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Abstract:

Background: Gastric motility is governed in part by bioelectrical ‘slow waves’, and high-
resolution electrical mapping has emerged as a clinical research tool with diagnostic potential.
In this study, we aimed to determine the effects of electrode diameter and contact material
on in-vivo extracellular slow wave recordings to inform gastric mapping device design.
Methods: Custom flexible-printed-circuit electrode arrays were designed with four electrode
diameters (0.3, 1.8, 3.3, 4.8 mm; 4x8 array) and fabricated in four contact materials (gold,
silver, copper, silver-chloride). The electrode arrays were placed on the gastric serosa in-vivo
in pigs and unipolar slow wave signals were simultaneously recorded from each electrode.
Propagation, signal morphology, and noise were quantified to determine which electrodes
produced signals with the highest signal-to-noise ratio (SNR) and gradient, which is a
preferred metric for detection and analytical algorithms. Results: Electrodes of diameters 0.3
and 1.8 mm recorded significantly higher signal gradients than 3.3 and 4.8 mm (p<0.05).
Silver-chloride electrodes recorded a significantly higher gradient than all other materials
(p<0.05), with no significant differences between gold, silver, and copper electrodes.
Electrodes of diameters 1.8 and 3.3 mm recorded significantly higher SNR than 0.3 mm
(p<0.05). Conclusions: Electrodes with a diameter of 1.8 mm provided an optimal
combination to maximise the signal gradient and SNR, and silver-chloride electrodes yielded
the highest signal gradient. These results can now inform gastric mapping device design,
particularly minimally-invasive devices where electrode size is critical.

Key terms: Electrophysiology; high-resolution mapping; electrode design; signal processing;
gastrointestinal; slow wave; dysrhythmia;
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Introduction

Gastric motility is initiated and coordinated in part by underlying rhythmic bioelectrical
potentials, termed slow waves, that are generated and propagated by interstitial cells of
Cajal.?* Foundational knowledge on gastric slow waves was developed from studies that
utilised low-resolution techniques, where a few electrodes were sparsely placed along the
stomach or intestine.3?3 The lack of spatial resolution allowed for analysis of temporal slow
wave characteristics, like frequency, but prevented spatial propagation analysis. More
recently, high-resolution mapping has been introduced, where dense arrays of many
electrodes are placed on the stomach or intestines simultaneously to define slow wave
activity in fine spatiotemporal resolution.3?

High-resolution electrical mapping was first applied in the gastrointestinal (Gl) tract by
Lammers et al. in 1993 on the in vivo rabbit intestine, using a custom-built array of 240 teflon-
coated silver wire electrodes (0.3 mm diameter, 15 x 16 array, 1 mm inter-electrode spacing)
embedded in a rigid block of dental acrylic that was applied directly to the Gl serosal surface.?®
Over the subsequent two decades, Lammers and his colleagues used a variety of custom-built
electrode arrays to define spatiotemporal slow wave propagation characteristics in a range
of in vivo and in vitro animal models.2672% In 2009, Du et al. developed sterilisable flexible-
printed-circuit (FPC) electrode arrays (0.3 mm electrode diameter, gold contact),® enabling
intra-operative application in human patients.>! These electrode arrays have subsequently
been applied to identify abnormalities of slow wave propagation, known as dysrhythmias, in
post-surgical patients!! and in patients with functional Gl disorders, including gastroparesis3!
and chronic unexplained nausea and vomiting,® fuelling clinical interest in high-resolution
mapping as a potential diagnostic tool.

Substantial Gl research has been carried out using high-resolution mapping,3? but little effort
has been invested to define the effects of electrode design parameters on the quality of
resultant extracellular Gl signals. Optimization of the resultant signal amplitude and quality is
particularly important for emerging minimally invasive endoscopic mapping techniques,
where recordings from the gastric mucosal surface have substantially wider down-stroke
width and lower amplitude (i.e., lower signal-to-noise ratio, ‘SNR’) than serosal recordings.®
High-resolution mapping arrays to date have primarily utilised electrodes of 0.3 mm
diameter,>*®2> in silver or gold contact material.'®2>33 Previous investigations on how
electrode design parameters affect gastric slow wave signal morphology and quality have
been restricted to a comparison of silver and gold contact material,3® and the impact of
electrode diameter has not been comprehensively evaluated.

