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Abstract 

The use of electrical pacing and high-resolution (HR) mapping continues to advance our 

understanding of gut motility in health and disease. However, the efficacy and effectiveness of 

gastric pacing remains limited in clinical practice. In the stomach, omnipresent bioelectrical 

events known as slow-waves are responsible for coordinating motility that aids digestion. 

Functional motility diseases, such as gastroparesis, chronic unexplained nausea and vomiting, 

and functional dyspepsia, are associated with slow-wave dysrhythmias.  

The use of external electrical impulses to correct disordered cardiac rhythms is well 

established. Similar techniques have been assessed in the gastrointestinal (GI) field, from low 

energy/high-frequency (stimulation) to high energy/low frequency (pacing) protocols. 

High-frequency stimulation targets the neural pathways. Enterra (Medtronic, Minneapolis, 

MN) is the only clinical device currently available for gastric stimulation that uses 

high-frequency neuromodulation protocols, but does not correct dysrhythmias. Pacing is an 

attractive therapeutic approach to revert slow-wave abnormalities. However, there are currently 

no clinical gastric pacing devices in active use. Unlike cardiac pacing the application and 

performance of electrical pacing in the GI tract are not well understood and not widely used in 

clinical practice.  

A wide range of methods and protocols have been utilised in clinical research without the 

optimisation of pacing parameters, such as electrode type, location, and impulse properties. 

One of the barriers to the standardisation, optimisation, and development of gastric electrical 

pacing is that most previous gastric pacing studies utilised low-resolution recording techniques 

to assess the slow-wave responses to the different combinations of pacing parameters, where 

few recording electrodes were sparsely placed around the pacing site. Although sparse 

recording provides local measurements of slow-wave frequency and amplitude, it is unable to 

track, classify, and quantify the slow-wave activation sequences in spatiotemporal detail. 

Therefore, this approach may not have been sufficiently accurate to evaluate the effect of 

gastric pacing on the entrainment and propagation of the slow-waves. In the last decade, HR 

mapping techniques have been utilised to quantify and classify normal and abnormal 
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slow-wave propagation patterns. The joint application of pacing and HR mapping provides a 

new analytical framework to investigate dysrhythmia and evaluate the benefits of gastric 

pacing as a potential therapeutic device.  

This thesis provides an improved foundation for pacing the stomach. A gastric pacing 

device, pacing electrodes, and pacing protocols were developed and validated in pig studies 

and finally translated to human studies. The pacing device was battery-powered and could be 

operated using a computer or wirelessly using Bluetooth technology. Real-time changes to the 

pacing parameters such as period, amplitude and pulse width were applied using a graphical 

user interface, which was communicated to the pacing device hardware to deliver impulses. 

The new pacing device allowed the voltage, delivered current and resistance between pacing 

electrodes and tissue to be continuously monitored. A flexible and sterilisable 

printed-circuit-board (PCB) surface-contact recording electrode array with pacing electrodes 

in the centre was developed for experimental in vivo studies. The surface-contact pacing 

electrodes facilitated the placement of the pacing electrodes, where it was placed on the gastric 

serosa. It also provided the opportunity to place the pacing electrode exactly in the centre of 

the HR array, which adds reliability and accuracy of pacemaker localisation. 

The custom-designed pacing device and HR electrode array were applied experimentally 

in pig studies to validate the surface-contact electrode. The surface-contact electrode gastric 

electrical pacing (sGEP) was tested against a standard cardiac pacing electrode (cGEP). The 

results showed that there was no significant difference between the velocity of initiated 

slow-waves through the sGEP and cGEP (6.75±0.16 vs 6.76±0.15 mm/s, P>0.05). However, a 

significant difference was observed at the amplitude of the paced slow-waves (1.53±0.04 vs 

1.31±0.04 mV, P<0.05). The initiated pacemaker profile was estimated using the circularity 

factor; sGEP profile was much higher than cGEP (81±4 vs 72±8%, P<0.05), suggesting radial 

slow-wave propagation with sGEP. Furthermore, there was a significant reduction in the pacing 

energy required to entrain slow-waves through the sGEP (400 ms mA2) compared to the cGEP 

protocol (1600 ms mA2).  

Gastric pacing in conjunction with HR electrical mapping was also applied to the pig 

stomach to modulate the pattern and period of the gastric slow-wave activities. Pacing with a 

period of 10% less than the intrinsic period of slow-waves, an amplitude of about 4 mA and a 

pulse width of 400 ms was able to alter the slow-wave propagation patterns in the stomach with 

normal, ectopic and bradygastric activities. In all cases, the pacing device initiated a new 

pacemaker at a location near the pacing electrodes at the specified period. The new pacemaker 
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was initiated in a distance of 4-12 mm from the pacing site, between the greater curvature and 

negative pacing electrode. Independent of the intrinsic patterns of activity, the initiated 

slow-wave overtook the intrinsic slow-waves and propagated throughout the mapped area. 

Pacing a stomach with normal activity significantly increased the initiated slow-wave speed 

(6.27±0.05 vs 7.01±0.05 mm/s, P<0.001). However, the initiated slow-wave speed was 

reduced in a stomach with an ectopic pacemaker and bradygastric activity [ectopic: 7.18±0.06 

vs 6.02±0.04 mm/s (P<0.001), bradygastric: 7.06±0.07 vs 6.52±0.14 mm/s (P<0.05)]. In a 

subset study, we investigated the gastric slow-wave frequency range that can be modulated via 

pacing in a pig model. Pacing was applied with an amplitude of 4 mA and pulse width of 

100 ms, whereas the pacing period varied from 12 to 36 s. Pacing with a period of 14-30 s 

resulted in stable entrainment and pacing with a period 31-36 s resulted in unstable entrainment.  

Slow-wave responses to the different pacing parameter combinations were also evaluated 

to standardise and optimise the gastric pacing protocol. The pacing parameters were electrode 

orientation (horizontal vs vertical), stomach regions (corpus, antrum, anterior and posterior), 

and energy levels (900 ms mA2 vs 10000 ms mA2). The success rate of the vertical pacing was 

significantly higher than horizontal pacing (86 vs 10%). Furthermore, high-energy gastric 

electrical pacing (HE-GEP) significantly reduced the interaction between intrinsic and paced 

slow-waves compared to the low-energy gastric electrical pacing (LE-GEP); 3.1±1.5 vs 

8.7±1.6 impulses (P<0.05). The shape of the initiated pacemaker was associated with the region 

of the pacing. The new pacemaker had a higher circularity factor when pacing was applied to 

the corpus region compared to the antrum region (76±5 vs 58±6%, P<0.001). 

Gastric pacing techniques applied in animal studies were successfully translated to the 

healthy human stomach, serving as the first successful high-resolution mapping of gastric 

pacing in the human stomach. The energy required to entrain the slow-wave was 400 ms mA2, 

with 9.2±1.9 impulses required to achieve full entrainment in the mapped area. Similar to the 

findings from our pig studies, the site of slow-wave initiation was 4-12 mm from the negative 

pacing electrode and located between the pacing electrodes and the greater curvature. 

Furthermore, slow-wave propagation speed slightly increased after pacing (from 4.48±0.61 to 

5.38±0.86 mm/s, P>0.05), commensurate with the induction of paced anisotropic propagation. 

Furthermore, there was no significant difference between the slow-wave amplitude during 

baseline and pacing sessions (1.39±0.33 vs 1.34±0.36 mV, P>0.05). 
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The work presented in this thesis presents a new foundation for pacing the stomach, 

achieving reliable induction of slow-wave pacing at a range of periods and at different regions 

of the stomach. 
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Chapter 1  

Introduction, Motivation, and Aims 

1.1 Introduction 

Coordinated muscular contractions in the stomach aids digestion. These mechanical 

contractions are, in part, coordinated by bioelectrical events known as slow-waves. In a normal 

human stomach, slow-waves are initiated by a pacemaker region located on the greater 

curvature, above the mid-corpus, and propagated circumferentially and longitudinally towards 

the antrum at a rate of 3 cycles per minute (cpm) [1], [2].  

Dysrhythmic and irregular slow-waves have been reported in patients suffering from 

gastroparesis, chronic unexplained nausea and vomiting, and functional dyspepsia [3], [4], [5]. 

Impaired slow-wave propagation and coupling were reported in patients with functional 

dyspepsia [6], [5]. Angeli et al. [7] reported that patients with chronic unexplained nausea had 

slow-wave dysrhythmias including abnormalities of initiation (stable ectopic pacemakers, 

unstable focal activities) and conduction (retrograde propagation, wavefront collisions, 

conduction blocks, and re-entry). O’Grady et al. also found abnormalities of both slow-wave 

initiation and conduction in gastroparesis patients [8]. 

In cardiac electrophysiology, the application of an electrical stimulus has the ability to 

correct disordered electrical rhythms [9], [10]. Similar techniques have been evaluated in the 

gastrointestinal (GI) field to correct gastric motility disorders, but with varying degrees of 

success [11]. The effect of external electrical impulses on morbid obesity has also been 

investigated [12], which focused on the induction of retrograde gastric slow-waves and the 

associated motility pattern resulted in enhanced satiety and a reduction in food 

consumption [12].  

Gastric stimulation and gastric pacing are two types of external electrical impulses that 

have been used in the GI field. Gastric stimulators apply microsecond-duration impulses at 

high-frequency (e.g., [13]), whereas gastric pacing applies low-frequency impulses at a rate 
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similar to the intrinsic gastric slow-wave frequency (e.g., [14]). High-frequency stimulation 

acts through the vagal pathway and can improve chronic nausea and vomiting [15] while gastric 

pacing is used to affect the interstitial cells of Cajal (ICC) to initiate and alter slow-wave 

activity [11].  

This thesis aimed to develop an improved foundation for gastric pacing and the 

determination of gastric slow-wave responses using high-resolution (HR) spatiotemporal 

mapping. A systematic study was performed to redefine, reassess, and standardise gastric 

pacing protocols in animal and human studies. This effort would improve our understanding 

of the electrophysiological determinants of dysrhythmic slow-waves and potentially introduce 

a reliable pacing therapy suitable for clinical trials for functional motility disorders and obesity.  

1.2 Motivation 

In 1972, Kelly and La Force applied gastric electrical pacing in conjunction with gastric 

slow-wave recording to the canine stomach and entrained slow-waves in the gastric wall for 

the first time [16]. From 1972 onwards, several studies investigated the effect of pacing on 

emptying rates [17], [14], [18], and food intake [12], [19]. However, gastric electrical pacing 

is still in its infancy and thus far has not developed into a reliable therapy to control and 

normalise gastric slow-wave activities [11], [20], [15]. Conflicting results reported in the 

literature reveal that there are no standardised protocols for gastric pacing [15], and a variety 

of pacing protocols have been used in most studies without optimising the gastric pacing 

parameters [11].  

The variable success of gastric pacing in the previous studies can be attributed to the variety 

of pacing protocols, where there are various pacing parameters including electrode properties 

such as location, direction, shape, material, depth of penetration and distance of electrodes, and 

properties of delivered pulse such as frequency, pulse width, amplitude of current, and phase. 

Therefore, the protocol used in gastric electrical pacing is a complex task that needs 

standardisation and optimisation of a wide range of possible parameter combinations [21], [20].  

Kelly et al. [22] and Lin et al. [21] performed systematic pacing studies to optimise the 

amplitude and pulse width of delivered impulses in animal and human studies. A limited 

number of pacing parameters have been evaluated in other pacing studies [12], [23], [24], [16]. 

Thus, systematic studies are required to examine other parameter combinations, determine their 
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effects on gastric pacing performance, and derive applicable pacing parameters for modulating 

gastric slow-wave activity.  

In addition, the current understanding of gastric pacing performance is based on the 

extrapolation of data collected from a limited number of recording electrodes (up to 8) sutured 

to the gastric serosa [16], [21], [23]. Therefore, it may not have been able to reliably 

demonstrate the effects of gastric pacing on slow-wave activity. Recently, this issue has been 

rectified by applying HR mapping as an improved method for evaluating slow-wave 

activity [25], [26].  

HR mapping employs dense arrays of recording electrodes to define slow-wave activation 

sequences in accurate spatiotemporal detail [27]. HR mapping techniques have been applied in 

the GI field in in vivo animal and human studies and have provided significant improvements 

in the clinical and experimental understanding of GI electrical activity [25], [28], [2], [29]. 

Three studies have applied gastric electrical pacing devices in conjunction with HR mapping 

to analyse the impact of pacing on rabbit duodenum slow-waves [25] and porcine gastric 

slow-waves [24], [30] in spatiotemporal detail. HR entrainment mapping provides accurate 

quantification and visualisation of slow-wave interactions during pre-pacing, pacing, and 

post-pacing sessions. This was a significant advance for determining the efficacy of gastric 

pacing. 

Inspired by the motivation described above, a systematic study was defined to optimise 

effective parameters for gastric pacing using HR mapping.  

1.3 Outline of Aims 

The aims of this research were to define a reliable, standard, and optimised protocol for 

gastric pacing applications. Gastric pacing protocol optimisation included designing gastric 

pacing electrodes, standardising the output pulse properties and the location of the pacing 

electrodes on the stomach. The main goal of this thesis was to perform an investigational study 

into the control of the rate and propagation patterns of slow-wave activity through gastric 

pacing, via a custom-designed pacing device.  

To meet the thesis objectives, first, a novel gastric electrical pacemaker was designed and 

developed that allowed pacing protocols investigated in previous studies to be 

reassessed (Chapter 3). Then, a new gastric pacing electrode array was specifically designed 

for gastric musculature with easy, reliable, and fast placement (Chapter 4). Once the gastric 



 
 
1. Introduction, Motivation, and Aims 
 

4 
 

pacing device and electrode were validated in pig studies, the effects of pacing on gastric 

slow-wave activity were assessed in pig models with dysrhythmic gastric slow-wave activities 

(Chapter 5). Next, the feasibility of inducing a change in the slow-wave frequency via gastric 

electrical pacing was investigated (Chapter 6). The physiological range of pacing period to 

entrain slow-wave activity, is an open question, was also determined (Chapter 6). The need for 

a standard protocol for gastric pacing motivated us to optimise and standardise gastric pacing 

parameters, including the orientation of pacing electrodes, the level of delivered energy, and 

the location of pacing (Chapter 7). In the final component of this thesis, the gastric pacing 

protocol optimised in the pig studies was translated to in vivo human studies (Chapter 8).
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Chapter 2  

Background 

The stomach plays a key role in the digestion of food. Motility or mechanical contractions 

of the gastric muscular wall are responsible for breaking down and moving food distally to the 

intestine. This motility in the stomach is governed, in part, by bio-electrical events known as 

slow-waves that occur in the normal human stomach at around 3 cpm [31], [32], [2]. 

Slow-waves are generated and propagated through ICC, which are present throughout the 

gastric musculature [33], [34], [35]. A unique ability of the ICC is that they are able to 

spontaneously generate slow-waves according to their intrinsic frequency [36]. There is a 

decreasing frequency gradient of intrinsic slow-waves from the corpus to the antrum along the 

length of the stomach [37]. Slow-waves entrain from the pacemaker region located in the 

greater curvature, above the mid-corpus, and propagate towards the antrum [38]. 

2.1 Gastric Anatomy and Musculature 

Five gastric regions are distinguished: (i) the cardia, (ii) fundus, (iii) body (or corpus), 

(iv) antrum, and (v) pylorus (Figure 2.1). The cardia is located just below the lower 

oesophageal sphincter, while the fundus is the area towards the greater curvature (a long convex 

curve that forms the left side boundary of the stomach, from the opening for the oesophagus to 

the opening into the small intestine). The central region of the stomach is defined as the corpus, 

which is the largest region. The antrum is inferior to the corpus. The most distal region of the 

stomach is the pylorus, which is connected to the duodenum of the small intestine through the 

pyloric sphincter. In the stomach, the fundus acts as a reservoir for undigested food and gases 

produced through chemical digestion, whereas the pylorus regulates the passage of food into 

the small intestine. 
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Figure 2.1: Anatomical regions of the stomach, including cardia, fundus, body (corpus), antrum and pylorus. 
The lower oesophagal sphincter is considered as a border between the fundus and the corpus regions of the 
stomach. Adapted from [39]. 

The stomach consists of four tissue layers: (i) mucosa, (ii) submucosa, (iii) muscularis, and 

(iv) serosa [40]. These layers are depicted in Figure 2.2. The inner gastric surface, the mucosa, 

is covered by gastric glands which secrete gastric juice and protective mucus for digestion. The 

submucosa (outside of the mucosa layer) consists of blood vessels, nerves and lymphatic 

vessels to support the mucosa layer. The muscularis layer, which drives phasic peristaltic 

contractions, is subdivided into oblique, circular and longitudinal muscle layers. These layers 

are named according to the orientation of the muscular fibres. The extent of the oblique muscle 

layer is limited to the fundus area. The circular muscle, which is responsible for annular 

contractions, is wrapped around the body of the stomach. The circular muscle fuses into the 

oblique muscle layer proximally, whereas it becomes gradually thicker distally to form the 

pyloric sphincter. The exterior muscle layer, called the longitudinal layer, is oriented the length 

of the stomach. The serosa is the outermost layer in the stomach and has a network of blood 

vessels to supply the stomach. 
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Figure 2.2: Muscle layers in the human stomach. The mucosa, submucosa, muscularis, and serosa are the four 
major layers in the stomach wall. The mucosa layer is filled with gastric glands, which contain cells that produce 
the digestive juices. The submucosa contains blood vessels to support the mucosa layer. The muscularis of the 
stomach is arranged in three layers: (i) longitudinal, (ii) circular, and (iii) oblique muscle layers. These layers 
are responsible for phasic peristaltic contractions. Reproduced from [41]. 

2.2 Gastric Electrophysiology 

There are two types of bioelectrical activity occure in the gastric smooth muscle cells: 

(i) slow-waves, and (ii) spike potentials [37], [42]. Slow-waves are generated from ICC and 

propagate to the smooth muscle cells (SMC) to coordinate motility within the gastrointestinal 

wall [43], [44], [45], [46], [47]. SMC are arranged in the longitudinal and the circular muscles 

of the stomach. Figure 2.3 depicts several types of ICC that are classified according to their 

morphology and location within the muscle layers. These classifications include the 

inter-muscular (ICC-MY) and intra-muscular (ICC-IM) ICC networks [48]. The ICC-MY are 

distributed between the smooth muscle layers of the stomach and are most relevant to gastric 

bioelectrical activity as the ICC-MY are responsible for slow-wave generation and 

propagation. The ICC-IM are found within the smooth muscle fibres and act to regulate the 

response of smooth muscle cells to slow-wave activity. It is also thought that they may have 

the ability to act as pacemaker cells under certain conditions, such as vagal stimulation [49]. 

SMCs cannot actively propagate slow-waves, such that, without ICCs, slow-waves rapidly fade 

in GI tissue [35]. Figure 2.4 illustrates an intracellular recording of a slow-wave and its phases 

in the ICC and SMC; the upstroke and downstroke phases are defined as the activation and 

recovery phases, respectively. Spikes, as the second type of electrical activity in the SMC, are 

rapid fluctuations in membrane potential differences (Figure 2.5). Spikes may be superimposed 
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upon the activation phase of the slow-wave [37]. Spike activity does not occur if the membrane 

potential in SMC has not been depolarised to a certain threshold [50]. 

 

Figure 2.3: Interstitial cells of Cajal (ICC) network structure and distribution. The location of the main types 
of ICC is illustrated in this cross-sectional schematic in the gastric antrum. These types include the myenteric 
ICCs (ICC-MY), intra-muscular ICCs (ICC-IM), and septal ICCs (ICC-SEP). The ICC-MY are located 
between the longitudinal muscle and circular muscle layers. The ICC-IM are located within the circular muscle 
bundle. Adapted from [51].  

 

 

Figure 2.4: Schematic of the ICC and SMC, and the intracellular recording of a slow-wave in the ICC and 
SMC. Four phases are labelled on the slow-wave; phase 0: between events, phase 1: activation phase 
(depolarisation), phase 2: partial repolarization, phase 3: plateau phase, and phase 4: recovery phase 
(repolarisation). Adapted from [52].  

Not all of the slow-waves may lead to a mechanical contraction of the muscular wall. 

Figure 2.5 illustrates that the mechanical contraction is only initiated when the membrane 

potential in the SMC is depolarised over a certain threshold by the slow-wave event [52], [53]. 

There are various factors such as physiological, neurogenic, hormonal, and myogenic that can 
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excite the SMC membrane potential over the certain threshold, and thus control the mechanical 

contraction in the stomach. 

 

Figure 2.5: Relation between SMC membrane potential and muscular contraction. Membrane potential 
depolarisations that are not above the excitation threshold level do not lead to “mechanical contraction” of the 
SMC. When the SMS membrane potential exceeds a certain voltage threshold, mechanical contraction of SMC 
occurs. Spike activity also appears during this time. Adapted from [54]. 

2.3 Gastric Slow-wave Recordings 

Over the years, the recording and analysing techniques of GI bioelectrical activities have 

advanced significantly. Intracellular and extracellular recordings are common methods to 

measure cellular electrophysiology. The morphology of extracellular gastric slow-wave 

recordings can be approximated as the second derivative of an intracellular slow-wave [55]. GI 

tract intracellular recordings have been performed in in vitro setups, and extracellular 

recordings have used both in vivo and in vitro setups. In the extracellular technique, contact 

electrodes are placed either on the serosa surface or on the mucosa surface to record the 

electrical activities of the stomach.  

The validity of extracellular GI recordings has been critically challenged, with claims that 

extracellular recordings are contaminated by microscopic movement of the tissue [56], [57]. 

Rhee et al. [57] performed intracellular recordings on isolated human gastric tissue strips, and 

reported human gastric slow-wave frequencies significantly higher (5.1-7.4 cpm) than the 

expected 3 cpm first reported by Alvarez [1] and confirmed by numerous other studies over 

the last 100 years [58]. These claims remain questionable for these reasons: First, similar 

findings have not been able to be reproduced by other groups, yet a typical 3 cpm activity has 

been reported in humans by numerous groups as described in the following sections. Second, 
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it is well known that excised tissue can behave different to whole organ activity. In one study, 

the slow-waves of the cat stomach in vivo were reported to have a frequency of 4.1 cpm, but 

when isolated, the frequency of the samples increased to a maximum of 12 cpm after 1 hour 

[59]. Third, in a joint experimental and modelling study, monophasic and biphasic slow-wave 

potentials were recorded simultaneously during contractile inhibition, and the biophysical basis 

of extracellular potentials was modelled with comparison to experimental data [60]. The results 

showed that in vivo extracellular techniques reliably recorded slow-waves in the absence of 

contractions, and potentials recorded using conventional serosal electrodes (biphasic) were 

concordant in phase and morphology with those recorded using suction electrodes 

(monophasic) [60]. 

GI extracellular recording can be considered in two categories: sparse recording and 

high-resolution mapping. The following sections review the technical advances and their 

impact on the foundation for the GI field. 

2.3.1 Sparse Electrode Recording of Gastric Slow-wave  

Slow-waves were first discovered by Alvarez [1], [31] when he used a galvanometer to 

collect data from attached silver-plated and chloridised steel wires to the serosa of GI tissues 

and the surface of the body. Alvarez developed his recording system to record and compare GI 

electrical events and mechanical contractions. He noted that electrical activities were generated 

continuously in GI tissue and termed these activities as ‘action currents’ [1]. Alvarez also 

developed a non-invasive method of recording the gastric myoelectric activity from 

cutaneously-placed electrodes, which he termed ‘electrogastrography’ (EGG) [31].  

Richter was another notable early investigator in the same era, confirming the presence of 

an action current in the stomach using suction disc electrodes for his study [61]. He drew three 

letters on a single current action: ‘q’, and ‘k’ to refer to the rapid phases and ‘w’ to refer to the 

slow phase (Figure 2.6a). Twenty years later, in 1945, Bozler et al. achieved similar results and 

used cardiac electrophysiological terms (‘RST’) to describe various stages of the slow-wave 

event, termed ‘action potential’ at the time (Figure 2.6b) [62]. Bozler et al. also described spike 

activity during the slow phase and developed the foundations for investigating GI spike 

activity [63]. 

Although there have been significant developments in the techniques of recording and 

analysing action currents, the findings from the early studies are still relevant today. Action 
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currents (now termed ‘slow-waves’) were previously explained using the fast and slow phases, 

and was denoted as R, S, and T. Studies have been performed to investigate the mechanisms 

underlying slow-wave activity in the fast and slow phases using suction and intracellular 

recording [37], [64]. The fast and slow phases are associated with sodium and calcium channels 

respectively, while a high level of calcium ions was observed during the muscular 

contraction [65]. Carlson et al. established the relation between electrical activity and 

mechanical contraction in the GI tract, performing simultaneous pressure and electrical 

measurement studies [66]. 

 
(a) 

 
(b) 

Figure 2.6: Early extracellular gastric slow-wave recording traces (originally termed action potentials) with 
defined nomenclature at the time. (a) Canine slow-wave recording by Richter et al. [61] with marked ‘q’, ‘k’ 
and ‘w’ phases. Adapted from [61]. (b) Canine slow-wave events recorded by Bozler et al. [62]. He used the 
nomenclature ‘RST’ from cardiac electrophysiology to assign the various phases of a slow-wave. Adapted from 
[62].  

Early GI bioelectrical recording studies typically utilised sparse electrodes (less than eight 

recording electrodes) to record from a large surface area of the GI organ [16], [32], [67]. The 

sparse recording techniques were often performed by using needle electrodes [67], 

micro-electrodes [65], [37], pressure [68] and suction electrodes [3], [69]. These techniques 

provided basic measurements of slow-waves, such as determining the amplitude, frequency, 

and speed. However, this recording technique is unable to accurately define slow-wave 

propagation patterns because of the limited field of spatial sampling. Also, a significant portion 

of slow-wave propagation information is interpolated or assumed because of the large space 
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between the recording electrodes [70]. Low-resolution recordings are unable to detect 

slow-wave dysrhythmias that occur in a small region of tissue. In cardiac electrophysiology, 

the complex wavefronts plays a vital role in the initiation and maintenance of dysrhythmic 

activity [71], [72]. In GI electrophysiology, a similar mechanism may apply, and it is, therefore, 

essential to perform high-resolution (HR) mapping techniques to understand GI 

electrophysiology in sufficient spatial detail.  

2.3.2 High-resolution Mapping of Gastric Slow-wave 

HR cardiac mapping and recording techniques provide clarity to diagnose with better 

efficiency, and more detail when compared with standard electrocardiography (ECG) [73], 

[74], [75]. Similar to the cardiac field, recently, HR mapping of GI tract has been used in vivo 

animal and human studies [25], [76] and has transformed our understanding of GI electrical 

activity.  

The ability to visualise and characterise slow-wave propagation patterns without making 

assumptions about the slow-wave patterns is the main advantage of HR recording [26], [70]. 

Figure 2.7 compares two studies using the sparse recording technique [32] and the HR mapping 

technique [70] recording gastric slow-waves to illustrate the speed, direction and propagation 

pattern of slow-waves. Where the inter-electrode distance is large (about 3 cm in the sparse 

recording), the speed estimation of slow-waves might be unreliable, because the speed is 

calculated by considering the closest time delay. Without the electrode information in the 

centre of the HR electrode array, the direction and propagation pattern cannot also be accurately 

defined as occurs with a sparse recording setup. The HR mapping technique provides reliable 

information about the spatiotemporal characteristics of gastric slow-waves and offers an 

advanced understanding of normal and abnormal gastric slow-wave propagation patterns.  
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(a) 

  
(b) 

Figure 2.7: Sparse electrode recording vs HR recording technique. (a) Sparse recording of canine gastric 
slow-waves provides amplitude, frequency, and time-delay information of recorded slow-waves. However, the 
variation in gastric slow-wave and propagation patterns occurring over a short distance may be missed. 
Reproduced from [32]. (b) HR mapping technique using the FPC array (on the left) including 192 recording 
electrodes with an inter-electrode distance of 4 mm with the recorded signals shown on the right. The presented 
signals are from one column (12 electrodes) on the HR array over a distance of 4.8 cm. The red arrow shows the 
slow-wave direction that might be interpreted if only the two farthest electrodes were available. The blue arrow 
shows the defined direction of the slow-wave using the HR mapping. Adapted from [70].  

Lammers et al., in 1993, performed the first GI HR mapping study on ex vivo rabbit 

duodenum and recorded slow-wave activity using a custom-constructed platform of 240 

silver-wire electrodes (Figure 2.8) [25]. Figure 2.9 illustrates a flexible printed circuit 

board (FPC) array, with an inter-electrode distance spacing of 4 mm and 7.62 mm, that was 

used for HR recording [26]. The flexibility of this HR array makes it possible to cover the 

stomach surface curvature to record slow-waves. Both HR array electrodes shown in Figure 2.8 

and Figure 2.9 have been utilised in various animal and human studies to characterise the 

slow-wave origin and propagation pattern in GI tissues [77], [28], [2], and to identify normal 

and abnormal slow-wave activity patterns [27], [25], [78], [79], [8]. HR mapping also helped 
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to redefine the classification and quantification of gastroparesis slow-wave abnormalities, 

whereas previously the slow-wave dysrhythmia was classified based on the slow-wave 

frequency of sparse recording (detailed in Section 2.3.4). 

   

Figure 2.8: A custom-designed HR electrode array for HR GI mapping. This HR array used by Lammers et al. 
[25] was embedded in a rigid epoxy resin and included 240 Teflon-coated silver-wire electrodes (15 rows and 
16 columns) with an inter-electrode spacing of 1 mm. Adapted from www.smoothmap.org.  

 

 
  

(a) (b) (c) 

Figure 2.9: Flexible PCB electrodes designed by Auckland Bioengineering Institute Gastrointestinal Research 
Group for HR mapping in the GI tract. (a) 32-electrode FPC arranged in a 4×8 configuration with an 
inter-electrode distance of 7.62 mm. (b) Array includes 128 recording channels with an inter-electrode distance 
of 7.62 mm. (c) Electrode was comprised of 32 electrode channels with an inter-electrode space of 4 mm. 
Adapted from [26].  

