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LECTRICAL IMPEDANCE TOMOGRAPHY (EIT) produces

cross-sectional images of the electrical resistivity distribu-
tion within the body, made from voltage or current measure-
ments through electrodes attached around the body. The
electrical resistivity of different biological tissues ranges from
0.65 Om for cerebrospinal fluid (CSF), increasing through
blood, muscle and fat, to 166 Qm for bone [1]. As a result of
this wide range, reasonably good soft tissue contrast can be
achieved by impedance imaging. Variations in tissue resistiv-
ity associated with physiological events, such as cardiac and
respiratory activity, allows EIT to produce functional images.
This technique has the advantages of not involving any
jonizing radiation and being very much cheaper than other CT
techniques, but the disadvantage of offering only poor spatial
resolution [2]. Several reviews on electrical impedance imag-
ing have recently appeared [1, 3-5]. The first in vivo EIT
images were produced in 1983 at the University of Sheffield
[6] with a system that was called ‘“applied potential tomo-
graphy’’ (APT). A review of possible clinical applications of
APT has been given in a previous paper [7], as development
of this new technique by many research teams continues [8].

The electrical resistivity of blood at body temperature
(typically 1.5 Qm) is well separated from the resistivity of
other tissues [1]. Therefore, the resistivity of most tissues
changes significantly with blood perfusion of the tissue. In
1932, Atzler and Lehmann [9] recorded the variations in
capacitance of a human thorax with their dielectrography
equipment and related the impedance changes to the me-
chanical activity of the heart. Following this, Nyboer et al.
[10] recorded the variations in human thoracic impedance to
high frequency electrical current during the cardiac cycle.
Patterson et al. [11] developed a four-electrode technique to
measure the thoracic impedance, and Kubicek et al. [12]
introduced a technique called impedance cardiography {ICG)
to calculate the cardiac output (CO) from a four-electrode
impedance measurement. Mohapatra {13] has published a
review on the use of the electrical impedance technique to
monitor cardiac activity. The global impedance waveforms
measured by the four-electrode technique contain contribu-
tions from many sources. Following the rapid ejection of
blood from the ventricles, the conductivity distribution within
the thorax changes very rapidly with flow of blood to both
systemic and pulmonary circulations and to various tissues
within the thorax. The relative contribution of each area of
the global impedance cardiograph is a subject of continuing
research. However, it has been shown that the thoracic
resistivity variations during the cardiac cycle can be imaged
by ECG-gated EIT, and the variations can be localized from
these images [14, 15].

EIT is based on the fact that current flow in a volume
conductor results in a voltage distribution that is a function of
the conductivity distribution within the conductor. The rela-
tion between this potential distribution and the distribution of
conductivity, a(x, y, z), and permittivity, e(x, y, z), within a
source-free medium can be expressed as:

V. (yV&(x, y, z))=0
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with boundary condition:
Jery ad(x, y, 2)

aon

where ®(x, y, z) is the electrical potential at a point (x, y, z)
within the conducting medium; J is the outward normal
component of the electric current density vector at the
surface; 8/0n is the normal derivative to the surface; and y =
¢ + jwe (where wis an angular frequency). If the frequency of
the applied current is sufficiently low, then static electric
current (w = 0) can be assumed; or if a purely resistive
impedance distribution (¢ = 0) is assumed (although in some
tissues, such as lung tissue, there is a significant displace-
ment current), then vy(x, vy, zZ) = olx, y, z). Given the
conductivity distribution ¢(x, y, z) and the current density at
the electrodes, the potential distribution can be calculated.
This procedure is known as the forward problem. In the case
of EIT, the conductivity distribution is unknown and needs to
be determined. Knowing a complete set of applied currents
and the corresponding peripheral voltage profiles, the resistiv-
ity distribution within the volume conductor can be calculated
by solving the inverse problem [16]. Hence, resistivity maps
(images) of the region can be reconstructed. To achieve this,
a system to scan the applied current and measure the volitage
profiles around the periphery and an algorithm to reconstruct
an image of the resistivity distribution from the measured
profiles are required.

This article describes a gated EIT system to image the
cardiogenic electrical resistivity variations and the results of
in vivo studies on human subjects.