In this study, we aimed to define the effects of electrode diameter and contact material on
gastric slow wave signal morphology, to improve the resultant signal quality and inform future
Gl mapping device design.
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Material and Methods

Electrode Array Design and Manufacture

A custom FPC template was designed in Altium Designer (v17; Altium, La Jolla, CA, USA). The
FPC design is shown in Figure 1, and consisted of two sections: (i) the electrode contact-pad
section (44 x 55 mm) composed of 32 electrodes of varying diameters, and (ii) the track
section (360 x 16 mm) composed of tracks connecting the contact electrodes to their pins in
the zero-insertion-force (ZIF) connector. Circular pads were used for electrode contacts, with
electrode diameters of 0.3 mm, 1.8 mm, 3.3 mm and 4.8 mm. A diameter of 0.3 mm was
selected as the minimum diameter based on the previous standard electrode diameter for
slow wave recording.’®?> The remaining diameters were increased linearly in uniform
increments of 1.5 mm, as motivated by a previous cardiac electrophysiology modelling
study,* and the total diameter range covered an order of magnitude increase in diameter
(0.3 — 4.8 mm). The four different electrode diameters were spatially distributed across the
electrode array as shown in Figure 1, mirrored across the mid-line of the central-axis to
account for any regional slow wave variations within the mapped area.

An inter-electrode spacing of 7 mm was used for the FPC design. Inter-electrode spacing of
10 mm or less has been shown to be sufficient to accurately record slow wave propagation
across a high-resolution GI mapping electrode array.3® In this case, the largest electrode size
of 4.8 mm needed to fit adjacently with four tracks in between, and the densest possible
spacing was desired. The minimum inter-electrode spacing (MIS) was thereby calculated
based on Equation 1:

MIS=MD +4+«TW +3+«TTS+ 2+TES (Egn 1)

where MD is the maximum electrode diameter of 4.8 mm in this case, TW is the track width
(0.2 mm), TTS is the track-to-track spacing (0.3 mm), and TES is the track-to-electrode spacing
(0.25 mm).

The FPC board material thickness was 0.13 mm, and a 3.5 mm spacing (i.e., half of the inter-
electrode distance) was placed between the outer electrodes of the array and the edge of the
head section so that an equal inter-electrode distance would be maintained between
adjacently tessellated arrays. The base material was Polyimide, and the inlaid tracks and
connectors were copper (Type RA Cu 14.79 mL). The electrodes and connectors were surface
plated with three different contact materials: silver, gold, and copper.

The FPCs were manufactured by PCBWay (Hangzhou, China), and the manufacture cost varied
based on the surface contact material. The copper and gold finished electrodes cost US$190
per six FPCs and silver finished electrodes cost US$265 per 6 FPCs.

Initial recordings from the silver electrode arrays were found to contain a high level of noise.
The silver electrodes were then ‘chloridized” to create silver-chloride electrodes because
chloridization has been shown to improve the signal quality and stability.3° The electrode
contact surface was cleaned with a 70% isopropyl alcohol wipe, and immersed in a sodium
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hypochlorite solution (NaClO; i.e., household grade bleach) for a period of 15 minutes, and
then rinsed with tap water.3?

Experimental Protocol

Ethical approval for porcine experiments was obtained from the University of Auckland
Animal Ethics Committee. All recordings were performed in vivo in fasted, cross-bred, weaner
pigs, which is an established model for Gl slow wave mapping.”?° General anaesthesia was
induced with Zoletil and maintained with isoflurane. Vital signs were continuously monitored
and maintained within the normal range, including temperature, heart rate, and blood
pressure. At the conclusion of each study, the pigs were euthanized by a bolus intravenous
injection of sodium pentobarbital, while still under anaesthesia.

High-resolution mapping was performed with the custom designed electrode arrays using
validated methods.182932 A |aparotomy was performed to access the stomach, and the
electrode arrays were placed on the corpus and/or antrum region of the gastric serosa. Warm,
saline-soaked gauze was placed on top of the arrays to maintain contact with the serosa as
well as abdominal moisture and temperature. All manipulations were performed with the
minimal necessary gastric handling, and the wound edges were approximated with surgical
clamps during the recording periods.