2.3.3 Origin and Propagation of Slow-waves in the Normal Stomach  

Experimental studies using sparse recording and HR mapping have been performed to 

establish the origin and propagation of gastric slow-waves. Kelly et al., in 1969, conducted 
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sparse recordings of gastric slow-wave activity in canine stomachs and established that 

slow-waves originate in the corpus, along the greater curvature, and propagate towards the 

antrum (Figure 2.7a) [32]. It was also reported that there was no activity of slow-waves in the 

fundus region of the stomach [32], [80]. Hinder et al. performed a human study using sparse 

recording and gastric transection to investigate the human gastric pacemaker site and 

slow-wave propagation profiles [67]. The findings were similar to the canine stomach; the 

origin site of slow-waves was in the mid-corpus on the greater curvature and propagated 

distally, toward the pylorus, while the fundus region demonstrated a lack of slow-wave 

activity [32]. El-Sharwaky et al. performed an intracellular study of circular smooth muscle 

fibres from canine and human stomach and revealed that there was a gradient in the frequency 

of spontaneous slow-waves ranging from the orad corpus (3.7 cpm) to the antrum (0.66 cpm) 

in the canine stomach [37]. It was noted that the slow-waves were able to excite the surrounding 

cells and have a propagation at the highest frequency [37]. Slow-wave recording in conjunction 

with simultaneous pressure recording was first obtained from the mucosal surface by 

Monges et al. using suction electrodes and a balloon [81]. A year later, in 1971, Monges et al. 

used a similar method to illustrate the omnipresent nature of slow-wave activity in the canine 

stomach, and the presence of spike activity only during the mechanical contraction [82]. 

Findings from HR mapping revealed that characteristics of the slow-wave including 

frequency, amplitude, speed, direction, and pattern, can vary significantly between the various 

anatomical regions of the stomach.  

Lammers et al. utilised HR mapping techniques for recording slow-waves from an in vivo 

canine to identify detailed characteristics of the normal propagation of slow-waves across the 

stomach ranging from the fundus to the distal antrum [77]. They reported that the gastric 

pacemaker was located along the greater curvature, in the upper part of the fundus in the canine 

stomach. In the pacemaker area, slow-waves travelled with rapid velocities (1.5±0.9 cm/s) and 

large amplitudes (1.8±1.0 mV), whereas propagation in the corpus was slower with lower 

amplitude (0.5±0.2 cm/s and 0.8±0.5 mV). The antrum had faster activity (1.5±0.6 cm/s) with 

higher amplitude (2.0±1.3 mV) [77]. 

Egbuji et al. used HR mapping to establish normal initiation and propagation of 

slow-waves in a pig model [28]. After this validation study, O’Grady et al. performed in vivo 

HR mapping studies in the human stomach (Figure 2.10) and collected data from 12 human 

subjects [2]. They characterised and compared the regional slow-wave frequency, amplitude, 
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and velocity through spatiotemporal mapping of different regions of the stomach [2]. In the 

normal human stomach, slow-waves are initiated at a steady rate of about 3 cpm at the 

pacemaker site (upper-corpus) and then propagate distally through the stomach, while the mean 

amplitude and speed of slow-waves is highest in the pacemaker region (0.57 mV, 8.0 mm/s). 

After a reduction in the mid-corpus region (0.25 mV, 3.0 mm/s), the slow-wave amplitude and 

speed increased (0.52 mV, 5.9 mm/s) in the distal corpus and antrum region (Figure 2.11) [2]. 

Berry et al. also used HR mapping techniques to record the slow-wave activity from the human 

antrum terminal and noted normal anterograde slow-wave propagation and an area of increased 

amplitude and speed in the prepyloric antrum [38]. This high-speed region (7.5±0.6 mm/s) is 

within 28 mm proximal to the pylorus and 6 mm from the pylorus [38].  
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 (i) (ii)               (iii) 

(a) 

 

(b) 

 

(c) 

 

Figure 2.10: HR mapping of the entire stomach. The propagation pattern of normal slow-wave activity was 
defined within the pacemaker (a), corpus (b), and antrum (c) regions of the human stomach. (i) The position of 
the HR array on the human stomach model. (ii) Activation time map corresponding to the yellow rectangular 
area in (i). Black dots show recording electrodes. The time delay between recorded slow-waves through the 
mapping area is demonstrated with an isochronal colour band of 1 s. The red and blue colours represent the 
earlier and later slow-wave activity. (iii) Velocity maps provided by HR mapping showing the direction and 
speed of slow-wave propagation. The origin of the slow-wave activity is placed in the upper corpus area of the 
stomach. In the pacemaker site, the slow-wave with highest propagation speed was observed. Gastric 
slow-waves propagated distally from mid-corpus toward lower corpus and antrum area while slow-waves 
travelled slower in the corpus than in the antrum. Reproduced from [2]. 
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Figure 2.11: The slow-wave speed and amplitude profiles of the human stomach. Slow-waves are generated at 
the upper-corpus region and close to the greater curvature and propagate in a rotational direction. Slow-waves 
are not able to travel toward the fundus and cardia. In the corpus area, the slow-wave has lower amplitude and 
propagates slower than in the pacemaker region and antrum. Gastric slow-waves terminate at the pylorus. 
Reproduced from [2]. 

Most of the studies described have investigated the normal physiology behind gastric 

slow-wave activity and the relationship between slow-waves and gastric motility. Various 

studies and experiments were also performed to find the role of slow-waves in disordered 

gastric motility. 

2.3.4 Dysrhythmic Slow-wave and Gastric Disorders  

Disordered motility could result from abnormal slow-wave patterns. Abnormal slow-wave 

activity has been reported in several major gastric dysmotility and functional disorders 

including gastroparesis, functional dyspepsia, unexplained nausea and vomiting, and delayed 

gastric emptying [83], [6], [84], [85]. Gastroparesis is a chronic gastric motility disorder, where 

the stomach fails to empty normally in the absence of a mechanical obstruction [86], [87], [88]. 

Symptoms such as nausea, vomiting, early satiety, and bloating with variable severity were 

reported in patients suffering from gastroparesis [89]. 

Initial gastric dysmotility studies were conducted in canines where dysrhythmias were 

induced via drugs, such as glucagon [90], [91]. Subsequently, dysmotility studies in the human 

stomach have been performed where patients were diagnosed with diabetic gastroparesis, and 

had also undergone gastroenterostomies [3], [92], [40], [93], [94]. Lin et al. [6] and 

Sha et al. [5] found that patients with functional dyspepsia had impaired slow-wave 
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propagation and coupling, where multichannel electrogastrography was utilised for gastric 

activity recording. Coleski et al. performed studies using mucosa recording to investigate the 

dysrhythmic gastric slow-wave in healthy humans after administering glucagon [95], [96]. 

These studies used sparse recordings to investigate gastric dysrhythmia where the frequency 

of the slow-wave event has been considered as a criterion for gastric dysrhythmia classification. 

It was manually estimated by counting the slow-wave events during a defined time duration. 

Figure 2.12 illustrates 5 canine gastric slow-wave traces that were categorised as either normal 

or dysrhythmic based on the slow-wave frequency [91]. Stomach with high slow-wave 

frequency (4-9 cpm) is termed tachygastria, while the frequency of low slow-wave propagation 

(< 2 cpm) in bradygastria [97]. Qian et al. noted that tachygastria was normally observed in the 

antrum region, with retrograde propagation toward the corpus region where the main 

pacemaker is located [98]. 

 

Figure 2.12: Signals recorded from five sparse electrodes from the antrum of a canine. Normal slow-waves are 
recorded by electrode 1 and 2. Electrode 3 shows a dysrhythmia of the paired slow-wave event. Electrode 4 is 
a tachygastric slow-wave signal, while electrode 5 is defined as ‘irregular clustering’. Reproduced from [91]. 
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In humans, gastric dysrhythmias routinely occur at the same frequency as normal 

slow-wave frequency [99], [8]. Therefore, the frequency-based analysis provided by sparse 

recording may not detect many dysrhythmic slow-wave events. More modern slow-wave 

recording techniques such as HR mapping offer a more advanced understanding of slow-wave 

dysrhythmias and their relationship with gastric dysmotility. HR mapping provides a spatially 

detailed analysis of gastric slow-wave activity and adds a new classification scheme for gastric 

dysthymia: slow-wave frequency and the spatiotemporal pattern of slow-wave propagation, 

rather than the frequency of slow-wave events recorded by sparse recordings (bradygastria, 

normal, tachygastria). Recent studies performed via HR mapping have reported that 

slow-waves with high amplitude and velocity were recorded in the stomach with motility 

disorders while slow-wave frequency was the same as normal slow-wave frequency [8]. 

O’Grady et al. utilised a classification scheme adapted from cardiac rhythm analysis to 

classify gastric dysrhythmia as (i) disorders of initiation and (ii) disorders of 

conduction (Figure 2.13) [8]. Slow-wave disorders of initiation (Figure 2.14) result from 

abnormalities in intrinsic ICC frequencies, whereas disorders of conduction arise from 

disruption in slow-wave entrainment through the ICC network [99], [100]. According to this 

classification scheme, spatiotemporal profiles of slow-wave activity are necessary for 

analysing and characterising the slow-waves with abnormalities of conduction, whereas 

electrogastrography and sparse recording are only able to diagnose slow-wave activities with 

disorders of initiation. 

 

Figure 2.13: Slow-wave dysrhythmia classification based on the spatiotemporal analysis of propagation and 
frequency patterns. Adapted from [99]. 

 



 
 

2.3. Gastric Slow-wave Recordings 
 

21 
 

 (i) (ii) (iii) (iv) 

(a) 

 

(b) 

 

Figure 2.14: Abnormal slow-wave initiation- stable ectopic pacemaker mapping at HR in a patient with diabetic 
gastroparesis. (a) Normal slow-wave activity with antegrade propagation at a frequency of 3.3 cpm in the lower 
corpus and antrum regions was initially recorded for 280 s. (i) The position of HR array in the gastric serosa. 
HR array includes 256 recording channels with an inter-electrode space of 4 mm. Activation (ii), velocity (iii), 
and amplitude (iv) maps are shown. (b) Regular tachygastria (4 cpm) followed due to a stable ectopic 
pacemaker. Activation map shows organised retrograde propagation of slow-waves. Velocity and amplitude 
profiles indicate the rapid circumferential conduction and high amplitude activity are recorded near the ectopic 
pacemaker site. Isochronal interval is 1 s in the activation maps. Reproduced from [8]. 

An HR mapping study in patients suffering from gastroparesis demonstrated the presence 

of both slow-wave abnormalities (slow-wave initiation and conduction) [8]. It was also noted 

that rapid circumferential conduction of slow-waves (about 2.5 times the velocity of 

longitudinal conduction) beginning at sites of ectopic pacemaker or disrupted normal 

slow-wave fronts is always associated with dysrhythmic slow-wave activity patterns [8]. This 

rapid circumferential conduction leads to retrograde propagations that can be temporary and 

last for few wavefronts or may result in organised and stable retrograde propagations that 

collide with proximal antegrade wavefronts. Figure 2.15 illustrates abnormality of slow-wave 

initiation where normal activity was followed by a period of unstable ectopic pacemaker that 

caused retrograde propagations colliding with normal activity in the corpus region. When a 

group of cells outside of the site of the natural pacemaker initiates slow-waves, the term of 

ectopic pacemaker is used. An ectopic pacemaker or uncoupling of pacemaker occurs due to 

disruptions in the ICC network and may affect the efficiency of gastric motility [97]. In another 

HR mapping study, Angeli et al. reported that patients with chronic unexplained nausea had 

slow-wave dysrhythmias including abnormalities of initiation (stable ectopic pacemakers, 
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unstable focal activities) and conduction (retrograde propagation, conduction blocks, and 

re-entry) [7].  

 

 
(a) (b) (c) (d) 

Figure 2.15: Normal slow-wave activity was followed by an unstable ectopic pacemaker resulted in retrograde 
propagations that collided with proximal antegrade wavefronts. (a) HR array position on the stomach. (b) The 
normal antegrade activity of slow-waves in the antrum region of the stomach with a frequency of around 3 cpm. 
(c, d) The collision between the proximal slow-wave activity and retrograde activities resulted from the 
unstable ectopic pacemaker. Isochronal interval is 1 s in the activation maps. Reproduced from [8]. 

2.4 Gastric Electrical Stimulation and Pacing 

Investigation of slow-wave activity, a bioelectrical signal, and its relationship with gastric 

motility have motivated the use of external electrical impulses as a treatment to regulate 

slow-wave dysrhythmias and gastric dysmotility [11], [101], [102]. The idea behind this came 

from cardiac electrophysiology, where the application of an external electrical impulse has the 

ability to correct disordered rhythms [10].  

Cardiac pacing began in the 1930s with Hymen to use electrical stimulation to modify or 

generate cardiac mechanical activity [9]. Hymen used a hand crank to create an electric current 

that drove a DC generator whose electrical impulses were delivered to the heart [9]. 

Technological advances in the electronic circuitry resulted in the development of reliable, safe, 

and implantable devices. Similar techniques have been trialled in the GI field. Electrical 

stimulation was introduced about 50 years ago in an attempt to treat post-operative ileus [103]. 

Bilgutay et al. developed and tested a custom-built stimulation device to shorten the duration 

of ileus [103]. The idea was driven by the knowledge that there are natural pacemakers along 

the GI tract, and, external electrical impulses can modulate the myoelectric activity generated 

by natural pacemakers [103]. It was hypothesised that delivering an electrical impulse to the 

GI tract is able to restore an efficient contraction. However, the initial impression was not 

confirmed by subsequent randomised controlled studies [104], [105].  
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Various strategies and protocols for delivering external electrical impulses to the GI tract 

have since been developed. In general, these protocols differ across several electrode 

parameters, such as shape and position, and impulse properties, including amplitude, 

pulse width, phase, and period (or frequency). However, all these protocols are divided into 

two principal types: (i) gastric electrical stimulation, and (ii) gastric electrical pacing. 

Stimulation can affect the neural pathway to improve symptoms, such as nausea and vomiting, 

while pacing affects ICC/SMC to modulate the slow-waves [17], [14], [15].  

2.4.1 Gastric Electrical Stimulation 

Gastric electrical stimulation (GES), which is also known as ‘high-frequency GES’ 

(HF-GES), applies impulses with a frequency ranged 10-150 Hz that is much higher than the 

physiological range (2-4 cpm) of gastric slow-waves. This protocol is also called ‘short pulse 

stimulation’ because it requires a low level of energy and short pulse width. Short pulse GES 

has extragastrointestinal effects, including alteration of systemic hormonal and autonomic 

neural activity and modulation of vagal afferent pathways [20], [23], [106]. Supporting 

evidence for the efficacy of short pulse GES comes from canine [13] and human [107] studies 

showing improved symptoms of nausea and vomiting. GES has low-power consumption 

making it suitable for incorporating into implantable devices.  

Based on the clinical research that followed, the USA Food and Drug Administration 

(FDA) approved the implantation system Enterra (Medtronic, Minneapolis, MN, USA) with a 

Humanitarian Use Device status [15]. Enterra is an implantable neurostimulator with a high-

frequency, low-energy output that can be implanted into the abdomen via laparotomy or 

laparoscopy. Enterra acts on nerves and several reports have demonstrated significant 

improvement of symptoms such as nausea and vomiting in patients with medically refractory 

gastroparesis [108], [109], [110], [111], [20]. Song et al. performed canine studies and reported 

supporting evidence for the efficacy and efficiency of GES to reduce emesis following therapy 

[112], [113]. They also reported that short pulse GES at a frequency of 14 Hz with a pulse 

width of 0.3 ms was the most effective and efficient protocol to reduce symptoms induced by 

vasopressin [112].  

Four stimulation protocols have been assessed in GES studies using Enterra, as detailed in 

Table 2.1 [76]. Figure 2.16 depict the ‘low’ protocol which is the standard and widely used set 

of stimulation parameters. In this protocol impulses have an amplitude of 4 mA, pulse width 
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of 330 µs, frequency of 14 Hz, cycle on time of 0.1 s, and cycle off time of 5 s [114], [109], 

[13]. The ‘medium’ and ‘high’ protocols apply higher energy compared to the ‘low’ protocol, 

where the cycle on times are 1 s and 4 s for the ‘medium’ and ‘high’ protocols, respectively 

[115]. Impulses with maximum frequency, pulse width, and amplitude deliver to the tissue in 

the ‘max’ protocol. There are three combinations of on-off periods with the ‘max’ protocols. 

Using a long off-period of 17 s, the output impulses are at a frequency in the physiological 

range of the intrinsic slow-wave frequency, similar to the pacing output impulses [23], [21].  

Table 2.1: Enterra stimulation settings. Adapted from [76]. 

Protocol Amplitude (mA) Pulse-width (µs) Frequency (Hz) On period, Off period (s) 

Low 5 330 14 (0.1, 5) 
Medium 10 330 28 (1, 4) 

High 19.2±0.9 450 55 (4, 1) 
Max 19.2±0.9 450 130 (4, 1), (1, 17), or (0.5, 17) 
 

 

Figure 2.16: An illustration of the standard protocol used by the Enterra system. A short burst of a duration of 
short rectangular impulses (330 µs each) with an amplitude of 5 mA is modulated at a frequency of 14 Hz in 
each burst. Bursts are delivered every 5 s and only last 0.1 s. 

2.4.2 Gastric Electrical Pacing 

Gastric electrical pacing (GEP) delivers long impulses of current with high-energy 

(amplitude: 2-8 mA, pulse width >50 ms) and low-frequency (around the intrinsic gastric 

slow-wave frequency) to the stomach to regulate and modulate slow-wave propagation. Initial 

GEP research established that pacing could entrain and control gastric electrical activity and 

improve gastric emptying in canines and humans [21], [116], [18], whereas GES protocols are 

not able to entrain slow-wave activity and modulate its propagation pattern [112], [76]. 

Furthermore, the high-power consumption of GEP has limited its clinical use. 
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Gastric electrical pacing in conjunction with slow-wave recording was first applied in 1972 

when Kelly and La Force used monophasic square current impulses with an amplitude of 4 mA, 

pulse width of 500 ms, and frequency ranging between 2 and 12 cpm through silver wire 

threaded entirely around the canine stomach [16]. Simultaneous sparse recording confirmed 

the slow-wave “entrainment” with a higher frequency of the applied current by GEP (Figure 

2.17). In the GEP research, entrainment occurs when initiated slow-waves entrain and 

propagate at the same frequency as the pacing frequency.  

 

Figure 2.17: Pacing the canine stomach with external electrical pulses. Impulses with 4 mA of amplitude, 7 cpm 
of frequency, and 50 ms of pulse width were delivered to the stomach through pacing wires labelled with ‘S’. 
After pacing, the initiated activity overrides the natural activity and entrains with the frequency of the applied 
current, around 7 cpm. The phase lag between the pacing artefact and the slow-wave was unaltered during 
pacing. Arrows indicate pacing artefacts. Reproduced from [16]. 

Pacing protocols are typically defined with frequency (or period), amplitude (either as 

voltage or as current), pulse width, and phase. Several protocols have been used for gastric 

pacing research [11], [15]. However, there are no optimum or standard properties for 

frequency, polarity, amplitude, and duration. A summary of gastric pacing protocol of key 

studies is provided in Table 2.2. 
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Table 2.2: Studies of gastric electrical pacing for modulation and entrainment of slow-waves. 

Article Subject phase Amplitude Pulse width Frequency
(cpm) 

Type and material 
of electrodes 

Kelly et al. 
(1972), [16] Dog Mono 4 mA 500 ms 2-12 Silverpoint and wire 

electrode 
Miedema et al. 
(1990), [102] Human Mono 4 V 60 ms 3 Did not mention 

Bellahsene et al. 
(1992), [18] Dog Mono 2 mA 300 ms 4-7 Silverpoint and wire 

electrode 
Eagon et al. 

(1993), [116] Dog Mono 8 V  50 ms IGF+1 Platinum bipolar 
pacing electrodes 

Lin et al. 
(1998), [21] Human Bi 4 mA 300 ms 90% IGF 28-gauge cardiac 

pacing wires 
McCallum et al. 

(1998), [23] Human Mono 4 mA 300 ms 110% IGF 28-gauge cardiac 
pacing wires 

Xing et al. 
(2003), [117] Dog Mono 4 mA 375 ms 6 Temporary 

stimulation wires 

Yao et al. 
(2005), [12] Human Mono 5 mA 500 ms 9 

Temporary 
transvenous cardiac 

pacing lead 

Xu et al. (2009), 
[17] Dog Bi 4 mA 

300-500 ms 
(modulated 
at 50 Hz) 

110% IGF 28-gauge cardiac 
pacing wires 

O’Grady et al. 
(2010), [24] Pig Mono 4 mA 400 ms 3.5 

Stainless steel 
0.58 mm pacing 

needles 
Lin et al. 

(2011), [14] Human Did not 
mention 4 mA 350 ms  110% IGF Temporary cardiac 

pacing wires  

Wang et al. 
(2018), [30] Pig Mono 5 & 8 mA 500 & 

900 ms 6 
Stainless steel 

0.58 mm pacing 
needles 

 

Miedema et al. used 4 V at 60 ms to entrain the human stomach in patients who had 

undergone a cholecystectomy [102]. Additionally, most of the research has shown that the 

optimum frequency of pacing to entrain slow-waves is 10% more than the intrinsic gastric 

frequency (IGF) [14], [16], [17], [23]. In [17], a modulated pulse was used for gastric pacing. 

In this method, the duration of millisecond-pulse is modulated by a 50 Hz high-frequency 

square pulse (Figure 2.18).  
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Figure 2.18: A modulated gastric pacing pulse in 50 Hz. Stimulation parameters are an amplitude of 4 mA, a 
pulse width of 300-500 ms, and a period of 11 s. Reproduced from [17]. 

The number of electrode pairs and their location are other important issues in GEP. One 

pair of electrodes is commonly used in GI research to apply concentrated energy to various 

regions of the gut to evoke a slow-wave pacemaker [102], [23], [24]. However, the entrainment 

of slow-waves can be attained faster when two or more pairs of electrodes have been used, 

compared with one pair of pacing electrodes [14], [17]. Furthermore, the distribution of energy 

among several pairs of electrodes results in significant power conservation and decreases the 

probability of tissue damage [14], [17]. In this approach, the applied energy is divided between 

the pacing electrodes, while the amount of energy distributed to each pair of electrodes 

decreases from proximal to distal electrodes. The phase shift between pacing channels is set 

according to the intrinsic phase shift calculated before pacing. Two-channel pacing with a 

modulated pulse in 50 Hz was shown to accelerate gastric emptying in dogs [17], and the same 

method was applied to patients with diabetic gastroparesis and resulted in similar outcomes 

[14]. Mintchev et al. used four pairs of electrodes, which were controlled by a microprocessor, 

to generate strong propagated contractions in a canine study [118].  

In cardiac pacing, the shape and material of pacing electrodes are well characterised and 

defined according to the cardiac muscle structure for pacing applications. The muscle type and 

structure of the heart are different from that of the stomach. Cardiac muscle forms the heart, 

while smooth muscle forms the stomach and intestinal walls. In the GI pacing field, a range of 

electrodes (including cardiac electrodes) has been used in gastric pacing studies with varying 

degrees of success [21], [23], [16], [118].  

Surgical steel cardiac pacing wires have been employed in several gastric studies 

[17], [14], [21]. Figure 2.19 shows a temporary in-line bipolar cardiac pacing 

electrode (OSCOR Inc., FL, US). This in-line stainless steel electrode, was originally designed 
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for cardiac applications, enables placement of both electrodes (positive and negative) in 

myocardium with only one needle puncture. This electrode is fracture-resistant with varied 

electrode spacing (0.25-3 cm) and thickness (0.3-0.5 mm). The other significant features of the 

cardiac pacing electrodes are the durability against corrosion, single wire design, high 

flexibility and strength. However, there are technical difficulties associated with electrode 

placement in the serosa layer of the stomach. 

 

Figure 2.19: A temporary bipolar cardiac pacing electrode. Inline bipolar design, with single wire configuration, 
allows placement of both electrodes (positive and negative) in serosa with only one needle puncture. The 
distance between pacing electrodes ranged from 0.25-3 cm. 

Kelly et al. used two types of electrodes with the same material (silver chloride) but with 

different shapes (circular and point electrodes) [16]. The space between each electrode was 

1 cm, while the length of the circular electrodes was 10 cm. The same pacing parameters were 

applied to both types of electrodes. The density of current at the point pacing electrode was 

much higher than the circular pacing electrodes. However, pacing results were similar in terms 

of slow-wave period modulation and regulating spontaneous gastric dysrhythmia [16]. 

Mintchev et al. also used circular electrodes for gastric pacing to control the movement of 

liquid gastric contents in a canine model [118]. However, circular electrodes consisted of 

long-isolated wires with 1 cm metal tips that were inserted and sutured sub-serosally (Figure 

2.20). In this study, multiple channel pacing was also assessed with several sets of 

circumferentially implanted electrodes [118].  

Silver-point and wire electrodes and pacing needles have also been examined in some GI 

research [16], [116]. Table 2.3 reports the different types of pacing electrodes used in GI pacing 

    

Figure 2.20: Placement of a circumferentially implanted electrode in dog stomach. Adapted from [118]. 
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studies. The literature review shows that researchers have used several designs but there is no 

standard and this makes it difficult to compare results between studies. Therefore, there is a 

need to investigate and design specific pacing electrodes for GI pacing applications.  

Table 2.3: The variety of pacing electrodes used in gastric pacing applications. 

Article Subject Type and material of electrodes 

Kelly et al. (1972), [16] Dog Silver point and wire electrodes 
Eagon et al. (1993), [116] Dog Platinum bipolar pacing electrodes 

Lin et al. (1998), [21] Human 28-gauge cardiac pacing wires 
McCallum et al. (1998), [23] Human 28-gauge cardiac pacing wires 

Xu et al. (2009), [17] Dog 28-gauge cardiac pacing wires 
O’Grady et al. (2010), [24] Pig Stainless steel 23-gauge pacing needles 

Lin et al. (2011), [14] Human Surgical steel temporary cardiac pacing wires  

2.4.3 Control the Emptying Rate via Gastric Electrical Stimulation and Pacing 

The motility function of the stomach has been conceptually considered in two parts [119]. 

The ‘proximal unit’ (primarily fundus and upper corpus) fulfils a tonic reservoir function, 

achieved by vagally-meditated ‘receptive relaxation’, whereby the stomach relaxes to accept 

the anticipated food bolus [120], and ‘accommodation’, whereby increasing food volumes are 

accepted without significant further increases in intragastric pressure [119], [121]. The 

‘distal unit’ (lower corpus and antrum) undergoes phasic contractions and is a highly efficient 

homogeniser. The distal unit provides continence for solids and its peristaltic mechanical 

contractions mix and grind digestible solids into small particles. The small particles then empty 

with the liquid phase of the meal into the duodenum [119]. The mixing and grinding are 

achieved by propulsive gastric contractions that are coordinated by slow-waves.  

Diabetic gastroparesis is characterised by abnormal gastric function resulting in delayed 

gastric emptying [122]. A range of slow-wave abnormalities is associated with 

gastroparesis [3]. These dysrhythmias include irregular slow-wave frequency (bradygastria and 

tachygastria) [123], abnormally low-amplitude of gastric slow-wave, which may not be above 

the required threshold for mechanical contractions, and uncoupled slow-wave, which may 

cause incomplete propagation of mechanical contractions [23], [93], [94]. Gastric pacing has 

been introduced as a potential therapy for reverting the slow-wave abnormalities, and 

consequently accelerating the gastric emptying rate in patients with gastroparesis [23], [14]. 

Gastric emptying rates were also measured in a number of pacing studies as presented in 

Table 2.2. A detailed description of these is given here. 
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Bellahsene et al. accelerated the emptying rate in a canine model with gastroparesis using 

gastric pacing with a protocol of 2 mA of amplitude, 300 ms of pulse width and with varied 

frequency from 4 to 7 cpm [18]. The model of gastroparesis was induced by performing a 

bilateral truncal vagotomy just below the diaphragm. A significant improvement resulted from 

the application of gastric pacing on this model, compared with the no pacing model; gastric 

pacing accelerated the gastric emptying of an isotope-labelled solid test meal about 20% after 

120 minutes [18]. 

McCallum et al. used gastric pacing to improve the emptying rate in patients with 

gastroparesis in 1998 [23]. Pacing delivered impulses to the stomach with an amplitude of 

4 mA, a pulse width of 300 ms, and a frequency of 10% higher than the intrinsic gastric 

slow-wave. The mean gastric retention determined using scintigraphy at 2 hours was 

77.0±3.3%. Pacing significantly improved gastric retention after 2 hours of study (56.6±8.6%) 

[23]. 

Xu et al. performed canine gastric pacing studies in 2009 to investigate the efficacy of 

single-channel and two-channel gastric pacing on delayed gastric emptying induced by 

glucagon [17]. The amplitude used for single-channel pacing was 4 mA, whereas a much lower 

amplitude was considered for two-channel pacing; 1 mA for the first pacing channel and 

0.5 mA for the second pacing channel. The pacing frequency was fixed at 10% higher than the 

intrinsic frequency of the gastric slow-wave, and the pulse width was varied (200-400 ms) [17]. 

This work showed that single-channel gastric pacing was not able to significantly improve the 

glucagon-induced delayed gastric emptying, while a two-channel pacing device improved. 

Compared with glucagon without GES, two-channel improved delayed gastric emptying 

induced by glucagon (63.9±5.7 vs 30.0±7.4 %, at 90 minutes after feeding) [17]. 

All pacing studies described above placed the pacing electrodes in the corpus region (mid 

and lower-corpus) to perform forward pacing (aligned with the normal direction of slow-wave 

propagation toward the antrum) to accelerate the gastric emptying rate. Some studies have 

investigated reverse pacing (or retrograde pacing) via placing the pacing electrodes in the lower 

antrum and pylorus [116], [117], [12].  

