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Abstract

Background: Electrical impedance tomography (EIT) produces lung ven-
tilation images via a thoracic electrode belt. Robust electrode design and
material, providing low electrode skin contact impedance (SCI), is needed in
veterinary medicine. The aim of this study was to compare three EIT electrode
designs and materials.

Methods: Simulations of cylindrical, rectangular and spiked electrode designs
were used to evaluate electrode SCI as a function of electrode size, where
skin contact was uneven. Gold-plated washers (Egyy), zinc-plated rivets (Ezg)
and zinc-galvanised spikes (Ezs) were assigned randomly on two intercon-
nected EIT belts. Gel was applied to the cranial or caudal belt and placed on
17 standing cattle. SCI was recorded at baseline and 3, 5, 7, 9 and 11 minutes
later.

Results: Simulations that involved electrodes with a greater skin contact area
had lower and more uniform SCI. In cattle, SCI decreased with all electrodes
over time (p < 0.01). Without gel, no difference was found between Egy and
Ezs, while SCI was higher for E;g (p < 0.03). With gel, SCI was lower in Egy
and Ezg (p < 0.026), with the SCI in Egyy being the lowest (p < 0.01).
Limitations: Low numbers of animals and static electrode position may affect
SCIL.

Conclusions: Electrode design is important for EIT measurement, with larger
electrode designs able to compensate for the use of less conductive materials.
Gel is not necessary to achieve acceptable SCI in large animals.

KEYWORDS
cattle, electrical impedance tomography, electrode design, electrode size, skin contact
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changes in horses with left-sided volume overload,
and there is potential for expansion of thoracic EIT to

Electrical impedance tomography (EIT) provides a
new, non-invasive, radiation-free thoracic imaging
modality in animals. An imperceivable alternating
electrical current is used to generate dynamic lung
images via measurement of impedance change by
placing an electrode belt around the thorax.'™
Clinically, EIT can be used as a continuous func-
tional cardiopulmonary monitoring tool to assess ven-
tilation distribution and heart rate in conscious and
anaesthetised large animal patients.”" More recently,
EIT has been used to evaluate equine asthma and lung

illustrate lung pathology in cattle.'*!!

Skin contact impedance (SCI) is the resistance to
this current derived from a complex relationship
between the electrode and skin surface and is affected
by variations in ion potentials, levels of perspiration
and presence or absence of gel.'*"1*

Current for EIT image reconstruction is injected into
the skin, and this is achieved in a ‘skip’ of four pat-
terns. To measure the SCI, voltages from both the
driven pairs of electrodes are needed to estimate the
SCI. For example, if we wish to gain the SCI for any
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given electrode, such as electrode 15, this is stimu-
lated in electrode pairs 10<>15 and 15<20, and we can
measure voltages from both pairings to make an esti-
mation of SCI. By using this method for all electrodes,
we can estimate the SCI of each individual electrode.

While there are no specific body boundaries in
reconstruction of EIT images, to maximise the sen-
sitivity of the measurement, it has been suggested
that minimal SCI should be achieved.!® In vivo, this is
unachievable due to movement changing the confor-
mational boundaries by altering the direction of the
vector of current relative to the imaged area, result-
ing in anomalies.'® Using a current frequency of 50
kHz, it has been possible to reconstruct images with
an SCI of 2000 Q'%1%17; however, the preferred SCI in
humans is 100-200 Q, and an upper limit of 700 Q has
been defined in neonates.'>!%18 The SCI has not been
defined in animals and is likely much higher due to dif-
fering properties of the haired skin.'? It is considered
preferable to reduce SCI to minimise the artefact and
distortion of images.'*'?

Electrode size is an important parameter to ensure
low SCI. Narrower electrodes have been shown to
improve image resolution for changes that are occur-
ring near the body surface close to the electrode,?’
but at depth, such as in the lung, this result cannot
be applied. Several mathematical papers have stud-
ied electrode models, but do not look at skin contact
quality in vivo in detail.'??!-%3

If the electrode has to fit on a curved uneven surface
such as a thorax, a larger electrode area will have a bet-
ter chance of having some regions with good contact.
Furthermore, for a given electrode displacement, a
larger electrode area will have less relative movement,
which means a larger area is still in contact with the
skin. However, a smaller electrode area may be more
likely to sit flush and not angled on an uneven skin
surface. A spiked design is able to penetrate through
the hair and provide a good level of contact under the
point of the spike. With multiple spikes on a base mak-
ing up a single electrode, this might increase surface
area, which may provide better overall skin contact.
Understanding the size and surface area suitable for an
electrode is central for design. This is important when
designing electrodes for use in animals with a curved,
uneven and haired skin surface.