DATA COLLECTION HARDWARE

Figure 1 is a block diagram of the ECG-gated electrical
impedance tomography system. A 50 kHz 5 mA (peak-to-
peak) current is applied, in turn, between all adjacent pairs
(which are named as drive pairs) of the 16 electrodes
attached on the surface in the transverse plane of the body.
Potential differences (gradients) between an independent set
of adjacent electrode pairs (receive electrode pairs) are
measured. The number of independent measurements is
limited by the number of electrodes. With N electrodes, using
the principle of superposition, only (N — 1) independent
voltage measurements can be made for each current-drive
pair. This results in N * (N — 1) measurements. It follows
from the reciprocity theorem that reciprocal measurements
should be equal [17, 18]. The number of possibie indepen-
dent measurements is therefore equal to N = (N — 1)/2.
However, if one of the measurement electrode pairs is also a
current-drive electrode, the voltage drop across the contact
impedances will also appear in the measured voltage. If these
measurements are removed, then for V electrodes there are
only NV x (N — 3)/2 actual independent measurements. With
16 electrodes, this gives (16 * 13)/2 = 104 independent
measurements, which will be referred to in this paper as a
‘‘data cycle.”’ Several data cycles can be averaged to
improve signal-to-noise ratio (S/N); this averaged data set is
called a “frame,”” and a single image can be reconstructed
from these data [19, 20]. Each measurement takes 390 us;
with 16 electrodes this gives a frame rate of approximately
24 frames per second, which offers adequate temporal
resolution for cardiac imaging [21, 22]. A 17 th electrode is
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Figure 1. Block diagram of the ECG-gated electrical impedance tomography system.

used for common-mode feedback (CMFB).

The dynamic range of the peripheral potential gradient
profile is 40:1 for 16 electrodes placed around a cylindrical
conductor f(i.e., the potential gradient recorded from an
electrode pair adjacent to the drive pair is 40 times larger than
that obtained on the opposite side of the cylindrical conductor
[23]). To achieve optimum S/N ratio, the potential gradients
are normalized using a scaling gain (multiplying digital-to-
analog converter (DAC)). This step also makes best use of the
dynamic range of the 12-bit analog-to-digital converter
(ADC). Because of the human body’s inhomogeneity, anisot-
ropy and complex shape, it is impossible to calculate scaling
factors for normalization that can give a dynamic range close
to 1:1 for different patients. Therefore, for each patient,
scaling factors are determined by using a set of potential
gradients measured just before the actual data collection
starts. These scaling factors are stored into a RAM. Cardiac-
related changes are as small as 0.1 percent of some of the
differential voltages measured on the periphery. Scaling is
therefore vital for the detection of these small variations.
After scaling, the measured profile is transfered via an ADC to
an Intel 80186 based microcomputer for further processing.

EGG-GATED TEMPORAL AVERAGING

The average resistivity of lung tissue increases with the
amount of air inspired. Witsoe and Kinnen [24] have mea-
sured an approximately 300 percent increase (from about 7
@m to 23 Qm) in the resistivity of lungs from maximal
expiration to maximal inspiration in dogs. The resistivity of
lung tissue also changes with the perfusion of blood following
ventricular systole, since the resistivity of blood (1.5 Qm) is
significantly lower than that of lung tissue. This change has
been calculated as 3 percent [25]. Cardiac-related variations
in the measurements may be as small as the input noise level
of the front-end electronics. Therefore, to pick up the car-
diac-related resistivity variations within the thorax during
normal breathing, the respiratory component and the noise
must be eliminated. Respiration (typically 12 cycles per
minute) and cardiac activity (72 beats per minute) are well
separated in frequency. The respiratory component may be
rejected by temporal averaging. However, there is evidence
for some synchrony of the cardiac and respiratory cycles
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since they both form part of a common biological system [26-
29]. The significance of this synchrony can only be deter-
mined experimentally by measuring the amount of noise
reduction after temporal averaging. Experience has shown
that averaging over at least 100 cardiac cycles is needed
during shallow breathing to attenuate the respiratory compo-
nent and to improve S/N ratio. Cardiac gating is required, not
only to eliminate respiratory interference and random noise
when imaging the heart and pulmonary perfusion, but also to
image the pulsatile movement of blood in other parts of the
body.

