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Figure 6.4a
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Figure 6.4b
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A plot AZIZ versus time for measurements M, and M; for the first
subject during tidal breathing. Note that AZIZ(M;) > AZIZ(M,).
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6.3. Movement artefact reduction using a strategic
placement of 4 electrodes

The experiments carried out using the optimum 6-electrode configuration on
one subject seemed to suggest that movement artefacts were caused by
electrodes sliding over the thoracic cavity along with the skin. Based on this

observation, a strategy was decided for placing electrodes in such a way that
movement artefacts could be reduced.

it appeared that a simple 4-electrode array would be useful for reducing
movement artefacts. Figure 6.5 shows a two dimensional circular conductor
with four equally spaced electrodes ey, e;, €; and e4, and the isopotential lines
within this conductor due to current injection between the appropriate pair of
electrodes. This arrangement produces two independent measurements 4 and
B. Let us assume that electrodes e, e, and e; are not affected by the
movement, but electrode e, shifts to a new location marked as e, due to
movement. As a result, measurement 4 would increase to a, but measurement
B would decrease to 4. Thus, it would be possible to reduce movement
artefacts by simply adding measurements 4 and B as they would change in

opposite directions. These measurements will be referred to as ‘symmetrical

CASE 1 CASE 2
a>A4 b<B
(increase in 2) (decrease in 2)
Figure 6.5a Figure 6.5b

Figure 6.5 A two-dimensional conductor with 4 equally spaced electrodes
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measurements’ and a pair of such measurements will be referred to as a
‘symmetrical pair’ in the rest of the thesis.

It may be noted that the symmetrical measurements were obtained across the
thoracic cavity and hence, would include contribution from the resistivity
changes of both the lungs. Thus, in this respect, these measurements were
similar to measurements M; and M, recorded using the optimum 6-electrode
configuration. However, at least 3 out of 4 electrodes used to obtain the
symmetrical measurements would be in the same plane whereas the drive and
the receive electrodes used to obtain measurements M; and M, were in
different planes. Thus, the value of AZ/Z in the symmetrical measurements
could be different, and perhaps lower than that observed in measurements M,
and M,. However, the purpose of these experimental studies was to find an
electrode placement that would reduce movement artefacts rather than only
maximise breathing related impedance changes. Therefore, it was considered
reasonable to carry out further experiments using this 4-electrode placement

because its most important feature was that it would provide reduction in
movement artefacts.

6.3.1. Experimental studies using a strategic 4 electrode
placement

Impedance measurements were carried out on 5 normal male volunteers
(mean age: 30.1 years, range: 27-35 years) using the 4-electrode strategic
placement. A Sheffield Mark 2 REIT system was used for the data collection
(Smith et al, 1995). A circular array of 16 equally spaced electrodes was placed
around the thoracic cavity. This electrode array was placed in an oblique plane
instead of a horizontal plane because it was thought that such a placement
would span the lungs in the vertical direction and hence, would maximise the
sensitivity to lung resistivity changes in the vertical direction as well. The two

independent measurements 4 and B were derived using superposition from the
16-electrode data.
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The impedance data was recorded during a period of 60 s. The subjects were
asked to carry out tidal breathing for the first 30 s and during the following 30 s,
they were asked to carry out movements while holding their breath at
maximum inspiration. These movements involved a random combination of
arm and torso movements rather than systematic movements so that they

would simulate natural movements of the patient that may occur in a clinical

environment.

6.3.2. Results of the 4-electrode measurements

Figure 6.6a shows a plot of measurements 4 and B for one subject. It can be
seen that during the second epoch of 30 s the two waveforms are out of phase.
It can be also seen that a significant reduction in the amplitude of movement
artefacts could be obtained by taking a mean of these two measurements.
Figure 6.6b shows a plot of measurement B versus measurement A4 for tidal
breathing and for movements with breath hold. These plots and the
corresponding correlation coefficients confirm the observation that the
impedance changes observed in these two measurements during tidal
breathing were in-phase, but they were 180° out of phase during movements.
SAR was calculated in dB for the two measurements as well as for the mean of
the two measurements. Table 6.3 shows these values for the 5 subjects. The
first and the second row shows the values of S4R for the individual symmetrical
measurements 4 and B. The third row shows a mean S4R for the two
measurements. The fourth row shows the value of SAR calculated from a signal
obtained by taking a mean of the two symmetrical measurements. The fifth row
shows an increase in SAR for each subject calculated by subtracting the value

in row 3 from row 4. It can be seen that there is a significant increase in SAR of
10.79+3.97 (meant2SE).
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Figure 6.6a A plot of symmetrical measurements A (dashed) and B (dotted) for
one subject. Note the reduction in movement artefacts in the mean
signal. Breath was held at maximum inspiration.
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Figure 6.6b A plot of B versus A for tidal breathing and movements with breath
hold at maximum inspiration.
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Table 6.3 Values of SAR in dB for 5 subjects for the
symmetrical measurements A and B and

for their mean (4+B)/2.
NK AN AK CA SR
SAR, -13.87 -893 -935 -2273 -6.40
SARg -9.07  -1003 -9.16 -2419 -B856
(SAR4 + SARy)/2 -1147 948 -926 -2346 -7.48
SAR4+8)2 -3.59 1.98 0.21 -533 -047
(row 4-row 3) 7.88 1146 947 1813  7.01

The results of these experimental studies indicated that it was possible to
reduce movement artefacts by taking a mean of the two symmetrical
measurements. The thoracic cavity is a three dimensional volume conductor.
Thus, it was possible to further modify the 4-electrode strategic placement to a
6-electrode strategic placement in such a way that it was possible to obtain two
more symmetrical measurements in a different oblique plane. It was intuitively
thought that such an electrode placement would maximise the effect of
resistivity changes of the anterior and the posterior as well as of the upper and
the lower parts of both the lungs, while at the same time providing movement
artefact reduction. A theoretical study was carried out using a volume

conductor model to investigate whether reduction in movement artefacts could
be obtained using this 6-electrode strategic placement.

6.4. Movement artefact reduction using a 6-electrode
strategic placement: theoretical studies

A homogeneous volume conductor model of the thoracic cavity, having an
elliptical cross-section, was developed as shown in Figure 6.7. The ratio of
major axis (x) to minor axis (y) was chosen to be 1.7 as suggested by Kiber
(1991) and the height (4) of the model was chosen to be 1.75 times the minor
axis. This mode! was developed using commercial FEM software ANSYS
(Ansys Inc., USA, version 5.3). The model was meshed into 33600, 8 node
‘brick’ elements and the solution in the form of nodal voltages was obtained by

solving the FEM equations for each drive configuration so that measurements
A to E could be derived as shown in Table 6.4.
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Figure 6.7 A volume conductor model and the 6 electrodes used in the
theoretical study. Electrode e4 was assumed to shift in three
directions p’, 'q’, and t’ due to movements.

The placement of electrodes is also shown in Figure 6.7. Electrodes e, and e,
were placed on the surface at the opposite ends of the major axis and in the
‘central’ horizontal plane, located at half the total height of the model.
Electrodes ey and es were placed at the opposite ends of the minor axis and in
a horizontal plane located at a distance equal to half the minor axis above the
central plane. Electrodes e; and es were also placed at the opposite ends of
the minor axis, but in a plane located at a distance equal to half the minor axis
below the central plane. Electrodes e,, e,, e; and e, could be configured to
produce a symmetrical pair of measurements 4 and B, and electrodes es, €,, €5
and e, could be configured to produce a second symmetrical pair of

measurements D and E as shown in Table 6.4. One more measurement C

could also be obtained using this electrode placement.
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Table 6.4 Electrode configurations and
measurements for the 6-electrode
strategic placement

Measurements Drive electrodes Receive electrodes

A €, €2 €3,€4
B €y, €3 €4,€
C €1,€6 €3,€;5
D €, €2 es ey
E €2,€s5 €4,€6

If we consider this 6-electrode placement on the thoracic cavity, then
electrodes e; and es would be located over the sternum, and electrodes e; and
es would be located over the spinal column. These four electrodes would be
located directly over the bones of the ‘rigid’ rib cage. At these locations there
would be less peripheral tissue underneath the electrodes, especially in normal
subjects having average subcutaneous fat. Therefore, it may be reasonable to
assume that these four electrodes would be less affected by movements.
Moreover, they would also be less affected by movements of the arms because
they would be located at a maximum distance from both the arms. On the other
hand, electrodes e, and e, would be placed on the midaxillary line and would
be expected to move by a great extent during movements. Therefore, this
theoretical study was carried out in two steps. In the first step, movement
artefacts were simulated by assuming that only electrode e, was affected by
movements and moved in three directions, vertical, horizontal and oblique,

indicated as 'p’, ‘q’ and 'r’, respectively, in Figure 6.7. All the other electrodes
were assumed to remain fixed in their locations.

In the second step, it was assumed that electrodes e, and e, moved at the
same time due to movements. It was assumed that first electrode e, shifted to
a different location from its initial location and then remained at that location.
The three locations to which electrode e, was assumed to shift are marked as

e, " and e, in Figure 6.8. Then, for each of these three locations of
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Figure 6.8 A schematic representation of the simultaneous movement of

electrodes e, and e,.

electrode e,, it was assumed that electrode e, moved in three directions
indicated as ‘p’, ‘q’, and r.

6.4.1. Results of the theoretical study

Figure 6.9 shows the results of the analysis carried out in the first step, i.e.
when it was assumed that only electrode e4 was shifted due to movement. A
plot of voltage versus distance traversed by electrode e, in each of the three
directions is shown. It was observed that in case of movement occurring in
each of the three directions, artefacts could be reduced by taking a mean of
the symmetrical measurements. It may be noted that the changes observed in
measurements 4 and D, due to movement in direction ‘p’, were equal in
magnitude and phase, and those due to movement in direction ‘q’, were equal
in magnitude but opposite in phase. This was due to symmetry in the electrode
placement with respect to model geometry and the two directions of
movement. This was also observed for measurements B and E. As a result, the
plots of these measurements overlap in Figure 6.9a and Figure 6.9b. It was
observed that, in case of the movement occurring in direction ‘', artefacts

could be further reduced by taking a mean of all the four measurements as
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Figure 6.9a A plot of measurements A, B, D and E for movement of electrode
eq in direction 'p'. Note that measurements A and D, and B and E
are identical due to symmetry in the model.
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Figure 6.9b A plot of measurements A, B, D and E for movement of electrode

e4 in direction 'q". Note that measurements A and E, and B and D
are identical due to symmetry in the model.

shown in Figure 6.9c. This could be considered as an advantage of the 6-

electrode strategic placement compared to the previous 4-electrode strategic
placement.
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Movement in direction ‘r'
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Figure 6.9c A plot of measurements A, B, D and E for movement of electrode
eq in direction T'. Note a further reduction in movement artefacts
could be achieved by taking a mean of all the four measurements.