Each individual experiment was conducted using three tessellated electrode arrays (i.e., 96
total electrodes), with each electrode array being plated in a different electrode contact
material (i.e., 32 electrodes of each material), as shown in Figure 1B. Recordings were
performed in the corpus of the anterior and posterior surfaces of the stomach and the
electrode array was rotated by 180° between each successive recording (Figure 2A), to further
account for potential regional variations in slow wave activity within the mapped area.?®

Signal Processing and Analysis

Unipolar electrical recordings were acquired from each electrode via an ActiveTwo system
(BioSemi, Amsterdam, Netherlands) modified for passive recordings. Reference electrodes
were placed on a shaved patch of the rear thigh, and custom software was used for the
acquisition interface, written in LabView (National Instruments, Austin, TX, USA). Recordings
were acquired at 512 Hz, then down sampled to 30 Hz for analysis.

Slow wave analyses were performed using the Gastrointestinal Electrical Mapping Suite
(GEMS) v1.7 (FlexiMap, Auckland, New Zealand).*? Recordings from the electrode arrays were
filtered with a moving median filter (window size 20 s) to remove baseline drift and a Savitzky-
Golay filter (polynomial order 9, window size 1.7 s) to remove high-frequency noise,
previously validated for in-vivo extracellular gastric slow wave recordings.3#3> Slow wave
activation times (ATs) were identified and clustered into propagating cycles using validated
automated methods, and propagation patterns were characterized by animation and
isochronal AT maps.*? Slow wave amplitude, downstroke width, frequency, and velocity were
calculated using validated algorithms.3*3%42 |n particular, amplitude and downstroke width
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were the primary features of signal morphology and were calculated by identifying the first
peak and trough adjacent to the AT, using the zero crossing of the first derivative of the

signal.®34

Signals with high amplitude and narrow downstroke width are preferred because they are the
key signatures of Gl slow wave identification and analysis algorithms.?23242 Slow wave
amplitude and downstroke width are not necessarily inversely related, so the slow wave
gradient was calculated to represent the combined effect of amplitude and downstroke
width, as shown in Equation 2:

Amplitude
Downstroke Width

Gradient (mV /s) = (Ean 2)

The gradient thereby served as a combined metric of the signal quality, whereby a larger
gradient signified the preferred signal morphology for slow wave detection and analysis (i.e.,
high amplitude and narrow downstroke width).

To further investigate the effects of electrode dimeter and material on signal quality, SNR was
calculated for each slow wave AT, as defined in Equation 3:

SNR = 20 *log,, (M)

RMShnoise (Eqn 3)

where RMSsignal is the root mean square of the 1 s window centered around the slow wave AT
(i.e., 0.5 s before to 0.5 s after AT, which has been validated as an appropriate window to
capture the downstroke width of the slow wave signal®’), and RMSnoise is the root mean
square of the 6 s window from 7 to 13 s after the slow wave AT (i.e., 6 s window in the

quiescent period between slow waves).”’

Statistical Methods

Slow wave data were collated based on electrode material and/or diameter. Slow wave data
were averaged across similar electrode materials and diameters within each recording, and
then averaged across recordings, to enable comparisons between characteristics. Data were
then represented as mean * standard-error-of-the-means (SEM). Statistical comparisons of
slow wave characteristics between the various electrode diameters and contact materials
were performed by one-way ANOVA followed by post-hoc t-test.
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Results

Data encompassed 20 recordings from four pigs (41 £ 0.3 kg; total recording duration 66.7
min; >8000 individual slow wave ATs). Data were acquired from all electrode materials and
diameters. Example activation time, amplitude, downstroke width, and velocity maps are
shown in Figure 2, and example slow wave signals are shown in Figure 3.

Effects of Electrode Diameter on Signal Morphology

The slow wave amplitudes and downstroke widths recorded by the electrode arrays are
shown in Figure 4, represented as box plots for comparison across the range of electrode
diameters that were tested (see also Supplementary Table S1). Slow wave signal amplitude
from 0.3 mm versus 1.8 mm electrodes showed inconsistent trends across the different
electrode contact materials (Figure 4A). A consistent trend of decreasing slow wave amplitude
with increasing electrode diameter was observed from 1.8 mm to 4.8 mm electrode diameter,
across all materials (Figure 4A). However, the only statistically significant difference was a
lower amplitude from 4.8 mm copper electrodes, compared to all other diameters in that
material.

