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Abstract 

Gastric contractions are initiated, propagated and coordinated by underlying rhythmic 

bioelectrical potentials termed slow waves. Slow waves propagate through the musculature 

via conduction networks comprised of specialised cells, and act in combination with the 

enteric nervous system to regulate peristalsis. Disordered slow wave activity has been 

associated with the pathophysiology of several motility disorders, and occurs as a result of 

the abnormal function of, or disruption to these specialised cells and their distribution 

pathways.  

 This thesis aimed to: i) define regional variations in slow wave characteristics in the distal 

stomach, identified during previous high resolution (HR) mapping research, ii) explore the 

consequences of disruption to the bioelectrical conduction pathways and removal of the 

primary gastric pacemaker, and iii) develop new laparoscopic recording arrays with a view to 

increasing coverage and accuracy of slow wave mapping. 

The investigation of slow wave characteristics in the distal stomach was performed using HR 

mapping techniques and flexible printed circuit (FPC) electrode arrays. The arrays were 

positioned on the antrum and used to detect significant increases in the velocity (3.3 ± 0.1 

mm s-1 vs 7.5 ± 0.6 mm s-1; p<0.01) and amplitude (1.5 ± 0.1 vs 2.5 ± 0.1 mV; p<0.01) of 

slow wave activity as it passes from the proximal to the prepyloric antrum. The zones of high 

velocity and amplitude were defined using the pyloric sphincter and the angularis incisura for 

reference. The region of high velocity commenced approximately 28 mm proximal to the 

pyloric ring, continued for 22 mm and terminated approximately 6 mm proximal to the pyloric 

ring. The high amplitude region commenced approximately 36 mm proximal to the pyloric 

ring, continued for 22 mm, and terminated approximately 14 mm orad. These results were 

applied to parameterise a three-dimensional geometric model of the stomach, and 
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demonstrated the importance of the terminal antral contraction in enhancing mixing 

efficiency. 

Exploring the effects of primary pacemaker removal and disruption to slow wave conduction 

networks was achieved using HR mapping techniques in bariatric patients undergoing 

laparoscopic sleeve gastrectomy (LSG). Sterilisable FPC electrode arrays were applied to 

the serosal surface of the stomach in vivo, prior-to and following LSG. Patients exhibiting 

normal activity before LSG commonly developed a persistent antral ectopic pacemaker post-

operatively, and retrograde propagation of slow waves from this region. The frequency 

(2.7 ± 0.3 vs 2.8 ± 0.3 cpm; p>0.05) and amplitude (1.7 ± 0.2 vs 1.6 ± 0.6 mV; p>=0.05) of 

slow wave cycles was unaffected, however velocity increased significantly 

(3.8 ± 0.8 vs 12.5 ± 0.8 mm s-1; p=0.01) following surgery. These data show that primary 

pacemaker removal and disruption of slow wave conduction networks causes dysrhythmic 

activation and propagation patterns. These may resolve naturally or potentially lead to the 

development of gastric motility disorders. HR mapping of a previous LSG patient reporting 

ongoing pain, acid reflux and food intolerance 15-months postoperatively revealed a 

persistent ectopic pacemaker in the antral region of the sleeve. Slow waves were found to 

consistently propagate around an area conduction block, and were of a higher velocity 

(12.6 ± 4.8 mm s-1) than anticipated. However, frequency (2.2 ± 0.01 cpm) and amplitude 

(2.3 ± 1.9 mV) were within normal ranges. The results suggest that pain, reflux and food 

intolerance following LSG may be associated with a deviation from normal bioelectrical 

activity patterns occurring following removal of the gastric pacemaker. 

The increasing adoption of minimally invasive procedures for the treatment of 

gastrointestinal (GI) diseases prompted the development of a laparoscopic device capable of 

recording slow wave activity directly from the serosal surface of the target organ. This device 

improved on previous designs with a larger coverage area and a greater number of 

electrodes; a larger field of electrodes is particularly relevant when attempting to 
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characterise dysrhythmias, and reduce error when calculating the direction and velocity of 

slow waves. Simultaneous recordings from the improved design and a FPC array in pigs 

were identical in frequency (2.6 cpm; p>0.05). Activation patterns and velocities were also 

consistent (8.9 ± 0.2 vs 8.7 ± 0.1 mm s-1; p>0.05). Device and reference amplitudes were 

comparable (1.3 ± 0.1 vs 1.4 ± 0.1 mV; p>0.05), although the device signal to noise ratio 

(SNR) was higher (17.5 ± 0.6 vs 12.8 ± 0.6 dB; p<0.01). Slow wave activity was also 

recorded and mapped from the corpus of a human patient and was within the known 

physiological range for human gastric slow waves (frequency 2.7 ± 0.03 cpm), amplitude 0.8 

± 0.4 mV, velocity 2.3 ± 0.9 mm s-1). The laparoscopic device achieved high-quality gastric 

serosal slow wave recordings and demonstrated its potential for documenting slow wave 

characteristics in patients with gastric dysmotility disorders. 