A plot of the four symmetrical measurements for the analysis carried out in the
second step, i.e. when simultaneous movement of electrodes e, and e, was
assumed, is shown in Figure 6.10. These plots show voltages recorded from
the symmetrical pairs when electrode e, was first shifted to a location denoted
as e,’ in Figure 6.8, and then electrode e4 was shifted in directions ‘p’, ‘q’ and
‘r. As seen in these plots, the symmetrical measurements changed in the
opposite direction due to movement of electrode e,. Thus, it was possible to

reduce movement artefacts by taking a mean of the symmetrical
measurements.

In the same way, it was possible to reduce movement artefacts when electrode
e, was assumed to first shift to the other two locations denoted as e, and e,
and then electrode e4 was assumed to move in the three directions. In general,
it was observed that there was no significant change in the potential distribution
around electrode e4, due to shifting of electrode e, to any nearby location.
Therefore, movement artefacts could be reduced by taking a mean of all the

symmetrical measurements as long as electrodes e; and e; moved through a
short distance in any direction from their initial location.
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Movement in direction ‘p’, Electrode position e,
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Figure 6.10a A plot of measurements A, B, D and E for movement of electrode
e, in direction 'p' and electrode e, at location marked e,’ in Figure

6.8. Note that measurements A and D, and B and E are identical
due to symmetry in the model.

Movement in direction 'q’, Electrode position e,’
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Figure 6.10b A plot of measurements A, B, D and E for movement of electrode

e4 in direction 'q' and electrode e, at location marked e;’ in Figure
6.8. Note that measurements A and E, and B and D are identical
due to symmetry in the model.
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Movement in direction ‘r', Electrode position e,’
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Figure 6.10c A plot of measurements A, B, D and E for movement of electrode

eq in direction 'r' and electrode e, at location marked e’ in Figure
6.8. Note a further reduction in movement artefacts could be
achieved by taking a mean of all the four measurements.

The results of this theoretical study involving the 6-electrode strategic
placement indicated that it would be possible to reduce movement artefacts by
taking a mean of the symmetrical measurements even on a three dimensional
volume conductor such as the thoracic cavity. The next step was to record data
using this electrode placement on human subjects to see whether it would be

possible to reduce movement artefacts in practice using the 6-electrode
strategic placement.
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6.5. Movement artefact reduction using a 6-electrode
strategic placement: experimental studies

The purpose of these experimental studies was to record impedance data from
human subjects using the 6-electrode strategic placement and thus, find out
whether this electrode placement provided sufficient reduction in movement
artefacts in practice. In the previous experimental studies involving the 4-
electrode strategic placement, impedance data was not recorded when
breathing and movements occurred at the same time. For an impedance based
breathing monitor to be reliable, it should be able to detect breathing in the
presence of movements as well, and preferably measure parameters such as
breathing rate from the impedance signal. Therefore, in this experimental
study, impedance data was recorded during breathing as well as movements.
In this situation, if sufficient reduction in movement artefacts could be achieved
as suggested by the theoretical studies, then the impedance signal would
indicate presence of breathing. In order to verify this, the impedance signal

was compared qualitatively with an artefact free breathing signal obtained from
a nasal thermistor.

6.5.1. Data collection set-up

The hardware set-up of the data collection system is shown in Figure 6.11. A
Sheffield Mark 2 REIT system was used to record the impedance data (Smith
et al, 1995). The 16-electrode data recorded using this system was processed
on the basis of superposition and reciprocity to extract the required 6-electrode
measurements. The REIT system injected a current of 5 mA peak-to-peak at a
frequency of 20 kHz and the data was captured at a frame rate of 25

frames s™'. This data was stored to the hard disk of a PC denoted as DAS1.

A thermistor based breath detection circuit was developed to record an artefact
free breathing signal. The thermistor was attached to a face mask worn by the
subjects during data collection. The resistance value of the thermistor changed
as it was heated and cooled by the expired and inspired air, respectively. A

typical change in the resistance value of the glass encapsulated thermistor
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attached to the face mask was observed to be from 3.5 kQ to 4.95 kQ. This
change in resistance was converted to a voltage signal, which was suitably
amplified and connected to the input of a second PC based data acquisition
system (DAS2). The sampling rate of DAS2 was also set to 25 samples s ie.
equal to that of DAS1.

18
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Figure 6.11  Data collection system for the experimental studies involving a 6-

electrode strategic placement

It was necessary to synchronise in time the two data acquisition systems,
DAS1 and DAS2. Therefore, a Monostable Multivibrator circuit was developed
to generate a TTL compatible pulse of 1 s duration. The circuit could be
triggered by pressing a switch manually. This TTL signal was connected to the
‘event marker’ input of REIT system and also to a second input channel of
DAS2. The REIT system had a built in arrangement to mark the frames
corresponding to the rising edge of the pulse. Thus, the two systems could be
synchronised in time by shifting the data vectors such that the frames
corresponding to the rising edge of the pulse were aligned. The same TTL
pulse was also used to generate an audio signal for instructing the subjects to

carry out a changeover from tidal breathing to breath hold and to start a
movement manoeuvre.
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6.5.2. Electrode placement on human subjects

The six electrodes under investigation were placed relative to the anatomical
landmarks to minimise the inter-subject variability, and are marked by ‘circles’
in Figure 6.12.

Anterior View Posterior View

Figure 6.12  Placement of electrodes on human subjects. The 6 electrodes
marked by ‘circles' were the electrodes under investigation.

The electrodes es and e, were attached anteriorally, one over the xiphoid
process and the other over the sternum at the level of the first rib, respectively.
The electrodes e; and eg were attached in the same two horizontal planes, but
on the back over the spinal column. These four electrodes were those
assumed to be not affected by movement in the theoretical studies. Finally,
electrodes e, and e, were attached at the level of the axilla, over the
Latissimus dorsi muscle on the left and on the right side, respectively. These
two electrodes were expected to be affected by the movement. The placement
of remaining electrodes was not critical and they were placed at locations
marked by a ‘cross’ in Figure 6.12. The sense and the drive electrodes of the
Common Mode Feedback system (Smith et al, 1995), marked as ‘S' and ‘D’,
respectively, were placed on the abdomen. Thus, it was possible to record
measurements 4 to E, as given in Table 6.4, using this electrode placement.
The Aduit Foam 1501-025 electrodes (Conmed Corporation, USA) were used
in the study because they seemed to adhere very well to the skin and did not
come loose due to movements used to cause artefacts.
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6.5.3. Experimental protocol and movement manoeuvres

The tidal breathing and movement artefact data were recorded from 3 normal
male volunteers and 1 normal female volunteer, having a mean age of 27
years (range 24-29), in an upright sitting position. The subjects were asked to
carry out four different arm movement manoeuvres; right arm moving up and
down, left arm moving up and down, both arms moving up and down
alternately, and both arms moving up and down together. These arm
movement manoeuvres are illustrated in Figure 5.5 of the previous chapter.
The data collection in each case was carried out for a duration of 120 s. During
the first 60 s, the subjects were asked not to carry out any movement, but carry
out tidal breathing (TB) for 20 s, followed by breath hold after maximum
inspiration (BH) for 20 s and again tidal breathing for 20 s. The same sequence
of breathing activity was repeated in the remaining 60 s, but a movement
manoeuvre was performed simultaneously. The arm movements were not
necessarily synchronised in time with the breathing activity.

6.5.4. Results and discussion for the experimental data

The impedance changes observed in the individual measurements 4 and B for
one subject and for the right arm movements are plotted with respect to time in
Figure 6.13a. The thermistor signal shows the artefact free breathing signal.
The periodic impedance changes observed during the epochs 1 and 3 were
due to tidal breathing and a steady base line, observed during the epoch 2,
was due to breath hold. The impedance also changed due to cardiac activity,
but the amplitude was relatively small. These changes, occurring at a higher
cardiac frequency, are seen superimposed over the breathing related
impedance changes. It was observed that the impedance changes due to
movement artefacts were large and seemed to completely mask the breathing
related changes during epochs 4 and 6. The steady base line, indicating breath
hold, was also replaced by large artefacts during epoch 5. This indicated that it

was not possible to extract any breathing related information from the individual
measurements when the movement was present.
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Figure 6.13a A plot of individual symmetrical measurements A and B, and the
thermistor signal with time during right arm movement for subject

AK. Note that movement artefacts are 180° out of phase during
epoch 5.

The purpose of our experimental study was to find out whether the impedance
changes due to movement, in one of the measurements belonging to a
symmetrical pair were 180° out of phase with those observed in the other
measurement of that pair, as predicted by the theoretical study. This was
indeed observed in the case of measurements 4 and B and is seen during
epoch 5, when the subject carried out movement by holding their breath.
Similar observations were made in case of measurements D and E. Thus, it
was possible to reduce the movement artefacts by taking the mean of 4 and B
(P) and of D and E (Q), without affecting the breathing related changes as

shown in Figure 6.13b. This was the first step in reducing the movement
artefacts.
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Figure 6.13b A plot of mean values of symmetrical measurements P = (A+B)/2
and Q=(C+D)/2, during right arm movement for subject AK. Note
the reduction in movement artefacts during epoch 5.

It was also observed that in case of some subjects, movement artefacts in P
were 180° out-of-phase with those in O as shown in Figure 6.13b, but in the
remaining subjects, they were in-phase. However, in the latter cases, the
movement artefacts in P and QO were 180° out of phase with those in
measurement C. In general, it was observed that the artefacts could be
reduced by summing P, Q and C in case of all the subjects. The plot of the
processed signal (S) is shown in Figure 6.13c. It can be seen that, even in the
presence of movement during epochs 4 and 6, the instants of maximum
inspiration and expiration coincide in time with those observed in the thermistor

signal. The absence of breathing can also be identified during epoch 5.

The sum of P, Q and C was divided by an empirical factor equal to 4 so that the
amplitude of the breathing signal in S would be in the same range as that
observed in the individual measurements. This allowed a direct comparison to
be made between the amplitude of movement artefacts, before and after

processing the signals. It may be noted that the choice of value of 4 was only

201



for the sake of comparing the results of the study and has no significance as far

as any clinical application of the technique is concerned.
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Figure 6.13c A plot of processed signal S = (P+Q+C)/4, during right arm
movement for subject AK. Note a high correlation between the
impedance signal and the thermistor signal.
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Figure 6.14  Peak-to-Peak amplitude of movement artefacts before and after

processing for the four subjects and four different movement
manoeuvres
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The results of this experimental study are summarised in Figure 6.14. The
amplitude of movement artefacts indicated as ‘Before processing’ was
calculated by taking a mean of the peak-to-peak values of impedance changes
due to movement during breath hold (epoch 5) in all the five measurements 4
to E. The amplitude of movement artefacts, indicated as ‘After processing’, is
equal to the mean of peak-to-peak values of impedance changes in
measurement S during the same epoch.