The ECG of the patient is recorded by an isolated input
differential amplifier, and a trigger pulse is produced at the
rising edge of each R-wave. This pulse sets a gating flag
which is sampled by the microcomputer in paralle! with the
output of the ADC. Following detection of an R-wave, 255
successive data cycles (a block of data) are collected. A
flowchart of the gated data collection software, which is
written in 80186 assembly language and Fortran-77 is given
in Fig. 2. Each block of data is collected and stored in the
assembly language routine. Data cycles during which an A-
wave occurs are also found and their positions recorded.
After the collection of each block of data, corresponding data
cycles before (4 data cycles) and after (26 data cycles) each
R-wave are averaged. This process is repeated until averaging
over 100 cardiac cycles is completed. Since an R-wave may
occur during any of 104 measurements within the data cycle,
a + 20 ms jitter occurs. On the other hand, this kind of gating
does allow us to collect data both before as well as after
cardiac systole.

IMAGE ACQUISITION

Several research teams have proposed different algorithms
for the reconstruction of resistivity distribution images from
measured peripheral data, as recently reviewed [4-5]. Most
of these methods are based on an iterative solution of the
nonlinear field equations.

The filtered back projection technique used in this study
has been explained previously [19, 20]. The major problem
with impedance imaging is that the current flow paths are
non-linear and a function of the conductivity distribution
within the medium. Therefore, back projection over straight
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Figure 2. Flowchart of the ECG-gated data collection and temporal
averaging software. DSF is the data cycle start flag which is set to
““1' at the beginning of each data cycle; GF is the gate flag which is
set to ’1” when an R-wave occurs.

lines, as in the case of X-ray CT, results in significant
distortion in the reconstructed image. The algorithm used in
this study back projects the voltage gradients measured onto
the boundary along curved equipotential lines that are calcu-
lated for a circular homogeneous and isotropic region. The
back projection method requires two sets of data to recon-
struct an image. One set is assumed to be for the case of a
homogeneous and isotropic conductivity distribution, which
is called the reference frame. Images represent the natural
logarithm of the deviation of resistivity distribution from this
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reference frame.

Although the images are two-dimensional, data measured
from the electrodes attached around a volume conductor
contain contributions from three dimensions due to the
volumetric current flow. Sensitivity is a maximum within the
electrode plane and falls with radial and longitudinal distance
from the electrodes.

Spatial resolution is a function of the number of indepen-
dent measurements (hence the number of electrodes), the S/
N ratio of the measurements, and also the particular resistiv-
ity distribution within the volume conductor [2]. Spatial
resolution also changes with position within the image, being
better close to the electrodes than at the center {2]. It is
therefore not possible to give a simple quantitative expres-
sion for the spatial resolution. However, an estimate of its
limit can be defined in terms of the number of independent
measurements. If the ‘‘spatial resolution’’ is defined as the
smallest distance required between two independent features
in the field of view before they become indistinguishable,
then this distance should be equal to the size of a pixel. For N
electrodes, N = (N — 3)/2 independent pixels can be obtained
within the image. Assuming that the pixels of equal size fill
the circular image area of unit radius uniformly, then the pixel
area is 27/(N(N — 3)). If square pixels are used, then the
spatial resolution will be [27/(N(N — 3)1"2. For 16 elec-
trodes, this will give a spatial resolution of 9 percent of the
array diameter. Similarly, for circular pixels the resolution will
be 2[2/(N (N — 3)1V2 and it will result in a spatial resolution of
10 percent of the diameter for a 16-electrode system. These
are, of course, very crude figures. If spatial resolution is
defined in a different way, then these figures will also be
different [2].

Images are formed in a 16 x 16 matrix format and
displayed on a 16 grey-level CRT display unit as a 32 x 32
matrix after smoothing. Quantitative measurements of tem-
poral resistivity changes in a chosen region of the image are
obtained by defining a region of interest (ROl) and measuring
the average value of the pixels within.

Visual examination of blood perfusion throughout the
cardiac cycle can be carried out by displaying sequential
images at actual speed in a cine loop.

IN VIVO STUDIES IN HUMANS

In vivo studies on the thorax were carried out on 10 normal
male volunteers aged 24 to 50, during shallow breathing in
the standing position. Sixteen conductive silicone rubber
electrodes, with surface area 150 mm?2, were equally spaced
around the thorax at the level of the fourth intercostal space.
For common-mode feedback and ECG pick-up, Ag-AgCl ECG
electrodes were used. Two studies were carried out on each
volunteer. In vivo images of the neck were collected with the
same electrodes placed around the neck.