Electrode design in humans varies between single-
use gel electrodes (Goe-MF II, Vyaire, Hochberg,
Germany), single-use textile electrode belts (Sen-
tec, Landquart, Switzerland) and reusable small
rubber electrodes (PulmoVista 500 Dréger, Liibeck,
Germany).'®2425 These designs of small, individual,
single-use gel and fabric electrodes are unsuitable for
densely haired animals or for use in field settings.

Material is another principal component when con-
structing a cost-efficient reusable EIT electrode for
use in large animals. Gold has proved to be useful in
medical and electronic equipment and should exhibit
the lowest resistivity to current.”>? It is highly con-
ductive, chemically stable, non-corrosive and used
as an electrode material to perform EIT measure-
ments in large animals.?>?® Furthemore, gold has been
shown to reduce SCI compared with stainless-steel

composites.”®?° However, gold is approximately six
and 13 times more expensive than zinc-plated rivets
and zinc-galvanised spikes, respectively. Alternative
electrode material may improve cost efficiency while
still providing adequate SCI for image reconstruction.

Water alone, applied to the skin’s surface to reduce
SCI, has been used for EIT in the field in large
animals; however, the application of low-conductive
ultrasound gel has been shown to further reduce elec-
trode SCI for ECG measurements in cattle.?”3! The
addition of gel for EIT measurements might be espe-
cially important in haired animals, but it increases the
cost of the procedure.

The points raised above highlight the necessity of
finding a robust, reusable and cost-effective electrode
material with a design that is capable of provid-
ing adequately low SCI through haired skin in large
animals.

This study aimed to compare electrode size and
design in a mathematical simulation followed by an
experimental animal study based on the simulation
results using cattle as a large animal model. Fur-
thermore, we aimed to measure the effect of gel
application on SCI.

MATERIALS AND METHODS
Part A: Simulations

Before the experimental animal study, the electrode
size was addressed via simulations of three elec-
trode types: cylindrical, rectangular and spiked. Sim-
ulations were performed in Electrical Impedance
Tomography and Diffuse Optical Tomography Recon-
struction Software (EIDORS)*’ and Netgen.*® Finite
element models of an electrode-skin interface were
created for theoretical electrode designs (Figure 1).
The skin-surface properties were varied to repre-
sent the non-homogeneous properties of the skin,
with fatty (non-conductive) regions traversed by more

FIGURE 1 Finite element models of electrode configurations.
(a) (1) Cylindrical, (2) rectangular and (3) spiked conductive
electrodes (red) connected to a semi-spherical body model. The
body’s outer layer is patterned into a mix of non-conductive (blue)
and more conductive (white) regions simulating differing skin
contact quality. (b) Equipotential lines showing voltage distribution
underneath (1) cylindrical, (2) rectangular and (3) spiked
electrodes. Note the variations in equipotential due to the
non-conductive skin regions (blue)
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FIGURE 2

Schematic of the cranial and caudal belt layouts illustrating electrode number and position. Left and right have been

identified to correspond to positioning on the animal. The electrode number and type have been shown as gold-plated washer (Egy) (black),
zinc-galvanised steel spike (Ezg) (white) and zinc-plated rivet (Ezg) (grey)

conductive areas such as sweat and other pores. No
anatomical model of the variability was available, but
instead a representative grid of spatial variation in skin
properties on a curved surface was created to repre-
sent the thorax (Figure 1). The current propagation
underneath the three types of electrodes was shown
via equipotential lines to illustrate areas of skin con-
tact (Figure 1). Four different surface areas (0.10, 0.15,
0.20 and 0.25 cm?) were created for the three differ-
ent electrode types, and the SCI was assessed at each
surface area.

Part B: Experimental animal study
Electrodes

Three electrode designs (a round flat washer [dg ym X
D3 1, arectangular spiked panel [Hz7 jm X Wa3 mm X
Dygmm] and a raised round rivet [digmm X Dimml)
and three materials (gold plating, galvanised zinc and
plated zinc) were selected based on the materials
available for testing (Figures 2 and 3). The gold-plated
washers were acquired from Gold-Parts (Oldendorf,
Germany) and represent the theoretically best design
and material based on the mathematical simulations.
The zinc electrodes were selected from commercially
available, inexpensive, robust materials (Bunnings,
Australia). The gold-plated washers (Egy) (n = 10),
zinc-galvanised spikes (Ezs) (n = 10) and zinc-plated
rivets (Ezgr) (n = 12) were randomly assigned to one of
32 positions on one of two interconnected electrode
belts using a random number generator (random-
izer.org) (Figure 2). These two electrode belts were
subsequently connected to a cable belt containing
wiring linked to the EIT hardware, resulting in a cra-
nial (Egw [n = 4], Ezs [n = 5], Ezg [n = 7]) and caudal