The thoracic cavity may be considered as a rigid volume conductor due to a
relatively rigid nature of the rib cage. Then the peripheral tissues covered by
the skin, can be considered as a loose outer layer that can slide over this rigid
volume conductor. Thus, electrodes placed on the skin tend to slide along with
the outer layer during movement and hence, move to a different isopotential
line causing artefacts. The results of these experimental studies seemed to
confirm this hypothesis as a significant reduction in movement artefacts was
obtained by strategically placing the 6 electrodes. Thus, the sliding of
electrodes along with the skin appeared to be one of the main causes of
movement artefacts. In addition, the reduction in movement artefacts could be
achieved in all the subjects, including one female subject. This indicated that
movement artefact reduction, achieved using the 6-electrode strategic

placement, was independent of the differences in shapes of the thoracic cavity
of different subjects.

It is also important to note that the peripheral tissues not only slide over the rib
cage during movement, but may also undergo a geometrical change, which
may cause some movement artefacts. The residual artefacts seen in the final
signal S may be due to these geometrical changes in the peripheral tissues. It
was discussed in Chapter 5 that it might be possible to reduce movement
artefacts by recording impedance at more than one frequencies. The
movement artefacts introduced by the geometrical changes would be a
constant fraction of the base impedance. Therefore, they may reduce at higher
frequencies because the base impedance of the biological tissues reduces with

increase in frequency. In order to study the effect of frequency on movement
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artefacts, experimental studies involving multi-frequency measurements were

carried out in this project as described in the following section.

6.6. Multi-frequency measurements using the 6-electrode
strategic placement

Firstly, the purpose of these experimental studies was to investigate whether
movement artefact reduction could be obtained at different frequencies of
injected current using the strategic 6-electrode placement. Secondly, the aim of
these studies was to find out whether movement artefacts were less at higher
frequencies than at lower frequencies. Thirdly, it was also aimed at finding out

whether it was possible to detect obstructive apnoea using the 6-electrode
strategic placement.

In the earlier experimental studies, impedance data was only recorded during
gross body movements. However, it has been reported that impedance based
apnoea monitors may fail to detect obstructive apnoea (Warburton et al, 1977).
During an episode of obstructive apnoea, the patient attempts to carry out
breathing using the intercostal muscles and the diaphragm, but no movement
of air can occur in and out of the lungs because the upper airway is blocked. In
this situation, if the measured thoracic impedance is dominated by the
geometrical changes of the thoracic cavity and the diaphragm movement,
rather than the changes in lung resistivity, then the breathing related
impedance variations continue to occur. As a result, the apnoea monitor fails to
detect apnoea. Therefore, in these studies impedance data was also recorded
from human subjects during simulated obstructive apnoea to find out whether it

was possible to detect obstructive apnoea using the 6-electrode strategic
placement.

6.6.1. Data collection

The impedance data was recorded from 4 normal male volunteers and 1
normal female volunteer having a mean age of 30.5 years (range 30-35). A
Sheffield Mark 3a EITS system (Lu, 1995) was used for data collection. This
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system injected a current of 1 mA peak-to-peak at 8 different frequencies in
binary steps in the range of 9.6 kHz and 1.22 MHz. This system had 8 drive
electrodes, separate from the 8 receive electrodes. The configuration of the
system was such that it was possible to inject current between the adjacent
drive pairs and measure voltage between the adjacent receive pairs. The
placement of electrodes was carried out as shown in Figure 6.15. The locations
of the 4 drive electrodes and the 4 receive electrodes, from which the
symmetrical measurements were extracted, are marked by ‘circles’. The
electrode configurations and the corresponding symmetrical measurements
are given in Table 6.5. The anatomical locations of these electrodes were the
same as those explained in section 6.5.2. It was necessary to place two
electrodes side by side, one as a drive electrode and one as a receive
electrode, over the Latissimus dorsi muscle because the data collection system
had separate drive and receive electrodes. The anatomical locations of the
remaining drive and receive electrodes were not critical and they were placed
at locations marked by a ‘cross’. A ground electrode G was placed on the

abdomen. The required symmetrical measurements were extracted from the
recorded data using superposition and reciprocity.

Anterior View Posterior View
o drive electrodes

© receive electrodes

Figure 6.15  Electrode placement for multi-frequency measurements
The impedance data was recorded during tidal breathing and during

movements, in the absence as well as in the presence of breathing. The

movement carried out by the subjects was a random combination of the arm
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Table 6.5 Electrode configurations and

measurements for the multi-frequency
data

Measurements Drive electrodes Receive electrodes

A d,, d; r,rn
B dy, d rn
C d, d; nn
D d,,d3 rnn
E ds dy I3 r4

and the torso movements. In 4 out of 5 subjects, data was also recorded during
simulated obstructive apnoea. In order to simulate the obstructive apnoea,
subjects were asked to attempt a voluntary closure of the glottis and then try to
breath using the intercostal muscles and the diaphragm. This caused the
thoracic cavity to undergo geometrical changes but no movement of air could

occur in or out of the lungs. A nasal thermistor was also used in this study to
record an artefact free breathing signal.

6.6.2. Results and discussion for multi-frequency data

Firstly, it was observed that it was possible to reduce movement artefacts at all
the frequencies by taking a mean of all the symmetrical measurements
(S=(A+B+D+E)/4). It may be important to note that in the earlier experimental
studies, an improvement in SAR was obtained empirically by adding
measurement C to the final signal. It was difficult to understand the underlying
explanation of this empirical result because according to the theoretical results,
measurement C was not expected to be affected by movement artefacts. This
was because the electrodes used to obtain this measurements were assumed
to remain fixed during movement in the theoretical studies. Therefore, in the
present study it was decided that only the 4 symmetrical measurements as

suggested by the theoretical study would be used for reducing movement
artefacts.
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Figure 6.16a A plot of two symmetrical measurements A and B for Subject AW
and their mean at a frequency of 19.2 kHz.
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Figure 6.16b A plot of two Symmetrical measurements A and B for Subject AW
and their mean at a frequency of 614.4 kHz.
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Table 6.6 Values of SAR in dB for 5 subjects and for 8 frequencies
column 1: mean value of SAR in the individual measurements ((SAR+SARg+SARp+SAR:)/4)
column 2: value of SAR in signal S (SARs = SAR4.5.p+g4)
column 3: increase in SAR = column 2 —column 1
Subjects AK AW NK PB SN

freq. 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
(kHz)

9.6 -8.55 6.65 15.19 | -21.13 | -5.63 1550 | —14.55 2.10 16.64 | —-13.90 | -5.96 7.94 -7.81 7.54 15.34
19.2 -8.20 6.65 14.85 | -20.28 | —-4.24 16.05 | -13.82 2.36 16.18 | -13.73 | -5.87 7.86 -7.49 7.68 15.17
384 -8.14 6.29 1443 | -18.75 | -2.56 16.19 | -13.21 2.33 1554 | -13.47 | -5.83 7.65 -7.47 7.42 14.89
76.8 -8.58 5.94 1452 | -18.87 | -1.43 1745 | -13.72 1.90 15.62 | -15.08 | -6.21 8.87 -8.16 8.64 16.80
153.6 -9.02 5.19 1420 | -18.93 | -1.46 17.47 | -13.62 1.05 1467 | —-14.36 | -5.75 8.61 -8.47 7.76 16.23
307.2 -9.50 4.39 13.89 | -19.47 | -2.61 16.86 | -14.57 0.15 14.71 | -16.43 | —6.06 10.38 -9.28 8.76 18.04
614.4 -9.51 3.19 12.71 | —-19.37 | -5.87 13.50 | -13.37 | -0.25 13.12 | -12.64 | -3.87 8.77 -8.15 5.20 13.35

1228.8 | -8.28 0.713 899 | -19.43 | -12.61 682 | -13.81 { -2.10 11.71 | -1453 | -5.18 9.36 -8.66 9.31 17.97




The reduction in movement artefacts, obtained by taking a mean of the
symmetrical measurements at two different frequencies, can be seen in Figure
6.16. This figure shows a plot of symmetrical measurements 4 and B for one
subject and the mean signal for two frequencies, 19.2 kHz and 614.4 kHz. It
can be seen that movement artefacts have been reduced in the mean signal at

both the frequencies.

Iin Table 6.6, two different values of SAR are shown for each subject and at 8
frequencies. For each subject, column 1 shows a mean value of S4R for the 4
symmetrical measurements, i.e. (SAR +SARg+SARp+SAR:)/4 and column 2
shows a value of S4R for the signal S (S4R;). Finally, an increase in S4R for
each subject is calculated by subtracting the value in column 1 from that in
column 2 and is shown in column 3 of Table 6.6. In Table 6.6, it can be seen
that though an increase in S4R is high for all the subjects, the absolute values
of SAR;s for two subjects, AW and PB, are low and negative (see column 2 for
the two subjects). Therefore, further investigations were carried out to find out

whether it was possible to detect breathing related impedance changes even in

-+—— Tidal Breathing —P‘ Tidal Breathing + movements ta—

Subject: }\W

9.6 kHz

7
38.4 kHz

~—~ 6 u
£ 153.6 kHz
=2
NOST 614.4 kHz

4} Thermistor signal

3F

0 10 20 30 40 50 60

time (s)

Figure 6.17 A plot of impedance waveforms at 4 frequencies for Subject AW.
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the presence of movements for these two subjects. Figure 6.17 shows
impedance waveforms at 4 different frequencies for subject AW. During the
first 30 s the subject carried out tidal breathing and during the following 30 s

the subject carried out movements as well as breathing.

It can be seen that the periodic breathing signal is seen during 30 sto 60 s, i.e.
even in the presence of movements. The instants of maximum inspiration and
maximum expiration match reasonably well with those in the thermistor signal.
However, this is only a qualitative comparison and further investigations may

be required to develop techniques for further improving the amplitude of the
breathing signal.

In order to see whether S4R increased at higher frequencies, a mean increase
in SAR for 5 subjects was obtained at each frequency as given in Table 6.7.
This table indicates that the mean increase in S4R decreases with frequency.
This indicates that further investigations may be required to establish the
relationship between frequency and movement artefacts.

