are regarded as
perturbations superimposed on the slower respiratory sig-
nal. This signal is recorded with electrodes in the midaxil-
lary line, and it may typically amount to 1 2 per liter lung
volume change, increasing with inspiration. The cardiac
contribution (usually about 20% of the total amplitude)
can (at least in humans) be determined during voluntary
temporary respiratory interruption. Movement of the body
causes artifacts, which may induce impedance changes in
excess of the signal under investigation. An area that may
be explored in this field concerns measurement of the mo-
tion of the diaphragm: with well-positioned electrodes the
motion of this good conductor is easily assessed, while the
changes of the signal are clearly related to respiration.

TISSUE CHARACTERIZATION: TWO- AND
FOUR-ELECTRODE SYSTEMS

Electrical parameters of biological material are found
to correlate with tissue structure and their (patho-
)physiological changes (48). As mentioned before, muscle
and blood exhibit different conductivities depending on the
frequency employed. Muscle tissue is more conductive at
frequencies above 12 kHz when the current is applied in a
direction normal to the fiber orientation (37). Either two- or
four-electrode systems have been employed for this type of
tissue characterization, in combination with a bridge tech-
nique or phase sensitive detector method (using a lock-in
amplifier). Although simple in design, the two-electrode
system is less useful because of the presence of a charge
distribution at the interface of the metal electrode and the
tissue. However, this undesired effect of electrode polar-
ization can be eliminated by the use of the four-electrode
technique, with separate pairs of electrodes for current in-
jection and for sensing the resulting potential difference
(49). To calculate resistivity of a particular sample vol-
ume, it is necessary to select an electrical volume conduc-
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tor model that sufficiently describes the geometry and con-
ductive properties of the medium under study. Often, the
medium can be approximated as an infinite or semi-infinite
structure, or as a thin layer bounded by air on both sides.

Anisotropy is an important but complex aspect of the di-
electric properties of tissue (26-51), which may be accom-
modated by considering a multilayered volume conductor
model. (52) determined local anisotropic resistivity of ca-
nine epicardial tissue (i.e., the outer muscle layer of the
ventricular wall) in vivo in two orthogonal directions, with
special attention to sample volume. The effective sample
volume for a simple homogeneous isotropic medium pri-
marily depends on the distance between the current elec-
trodes, but for real anisotropic media these researchers
found that in addition both longitudinal and transverse
resistivity (©2-cm) varied not only during the cardiac cycle
but also depended on the driving frequency studied (which
was between 5 kHz and 60 kHz). Finally, it must be em-
phasized that electrode construction affects accuracy (51).

IMPEDANCE TOMOGRAPHY

This is a technically advanced approach whereby the imag-
ing of an object is realized from measurements in multiple
directions. Usually, 16 to 32 electrodes are placed equidis-
tantly in a plane around the patients. This yields anatomi-
cal slices or sections, which can be viewed from various an-
gles. Reasonably good soft tissue contrast can be achieved
by impedance imaging, because of the different electrical
resistivities of the various tissues. Impedance images are
inferior to alternative techniques such as computed tomog-
raphy and magnetic resonance imaging (MRI). Due to the
three-dimensional spread of current into the object, the
slice thickness cannot be confined to 1 mm or 2 mm. The
strength of impedance tomography, however, resides in its
functional imaging capabilities. Functional imaging is pos-
sible if variations in tissue resistivity are associated with
particular physiological events. The first in vivo impedance
tomography images were produced in 1983 at the Univer-
sity of Sheffield, and the theoretical background as well
as illustration have been summarized by (53). A newer ex-
ample has already been mentioned, when the right atrium
was selected as the region of interest, and compared with
results from MRI. (21) noninvasively assessed right ven-
tricular diastolic function in patients with chronic obstruc-
tive pulmonary disease and in controls by means of region
of interest analysis applied to electrical impedance tomog-
raphy. Comparison with MRI data showed a correlation of
r = 0.78 (n = 15), while pulmonary artery pressure (mea-
sured by right-sided heart catheterization) yielded an ex-
ponential relationship with r = 0.83 (p < .001). The same
authors (29) also improved cardiac imaging in electrical
impedance tomography by means of a new electrode con-
figuration, whereby the traditional transversal positioning
at the level of the fourth intercostal space on the anterior
side was replaced by attachment at an oblique plane at the
level of the ictus cordis anteriorly and 10 ¢cm higher pos-
teriorly. Comparison with MRI findings gave good results
(Fig. 6), while the reproducibility coefficient was 0.98 at
rest and 0.85 during exercise.
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IMPEDANCE SPECTROSCOPY

As stated before tissues can be considered as composites
of cells surrounded by extracellular fluids. Each cell has
a cell membrane that encloses intracellular fluid and con-
sists of a thin layer of lipoproteins (=6 nm). At low fre-
quencies (<10 kHz) the cell membranes have relative high
resistances, and the current is conducted mainly by the
extracellular fluid. At high frequencies the membrane ca-
pacity causes a decrease of membrane impedance so that
the current flows through the cells. The electrical behavior
of a cell can be modelled by a membrane capacitance par-
allel to a membrane resistance in series with pure passive
resistive elements, representing extra- and intracellular
fluids. Coupling of several such modelled cells results in 2-
or even 3-dimensional models of tissue. For the measure-
ment of the frequency dependency of tissues two methods
are often used, a resistance R in series with a reactance X
or a conductance G parallel to a capacitance C. The com-
plex impedance Z in the first approach is given by Z =R +
JX. In the second approach the admittance Y is given by Y’
=G + jo C. As the complex impedance is the reciprocal of
the admittance the following relations hold R = G/(G? + »?
C?) and X = —wC/(G? + w? C?).

The complex series impedance (R +jX) can be visualized
in a diagram, in which the real component R is plotted
versus the imaginary component X. In the literature this
plot is often called the Cole—Cole diagram (54). In Fig. 7
the Cole—Cole diagram is given for a single time constant,
where the impedance as a function of frequency is given by

Ry — R

Z=Re+ 1+ jowr

with R, the resistance at f = oo Hz and 7 = CR a time
constant.

The diagram is a semicircle with a radius ( r), r = (R,
— R,,)/2 and points of intersection with the horizontal axis
Ry and R..

Although the complex series impedance of tissue is
often plotted as a Cole-Cole diagram, in practice most
tissues are best described with a semicircle with center
slightly under the horizontal axis. Changes in tissue can be
caused by changes in the amount of extra- and intracellular
fluid, changes in tissue composition (e.g., tissue growth, is-
chemia, infarction, tumors, increase of adipose tissue) and
can be measured and visualized in such plots (55, 56). This
type of research is called impedance spectroscopy.
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