Slow wave downstroke width consistently increased with each increase in diameter from 0.3
to 4.8 mm, across all electrode contact materials, with variable statistical significance as
shown in Figure 4B.

The overall decrease in amplitude and increase in downstroke width with increasing electrode
diameter suggests that the smaller electrode diameters of 0.3 and 1.8 mm produce the
preferred slow wave signal morphology for optimum detection and analysis (i.e., a large,
sharp downstroke).

Effects of Electrode Material on Signal Morphology

For comparison across the range of electrode materials, Figure 5 shows the slow wave
amplitudes and downstroke widths recorded by the electrode arrays represented as box plots
and grouped for each electrode diameter (see also Supplementary Table S1). Slow wave
amplitude showed no consistent trends between electrode contact materials of copper,
silver, and gold. Silver-chloride electrodes consistently resulted in higher median amplitude
than all other materials, across all electrode diameters (Figure 5A), but the result was not
statistically significant.

Slow wave downstroke width showed inconsistent trends between the electrode contact
materials (Figure 5B), further highlighting the need for the combined slow wave gradient
metric, presented below, to identify the electrode parameters that result in optimum slow
wave morphology with large, sharp downstroke for detection and analysis.

Slow Wave Signal Gradient
The slow wave gradient represented the combined effects of amplitude and downstroke
width to better elucidate how electrode diameter and material affect the desired slow wave
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morphology with maximum gradient. The slow wave gradient versus electrode material is
shown in Figure 6A, and gradient versus electrode diameter is shown in Figure 6B (see also
Supplementary Table S2).

Silver-chloride electrodes produced the largest slow wave gradient, 21-28% higher than that
recorded from the other materials, and there was no statistically significant difference
between the gradient of signals recorded by copper, silver, or gold electrodes (Figure 6A;
Supplementary Table S2). Electrodes with the smaller diameters of 0.3 and 1.8 mm recorded
signals with a 17-47% higher gradient than the larger electrodes of 3.3 and 4.8 mm (Figure
6B; Supplementary Table S2). However, there was no statistically significant difference in the
gradient recorded from electrodes of 0.3 versus 1.8 mm, or 3.3 versus 4.8 mm.

Signal-to-Noise Ratio (SNR)

The SNR represented the quality of the recording from each electrode, complimenting the
slow wave amplitude, downstroke width, and gradient results by also including the impact of
noise. The SNR versus electrode material is shown in Figure 7A, and SNR versus electrode
diameter is shown in Figure 7B (see also Supplementary Table S3).

SNR was similar across all electrode materials, with only copper versus silver showing a
statistically significant difference (copper electrodes had a 51% higher average SNR than
silver; Figure 7A; Supplementary Table S3). The electrodes with a diameter of 1.8 and 3.3 mm
recorded signals with a 26-59% higher SNR than the electrodes of 0.3 and 4.8 mm (Figure 7B;
Supplementary Table S3).

Slow Wave Propagation

The mean slow wave frequency recorded across all electrodes was 3.6 £ 0.1 cycles per minute
(cpm). There was no difference in the slow wave frequency recorded by the electrodes of any
of the different diameters or materials (p>0.05 for all). The mean slow wave velocity across
all electrode arrays was 6.6 + 0.1 mm/s, and there was also no difference in the slow wave
velocity calculated from electrodes of any of the different diameters or materials (p>0.05 for
all).

Slow wave frequency and velocity are parameters of slow wave propagation rather than
morphology. The consistency in frequency and velocity between the various electrodes was
therefore expected, but is also consistent with previous reports of porcine gastric slow wave
propagation,®?° suggesting validity of the slow wave data in this present study.
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Discussion

In this study, custom electrode arrays were applied in vivo to the porcine stomach to elucidate
the effects of electrode diameter and contact material on the resultant slow wave signal
morphology. Each electrode array incorporated four different electrode diameters (0.3, 1.8,
3.3, 4.8 mm), and the arrays were fabricated in four surface contact materials (gold, silver,
copper, and silver-chloride). Analysis algorithms to detect gastric slow wave ATs rely on a
large amplitude and steep downstroke, so the preferred signal morphology is that with
maximum amplitude and minimum downstroke width, i.e., the maximum gradient, along with
high SNR. Experimental results demonstrated that silver-chloride electrodes in the smaller
diameters of 0.3 and 1.8 mm recorded signals with the highest gradient, and that all materials
in the diameters of 1.8 and 3.3 mm recorded the highest SNR, therefore suggesting that these
electrode characteristics are preferred for in vivo gastric recordings.