Table 6.7 A mean increase in
SAR for § subjects
at 8 frequencies.
The increase in SAR
was calculated in
the same way as
shown in Table 6.6

frequency Mean +2SE
(kHz) SAR(dB)
9.6 14.12 13.14
19.2 14.02 £ 3.12
38.4 13.74+£3.10
76.8 14.65 £ 3.05
153.6 14.24 £ 3.04
307.2 14.78 £ 2.65
614.4 1229+ 1.78
1228.8 10.97 + 3.83
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Figure 6.18 Impedance waveforms for subject AW during tidal breathing and
simulated obstructive apnoea

In this study, impedance data was also recorded during simulated obstructive
apnoea to see whether it was possible to detect obstructive apnoea using the
6-electrode configuration. Figure 6.18 shows a plot of impedance signal S
versus time for 3 frequencies recorded during simulated obstructive apnoea in
one subject. It can be seen that the amplitude of the breathing signal is much
higher than that seen during the obstructive apnoea. In order to quantify this
observation, a ratio of the amplitude of impedance signal during breathing to
that during obstructive apnoea was calculated in dB. Table 6.8 shows a mean
ratio at 8 frequencies for the 4 subjects.

A mean of this value at all the frequencies is equal to 9.8+2.9 (mean+2SE) dB.
This indicates that the RMS value of the impedance changes during breathing
is at least 2 times higher than that during obstructive apnoea. Thus, these
results primarily indicate that it may be possible to detect obstructive apnoea

using the 6-electrode optimum configuration. However, more studies would be
required to confirm these results.
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Table 6.8 Amplitude ratio in dB of
breathing to simulated
obstructive apnoea in

signal S
frequency Mean +25E
(kHz) SAR(dB)
9.6 9.15 £3.53
19.2 9.06 £3.43
38.4 8.96 £3.42
76.8 10.32£3.27
153.6 10.01 £2.99
307.2 11.55+£2.74
614.4 8271290
1228.8 11.12+3.14

6.7. Discussion

The aim of the experimental work described in this chapter was to develop a
method which would enable a quantitative reduction in movement artefacts. A
6-electrode optimum configuration was proposed in Chapter 4, which was
expected to provide maximum sensitivity to breathing related impedance
changes. Impedance data was recorded on human subjects using this
configuration to find out in what way these impedance measurements were
affected by movement artefacts. Some important observations were made from
the data recorded on the first subject. It was observed that the transfer
impedance was affected by movement artefacts only when the electrodes used
to record it were physically displaced from their initial location due to
movement. From this observation, it appeared that movement artefacts were
mainly caused by movement of the electrodes along with the skin. It was also
observed that in a pair of ‘symmetrical' measurements obtained from the same
electrode configuration, breathing related impedance changes were in phase,
but movement artefacts were 180° out of phase. This indicated that it was

possible to reduce movement artefacts by taking a mean of these
measurements.

On the basis of the above observations, it was hypothesised that movement

artefacts were caused by electrodes sliding over the thoracic cavity and hence,
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moving to different isopotential lines. Taking into consideration this hypothesis,
a strategy was decided for placing 4 electrodes in an oblique plane. Impedance
data was recorded from more subjects during breathing and movements. It
was observed that it was possible to reduce movement artefacts in all the

subjects by taking a mean of the symmetrical measurements.

Further theoretical studies were carried out to find out whether it was possible
to further reduce movement artefacts by placing electrodes in two different
oblique planes. It was only necessary to use two more electrodes, i.e. total 6
electrodes, to obtain two pairs of symmetrical measurements. A three
dimensional FEM model having an elliptical cross section was developed for
these studies. Movement artefacts were simulated by assuming that 2
electrodes moved in three different directions while the remaining 4 electrodes
were not affected by the movement. It was observed that movement artefacts

reduced further when a mean of all the 4 symmetrical measurements was
taken.

The 6-electrode strategic placement was also used to recorded impedance
data from human subjects. It was observed that movement artefacts could be
reduced in all the subjects. It was also observed empirically that a further
reduction in movement artefacts could be obtained by adding a fifth
measurement to the four symmetrical measurements. This fifth measurement
(measurement C) was obtained from electrodes placed over the sternum and
the spinal column. These electrode placements were not assumed to be
affected in the theoretical study. Therefore, the underlying mechanism of the
empirical observation was not clear. One possible explanation may be that the
electrodes assumed to be not affected by movement in the theoretical study,
may be actually getting affected by movement in practice. This may introduce
additional artefacts in all the measurements, and these may reduce by adding
measurement C to the 4 symmetrical measurements.

The experimental studies were also carried out to study whether it was possible
to reduce movement artefacts at all the frequencies of injected current. It was

also expected that movement artefacts might reduce at higher frequencies. It
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was observed that movement artefacts could be reduced at all the frequencies
of injected current for all the subjects using the 6-electrode strategic
placement. It was also observed that movement artefacts did not reduce, i.e.

the SAR did not increase, with increase in frequency.

Impedance data was also recorded during simulated obstructive apnoea. The
purpose of this study was to see whether it was possible to detect obstructive
apnoea using the 6-electrode strategic placement. If this electrode placement
would maximise the contribution from the changes in lung resistivity, then
impedance changes during obstructive apnoea would be small. Thus, it would
be possible to distinguish between breathing related changes and obstructive
apnoea. It was observed that the amplitude of the impedance changes during
breathing was at least twice than that during obstructive apnoea, and this result
was statistically significant. This, indicated that it was possible to detect

obstructive apnoea using the 6-electrode strategic placement.

It was generally observed that the fractional change in impedance (AZ/Z)
obtained during tidal breathing using the 6-electrode strategic placement was
in the range of 5 to 10% for different subjects. This seemed to be lower than
the 14.5% obtained from the earlier 6-electrode optimum configuration from the
experimental data recorded using non-planar electrode placements. However,
the most important feature of the former electrode configuration was that it had
significantly low movement artefacts. Moreover, from the plots of impedance
waveforms it appeared that AZ/Z for the 6-electrode strategic placement was
qualitatively higher than the instrumentation noise. Further quantitative studies
may be carried out to investigate this aspect. The volume of the inspired air
was not measured in the experimental studies. Therefore, further experiments

may also be carried out to study in quantitative terms the relationship between
the volume of inspired air and AZ/Z.
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Chapter 7. Conclusions and suggestions for
future research

7.1. Introduction

Impedance pneumography is a technique for monitoring breathing by measuring
impedance changes of the thoracic cavity. The main advantage of this technique
is that it does not require any device to be placed within the airway, so causing a
discomfort to the patient and affecting breathing. Therefore, it is well tolerated by
patients. However, a major disadvantage of this technique is that large artefacts
are introduced into the impedance signal due to body movements and hence, in
this situation, it becomes impossible to reliably monitor breathing. This can have
serious consequences, such as impedance based apnoea monitors may fail to

detect apnoea when body movements are present.

Thus, the aim of the present project was to develop a technique for reducing
movement artefacts in impedance pneumography. This chapter first briefly
outlines the strategy adopted in the project to achieve this aim. Then it
summarises the results of the work and draws some general conclusions from

these results. Finally, some suggestions are given for future research.

7.2. Strategy adopted in the project

Breathing involves the movement of air in and out of the lungs. In impedance
pneumography, an ultimate aim is to monitor this movement of air by measuring
thoracic impedance. The thoracic impedance can change due to three factors.
Firstly, the resistivity of the lung tissue is a function of its air content and hence,
changes during breathing. These changes in lung resistivity cause the thoracic
impedance to change. Secondly, the thoracic impedance is also a function of the
thoracic geometry. The thoracic geometry and hence, the thoracic impedance
changes during breathing as well as during gross body movements. Thirdly, the

movement of the diaphragm also causes the thoracic impedance to undergo a



change during breathing. This change in impedance occurs due to low resistivity

abdominal organs moving in and out of the measurement field.

The changes in thoracic impedance caused by the geometrical changes due to
body movements do not reflect the movement of air and hence, are the
‘movement artefacts’. If the changes observed in the thoracic impedance are
predominantly due to geometrical changes of the thoracic cavity, then movement
artefacts are large. Therefore, in order to reduce movement artefacts, it is
necessary to reduce the effect of geometrical changes on the thoracic
impedance. In other words this means that it is necessary to increase the

contribution of lung resistivity changes to the thoracic impedance. This was the
basis of the first step in the present project.

A review of the literature concerned with impedance pneumography suggested
that an appropriate choice of electrode placement was required to maximise the

contribution of changes in lung resistivity to thoracic impedance. Thus, a first
objective of the project was defined as;

e To identify an electrode placement that maximises the

contribution of lung resistivity changes to thoracic impedance

A review of the literature concerned with various techniques for reducing
movement artefacts suggested that movement artefacts were related to three
factors of an ‘electrode system’, namely the electrode configuration, electrode

type and electrode placement. Therefore, a second objective of the project was
defined as;

e To identify an electrode system that minimises movement
artefacts by taking into consideration all the three factors,

electrode configuration, electrode type and electrode
placement.

Finally, studies have also been reported in the literature involving techniques for

reducing movement artefacts using multi-frequency impedance measurements.
Thus, the third objective of this project was defined as;
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e To investigate use of multi-frequency measurements for

reducing movement artefacts

The following sections summarise the findings of the work carried out in each of

the three stages. Finally some general conclusions are stated.

7.3. Electrode placement and thoracic impedance
measurements

A theoretical analysis was carried out to lay down criteria for an electrode
placement that would maximise the contribution of the lung resistivity changes.
This analysis suggested a first criterion that the required electrode placement
should maximise the fractional change in thoracic impedance due to breathing
(AZ/Z). A second criteria was identified such as that the electrode placement
should also maximise absolute change in impedance (AZ) or SNR. An electrode

placement was considered to be an ‘optimum’ if it fulfilled both these criteria.

The experimental studies carried out to identify the optimum electrode placement
suggested that for a co-planar electrode placement, AZ/Z increased with distance
between the drive and the receive electrode pairs. The analysis carried out on
the measurements obtained from the non-planar electrode placements,
combined with those obtained from the co-planar electrode placements, also
suggested that AZ/Z increased with distance, and this relationship was
statistically significant. However, there was a large scatter of points in these
plots. This scatter was mainly due to non-planar measurements. This indicated
that there were some other factors affecting the relationship between Az/Z and
distance for the non-planar measurements. The experimental data showed that
there were some non-planar electrode placements having significantly higher
values of AZ/Z. However, these electrode placements had a larger distance
between the drive and the receive electrode pairs. Therefore, the measurements
obtained from these electrode placements were found to have a low SNR. Thus,
they could not be considered as optimum. These experimental studies also
suggested that AZ/Z increased with increase in electrode spacing.
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In order to further understand as to which factors were important in determining
the relationship between electrode placements and impedance measurements of
the thoracic cavity, theoretical studies were carried out. The sensitivity method
was used to investigate the relationship between electrode placement and
impedance measurements. These studies initially suggested that AZ/Z decreased
with distance between the drive and the receive electrode pairs. This result was
the opposite to that observed in the experimental results. Further modifications to
the FEM model were carried out to understand the factors responsible for this
disagreement. It was found that the vertical separation between the horizontal
electrode plane and the internal geometry of the model was a significant factor
affecting the relationship between AZ/Z and distance.