Images were reconstructed relative to a selected reference
frame chosen from any point in the cardiac cycle. A frame at
end-diastole, when there are minimal changes related to
cardiac activity, has been chosen for the images presented in
this paper. For comparison, magnetic resonance imaging
(MRI) scans were obtained on 3 of the 10 subjects. These
images were ECG-gated 210 ms after the R-wave, at the
same level as the EIT scans of the thorax, and were the result
of averaging 256 cardiac cycles.

RESULTS AND DISCUSSION

Throughout the cardiac cycle, the resistivity distribution
within the thorax changes considerably due to the perfusion
of blood to the various tissues, flow of blood, dilatation of
major blood vessels, and also mechanical movement of the
heart itself. Figure 3 shows the time variation of the voltages
between adjacent electrode pairs attached around the thorax
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Figure 3. Position of electrodes around the thorax at the 4th
intercostal space. (b) Variation of potential gradients between receive
electrodes throughout the cardiac cycle, when current flow is applied
between electrodes 3 and 4. Receive electrode numbers are shown to
the left of each waveform. To reconstruct a sequence of images for
one cardiac cycle, 16 of these data sets are required, one for each
drive pair.

for a particular current-drive pair. Depending upon the relative
position of drive and receive electrode pairs, these variations
may have a complicated structure and are difficult to inter-
pret. By scanning the applied current for all independent drive
pairs and measuring a profile for each drive (N * (N — 3)/2
measurements for N electrodes), EIT has the advantage of
producing maps of localized resistivity change. As can be
seen from the EIT images of the neck given in Figure 4, the
resistivity variations due to about 10 percent dilatation in
diameter of the carotid arteries in systole [30)] can be imaged.
Within a typical thorax of 300 mm diameter, the spatial
resolution at its limit should be approximately 30 mm (10
percent of the array diameter), which is sufficient to resolve
the heart chambers but not the detail within the chambers.
A set of EIT images over one cardiac cycle and an MRI scan
of the same subject are given in Fig. 5. The two ventricles,
right atrium, aorta, and two lungs are in the field of view. It
must be remembered that these images show temporal
variation in resistivity distribution relative to end-diastole.
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Figure 4. An EIT image of a human neck at peak systole. Dark and
bright regions correspond to decreased and increased resistivities
relative to end-diastole, respectively. Dilatation of two carotid arteries
are seen as decreased resistivities (dark). P, A, L, and R show
posterior, anterior, left and right, respectively.

Dark and bright regions correspond to decreased and in-
creased resistivities, respectively. At end-diastole, the ventri-
cles are filled with blood, therefore their resistivities are at
their minimum; whereas the aorta, pulmonary arteries, and
lungs have their minimum blood content and maximum
resistivity. Following ventricular systole, blood is forced into
the aorta and pulmonary arteries. With the dilatation of the
vessel walls due to this pulsatile flow, their blood volume
increases and their average electrical resistivity drops. How-
ever, the resistance of both ventricles increases with out-
flow of blood. This increase in the resistivity of the ventricles
takes about a third of the complete cardiac cycle. The
resistivity of the lungs decreases gradually with an increase in
the amount of blood perfused. As soon as venous return
starts, the resistivity of the lungs starts to increase and the
resistivity of the atria and the ventricles decreases. Images
return to a uniform state towards the end of diastole.

- Resistivity variations in five major regions, shown in Fig.
6(a), were investigated. The average of the peak-to-peak
percentage resistivity variations, measured from 10 normals
over these regions during the cardiac cycle, are given in
Fig. 6(a). There are, of course, differences among individ-
uals, and these differences are greater than the differences
between repeat measurements. The causes of the differ-
ences among individuals needs to be examined. They may be
due, in part, to the different size of the ventricles in the field
of view for each volunteer, different stroke volumes, and/or
the level of the electrodes with respect to the heart.

Figure 6(b) shows the time variation of resistivity in the
regions given in Fig. 6(a) for the sequence of Fig. 5. Changes
in the heart chambers and aorta lead the changes in the lungs.
In this sequence, peak-to-peak variations are about the same
for both sides of the heart. However, a notch occurs on the
left heart 150 ms after the R-wave. This may be because of
some off-plane contributions of volumetric current flow. To
have a better understanding of these waveforms, the three-
dimensional sensitivity distribution should be studied.