FIGURE 3 Example of the electrical impedance tomography
(EIT) belt in use and the individual electrode types used in the
study. (a) Two interconnected EIT belts in situ: (1) belt on standing
cow within a crush, and (2) close-up of two belts with spacer in
place. (b) Individual electrodes mounted to a grey plastic bracket
for stability: (1) gold-plated washer (Egw) (dag mm X D3 mm), (2)
zinc-galvanised steel spike (Ezs) (H37 mm X W33 mm X Digmm) and
(3) zinc-plated rivet (Ezg) (d16 mm X Dsmm)

(Egw [n = 6], Ez [n = 5], Ezg [n = 5]) EIT belt with 16
electrodes on each (Figures 2 and 3).

Animals

Seventeen female adult mixed-breed cattle with a
mean age of 5.4 years (SD +1), weighing 655 kg (SD
+97.2) and with a mean body condition of 4 (SD +0.66)
(thin—obese: 1-5), were assigned to participate in the
study. A power calculation, using a significance of 0.05
and 95% confidence limits, suggested a minimum of
12 cows. Before the study, the cows were on pasture
with the rest of the herd before being brought to the
cattle yard. Each cow was restrained in a standing
position within a crush. The thorax of each cow was
hosed down with water before belt placement.
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Instrumentation and data collection

Cow temperament score (1—quiet [standing quietly in
the crush] to 4—agitated [kicking and constant move-
ment]) was recorded prior to belt placement. If any
cow reached a score of 4 at any point during the study;,
data collection was terminated, the equipment was
removed and the cow was returned to the herd.

The belt was prepared by connecting the electrode
belt to the cable belt via the clip fastenings, and low-
conductive ultrasound gel (Aquasonic, Fairfield, CT,
USA) was applied randomly to either the cranial or
caudal belt (randomizer.org). The belt was then placed
on the cow.

First, the cranial belt was placed vertically at the
level of the fifth to sixth intercostal space, and then
the caudal belt 40 cm caudally at the level of the ninth
to tenth intercostal space. Both the belts were passed
over the cow and then fastened at the dorsal aspect.
The belt was then connected to an EIT device (Sentec),
which was connected to a laptop for data recording.

Individual electrode SCI and electrode failure were
measured directly after the belt was placed and con-
nected to the EIT device, at baseline (TBL) and 3, 5,
7,9 and 11 minutes later (T3-T11). Electrode failure
was identified where there was a visibly detached elec-
trode or where a loss of signal was detected (indicated
by a red icon on the individual electrode in the STEM
software [Sentec]).

During each timepoint, electrode SCI measure-
ments (in Q) of each electrode were recorded using
STEM software.

After the final measurement, the belts were
removed, the skin was examined for damage and
any damage was recorded. Skin damage was mea-
sured using a four-point scale, where 0 indicated no
marks where the belt was placed, no skin redness and
cow compliant with touch, and 3 indicated marks eas-
ily visible where the belt was placed, some damage to
the skin and moderate to severe reaction to touch. The
cow was then released from the crush and returned to
the herd.

Data analysis

The SCI measurements from the STEM software were
entered retrospectively, along with the electrode fail-
ures, into an excel spreadsheet (Microsoft, USA) for
further analysis.

Statistical analysis

Statistical analysis was performed using SPSS (IBM
SPSS Statistics, Version 27, NY, USA). Results are given
as mean =+ standard deviation (SD). Statistical signif-
icance was set at p < 0.05. Descriptive interpretation
has been provided from the EIDORS output for the
simulations.

All statistics were calculated from the means of
the three electrode types on each belt in each cow
over time except for the simulations. Data from

the animal study were assessed for normality using
a Kolmogorov—-Smirnov test. One-way ANOVA of
repeated measures was performed on the averaged
SCI measurements, and Tukey’s honestly significant
difference test was used for multivariant analysis
between electrode types at each timepoint. No gel
versus gel was assessed with a paired 7-test at each
timepoint. Measurements of failing electrodes were
excluded and evaluated separately for reasons of
failure.