The purpose of the theoretical studies was also to identify the required optimum
electrode placement. Therefore, the values of AZ/Z obtained experimentally and
theoretically were correlated to compare the two data sets. The experimental
measurements obtained at larger distances between the drive and the receive
electrode pairs were found to be affected by the instrumentation noise and
systematic errors. Therefore, these measurements were discarded before
calculating the correlation coefficient between the two data sets. This correlation
coefficient was low (0.534) but significant (» < 0.001), indicating that the two data
sets were comparable. On examining the theoretical data, it was observed that
there were 8 electrode placements having a very significantly higher theoretical
values of AZ/Z. These electrode placements had some features in common.
Firstly, the drive electrodes and the receive electrodes were placed in two
different horizontal planes, and the vertical separation between these two planes
was equal to the radius of the cylindrical model. Secondly, the angle between the
drive and the receive pairs for all the 8 electrode placements was 112.5°. Thirdly,
the electrodes for each of the 8 electrode placements were placed on the right
side of the thoracic cavity. Finally, the distance between the drive and the receive
electrode pairs was the same. These theoretical studies also suggested that the
increase in AZ/Z with increase in electrode spacing observed experimentally was

due to an increase in the contribution from the deeper regions of a volume
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conductor, and also from regions out of the electrode plane at higher electrode
spacing.

Taking into consideration the results of these studies, an electrode placement
was proposed as the optimum electrode placement. This electrode configuration
involved 3 drive electrodes placed in one horizontal plane and 3 receive
electrodes placed in a different horizontal plane. Thus, in this way it was possible
to achieve the first objective of identifying an electrode placement having
maximum sensitivity to lung resistivity changes. The next objective was to
determine whether the impedance measurements obtained from this optimum
electrode placement also had less movement artefacts.

7.4. Reduction of movement artefacts

At the outset of these studies it was decided that a four-electrode configuration
would be suitable for impedance pneumography because this configuration
minimised movement artefacts originating from the electrode-skin contact
impedance. Some preliminary studies were carried out to compare, in qualitative
terms, how different types of electrodes were able to record impedance in the
presence of movement. It was observed that electrodes using a recessed AgCl
disc (Conmed Corp., USA) had the strongest adhesion and did not come loose
even during rapid movements. It was noticed that during movements, the skin
underneath the electrodes became stretched and if the backing material of the
electrode was not sufficiently flexible, then the electrodes had a tendency to

become loose during movements. It was also observed that skin preparation
further improved the adhesion of the electrodes.

Some preliminary experiments were also carried out to compare two electrode
placements in terms of the amplitude of movement artefacts. It was observed
that movement artefacts were lower when the electrodes were placed over the
sternum and over the spinal column as compared to those obtained for the
midaxillary placement commonly used in impedance pneumography. It appeared
that movement artefacts were caused by movement of electrodes along with the

skin. Thus, measurements obtained from the electrodes placed over the sternum
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and the spinal column were less affected by movements compared to those
obtained from the midaxillary placement.

A further preliminary study was carried out to develop a technique of breath
detection using impedance imaging. In an EIT image of the thoracic cavity, it was
observed that the resistivity changes within a ROI defined over the two lung
regions correlated well during breathing, but were not correlated during random
movements. As a result it was thought that breathing could be detected in the
presence of movements by calculating a correlation coefficient between the two
signals. Simulation studies suggested that it was possible to reliably detect
breathing if the Signal-to-Artefact Ratio (SAR) in both these signals was higher
than 5 dB. However, the experimental results suggested that in practice, the
signal to artefact ratio was much lower than 5 dB. Therefore it was not possible
to detect breathing using the correlation coefficient. From these results, it was
concluded that unless a significant increase in S4R was achieved it was not
possible to reliably detect breathing. Therefore, further experimental studies were
carried out using the optimum 6-electrode configuration to see whether the

values of S4R in the measurements obtained using this electrode placement were
sufficiently high.

The impedance data recorded using the optimum 6-electrode configuration
provided some important observations. It was observed that movement artefacts
were only present in the transfer impedance when the electrodes used to record
this transfer impedance moved along with the skin during movement. It was also
observed that in a pair of measurements obtained across the thoracic cavity, the
breathing related impedance changes were in phase, while those due to
movement artefacts were 180° out of phase. Thus, it was possible to reduce

movement artefacts by taking a mean of these two measurements.

From these observations, it appeared that movement artefacts were mainly
caused by electrodes shifting along with the skin to coincide with different
isopotential lines. Taking into consideration this observation a strategy was
decided and a 4-electrode configuration was proposed which would reduce

movement artefacts. It was possible to reduce movement artefacts in 5 subjects
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by taking a mean of the two independent measurements obtained from the 4-
electrode configuration. Further theoretical studies, carried out using a FEM
model suggested that a 6-electrode strategic configuration could be used in three
dimensions to reduce movement artefacts. This configuration was found to
provide significant reduction in movement artefact in 4 subjects. It was also
possible to detect breathing in the presence of movements using this
configuration. These results seemed to confirm the hypothesis that movement
artefacts were caused by the movement of the electrodes along with the skin to
different isopotential lines. it was also observed that the amplitude of impedance

changes during simulated obstructive apnoea was significantly lower than that
due to breathing.

Finally, impedance measurements were carried out at more than one frequency
of injected current to investigate whether it was possible to further reduce
movement artefacts using the 6-electrode strategic placement. It was observed
that movement artefacts were reduced by combining the symmetrical
measurements at all frequencies in the range of 9.6 kHz to 1.22 MHz. However,

this data did not provide any evidence that the residual movement artefacts could
be reduced with frequency.

7.5. General conclusions

The results of the studies carried out in this project indicate that the main source
of movement artefacts in impedance pneumography is the movement of
electrodes along with the skin. The rib cage and the internal organs seem to act
as a relatively rigid volume conductor. The surrounding tissues and the skin act
as an outer loose layer, which is able to slide freely over the surface of this
volume conductor. Thus, during movements, the electrodes move along with this
outer layer to coincide with different isopotential lines and hence, record different
voltage, which manifests as movement artefacts. The impedance measurements
appear to be very sensitive to such movements as the artefacts are large
compared to the impedance changes during breathing, even for the electrode

placement that maximises the sensitivity to lung resistivity changes. Thus, only
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maximising this sensitivity was not enough to achieve the aim of movement
artefact reduction. Instead, some technique had to be developed to achieve a

quantitative reduction in movement artefacts.

Taking into consideration the movement of electrodes as the main cause of
movement artefacts, it is shown in the project that it is possible to achieve a
significant reduction in movement artefacts using the 6-electrode strategic
placement. Thus, it can be said that it was possible to achieve the aim of this
project to a considerable extent. The significant reduction achieved in movement
artefacts also indicates that it would be advisable to implement this technique in

practice to develop reliable impedance based breathing monitors for clinical
applications.

7.6. Suggestions for future research

Recently, a study (Pauw, 1958) was noticed, which provides a theoretical basis
for the technique developed in this project. This theoretical study was aimed at
measuring resistivity of an arbitrary shaped 2d homogeneous volume conductor
having a uniform thickness. In this study two independent transfer impedance
measurements (Ru.cs and Ry.q) were made using 4 electrodes (a, b, ¢ and d),
placed on the boundary of the 2d conductor as shown in Figure 7.1. An equation
was stated, which established a relationship between the two transfer

impedances, the resistivity (p) and the thickness (d). This was given as,

o'~ Rab.cal/P) + U Rcadlp) _ 1 71

It can be seen from equation 7.1 that resistivity (p) in this equation is only
dependent on the thickness(d) and the two transfer impedances (Rav.ca @nd Ry 4)

Thus, it is independent of the location of electrodes. This, indicates that from the

two transfer impedance values and knowing the thickness of the sample, it would
be possible to obtain the value of resistivity.
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Figure 7.1 A 2d volume conductor with 4 electrodes

In the present project, it was shown that movement artefacts could be
significantly reduced by taking a mean of the two ‘symmetrical measurements’,
which were obtained in exactly the same way as suggested in this theoretical
study. Thus, this mean signal appears to be only a function of the resistivity of
the thoracic cavity. It was observed experimentally in this project that the main
cause of movement artefacts is movement of electrodes. Since the measured
quantity is proportional only to the resistivity, it would be independent of any
other factors such as movement of electrodes and hence, the observed
reduction. In addition, it would also be independent of shape and hence, the
mean signal would be free from movement artefacts caused by the shape

changes of the thoracic cavity as well.

However, it is important to note that the above theory has been shown to be valid
for a 2d conductor whereas the thorax is a 3d volume conductor. In this project it
has been shown that the movement artefacts can be reduced using this
technique in 3d as well, on a FEM mode! as well as in the experimental studies. [t
might be possible to derive an equation similar to equation 7.1, for a 3d volume
conductor. If so, then there may exist a better combination of the measured
transfer impedances, which would reduce movement artefacts even further than

achieved in this project.
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It is also important to note that the theoretical study described above has been
carried out for a homogeneous volume conductor whereas the thoracic cavity is a
nonhomogeneous volume conductor. In this context, the use of an appropriate
frequency of injected current becomes important. The resistivity of biological
tissues depends on the frequency of injected current. At very high frequencies
(approximately > 1 M Hz) the current penetrates through the cell membrane.
Thus, the measured resistivity starts to become independent of the tissue
structure at and beyond these frequencies. As a result, the thoracic cavity would

appear to be more homogeneous at high frequencies.

There may be one more advantage of using higher frequency of injected current.
It is known that the muscle tissues are anisotropic (Duck, 1990). They have a low
resistivity in the direction of the fibres while the resistivity across the fibres is
high. If we take into consideration the orientation of the muscles around the
thoracic cavity, then it can be seen that a larger fraction of injected current would
flow around the thoracic cavity through a low resistivity path provided by the
muscle fibres. Thus, a relatively smaller fraction of the injected current would
penetrate the deeper tissues of the thoracic cavity such as lungs. As a result, the
measured impedance would more sensitive to the impedance changes of the
surrounding muscle tissues than the deeper lung tissues. The impedance
changes of the surrounding muscle tissues can occur due to geometrical
changes during movements. However, the anisotropy of the muscle tissues is
also a function of frequency and is known to reduce with increase in frequency
(Epstein and Foster, 1983). Thus, more current would penetrate into the deeper
lung tissues at higher frequencies causing a decrease in the sensitivity of the
measured impedance to muscle tissues. Some residual movement artefacts
have been observed in the mean of the two symmetrical measurements. If these
artefacts are due to geometrical changes of the peripheral muscle tissues, then
they might reduce at higher frequencies. Some multi-frequency measurements
were carried out in the present project. However, no significant reduction in the
residual movement artefacts was obtained at higher frequencies compared to
lower frequencies. Thus, a more systematic study may be required to investigate

changes in movement artefacts with frequency. It is important to note that at
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higher frequencies improvement in the hardware performance will also be

required.