The summation of the average resistivity variations over
the regions shown in Fig. 6(a), which represents the variation
of global resistivity variation within the field of view, results
in a waveform very similar to those obtained in impedance
cardiography [12], (Fig. 6(b)). The peak-to-peak variation of
this waveform is approximately 0.5 percent of the end-
diastolic value. The variation obtained from ICG has been
given as less than 0.5 percent (0.1 Q for 25 Q resting value)
[13].
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Figure 5. A sequence of EIT images collected at 42 ms intervals during the cardiac cycle. Only odd-numbered frames are given. Images are
reconstructed with the reference at end-diastole (frame 4), therefore, all other frames represent the changes in resistivity relative to frame 4.
Resistivity of blood is relatively lower than most of the other tissues. Therefore, regions where blood accumulates during systole appear as
decreased resistivity (dark} and the regions where blood is removed appear as increased resistivity {bright) in the images. Frames 1 to 3 are
towards end-diastole; as all regions approach their reference values (frame 4), the resistivity changes are very small. At frame 4, end-diastole,
the ventricles are filled with blood and their resistivity is at its minimum, whereas the resistivity of aorta and lungs is at a maximum. The R-wave
occurs at frame 5. Following ventricular contraction, the average resistivity of the ventricles starts increasing. During systole, frames 5 to 11,
the increase in the resistivity of the ventricles is accompanied by a decrease in the resistivity of the aorta and major arteries due to radial
dilatation and the lungs due to perfusion with blood. Frames 12 to 21 belong to diastole; with the return of blood to the ventricles, their
resistivity reaches a minimum value and aorta and lungs their maximum values (i.e., to their reference values and hence disappear in the
image). Frames 1 and 20 represent approximately the same time in the cardiac cycle. The MRI scan of the same subject, 210 ms after the R-
wave, is given for comparison in the bottom right corner. Orientation of the MRI image is the same as that of EIT. In the EIT images, the letters
P. A, L, and R show posterior, anterior, left and right, respectively.
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Figure 6. (a) Major regions and the percentage changes in resistivity (Ap %} over these regions obtained from the EIT images collected from 10
normal subjects. T and | show increase and decrease in resistivity during systole (std is the standard deviation). (b) Time variation of resistivity
in the major regions for the sequence of Fig. 5. Letters RH, LH, A, RL, LL are used to show the regions defined as right and left heart, aorta, right
and left lung, respectively. The time variation obtained by setting a ROI to cover all the regions shown in (a) is labeled as ‘ALL’.

It is attractive to attempt to estimate the blood volume
change by using the localized resistivity changes. However,
because of the non-uniform and non-linear nature of the
sensitivity function and its volumetric distribution, the accu-
racy of the localized measurements are related to position and
the geometry of the regions in which the resistivity changes
occur and to the amount of change itself [2]. Therefore,
quantitative measurement of the volume variations in the
heart chambers needs several assumptions in terms of size
and position of the heart. Significant longitudinal motion of
the heart during iso-volumetric contraction should also be
taken into account. When estimating the pulsatile volume
changes in the great blood vessels such as the aorta, the
variation of blood resistivity due to flow [31] may also need to
be taken into account. The volumetric size of the lungs is
large in comparison to EIT’s field of view. Therefore, the
amount of blood perfusion to the lungs may be determined
more accurately.

CONCLUSION
Although as we have shown the spatial resolution is poor
and difficult to improve, it is quite clear that the sensitivity of
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EIT to tissue resistivity variations due to blood perfusion is
good enough to image blood flow to the lungs. Hence,
abnormalities in pulmonary perfusion, such as pulmonary
embolism, should appear in E!T images.

EIT allows us to measure local as well as global resistivity
variations. Therefore, more valuable information related to
the cardiac activity can be gained from EIT images than from
impedance cardiography. It is likely that a cardiac output
index may be calculable from the average resistivity varia-
tions over the ventricles. However, considerable research is
required before the images can be understood in detail.
Research is underway to give a better understanding of the
sensitivity function and the origin of local variations within
the thorax.

EIT may be useful in intensive care units for continuous
monitoring of cardiopulmonary function. However, on-line
monitoring is not possible with existing equipment because of
limitations in image reconstruction speed. With the present
system, reconstruction of a single frame takes about 5
seconds. Using parallel processing techniques, reconstruc-
tion of images in real-time during the cardiac cycle should be
possible. This may bring the possibility of on-line monitoring.
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