In 1993, Eagon and Kelly investigated the effect of retrograde and forward gastric pacing 

on canine gastric motility and emptying by measuring myoelectrical and contractile activity 

and gastric emptying [116]. The applied pacing was at a frequency of 0.5 cpm above the 
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intrinsic gastric slow-wave frequency, an amplitude of 8 V, and a pulse width of 50 ms. The 

pacing electrodes were located on the anterior gastric wall near the greater curvature at 1 cm 

(for retrograde pacing) and 10 cm (for forward pacing) proximal to the pylorus and oriented 

parallel to the circular muscle fibres. The retrograde pacing is hypothesised to reverse the 

direction of antral peristalsis and prolong the duration of solid emptying and increase antral 

motility, whereas the forward pacing had no significant effect [116].  

In the last decade, the idea of retrograde pacing has been investigated by researchers as a 

potential therapy for obesity, where retrograde pacing can delay gastric emptying and reduce 

food intake. Although the effect of changes in gastric emptying to obesity is unclear, there is 

some evidence showing that accelerated gastric emptying may result in over-eating and obesity 

[124]. Delayed gastric emptying prolongs the presence of food in the stomach and has been 

associated with early satiety and less food intake, as frequently seen in patients with 

gastroparesis [125].  

In 2003, Xing et al. conducted canine studies to evaluate the effect of pacing with a 

frequency of 6 cpm at proximal stomach (for forward pacing) and distal stomach (for 

retrograde pacing) on gastric emptying, food intake and body weight [117]. The results 

revealed that gastric emptying of a liquid meal was not significantly affected by both forward 

and retrograde pacing, where the percentage of emptying was 79.8±5.1% at baseline, 

69.3±2.4% with forward pacing, and 52.8±8.8% with retrograde pacing. However, regardless 

of the pacing position, food intake significantly reduced from 383±37 g to 270±47 g during the 

forward pacing, and from 393±47 g to 335±47 g during retrograde pacing. Furthermore, a 

significant reduction was observed in weight; 6.9±1.3% during the forward pacing and 

5.7±1.8% during retrograde pacing [117].  

Yao et al. translated retrograde pacing studies in humans to investigate the effect of 

retrograde pacing on food and water intake, and gastric emptying [12]. The applied pacing 

protocol was composed of impulses with a frequency of 9 cpm, a pulse width of 500 ms and 

an amplitude of 5 mA, while the pacing electrodes were implanted 5 cm proximal to the 

pylorus. Induction of retrograde gastric pacing resulted in about 15% reduction in consumption 

of food and water, and a 15% increase in gastric retention of a solid meal during a three-day 

trial in healthy volunteers [12]. 
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The effect of gastric electrical stimulation on morbid obesity has also been investigated in 

several studies [126], [127], [128], [129]. The rationale behind this assumes that application of 

high-frequency electrical current impulses can reduce food intake by modulation of afferent 

signaling from the stomach to the brain such as enhancement of satiety [130], [131].  

Zho and Chen performed gastric stimulation to reduce the gastric emptying rate in dogs 

via a modulated pulse of 40 Hz and 10 mA in the antrum and lesser curvature [126]. They 

reported that the inhibition in antral contraction with gastric stimulation leads to a slowdown 

in the digestive process and increases satiety [126]. Chen’s group further demonstrated that 

distal gastric stimulation in obese subjects was able to reduce calorie intake by decreasing 

gastric accommodation, where there was no significant change in the gastric emptying 

rate [19].  

The gastric electrical stimulation method as a treatment for obesity intends to modulate 

satiety and vagal signaling and results in no significant changes in gastric motility and 

propulsive contractions. It was also reported that high-frequency gastric stimulation did not 

acutely modulate the slow-wave propagation pattern in the human stomach [76]. However, it 

is known that application of gastric pacing at a frequency around the intrinsic slow-wave 

frequency can entrain the stomach at the applied frequency via external pacing impulses to 

potentially modulate gastric emptying rates [17].  

2.4.4 Minimum Energy Required for Entraining Slow-wave  

The delivered energy per impulse to the stomach during pacing sessions is an effective 

parameter for gastric pacing. The energy of impulse depends on the pulse width and on the 

current delivered through the pacing electrodes [17]. In a systematic study, Kelly et al. 

evaluated the effect of different combinations of amplitude (0.1-10 mA) and 

pulse width (1-100 ms) on entrainment of gastric slow-waves in canines, and defined the 

‘strength-duration curve’ in the corpus and antrum region for the first time [22]. The relation 

between the minimum energy required to depolarise the membrane potential (stimulation 

threshold) and the delivered current (strength) and pulse width (duration) is known as the 

strength-duration curve, which is well-defined and optimised in the cardiac field [9], [132]. In 

the other systematic study, Lin et al. performed human studies to demonstrate the effect of 

pacing impulse amplitude on the entrainment of the gastric slow-wave using sparse recording 

when the pulse width was fixed (300 ms) [21]. They reported that an amplitude of 4 mA and 
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pulse width of 300 ms were the minimum energy required for gastric slow-wave entrainment, 

whereas an amplitude of 2 or 1 mA resulted in a partially entrained slow-wave [21]. Apart from 

these two significant studies on pacing energy, other pacing studies have applied pacing with 

fixed parameters that were established by trial and error.  

2.5 High-Resolution Mapping of Gastric Pacing and Stimulation 

The therapeutic purpose of GEP and GES in motility disorders is to normalise motility and 

emptying, to revert dysrhythmias, and to reduce symptoms. The feasibility of GEP has been 

examined in small trials. Human trials have shown promise with evidence suggesting GEP 

improves gastric emptying and symptoms in gastroparesis [23], [21], [14]. However, a clinical 

role has not been established, and GEP remains experimental. Furthermore, analysing the effect 

of GEP on gastric slow-wave activity has been largely performed by sparse recording to date. 

Figure 2.21 presents a sparse recording of GEP via three electrodes to analyse the effects of 

pacing on gastric slow-wave activities [23]. The sparse recording has provided a relatively 

insufficient coverage of GEP outcomes, such as defining the onset of entrainment, frequency, 

and timing of initiated slow-waves [133]. It has been shown that sparse recording cannot 

accurately determine the propagation sequence of slow-waves, where there is limited spatial 

sampling [78], [24].  

 

Figure 2.21: Gastric slow-waves before and after pacing recorded by two sparse electrodes. Dots show the 
pacing artefacts. Adapted from [23].  

In 1993, Lammers et al. introduced HR mapping, for the first time, for analysing the effect 

of external electrical pacing on slow-wave activities and patterns in rabbit duodenum [25]. 

They applied pacing at a frequency of 18.75 cpm and demonstrated the spatial propagation 

pattern of slow-waves in the vicinity of the pacing site (Figure 2.22). They also reported that 
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the overall conduction velocity of the paced slow-wave reduced from 2.9-3.0 cm/s to 

1.8-3.0 cm/s. 

 

Figure 2.22: The first high-resolution pacing performed by Lammers [25]. The activation map illustrates the 
propagation pattern of slow-waves in rabbit duodenum. The pacing electrodes (positive and negative signs) 
were placed in the middle left of the HR electrodes. Adapted from [23].  

In 2010, O’Grady et al. also used HR mapping in a pig model to demonstrate and evaluate 

gastric slow-wave modulation via gastric electrical pacing [24]. They demonstrated the 

velocity profile and interaction between the native and paced slow-waves. Figure 2.23 

illustrates the interaction by defining two zones: (i) zone of native activity (ZON) and (ii) zone 

of entrainment (ZOE). The ZOE did not immediately increase at the onset of entrainment 

because of the native slow-wave activity. There was a fall in the ZON and expansion of the 

ZOE. The entrained area gradually expanded to overtake native activity. They also reported 

that pacing did not significantly change the average speed of the slow-wave (6.3±2.8 vs 

6.4±2.8 mm/s) [24].  
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(b) 

 

(c) 

 

(a) (d) 

Figure 2.23: Entrainment mapping after the onset of gastric pacing. The pacing electrodes were placed in the 
middle of the mapping area, and pacing was applied in the amplitude of 4 mA, pulse width of 400 ms and 
period of 17 s. (a) The position of the HR mapping on the pig stomach model. (b), (c), and (d) Three 60-s 
electrogram sequences and activation maps of slow-waves after pacing onset. Activation maps correspond to 
the cycles that are designated by the black arrow. The illustrated electrograms selected from a vertical column 
of channels indicated by the vertical grey bands on the activation maps. The isochronal intervals are 2 s. Pacing 
artifacts are signaled with grey arrows. In the first 60 s period after pacing onset (a), pacing was not able to 
change the pattern of slow-waves. In the second slot (b), there was interaction between the initiated and intrinsic 
slow-waves. Total entrainment of the mapped field was achieved over multiple successive waves (c). Adapted 
from [24].  

Wang et al. have also used simultaneous HR mapping to validate their newly designed 

wireless gastric pacing device for modulating bradygastria in a pig model [30]. The pacing 

parameters used in this study were monophasic impulses with an amplitude of 10 mA, 

pulse width of 500 ms and 900 ms, and period of 10 s. They reported that increasing the 

pulse width from 500 ms to 900 ms decreased the slow-wave frequency from 3 cpm to 1.5 cpm. 

Furthermore, the slow-wave frequency was still at 1.5 cpm when the pulse width decreased 

from 900 ms to 500 ms. The slow-wave frequency was also 2.5 cpm at the post baseline session 

[30]. 

Angeli et al. applied HR mapping to investigate acute slow-wave responses to gastric 

electrical stimulation in patients with medically refractory gastroparesis, for the first time [76]. 

It was reported that Enterra was not able to induce any changes in slow-wave pattern, 
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frequency, velocity, or amplitude compared to baseline activities. In addition, gastric 

dysrhythmias included retrograde propagation, conduction blocks, ectopic pacemakers, and 

colliding wavefronts, and dysrhythmia rates did not change with stimulation on vs off (36 vs 

31%) [76]. 

However, no study has been performed in humans to assess the electrophysiological effects 

of gastric electrical pacing using HR mapping.  

2.6 Summary 

In this chapter, a brief review of extracellular recording methods of slow-wave activity was 

presented. This was followed by a background of the normal and abnormal slow-wave 

activities and patterns, along with gastric electrical pacing and stimulation as potential therapies 

for gastric dysrhythmias.  

This chapter has highlighted several gaps in our knowledge of gastric pacing, which 

directly served as motivation for this thesis. Furthermore, this thesis was motivated by a 

necessity to perform a systematic gastric pacing study to improve and standardise pacing 

protocols and to provide a framework to understand the mechanisms underlying normal gastric 

entrainment and dysrhythmias.
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Chapter 3   

Design and Implementation of a New Gastric Pacing Device 

Gastric stimulation and pacing studies have shown that electrical pacing is a potential 

treatment for gastric disorders [2], [11]. Conflicting results reported in the literature reveal that 

few systematic studies have been performed to investigate the effect of pacing parameters on 

entrainment and the pattern of entrained slow-waves in the gastric pacing field [11]. Several 

parameters affect gastric pacing results that need to be considered in a systematic pacing study, 

such as the shape of pacing electrodes, the location of the pacing electrode on the stomach, and 

impulse properties including amplitude, pulse width, and period. The first step of the gastric 

pacing study was to design a gastric electrical pacing device with adjustable parameters. In this 

chapter, the design details of a novel gastric electrical pacing device are explained.  

3.1 Critical Features of a Gastric Electrical Pacing Device 

The critical features of electrical parameters for the gastric pacing device were extracted 

from the literature. The new gastric electrical pacing needed to have the ability to reassess the 

other gastric pacing protocols that have been used so far. Furthermore, additional features were 

considered to assess new pacing protocols and increase the reliability of gastric pacing.  

3.1.1 Impulse Properties 

The most important part of gastric electrical pacing is the delivered impulse characteristics, 

including shape, amplitude, pulse width, phase, and period. Current square wave (impulse) has 

been usually used for stimulation and pacing in the cardiac and GI fields [9], [14], [134]. Figure 

3.1a shows the main properties of a square pulse including amplitude, pulse width and period. 

Unlike the electrocardiology field, where there are established standards for the delivered 

impulse properties from research studies [135], [136], [137], clinical trials [138], [139], [140], 

consensus statements from societies [141], [142], [143] and the industry leaders (e.g., Boston 

Scientific [144] and Medtronic [145]), there are no standardised properties for use in gastric 
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electrical pacing. Table 3.1 summarises the range of amplitude, pulse width and period used in 

gastric pacing studies (see Section 2.4.2). 

Some studies delivered different patterns of impulses to the stomach. Figure 3.1b indicates 

modulated impulses used to accelerate glucagon-induced delayed gastric emptying in dogs 

[17]. In [146], a dual pulse (Figure 3.1c) was applied to the stomach to affect the vagal 

activities, whereas a long impulse modulated gastric motility.  

(a) 

 

(b) 

 

(c) 

 

Figure 3.1: Three different impulses used in gastric pacing studies. (a): Two cycles of a square wave that can 
be defined by amplitude, period and pulse width. (b): Modulated impulse with high frequency (10-200 Hz). 
(c): Modulated impulse followed by one long impulse. 

 

Table 3.1: Range of pulse width, amplitude, and period used in the literature (summarised from Table 2.2). 

Pulse-width (ms) 0.3-1000 
Amplitude (mA) 1-10 
Period (s) 10-24 

 

The phase of the current impulse has an active role in affecting cellular metabolism and 

function in the pacing of the heart and other tissues in general [147]. Three typical phases of 

an impulse are shown in Figure 3.2. Negative monophasic pacing depolarises the baseline 

potential (transmembrane potential) of cells to below that of non-paced control cells while 
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positive monophasic pacing results in hyperpolarisation. A biphasic impulse, comprising a 

positive impulse followed by an inverse symmetric negative impulse, reduces the 

transmembrane potential similar to that of the negative monophasic impulse [147]. 

 

 (a) (b) (c)  
Figure 3.2: Three common phases of pacing impulses in gastric pacing applications. Schematic representation 
of the positive monophasic (a), negative monophasic (b) and biphasic current impulse (c). 

From the literature, the modulation frequency of sub-pulses, amplitude, pulse width, period, 

and phase of delivered impulse were chosen as key features for designing the gastric electrical 

pacing device in this chapter.  

3.1.2 Tissue-electrode Impedance  

The quality of contact between tissue and pacing electrodes has a significant effect on the 

pacing results. The ideal condition is that the output impulse of the pacing device delivers to 

the tissue with no loss in energy. The output energy can be lost in two areas: (i) wire and (ii) 

leads. The pacing wire is responsible for transferring energy from the pacing device to pacing 

leads. Incorrect connection in the plug and broken wires are common sources of energy loss. 

Pacing leads are impaled in or placed on the serosa layer. The most common causes of energy 

loss are corrosion, tissue damage, and poor-contact between the leads and tissue. There is a 

correlation between the level of corrosion and material, duration of implantation, the level of 

pacing energy, and the DC offset on the pacing leads [148]. Tissue burn and corrosion are 

likely to increase the impedance of tissue-electrode resulting in the loss of delivered energy 

before exciting the cells.  

Corrosion, weak-contact, broken wire, improper placement of pacing leads, and tissue 

damage can result in high-impedance. Therefore, continuous measurement of tissue-electrode 

impedance is a reliable method to monitor the contact quality between the tissue and pacing 

electrodes to ensure that the expected energy is appropriately applied to the tissue during 
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experiments. This feature was also considered as a vital feature for designing the new gastric 

electrical pacing device.  

3.1.3 Electrical Safety Requirements  

To use the pacing device in human studies, there are some requirements that should be met. 

The risk of electrical shock that can be mitigated by designing a battery-powered device and 

isolating the communication protocol. Furthermore, the risk of pacing neighbouring organs 

needs to minimised and mitigated. 

3.2 Pacing Device 

Considering all of the features mentioned in Section 3.1, a new pacing device was designed 

that provided mono or biphasic current impulses, with adjustable pacing period, phase, 

amplitude, and pulse width. One of the key features was that the delivered voltage, current and 

resistance between pacing electrodes could be continuously monitored to ensure reliable pacing 

and appropriate contact between the pacing electrodes and tissue. Table 3.2 reports the 

specifications of the pacing system.  

Table 3.2: Specifications of the designed gastric pacing device. 

# of pacing channels 1 
Pacing period 1-100 s (in steps of 1 s) 
Current range 1-8 mA (in steps of 1 mA) 
Pulse width 50-1000 ms (in steps of 50 ms) 
Phase Positive/negative monophasic, biphasic 
System supply 3.7 V (battery) 
Communication USB, Bluetooth 
Battery capacity Li-ion, 3.7 V, 2000 mAh, 7.4Wh 

Battery life on a standard 
battery 

> 16 hours @ 5 mA of amplitude, 400 ms of 
pulse width, 20 s of period, and 1 kΩ of a 

resistor between leads 
Size (H × W × D) 30 × 77 × 58 mm3 

Weight (including box) 115 g 

 

A block diagram outlining the key stages involved in the circuit of the pacing device is 

shown in Figure 3.3. The complete system consists of two main sections, GUI and hardware. 

The parameters of the pacing impulse were entered into the GUI, which was then 

communicated to the hardware circuit, which outputted the defined impulse.  
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Figure 3.3: Block diagram of the gastric pacing system, including the GUI, hardware, and pacing electrodes. 
The system can control and apply an impulse to one channel and monitor the amplitude of delivered current and 
voltage as well as the resistance of the tissue. 

3.2.1 Pacing Tuner  

A software platform called Pacing Tuner App was developed for both desktop and mobile 

platforms. Pacing Tuner incorporated a GUI to make it user-friendly to clinicians and 

researchers. Pulse shape and characteristics, communication protocols, and calculation of the 

tissue-lead resistance according to the received data were written into the Pacing Tuner App, 

where the user was able to adjust parameters as necessary during the pacing experiment.  

The desktop version of Pacing Tuner (Figure 3.4a) was written and compiled in C# and 

included the following sections: 

• COM port: Once the port connected to the PC was selected in the COM port section, 

the status of the connection with hardware was displayed. The Pacing Tuner was 

also able to communicate with gastric pacing hardware via Bluetooth, which was 

defined as a COM port in the Ports section.  

• Impulse properties: The impulse parameters, including amplitude, pulse width, and 

period, could be defined in the impulse properties section. The output impulse, also, 

could be modulated with higher frequency ranging between 1-1000 Hz to target the 

nerves as a stimulator. Once the impulse properties were set in the GUI, this 

information was transmitted to the hardware interface. 

• Measurement: The battery level of the pacing device is as an important monitoring 

function for clinical applications and was monitored continuously in the Pacing 

Tuner App. The amount of applied voltage, current, and the resistance between the 

electrodes and tissue were also displayed in the measurement section.  
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• Output signal: Four types of signals were listed in this section: (1) positive 

monophasic impulse, (2) negative monophasic impulse, (3) biphasic impulse, and 

(4) manually triggered impulse. In all modes except the manually triggered 

impulse, the output was a periodic impulse with a period adjusted in the pulse 

properties section.  

• Save measurement: Pacing times, pulse properties, delivered energy, and 

tissue-lead resistance were recorded in *.txt file during experiments. This 

information was useful for offline analysis of pacing results.  

The mobile version of the GUI included all of the same functionality of the desktop version 

in a mobile-friendly layout developed in Xamarin, Visual Studio 2017 (Figure 3.4.b). The 

mobile version GUI was compatible with both Bluetooth 2.1 and 4, while the isolated USB 

was another communication option for the pacing hardware.  

 

 

(a) (b) 
Figure 3.4: GUI of gastric pacing device. (a) Desktop version GUI developed in C#. (b) Mobile version GUI 
developed in Xamarin. 

3.2.2 Hardware 

According to the block diagram presented in Figure 3.3, the hardware of the pacing device 

contained seven key blocks: communication interface (USB-UART, and Bluetooth), 

low-power ARM microcontroller, adjustable voltage-controlled current source (AVCCS), 

low-pass filters and amplifiers, LEDs, micro SD memory, and power management unit (PMU). 

The communication interface included a USB to serial converter IC (FT232R, FTDI Chip 

Ltd., UK) and a Bluetooth unit (RN42, Microchip, US) to convert the transmitted data between 

GUI and microcontroller. RN42 is a small form factor, low power, and Class 2 Bluetooth radio 

that can deliver up to 3 Mbps data rate for distances up to 20 meters. A low-power 32-bit ARM 
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microcontroller (ST32F103RET, STMicroelectronics, US) was responsible for communicating 

with the GUI and the SD memory, to process the input data from analogue to digital converter 

(ADC), and to send control signals to the AVCCS and the LED block. The compiled code for 

the microcontroller was developed in Keil µVision IDE v4.7 (Richardson, TX, US). Based on 

the impulse properties, the microcontroller sent two control signals and a voltage level to the 

AVCCS. The two control signals were then used to determine the phase of the delivered 

impulse (monophasic or biphasic). The voltage level was generated in the microcontroller using 

a digital to analogue converter (DAC) that mapped the digital value to an analogue value of 

voltage. The AVCCS then generated a current impulse with an amplitude and phase defined 

by the voltage level, and status of the control signals, respectively. Therefore, the output of 

AVCCS was a square current impulse applied to the pacing electrodes, as consistent with 

known gastric pacing protocols [149], [20].  

The current and voltage delivered to the tissue were sampled by ADCs, which were 

embedded in the microcontroller. Several lowpass filters and amplifiers were also considered 

for preparing output voltage and current signal for sampling by the microcontroller. The 

resolution of ADC was 0.8 mV (12 bits and 3.3 V as a reference voltage), and sampling 

occurred during each pacing impulse. The microcontroller sent the measured voltage, current 

and resistance of the tissue between the pacing electrodes to the interface block and GUI for 

display. These measurements were refreshed after each impulse is applied to the tissue.  

The properties of the delivered pulses (time, the amplitude of current and voltage, period, 

pulse width, and tissue resistance) were saved onto the SD memory for offline analysis. The 

microcontroller used a serial peripheral interface (SPI) bus to read/write to the SD card. The 

PMU provided two regulated voltage levels (3.3 V and 12 V) to all blocks. The microcontroller 

unit, memory and USB-UART interface were powered by 3.3 V (VCore), while AVCCS, 

lowpass filters and amplifiers were supplied by 12 V. A DC-DC converter was used to boost 

the 3.3 V to 12 V. A charger section was also included in the PMU to charge the battery via 

USB. LEDs on the hardware indicated the status of the battery (low battery, charging, and full 

battery), and the run/stop mode of the device. Figure 3.5 shows the fabricated hardware of the 

pacing device. 
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Top view Bottom view 

Figure 3.5: Top and bottom view of the hardware of the pacing device. (1): ARM family microcontroller 
(STM32F103R). (2): Serial to USB converter. (3) Analogue section as ADC and operational amplifiers. 

Adjustable Voltage-controlled Current Source 

The schematic of the AVCCS was illustrated in Figure 3.6. It comprised an adjustable 

current source, current mirror, and H-Bridge switch units. The adjustable current source 

(LT3092, Linear Technology, US) was used as a current sink, while the amount of the current 

was controlled by a DC voltage level, provided by the microcontroller. A voltage between 0 

and 0.8 V would set the current between 0 and 8 mA, respectively. Note that this mapping is 

not linear and needs to be calibrated through the software. The current mirror unit reversed the 

direction of flow and generated a current source to apply the H-Bridge unit. As shown in the 

schematic, the H-Bridge was performed by two stages of switching MOSFET transistors (stage 

1: Q5, and Q6, stage 2: Q1, Q2, Q3, and Q4). The phase of the delivered pulse (monophasic or 

biphasic) could be set by two inputs (A, and B) in the H-Bridge unit. The microcontroller set 

the A, and B states to either low (0 V) or high (3.3 V). 
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Figure 3.6: The schematic of the adjustable voltage-controlled current source. 

The controlling voltages were applied directly to the gate of NMOSFET transistors (Q3, 

Q4, Q5, and Q6) in the first and second stages. The source of the NMOSFET transistors was 

grounded and can be turned on or off by applying a high or low voltage level to their gate, 

respectively. The first stage was an NMOSFET inverter driver, which allowed the 

microcontroller to drive PMOSFET transistors (Q1 and Q2) in the second stage, when the 

sources of the PMOSFET transistors were connected to 12 V. To apply 0-8 mA range of current 

to the tissue (with an approximate resistance of 1 kΩ), a 12 V supply voltage was required to 

connect the sources of PMOSFET transistors in the second stage. 

Table 3.3 presents the phases of the output impulse corresponding to the different pairs of 

inputs in the H-Bridge unit. To explore the mechanism of this unit, consider A: High, and B: 

Low. In this condition, Q1 and Q3 in the second stage are ON, and two other transistors (Q2 and 

Q4) in this stage are OFF. Then the mirrored current of the current source enters to Q1, passing 

through pacing electrode leads and tissue (La to tissue, and then to Lb) and finally to GND by 

Q3, NMOSFET transistor. Through inversion of the state of the inputs (A: Low, B: High), the 

current direction in the electrode leads is reversed (from Lb to La), and thus biphasic impulse 

generation is guaranteed in this circuit configuration. The electrode leads will then be in the 

open-drain mode (float mode) when the inputs of the H-Bridge were set to a low level 

(A, B: Low). In other words, after applying the impulse to the tissue or stop mode, there are no 

electrical potentials through the pacing electrodes. 
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Table 3.3: Functional description of the pacing device 

Inputs 
Function Pulse shape 

A B 

Low Low Float mode Open-drain 

Low High Positive monophasic  

High Low Negative monophasic  

High High Biphasic  

 

Real-time adjustable parameters 

Initial testing was performed on the benchtop, where a pulse was applied to a defined 

resistor and the output voltage measured by an oscilloscope. Figure 3.7 presents the results of 

this test where the amplitude and pulse width of impulses were changed several times using 

the GUI to examine the reliability of the pacing device. The pulse width was increased from 

50 ms to 700 ms and then the amplitude was reduced from 6 mA to 3 mA in steps of 1 mA. 

The prompt changes in the waveforms indicate that the design fulfilled the real-time aspect. 

 

Figure 3.7: The voltage on pacing electrodes connected to a resistor of 1 kΩ. The pulse width and amplitude were 
changed after each pulse to test the reliability of the pacing device. The initial pulse width and amplitude were 
50 ms and 6 mA, respectively. The pulse width was gradually increased in 50 ms steps until it reached 700 ms, 
then the amplitude was decreased in 1 mA steps. The output was not exactly a square-shape pulse and there was 
noise due to DC-DC converter employed in the hardware. 

Tissue Resistance 

The bidomain model describes the propagation of electrical activity through tissue [150]. 

This model accounts for the different electrical properties in the intracellular and extracellular 

domains and is represented by an electrical circuit, including resistors and capacitors. In detail, 

a network of resistors can represent the intracellular and extracellular domains. For the 
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intervening membrane, a parallel resistor and capacitor connected the two layers of resistor 

networks [150]. The accurate way to quantify the contact quality between pacing electrodes 

and tissue is to measure the impedance of two pacing electrodes. Electrical bioimpedance is a 

well-recognised parameter for tissue characterisation in cardiac pacemakers and 

defibrillators [9]. Numerous methods have been used for measuring bioimpedance, however 

most of these are complicated due to the capacitance properties of body tissues [151], [152], 

[153]. However, measuring the tissue-lead resistance provides a reliable estimation of the 

tissue-lead impedance and consequently, contact quality between pacing electrodes and tissue. 

An increase in impedance values may indicate tissue damage or pacing electrode fracture or 

displacement, while a decrease may indicate a short circuit or insulation breach [154]. 

Some cardiac pacemaker models suggest a simplified method to calculate the tissue-lead 

impedance. This method consists of applying a voltage/current pulse to the tissue and 

calculating the tissue-lead impedance (Z) through a linear equation [153]:  

𝑍𝑍 =
𝑡𝑡𝑝𝑝

𝐶𝐶𝑑𝑑𝛿𝛿𝑈𝑈
 (3.1) 

where voltage/current pulse trailing front (δU) is measured during the pulse width (tp). Cd is the 

dividing capacitor, which connects the pacemaker output to the pacing electrodes. 

A simple approach adopted to estimate bioimpedance is based on the injection of a current 

pulse into the electrode and measure the resulting voltage, but only the tissue-lead resistance 

can be derived [155]. A complex computation to estimate the impedance is also presented in 

[156] and [157]. 

To avoid high hardware cost and complexity, in this thesis, tissue resistance between the 

pacing leads was determined by computing the average resistance by sampling the voltage and 

current of a delivered impulse captured on the microcontroller. While the impulse was applied, 

the average resistance in each delivered impulse was calculated by: 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 =
1

𝑁𝑁𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠
�

𝑣𝑣(𝑘𝑘)
𝑖𝑖(𝑘𝑘)

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑘𝑘=1

 (3.2) 

where v(k) and i(k) are the k-th sampled voltage and current of the delivered impulse, 

respectively. Nsample is the number of sampled values during the pulse width and is defined as: 
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𝑁𝑁𝑠𝑠𝑎𝑎𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑃𝑃 × 𝑓𝑓𝑠𝑠 (3.3) 

where PW is the pulse width (ms), and fs is the sampling frequency (in this study fs=10 Hz).  

Isolation and Limitation of the Pacing Output for Safety 

USB isolator, software and hardware limitations for the maximum delivered current, and 

casing were considered in the pacing device. The output current was limited to 8 mA through 

the hardware. According to the desired therapeutic range of 200 to 2000 Ω for the tissue-lead 

resistance [9], [154], it was programmed that pacing was stopped automatically once the 

measured tissue-lead resistance was above 3 kΩ. This increased the safety of the device when 

pacing electrodes disconnected from the stomach, and there was a risk of pacing to the 

neighbouring organs. The USB isolator also provided high protection from shock-hazard by 

the main supply.  

Note that the custom-designed pacing device is a multifunctional pacing device that can be 

used in different organs of the GI tract, where a variety of parameter combinations can be 

examined. In this thesis, monophasic impulses with different combinations of amplitude, 

pulse width, and period were utilised in all pacing experiments. A comparative study is 

required in the future to assess the effect of biphasic impulses on slow-wave responses in the 

pacing experiments. As a limitation, the custom-designed pacemaker was not able to accurately 

measure the tissue-lead resistance in the modulated pulse mode because of the low-sampling 

rate. In the current pacing device, the sampling rate was 10 Hz and a higher sampling rate 

would address this limitation.  