In addition, clinical studies can be carried out to find out whether it is possible to
obtain significant reduction in movement artefacts in neonates using the 6-
electrode strategic placement. If so, then it would lead to a more reliable

impedance based technique for monitoring apnoea.

In this context, it is important to note that in neonates, if the apnoea is
accompanied by bradycardia, then there is a possibility that the apnoea may go
undetected because the cardiac related impedance changes mimic the breathing
related changes (Southall, 1980). This happens because, firstly the breathing
rate is high in neonates, and hence an overlap may occur in the cardiac rate and
the breathing rate during bradycardia. Secondly, in order to maintain a constant
cardiac output at these lower heart rates, the stroke volume increases. As a
result, large changes in blood volume occur within the thoracic cavity causing the
amplitude of the cardiac artefacts to become comparable to that of observed
during shallow breathing. It would be possible to reduce this artefact by
simultaneously recording an ECG signal. This ECG signal can be used as a
reference input to an Adaptive Filter operating in an Adaptive Noise Canceller,
which then would be expected to cancel the cardiac artefacts in the main input
signal. Thus, a significant improvement in the reliability of impedance based
apnoea monitors can be obtained by achieving movement artefacts as well as

cardiac artefact reduction.

Another clinical application that may be considered is that of monitoring lung
water. The resistivity of the lung tissue reduces due to accumulation of fluids in
some clinical conditions such as heart failure. The theoretical study described
above suggests that the mean signal would be only a function of the resistivity of
the thoracic cavity. If it can be shown that this is also valid for a 3d volume
conductor, then it would be possible to measure the drop in resistivity of the
lungs due to lung water. Experimental studies will have to be carried out to

establish the ranges for the normal lungs and after fluid accumulation.
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The studies carried out in this project only involved subjects having a normal size
of the thoracic cavity. A study can be carried out to find out whether it is possible
to reduce movement artefacts in subjects having different levels of subcutaneous
fat on their thoracic cavity. A study can also be carried out to study whether the
proposed 6-electrode placement is able to reduce artefacts originating during
activities such as walking and jogging. If so, then it would be possible to use this
placement combined with suitable instrumentation for ambulatory monitoring

purposes.

The volume of inspired air was not measured in the present project. It would be
possible to establish a relationship between the volume of inspired air and the
impedance changes. This relationship normally depends on the size and shape
of the thoracic cavity and hence, changes from subject to subject. However, if we
assume that the 6-electrode strategic placement reduces the effect of shape and
the size, then the relationship may become independent of these factors. Further
improvement may be obtained by relating the fractional changes in impedance

(AZ/Z) rather than absolute changes (AZ).
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Can We Optimize Electrode Placement for
Impedance Pneumography?

N. KHAMBETE, P. METHERALL, B. BROWN, R. SMALLWOOD, AND R. HOSE

Department of Medical Physics and Clinical Engineering, University of Sheffield, Roval
Hallamshire Hospital, Sheffield S10 2JF, United Kingdom

ABSTRACT: In this paper, we discuss issues involved in defining an optimum
placement of four electrodes for impedance pneumography. We observed a general
trend where the change in impedance (AZ) decreased while the sensitivity (AZ/Z)
increased with distance between the drive and receive electrode pairs. However, the
theoretical study indicated that AZ/Z should decrease with distance. The scatter of
points in the plots indicated that sensitivity was influenced by factors other than
distance. The correlation coefficient between the theoretical and measured AZ/Z
was low, but significant. This suggested that the best electrode configuration can be
derived from the theoretical data. High AZ/Z was obtained when the drive and
receive electrode pairs were placed close to the lungs and in different horizontal
planes.

INTRODUCTION

Impedance pneumography is a technique of monitoring respiration by measuring
changes in the electrical impedance of the thoracic cavity. The impedance of the thoracic
cavity increases with an increase in Jung air volume during inspiration and decreases dur-
ing expiration. This measurement is achieved by injecting a high-frequency, low-ampli-
tude alternating curment into the body using a pair of surface electrodes and measuring the
resultant changes in voltage by the same or a different pair of electrodes placed at an
appropriate location. There exists a good correlation between the volume of inspired air
and the impedance of the thoracic cavity.’

The impedance of the thoracic cavity has two components. The base impedance (7)
depends upon the impedance of all the tissues within the cavity, while the time-varying
component of impedance (AZ) depends upon changes occurring due to breathing. The
impedance also changes due 10 the cardiac activity, but these changes are small compared
to those caused by breathing. The sensitivity of an electrode configuration to pulmonary
changes can be expressed as the ratio AZ/Z. This sensitivity is a function of electrode
placement for a given subject.>

In this paper, we have reported results of our work aimed at finding an optimum elec-
trode placement for impedance pneumography. We studied the relationship between AZ
and AZ/Z, and the distance between the drive and receive electrode pairs. Impedance data
were recorded from normal human subjects by placing 32 drive and 32 receive electrode
pairs around the thoracic cavity. We also studied this relationship theoretically using the
sensitivity method of Geselowitz.*
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METHODS

Experimental Studies

Impedance changes from the thoracic cavity were recorded during spontaneous tidal
breathing from eight normal human subjects with a mean age of 27.9 years (range, 22-56)
using the Sheffield Mark 3b data collection system.® The system consisted of 32 drive and
32 receive electrode pairs separated in 4 horizontal planes, with each plane having 16
equally spaced clectrodes forming 8 drive and 8 receive interleaved pairs. This arrange-
ment produced 1024 electrode configurations. The anatomical locations of the planes are
shown in FiGure 1. The current (2 mA peak-to-peak) was injected between one pair of
drive electrodes, and the voltage from all the 32 receive electrode pairs was recorded. This
was repeated for all the 32 drive pairs, resulting in a set of 1024 measurements. The sys-
tem was designed to inject current at 8 frequencies in the range of 9.6 kHz 10 1.22 MHz in
binary steps. We chose measurements at a single frequency (76.8 kHz) for our analysis.
The frame rate achieved by the system was 16.7 Hz. Volunteers were asked to relax in an
upright sitting position and to perform normal tidal breathing. The data were collected for
a duration of approximately 1 minute from each subject.

The data obtained from each electrode configuration were first low-pass filtered (But-
terworth filter of order 10, cutoff frequency of 0.8 Hz) to reduce noise and the impedance
changes occurring due to the cardiac activity. The mean impedance change with time for
breathing was obtained by taking the mean of all the 1024 measurements. This waveform
was processed using a peak detection algorithm to determine the frames corresponding to

Plane 2
Plane 1

xiphoid process

FIGURE 1I. Electrode placement in 4 planes. Sixtcen clectrodes were placed around the thorax in
cach plane.
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instants of maximum inspiration and expiration. The change in impedance (AZ) for each of
the 1024 measurements was calculated by subtracting the mean value of impedance for the
expiration frames from the mean value of impedance for the inspiration frames. The base
impedance (Z) was calculated as the mean impedance for the entire time duration. The
sensitivity was given by the ratio AZ/Z,

The distance between the midpoint of each drive and receive pair was calculated geo-
metrically. The thoracic cavity was assumed to have an elliptical cross section with a ratio
of major to minor axis of 1.7.° The vertical separation between the electrode planes was
assumed to be equal to half the minor axis.

Theoretical Studies

The purpose of our theoretical studies was to determine the same relationships using
the sensitivity method of Geselowitz.* A simplified model was developed for the thoracic
cavity, assuming it to be a homogeneous cylindrical volume conductor consisting of two
regions to represent the two lungs as shown in FIGURE 2. It was necessary to generate a sen-
sitivity matrix that could relate impedance changes occurring within these two regions to
the voltages recorded by the 32 receive electrodes when a unit current was injected
between each of the 32 drive pairs. The finite element modeling (FEM) technique was
used for this purpose.

The cylindrical model was meshed into 37,632 “brick™ elements, each having 8 nodes,
using Ansys software (Ansys Inc., version 5.3.). The node voltages were obtained by solv-
ing the finite element model for the 32 drive and 32 receive pairs. The elemental voltage

S—
s

Right lung

Y

Height
Left lung - 3.5 units

Lz .

lt— Diameter —]
2 units

FIGURE 2. Cylindrical volume conductor model for the thoracic cavity showing Jocation of the
lungs.
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gradient for the j-th element for a particular drive or receive electrode pair was calculated
from the node voltages using equation 1:

Vo = VN'V’." Q)]

where

V& = voltage gradient for the j-th element,
N = shape function of the brick element with 8 nodes,”
V,, = node voltages for n = 8 nodes of the j-th element.

The sensitivity coefficient corresponding to the j-th element and i-th drive-receive con-
figuration was given by the scalar product of the elemental voltage gradients VO, (drive
pair) and V¥, (receive pair) as shown in equation 24

S;=- j Vo, . V¥ .dv. @
Jj-th clement
The integration is over the volume of the j-th element.
The base impedance (Z) for the 1024 configurations was evaluated by premultiplying
the resistivity vector (¢) by the sensitivity matrix (S) as in equation 3:

Z=S-c Q)

The resistivity value of all the elements in ¢ was set to 1 for evaluating Z. The breathing-
related impedance changes were simulated by specifying a 10% change from the uniform
resistivity value of the elements belonging to the two lung regions. It was assumed that this
perturbation of 10% did not affect the isopotential surfaces, and the linearized sensitivity
matrix S could be used to generate a new set of 1024 boundary voltage measurements
(Z,9) using equation 3. Finally, the AZ and AZ/Z were given by

AZ=7-7,4 (C))
AZIZ = (L~ Zygu VL. ®)

The distance between the drive and receive clectrode pair was also calculated geometri-
cally from the electrode coordinates extracted from the FEM model. Thus, this calculation
was based on the circular cross section and not on the elliptical cross section, as in the case
of experimental data.

RESULTS

Measured Data

Ficures 3a and 3b plot AZ and AZ/Z versus distance for the measured data, respec-
tively. The solid line indicates the regression line of y-axis values on x-axis values. The
dashed line indicates the 95% confidence interval and the dash-dot line indicates the 95%
prediction interval. The AZ and AZ/Z values are the mean of the eight subjects and the dis-
tance is expressed as the fraction of the minor axis of the elfipse used to caiculate the dis-
tance. The piot of AZ versus distance, shown in FIGURE 3a, indicates a decreasing trend
with distance (slope = —0.157, p < 0.005). Figure 3b shows the plot of AZ/Z versus dis-
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FIGURE 3a. Plot of AZ versus distance for measured data.

tance and has an increasing trend (slope = 0.053, p < 0.005). The data sets were normal-

ized to their respective maximum values to make them comparable to the theoretical data.