Electrode design considerations for Gl recordings to date have typically been determined
empirically, and have varied greatly from the early foundations by Alvarez et al.? in the 1920s
to recent advancements in high-resolution mapping.1®2>32 The two primary electrode design
parameters are the electrode size and contact material. This study sought to advance the
historic empirical foundation of these parameters with quantitative experimental analysis.
Numerous conductive materials are available for the electrode material, which typically
involve a trade-off between factors like biocompatibility, material properties, and
conductivity.3? Alvarez’s initial Gl electrical recordings were obtained using zinc-zinc sulfate
moist thread electrodes.>* Stainless steel and silver-silver-chloride were popular choices
during the era of sparse electrode recordings,'>?3 but more recent high-resolution mapping
technology has employed silver or gold electrode contacts.’®?>33 Silver and gold are well
established materials for bioelectrical applications, providing low impedance and stable
electrode potential,*® and have previously been shown to provide comparable signal quality
when used for gastric serosal recordings.3?

Our present study corroborates the fact that slow wave signal morphology is similar between
silver and gold electrode contacts. However, it adds new findings that copper electrode
contacts provide signal morphology consistent to that of silver and gold, and silver-chloride
contacts provide higher-amplitude and steeper slow wave signals than silver, gold, or copper,
with similar SNR from all materials. The fact that silver-chloride contacts provide improved
signal morphology could be due to improved bridging and stable charge transfer at the
electrolyte—electrode interface,*® and investigating the relationship of electrical impedance
versus frequency of Gl slow wave recordings could be a valuable endeavour in future, as has
historically been quantified in cardiac electrophysiology.?® Importantly, our study now
provides a definitive and quantitative definition of the improved morphology obtained from
silver-chloride electrode contacts, and can now inform future device design. Our finding that
copper electrode contacts offer similar signal morphology to silver and gold is also useful,
demonstrating that electrode choices between those materials can be made based on other
parameters, without sacrificing slow wave signal quality. For example, gold is more resistant
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to corrosion during gastric pacing? or from sterilizing agents used in clinical applications.3?
Copper electrodes are typically less expensive and more efficient to manufacture than gold
or silver, but are less biocompatible and have been shown to be toxic in implanted neural
applications.10:30

The quantitative effects of electrode size on slow wave recordings had not previously been
evaluated. An electrode diameter of 0.3 mm has been a common choice for both sparse
electrode recordings,'*? and more recent high-resolution mapping.'®2> Larger electrodes
have also been used for serosal recordings, including 1 mm wide ring electrodes (2.2 mm ring
diameter) for a recently-developed laparoscopic high-resolution mapping array.?
Theoretically, the electrode size must strike a balance between having a large enough area to
capture low-amplitude potentials versus being small enough to record the distinct steep
activation potential (i.e., downstroke) required for accurate event detection and subsequent
spatiotemporal wavefront analysis.2>*? Electrode size must also adhere to device design
limitations, which is an area of growing interest in the Gl field with the development of
minimally-invasive laparoscopic'*'? and endoscopic® mapping techniques that now require
electrode arrays to be tightly packaged for delivery to the target region. Our present study
now provides quantitative evaluation of the effects of electrode size on resultant slow wave
signals. The smaller electrode diameters of 0.3 and 1.8 mm resulted in slow wave signals with
higher amplitudes, narrower downstroke widths, and thereby higher gradients, than the
larger electrodes of 3.3 and 4.8 mm; slow wave morphology differences between 0.3 versus
1.8 mm electrodes were inconsistent and/or not statistically significant. Electrodes of 1.8 and
3.3 mm resulted in higher SNR than those of 0.3 and 4.8 mm; SNR differences between 1.8
versus 3.3 mm electrodes were inconsistent and/or not statistically significant. These results
thereby suggest that smaller diameter electrodes down to 0.3 mm are equally or more
effective at recording gastric slow waves than larger electrodes, although slightly larger
electrodes around 1.8 mm may improve SNR over the smaller diameter electrodes. These
results demonstrate that the quality of slow wave morphology is not sacrificed when using
smaller electrode diameters for minimally invasive recording devices, but gains in SNR may
be obtained from slight increase in electrode size.