3.3 Summary 

This chapter describes a custom design of gastric electrical pacing device for assessing 

various pacing protocols, including the reported pacing protocols in GI pacing articles. The 

custom pacing device can output square current impulses with tuneable pulse width, amplitude, 

phase and period. The output impulse, also, can be modulated with higher frequency 

(1-1000 Hz) to target the nerves as a stimulator. The electrical properties of output impulses 

(voltage and current) are monitored continuously to measure the delivered energy to the tissue 

and the resistance between tissue and pacing electrodes. This improves the reliability of pacing 

procedures in terms of the quality of tissue-lead contacts. Typically, corrosion, weak-contact, 

and tissue damage result in high-resistance, thus resulting in poor pacing results. The presented 
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gastric pacing device was built for experimental research studies to apply and optimise pacing 

protocols in animals and humans. 
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Chapter 4  

Surface-contact Electrode: Design and Validation 

Various shapes and materials of pacing electrodes have been investigated for the cardiac 

pacemaker. A low tendency to displace, and high longevity are the most important goals of 

electrode improvements [158], [159]. Size (surface area), macrostructure (shape), 

microstructure (polished vs rough), and material (platinum, titanium, silver) are parameters that 

affect pacing performance [159].  

In this chapter, we aim to compare three types of pacing electrodes in terms of durability, 

efficiency in delivering pulse, and their effect on the gastric slow-wave propagation pattern. 

These electrodes are: (i) hooked-shape pacing electrode, (ii) temporary cardiac pacing 

electrode, and (iii) surface-contact pacing electrode, which is a newly designed gastric pacing 

electrode. The results presented in this chapter were performed in an in vivo acute pig model. 

4.1 Hooked-shape Pacing Electrode Design  

The hooked-shaped wire electrodes, anode and cathode, were tinned copper, 32 gauge 

(0.2 mm diameter), and were insulated except 3 mm from the tip. These electrodes were 

introduced into the sub-serosal layer with the aid of a syringe needle (0.80×25 mm, Terumo 

Medical Inc., NJ, US) as shown in Figure 4.1. The needle was inserted in the stomach wall to 

a depth of around 5 mm and then pulled out smoothly. The hooked-shape tip of the pacing wire 

was then hooked in the sub-serosal layer of the stomach.  
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Figure 4.1: Hooked-shape pacing wire electrodes.  

4.2 Surface-contact Electrode: Design and Manufacture 

There were technical difficulties in implanting the hooked-shape pacing electrodes and 

securing them in place during the pacing experiments. In terms of mapping and analysing data, 

the pacing leads were supposed to be exactly in the centre of the mapped area to evaluate the 

initiated pacemaker displacement. The attachment method for hooked-shape pacing leads did 

not allow an accurate placement in the serosa. Therefore, a surface-contact pacing electrode 

was designed with easy, safe and fast placement, that could be placed on the gastric serosa 

without the need for insertion, stitching, and damaging the tissue.  

The surface-contact pacing electrode was a flexible printed circuit board (FPCB) that was 

designed in Altium Designer (v14.3, Altium, US). Figure 4.2 illustrates the surface-contact 

pacing electrode composed of 2 pacing leads and 30 recording sites, where the pacing leads 

were located in the middle of the arrays of recording electrodes. Circular pads were used for 

electrode contacts, with a diameter of 0.3 mm for recording tips and 4 mm for pacing leads. A 

diameter of 0.3 mm was selected as the diameter of recording electrodes based on the previous 

standard electrode diameter for slow-wave recording [26], [25]. Two different diameters of 

pacing electrode were tested, 0.3 mm and 4 mm, considering the current charge density. The 

inter-electrode spacing was 4 mm for recording electrode and 8 mm for pacing leads. Using 

pacing electrodes with a diameter of 0.3 mm, the gastric electrical pacing was not able to 

entrain slow-waves.  

The base material of the surface-contact pacing electrode board was polyimide, and the 

inlaid tracks and connectors were copper (Cu 1 Oz). The recording electrodes and pacing leads 

were surfaces plated with immersion gold. The final thickness of the board was 0.13 mm. The 

surface-contact pacing electrode boards were manufactured by PCBWay (Hangzhou, China). 
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Figure 4.2: Design of surface-contact pacing electrode. (a) Electrode included 2 pacing leads (diameter of 4 mm) 
and 30 recording tips (diameter of 0.3 mm). (b) The head of the electrode fabricated in gold material. (c) 
Finalised electrode array design. (d) Fabricated electrode array. 

Figure 4.3 shows a typical configuration of flexible PCB arrays employed in this thesis for 

gastric pacing studies via surface-contact pacing electrodes for HR recording. Six arrays of 32 

recording electrodes and two arrays of surface-contact electrode arrays (each array includes 30 

recording electrodes and 2 pacing leads) were staggered vertically as shown in Figure 4.3 

(252 recording electrodes and four pacing leads total; area ~36 cm2). Four pacing leads were 

located in the centre of the HR mapping electrode array. In each recording, only two of these 

four electrodes were used as pacing electrodes. This allowed for the choice of pacing leads to 

be oriented vertically or horizontally without repositioning the electrode array. 
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Figure 4.3: The HR electrode array containing 8 arrays (A-H; each array includes 32 electrodes), where the top 
and bottom three are mapping arrays and the middle two are pacing and mapping arrays. The entire HR 
electrode array contained 252 recording electrodes and 4 pacing leads. In each experiment, two of four pacing 
leads were used. The diameter of the pacing leads was 4 mm, and the distance between the two pacing leads 
was 8 mm centre to centre. 

4.3 Validation of Hooked-shape and Surface-contact Pacing Electrode 

The hooked-shape and surface-contact pacing electrodes were tested against temporary 

cardiac pacing electrodes (TME 64S, OSCOR Inc., FL, US) in the pacing experiments to assess 

their usefulness. TME 64S is a bipolar cardiac pacing electrode with a wire length of 60 cm, 

electrode spacing of 1 cm and bare strand diameter of 28 gauge (0.32 mm). Cardiac pacing 

electrodes have been heavily used in gastric pacing research as the gold standard [23], [21], 

[17], [14].  

4.3.1 Method 

4.3.1.1 Animal Preparation 

Ethical approval for pig experiments was obtained from The University of Auckland 

Animal Ethics Committee. The studies were performed on female weaner cross-breed pigs. 

These pigs were fasted overnight, followed by general anaesthesia with Zoletil (tiletamine HCl 

50mg ml−1 and zolazepam HCl 50 mg ml−1), and maintenance anaesthesia with isoflurane 

(2.5-5%, with an oxygen flow of 400 mL within a closed-circuit anaesthetic system). The 

serosal gastric surface was accessed via a midline laparotomy and the posterior gastric serosal 

surface exposed with minimal gastric handling. Vital signs were continuously monitored to 

ensure that pigs’ arterial blood pressure, temperature, and oxygen saturations were maintained 
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within normal physiological ranges. The pigs were euthanised at the conclusion of the studies 

by a bolus intravenous injection of 50 mL magnesium sulphate, while they were still under 

anaesthesia. 

4.3.1.2 Gastric Pacing Device, Pacing Electrodes, and HR Mapping 

The custom-designed pacing device described in Section 3.2 was used for gastric pacing 

experiments in this section. Three different pacing protocols are considered: Surface-contact 

electrode gastric electrical pacing (sGEP), hooked-shape electrode gastric electrical pacing 

(hGEP), and cardiac electrode gastric electrical pacing (cGEP). The properties and placements 

of the hooked-shape, surface-contact, and cardiac pacing electrodes are illustrated in Table 4.1 

and Figure 4.4, respectively. The hooked-shape wire pacing electrodes passed through small 

holes with a diameter of 1.5 mm located in the centre of the HR mapping electrode array, where 

the pacing electrodes, cathode and anode were separated by approximately 1 cm (Figure 4.4a). 

The position of the HR electrode array with embedded pacing electrodes (four larger 

electrodes) was located in the centre of the mapping array (Figure 4.4b). Cardiac pacing 

electrodes were stitched into the serosal layer in the middle of the HR mapping electrode arrays 

(Figure 4.4c). Warm and moist saline-soaked gauze packs were placed on top of the HR 

mapping arrays to maintain contact for the recording surface. 

Table 4.1: Three types of electrodes and their properties used for pacing in this chapter. 

 Hooked-shape pacing 
electrode 

Temporary cardiac pacing 
electrode Surface-contact electrode 

Photo 
  

 

Diameter 0.2 mm 0.32 mm 4 mm 

Length 3 mm 13 mm N/A 

Effective 
surface area 1.9 mm2 13 mm2 12.5 mm2 

Pacing 
electrode 
distance 

8 mm 10 mm 8 mm 

Material Tinned copper Stainless steel Immersion gold 
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(a) 

  

(b) 

  

(c) 

  
 (i) (ii) 

Figure 4.4: Gastric pacing via three different protocols: hGEP, sGEP, and cGEP. (i) Schematic diagrams 
illustrating the locations of the HR electrode arrays and pacing electrodes in hGEP (a), sGEP (b), cGEP (c). (ii) 
Representative photos of the HR mapping of gastric pacing in pig experiments. In hGEP and cGEP, HR mapping 
arrays were arranged in a different configuration with the same number of recording electrodes; 256 electrodes 
at a 4 mm inter-electrode spacing. This configuration provides the opportunity to pass pacing electrodes through 
the middle of the HR mapping arrays where there are two small holes with a diameter of 1.5 mm. With sGEP 
there were 252 recording electrodes and four pacing electrodes (only 2 were used at any one time).  

4.3.1.3 Pacing Protocol 

In all experiments, a monophasic current square impulse was applied to the stomach. 

Before pacing, a baseline recording of approximately 5 minutes was undertaken to estimate the 

intrinsic period of the gastric slow-wave activity and was considered as the reference map for 

investigating the response of pacing on the slow-wave propagation. The pacing was then 

applied initially with a pulse width of 100 ms and a period of 10% less than the intrinsic period 

of slow-waves observed during the baseline recording period [17], [11]. In all experiments, 

pacing started after observing a complete slow-wave wavefront within the mapping area. The 

amplitude of impulse was set to the lowest amount allowed by the pacing device 

software (1 mA), for investigating the lowest energy required to initiate a new pacemaker and 

entrain the slow-waves. After a period of 5 min, the amplitude increased with a step of 1 mA 
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until a new pacemaker was seen in the recording area. The slow-wave activity was recorded in 

the pacing session for 10-25 minutes, followed by 2 minutes recording for the post pacing 

session.  

The charge density of a current pulse (Qp) in deep brain stimulation and nerve stimulation 

fields is calculated by: 

𝑄𝑄𝑝𝑝 =
𝐼𝐼 × 𝑃𝑃𝑃𝑃

𝐴𝐴
 (4.1) 

where PW is the pulse width (ms), I is the pulse amplitude (mA), and A is the effective surface 

area of the pacing electrode (cm2) [160]. Presently, for deep brain stimulation the recommended 

conservative upper limit charge density for stimulation study is 30 µC/cm2 [161], [162].  

The charge density applied in the most gastric pacing studies cannot be determined, 

because the geometry of pacing electrodes was not reported to calculate the effective surface 

area. The equation used below is not a standard convention for energy calculation, but has been 

used in previous gastric pacing studies [14]. According to this reference, the delivered energy 

of a monophasic pulse (E) applied to the tissue is calculated by: 

E= PW × I2  (4.2) 

where PW is the pulse width (ms) and I is the pulse amplitude (mA) [14]. Therefore the same 

equation was employed in this thesis to compare the amount of energy applied across studies. 

4.3.1.4 Acquisition and Analysis of Gastric Electrical Activity 

 The data were acquired using an ActiveTwo data acquisition system (Biosemi, 

Amsterdam, The Netherlands), modified for passive recordings, at a sample rate of 512 Hz 

with 24-bit ADC resolution and unity-gain amplifier. The ActiveTwo system includes 8 arrays 

of recording channels, where each array has 32 individual recording channels. Each recording 

array was connected to the ActiveTwo system via a 1.5 m ribbon cable, which was connected 

to a laptop via a fibre optic communication interface for safety issues (Figure 4.5a). A 30 

minute recording period was commenced at each experiment, while reference electrodes were 

placed on the hindquarter thigh [28]. The recorded data was displayed online, as shown in 

Figure 4.5b, during HR gastric electrical mapping where the data was stored for offline 

analysis. The acquisition software was developed in Labview (National Instruments, TX, US). 
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(a) (b) 

Figure 4.5: Hardware and software used in HR recording. (a) Biosemi system used to record the analogue 
signals and convert them to digital signals for display on the screen on the laptop as seen on (b) and storage of 
data for further analysis. 

HR slow-wave analysis was performed offline using GEMS (version 2.1, FlexiMap, 

Auckland, New Zealand) [163]. In brief, the raw signals (Figure 4.6) were downsampled to 30 

Hz for computational efficiency, and were filtered using a Gaussian moving median filter (1 s 

moving window) for baseline correction, and a Savitzky-Golay filter (window 1 s, polynomial 

order 10) for high-frequency noise removal [164]. A ventilation artifact filter was also applied 

to suppress these artifacts without distorting the slow-wave morphology. In this filter, a cycle 

averaged ventilation signal is generated by shifting the raw signal by its ventilation period. By 

subtraction of the cycle averaged ventilation signal from recorded slow-waves, the signal to 

noise ratio (SNR) could be improved [147]. The pacing artifacts were also detected using a 

manual threshold of 10 mV, and then cropped to ±2-4 mV. The post-processed signals are 

shown in Figure 4.7. 



 
 

4.3. Validation of Hooked-shape and Surface-contact Pacing Electrode 
 

59 
 

(a) 

 

(b) 

 
Figure 4.6: Raw signals recording from the Biosemi at 512 Hz. (a) Slow-wave detection is difficult because of 
the large amplitudes of the pacing artifacts. (b) Enlarged view of the raw signals from the highlighted inset in 
(a). The distortions include high-frequency noise, ECG signal, pacing artifact together with the baseline drift. 
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(a) 

 

(b) 

 
Figure 4.7: Post-processed signals in GEMS. (a) Signals were down-sampled to 30 Hz, and baseline was 
removed using a Gaussian moving median filter. Savitzky-Golay and ventilation artifact filters were also 
applied to remove high-frequency noise and ventilator artifacts. The pacing artifacts were cropped to ±4 mV. 
(b) Enlarged view of three electrograms located close to the pacings electrodes. The time-delay between the 
pacing artifacts and the initiated slow-waves (>100 ms) and the zero recovery time after an overload condition 
(pacing energy) because of the high dynamic range input of Biosemi allowed slow-waves to be identified.  

Slow-wave activation times were identified and clustered into propagating wavefronts 

through manual review and correction as required [165]. Isochronal activation time (AT) maps 

were used to visualise the spatial pattern, after which velocity and amplitude maps were 

calculated. If the signal quality at an electrode was poor or if no slow-wave was detected, then 

the electrode site was left blank. The velocity vectors of slow-waves were decomposed into the 

x component (Vx) and y component (Vy); the y direction was approximately aligned with the 

greater curvature of the stomach. 

The entrainment of the gastric slow-wave via pacing was demonstrated by the fact that the 

slow-waves are phase-locked with the external impulses [14]. In other words, there was a 
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constant time delay between the impulse artefacts and the slow-waves (phase-locked), which 

suggests entrainment was achieved [166]. Figure 4.8 is an illustration of phase-lock during 

pacing experiments. The onset of entrainment was also recognised by considering the temporal 

relationship between pacing artifacts and slow-wave events, and by a spatial shifting of the 

wavefront origin to the region of the pacing electrodes [166]. To compare the results of gastric 

pacing with different types of pacing electrode, we defined four categories of entrainment 

based on qualitative analysis: 

(i) Full entrainment: Phase-locked occurred in the majority of 254-recording 

channels (>90%), the pacemaker position shifted close to the pacing electrodes, and 

the slow-wave propagation pattern altered. The qualitative assessment was used to 

detect full entrainment using AT maps when the initiated slow-waves entrained 

through the entire mapping area and took over the intrinsic slow-wave.  

(ii) Partial entrainment: Phase-locked happened in fewer than 40% of the recording 

channels and a new pacemaker initiated near the pacing site. 

(iii) Temporary entrainment: Either full or partial entrainment was just detected for a 

few minutes (up to 3 min), and the intrinsic slow-waves came back after that.  

(iv) No entrainment: phase-locked were not observed during pacing experiments. 

 

 

Figure 4.8: A representative example showing that slow-waves are phase-locked with the pacing artifacts. 
The constant time intervals between the pacing artifacts (red triangles) and slow-waves (green circles) in each 
recorded signal indicate phase-lock and entrainment. The increasing time durations indicate the propagation 
of slow-waves toward the proximal and distal parts of the stomach (brown arrows).  

4.3.1.5 Statistical Method 

 Slow-wave frequencies, velocities, and amplitudes are presented as means ± standard error 

of means (SEM). A one-way ANOVA test followed by multiple comparisons using Tukey's 
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honest significance test was applied to assess statistical differences between the slow-wave 

speed and amplitude during baseline and pacing sessions, with P<0.05 and P<0.001 considered 

as significant and highly significant differences, respectively. 

4.3.1.6 Validation Criteria 

Absolute mean difference was also calculated between the slow-wave velocity maps in the 

baseline and pacing sessions to quantify the change of pacemaker pattern. Velocity matrices 

corresponding to two consecutive velocity maps were first decomposed into Vx and Vy 

components, and then subtracted. The absolute mean difference of velocity components was 

then calculated. An absolute mean difference threshold of 0.8 mm/s was selected based on 

visual assessments to show the stability of the slow-wave patterns. That is, if the absolute mean 

difference between two consecutive velocity maps is less than 0.8 mm/s, it was considered to 

have a similar pattern indicating stability. Absolute mean difference was also used to define a 

quantitative evaluation of full slow-wave entrainment when the absolute mean difference 

between the velocity maps in the baseline and pacing sessions is more than 3 mm/s. This value 

came from qualitative assessments of AT paced maps.  

The circularity factor was used to numerically describe and compare the shape of the 

initiated pacemakers in the pacing studies. Circularity factor (fcirc) is a function of the perimeter 

P and area A [167]. In this section, fcirc is presented in the percentage form: 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
4𝜋𝜋𝐴𝐴
𝑃𝑃2

× 100 (4.3) 

The circularity factor is equal to 100% only for a circle, and it is less than 100% for any 

other shape. Figure 4.9 shows an illustration of how the fcirc of the initiated pacemaker was 

calculated. The AT map was first masked in order to keep specific colour bands and to remove 

the rest of the map. In this section, dark red colour corresponding to one second of pacemaker 

initiation was kept. The area and perimeter, then, were estimated after converting the map to a 

binary image [167]. In Figure 4.9a, the pacemaker has a circularity factor of 0.73 that is much 

higher than the oval shape pacemaker with fcirc of 0.45 shown in Figure 4.9b.  
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(a) 

   

(b) 

   
 (i) (ii) (iii) 

Figure 4.9: Two examples illustrating the calculation of circularity factor for a round shape (a) and oval shape 
(b). The process is shown in three stages: (i) Activation time maps, (ii) Colour mask maps, (iii) Circularity 
factor of maps.  

4.3.1.7 Histology 

Histological analysis was employed to determine whether pacing via surface-contact electrodes 

caused any damage or abnormal change in the tissue of the stomach. Two different levels of 

pacing energy at a period of 16 s were applied to the pig stomach for 10 min: 

i. Low (100 ms mA2): Amplitude of 1 mA, pulse width of 100 ms. 

ii. High (12500 ms mA2): Amplitude of 5 mA, pulse width of 500 ms. 

Full-thickness biopsies were taken from one area of the excised tissue, which encompassed 

the site of the positive and negative electrode (Figure 4.10a) and another site where pacing was 

not applied. The tissue sample was fixed in 10% natural buffered formalin (NBF) solution for 

at least 48 hours. After fixation, the tissue was dehydrated through a series of graded ethanol 

baths to replace water, which was then penetrated with paraffin. The infiltrated tissue was then 

implanted into paraffin blocks. The embedded tissue was cut into tissue sections with a 

thickness of 5 μm (the cutline is shown in Figure 4.10b). The sections were stained with 

Haematoxylin & Eosin (H&E) [168]. Stained tissue sections were placed on glass slides and 

were imaged (Figure 4.10c) at the Biomedical Imaging Research Unit, University of Auckland. 

Digital images of histologic samples were qualitatively evaluated in terms of manual review of 
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several established characteristics of tissue damage, including tissue structure, collagen 

hyalinization, blood congestion, and swelling of nucleus compared to healthy tissue. 

 

 
 

(a) (b) (c) 
Figure 4.10: Illustration of the location of sample tissue that cut for histological examination. (a) The position 
of pacing electrodes (positive and negative) on the stomach and the tissue area collected for histological study 
(shown by dotted rectangular). (b) The embedded tissue was cut into tissue sections with a thickness of 5 μm, 
which is illustrated by red dash-dotted line. (c) Example image of stained tissue section with the same length of 
the red dash-dotted line.  

4.3.2 Results 

Entrainment was established in 15 pig studies of mean weight 41±2.3 kg with 59 

recordings (n=16 for cGEP, m=22 for sGEP, k=21 for hGEP); multiple recordings were 

obtained from some animals. 

4.3.2.1 The Success Rate of cGEP and sGEP 

The shape and material of the pacing electrodes played an essential role in the success rate 

of entrainment. Figure 4.11 summarises the results of hGEP, cGEP and sGEP in the four 

categories of success rate. The success rate of full entrainment was significantly high through 

sGEP, about 64%, when compared with other types of pacing methods. The failure rates of 

gastric pacing via hooked-shape and cardiac pacing electrodes were about 28% and 19%, 

respectively, while sGEP was 5%. Partial entrainment was observed more in the cGEP, about 

38%, than in sGEP with 9%. The new pacemaker was initiated in 22% of sGEP experiments 

but was not able to last longer than a few minutes. This was about 6% and 31% for gastric 

pacing via cardiac and hooked-shape pacing electrodes.  
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Figure 4.11: Four categories of success rates across gastric pacing with three different types of pacing 
electrodes: hooked-shape, cardiac, and surface-contact pacing electrodes.  

4.3.2.2 Minimum Energy Required for Successful Gastric Pacing 

The minimum energy required to initiate a new pacemaker and reach consistent and full 

entrainment in cGEP and hGEP, was 1600 ms mA2 (pulse width: 100 ms, amplitude: 4 mA) 

and 2500 ms mA2 (pulse width: 100 ms, amplitude: 5 mA), respectively. However, with sGEP 

only 400 ms mA2 (pulse width of 100 ms and amplitude of 2 mA) was required. The levels of 

energy utilised in these studies were considerably lower than those used in previous animal 

studies (see Table 4.2) [16], [17], [24]. 

Table 4.2: A comparison between this study and the most descriptive gastric pacing studies in terms of 
minimum amplitude, pulse width, and energy required for slow-wave entrainment. 

Article Subject Type and material of 
electrodes Phase Amplitude Pulse 

width 
Energy (ms 

mA2) 

Kelly et al. 
(1972) [16] Dog Silver point electrode,  

1 mm in Diameter Mono 4 mA 500 ms 8000 

Xu et al. (2008) 
[17] Dog 28-gauge cardiac 

pacing wires Mono 4 mA 300 ms 4800  

O’Grady et al. 
(2009) [24] Pig Stainless steel 0.58 mm 

pacing needles Mono 4 mA 400 ms 6400 

This study  Pig 

Hooked-shape 
electrode Mono 5 mA 100 ms 2500 

Cardiac pacing 
electrode Mono 4 mA 100 ms 1600 

Surface-contact 
electrode Mono 2 mA 100 ms 400 
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Furthermore, the pacing area was visually checked after experiments for signs of burns or 

damage and no significant changes were observed. This indicated that the surface-contact 

pacing electrode has lower risk and a reduction of more than 70% of power consumption 

compared with impaled types of pacing electrodes. 

4.3.2.3 The Shape of the Initiated Pacemakers 

HR mapping allowed spatiotemporal evaluation and validation of the sGEP and hGEP. 

Figure 4.12 illustrates representative examples of gastric pacing using different types of pacing 

electrodes: hooked-shape, surface-contact, and cardiac pacing electrodes. The patterns of 

intrinsic baseline slow-wave activities were normal and antegrade (traveling from the proximal 

toward the distal stomach) in all three cases. With the pacing onset, the propagation patterns 

were altered. Furthermore, in all protocols, the initiated pacemakers were located in the centre 

of the mapped area and close to the negative pacing electrodes and initiated slow-waves 

propagated radially.  
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(a) 

   

(b) 

   

(c) 

    
 (i) (ii) (iii) 

Figure 4.12: Activation time profiles of gastric pacing with three different types of pacing electrode: (a) hGEP, 
(b) sGEP, and (c) cGEP. (i) The position of pacing leads and HR recording arrays on the pig stomach. In all 
protocols, the pacing electrodes (positive and negative signs) were placed in the corpus region and the middle 
of the recorded area. The distance between the 2 pacing electrodes was approximately 8 mm in sGEP and 
10 mm in both cGEP and hGEP. (ii) Isochronal activation maps of baseline gastric slow-wave propagation 
captured before the onset of pacing. (iii) Slow-wave propagation during pacing session, when the slow-wave 
fully entrained in the mapped area and was consistent. The activation time of slow-wave propagation is 
indicated by the colour field (red represents early activation, blue represents late activation) with the colour 
band of 1 s. The spatial pattern indicated that a new pacemaker region had been initiated in the middle of the 
recorded area. 

From all validation data, the circularity factor indicated that the shape of the new 

pacemakers was more circular in the sGEP (81±4%), which resulted in more orderly 

propagation patterns (i.e., Figure 4.12b). This factor for cGEP and hGEP was 72±8% and 

63±10%, respectively. Furthermore, the mean difference of the velocity profiles between cGEP 

and sGEP studies had a mean of 0.81±0.24 mm/s that shows reasonable and acceptable 

validation results of sGEP. Note that to apply the same conditions for cGEP, hGEP, and sGEP, 
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the pacing period was set to 18 s, and pacing leads were placed in the corpus area in all 

validation experiments.  

4.3.2.4 The Propagation Speed and Amplitude of Entrained Slow-waves  

Slow-wave speed is another factor that is considered for surface-contact electrode 

validation in this chapter. Figure 4.13 shows the velocity and amplitude maps corresponding 

to the AT maps shown in Figure 4.12. The speed of slow-wave propagation in hGEP was much 

higher than sGEP and cGEP in these representative studies, as qualitatively observed in Figure 

4.13a-c.  

(i) 

    

(ii) 

    
 (a) (b) (c)  

Figure 4.13: Spatiotemporal maps of paced slow-wave in hGEP, sGEP, and cGEP. Velocity (i) and 
amplitude (ii) profiles illustrate the initiated pacemaker and the propagation of entrained slow-waves during 
pacing in three representative gastric pacing experiments after achieving full entrainments. Velocity profiles 
show the speed (colour spectrum) and direction (arrows) of the wavefront at each point on the array. Lower 
amplitude values are indicated by areas of dark blue and higher values by regions of green. The velocity and 
amplitude maps of hGEP (a), sGEP (b), and cGEP (c) correspond to the mapped areas indicated in Figure 4.12.  

Figure 4.14 presents the effect of cGEP, hGEP and sGEP on the propagation speed of 

slow-waves for all validation experiments. The mean speed of slow-waves was 

6.46±0.05 mm/s in the baseline session. Pacing did not change the slow-wave propagation 

speed in sGEP (6.75±0.16 mm/s, P>0.05) and cGEP (6.76±0.15 mm/s, P>0.05). There was also 

no significant difference between the slow-wave speed in the sGEP and cGEP sessions 
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(P>0.05). There was a highly significant difference between the mean speed of intrinsic 

slow-wave and initiated slow-wave in hGEP (7.24±0.04 mm/s, P<0.001).  

There was also no significant difference in Vx between sGEP, cGEP, and hGEP (3.71±0.08, 

3.65±0.12, and 3.38±0.01 mm/s, P>0.05 for all). The Vx was 2.51±0.07 mm/s in the baseline 

sessions. However, Vy at baseline (5.40±0.03 mm/s) was significantly lower than hGEP 

(5.66±0.05 mm/s; P<0.05). It was also shown that there was no significant difference of Vy in 

cGEP and sGEP sessions (4.88±0.15 vs 4.90±0.11 mm/s, P>0.05). 

 

Figure 4.14: Comparison of the speed of entrained slow-waves in the baseline, cGEP, sGEP, and hGEP for all 
validation experiments in the corpus region. The velocity vectors of slow-waves were also decomposed into 
x-coordinate (Vx) and y-coordinate (Vy).  

The effects of cGEP, hGEP and sGEP on the amplitude of slow-waves for all population 

data are shown in Figure 4.15. The initiated slow-wave amplitude in cGEP and hGEP with the 

mean of 1.31±0.04 mV and 1.06±0.02 mV was significantly lower than intrinsic slow-wave 

amplitude in the baseline session with an average of 1.50±0.02 mV (P<0.001). However, there 

was no significant difference between the amplitude of intrinsic and paced slow-waves using 

sGEP (1.53±0.04 mV; P>0.05).  
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Figure 4.15: Comparison of the amplitude of entrained slow-waves in the baseline, cGEP, sGEP, and hGEP 
for all validation experiments in the corpus region. Pacing significantly decreased the slow-wave amplitude 
in both cGEP and hGEP protocols compared to intrinsic slow-waves in the baseline session.  

4.3.2.5 Tissue-lead Resistance 

The gastric pacing device has provided an ability to measure and monitor the resistance 

between tissue and pacing leads to estimate the quality of contact. In all pacing experiments, 

when pacing commenced, the tissue-lead resistance was between 200 Ω and 2000 Ω. 

Otherwise, the pacing leads were relocated to reach adequate tissue-lead resistance. Corrosion 

of pacing leads, dryness of tissue and electrical burn had significant effects on the tissue-lead 

resistance during pacing experiments. Figure 4.16 illustrates the changes in tissue-lead 

resistance for hGEP, cGEP and sGEP over 20 minutes of pacing experiments for one case. 