RESULTS
Simulations

Simulations calculated electrode-to-body SCI through
the electrode as a function of electrode size (Figure 1).
These simulations revealed that larger electrodes had
lower and more uniform SCI for each area (Figure 4).
An area of 0.10 cm? had a high SCI for all electrode
designs, this increased as the contact surface, repre-
sented by the (0,,.¢/0min) ratio, became more uneven
(Figure 4). An area of 0.25 cm? exhibited the lowest SCI
for all electrode designs, with less influence on SCI as
the contact surface became more uneven. The spiked
design had the highest SCI at all areas and was exacer-
bated where the area was small (ie, 0.1 and 0.15 cm?)
(Figure 4).

Experimental animal study

Mean temperament score was 1.25 + 0.43 and was
consistent across all cows. No damage to the skin was
noted after removal of the belt in any location or cow.

A total of 3264 from 3357 electrode SCI recordings
were included in the statistical analysis. The remain-
ing 93 recordings were electrode failures, which were
removed from the statistical analysis and analysed
separately.

Results are given as mean and SD for over-
all SCI measurements: Egy 285.92 + 48.07 Q, Eyg
319.48 + 83.80 Q and Eyg 392.21 + 27.40 Q (Table 1).
Electrode SCI in all three electrodes decreased over
time with and without gel (p < 0.01).

Without gel, no significant difference in electrode
SCI was seen overall (Table 1). The SCI in Ezz was
significantly higher at T3, T4, T5 and T6 and T2, T3,
T4, T5 and T6 compared to Egw and Eys, respectively
(Figure 5).

With the addition of gel, SCI was significantly lower
in the Egw (p < 0.017) and Ezg (p < 0.026) electrode
designs at all timepoints compared with no gel. This
difference was not seen with the Eq electrode design.
The SCI was significantly lower in Egy at T4, T5 and T6
when compared to Ezg (Figure 5). No differences were
observed between Egy and Eyg or between Ezg and Eyg
(Table 1).

Failing electrodes were registered (n = 93). These
electrodes were all located at the level of the lower
third of the thorax on the caudal aspect of the belt (cra-
nial belt electrodes 8, 24, 29; caudal belt electrodes 3,
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and describes the variability of conductivity of the skin. Four different electrode areas (0.10, 0.15, 0.2 and 0.25 cm?) are shown for each
electrode type, corresponding to the various lines showing variability in electrode-to-body contact impedance as area increases

TABLE 1

Mean and standard deviation (SD) of skin contact impedance, measured in ohm (Q), for three electrode types: gold-plated

washer (Egw), zinc-galvanised steel spike (Ezg) and zinc-plated rivet (Ezg)

Skin contact impedence (mean + SD) (Q)

Electrode type Overall

Without gel With gel

285.92 + 48.07
319.48 + 83.80
392.21 +27.40

Gold-plated washer (Egy)
Zinc-galvanised steel spike (Ezg)

Zinc-plated rivet (Ezg)

335.44 +130.17
325.96 + 89.46
453.03 + 138.57

231.06 + 120.02
310 + 143.32
334.17 + 109.25

7, 10) (Figure 2). Failure was directly associated with
mechanical impact on the electrodes in these loca-
tions (crush bars detaching the EIT cable from the
actual electrode) and was therefore not statistically
analysed for design.

DISCUSSION

Our study shows that electrode size, design and mate-
rial are important for EIT measurements in large
animals. Electrodes with a larger surface area of 0.2—
0.25 cm? are more suitable for an uneven skin surface.
A round washer or rectangular spiked design, using
gold plating or zinc-galvanised materials, achieves the
SCI needed for EIT measurements.

In our study, simulations revealed that electrodes
with a larger surface area have lower and more uni-
form SCI (Figures 1 and 3). The spiked design in the
simulation had the largest surface area; however, the
points of body contact were fewer. This caused an
increased bending of electrical potentials and volt-
age distribution around non-conductive body regions
(Figure 1). This resulted in a marginally higher SCI

than either the cylindrical or the rectangular design at
all surface areas, yet was comparable to a flat electrode
at larger surface areas, with the added benefit of being
able to penetrate haired skin (Figure 3). Therefore, if a
spiked design is to be used, an electrode base area or
increased number of spikes will be required to provide
suitable SCI. Our subsequent designs from these simu-
lations had the surface area of the spiked design larger
than the surface area of the round washer and raised
round rivet. The resulting experimental data showed
that spikes overcame the surface area issue, maybe by
having contact not only with the tip of spike but also
other parts of the spikes or even the electrode base
area penetrating through hair.