Theoretical Data

FiGures 4a and 4b show similar plots for the theoretical data. The distance in this case
is expressed as the fraction of the cylinder radius. The relationship of AZ versus distance
shown in FiGURE 4a has a decreasing trend (slope = —0.146, p < 0.005) similar to that

1.0 x

0.5

——— Regression
----- 95% ClI
—-e 95%PI

distance as fraction of minor axis of ellipse

FIGURE 3b. Plot of AZ/Z versus distance for measured data. The 16 electrode configurations that
gave the highest th ical sensitivity are marked by open circles in the vicinity of distance 1.5.
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FIGURE 4a. Plot of AZ versus distance for theoretical data.

observed in the case of measured data. The plot of AZ/Z versus distance is shown in FIGURE
4b and has a decreasing trend (slope = -0.186, p < 0.005). This result is opposite to that
obtained for the measured data. The scale limits of this plot are adjusted to make it compa-
rable with the plot shown in FiGUre 3b. As a result, certain AZ/Z values for some electrode
combinations corresponding to distance values in the vicinity of 2 units are not seen on the
plot. These values were very high and negative and were due to very small magnitude and
negative values of Z for the particular electrode combinations.

1.0 8

-~ Regression
----- 95% CI
—-= 95%PI

T T T
05 15 25

distance as fraction of cylinder radius

FIGURE 4b. Plot of AZ/Z versus distance for theoretical data. The 16 electrode eonfigurations that
gave the highest sensitivity are marked by open circles. Each point has 8 overlapping points.
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DISCUSSION

The relationship between AZ and AZ/Z and the distance between the drive and receive
cIthrodc pair is statistically significant, but there is a large scatter of points in the plots.
This indicates that the sensitivity is influenced by factors other than distance.

The purpose of our study was to determine the electrode configurations with high sen-
sitivity. The correlation coefficient between the measured and theoretical values of AZ/IZ
was obtained in order to find out whether the two results were comparable. The value of
the correlation coefficient was low (r = 0.34), but significant (p < 0.005). We believe that
the low value of the correlation coeflicient was because a cylindrical cross section was
assumed for the FEM model, whereas the thoracic cavity is more elliptical in shape. This
also might be the reason for the opposite sign of gradients of the best-fit line describing the
relationship between AZ/Z and distance for measured and theoretical data, The signifi-
cance of the correlation coefficient suggested that it would be possible to find out the elec-
trode combination having high sensitivity by examining the theoretical data. The
theoretical data would also be independent of the variations in the shape of the thoracic
cavity of different subjects. We observed that there were 16 diffesent electrode configura-
tions that gave high sensitivity. These points are marked in FiGure 4b by an open circle.
Each of the two points has 8 overlapping points. The corresponding points for the mea-
sured data are marked also by an open circle and are seen in the vicinity of a distance value
of 1.5 in Figure 3b. These points also have sensitivity higher than the mean sensitivity.
Howcver_ these are not the points having the highest sensitivity. The points having the
highest sensitivity comrespond to electrode configurations separated by larger distances. At
these distances, the value of Z is very small in magnitude and is prone to measurement

errors due to a poor signal-to-noise ratio.® Hence, these highest sensitivity values are not
reliable.

FIGURE 5. Placement of the drive and receive electrode pairs having high sensitivity.
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The electrode placement for one of the 16 configurations having the highest theoretical
sensitivity is shown in FiGURE 5. The drive and receive electrode pairs for this configura-
tion were located close to one of the lungs. They were placed in two different horizontal
planes separated by a vertical distance equal to the radius of the cylinder and displaced by
an angle of 67.5°. The high sensitivity for this configuration is because the region of sensi-
tivity in three dimensions for the particular placement of the electrodes has maximum
overlap with the region occupied by the lung that is close to the electrodes. The remaining
high sensitivity combinations also had a similar placement with respect to the lung prox-
imity. This was due to the symmetry in the model.

CONCLUSIONS

In this paper, we have described our experimental and theoretical studies aimed at
defining an optimum placement of 4 electrodes for impedance pneumography. The sensi-
tivity of an electrode configuration depends not only on the distance between the drive and
receive electrode pair, but also on the anatomical location of the lungs with respect to
placement of the electrode. The maximum sensitivity was obtained when the drive and
receive electrode pairs were placed over the same lung, but in different horizontal planes.
High sensitivity was obtained in this case because the sensitivity region in three dimen-
sions had maximum overlap with the lung close to the electrodes. Movement artifacts also
contribute to the noise and their contribution will also depend on the placement of the
clectrodes. We are now planning to study the relationship between movement artifacts and
electrode placements. These studies will help us to identify the best electrode placement
for impedance pneumography.
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Abstract. In this paper, we have proposed a technique for reducing movement artefacts in
impedance pneumography by placing six electrodes at appropriate locations and suitably combining
the measurements obtained. The strategy for electrode placement was based on the observation that
the electrodes appearced to slide over the rib cage along with the skin, during movement. A volume
conductor model of the thoracic cavity was developed and movement artefacts were simulated
by shilting the electrodes o a different location on the surface. The impedance changes due to
movement in one of the measurements of a ‘symmetrical pair’ were 180° out of phase with respect
to those observed in the other measurement of that pair. However, the impedance changes due to
breathing were in phase in both these measurements. Thus, it was possible to reduce movement
artefacts by taking a mean of these measurements without affecting the breathing related changes.
The six electrodes could be configured into two such symmetrical pairs. The same observation was
made in cxperimental data recorded from human subjects. This indicated that movement artefacts
were caused by sliding of electrodes along with the skin and could be reduced by using the six-
clectrode configuration,

Keywords: movement artefacts, clectrode placement, impedance pneumography

1. Introduction

Impedance pncumography is a non-invasive technique for monitoring respiration and involves
measuring changes in the electrical impedance of the thoracic cavity. The resistivity of lung
tissue increases due to increase in air volume during inspiration and decreases due to decrease
in air volume during expiration. These changes in resistivity combined with diaphragm
movements and changes in chest circumfercnce affect the overall impedance of the thoracic
cavity during breathing (Baker ef al 1966). There exists a good correlation between the volume
of inspired air and impedance of the thoracic cavity (Baker er al 1965). These impedance
changes are measured by injecting a low-amplitude, high-frequency, constant current using a
pair of ‘drive’ electrodes and recording the resultant voltage changes either from the same pair
of electrodes as in a two-electrode (bi-polar) configuration or from a different pair of ‘receive’
clectrodes placed at an appropriate location as in a four-clectrode (tetra-polar) configuration
(Paccla 1966).

Impedance pneumography is well tolerated by patients because it does not involve placing
any device within the airway that may cause discomfort to the patient. Therefore, it is the
most widely used technique for the purpose of long-term monitoring and home monitoring

0967-3334/00/010079+10$30.00  © 2000 10P Publishing Ltd <79
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(AAMI 1989). An additional advantage of impedance pneumography is that the same
electrodes can be used for recording the ECG signal (Geddes er al 1962).

A major disadvantage of impedance pneumography is that the breathing related impedance
changes are masked by large artefacts due to movement of the patient. Under such
circumstances, it is impossible to extract any useful information from the impedance signal
such as respiration rate, or to detect absence of respiration.

Various techniques have been suggested in the literature for reducing movement artefacts.
The tetra-polar or guarded bi-polar electrode configuration with electrodes having large
effective area has been preferred to the bi-polar configuration (Sahakian et a/ 1985). The
tetra-polar configuration performs better because it is not affected by the artefacts originating
from the disturbances occurring to the electrode—skin interface during movement. Mayotte
et al (1994, 1996) have suggested that it is necessary to use electrodes having good stability,
strong adhesion, low face-to-face impedance, low transthoracic-plus-electrode impedance,
large effective area and large total area. The amplitude of movement artefacts also depends
on the electrode placement. The best ‘signal-to-artefact’ ratio for a bi-polar configuration
was obtained by Luo ef al (1992), by placing one electrode on the sternum at the level of the
second intercostal space and another electrode at the same horizontal level on the back. The
use of multi-frequency measurements for movement artefact rejection has been proposed by
Rosell et al (1995a,b). They reported that it was possible to extract an impedance signal
proportional only to the movement by processing the impedance signals recorded at two
different frequencies. This signal was used as a reference input to an adaptive noise canceller
for movement artefact rejection.

This study was aimed at finding an appropriate placement of electrodes for reducing
movement artefacts. A theoretical study was carried out by developing a volume conductor
model of the thoracic cavity and simulating movement artefacts by shifting the electrodes to a
different location. A six-electrode configuration was used in this study and the measurements
were suitably combined to reduce the movement artefacts. The impedance measurements were
also carried out on normal human subjects during breathing, breath hold and arm movements,
by using the same six-electrode configuration. The movement artefacts could be reduced by
combining the appropriate measurements in case of all the four subjects and for the four types
of arm movement.

2. Theoretical studies

2.1. Electrode placement strategy

While carrying out some preliminary experiments, it was observed that the electrodes seemed to
slide over the rib cage along with the skin during movement. The artefact signals were probably
due to the electrodes shifting to different iso-potential lines as a result of this sliding movement.
Therefore, it appeared that a simple four-electrode arrangement would be useful in reducing the
movement artefacts. Figure 1 shows a two-dimensional circular conductor with four equally
spaced electrodes 1, 2, 3 and 4. This arrangement will produce two independent measurements
A and B. The electrodes 1, 2 and 3 were assumed to be not affected by movement, and the
electrode 4 was assumed to be shifted to a new location (4'), due to movement. As a result
of this shift, measurement A would increase to a, but measurement B would decrease to b.
Thus, it would be possible to reduce movement artefacts by adding A and B, as they changed
in opposite directions. A pair of such measurements will be referred to as a ‘symmetrical pair’
in the rest of the paper. A volume conductor model of the thoracic cavity was developed using
finite element methods (FEMs) to obtain quantitative results.
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Figure 1. Two-dimensional conductor model with four equally spaced electrodes.
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Figure 2. Elliptical volume conductor model of the thoracic cavity with six electrodes.

2.2. Volume conductor model of thorax

A homogeneous volume conductor model of the thoracic cavity, having an elliptical cross-
section, was developed as shown in figure 2. The ratio of major axis (x) to minor axis (y) was
chosen to be 1.7 as suggested by Kiber (1991) and the height (h) of the modcl was chosen to
be 1.75 times the minor axis. The electrodes 2 and 4 were placed on the surface at the opposite
ends of the major axis and in the ‘central’ horizontal plane, located at half the total height of
the model. The electrodes 1 and 6 were placed at the opposite ends of the minor axis and in
a horizontal plane located at a distance equal to half the minor axis above the central plane.
The electrodes 3 and S were also placed at the opposite ends of the minor axis, but in a plane
located at a distance equal to half the minor axis below the central plane. The electrodes |1,
2, 3 and 4 were configured to produce a symmetrical pair of measurements A and B, and the
electrodes 6, 2, 5 and 4 were configured to produce a sccond symmetrical pair of measurements
D and E as shown in table 1. The mecasurement C could also be obtained using this elcctrode
placement.
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Table 1. Electrode configurations and measurements under investigation.