Tissue-lead resistance increased slightly from 800 Ω to 1000 Ω for cGEP, while sGEP had a 

gradual rise in the resistance; 950 Ω at the beginning and 1700 Ω at the end of the experiment. 

The largest changes in the tissue-lead resistance were observed in hGEP, where it dramatically 

increased from 500 Ω to 2700 Ω in 20 minutes. From all population data, tissue-lead resistance 

of stainless-steel cardiac pacing electrodes increased 13±10% per 20 min. This figure was 

42±16% and 235±149% over 20 min for the surface-contact electrodes and hooked-shape 

electrode, respectively. 
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Figure 4.16: The changes in tissue-lead resistance for three types of pacing leads in a period of 20 minutes of 
gastric pacing. The onset of pacing was 190 s, 200 s, 370 s in hGEP, sGEP, and cGEP, respectively. Cardiac 
pacing electrodes had more durability against corrosion than surface-contact electrodes. Hooked-shape 
electrodes showed a significant loss of contact quality between tissue and pacing electrode leads. 

4.3.2.6 Histology 

A total of three gastric pacing studies were performed in weaner pigs (n=3, 43.2±0.9 kg) 

for histological analysis of paced tissue. Figure 4.17 showed the muscle histology of three 

samples, including healthy and two paced tissues where low and high energy of pacing was 

delivered to the tissue through surface-contact pacing electrodes. The histological evaluation 

indicated that paced tissues, regardless of pacing energy levels, typically had normal cellular 

integrity of muscle and mucosa structures. The enlarged view also confirmed that no significant 

changes were observed between healthy and paced tissue. Furthermore, there was no blood 

congestion and swelling nucleus of the tissues after pacing. 
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(a) 

  

(b) 

  

(c) 

  

  (i)  (ii) 
Figure 4.17: Histological examination of paced and non-paced gastric tissue in sGEP. A healthy gastric tissue 
(a) and two paced tissues with low-energy (b) and high-energy (c) pacing were considered to assess the effect 
of pacing on the tissues. (i) A full-thickness view of stained tissue section corresponding to the centre area of 
Figure 4.10c. (ii) An enlarged-views. The visual assessment shows no significant changes between healthy and 
paced tissues.  

4.3.3 Discussion 

The structure and material of the pacing electrodes play an essential role in the success rate 

of gastric pacing experiments. The maximum power should be transferred to the tissue by 

electrodes during pacing. Therefore, the impedance of electrodes should match the impedance 

of the tissue surface. The durability of electrodes against corrosion and safety of electrodes 

should be taken into account while delivering the pacing impulse. Easy, safe, and fast 

placement were also considered as technical factors for pacing electrodes. There are numerous 

types of cardiac pacing electrodes with different shapes and materials, designed for cardiac 

muscles. To date, there has been no gastric pacing electrode with a specific design for GI 

pacing.  

The surface-contact electrode was a newly designed electrode for gastric pacing that was 

validated in this chapter using the cardiac pacing electrode and hooked-shape electrode. All of 
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them have been performed in animal studies. The results indicated that gastric pacing via 

surface-contact electrodes had promising results compared with cardiac and hooked-shape 

pacing electrodes. Similar spatiotemporal maps (activation time and velocity maps) and 

initiated slow-wave velocities were observed in both sGEP and cGEP. However, sGEP showed 

a higher success rate, and lower energy required for consistent full entrainment compared to 

cGEP. In the animal studies, the same results of cGEP (in terms of slow-wave propagation 

profiles) were achieved using the surface-contact electrode, whilst applying 25% of the energy 

needed for the cGEP. This was a significant reduction in the delivered energy of impulses and 

consequently, power consumption, which is a critical factor in implantable electronic medical 

devices. 

In terms of technical issues, the placement of a surface-contact electrode is much easier 

and safer than cardiac and hooked-shape pacing electrodes. Placement of the cardiac and 

hooked-shape pacing electrode requires more expertise because the insertion depth and angle 

affect the quality of contact between the leads and smooth muscle layers. The contact quality 

will also be reduced with cardiac and hooked-shape electrodes as they are more likely to cause 

tissue damage. Injury potentials resulting from impaled electrodes (hGEP and sGEP) may take 

a long time to resolve. This was one of the limitations of using these electrodes and because of 

this, sGEP was designed in this thesis. Furthermore, no significant changes or tissue damage 

were observed in tissue after sGEP experiments; this was confirmed by histological analysis 

near the site of pacing. This issue can be associated with significant differences in failure rates 

between sGEP (5%), cGEP (19%), and hGEP (28%), and partial entrainment results (38% for 

cGEP, and 9% for sGEP, 17% for hGEP). The shape of the electrode is another possible 

explanation for these variances, where the delivered current is more concentrated in a narrow 

channel (according to the thickness and length of pacing leads) along the longitudinal direction 

in the cGEP. The concentration of delivered energy and current increases the excitation chance 

of cells near the pacing leads. However, fewer cells received enough energy to excite, and 

consequently, the chance of entrainment will be reduced. Surface-contact electrodes with a 

diameter of 4 mm capture more cells in the stomach wall and with an acceptable concentration 

of current. On the other hand, the higher rate of temporary entrainment in sGEP (22%) and 

hGEP (31%) compared to cGEP (6%) indicated the rapid loss of contact quality in sGEP and 

hGEP. This claim can be verified by considering the tissue-lead resistance recorded during 



 
 
4. Surface-contact Electrode: Design and Validation 
 

74 
 

pacing experiments in sGEP (42±16% per 20 min), hGEP (235±149% per 20 min) and cGEP 

(13±10% per 20 min).  

Activation time and velocity maps of entrained slow-waves were compared in sGEP, 

cGEP, and hGEP. The shape of the initiated pacemakers was more elliptical in cGEP and 

hGEP, whereas it was more radial in sGEP. The shape of the new pacemaker was related to the 

shape of the pacing leads, particularly the negative lead where the new pacemaker was initiated. 

The negative electrode in the cardiac pacing electrode was cylindrical and the surface-contact 

electrode was circular. Therefore, gastric pacing via a surface-contact electrode can lead to a 

uniform electric power transmission with a circular pattern.  

The slow-wave propagation speed profiles in the baseline, sGEP, hGEP and cGEP sessions 

illustrated that the average speed of paced slow-waves was significantly higher than intrinsic 

slow-wave in cGEP, hGEP and sGEP. Interestingly, no significant changes were observed 

between initiated slow-waves in cGEP and sGEP.  

Surface-contact electrodes could not only be applicable for gastric pacing applications, but 

also other digestive organs with a thin muscle layer such as intestine, oesophagus, and pyloric 

valve, where the placement of stitched electrodes may cause physical damage. In this thesis, 

just two sizes were examined in pig studies: 0.3 mm and 4 mm. However, future studies are 

required to optimise the shape and size of pacing leads and to investigate their effects on pacing 

performance. The rapid loss of tissue-lead contact quality is a significant drawback of the 

surface-contact electrode and inert material such as titanium and platinum could be substituted 

[169], [170]. Tissue-damge was only evaluated histologically on tissue that had received pacing 

for 10 minutes. Chronic studies need to be conducted to evaluate any inflammatory tissue 

response for long-duration pacing. 

4.4 Summary 

In this chapter, the effectiveness of two pacing electrodes, hooked-shape and 

surface-contact, was compared to the temporary cardiac pacing electrode. The hooked-shape 

pacing electrode had some disadvantages, such as (i) difficulty in implanting the pacing 

electrode in the serosa and coinciding with the centre of HR mapping array, (ii) rapid loss of 

the contact quality, and (iii) displacement during experiments. These disadvantages of the 

hooked-shape pacing electrode led to designing a surface-contact pacing electrode array, which 

featured a safe, secure, and fast placement. The main disadvantage of the surface-contact 
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electrode was the rapid loss of the contact quality between tissue and pacing leads compared 

with the cardiac pacing electrode. However, the minimum energy required for initiating and 

propagating a new pacemaker was considerably lower in sGEP than in cGEP. The histology 

study demonstrated that using the surface-contact electrodes in the pacing experiments resulted 

in no significant damage to the tissue. 
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Chapter 5  

Pig Study: Slow-wave Pattern Modulation 

In this chapter, HR mapping was employed to assess the effect of pacing on the slow-wave 

pattern, enabling a substantially improved understanding of the effects on propagation pattern 

and velocity [25], [24]. This chapter demonstrates slow-wave pattern modulations during 

pacing experiments in pig studies, in which pacing was applied to different categories of 

slow-wave activities recorded in the baseline, including normal and dysrhythmic activities. 

5.1 Methods 

Ethical approval, anaesthesia, animal preparation, HR mapping, data acquisition and 

analysis were performed as outlined in Section 4.3.1.1. To modulate the slow-wave period, the 

gastric pacing device described in Section 3.3 was used in conjunction with HR mapping. The 

pacing results presented in this chapter are collected from two types of pacing protocols (cGEP 

and sGEP; described in Section 4.3.1). In Section 4.3, it was illustrated that there was no 

significant difference between the results of cGEP and sGEP in terms of slow-wave pattern. 

Furthermore, pacing leads were attached on the stomach in the vertical orientation (the same 

direction as longitudinal muscle layers) in this chapter.  

5.1.1 Pacing Protocol 

Monophasic current square impulses were applied to the stomach in all experiments. 

Before pacing, a baseline recording of approximately 5 minutes was undertaken to calculate 

the intrinsic period of gastric slow-wave activity. The pacing was then applied for a duration 

of 15 minutes. Pacing started with a period of 10% less than the intrinsic period of slow-waves 

if they were observed during the baseline recording [14]. To have an accurate analysis, 

experiments where slow-waves were fully entrained were chosen to evaluate the pattern 

modulation via pacing. Therefore, the amplitude and pulse width of the pacing impulses were 

not the same for all experiments. The amplitude and pulse width were varied between 1-5 mA 
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and 100-400 ms. Finally, the pacing was stopped, and the following intrinsic slow-wave 

activity was recorded for the final ~3 minutes of the study. 

5.2 Results 

To investigate the effect of pacing on the gastric slow-wave propagation pattern, we 

conducted 27 recordings in 19 pig studies (multiple recordings were obtained from some 

animals). Furthermore, the results are categorised into three types of slow-wave activity 

according to the baseline recordings: (i) normal activity, (ii) ectopic pacemaker, 

(iii) bradygastria. 

5.2.1 Stomach with Normal Activity 

The normal baseline activity was observed in 10 of 27 recordings with a mean slow-wave 

period of 19.3±2.6 s.  

Figure 5.1 and Figure 5.2 show an example of a gastric pacing experiment through a 

stomach with normal baseline slow-wave activity. Baseline recording indicated the presence 

of consistent normal antegrade propagation of slow-waves with a period of 21.2±1.4 s prior to 

pacing. Activation and velocity maps display that the intrinsic pacemaker was on the 

mid-corpus as is expected in a normal stomach (Figure 5.2b,c). The propagation pattern and 

period of slow-wave was altered with pacing onset (510-580 s of Figure 5.1). The slow-wave 

period was also modulated to 18 s, according to the pacing period, and the initiated slow-wave 

propagated toward the top and bottom of the recording area. Spatiotemporal maps show that a 

stable pacemaker was initiated in the centre of the recording area, adjacent to the negative 

pacing lead, and slow-waves travelled both antegrade and retrograde (Figure 5.2d).  
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(a) 

 
(b) 

Figure 5.1: Gastric pacing applied to a stomach with normal baseline activity using sGEP. (a) Example 
electrograms of slow-wave activities recorded over 130 s from HR mapping arrays shown in Figure 5.2. Prior 
to pacing, the slow-wave period was 21.2±1.4 s with normal activity; slow-waves propagated in an antegrade 
direction along the stomach. Pacing was then applied at 512 s (orange triangles) with a period of 18 s, amplitude 
of 4 mA, and a pulse width of 200 ms. External impulses were able to relocate the pacemaker region and 
modulate the period and propagation of slow-waves. Blue and red arrows, respectively, show the direction of 
the intrinsic and initiated slow-wave propagations. (b) A zoomed-view of the green shaded electrograms.  
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(a) 
 

   

 

    

    
 (b) (c) (d)  

Figure 5.2: Associated spatiotemporal maps of slow-wave signals presented in Figure 5.1. (a) Position of HR 
mapping electrode and surface-contact pacing electrode on the stomach. The activation map (isochronal 
interval = 1 s) and directional arrows on the velocity map indicate normal antegrade propagation (b, c) and 
modulated propagation pattern of slow-wave with pacing onset (d).  

5.2.2 Ectopic Pacemaker 

Stable ectopic pacemaking was observed in 3 of 27 recordings with a mean slow-wave 

period of 17.1±1.9 s. The slow-wave period of a stomach with an unstable and stable ectopic 

pacemaker was in the range of 14-20 s. Furthermore, ectopic pacemakers were primarily 

observed in the lower corpus and antrum regions.  

Figure 5.3 details an example of stable ectopic pacemaking occurring at a normal 

slow-wave period (~3 cpm) and the effects of the pacing. The HR array was placed on the 

corpus-antrum border as shown in Figure 5.4a. Prior to pacing, stable ectopic activity with 

organised retrograde and radial propagation was observed with a period of 19.5±1.2 s. The 

associated activation time, velocity and amplitude profiles of three slow-wave events (3-5) 

presented in Figure 5.3 are shown in Figure 5.4. The ectopic pacemaker was located in the 

lower-corpus region. Figure 5.4c illustrates that, after the onset of pacing, the impulses changed 

the origin of the slow-waves to where the pacing electrodes were located (near the middle of 
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the mapped field). The stable initiated slow-wave rapidly overcame the ectopic pacemaking 

region and dominated in the recording area.  

 
(a) 

 
(b) 

Figure 5.3: Gastric pacing applied to a stomach with an ectopic pacemaker using sGEP. (a) Electrograms 
corresponding to nine slow-wave events before and after pacing onset from a period of 170 seconds in 256 
electrodes from HR mapping arrays shown in Figure 5.4. Before pacing onset, there were retrograde and 
antegrade slow-wave propagations from a stable ectopic pacemaker located in the distal corpus. The pacing 
protocol applied in this example study was monophasic impulses with a period of 18 s, an amplitude of 4 mA 
and pulse width of 300 ms. Pacing was started at 343 s (orange triangles) and altered the slow-wave period 
from 19.5±1.2 s to 18 s. Layout as described in Figure 5.1. (b) A zoomed-view of the green shaded 
electrograms. 
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(a) 
 

   

 

    

    
 (b) (c) (d)  

Figure 5.4: Associated spatiotemporal maps of slow-wave signals presented in Figure 5.3. (a) HR electrode 
placement on the stomach model. (b) and (c) Two consecutive activation time (1 s isochronal interval), 
velocity and amplitude maps of an ectopic pacemaker before pacing onset. Both activation and velocity maps 
display consistent radial propagation of the slow-wave due to an ectopic pacemaker in the proximal antrum. 
(d) AT, velocity and amplitude maps in pacing session showed that pacemaker site was relocated, and 
slow-wave propagation patterns changed.  

5.2.3 Bradygastria 

Bradygastria was detected by HR mapping in 9 of 27 recordings with the mean slow-wave 

period of 65.4±40.6 s. Gastric pacing experiments with a baseline slow-wave period of 

30-171 s were considered to be bradygastric in our pig studies. Furthermore, unstable 

retrograde propagation was also observed in some bradygastria experiments.  

An example of bradygastria and the effect of pacing on it is shown in Figure 5.5. In this 

example, the baseline slow-wave period was 98±20 s and the first wavefront was observed to 

show a retrograde propagation. The pacing was able to initiate a stable pacemaker in the middle 

of the mapped area.  
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(a) 

 
(b) 

Figure 5.5: Gastric pacing applied to a stomach with bradygastria using sGEP. (a) Electrograms of slow-waves 
recorded from HR mapping arrays shown in Figure 5.6, which illustrate antegrade and retrograde propagations 
of the natural slow-waves with an unstable period during the baseline recording. In the baseline recording, 
before pacing onset, antegrade and retrograde propagations of the natural slow-waves with an unstable period 
were detected. With pacing onset (pacing protocol: amplitude of 4 mA, a pulse width of 400 ms, period of 20 s), 
the period of the slow-wave was regulated to 20 s, according to the pacing period. The initiated slow-waves had 
a steady propagation pattern. Layout as described in Figure 5.1. (b) A zoomed-view of the green shaded 
electrograms. 

Activation time, velocity and amplitude maps, before and after pacing onset, show the 

spatiotemporal detail of how pacing regulated the slow-wave frequency and propagation 

pattern (Figure 5.6). The first wavefront was retrograde (Figure 5.6b), while the second 

wavefront propagated after 100 s in the antegrade direction, from upper corpus to proximal 

antrum (Figure 5.6c). With pacing onset, a new pacemaker was excited between the pacing 

leads and greater curvature with radial propagation (Figure 5.6d). The pacing frequency (3 cpm 

or a period of 20 s) dominated the intrinsic slow-wave frequency in the mapped area. 
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(a) 
 

   

 

    

    
 (b) (c) (d)  

Figure 5.6: Associated spatiotemporal maps of slow-wave signals presented in Figure 5.5. (a) The location of 
HR mapping arrays on the pig stomach model. (b) Retrograde propagation profiles corresponding to the first 
wavefront presented in the electrograms of Figure 5.5. (c) Activation, velocity, and amplitude maps of a normal 
slow-wave propagation; started in the upper corpus and travelled distally toward proximal antrum. (d) A new 
pacemaker initiated instantly with pacing onset in the centre of the recording site. In the isochronal activation 
maps, the interval per colour band is 0.5 s. 

In 5 of 27 recordings, no slow-wave activity was recorded by HR mapping arrays in the 

baseline period, before pacing. This activity was considered as bradygastria. 

Figure 5.7 displays a representative pacing study through a stomach with no slow-wave 

activity. With pacing onset, a new slow-wave pacemaker was generated adjacent to the 

negative pacing lead. The entrained slow-wave then propagated through the stomach 

circumferentially and longitudinally. In this experiment, when pacing was stopped, no 

slow-waves were observed in the mapped region. In other words, the slow-waves were 

entrained as long as impulses were delivered to the stomach. 
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(a) 

 
(b) 

Figure 5.7: Gastric pacing applied to a stomach with no activity in baseline using sGEP. (a) No slow-wave was 
detected in the baseline in all HR recording electrodes shown in Figure 5.8. One impulse with an amplitude of 
4 mA and a pulse width of 100 ms was applied at 959 s to the stomach through pacing leads. Followed by the 
pacing artefacts (indicated by the orange triangle), initiated slow-waves appeared instantly and propagated 
toward the top and bottom of the recording area. Layout as described in Figure 5.1. (b) An enlarged-view of 
the green highlighted electrograms. 

Activation time, velocity, and amplitude maps demonstrated the spatiotemporal details of 

the spread of slow-wave activities through the stomach with no activity after pacing onset 

(Figure 5.8). Pacing excited the tissue located close to the negative lead and resulted in spread 

of slow-wave activity throughout the mapped area (from mid-corpus to antrum). 
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(a) (b) (c) (d) 

Figure 5.8: Spatiotemporal profiles of entrained slow-waves in a stomach with no activity presented in Figure 
5.7. (a) Diagram showing the position of the HR recording array on the gastric serosa. (b), (c), and (d) Isochrone 
activation (1 s isochronal interval), velocity and amplitude maps illustrate the location of the new pacemaker 
due to applying an electrical impulse. The entrained slow-wave then travelled radially through the recording 
area.  

5.2.4 Comparison of Intrinsic and Initiated Slow-wave Speed and Amplitude in the 
Different Types of Abnormalities  

Comparison of the slow-wave velocity data for all experiments presented in this chapter is 

summarised in Figure 5.9. In the normal stomach, highly significant differences were observed 

between the slow-wave propagation speed before and after pacing onset (6.27±0.05 vs 

7.01±0.05 mm/s; P<0.001). In the ectopic pacemaking abnormality, the slow-wave propagation 

speed excited by the pacemaker device was significantly slower than the intrinsic activity 

(6.02±0.04 vs 7.18±0.06 mm/s; P<0.001) in the mapped area. The slow-wave propagation 

speeds in the case of bradygastria were 7.06±0.07 mm/s in the baseline session and 

6.52±0.14 mm/s in the pacing session in the mapped area (P<0.05).  

 
Figure 5.9: Comparison of intrinsic and initiated slow-wave speed in the different categories of slow-wave 
activities; normal, ectopic, and bradygastric, during the baseline recording.  
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Figure 5.10 compares the amplitude of intrinsic and initiated slow-wave in stomachs with 

normal, ectopic and bradygastria activity. Overall, pacing was able to decrease the amplitude 

in all groups. In the stomachs with normal slow-wave patterns, pacing reduced the amplitude 

from 1.38±0.02 mV to 1.31±0.03 mV, although the difference was not significant (P>0.05). 

This difference was also not significant in the stomachs with ectopic abnormalities (1.44±0.05 

vs 1.28±0.01 mV, P>0.05). The amplitude of initiated slow-wave in the stomachs with 

bradygastric activity was 0.98±0.01 mV, which indicates a highly significant difference 

compared with the intrinsic slow-wave with 1.30±0.05 mV of amplitude (P<0.001).  

 
Figure 5.10: Comparison of intrinsic and initiated slow-wave amplitude in the different categories of 
slow-wave activities; normal, ectopic, and bradygastric during the baseline recording.  

5.3 Discussion 

In a normal stomach, a slow-wave propagates distally towards the pylorus at a frequency 

of about 3 cpm. The location of the gastric pacemaker is at the greater curvature of the mid to 

upper corpus [67], [2], [77]. Furthermore, slow-waves propagated isotopically from the 

pacemaker region with highest speed and amplitude in the entire stomach [28]. Any significant 

changes in the location, frequency, speed, and propagation direction of slow-waves are defined 

as dysrhythmic slow-wave activities. Many studies reported that slow-wave abnormalities 

contribute to gastric motility disorders [6], [7], [8], [5].  

GES and GEP are relatively new treatments for correcting gastric motility disorders (see 

Section 2.4). To date, most acute GES and GEP studies have utilised sparse slow-wave 

recording techniques. This chapter employed HR mapping to investigate the effect of gastric 
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pacing on the three types of slow-wave activity including normal activity and two common 

types of slow-wave dysrhythmia observed in gastric dysmotility: ectopic pacemaker and 

bradygastria. This categorisation was based on the baseline activity of slow-waves recorded 

before pacing onset.  

In general, regardless of dysrhythmia in the baseline session, pacing was able to initiate a 

new pacemaker adjacent to the pacing leads. Impulses with enough energy and a period of 10% 

less than the intrinsic slow-wave period were able to excite cells in the neighbourhood of pacing 

leads. With pacing onset, HR mapping showed a consistent shift of the wavefront origin to 

off-centre near the pacing electrode site, with radial outward propagation in all experiments. A 

previous study of HR mapping of gastric pacing has shown that there is an interaction between 

the propagation of induced slow-waves and intrinsic slow-waves in the recorded area [24]. 

However, this chapter illustrated that the initiated slow-waves rapidly overcame the intrinsic 

slow-waves (in the region monitored by HR mapping). The interactions between the initiated 

and intrinsic slow-wave is associated with the level of applied energy, the timing of pacing 

onset, and the period of applied impulses, as discussed in detail in Section 7.2.3.  

In the stomach with normal activity, the propagation pattern of initiated slow-waves was 

retrograde in the top region of pacing leads, whereas in the bottom region, slow-waves travelled 

in an antegrade fashion towards the pylorus. Gastric pacing in the antrum region and near the 

pylorus reversed the propagation direction of slow-waves in the stomach; slow-waves initiated 

in the antrum and travelled in a retrograde fashion toward the fundus. This method, applied 

impulses near the pylorus, is called retrograde gastric pacing (RGP). Yao et al. used RGP with 

a frequency of 9 cpm through a pair of electrodes implanted 5 cm proximal to the pylorus to 

decrease the gastric emptying rate as a potential therapy for obesity [12]. However, in this 

chapter, retrograde propagation of slow-waves was achieved in normal stomachs through 

pacing with a frequency of 10% more than intrinsic frequency.  

Gastric slow-wave dysrhythmia including bradygastria and no activity was observed in 

patients with idiopathic gastroparesis [4], [97], [29]. Gastric pacing has been introduced as a 

potential therapy for accelerating the gastric emptying rate in patients with gastroparesis [23], 

[14]. In the stomachs with bradygastria and no activity, it was shown that the pacing device 

initiated a stable pacemaker and entrained slow-waves with a consistent propagation pattern 

and period.  
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HR analysis of pacing allowed comparison of slow-wave propagation patterns before and 

after pacing onset in the stomach with a stable ectopic pacemaker. The initiated pacemaker was 

capable of overcoming and stopping the ectopic pacemaker in the recording area. However, 

the initiated pacemaker can be considered as a new ectopic source where it was located outside 

the normally functioning pacemaker of the stomach.  

The paced slow-wave propagation speed was significantly higher than the intrinsic 

slow-wave speed in the stomachs with normal activity (7.01±0.05 vs 6.27±0.05 mm/s). 

O’Grady et al. reported that the average speed of initiated slow-wave did not significantly 

change after the onset of entrainment in the stomach with normal activity (6.3±2.8 vs 

6.4±2.8 mm/s) [24]. However, the speed of slow-wave propagation after pacing onset was 

significantly slower than that of the subsequent intrinsic activity in the stomach with an ectopic 

pacemaker (6.02±0.04 vs 7.18±0.06 mm/s). This may be because the number of pacing 

experiments in the stomach with ectopic activity was insufficient.  

A current limitation of this chapter is that all studies were performed acutely, while fasted 

and under anaesthesia. Chronic studies are needed to investigate slow-wave and motility 

patterns during baseline and pacing sessions with conscious and in the fed state. Furthermore, 

it is necessary to test the efficacy of the pacing protocols in subjects where the ICC networks 

and motility patterns are known to be compromised. However, this chapter represents a critical 

stepping-stone towards trials in human subjects. 

5.4 Summary  

This chapter used a gastric pacing device in conjunction with HR mapping to evaluate the 

efficacy of the pacing device to modulate normal and dysrhythmic slow-wave activation. The 

efficacy of most gastric pacing studies has been interpreted using sparse electrodes with limited 

spatial sampling, whereas HR mapping was utilised in this study to provide spatiotemporal 

quantification of the spread of gastric slow-wave activity. This chapter confirmed that the 

gastric pacing device was able to reliably and predictably modulate the slow-wave propagation 

pattern in the stomach with different intrinsic activity, including normal, bradygastria, and 

ectopic pacemaker. 
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Chapter 6  

Pig Study: Slow-wave Period Modulation 

Despite several studies on the modulation of slow-wave period via gastric pacing device 

[21], [22], [16], no study has illustrated the temporal slow-wave responses to gradual changes 

of pacing period. This chapter, first, aims to demonstrate the effect of pacing with different 

periods on the intrinsic gastric slow-wave signals in the pig model. The second aim is to 

determine the lowest and highest period of slow-wave that can be entrained through the 

stomach wall using gastric pacing. 

6.1 Methods 

Ethical approval, anaesthesia, animal care, surgery, and signal acquisition were performed 

as outlined in Section 4.3.1.1. To modulate the slow-wave period, the gastric pacing device 

described in Section 3.3 has been used in conjunction with HR mapping.  

6.1.1 Pacing Protocol  

All pacing protocols employed in this chapter were a monophasic current square impulse. 

Before pacing, a baseline recording of approximately 3 minutes was undertaken to estimate the 

intrinsic period of the gastric slow-wave activity and was considered as the reference dataset 

for investigating the response of pacing on the slow-wave propagation. The pacing was then 

applied initially with an amplitude of 4 mA, a pulse width of 100 ms, and a period of 10% less 

than the intrinsic period of slow-waves observed during the baseline recording period. Once 

the initiated slow-wave entrained the entire mapped area, a period modulation technique was 

then applied to the stomach. In this technique, the period of pacing was decreased or increased 

(duration of ~2 minutes per pacing period) to modulate the period of the gastric slow-wave. 

The period of impulses applied to the stomach was in the range of 12 s to 36 s. At the end of 

pacing session, post pacing baseline for ~2 min was undertaken. Each recording, including 

baseline and pacing sessions, were acquired for 15-20 minutes. 
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To determine the lowest pacing period that was able to entrain a slow-wave, the pacing 

period was decreased in each experiment from 10% lower than the intrinsic period until 

slow-wave entrainment was lost. This method was also applied to find the highest pacing 

period, while two seconds were added to the pacing period in each step until the entrainment 

was lost. 

6.1.2 Validation Criteria 

Absolute mean difference was calculated between two velocity maps in two pacing 

sessions; one was before and the next was after changing the period. When the absolute mean 

difference was less than 0.8 mm/s, it is considered that the velocity profiles had a similar 

pattern. This threshold set from a qualitative assessment of paced slow-wave AT and velocity 

maps. The circularity factor was also calculated in this chapter at the 1 s isochrone (see 

Section 4.3.1).  

6.2 Results 

Gastric pacing, with the aim of slow-wave period modulation, was successfully conducted 

in 13 female weaner pigs (40.2±3.3 kg) with a total of 20 recordings (multiple recordings were 

obtained from some animals). In five recordings, the slow-wave period modulation was 

examined. Fifteen recordings were used to evaluate the physiological range of pacing period 

(10 for demonstrating the lower limit and 5 for upper limit). 

The lowest and highest consistent periods of baseline slow-waves recorded in our study 

were 14 s and 30 s; the lower slow-wave period (<14 s) was recorded in the stomach with 

ectopic activity. An irregular period was observed in 8 experiments, where the slow-wave 

period varied between two consecutive wavefronts in the baseline session (20-130 s). 

Furthermore, no activity was recorded in 5 experiments before pacing onset.  

6.2.1 Period Modulation 

A total of 5 separate recordings were made in 5 pigs, with an average duration of 

21.3±4.8 minutes, to assess the intrinsic slow-wave response to the period modulated pacing. 