We decided on a smaller round rivet and a larger
gold-plated washer to evaluate if a small area may
combat the uneven surface of the thorax when sitting
flush on the skin. We had to reject our assumption
that the tight-sitting design of a smaller electrode may
compensate for its reduced surface area, as smaller
round rivet electrodes had higher SCI and therefore
were less suitable for large animal EIT. This was con-
firmed in our simulation, as when the electrode area
was less than 0.2 cm? the resulting SCI was higher.
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FIGURE 5 Line graphs of skin contact impedance (SCI) at all timepoints (n = 17 cows in standing position). Graph (a) represents the

mean SCI over time for three electrodes: gold-plated washer (Egy), zinc-galvanised steel spike (Eyzs) and zinc-plated rivet (Ezg) without gel.
*p < 0.05 for differences between Egy and Ezg; *p < 0.05 differences between Ezg and Eyg. Graph (b) represents the mean SCI over time for
Eys, Egw and Ezg with gel. * p < 0.05 for differences between Egy and Ezg

Robust electrode design is crucial for further
research in veterinary EIT.®> Limited work exploring
electrode design in the context of human medicine
exists, but no such work has previously been per-
formed in a veterinary context.'® In this study, the
design of the electrodes was based on our mathe-
matical simulations and on previous EIT electrode
designs reported for use in animals. Earlier work
has used washers or other flat electrodes in dogs,**
pigs,®® horses® and cows.’® In our study, the spiked
design showed SCI similar to the flat washer; there-

fore, it could be a suitable future design for EIT in
animals.

Gold proved to have the lowest SCI; however, gold is
the most expensive material. In veterinary medicine,
a cheaper alternative would be more desirable. We
decided to choose zinc for our study due to its avail-
ability, cost efficiency, durability to corrosion and
ability to conduct electricity.?”*"39 Zinc galvanising
and zinc plating are two methods of covering steel
with zinc, with plating resulting in a thinner zinc coat-
ing than galvanising.”’ In our study, gold plating
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provided minimal SCI due to its electrical
conductivity,®” but zinc-galvanised steel had a compa-
rable SCI with a spike design, meaning that electrode
design can compensate for the lower conductivity of
the material.

Using two interconnected electrode belts with an
equal number of electrodes allowed the comparison
of gel and no gel for the same breath in each cow. To
compensate for the difference in anatomical features
between the cranial and caudal belts, the usage of gel
was randomised to either belt on each cow. Our results
agree with the literature for other medical uses of gel,
which show that contact quality is improved with the
addition of gel.3"*!*! The reduction in SCI was signif-
icant in both Egw and Ezg, with the gel reducing the
signal loss from skin to the electrode via a reduction
in the air pocket between electrode and skin. This was
not seen in the spiked design as the gel may have been
unable to reduce the air pockets between the spikes
and the skin as the point of contact for each spike is
small, therefore not improving the skin-to-electrode
contact. The use of a low-conductivity water-based gel
reduces the corrosion of the electrodes, increases the
electrical impedance from the electrode to skin and is
less likely to cause skin irritation, seen in some human
patients.*>*3 However, gel increases the cost of use,
measurement time and application risk, which can
be higher in large animals. Therefore, we questioned
whether gel is necessary in addition to wetting the
skin with water. Our results suggest wetting of the skin
alone is sufficient for practical image reconstruction
for EIT; however, the addition of gel does significantly
reduce SCI where there is a flat electrode surface in the
Egw and Ezg electrodes. This will lead to an increase
in EIT image reconstruction quality, which means that
variables of ventilation distribution measured via EIT,
such as regional ventilation delay, dependent/non-
dependent silent spaces and centre of ventilation, can
be reconstructed more accurately.'®4*

Limitations arose with electrode position on the
body of the cow. Electrode position did not change
between measurements, belt or subject as the same
electrode belts were used throughout the study period.
This resulted in the same electrodes consistently dis-
connecting from the skin due to anatomical features
or collision with the crush. This contributed to the dis-
connection between the electrode and cable resulting
in electrode failures. As these are mechanical issues
rather than material and design features, failures were
removed from the analysis.

Skin damage might be a concern with the use of
EIT,* especially when ‘aggressive’ electrode designs
such as spikes are used. Additionally, flat washers may
be less likely to cause skin damage than a spike when
a large animal is recumbent under anaesthesia. In
the current study, we did not observe any skin dam-
age with either design, as we assessed only cows in
a standing position. The authors speculate that, in
recumbency, the weight of the large animal on the
spike may lead to some degree of skin damage and
would need to be explored in future studies.

In conclusion, improved design and less adequate
material or less favourable design and more suit-

able material are appropriate for EIT measurements
in standing large animal. Gel provides reduced skin
resistance in all electrodes irrespective of design or
material; however, image reconstruction is still pos-
sible without gel. Our results will aid in belt design
and clinical application for functional EIT usage in
animals.
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