This study provides a methodological platform for assessing the effects of electrode design
parameters on resultant signal morphology and quality, which could now be expanded and
applied to other research areas in future studies. Our study was specifically focused on gastric
slow waves recorded from the serosal surface, but the results may likely also apply to other
regions of the gut, including the small intestine'®° and mucosal surfaces.® The methodology
developed in this study may be useful to inform similar studies on electrode design for other
fields of smooth muscle electrophysiology, for example in the bladder?? and uterus.?® There
is also substantial scope for computational modelling in this area, as has been usefully applied
to gastric and small intestine electrophysiology in recent years,’®”1® and could now be
utilized to further investigate the effects of electrode design parameters. For example, the
mechanism by which the smaller electrodes in this study recorded higher amplitude signals

10
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than the larger electrode sizes is not fully defined, but could be due to the smaller recording
area of the electrode array enabling more of the electrode to be in contact with the activated
tissue of a propagating slow wave. These concepts could be modelled in future studies to
better elucidate mechanisms of action of resultant slow wave signals, similar to existing
models of the slow wave morphology resulting from flush extracellular contact electrodes
versus extracellular suction electrodes.’

Four discrete electrode diameters were tested in our present study, which demonstrated a
range of effective electrode diameters but was not able to identify a discrete optimal
electrode size; this would be a useful aim for future investigations. Although the results
encompassed 20 recordings and more than 8000 individual slow wave ATs, these data were
collected from a relatively limited sample size of four porcine subjects. Additionally, the
electrode arrays used in our study were composed of flush electrode contacts. It would be
valuable to explore the impact of protruding electrodes in the future, which have previously
been used for sparse in vivo recordings,*> and are recommended for high-resolution in vitro
recordings to maintain perfusion of the mapped tissue region in the tissue-bath.?> Additional
electrode materials could also be trialled in future. For example, platinum-iridium offers
excellent stability, biocompatibility, and conductivity, but is expensive and can be difficult to
fabricate into high-resolution arrays. Polymer based electrodes like poly-(3,4-
ethylenedioxythiophene) (PEDOT) and indium tin oxide (ITO) have demonstrated promising
results in other fields, including cardiac electrophysiology, and feature stretchable
transparent characteristics that may be useful for future Gl applications as well.1341

In conclusion, this study improves our understanding of the quantitative effects of electrode
design parameters on gastric slow wave morphology. The results can now be used to inform
future device design for clinical gastric mapping tools that aim to detect abnormal electrical
activation patterns in patients with gastric disorders.

11
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Figure 1: A. Design of FPC electrode array with four different diameters (0.3, 1.8, 3.3, 4.8 mm).
B. Tessellated electrode arrays fabricated in three contact materials: copper, silver, and gold.
C. Finalised electrode array design. D. Fabricated electrode array for in-vivo experiments.
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Figure 2: Experimental mapping results from electrode arrays. A. Positioning of the mapping
arrays on the anterior (top two panels) and posterior (bottom two panels) stomach surfaces,
with 180° rotations to account for regional differences. Mapping results include: B. AT maps,
where each dot represents an electrode and each color band shows the area of propagation
per 2 s from red (early) to blue (late); C. Amplitude maps, where the amplitude at each
electrode is shown as a color gradient; D. Velocity maps, where propagation direction is
shown with an arrow and speed is shown as a color gradient; E. Downstroke width maps,
where the downstroke width at each electrode is shown as a color gradient.

17



Pre-print version of manuscript, accepted for publication in Ann. Biomed. Eng.

3.3mm WWWWMW 1.6mV
1.8mm WWWWWW 2.0mV
| 03mm MWWWW 2.3mV
[ 4.8 mm WW“MMMNW 1.8mV
33mm W/WWWW 24mv
1.8 mm MMW/%MWWWWW 2.5mV

0.3 mm M 2.8 mV

33mm WW 1.1 mV
. mmW 1.8 mV
| o3mm WW oy
[ 4.8mm WWNNWM 1.8 mV
33mm WWW 2.0mV
1.8 mm Wﬂ/\ﬂw 3.5mV
| 0amm WWMWVW 2.7mv