Representative experimental data in Figure 6.1 shows that the slow-wave period was 

successfully modulated through pacing periods between 14 s and 30 s in this study. In this 

figure, before pacing, the intrinsic slow-wave activity was dysrhythmic with a bradygastric 

period, which varied from 40 s to 100 s (Figure 6.1b). Once pacing was applied, the slow-wave 
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initiated in a region close to the pacing site aligned with the pacing period. The full slow-wave 

entrainment was achieved through the mapped area after the third impulse. The slow-waves 

remained matched when the period of pacing decreased in three steps (from 20 s to 14 s, 

step: 2 s), with the slow-waves being recorded for about 2 minutes after each pacing period 

change. In Figure 6.1, it can be also seen that the slow-wave period returned to the initial 

dysrhythmic intrinsic value when pacing was stopped for 100 s (between 780 s and 880 s in 

the recorded duration) and slow-waves followed again the period of pacing (22 s) when pacing 

was reapplied (Figure 6.1c). Furthermore, four step increases were applied to the period of 

pacing (from 22 s to 30 s, step: 2 s) in the rest of experiment and the period of slow-waves were 

modulated successfully in each step. When pacing was terminated at 1630 s, the slow-wave 

period became dysrhythmic again. However, the propagation pattern of slow-waves remained 

normal with linear antegrade wavefronts. The modulation of the slow-wave period has been 

tested in five experiments from five pigs, and the results were consistent. 
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(a)  

 

 

 

(b) 

 

(c) 

 
Figure 6.1: Slow-wave modulation at the period ranging from 14 s to 30 s in an example study. (a) The measured 
slow-wave period (orange) versus the pacing period (blue). When no pacing was applied (0-200 s, 780-880 s and 
after 1630 s) the slow-wave period was irregular. When the pacing was applied, the slow-wave period 
immediately matched the pacing period. One signal recorded during periods X and Y is presented in (b) and (c), 
respectively, to provide more details of modulation of the slow-wave period (red triangles indicate the pacing 
artifacts, and the green dot indicates the induced slow-wave events). Yellow circle on the HR array shows the 
electrode position for the corresponding signals in (b) and (c). In inset X, the pacing restored the slow-wave 
rhythm to 20 s as the pacing period while the period of slow-waves was dysrhythmic before applying pacing at 
200 s. Inset Y illustrates that the dysrhythmic slow-wave returned when pacing was stopped. At 880 s, pacing 
was resumed with a period of 22 s, and slow-wave response resumed at a period of 22 s. 

6.2.2 Lower Limit of Gastric Pacing Period 

A total of 10 successful recordings (average duration of 11.3±2.7 minutes per recording) 

were conducted in 8 pigs to measure the minimum pacing period that was able to entrain and 

modulate slow-waves in the stomach. Before pacing onset, the average baseline slow-wave 

period was 22.4±1.6 s. 

The results show that the reliable lowest period for pacing that leads to full entrainment in 

all ten recordings was 14 s, while decreasing the pacing period to 12 s leads to different stable 

patterns of slow-waves. Figure 6.2 shows three possible scenarios with reducing the pacing 

period to 12 s:  
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i. The intrinsic slow-wave returned, and the entrainment was alternated between the 

intrinsic and paced slow-waves (Figure 6.2a). This scenario was observed in 50% of 

recordings.  

ii. There was one initiated slow-wave after two pacing impulses (Figure 6.2b). This was 

considered as a “2 to 1” entrainment because there was one entrained wavefront for 

two consecutive delivered impulses. This scenario has been seen in 30% of recordings.  

iii. Slow-waves with 12 s period were consistently entrained in 20% of recordings (Figure 

6.2c).  

(a)  

  

(b) 

  

(c) 

  

Figure 6.2: Three different scenarios were observed in three different pigs when the pacing period was reduced 
to 12 s. (a) Intrinsic slow-wave came back and collided with entrained slow-wave. Intrinsic slow-wave and 
entrained slow-wave alternated in every other pacing impulse. (b) Entrained slow-wave appeared after every 
other pacing impulse. (c) Slow-wave period immediately matched the pacing period when it reduced from 16 s 
to 14 s and then 12 s. Yellow circles on the HR arrays show the electrode positions for the corresponding 
electrograms in (a-c). Red triangles indicate the pacing artifacts, the green and black dots indicate the initiated 
and intrinsic slow-wave events, respectively.  

The spatial effect of reducing the pacing period was also evaluated by spatiotemporal maps 

of slow-wave propagation. Figure 6.3 shows the activation time, velocity and amplitude maps 

of a representative experiment of slow-wave period modulation. Normal propagation pattern 

was observed in the baseline AT and velocity maps (Figure 6.3b) with the propagation speed 

of 6.8±2.6 mm/s and amplitude of 1.74±1.26 mV. The external electrical impulses with a 

period of 18 s were able to initiate a new pacemaker region and entrain slow-waves in the entire 
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mapped area (Figure 6.3c). The pacing also decreased the slow-wave speed and amplitude to 

5.4±2.3 mm/s and 0.97±99 mV, respectively. Spatiotemporal profiles showed that there was 

no significant change in the initiated slow-wave propagation pattern when the pacing period 

reduced from 18 s to 16 s (Figure 6.3d). Furthermore, the slow-wave speed and amplitude 

slightly changed in the pacing session with a 16 s pacing period (5.2±2.1 mm/s and 

0.99±1.26 mV). The mean difference between two profiles of slow-wave velocity at 18 s and 

16 s sessions also revealed a high level of similarity (<0.8 mm/s). The same results were 

observed when the pacing period was decreased to 14 s (Figure 6.3e). The circularity factor 

ranged between 58-69% at the 1 s isochrone. 
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(a) 

    

 

     

     
(b) (c) (d) (e)  

Figure 6.3: Slow-wave spatiotemporal responses to the reduction of gastric pacing period. (a) HR electrode 
placement on the pig stomach model. (b) Baseline activation, velocity and amplitude maps of slow-waves in 
the stomach. With pacing onset, the pacemaker site was relocated in the HR mapped area. A new pacemaker 
was initiated close to the negative electrode and propagated toward corpus and pylorus. (c), (d), and (e) Showing 
the activation, amplitude and velocity profiles corresponding to pacing periods of 18 s at (c), 16 s at (d), and 
14 s at (e). However, period modulation has no significant change in the slow-wave propagation pattern after 
pacing onset.  

Figure 6.4 compares the average speed of the initiated slow-waves in the ten recordings 

where the pacing period decreased in steps of 2 s. The mean speed gradually decreased while 

the pacing period was reduced to 16 s and then increased when pacing applied at period of 14 s. 

The average slow-wave speed was 7.27±0.04 mm/s during baseline, 6.89±0.13 mm/s during 

pacing with a period of 18 s, 5.84±0.05 mm/s during pacing with a period of 16 s, and 

6.31±0.15 mm/s during pacing with a period of 14 s (P<0.05 for all). 
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Figure 6.4: Comparison of baseline and initiated slow-waves with different pacing periods (18 s, 16 s, and 
14 s) in ten recordings. Independent of the pacing period, the slow-wave speed was lower in the pacing 
sessions than baseline session.  

The slow-wave amplitude in four sessions including baseline, pacing at 18 s, pacing at 

16 s, and pacing at 14 s are compared in Figure 6.5. The amplitude of intrinsic slow-wave was 

1.51±0.04 mV and pacing did not significantly change the slow-wave amplitude 

(1.57±0.05 mV in pacing at 18 s and 1.37±0.04 mV in pacing at 14 s, P>0.05 for both), except 

at 16 s session (1.02±0.03 mV, P<0.001).  

 
Figure 6.5: The effect of pacing and its period on the gastric slow-wave amplitude. The initiated slow-wave 
amplitude had significant changes where pacing applied at the period of 16 s (P<0.001). The rest of the pacing 
sessions (with period at 18 s and 14 s) did not reveal a significant difference (P>0.05).  
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6.2.3 Upper Limit of Gastric Pacing Period 

To measure the maximum pacing period that leads to slow-wave entrainment, 5 separate 

recordings were made from gastric pacing of 5 pigs, with an average duration of 15.7±2.4 min 

per recording.  

Although gastric pacing at a period higher than the intrinsic gastric slow-wave period was 

able to entrain slow-waves, results indicated that there was an upper limit for pacing period. 

This limitation is because of the intrinsic slow-wave, where intrinsic slow-waves appear 

between the initiated slow-waves. Pacing at a period of 30 s was the highest pacing period with 

full entrainment and no intrinsic slow-waves. A pacing period of more than 30 s was able to 

achieve entrainment but the intrinsic slow-waves were also recorded. Figure 6.6 illustrates an 

example of gastric pacing at 36 s where there was intrinsic slow-wave activity with a period of 

80 s and entrained slow-waves after each pacing artifact. Furthermore, in one recording, full 

entrainment was achieved in the mapped region, even at a pacing period of 36 s, without any 

intrinsic slow-waves.  

  
Figure 6.6: An example of a gastric pacing experiment at a period of 36 s. The constant time delay between the 
pacing artifacts and the initiated slow-wave showed a successful modulation of gastric slow-waves. However, 
intrinsic slow-waves can be seen with an extended period (about 80 s). Yellow circle on the HR array shows 
the electrode position for the corresponding electrogram. Red triangles indicate the pacing artifacts, the green 
and black dots indicate the initiated and intrinsic slow-wave events, respectively.  

Figure 6.7 demonstrates the spatiotemporal profiles of initiated slow-waves, where the 

pacing periods increased from 22 s to 36 s. The qualitative analysis of the spatial properties of 

the entrained slow-waves indicates that there was no significant change in the propagation 

pattern, speed and amplitude profiles. The average speed and amplitude of the initiated 

slow-waves were 6.1±2.6 mm/s and 0.96±0.91 mV at the pacing session with pacing period of 

22 s. The slow-wave speed and amplitude was slightly increased by increasing the pacing 

period; 6.5±2.9 mm/s and 1.06±0.95 mV when paced at 26 s, 6.9±3.3 mm/s and 1.06±0.91 mV 

when paced at 32 s. An insignificant change was observed when pacing period jumped to 36 s 

(6.9±3.0 mm/s and 1.04±0.88 mV). The circularity factor ranged between 54-79% and the 



 
 
6. Pig Study: Slow-wave Period Modulation 
 

100 
 

mean difference between velocity profiles of slow-wave propagation in two consecutive 

sessions was less than 0.8 mm/s. 

    

 

     

     
(a) (b) (c) (d)  

Figure 6.7: Slow-wave spatiotemporal responses to the increment of gastric pacing period. HR electrode 
location on the stomach model and slow-wave profiles in the baseline are similar to Figure 6.3. The slow-wave 
period followed the pacing period when increased from 22 s to 36 s. The applied pacing periods were different: 
22 s at (a), 26 s at (b), 32 s at (c), and 36 s at (d). Period modulation has no significant change in the slow-wave 
propagation pattern after pacing onset.  

A comparison of the average speed of the initiated slow-waves at the pacing periods more 

than normal slow-wave period (about 20 s) in the five recordings is shown in Figure 6.8. The 

average slow-wave speeds were 6.51±0.06 mm/s during baseline, 5.76±0.04 mm/s during 

pacing with a period of 22 s, 7.14±0.19 mm/s during pacing with a period of 26 s, and 

7.42±0.22 mm/s during pacing with a period of 32 s. Pacing caused significant changes in the 

slow-wave speed to compare with baseline session (P<0.05 for all). However, there was no 

significant change between the slow-wave speed in the 26 s and 32 s sessions (P>0.05). 
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Figure 6.8: Comparison of baseline and initiated slow-waves with different pacing periods (22 s, 26 s, 32 s, 
and 36 s) in five recordings. 

Quantitative analysis of the intrinsic and paced slow-waves indicated that the initiated 

slow-wave had higher amplitudes for a longer pacing period (Figure 6.9). The slow-wave 

amplitude at baseline session was 0.95±0.01 mV, whereas it was 1.32±0.02 mV when paced at 

22 s, 1.63±0.06 mV when paced at 26 s, and 1.75±0.06 mV when paced at 32 s (P<0.001 for 

all).  

 
Figure 6.9: The changes of slow-wave amplitude in baseline and different pacing sessions with different 
pacing periods (22 s, 26 s, 32 s, and 36 s) in five recordings. 
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6.2.4 Success Rate of Pacing at Different Pacing Periods 

Figure 6.10 reports the success rate of the gastric pacing study when the pacing period 

ranged between 12 and 36 s. In all experiments, the initiated slow-wave period was consistent 

and matched with the pacing period. In 20% of experiments, pacing at a period of 12 s resulted 

in successful entrainment; alternating and 2 to 1 scenarios were not considered as successful 

entrainments. There was a 100% success rate of pacing between periods of 14-30 s. The success 

rate decreased where the pacing period was more than 30 s.  

 
Figure 6.10: Percentage of full entrainment at different pacing periods (higher and lower than the intrinsic 
slow-wave period). The success rate was not 100% when the pacing period was less than 14 s and more than 
30 s. The probability of intrinsic slow-wave return increased with a higher pacing period.  

6.3 Discussion 

Investigations since the 1960s have suggested that electrical impulses are able to change 

neuromuscular activity through the stomach and offer the promise that such methods 

(stimulation or pacing) might be effective therapies to correct gastric dysmotility. Several 

groups have reported positive results using high-frequency stimulation to reduce nausea and 

vomiting in gastric dysmotility such as gastroparesis [171], [11], [146] and reduce appetite in 

morbid obesity [127], [128]. Human and animal trials have also suggested a promising capacity 

of pacing to accelerate gastric emptying in diabetic gastroparesis [14], [13]. It has been 

demonstrated that retrograde pacing in the stomach might disrupt normal gastric activity and 

reduce the gastric emptying rate resulting in reduced food intake in morbid obesity [124], [117].  
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Numerous case series and few numbers of controlled trials in humans suggest clinical 

benefits of stimulation and pacing as treatments for gastric dysmotility [172] and morbid 

obesity [128], [131]. However, randomised controlled trials are required to confirm their 

efficacy. Current research focuses on novel methods of gastric electrical stimulation and pacing 

to better control symptoms and gastric emptying rate in gastroparesis and promotes weight 

reduction in subjects with morbid obesity. This chapter assessed the modulation of slow-wave 

period via gastric electrical pacing. The maximum and minimum pacing periods that were able 

to entrain slow-waves were then demonstrated.  

The optimum pacing period for entraining the slow-wave in the stomach is still in question. 

Most studies of gastric electrical pacing at near slow-wave physiologic period have reported 

entrained slow-waves but with little efficacy in improving motility. Chen’s group in 1998, a 

pioneer group in the gastric electrical pacing field, applied pacing in a wide range of 

frequencies in human studies to find the most effective pacing frequency able to entrain gastric 

slow-waves. They tested pacing in periods of 10% lower, and 10% higher than the intrinsic 

gastric slow-wave period, and 15 s (frequency: 4 cpm), 10.9 s (frequency: 5.5 cpm), and 5 s 

(frequency: 12 cpm). They found that 100% entrainment was achieved when the pacing period 

was 10% lower than the intrinsic gastric slow-wave period and the success rate of entrainment 

was reduced when the pacing period decreased. They also reported that gastric pacing was not 

able to entrain the gastric slow-wave but slightly increased the slow-wave period by 3.0±0.1% 

when the pacing period was 10% higher than the intrinsic gastric slow-wave period [21].  

This chapter examined the effectiveness of electrical pacing at a broad range of pacing 

periods (12-36 s) in entraining gastric slow-waves in the pig model. It was shown that the 

gastric pacing device was able to reliably and predictably modulate the slow-wave propagation 

period between 14 s and 30 s, where the entrained slow-wave period matched the pacing 

period. This was the first study to modulate the pacing period and assess changes in entrained 

slow-wave characteristics in HR. To achieve this, pacing started in a frequency close to the 

intrinsic slow-wave frequency and then gradually changed to the desired value. 

It should be noted that the period of initiated slow-waves exactly matched the pacing period 

where the pacing period was in the range of 14 s and 30 s. This conflicted with the results 

reported in the literature [107], [21] where the pacing was able to drive gastric slow-waves in 

a fraction of the pacing period. For example, pacing was applied at a period of 10.9 s 

(frequency: 5.5 cpm) and recorded slow-wave period was about 14 s (frequency: 4.3 cpm) 
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during the pacing session [21]. Our data also showed that the entrainment was lost when gastric 

pacing was stopped and slow-wave period usually returned to the initial period. This was also 

reported in the literature [21], [173]. This means that a permanent gastric pacing device would 

be necessary if gastric pacing is to be considered as a therapeutic approach.  

In this study, the minimum pacing period that was able to reliably entrain slow-waves was 

14 s (frequency: 4.28 cpm), whereas Kelly et al. reported 9 s (frequency: 6.7 cpm) and 15 s 

(frequency: 4 cpm) as the minimum pacing periods in the corpus region of canine stomach [22] 

and human stomach [102]. However, our data showed that pacing with a period of 12 s 

(frequency: 5 cpm) also resulted in successfully entrained slow-waves in 20% of experiments. 

Furthermore, it was shown that three different conditions might occur when the pacing period 

gradually decreased to 12 s; the initiated slow-wave period was: (i) exactly matched with 

pacing period, (ii) two times the pacing period, (iii) alternated with intrinsic slow-waves. 

Pacing data analysis has also revealed that slow-wave propagation speed reduced when the 

pacing period decreased. This may explain conditions (ii) and (iii); in the pacing experiment 

with the short period (for example 12 s), once cells at the pacing leads are excited with an 

impulse and slow-waves propagate through the stomach, the next impulse will be delivered 

before these cells reach their excitable gap. Therefore, these cells will be excited with an 

impulse after the next (2 to 1 condition) or with the intrinsic pacemaker if it exists (alternated 

condition).  

Although several studies investigated gastric pacing with periods at near physiological 

periods or less than intrinsic slow-wave period [16], [102], [21], [107], no study has been 

performed to demonstrate the effect of pacing at the longer period on gastric slow-wave 

activity. This chapter investigated for the first time the effect of gastric pacing at periods 

ranging from the intrinsic slow-wave period to 36 s (frequency: 1.7 cpm) in pigs. The collected 

data showed that the pacing period of 30 s (frequency: 2 cpm) was the most extended period 

resulting in fully entrained slow-waves with no intrinsic slow-waves in all experiments. 

Slow-wave responses to gastric pacing at a higher period (>30 s) were dependent on the 

presence of an intrinsic slow-wave and its propagation period because the time delay between 

two consecutive impulses provides the opportunity for cells to be excited by the intrinsic 

pacemaker. Therefore, the initiated slow-wave period was matched with the pacing period, and 

there was no collision with intrinsic slow-waves when the initiated slow-wave period was more 

than pacing period or the stomach lacked slow-wave activities. 
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The idea of modulating the gastric slow-wave at a frequency less than intrinsic frequency 

suggests a novel method of gastric pacing that could potentially be an alternative treatment for 

obesity. A decrease of the slow-wave frequency could potentially reduce emptying rate and 

consequently reduce food intake, while an increase in slow-wave frequency could enhance 

gastric emptying rate [18], [14]. Gastric slow-wave activities with lower frequency in the 

corpus and antrum regions of the stomach may lead to a reduction of the propulsive gastric 

contraction frequency and then delayed gastric emptying. In this method, the mechanical 

contraction associated with initiated slow-wave will be propagated distally (aligned with the 

normal direction of propulsive contraction), and there will be no retrograde contractions in the 

stomach; retrograde contraction may lead to nausea and vomiting [174]. The application of 

gastric pacing for obesity in previous studies was retrograde gastric pacing, where pacing was 

applied near the pylorus to disrupt the normal propulsive contraction in the lower antrum 

resulting in delayed gastric emptying rate [117], [12]. 

A main limitation of this chapter was the incomplete serosal coverage for HR mapping. 

The HR electrode array used in this study was able to cover an area of 36 cm2 of the gastric 

surface. The slow-wave activity in the unmapped area is also needed to improve our 

understanding of the mechanism of slow-wave modulation in the entire stomach. The lack of 

chronic studies is another limitation. We need to evaluate the efficacy of gastric pacing to 

entrain and modulate slow-waves, especially over longer periods than the intrinsic slow-wave 

period. Furthermore, the effect of gastric pacing with different parameters (particularly the 

pacing period) on the gastric emptying rate and food intake needs to be assessed. However, 

there is a need to find an appropriate method to affix the surface-contact pacing electrode to 

the stomach wall in chronic studies. Although human study of slow-wave period modulation 

was conducted to demonstrate the lower limit of pacing period (see Section 8.2.3), further 

studies will be conducted to investigate the upper limit of pacing in the human stomach.  

6.4 Summary 

Gastric electrical pacing holds great promise as a potential and effective treatment for 

gastric motility disorders and morbid obesity. There are a large number of differences in the 

studies performed to date: different pacing protocols, pacing sites, and outcome measurements 

and analysis. This leads to a situation where studies are not comparable and randomised 

controlled trials on gastric electrical pacing and its mechanisms of action in gastroparesis and 
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obesity are sparse. Therefore, more studies with a standardised approach are required to 

determine the long-term effect of gastric electrical pacing on gastric dysmotility and morbid 

obesity. This chapter reassessed the hypothesis that external electrical pacing could modulate 

the slow-wave period; pacing at a wide range of pacing period (12-36 s) was applied to the pig 

stomach. The spatiotemporal detail of HR mapping showed that the pacing device could 

reliably modulate the slow-wave period between 14 s and 30 s.  
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Chapter 7  

Pig Study: Effects of Pacing Parameters on Gastric Slow-wave 
Responses 

Electrical pacemakers have made a significant therapeutic contribution in the field of 

cardiology. Cardiac pacing protocols in terms of electrode type, distance between electrodes, 

and the level of energy required to deliver to the heart are well-defined [9], [10]. However, the 

role of gastric electrical pacing in the GI tract remains experimental, and conflicting findings 

have been reported [11], [15].  

This chapter aims to define the characteristics of the paced events with one observational 

and three optimisation studies. HR mapping was utilised to demonstrate and standardise the 

following pacing parameters: (i) pacing electrode orientation and the success rate of slow-wave 

entrainment, (ii) pacing energy and its effect on slow-wave entrainment and interaction, and 

(iii) the characteristics of regional differences of paced slow-wave in the corpus and antrum 

pacing. Furthermore, an observational pacing study was conducted to localise the initiated 

pacemaker across the stomach. Note that there have been no studies predicting the location of 

the pacemaker initiated by pacing. 

7.1 Methods 

Ethical approval, animal preparation, data acquisition and analysis were performed as 

outlined in Section 4.3.1. In this chapter, gastric pacing was delivered via monophasic current 

square impulses through surface-contact electrodes (see Section 4.2) to the gastric serosa. 

One-way ANOVA test, circularity factor, activation time maps, amplitude maps, velocity 

profile and its decomposition were used to report and compare results (see Section 4.3.1).  

7.1.1 Study 1: Orientation of Pacing electrodes 

Considering the orientation of the longitudinal and circumferential muscles, two different 

directions of pacing electrode placement were examined in this study for applying pacing to 
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the stomach: vertical (aligned with the longitudinal muscle layers) and horizontal (aligned with 

the circumferential muscle layers).  

Four pacing electrodes were equally spaced in the square arrangement (2×2 patch in the 

centre of the electrode array, see Section 4.2 for details) which allowed changing the pacing 

orientation (horizontal and vertical) externally without displacement of HR mapping 

electrodes. The pacing parameters were in a wide range; amplitude 1-5 mA, pulse width 

100-500 ms, and period of 10% less than intrinsic slow-wave period recorded before pacing. 

In all experiments, full entrainment (see Section 4.3.1) was considered as successful slow-wave 

entrainment. 

7.1.2 Study 2: Localisation of the Initiated Pacemaker Site 

In this study, four pacing protocols were used, as detailed in Table 7.1, to investigate how 

the location of the initiated pacemaker changed through the different regions of pacing. The 

pacing electrical parameters were fixed for all experiments in Study 2; an amplitude of 4 mA, 

a pulse width of 400 ms, and period of 10% less than the intrinsic slow-wave period observed 

during the baseline session.  

Table 7.1: Four different pacing protocols used for investigating the location of the initiated pacemaker 

Pacing protocol Region Surface Proximal electrode 

Protocol A Mid-corpus Posterior  Negative 

Protocol B Lower-corpus Anterior Positive 

Protocol C Antrum Posterior Negative 

Protocol D Antrum Posterior Positive 

7.1.3 Study 3: Effect of Pacing Energy on the Slow-wave Spatiotemporal Responses  

The pacing protocol employed in this study used impulses at periods near the intrinsic 

slow-wave period recorded in the baseline session. Two different levels of energy were applied 

to the stomach to assess slow-wave responses: 

i. Low-energy gastric electrical pacing (LE-GEP): 900 ms mA2 (amplitude: 3 mA, 

pulse width: 100 ms).  

ii. High-energy gastric electrical pacing (HE-GEP): 10,000 ms mA2 (amplitude: 5 mA, 

pulse width: 400 ms). 
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Mean difference was calculated between velocity maps in the baseline and pacing sessions 

to quantify the change of pacemaker and propagation patterns. To evaluate the stability of the 

slow-wave pattern, the mean difference between two consecutive velocity maps was also 

performed. In this study, the pacing experiments were categorised into three stages based on 

qualitative and quantitative analysis: 

i. Baseline: From the starting point of the experiment to the pacing onset, where the 

intrinsic slow-waves were recorded. 

ii. Transition: The period between the pacing onset and the full entrainment of initiated 

slow-wave, where there are collisions between intrinsic and initiated slow-waves. In 

this stage, the mean difference between the baseline velocity map and each velocity 

map in the pacing session was between 1 mm/s and 3 mm/s, while the mean difference 

between two consecutive wavefronts gradually decreased to 0.8 mm/s. This value came 

from a qualitative assessment of paced slow-wave AT maps.  

iii. Full entrainment: In this stage, initiated slow-waves entrained in the entire mapped 

area. The main factor to consider a wavefront as full entrainment was a mean difference 

between two consecutive wavefronts when it was less than 0.8 mm/s. Furthermore, the 

mean difference between the baseline velocity map and each velocity map in the pacing 

session was more than 3 mm/s  

7.1.4 Study 4: Corpus vs Antrum Pacing 

Two different regions of the stomach were considered for pacing electrode placement: 

(i) corpus, and (ii) antrum. The pacing parameters used in this study were similar to Study 2. 

The circularity factor (see Section 4.3.1.5) was used to compare the shape of the initiated 

pacemakers after 2 s of delivering each impulse in the corpus and antrum pacing.  

7.2 Results  

7.2.1 Pacing Eelectrodes Orientation  

In Study 1, the efficacy of the vertical and horizontal pacing was evaluated. The slow-wave 

activity was recorded via HR mapping in 21 pigs of the mean weight of 41.6±1.9 kg. From a 

total of 45 recordings, vertical pacing was applied in 35 recordings, whereas horizontal pacing 

was utilised in the remaining recordings (n=10).  
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Figure 7.1 illustrates the slow-wave responses to the pacing in vertical and horizontal 

orientation at the same experiment. Vertical pacing modulated the slow-wave pattern and 

period, which had normal propagation but bradygastric period (Figure 7.1a). Pacing at 

horizontal orientation had no effect on the slow-wave period and propagation pattern (Figure 

7.1b). 

The results indicate that vertical pacing was able to entrain partially or fully the slow-wave 

in the mapping area in around 86% of experiments. However, horizontal placement of pacing 

electrodes had a low probability (around 10%) for initiating a new pacemaker and entraining 

slow-waves through the stomach.  
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(a) 

 
(b) 

Figure 7.1: Examples of vertical and horizontal pacing with a period of 18 s, an amplitude of 4 mA and a pulse 
width of 400 ms in the same pig study. In this example study, pacing was applied in the vertical orientation 
from 800-1150 s, followed by an interval of 350s of no pacing, after which pacing was applied in the horizontal 
orientation for the next 200 s. (a) Electrograms of 8 slow-wave events before and after vertical pacing onset 
from a period of 165 seconds in 100 electrodes. Blue and red arrows show the direction of the slow-wave 
propagations in baseline and pacing sessions, respectively. Before pacing onset, there was antegrade 
propagation with a bradygastric period, which varied from 20 s to 100 s. Pacing (orange triangles) initiated a 
new pacemaker and altered the slow-wave propagation pattern and period. The paced slow-wave period 
matched the pacing period, 18 s. (b) 100 electrograms of 7 slow-wave events before and after horizontal pacing 
onset from a period of 225 seconds. Baseline activity was similar to (a). The horizontal pacing was not able to 
change either the period or the propagation pattern of the slow-wave.  

7.2.2 Location of the Initiated Pacemaker Site  

A total of 12 separate recordings were made from the anterior and posterior gastric surface 

during pacing in the 6 pigs of the mean weight of 39.2±2.4 kg. In two recordings, the pacing 

was applied to the anterior gastric serosa to evaluate the pacing protocol B (Table 7.1). The 
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remaining recordings were from the posterior surface to investigate the other gastric protocols 

detailed in Table 7.1 (n=5 for protocol A, n=3 for protocol C, n=2 for protocol D). 

Figure 7.2 illustrates the spatiotemporal quantification from the four representative pacing 

experiments. Isochronal activation maps of selected propagation sequences, after at least 5 min 

of pacing onset are shown, when the initiated slow-wave propagation patterns were stable. 

Regardless of the region and location of positive and negative pacing electrodes, HR mapping 

showed that the initiated pacemaker (star marker in the red isochrone) was close to the negative 

pacing electrode in all pacing experiments. Furthermore, there was a displacement of 4-12 mm 

of the first activation from the pacing electrode location. Interestingly, the initiated pacemaker 

region was always located between the negative pacing electrodes and the greater curvature of 

the stomach.  

 

Figure 7.2: The location of initiated gastric pacemaker during four different pacing protocols in terms of the 
targeted region of pacing and placement of positive and negative electrodes. In these four pacing protocols, the 
pacing electrodes were placed on (a) the mid-corpus of the posterior gastric surface when the orad electrode 
was negative, (b) the lower-corpus of the anterior gastric surface when proximal electrode was positive, (c) the 
antrum of the posterior gastric surface when proximal electrode was positive, and (d) the antrum of the posterior 
gastric surface when proximal electrode was negative. All AT maps showed the slow-wave propagation pattern 
at least after 5 minutes of pacing onset when the pattern was consistent. The star markers in the dark red 
isochrone indicate the site of pacemaker initiation. 