The work within this thesis presents a series of advances that enhance our investigation and 

understanding of gastric slow waves.  It is anticipated that these novel mapping tools, 

combined with improved knowledge of both normal and dysrhythmic activity will progress 

clinical diagnoses and patient treatment options. 
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Chapter 1 

Motivation and Aims 

 

 1.1  Introduction 

Since the discovery of the interstitial cells of Cajal (ICC), there have been many studies 

investigating various aspects of the ICC network and its function, including work on both 

humans and animal models (Hirst, 2001, Ordog et al., 1999, Thomsen et al., 1998). It has 

become widely recognised that the human gastrointestinal (GI) tract contains a conduction 

system capable of inducing, propagating, and regulating phasic muscle contractions  Studies 

have identified ICC and their associated networks as the pacemaker cells responsible for 

generating and distributing electrical activity throughout the tract (Huizinga et al., 1995, 

Faussone-Pellegrini and Thuneberg, 1999, Sanders, 1996). This electrical activity (termed 

slow waves) acts to stimulate muscular contraction, and in combination with the enteric 

nervous system regulates the direction and velocity of peristaltic waves (Lammers et al., 

2009, Huizinga, 1999).  

The majority of ICC and slow wave studies have been performed on animal models such as 

mice, dogs and pigs (Lammers et al., 2009, Egbuji et al., 2010, Koh et al., 1998, Lammers et 

al., 1996, Langton et al., 1989, Szurszewski, 1969, Young et al., 1996). Structural variation 

in anatomy often equates to functional differences (Russell et al., 2000, Swindle and Smith, 

1998); therefore, formulating theories from animal derived data then applying them to 

humans can be unreliable. This is evidenced by differences in the location of the gastric 

pacemaker and the timing of slow wave events in humans and other mammals (O'Grady et 

al., 2010a, Egbuji et al., 2010, Qian et al., 2003). It is also emphasised that many of the 

aforementioned studies are low resolution (utilising a small number of recording channels to 

cover a large surface area) (Szurszewski, 1969, Weisbrodt et al., 1974), meaning crucial 
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spatial information may be overlooked. It is only relatively recently that high resolution (HR) 

techniques (60-256 recording channels) have been applied to slow wave research (Egbuji et 

al., 2010, Lammers et al., 1996, Du et al., 2009b). Another issue highlighting the requirement 

for further slow wave studies in human subjects is the relatively small amount of data 

collected from ‘normal’ stomachs (Hinder and Kelly, 1977). The majority of human gastric 

data is not only low resolution, but it also focuses predominantly on candidates with 

abnormal digestive symptoms such as nausea, vomiting, and early satiety (Forster et al., 

2005, Owyang and Hasler, 2002, Stoddard et al., 1981). Further human-based HR slow 

wave mapping is required to establish the extent of inter- and intra-subject variation, and to 

fully understand the characteristics and spatiotemporal patterns of normal slow wave activity.  

Research has shown that efficient GI motility is reliant on the normal distribution and function 

of ICC and their associated networks. This is evidenced by disordered GI motility related to 

depleted and/or interrupted ICC networks (Farrugia, 2008, Suzuki et al., 2010, Grover et al., 

2011). Disordered slow wave activity resulting from the abnormal function of ICC networks 

has been implicated as a disease mechanism in several motility disorders (Huizinga, 1998, 

Streutker et al., 2007). These disorders include functional dyspepsia (a chronic disorder of 

sensation and movement in the upper GI tract) which is associated with symptoms of 

recurrent upper abdominal pain or discomfort, bloating, nausea, early satiety and vomiting 

(Sarnelli et al., 2003), and gastroparesis (delayed emptying of solids and liquids without 

evidence of mechanical obstruction) which is linked to nausea, vomiting postprandial fullness 

and early satiety (Tang and Friedenberg, 2011). Preliminary work has confirmed these 

dysrhythmias in gastroparesis patients, but they remain poorly defined (O'Grady et al., 

2011). It has also been noted that in addition to digestive diseases, some surgical 

procedures can result in post-operative ileus, causing symptoms similar to that of 

gastroparesis and functional dyspepsia (Ardila-Hani and Soffer, 2011, Bilgutay et al., 1963). 