I 60 s i

Copper

Silver Chloride

Silver

Gold

Figure 3: Example electrograms recorded using electrode arrays of copper, silver-chloride,
silver and gold from the four diameters, showing the range of typical slow wave signal
morphology as well as the temporal characteristics of slow wave recordings. The amplitude
values (on right side) show the size of the display window for each electrogram shown.
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Figure 4: Slow wave amplitudes (A) and downstroke widths (B) from electrodes of different
diameter, presented separately for each different electrode material that was trialled in this
study. These results demonstrated a general trend of decreasing amplitude with increased
electrode diameter, although the trends between the smaller electrode diameters of 0.3 and
1.8 mm were inconsistent (A). The downstroke width consistently increased with increasing
electrode diameter across all electrode materials (B). See also Supplementary Table S1.
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Figure 5: Slow wave amplitudes (A) and downstroke widths (B) from electrodes of different
contact materials, presented separately for each different electrode diameter that was
trialled in this study. These results demonstrate an increased amplitude obtained from
silver-chloride electrodes compared to other materials. There were no consistent trends for
downstroke width across the different materials. See also Supplementary Table S1.
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Figure 6: Average slow wave gradients compared across: A. the different electrode materials (with all
diameters averaged together), and B. the different electrode diameters (with all materials averaged
together). Silver-chloride electrodes recorded slow wave signals with a statistically significant higher
gradient than all other materials, and electrodes of diameter 0.3 and 1.8 mm recorded slow wave signals
with a statistically significant higher gradient than the larger diameter electrodes of 3.3 and 4.8 mm. See
also Supplementary Table S2.
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Figure 7: Average SNR of gastric slow wave recordings compared across: A. the different electrode
materials (with all diameters averaged together), and B. the different electrode diameters (with all
materials averaged together). Copper electrodes had a statistically significant higher SNR than silver
electrodes, but the SNR of signals recorded by all other electrode materials were statistically similar.
Electrodes of 1.8 and 3.3 mm diameter recorded signals with a statistically significant higher SNR than
electrodes of 0.3 and 4.8 mm diameter. See also Supplementary Table S3.
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Supplementary Material:
Supplementary Table S1: Mean slow wave amplitudes and downstroke widths from

all electrode materials and diameters tested

Amplitude (mV) (mean + SEM)

Electrode Diameter

0.3 mm 1.8 mm 3.3 mm 4.8 mm
Copper 1.18 £ 0.08 1.17 £ 0.07 1.07 £ 0.06 0.89 + 0.06
3 ® | Silver 1.12 £ 0.08 1.20+0.11 1.03 £0.08 0.92 +0.09
[e] f
.3 g | Gold 1.24 £ 0.08 1.16 £ 0.09 1.02 £0.09 0.97 £ 0.09
o & ;
o = | Silver-
Chloride 1.30+0.17 1.41 +£0.19 1.35+0.18 1.25+0.17
Downstroke Width (s) (mean + SEM)
Electrode Diameter
0.3 mm 1.8 mm 3.3 mm 4.8 mm
Copper 0.56 + 0.02 0.58 £ 0.02 0.64 +0.01 0.66 + 0.02
3 ® | Silver 0.54 £+ 0.02 0.57 £0.02 0.60 + 0.02 0.65 + 0.02
[e] f
.3 g | Gold 0.57 £0.02 0.61 +0.02 0.64 +0.02 0.66 + 0.02
o & :
o = | Silver-
Chloride | 0.54 +0.01 0.55+0.01 0.58 +0.02 0.66 + 0.03
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Supplementary Table S2: Gradient values for all electrode materials and diameters

tested.
Material
Copper Silver Gold Silver-Chloride
Gradient (mV/s) | 1.80 £ 0.18 1.86+0.18 1.83+0.16 2.32+0.14
(mean * SEM)
Diameter
0.3 mm 1.8 mm 3.3 mm 4.8 mm
Gradient (mV/s) | 2.22 + 0.07 2.19+0.14 1.84£0.16 1.55+0.13
(mean * SEM)
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Supplementary Table S3: SNR values for all electrode materials and diameters

tested.
Material
Copper Silver Gold Silver-Chloride
SNR (dB) 4.68 +0.39 3.14+0.45 3.85+0.41 3.01+1.14
(mean * SEM)
Diameter
0.3 mm 1.8 mm 3.3 mm 4.8 mm
SNR (dB) 2.87 £0.44 4.38+0.48 4.65 +0.50 3.54+0.52
(mean * SEM)
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