7.2.3 Effect of Pacing Energy on the Slow-wave Spatiotemporal Response 

Full entrainment was successfully established in the nine pigs (n=3 for LE-GEP and m=6 

for HE-GEP) of the mean weight of 41.1±2.3 kg. 



 
 

7.2. Results 
 

113 
 

7.2.3.1 Slow-wave interaction 

Figure 7.3 shows two representative examples of LE-GEP (Figure 7.3b) and HE-GEP 

(Figure 7.3c). Six frames of each case study are selected to evaluate the slow-wave propagation 

pattern before and after pacing onset. In LE-GEP (Figure 7.3b), the frames corresponding to 

the impulse 1 and 3 show the interaction between the intrinsic and initiated slow-waves. 

However, the initiated slow-wave was able to override the intrinsic slow-wave activity in the 

mapping area after the tenth impulse. In the HE-GEP case (Figure 7.3c), full entrainment was 

achieved in the third impulse and was stable afterwards, as shown in the frames of impulses 10 

and 12.  

 

 
(a) 

Figure 7.3: Effect of pacing energy on the slow-wave interaction. HR mapping array placement (a) and twelve 
panes illustrating an isochronal activation profile for low-energy gastric electrical pacing with 900 ms mA2 per 
impulse (b) and high-energy gastric electrical pacing with 10,000 ms mA2 per impulse (c). Each colour band 
represents 1 s intervals of propagation from red (early) to blue (late). The pacing electrodes (positive and negative 
signs) were located in the middle of the recorded area. In the LE-GEP, the baseline period of intrinsic slow-wave 
was 20 s. The frames corresponding to impulse 1 and 3 show the interaction between the intrinsic and initiated 
slow-waves. A consistent full entrainment pattern is indicated in the frames corresponding to impulse 10 and 12. 
In the HE-GEP, full entrainment was achieved after impulse 3 and was stable afterwards as shown in the frames 
of impulse 10 and 12. 

The population data was analysed in the three stages, separately: (i) baseline, (ii) transition, 

and (iii) full entrainment.  

Baseline: The baseline isochronal activation maps presented a stable gastric slow-wave 

propagation in the corpus region before pacing onset. Activation maps indicated a normal 

propagation of slow-wave in all experiments; slow-waves were generated at the corpus and 

propagated distally toward the antrum. The mean speeds of intrinsic slow-wave were 

6.4±1.9 mm/s with the intrinsic period of 19.0±1.1 s. 

Transition: In both protocols, new pacemakers were initiated adjacent to the negative 

pacing electrode with the pacing onset, and there were collisions between the intrinsic and 

initiated slow-waves. However, AT maps indicated different patterns of slow-waves during the 
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transition time for two different levels of energy. LE-GEP excited a much smaller area of tissue 

after the first impulse when compared with HE-GEP (2.8±1.3 vs 8.9±2.4 cm2, P<0.05). The 

initiated slow-wave propagated radially and gradually dominated over the normal slow-wave 

after delivering the next few impulses.  

Full entrainment: The minimum number of impulses required to achieve full entrainment 

was related to the energy level of delivered impulse. Figure 7.4 presents the effect of pacing 

energy on the minimum impulses required to achieve the first full entrainment for all 

population data. The mean number of impulses required for LE-GEP vs HE-GEP was 

8.7±1.6 impulses vs 3.1±1.5 impulses (P<0.05).  

   
Figure 7.4: Number of impulses required to fully entrain the mapped area when using low or high energy 
gastric electrical pacing. 

7.2.3.2 Speed and Amplitude Profiles of Entrained Slow-waves in LE-GEP and HE-GEP 

Figure 7.5 presents the effect of different levels of pacing energy on the propagation speed 

of slow-waves for all population data during baseline, HE-GEP, and LE-GEP sessions. Initiated 

slow-waves through the HE-GEP propagated significantly faster than in LE-GEP (6.87±0.04 

vs 6.03±0.04 mm/s, P<0.001). When compared to the baseline session (6.73±0.04 mm/s), 

LE-GEP significantly reduced the slow-wave speed (P<0.001), whereas HE-GEP significantly 

increased the slow-wave propagation speed (P<0.05). The Vx and Vy components of the 

slow-wave speed (2.70±0.04 mm/s and 4.94±0.04 mm/s) were lower in LE-GEP session 

compared to the baseline session (3.00±0.05 mm/s and 5.34±0.02 mm/s; P<0.001). In the 

HE-GEP session, pacing significantly increased the Vx (3.38±0.05 mm/s, P<0.001) and 

reduced the Vy (5.17±0.04 mm/s, P<0.001). 
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Spatiotemporal maps indicated that once the first full entrainment was reached, there was 

a consistent pattern of slow-wave propagation; a stable initiated pacemaker generated 

slow-waves propagating radially. Furthermore, all of the 256 recording signals from HR 

electrode arrays showed a consistent period of the pacing period (around the intrinsic period) 

for slow-waves. 

 
Figure 7.5: Slow-wave propagation speed within the mapping area in three different sessions: Baseline, 
LE-GEP, and HE-GEP.  

Figure 7.6 compares the slow-wave amplitude during the baseline, LE-GEP, and HE-GEP 

sessions. Regardless of the energy delivered to the tissue during the pacing session, pacing 

significantly decreased the slow-wave amplitude from 1.47±0.02 mV at the baseline session to 

1.33±0.01 mV in the LE-GEP and 1.24±0.02 mV in the HE-GEP (P<0.001 for both).  
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Figure 7.6: The effect of LE-GEP and HE-GEP on the slow-wave amplitude.  

7.2.4 Pacing in Corpus vs Pacing in Antrum  

Data from 12 recordings (n=10 for corpus and m=3 for antrum) across 11 pigs (mean 

weight 39.6±1.8 kg) were evaluated to compare the propagation patterns of paced slow-waves 

in the different regions of the stomach. 

7.2.4.1 Spatiotemporal Responses of Entrained Slow-wave 

Figure 7.7 displays representative activation maps, and velocity field maps of fully 

entrained slow-wave activity via pacing through the corpus and antrum regions. In both 

protocols, the new pacemaker was initiated near the middle of the mapped area, where the 

pacing electrodes were placed. The AT maps demonstrate that the initiated pacemaker was 

more circular in the corpus compared to the antrum. Furthermore, pacing in the corpus resulted 

in radial propagation of entrained slow-waves, when the oval-shape pacemaker in the antrum 

led to an anisotropic propagation.  
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(a) 

  

(b) 

  

Figure 7.7: HR and pacing electrode orientation and activation profiles of initiated gastric slow-wave after 
pacing in the two representative pacing experiments. In the isochronal activation maps (1 s interval per colour 
band), the dots show the position of the recording electrodes. The activation time of slow-wave propagation is 
indicated by the colour field (red represents early activation, blue represents late activation). The pacing 
electrodes (positive and negative signs) were located in the middle of the recorded area. (a) Surface-contact 
pacing electrode placed at the midpoint between greater and lesser curvature of the posterior surface in the 
corpus region. (b) The antrum region of the posterior surface was considered for pacing by use of the 
surface-contact electrode. The applied pacing energy was 6400 ms mA2. The initiated pacemaker region was 
close to the location of the negative pacing electrode.  

7.2.4.2 Shape of New Pacemaker 

Figure 7.8 shows the circularity factor of the invoked pacemaker in the corpus and antrum 

regions. A highly significant difference of circularity factor was found between the pacemaker 

shape in the corpus and antrum pacing (76±5 vs 58±6%, P<0.001).  
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Figure 7.8: The circularity factor variations of initiated pacemaker shape at the corpus and antrum.  

7.2.4.3 Velocity and Amplitude of Entrained Slow-wave 

Slow-wave speed is another factor in comparing the initiated slow-waves in the corpus and 

antrum pacing. The spatial speed of initiated slow-waves in the corpus and antrum regions are 

shown in Figure 7.9. Pacing in the corpus resulted in higher speed slow-waves (purple colour), 

particularly close to the pacing electrodes, when compared to pacing in the antrum (7.2±1.54 

vs 2.45±1.29 mm/s).  

   

(a) (b)  

Figure 7.9: Associated velocity maps of pacing in corpus and antrum presented in Figure 7.7. Velocity maps 
present the speed and direction of the slow-wave propagation at each recording electrode. The paced slow-wave 
in the corpus region (a) had higher speed than in the antrum (b) at the area near the pacing site (indicated by 
the dashed rectangle). 

The average speed, x component (Vx) and y component (Vy) of initiated slow-wave during 

corpus and antrum pacing are compared in Figure 7.10. The average speed of slow-wave 
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propagation was significantly higher in the corpus compared within the antrum during baseline 

(6.65±0.07 vs 6.06±0.04 mm/s, P<0.001) and pacing (5.56±0.12 vs 5.05±0.06 mm/s, P<0.001).  

Analysing the speed components revealed that there is no significant difference between 

the Vx through the corpus and antrum regions during baseline session (3.46±0.18 vs 

3.69±0.09 mm/s, P>0.05). However, corpus pacing resulted in significantly higher Vx 

compared to the antrum pacing (3.08±0.05 vs 2.53±0.03 mm/s, P<0.001).  

Vy component of slow-wave speed indicated that slow-waves had higher propagation speed 

in the corpus region than in the antrum region during baseline session (4.94±0.06 vs 

4.12±0.05 mm/s, P<0.001). However, there were no significant differences between the 

initiated slow-waves with pacing onset in both regions (corpus vs antrum: 4.04±0.10 vs 

3.99±0.04 mm/s, P>0.05). 

 
Figure 7.10: Comparison of the entrained slow-wave speed in corpus and antrum pacing for all experiments. 
The velocity vectors of slow-waves were decomposed into Vx and Vy components. 

Figure 7.11 demonstrates that the slow-wave amplitude was significantly higher in antrum 

than in corpus (1.94±0.03 vs 1.63±0.01 mV, P<0.001) and pacing made a significant reduction 

in the slow-wave amplitude in both regions (1.09±0.01 mV in the antrum and 1.18±0.04 mV 

in the corpus, P<0.001 for both). Furthermore, the reduction of slow-wave amplitude was much 

more during pacing in the antrum region compared to the pacing in the corpus (P<0.05).  
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Figure 7.11: Average slow-wave amplitudes compared at baseline and pacing session in corpus and antrum.  

7.3 Discussion 

In this chapter, it was shown that the slow-wave responses to gastric pacing depended on 

the pacing parameters, including pacing electrode orientation, pacing energy, and pacing 

location. The effect of these parameters on the slow-wave responses in terms of interaction and 

propagation pattern were assessed in spatiotemporal detail using HR mapping [24].  

The orientation of pacing electrodes was reassessed in this chapter as an effective 

parameter of gastric pacing. The effect of the pacing electrode orientation was examined by 

applying horizontal and vertical pacing. The vertical pacing had a success rate of 86%, whereas 

horizontal pacing had 10%. Kelly used horizontal pacing in his studies [22], [116], [175] and 

reported his findings based on this orientation. Recently, Wang et al. applied horizontal pacing 

to validate a newly designed wireless pacing device [30]. Chen used vertical pacing in most 

animal and human pacing studies [14], [12], [23], [21], although he applied horizontal pacing 

in a canine gastric pacing study [17]. All of these studies reported success in entraining the 

gastric slow-wave with gastric pacing, where pacing electrodes were inserted or stitched in the 

stomach wall. However, a surface-contact electrode was utilised in this study. 

The location of the initiated pacemaker was reliably predictable in the gastric pacing 

experiments. In this chapter, pacing was applied to the different regions (mid-corpus, 

lower-corpus, and antrum), and different gastric surfaces (anterior and posterior). Regardless 

of region and surface of pacing, the spatiotemporal profiles demonstrated that the initiated 
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pacemaker was located between the greater curvature and pacing electrodes, and near the 

negative pacing electrodes. This result was consistent even when the position of negative and 

positive electrodes was swapped. Kelly et al. demonstrated that the electric event at the 

negative electrode (cathode) initiated the slow-wave during canine gastric pacing [16]. Our 

findings also indicated displacement of the new pacemaker from the pacing electrodes. The 

distance between the pacing electrodes and the new pacemaker location was 4-12 mm. In 

cardiac pacing studies, it was reported that there was a displacement of 1.1±1.3 mm of the first 

activation from the stimulus site [72].  

The energy per impulse delivered to the stomach during the pacing session is another 

effective parameter for gastric pacing. The energy of impulse depends on the pulse width and 

on the current delivered through the pacing electrodes (see Section 4.3.1). This chapter also 

investigated the effect of pacing energy on the performance of gastric pacing using HR 

mapping. A comparison of slow-wave profile responses to low-energy and high-energy gastric 

pacing were presented. This study demonstrated that the level of energy did not affect the fully 

entrained pattern of slow-waves. Note that the minimum applied energy required to entrain 

slow-waves has to meet a particular threshold, which, based on our results, was about 

400 ms mA2. In the fully entrained pattern, the new pacemaker was round-shaped, and 

slow-waves propagated radially through the mapping area.  

The level of delivered energy had a significant impact on the minimum number of impulses 

required for full entrainment in the recording area. Pacing results revealed that HE-GEP 

required significantly fewer impulses to achieve full entrainment in the recording array when 

compared to LE-GEP. With pacing onset, a region of cells close to the negative electrode was 

excited, while the size of the initially excited cells was related to the level of the energy applied 

to the tissue. In the LE-GEP, the power of impulse might transfer less distance compared to 

HE-GEP and consequently, there was a lower chance of meeting the minimum energy required 

for exciting distant cells.  

Regardless of the energy used, after entrainment, the pacemaker pattern was consistent. 

Furthermore, there was no significant difference between the propagation profiles of 

slow-waves in both cases. AT maps of both protocols (HE-GEP and LE-GEP) after 

12 impulses, showed a pacemaker initiated close to the negative pacing electrodes with a 

displacement of 4-12 mm and with radial propagation. However, the propagation patterns of 

initiated slow-waves during the transition stage have substantial differences, because the 
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collision between the intrinsic and paced slow-waves lasted longer in LE-GEP. An important 

further question is whether it is possible to have instantaneous full entrainment with pacing at 

higher energy. Theoretically, it is possible, but higher energy may damage the tissue structure 

and could affect the conduction characteristics of tissue and entrainment may fail. 

This chapter also demonstrated for the first time that the initiated pacemaker shape and 

propagation pattern of slow-waves were different through corpus and antrum pacing. Using the 

circularity factor, the initiated pacemaker shapes in the corpus and antrum region were 

quantified and showed that the pacemaker had a higher circularity factor in the corpus pacing 

compared to the antrum pacing. Consequently, the entrained slow-wave propagated radially in 

the corpus pacing and anisotropically in the antrum pacing. The results also revealed that the 

mean speed of initiated slow-wave was significantly higher in corpus than in antrum. This 

result was in agreement with a previous high-resolution study on the propagation pattern of 

intrinsic gastric slow-waves in pig [28]. However, it was also reported that slow-waves 

propagated faster in the antrum compared to the corpus region in canine [77] and human 

stomach [2]. The mechanisms underlying these regional differences still need to be fully 

determined [2]. Furthermore, slow-wave speed decomposition indicated that this difference 

resulted from Vx. Pacing in the corpus had significantly higher Vx speed compared to pacing 

in the antrum, whereas there was no significant difference between the Vy speed through pacing 

in the corpus and antrum. In a pacing study using HR mapping techniques, the slow-wave 

velocity decomposed in circumferential and longitudinal axis and it was reported that entrained 

slow-waves in the corpus had faster speed in the circumferential axis of the stomach than in 

the longitudinal axis (4.5±0.6 vs 2.6±1.7 mm/s) [24]. Although they utilized a different method 

of velocity decompositions, their results were in agreement with the results presented in this 

chapter. 

A number of limitations need to be acknowledged with this study. Pacing was only applied 

to the stomach in two directions, vertical and horizontal, and it is likely that diagonal pacing 

will affect the initiated slow-wave propagation. The HR mapping only covered approximately 

one-quarter of the entire gastric surface area. Full coverage of the gastric surface, including 

anterior and posterior, would be particularly interesting to evaluate the effect of pacing 

parameters on pacing performance. We also applied two levels of pacing energy to the corpus 

region to assess the slow-wave interaction and pattern during pacing experiments. Although 

our findings provided an estimate about the association between the pacing energy and required 
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impulses for entraining slow-waves within the whole stomach, more pacing experiments with 

a variety of combinations of amplitude and pulse width in the different regions of the stomach 

are needed. It would be helpful to determine whether amplitude or pulse width has more impact 

on the pacing performance. Furthermore, the strength-duration curve for gastric pacing in the 

different regions of the stomach can be redefined, where there has been only one study that 

defined the strength-duration curve in the corpus and antrum regions in the canine model [22]. 

During this study, we found that the timing of pacing onset plays an important role in the length 

of the transition time. To apply the same conditions of pacing in this study, the first impulse 

was delivered to the tissue after observing a complete slow-wave wavefront among the 

mapping area for all experiments. Certainly, this method for time the pacing onset was not 

precise in this study as it was performed manually using visual assessment. Using the intrinsic 

slow-wave, a closed-loop feedback can be developed to allow accurate pacing onset. 

7.4 Summary 

This chapter has shown that several pacing parameters, including the location and 

orientation of the pacing electrodes, pacing amplitude and pacing pulse width have affected the 

gastric pacing results. The gastric pacing has been applied to the pig stomach in conjunction 

with HR mapping, and the recorded data has been analysed in spatiotemporal detail. This 

chapter compared vertical and horizontal pacing and showed that horizontal pacing was 

unlikely to entrain gastric slow-waves. However, vertical placement showed promising results 

of evoking an action potential in the pacing site. Applying gastric pacing to the different regions 

and surface of the stomach also indicated that the initiated pacemaker was always between the 

pacing electrodes and greater curvature, and closer to the negative pacing electrode. 

Furthermore, in this chapter, two different levels of pacing energy were applied to the gastric 

corpus and showed that HE-GEP required significantly fewer impulses to achieve a fully 

entrained slow-wave in the recording array when compared to LE-GEP. It was also 

demonstrated that the initiated pacemaker by pacing at the corpus, had a higher circularity 

compared to the antrum region.  
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Chapter 8  

Human Gastric Pacing 

Development of gastric electrical pacing techniques has been a long-standing goal of 

investigators and clinicians to treat gastric motility disorders, such as functional dyspepsia and 

gastroparesis, and obesity. However, a lack of accurate tools for assessing the slow-wave 

response to gastric electrical pacing in clinical trials has prevented progress towards refining 

and improving such approaches. There have been limited number clinical electrophysiology 

studies in gastroparetic patients [176], [109], [14], and none that have reliably mapped the 

effects on slow-wave dysrhythmia. 

In Chapter 5 and Chapter 6 of this thesis, gastric electrical pacing was used in the pig model 

in conjunction with HR mapping to assess the effect of pacing on slow-wave propagation 

pattern and period. In this chapter, gastric pacing was applied to human stomach in conjunction 

with HR mapping, for the first time, to investigate the acute slow-wave responses to gastric 

pacing. 

8.1 Method 

8.1.1 Study Population 

Ethical approval for this work was granted by the Health and Disability Ethics Committee, 

New Zealand, and informed consent was obtained. Patients of either sex who were scheduled 

to undergo liver resection surgery at Auckland City Hospital were invited to participate. All 

experiments were performed in vivo on fasted patients in the operating room following general 

anaesthesia and upper abdominal laparotomy. Patients undergoing liver resection surgery had 

no known history of gastric dysmotility, such as gastroparesis and functional dyspepsia, were 

recruited. Pregnant women, patients on medications suspected to affect gastric electrical 

activity, patients with implantable stimulation devices, and patients under 18 and more 80 years 

old were excluded.  
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8.1.2 HR Mapping of Gastric Electrical Activity 

HR mapping was performed using sterile flexible printed circuit board electrode arrays 

comprising 256 electrodes (6×6 cm) with 4 mm inter-electrode spacing (see Section 4.3.1.2). 

HR mapping was undertaken immediately following laparotomy and before any tissue 

dissection. The left lobe of the liver was retracted to provide access to the antral, and distal 

corpus regions of the stomach. HR electrodes were then placed on the gastric serosa and packed 

with warm, moist saline-soaked gauze to maintain contact. A 10-minute recording period was 

commenced in each subject. 

8.1.3 Gastric Pacing Device and Pacing Electrode 

The custom gastric pacing device described in Section 3.2 was used in human studies. The 

Bluetooth link was chosen for communication between the hardware and mobile version GUI 

of gastric pacing device. The surface-contact pacing electrodes described in Section 4.3.1.2 

were used as pacing electrodes in human trials. These electrodes were embedded in the HR 

mapping electrode array and located in the middle of the array.  

8.1.4 Pacing Protocol 

In all experiments, a monophasic current square pulse was applied while the energy of the 

delivered pulse was 400 ms mA2 (amplitude: 2 mA, pulse width: 100 ms). This value was 

informed from our pig studies where the lowest pacing energy required for entraining 

slow-waves was 400 ms mA2 (see Section 4.3). Prior to pacing, a baseline recording of 

approximately 2 minutes was undertaken to estimate the intrinsic period of the gastric 

slow-wave activity and was considered as the reference activation profile for investigating the 

impact of pacing on slow-wave propagation. Pacing was then applied initially with a period of 

10% less than or equal to the intrinsic period of slow-waves observed during the baseline 

recording session [17]. To modulate the period of the gastric slow-wave, the pacing period was 

then decreased at a rate of 2 s per session until reaching a pacing period of 12 s, when each 

session was recorded for a duration of approximately 2 minutes. The 12 s period was 

considered based on our pig studies (see Section 6.2.2). Finally, pacing was ended, and the 

subsequent intrinsic slow-wave activity was recorded for approximately 2 minutes as 

post-pacing baseline.  
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8.1.5 Signal Acquisition, Filtering, and Statistical Method 

Signal acquisition, filtering, slow-wave characterisation and activation time (AT) mapping 

were used as outlined in Section 4.3.1. Slow-wave frequencies, velocities, and amplitudes are 

presented as means±SEM. Because of the small sample size, a Wilcoxon signed rank test was 

applied to assess statistical differences between baseline and pacing sessions, with P<0.05 

defined as a significant difference. 

8.2 Results 

Gastric pacing was conducted in 7 intra-operative human trials (three male, and four 

female, mean age of 60.5±14.3, range: 36-70 years). Pacing was able to change the period and 

propagation pattern of slow-waves in five subjects. In the other two subjects, pacing had no 

effect on slow-wave activity. The HR mapping array including pacing electrodes was 

positioned at the mid-corpus region in three recordings, while the lower-corpus region was 

considered for pacing in the other four experiments. The mean duration of pacing experiment 

recording was 10.6±2.5 minutes per patient.  

8.2.1 Surface-contact Pacing Electrode and Optimised Pacing Energy  

The gastric slow-wave was entrained in five patients by using surface-contact electrodes 

while the lowest parameters required to initiate a new pacemaker and entrain the slow-waves 

included a pulse width of 100 ms and an amplitude of 2 mA. The pacing area was visually 

checked after the experiment for signs of burns or damage, and there was no visible damage. 

The histological analysis of paced tissue, for a period of 10 minutes, in pig studies revealed 

that there was no signs of histological damage and no significant changes to the tissue on post-

pacing visual assessment (see Section 4.3.2.6). 

The energy required for entraining slow-waves was 400 ms mA2. This indicated a lower 

risk to patients and a saving of more than 80% of power consumption over the reported energy 

for single-channel gastric electrical pacing studies so far. Table 8.1 compares studies in the 

human gastric pacing field with our study where the main differences were the type of pacing 

electrodes and applied energy. 
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Table 8.1: A comparison between this study and other human gastric pacing studies in terms of minimum 
amplitude, pulse width, and energy required for slow-wave entrainment (see Table 2.2 for detail). 

Article Type and material of 
electrodes Phase Amplitude Pulse 

width 
Energy 

(ms mA2) 

Lin et al. (1998) [21], 
McCallum et al. (1998) [23] 

28-gauge cardiac pacing 
wires Mono 4 mA 300 ms 4800 

Lin et al. (2011), [14] Surgical steel temporary 
cardiac pacing wires Mono 4 mA 350 ms 5600 

Yao et al. (2005), [12] Temporary transvenous 
cardiac pacing lead Mono 5 mA 500 ms 12500 

This Study Surface Electrode Mono 2 mA 100 ms 400 

8.2.2 Slow-wave Pattern Modulation 

The gastric slow-wave activity was recorded using HR array electrodes with sufficient 

coverage for providing detailed spatiotemporal mapping of propagation patterns in the baseline 

and pacing sessions. Figure 8.1 shows a representative example of intrinsic and paced gastric 

slow-waves. Slow-waves had a normal antegrade propagation towards the pylorus at a period 

of 18 s. With pacing onset at a period of 18 s, the pattern of slow-wave propagation altered, 

where slow-waves initiated in the middle and travelled toward upper-corpus and pylorus. 
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(a) 

 

(b) 

Figure 8.1: Example of slow-wave propagation in a normal stomach during baseline and pacing sessions. (a) 
Schematic diagram indicating the position of the HR recording array on the gastric serosa. (b) Representative 
gastric signals indicating six successive slow-wave events from a single human trial during a 90-s period in the 
five electrodes as highlighted in (a). Red triangles indicate the pacing artifacts. Dashed and solid black arrows 
show the direction of the slow-wave propagations in baseline and pacing sessions, respectively. 

Typical activation, velocity, and amplitude maps of the gastric pacing study are shown in 

Figure 8.2. Baseline maps indicate normal slow-wave activity. With pacing onset, a new 

pacemaker was initiated adjacent to the negative pacing electrode entraining in an area of 

1.5 cm2. The initiated slow-wave propagated radially and collided with the antegrade intrinsic 

slow-wave activity, as shown in Figure 8.2b. Initiated slow-waves gradually entrained the 

entire mapped area within 10 cycles. Furthermore, high-amplitude activity in the centre of the 
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mapped area transitioned to low-amplitude activity, as illustrated by representative amplitude 

maps displayed in Figure 8.2c. 

(a) 

 

 

(b) 

 

(c) 

 
Figure 8.2: Spatiotemporal responses of slow-wave in a human gastric pacing study. Slow-wave maps show 
activation (a), velocity (b), and amplitude (c) profiles of gastric slow-waves before and during pacing sessions. 
Pacing leads were located on the corpus. The activation time of slow-wave propagation is indicated by the colours 
(red represents early activation, blue represents late activation). Velocity maps present the velocity and direction 
of the slow-wave propagation at each recording electrode. The pacing electrodes (positive and negative signs) 
were placed in the middle of the recorded area. Pacing (period: 20, amplitude: 2 mA, pulse width: 100 ms) was 
able to initiate a new pacemaker, but there was a collision between the intrinsic activity and initiated pacemaker 
for a while. The new pacemaker overcame the intrinsic activity after 10 impulses.  

Our collected data from 4/5 human gastric pacing experiments (the recorded data from 

subject 5 was noisy and it was not included in the statistical analysis) showed that there was a 

displacement of 4-12 mm of the first activation from the negative pacing electrode. Notably, 

initiated pacemaker region was always between the pacing leads and the greater curvature. In 

the fully entrained slow-wave profiles, the circularity factor of the initiated pacemaker at the 

1 s isochrone (red colour) ranged between 58-72%. Furthermore, the mean number of impulses 

required to achieve full entrainment in the recording area was 9.2±1.9 impulses. 

Figure 8.3 presents the effect of gastric electrical pacing on the slow-wave propagation 

speed and amplitude for all population data during baseline and pacing sessions. The statistical 

comparison demonstrated that pacing did not changed the average slow-wave speed compared 

with the baseline session (5.38±0.86 vs 4.48±0.61 mm/s, P>0.5). There was also no significant 

difference between the Vx component of slow-waves in the baseline and pacing sessions 

(2.11±0.61 vs 3.05±0.75 mm/s, P>0.05). The Vy component of paced slow-waves was slightly 
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higher than the baseline (3.43±0.87vs 3.85±0.53 mm/s, P>0.05). Furthermore, there was no 

significant difference between the slow-wave amplitude during baseline and pacing sessions 

(1.39±0.33 vs 1.34±0.36 mV, P>0.05). 

  

(a) (b) 

Figure 8.3: Comparison of the intrinsic and paced slow-wave for all human subjects. Pacing did not significantly 
alter the slow-wave speed (a) or amplitude (b). 

8.2.3 Slow-wave Period Modulation and Lower Limit of Pacing Period 

In all human subjects with successful slow-wave entrainment (n=5), slow-wave period 

modulation was performed where the pacing period reduced from the 10% less than intrinsic 

slow-wave period (estimated during the baseline session) to 12 s, in steps of 2 s. Figure 8.4 

presents the slow-wave period modulation from representative experimental data. In this 

figure, the slow-wave period was successfully modulated through pacing periods from 20 s to 

12 s. Before pacing, the intrinsic slow-wave activity was almost regular with a period of 22 s. 

Once pacing was applied at a period of 20 s, the slow-wave period immediately matched the 

pacing period in a small area close to the pacing sites. The slow-waves remained matched when 

the period of pacing decreased in three steps (from 20 s to 14 s, step interval: 2 s), with the 

slow-waves being recorded for about 5 cycles after each pacing period change. Furthermore, 

the slow-wave period became irregular when the pacing period was reduced to 12 s. It can also 

be seen that the slow-wave period returned to the initial intrinsic value (~ 22 s) when pacing 

was terminated at 650 s.  

The minimum pacing period that reliably entrained slow-waves in all subjects was 14 s. 

Furthermore, when the pacing period was reduced to 12 s, irregular and unstable slow-wave 

periods resulted in all cases.  
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Figure 8.4: Slow-wave period modulation. The slow-wave period was reduced gradually from 20 s to 12 s. The 
period of slow-wave (red line) versus the period of pacing (blue line). 