Measurement  Drive electrodes  Receive electrodes

A 1-2 3-4
B 2-3 4-1
C I-6 3-5
D 6-2 5-4
E 2-5 4-6

The movement artefacts were simulated by assuming that electrode 4 moved in three di-
rections, vertical, horizontal and oblique, indicated in figure 2 as p, ¢ and r, respectively. All
the other electrodes were assumed to be not affected by movement. The volume conductor
was meshed into 33 600, eight-node ‘brick’ elements using commercial software Ansys (Ansys
Inc., USA, version 5.3). The solution in the form of nodal voltages was obtained by solving
the FEM equations for each drive configuration so that measurements A to E could be derived.

2.3. Results of the theoretical study

The plot of voltage versus distance traversed by electrode 4 in each of the three directions is
shown in figure 3. It was observed that in the case of movement occurring in each of the three
directions, artefacts could be reduced by taking the mean of the measurements belonging to
each symmetrical pair. In case of the movement occurring in direction r, artefacts could be
further reduced by taking a mean of all the four measurements.

The impedance changes in measurements A and D due to movement in direction p were
equal in magnitude and phase, and those due to movement in direction ¢, were equal in
magnitude but opposite in phase. This was due to symmetry in the electrode placement with
respect to model geometry and the two directions of movement. This was also observed for
measurements B and E. Therefore, the plots of these measurements overlap in figure 3(a)
and figure 3(b). The results of this theoretical study indicated that it was possible to reduce
movement artefacts by using the six-electrode configuration.

3. Experimental studies

3.1. Data collection system

The hardware set-up of the data collection system is shown in figure 4. The Sheffield mark
2 real-time electrical impedance tomography (REIT) system was used to collect impedance
data during breathing, breath hold and movements (Smith ez a/ 1995), and a thermistor based
breath detection circuit was developed to record an artefact free breathing signal.

In this study, a six-electrode adjacent measurement system would have been suitable.
However, the available 16-electrode system could be used by placing the extra electrodes,
equally spaced, between each pair of electrodes under investigation. The required six-electrode
measurements were derived by appropriately combining the 16-electrode measurements on the
basis of superposition. The REIT system recorded one frame of data by injecting current of
5 mA peak to peak at 20 kHz between each pair of adjacent electrodes and measuring voltage
from all the remaining pairs of adjacent electrodes. The data were captured at a frame rate of
25 frames s~ and stored to the hard disk of a PC denoted as DAS].

The thermistor, used to record an artefact free breathing signal, was attached to a face mask
worn by the subjects during data collection. The resistance value of the thermistor changed
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Figure 3. (a) Plot of measurements A, B, D and E for movement in direction ‘p’. Note that the
measurements A and D, and B and E are identical. (b) Plot of measurements A, B, D and E for
movement in direction ‘q’. Note that the measurements A and E, and B and D are identical. (c)
Plot of measurements A, B, D and E for movement in direction ‘r’. Note the reduction in artefact
achieved by taking the mean of all the four signals.
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Figure 4. Hardware set-up ol the data collection system.
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Figure 5. Placement of electrodes on human subjects. The six electrodes indicated by the circles
are the clectrodes under investigation.

as it was heated and cooled by the expired and inspired air, respectively. This change in
resistance was converted to a voltage signal and was connected as an input to the first channel
of a second PC based data acquisition system (DAS2). The sampling rate of DAS2 was also
set 1o 25 samples s ', equal to that of DAST. However, it was necessary (o synchronize the
two systems in time. Therefore, a monostable multivibrator circuit was developed to generate
a TTL compatible pulse of 1 s duration. The circuit could be triggered by pressing a switch
manually. This TTL signal was connected to the ‘event marker” input of the REIT system and
to a second channel of DAS2. The REIT system had a built-in arrangement to mark the frames
corresponding to the rising edge of the pulse. Thus, the two systems could be synchronized in
time by shifting the data vectors such that the frames corresponding (o the rising edge of the
pulse were aligned. The same pulse was also used to generate an audio signal for instructing
the subjects to carry out a changeover from tidal breathing to breath hold and (o start the
movement manocuvre.

3.2. Electrode placement on human subjects

The six electrodes under investigation were placed relative to the anatomical landmarks to
minimize the inter-subject variability, and are marked by circles in figure 5. The electrodes 5
and | were attached anteriorally, one over the xiphoid process and the other over the sternum
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at the level of the first rib, respectively. The electrodes 3 and 6 were attached in the same two
horizontal planes, but on the back over the spinal column. These four electrodes were those
assumed to be not affected by movement in the theoretical studies. They seemed to be least
affected by arm movements because they were placed directly over the bones, which formed
the rigid structure of the rib cage, and were also located at the farthest possible points from both
the arms. These positions were also similar to the best electrode locations suggested by Luo
et al (1992) as reported in the introduction. Finally, electrodes 2 and 4 were attached at the level
of the axilla, over the Latissimus dorsi muscle on the left and the right side, respectively. These
two electrodes were expected to be affected by the movement. The placement of remaining
electrodes was not very critical and they were placed at the locations marked by crosses in
figure 5. The two ground electrodes, marked as ‘S’ and ‘D’, were placed on the abdomen.
Thus, it was possible to record measurements A to E, as given in table 1, using this electrode
placement. The Adult Foam 1501-025 electrodes (Conmed Corporation, USA) were used in
the study because they seemed to adhere very well to the skin and did not come loose due to
movements used to cause artefacts.

3.3. Experimental protocol and movement manoeuvres

The tidal breathing and movement artefact data were recorded from four normal human subjects
having a mean age of 27 years (range 24-29), in an upright sitting position. The subjects were
asked to perform four different arm movement manocuvres; right arm moving up and down,
left arm moving up and down, both arms moving up and down alternately, and both arms
moving up and down together. The data collection in each case was carricd out for a duration
of 120 s. During the first 60 s, subjects were asked not to perform any movement and carry
out tidal breathing (TB) for 20 s, followed by breath hold after maximum inspiration (BH) for
20 s and again tidal breathing for 20 s. The same sequence of breathing activity was repeated
in the remaining 60 s, but a movement manocuvre was performed simultancously. The arm
movements were not necessarily synchronized in time with the breathing activity.

4. Results

The impedance changes observed in the individual measurcments A and B for onc subject
and right arm movement manocuvre are ploticd with respect to time in figure 6(a). The
thermistor signal shows the breathing activity not affected by movement as expected. The
periodic impedance changes obscrved during the epochs 1 and 3 were due to tidal breathing
and a steady base line, observed during the epoch 2, was due to breath hold. The impedance
also changed due to cardiac activity, but the amplitude was relatively small. These changes,
occurring at a higher cardiac frequency, are seen superimposed over the breathing related
impedance changes. It was observed that the impedance changes due to movement artefacts
were large and scemed to completely mask the breathing related changes during epochs 4
and 6. The stcady base line, indicating breath hold, was also replaced by large artefacts during
epoch 5. This indicated that it was not possible to extract any breathing related information
from the individual measurcments when the movement was present.,

The purpose of our experimental study was to find out whether the impedance changes
due to movement, in one of the measurements belonging to a symmetrical pair, were 180° out
of phase with respect to those observed in the other measurcment of that pair, as predicted by
the theoretical study. This was indced observed in the case of measurements A and B and
is seen during epoch 5, when the subjects carried out movement when holding their breath.
Similar observations were made in the case of measurements D and E. Thus, it was possible
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Figure 6. (a) Plot of individual measurements A and B, and the thermistor signal with time, during
subject AK. Note that the movement artefacts are 1807 out of phase during
epoch 5. (b) Plot of the mean values of the symmetrical pairs; P = (A+ B)/2and Q = (C+D)/2,
ent for subject AK. Note the reduction in movement artefacts during cpoch
5. (c) Plot of the processed signal § = (P + Q + C)/4, during right arm movement for subject AK.
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right arm movement for
during right arm movem

High correlation is seen
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to reduce the movement artefacts by taking the mean of A and B (P) and of D and E (Q),
without affecting the breathing related changes as shown in figure 6(b). This was the first step
in reducing the movement artefacts.

It was also observed that the movement artefacts in P were 1807 out of phase with respect
to those in Q in the case of some subjects as in figure 6(b), but were in phase in case of the
remaining subjects. However, in the latter cases, the movement artefacts in P and Q were
180° out of phase with respect to those in measurement C. In general, it was observed that
the artefacts could be reduced by summing P, Q and C in all the subjects. The plot of the
processed signal (S) is shown in figure 6(c). It can be seen that, even in the presence of
movement during epochs 4 and 6, the instants of maximum inspiration and expiration coincide
in time with those observed in the thermistor signal. The absence of breathing can also be
identified during epoch 5.

The sum of P, Q and C was divided by an empirical factor equal to 4 so that the
amplitude of the breathing signal in S would be in the same range as that observed in the
individual measurements. This allowed a direct comparison to be made between the amplitude
of movement artefacts, before and after processing the signals. It may be noted that the choice
of value of 4 was only for the sake of comparing the results of the study and has no significance
as far as any clinical application of the technique is concerned.

Right Arm Movement Left Arm Movement
3 3
ot =
S D
Before : o Q
Processing £ b E Ukl Ra Pl R
AK AW SW NK AK AW SW NK
After Alternate Arm Movement Both Arms Movement
Processing

Impedance
Impedance

Al L [ ]

o4 -
AK AW SW NK

Figure 7. Peak-to-peak amplitude of the movement artefacts before and after processing for the
four subjects and four arm movement manocuvres.

The results are summarized in figure 7. The amplitude of movement artefacts indicated as
‘before processing’ was calculated by taking a mean of the peak-to-peak values of impedance
changes due to movement during breath hold (epoch 5) in all the five measurements A to E.
The amplitude of movement artefacts, indicated as ‘after processing’, is equal to the mean of
peak-to-peak values of impedance changes in measurement S during the same epoch.

5. Conclusion

The aim of this study was to find an electrode placement for impedance pneumography that
would have minimum movement artefact. The theoretical study suggested that movement
artefacts could be reduced by using a six-electrode configuration and by adding the
measurements obtained from the ‘symmetrical pairs’ of electrodes. The experimental results
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agreed with theoretical results and the movement artefacts could be reduced in all the four
subjects and for the four types of arm movement. The variations between subjects seemed
to be due to the variations in shape and size of the thoracic cavity, and due to small errors in
placing the electrodes relative to the anatomical landmarks.

This study indicated that arm movements caused the electrodes to slide along with the skin
overtherib cage. This resulted in a relative movement between the drive and receive electrodes.
Therefore, the receive electrodes moved to different iso-potential lines and recorded different
voltages, manifested as artefacts in the recorded signal.
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