8.3 Discussion 

This chapter applied gastric pacing and simultaneous HR mapping to demonstrate the acute 

spatiotemporal effects of gastric electrical pacing on slow-waves in the normal human stomach 

for the first time. The results showed that gastric pacing acutely relocated the initial pacemaker 

site and changed the slow-wave propagation pattern and period. 

HR mapping in conjunction with a gastric pacing device was applied in this chapter which 

allowed accurate quantification and visualisation of slow-waves. This approach can be used as 

an effective framework for analysing human gastric pacing outcomes in clinical trials to 

evaluate the efficacy and optimise gastric pacing devices. Significant therapeutic targets would 

be the initiation of the pacemaker, correction of slow-wave dysrhythmias, accelerating the 

gastric emptying rate in patients with functional dyspepsia and gastroparesis, and reduction of 

gastric emptying rate in obese individuals.  

This study demonstrated that gastric electrical pacing was able to reliably and predictably 

initiate a new pacemaker site and modulate the propagation pattern of slow-waves in the human 

stomach. The location of the new pacemaker was near the negative pacing lead (cathode). This 

result was consistent with our findings from pig studies (see Section 7.1.2) and a previous study 

on the effect of pacing in canine stomach using sparse recording electrodes [16]. There was 

also a displacement of initiated pacemaker from the pacing sites. Similarly, in cardiac pacing 

studies, Caldwell et al. reported displacement of 1.1±1.3 mm of first activation from the 
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stimulus site [72]. However, in our case, the distance between the pacing leads and the initiated 

pacemaker region was much further (4-12 mm).  

The spatiotemporal profiles showed that the new pacemaker was located between the 

greater curvature and pacing electrodes. This could result from the pattern of the intrinsic 

slow-wave frequency gradients or ICC distribution, or both, through the stomach. The cells 

located in the greater curvature half of the orad corpus have the fastest natural frequency, and 

those of the slowest natural frequency are located in the distal antrum [80], [67], [37]. 

Furthermore, the density of ICC is reduced from greater curvature to lesser curvature [34].  

With pacing onset, a small region of tissue (an average area of 1.7±2.3 cm2) was excited 

instantly, and a new pacemaker was initiated adjacent to the negative pacing electrode. Full 

entrainment of slow-waves in the mapping area was not achieved instantly with pacing onset 

in our human gastric pacing studies. There was an interaction between the intrinsic and initiated 

slow-waves. The initiated slow-wave propagated radially and collided with the antegrade 

intrinsic slow-wave activity because the surrounding regions were in the refractory 

period [177]. From applying the first impulse onwards, there is a higher probability of 

capturing the excitable gaps of neighbouring cells at the initiated pacemaker region. After a 

cell is excited by an induced action potential, it is unable to be initiated with another action 

potential because of the refractory period (see Section 2.2).  

The number of impulses required to achieve the first fully entrained pattern was 9.2±1.9 

impulses. O’Grady et al. [24] and our findings from the pig study (see Section 7.2.3) also 

demonstrated that the entrained and intrinsic slow-waves interact within the recording area in 

the gastric pacing study. However, the interaction between the intrinsic and initiated slow-wave 

can be minimised by delivering a higher energy level to the stomach (see Section 7.2.3). The 

phase shift of the intrinsic and initiated slow-waves may also have an effect on slow-wave 

interactions. Due to the presence of the intrinsic slow-wave, there is a narrow excitable gap for 

the external pacemaker to excite a large area instantly. However, within a few cycles, the entire 

mapped field was entrained. Furthermore, the placement of pacing electrodes can be considered 

as another factor for optimising the slow-wave interactions. 

After achieving full entrainment in human gastric pacing experiments, slow-wave 

propagation patterns were consistent. The new pacemaker region was round and anisotropic, 

and entrained slow-waves propagated radially within the recording area. In our human 
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experiments, the pacing electrodes were located in the corpus region which resulted in 

slow-wave propagation towards fundus and pylorus. We attempted to generate an ectopic 

pacemaker to encroach on, and ultimately dominate, the area that was under the control of the 

intrinsic antegrade activity in the normal stomach. Such approach would be beneficial for 

initiating normal antegrade slow-wave propagation and treating ectopic pacemaker in patients 

with gastroparesis and generating retrograde propagation to disrupt the normal activity in the 

stomach of the obese individual to reduce gastric emptying rate and food intake.  

This chapter also illustrated the reliable modulation of the slow-wave period at a period 

ranging between the intrinsic slow-wave period and 14 s in normal humans. The minimum 

gastric pacing that predictably entrained slow-waves was 14 s in all subjects, whereas 

Miedema et al. reported that the minimum gastric pacing period that can reliably entrain 

slow-waves was 15 s [102]. Furthermore, this result was similar to our finding from the animal 

study (see Section 6.2.1). The slow-wave responses to the pacing at a period of 12 s were 

different to our animal studies (see Section 6.2.2). In human stomach, pacing at 12 s resulted 

in an irregular period of slow-waves that was unmatched with the pacing period, although there 

was no change in the propagation pattern. However, it should be noted that the recording time 

for a 12 s pacing session was short (<100 s) compared to the animal study (>250 s) which may 

lead to a more stable pattern.  

The pacing energy in this study was 400 ms mA2. This level of energy is the lowest energy 

reported in the previous pacing studies, which was required for entraining slow-waves through 

the human stomach. Lin et al. [21] and McCallum et al. [23] applied pacing at an energy of 

4800 ms mA2 via single-channel pacing in their pacing studies, while Chen’s group used 

two-channel pacing with a total energy of 850 ms mA2 [14]. The significant difference between 

the pacing protocol used in this study and previous human gastric pacing studies was the pacing 

electrode. Therefore, this significant change in the pacing energy may result from the 

surface-contact electrode used in this thesis (see Section 4.3). 

Although this study evaluated human gastric pacing using HR mapping for the first time, 

several major limitations must be addressed. This was an initial study focusing on the normal 

human stomach, and the slow-wave responses from patients with gastroparesis need to be 

performed as the next step. The acute timeframe of the pacing was another limitation, where 

the mean average recording was about 10 minutes. Gastric pacing and slow-wave mapping 

with longer duration might lead to more accurate and reliable findings of the stability of 
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slow-wave response. There was also variation in the regions of the pacing electrode placement 

as it was dependent upon surgical access and was beyond our control. The serosal coverage for 

HR mapping was not complete. The method used in this thesis for HR mapping covered an 

approximate area of 25% of the entire gastric surface. Therefore, activities of interest in the 

unmapped area have been missed. 

8.4 Summary 

In this chapter, human translation was successfully achieved, with the first HR description 

of human gastric pacing and its effect on slow-wave propagation pattern and period. Using a 

surface-contact electrode resulted in a significant reduction of the lowest energy required to 

entrain gastric slow-waves. Furthermore, the accurate description of entrained slow-waves 

from initiation to full entrainment was provided. After delivering the first impulse, a new 

pacemaker was initiated in a small area close to the pacing leads. The initiated slow-wave then 

propagated radially and gradually dominated over the intrinsic slow-wave after delivering the 

next impulses. Furthermore, in this chapter, the period modulation via pacing was assessed. 

The minimum period of pacing able to entrain slow-waves reliably and predictably was 14 s. 

The findings of this chapter were in agreement with our findings in animal gastric pacing 

described in Chapters 5-7. 

The methods applied in this chapter provided substantial advantages for identifying and 

assessing therapeutic gastric electrical pacing protocols and parameters. It is hoped that these 

new methods and findings will help to assess the potential of pacing for therapeutic applications 

for gastric disorders.  
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Chapter 9  

Conclusions and Future Directions 

In the stomach, rhythmic bioelectrical events known as slow-waves coordinate the 

muscular contractions that aid digestion [33]. A range of slow-wave dysrhythmias have been 

shown to be associated with functional motility disorders, such as gastroparesis, chronic 

unexplained nausea and vomiting, and functional dyspepsia [3], [5]. The use of electrical 

pacing in the GI field to correct disordered rhythms continues to advance clinical and basic 

science [20]. Despite this, the efficacy and effectiveness of gastric pacing remains limited, and 

there are currently no gastric electrical pacing devices in clinical use [15], [20], [11].  

In previous studies, a number of pacing protocols have been used with differences in 

pulse width, amplitude, period and the material of pacing electrodes [22], [17], [21]. Currently, 

there are no standard experimental protocols for human gastric pacing, which can reliably 

entrain slow-wave propagation and revert gastric slow-wave dysrhythmias. In the last decade, 

combining HR mapping techniques with pacing has started to provide a renewed understanding 

of entrained gastric slow-wave propagation in normal animal stomach [25], [24], [30]. It is 

expected that the pacing protocols and parameters can be optimised and standardised for 

developing effective treatment strategies in conjunction with HR mapping. 

The work performed in this thesis presents new integrated foundations for pacing the 

stomach and a way forward for clinical translation of gastric electrical pacing as a research tool 

and therapeutic device in the GI field. In this thesis, a novel gastric electrical pacing device and 

integrated HR mapping electrode array were designed and validated in the pig model to assess 

pacing parameters and finally translated into human studies to pace the stomach. Substantial 

novel findings were achieved at each stage of this process, as summarised in the following 

section. 
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9.1 Summary of Findings 

9.1.1 Gastric Electrical Pacing Device 

One of the current barriers in gastric pacing studies in the GI field is the lack of a clinical 

and standard gastric pacing device. Here, a novel gastric pacemaker with a number of unique 

features was designed that allows greater efficiency and success in clinical experimental 

studies. This device was able to output square current impulses with real-time tuneable 

amplitude (1-8 mA), pulse width (50-1000 ms), period (1-100 s) and phase (negative and 

positive monophasic, and biphasic). Real-time tuning of pulse properties also allowed 

on-demand adjustment of the period, pulse width, amplitude, and the phase of the pulse during 

experimentation. To target the nerves as a gastric stimulator, the output impulse could be 

modulated with higher frequency (1-1000 Hz). Therefore, a range of different protocols could 

be easily assessed experimentally. 

Furthermore, the voltage and current of impulses delivered to the tissue, and the tissue-lead 

resistance were continuously monitored and displayed. The continuous measurement of 

delivered voltage and current was vital as it ensured that the expected energy was appropriately 

applied to the tissue during experiments. The tissue-lead resistance was an indicator for the 

quality of tissue-lead contacts, where factors such as pacing lead displacement and 

dislodgement, corrosion, weak-contact, and tissue damage can result in high-resistance and 

therefore, poor pacing results. The applied energy can be dissipated across the leads or blocked 

before delivering to tissue due to high tissue-lead resistance. The pacing was stopped 

automatically once the measured tissue-lead resistance was above 3 kΩ.  

The gastric pacing device was battery-powered (3.7 V) and could be operated using a wired 

(USB) or wireless (Bluetooth) setup. In the wired setup, the USB isolator was used to mitigate 

the risk of shock-hazard by the main supply. Software and hardware limitations of the 

maximum delivered current (8 mA) were also programmed in the pacing device.  

9.1.2 Surface-contact Pacing Electrode 

Several types of pacing electrodes have been used in gastric pacing studies including 

needle electrode [178], temporary cardiac pacing electrode [17], and circular electrode [16] 

with various materials, thicknesses and shapes. Thus, there has been no gastric pacing electrode 

with a specific design for gastric musculature. In this thesis, a newly designed pacing electrode 

offered an easy, safe, and rapid placement of pacing electrode in the GI tract. This electrode is 
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a surface-contact electrode, which is a round-shape pad with a diameter of 4 mm, placed on the 

gastric serosa.  

In this thesis, the surface-contact pacing electrode array was performed in animal and 

human studies. In a comparative study, the hooked-shape electrode, temporary cardiac pacing 

electrode, and surface-contact electrode were examined in the pig model. A low-success rate 

(around 24%) and a high loss rate of tissue-lead contact quality were observed in the pacing 

experiments with the hooked-shape electrodes. Furthermore, the placement of the 

hooked-shape electrodes to a consistent depth and angle was not easy, and consequently, this 

electrode was not a proper choice for optimising the gastric pacing parameter and protocols. 

Use of the surface-contact pacing electrodes resulted in the same spatiotemporal profiles 

(activation time, velocity, and amplitude maps) of slow-waves compared to pacing with 

temporary cardiac pacing electrodes. In both protocols, initiated pacemakers were relocated to 

approximately where the pacing electrodes were placed. However, pacing with the 

surface-contact electrode in comparison to temporary cardiac electrodes had a lower failure 

rate (5 vs 19%), lower energy to entrain slow-waves (400 vs 1600 ms mA2), and higher loss 

rate of tissue-lead contact quality (42±16 vs 13±10% over 20 min). The significant reduction 

in the energy required to entrain the gastric slow-wave reduced the power consumption. 

The most significant advantage of surface-contact electrodes compared to pacing 

electrodes used in previous gastric pacing studies is the ease of electrode placement. It offers a 

significant advance in optimising and standardising the pacing parameters and protocols and 

ensures the tissue-lead contact quality is consistent during pacing studies. 

9.1.3 Slow-wave Pattern Modulation 

With the use of HR mapping, the custom-designed gastric electrical pacing device and 

surface-contact pacing electrodes, the efficacy and efficiency of gastric electrical pacing for 

altering and reverting dysrhythmic slow-waves in pig stomach were evaluated in three 

categories. First, gastric electrical pacing was applied to the stomach with normal activity, 

which resulted in the relocation of the pacemaker from the mid-corpus to the pacing sites and 

close to the negative electrode. In addition, pacing significantly increased the slow-wave speed 

compared to the baseline sessions (7.01±0.05 vs 6.27±0.05 mm/s).  

The second category included bradygastria cases, where the slow-wave propagation pattern 

was irregular and the slow-wave period was not consistent (ranged 30-60 s). The gastric 
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electrical pacing device was able to entrain slow-waves spatiotemporally at the applied pacing 

period. Unlike the stomach with normal activity, gastric electrical pacing significantly 

decreased the slow-wave propagation speed in the bradygastria cases compared to the baseline 

session (6.52±0.14 vs 7.06±0.07 mm/s).  

Stomach with ectopic pacemakers was the third category of slow-wave dysrhythmia that 

was used to evaluate the performance of the gastric electrical pacing. Ectopic pacemakers are 

usually observed in the lower-corpus and antrum region [29]. In the baseline session, the 

ectopic pacemaker was in the mapping area, and a new pacemaker was initiated close to the 

negative electrode with pacing onset. The entrained area gradually expanded to overtake the 

ectopic pacemaker. Similar to the stomach with bradygastria activity, gastric electrical pacing 

significantly decreased the slow-wave propagation speed to 6.02±0.04 mm/s, whereas it was 

7.18±0.06 mm/s during the baseline session.  

Slow-wave dysrhythmias, such as bradygastria and stable ectopic pacemakers, have been 

observed in patients with functional motility disorders such as chronic unexplained nausea and 

gastroparesis [97], [29], [8], [7]. The ability of gastric electrical pacing to regulate slow-wave 

activity and revert dysrhythmias may alleviate symptoms of functional gastric dysmotility. 

9.1.4 Slow-wave Period Modulation 

The feasibility of modulating the gastric slow-wave period via the gastric electrical 

pacemaker was investigated in the pig model. It was shown for the first time that pacing could 

reliably entrain slow-waves at the period range of 14-30 s. To modulate the slow-wave period, 

pacing started in a period close to the intrinsic slow-wave period. Once the initiated pacemaker 

fully entrained in the mapping area, the pacing period was gradually changed to the desired 

value.  

This study also determined that the minimum gastric pacing period that can reliably entrain 

slow-waves in pig stomach was 14 s. Pacing at a lower period, such as 12 s, could lead to 

various results: (i) entrainment altered between intrinsic and paced slow-waves in 50% of 

experiments, (ii) the initiated slow-wave matched the pacing period in 20% of experiments, 

(iii) the paced slow-wave had a period of two times the pacing period in 30% of experiments.  

We have, for the first time, entrained gastric slow-waves at periods much higher than the 

intrinsic slow-wave period (up to 36 s), whereas all previous pacing studies investigated gastric 

pacing with periods at near physiological periods ranged from 90% to 110% of the intrinsic 
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slow-wave period [16], [107], [102]. Slow-wave responses indicated that the most extended 

pacing period resulting in fully entrained slow-waves with no intrinsic slow-waves was 30 s. 

Depending on the presence of an intrinsic slow-wave and its period, there would be a collision 

between the intrinsic and paced slow-waves or the initiated slow-wave period would be 

matched with the pacing period.  

It is also known that mechanical contractions in the stomach are coordinated in part by 

slow-waves [33]. Several studies reported that gastric electrical pacing at the period close to or 

lower than the intrinsic slow-wave accelerated the gastric emptying rate in patients with 

gastroparesis [21], [14]. However, no study experimentally investigates the effect of gastric 

pacing at a more extended period than the intrinsic slow-wave period on the gastric emptying 

rate. Controlling the period of the slow-wave may lead to control of the gastric emptying rate. 

It is anticipated that the detailed findings of slow-wave responses to short and long pacing 

period may aid in developing a novel treatment for obesity.  

9.1.5 Evaluation of Parameters for Gastric Electrical Pacing 

Several parameters affect the gastric pacing results, such as the shape of pacing leads, the 

location of the pacing electrode on the stomach, and impulse properties including amplitude, 

pulse width, phase and period. Therefore, there is a wide range of possible parameter 

combinations that need to be examined, standardised and optimised in gastric pacing studies. 

This is a complex and long-term task and requires numerous animal and human studies. Few 

systematic studies have been performed to investigate the effect of various pacing protocols on 

gastric slow-wave activity [21], [22]. In this thesis, the effects of the orientation of the pacing 

electrode, the gastric region of pacing, and delivered energy, on the gastric pacing performance 

were evaluated in the pig model.  

The orientation of pacing electrodes plays an important role in pacing performance. Pacing 

electrodes were placed on the gastric serosa in the two orientations: (i) aligned with the 

longitudinal muscle layers (vertical pacing) and (ii) aligned with the circumferential muscle 

layers (horizontal pacing). Results indicated that horizontal pacing had 10% of the success rate 

in entraining slow-waves, whereas vertical pacing had a success rate of 86%.  

Analysing the recorded data from the pacing studies in the different regions and with 

different parameters of gastric electrical pacing determined that the new pacemaker site is 

predictable. With pacing onset, the new pacemaker was initiated between the pacing leads and 
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greater curvature of the stomach, where it was closer to the negative pacing electrode (a 

distance of 4 to 12 mm). This finding may assist in removing the regional ectopic pacemaker 

by initiating a new pacemaker close to it by pacing in the appropriate location.  

Furthermore, two levels of pacing energy (high and low) were investigated in the pig 

stomach, when low-energy was set to 900 ms mA2 and high-energy was set to 10,000 ms mA2. 

The high-energy value was similar to the existing literature [16], [30]. The level of delivered 

energy has a significant impact on the minimum number of impulses required for full 

entrainment in the recording array. High-energy pacing was able to entrain slow-waves in the 

mapped area faster than when low-energy pacing was used (8.7±1.6 vs 3.1±1.5 impulses). The 

use of low-energy pacing resulted in similar pacemaker profiles as high-energy pacing, once 

the slow-waves were fully entrained in the mapping area. However, the spreading patterns of 

initiated slow-waves before achieving the fully entrained slow-wave in the mapping area had 

substantial differences.  

It was also shown that pacing in the corpus and antrum resulted in different spatiotemporal 

patterns of slow-waves. The initiated pacemaker had a higher circularity factor in pacing in the 

corpus compared to pacing in the antrum (76±5 vs 58±6%). Furthermore, the mean speed of 

initiated slow-wave was significantly higher with pacing in the antrum region than with pacing 

in the corpus region (6.65±0.07 vs 6.06±0.04 mm/s). This finding could help the development 

of retrograde pacing as a proposed treatment for obesity.  

It is anticipated that findings of the effect of pacing electrode orientation, pacing energy, 

and pacing region on slow-wave responses and localisation of the pacemaker site have 

developed the foundations for optimising pacing protocols to achieve a standard protocol for 

gastric electrical pacing as an effective treatment for gastric dysmotility and obesity. It should 

be noted that the study presented in this thesis was an initial step for standardisation of the 

gastric pacing protocols. Therefore, future studies are needed to determine detailed 

characteristics of gastric pacing, such as the strength-duration curve [9]. The strength-duration 

curve is a plot of the lowest current required for stimulating the tissue versus pulse width and 

can be used to determine the relationships between the charge and energy-duration [179].  

9.1.6 Human Translation of Gastric Pacing in Conjunction with HR mapping 

In vivo HR mapping combined with gastric pacing was successfully translated to the human 

stomach. This technique allowed evaluation of the feasibility and efficacy of pacing in human 
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trials, and provided a pathway for testing protocols for therapeutics, and a framework for 

understanding the pathophysiology.  

Low-energy impulses (400 ms mA2) were delivered through surface-contact pacing 

electrodes to the human stomach with simultaneous HR recording of the gastric slow-waves. 

With pacing onset, a new pacemaker was initiated close to the negative pacing electrode and 

slow-waves entrained the entire mapped area after a few interactions (9.2±1.9 cycles) between 

the intrinsic and initiated slow-waves, similar to that of the pacing study in the pig. 

The energy delivered to the human stomach in this work (400 ms mA2) was much lower 

than the lowest energy reported in the literature of human gastric pacing (4800 ms mA2 via 

single-channel [21], [23], and 850 ms mA2 via two-channel pacing [14]). It was also seen that 

pacing could reliably modulate the period of gastric slow-waves between the intrinsic 

slow-wave period and 14 s in the normal human stomach. 

It is anticipated that the findings and methods developed in this work will be applied in 

further experimental studies to evaluate the efficacy and efficiency of gastric electrical pacing 

devices and to optimise pacing protocols and parameters for clinical applications. 

9.2 Future Directions 

9.2.1 Technical Development  

This thesis presented a novel gastric pacing device, capable of generating a sequence of 

impulses with adjustable properties and monitoring the tissue-lead resistance on the GUI. 

While this work provided the opportunity to examine different pacing protocols in the GI tract, 

optimisation of the timing of pacing impulses could be a focus of improvement. This plays a 

key role in slow-wave interaction and success rate of pacing through slow-wave modulation 

applications. A closed-loop feedback system can accurately estimate the timing of pacing onset 

according to the period of the recorded slow-wave. This will improve and optimise the pacing 

efficacy. The current approach to measure the bioimpedance is based on the injection of a 

current impulse to the tissue through the pacing electrodes and to sample the resulting voltage 

at 10 Hz. This method may not be accurate for short pulses. The next version of the pacing 

device should employ a more accurate method to measure the impedance at higher sampling 

rates. Furthermore, the next generation of gastric pacing device should be implantable, 

miniaturised, biocompatible, and capable of wireless charging. It is also anticipated that the 

new design of gastric pacing in this thesis can provide an opportunity to translate gastric pacing 
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to modulate slow-wave activity in other areas of the GI tract, such as the small intestine 

However, differences in anatomy, musculature, and the propagation patterns of the slow-wave 

activity between the stomach and other organs of the GI tract make it challenging to apply the 

same protocol for gastric pacing to the other organs. Further investigations are needed to 

modify the pacing protocol according to electrophysiological parameters.  

A surface-contact pacing electrode was designed and validated in pig and human studies 

in this thesis. Using the surface-contact electrode in the acute pacing studies resulted in a 

significant reduction in power consumption and high success rate of modulating slow-wave 

activity. Low power consumption may make the gastric pacing device implantable, where a 

small battery could provide the entire energy required for long-term treatments. However, the 

rapid loss of tissue-lead contact quality was the main disadvantage of this electrode which 

needs to be addressed by using corrosion-resistant material, such as stainless steel, and 

platinum. The shape, size, and material of the pacing electrode were not optimised. Therefore, 

future studies are required to optimise these characteristics. Furthermore, as the surface-contact 

electrode was placed on the serosa, modifications are necessary to allow fixation in chronic 

and clinical studies, especially in view of the substantial motility of the GI muscular wall that 

can occur during digestion. 

9.2.2 Therapeutic Application 

The newly constructed pacing device in conjunction with HR mapping used in this thesis 

improved our understanding of the mechanisms underlying gastric entrainment via pacing. The 

slow-wave modulation in the pig stomach with normal, bradygastric, and ectopic pacemaker 

activities has promoted the ability of gastric pacing to revert abnormal slow-wave initiation. 

The successful human translation of our pacing protocol serves as initial proof of feasibility 

for our pacing protocol in a clinical setting. However, future work to expand the patient cohort 

would be useful to evaluate the efficacy of gastric pacing on stomachs with slow-wave 

abnormality in either initiation or conduction. It would be highly valuable to assess the 

capability of pacing for improving conduction abnormalities, such as conduction blocks or re-

entry, where it seems unlikely based on the theory that ICC structural damage causes such 

dysrhythmias. If pacing is unable to modify conduction abnormalities, then this result may help 

to understand the limitations and develop new pacing and/or stimulation strategies. 

Furthermore, this thesis only investigated the effect of the pacing on the slow-wave activity of 

the stomach and did not address the mechanical activity. Kaneoke et al. [180] showed that the 
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mechanical contraction pattern is associated with the slow-wave propagation pattern. In this 

thesis, it was shown that pacing was able to reliably alter and correct the slow-wave 

propagation pattern and period. Therefore, gastric dysmotility and dysrhythmia in mechanical 

contraction could be corrected by pacing; a finding that could greatly benefit from further 

investigation. 

The proof of concept for slow-wave period modulation was provided in this thesis through 

animal and human studies. The spatiotemporal detail revealed that pacing can increase or 

decrease the slow-wave period in the range of 14-30 s. Notably, past pacing studies showed 

that decreasing the slow-wave period leads to acceleration of gastric emptying rate 

[18], [14], [23]. A study based on a coupled biomechanical smoothed particle hydrodynamics 

model showed that the gastric emptying rate decreased with a longer period of mechanical 

contractions and vice versa [181]. It would therefore also be of great interest to further 

investigate this claim as a therapeutic device for obesity with gastric pacing at periods lower 

than the intrinsic slow-wave period.  

Gastric pacing research is challenging and experimentally demanding because there is a 

range of combinations of different pacing parameters (amplitude, pulse width, period, shape, 

material, orientation, number, and location of pacing electrodes, and timing) that must be 

assessed, and is typically performed through trial and error at present [149]. In this thesis, the 

effect of pacing electrode orientation, pacing energy, and pacing region on the slow-wave 

responses and localisation of the pacemaker site were evaluated in the pig study. Indeed, some 

parameters and concepts need further investigation, such as: (i) the shape and size of pacing 

electrode, (ii) the slow-wave activity and interaction across the stomach, (iii) whether the paced 

slow-wave can pass the greater curvature and entrain the slow-wave on the other surface of the 

stomach, (iv) the correlation between the slow-wave period modulation, gastric motility, and 

gastric emptying rate. 

9.3 Concluding Remarks 

In conclusion, the work detailed in this thesis evaluated the effect of various pacing 

protocols on the spatial responses of gastric slow-waves. The experimental results of this thesis 

from gastric pacing in animal studies and the successful human translation present a significant 

step forward in understanding the mechanism underlying gastric slow-wave entrainment via 

gastric pacing. The work in this thesis presents an improved foundation for the investigation 
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and development of gastric pacing as an effective therapy for gastrointestinal motility 

disorders. 
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Appendix A  

This section lists the peer-reviewed publications, conference abstracts, awards and 

achievements during the PhD. 

A.1 Peer-reviewed Publications 

If the peer-reviewed publication work has been included in this thesis, the chapter 

incorporating the work is listed after the publication details. 

A.1.1 First Author Publications 

S. Alighaleh, L. K. Cheng, T. R. Angeli, M. Amiri, S. Sathar, G. O’Grady, and N. 

Paskaranandavadivel, “A novel gastric pacing device to modulate slow waves and assessment 

by high-resolution mapping,” IEEE Transaction on Biomedical Engineering, vol. 66, no. 10, 

pp. 2823–2830, Oct. 2019. [Chapter 3 & 5 & 6]. 

S. Alighaleh, T. R. Angeli, S. Sathar, G. O’Grady, L. K. Cheng, and N. Paskaranandavadivel, 

“Design and application of a novel gastric pacemaker,” in 2017 39th Annual International 

Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), 2017, pp. 

2181–2184. [Chapter 3 & 4]. 

A.1.2 Co-Author Publications 

A. A. Kamat, N. Paskaranandavadivel, S. Alighaleh, L. K. Cheng, and T. R. Angeli, “Effects 

of electrode diameter and contact material on signal morphology of gastric bioelectrical slow 

wave recordings,” Annals of Biomedical Engineering, pp. 1–12, 2020. 

A. Cherian Abraham, L. K. Cheng, T. R. Angeli, S. Alighaleh, and N. Paskaranandavadivel, 

“Dynamic slow‐wave interactions in the rabbit small intestine defined using high‐resolution 

mapping,” Neurogastroenterology & Motility, vol. 31, no. 9, Sep. 2019. 

N. Paskaranandavadivel, S. Alighaleh, P. Du, G. O'Grady and L. K. Cheng, “Suppression of 

ventilation artifacts for gastrointestinal slow wave recordings,” in 2017 39th Annual 

International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), 
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A.2 Conference Abstracts 

S. Alighaleh, L. K. Cheng, R. Avci, G. O’Grady, T. R. Angeli, and N. Paskaranandavadivel, 

“Gastric pacing: a potential therapy for obesity,” 5th International Conference on Food 

Structures, Digestion and Health (FSDH 2019), Rotorua, New Zealand, 2019. [Chapter 6]. 

S. Alighaleh, L. K. Cheng, R. Avci, G. O’Grady, T. R. Angeli, and N. Paskaranandavadivel, 

“High-resolution slow-wave response to high and low energy pacing,” in 2019 41th Annual 

International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), 

Berlin, Germany, 2019. [Chapter 7]. 

S. Alighaleh, L. K. Cheng, G. O’Grady, T. R. Angeli, S. Sathar, A. Bartlett, and N. 

Paskaranandavadivel, “Human gastric pacing: slow-wave spatiotemporal response,” 
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“Real-time evaluation of a novel gastric pacing device with high-resolution mapping,” 
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