It is theorised that this results from disruption to the ICC network during surgery, which may 

recover quickly in some patients, while others may experience symptoms for many months 
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or even years after surgery (Shikora et al., 2007). Further HR mapping studies are required 

pre- and post-operatively to establish the effects on slow wave activity and spatiotemporal 

patterning. 

1.2  The Corpus Antrum Border 

The human stomach is divided into five regions; the cardia, fundus, corpus, antrum and 

pylorus. However, these regions are poorly defined, and vary according to functional- and 

anatomical-based definitions, and consulted source (Ahonen et al., 1979, Martinez-Ramos et 

al., 1983, Givon-Madhala et al., 2007, Braghetto et al., 1987). A recent HR slow wave 

mapping study has identified a zone of increased velocity and amplitude, close to the 

descriptions of the corpus antrum border (O'Grady et al., 2010a). It suggested that this 

electrophysiological transition between the corpus and antrum may occur more distally than 

the traditional surgical-based description of the border, referring to the nerve of Latarjet 

(Givon-Madhala et al., 2007). It is essential that the mechanism underlying this regional 

variation is investigated further, and anatomical registration is applied to determine the 

precise location and width of this transition zone. This information could be used to enhance 

the accuracy of current gastric computational fluid dynamics (CFD) models, and may have 

clinical relevance for surgical procedures involving tissue resection in this region such as 

pylorus preserving and classical pancreaticoduodenectomy. The findings may also prove 

valuable to designers and manufacturers of gastric stimulation devices, suggesting optimal 

algorithms for treating conditions such as antral hypomotility. 

Aims 

o Define the location of the electrophysological transition zone relative to anatomical 

landmarks 

o Characterise slow wave activity in this region 
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o To incorporate this data into a sophisticated computational fluid dynamics model of 

gastric flow used to calculate recirculation and gastric mixing.  

1.3  Laparoscopic Sleeve Gastrectomy 

Laparoscopic sleeve gastrectomy (LSG) is a type of bariatric procedure designed to reduce 

the size of the stomach and prevent over-eating. Approximately 60-80% of the stomach is 

resected (including the gastric pacemaker), with the remaining tissue shaped like a tube or 

sleeve (Sandoval, 2011). Following LSG some patients have developed postoperative 

dysmotility and symptoms such as gastric pain, nausea and vomiting (Jacobs et al., 2010). It 

is hypothesised that such complications may arise due to abnormalities of slow wave 

initiation and conduction induced by gastric resection and removal of the primary 

pacemaker, as has been demonstrated in rodents (Yanagida et al., 2004). The aetiology of 

post-operative dysmotility and its associated symptoms are not fully understood, and further 

study of pre- and post-surgical bioelectrical activity patterns is required. The findings could 

translate to amendments in surgical techniques designed to minimise potential development 

of post-operative dysmotility, and addition of this knowledge to existing computer models 

may also result in quicker diagnoses, and more targeted treatments for post-operative 

symptoms. 

Aims 

o Define the characteristics of slow waves pre- and post-LSG using HR mapping 

o Compare these data to analyse the effects of gastric resection on slow wave activity 

 1.4  Laparoscopic Device Development 

Surgical techniques have progressed substantially over the past few decades; from highly 

invasive procedures with large incisions and associated scars to laparoscopic surgeries, 

designed to minimise pain, risk of infection and recovery time (Fazeli-Matin et al., 1999, 
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Carbajo et al., 1999). It is essential that gastrointestinal bioelectrical activity research 

acknowledges these advances and develops recording devices appropriately. To date, 

gastric mapping studies have been performed using relatively large electrode platforms and 

cabling, limiting their application to invasive open-abdominal procedures (O'Grady et al., 

2010a). Current laparoscopic devices have a limited number of recording channels and 

characterise slow wave activity in sparse spatioetemporal detail. A small inter-channel 

distance also increases the potential for relatively large errors in direction and velocity 

estimates (O'Grady et al., 2009). An improved laparoscopic design would feature multiple 

recording channels covering a greater surface area, and allow for repeat sterilisation for 

human application. 

Aims 

o Design a recording platform capable of deploying through a 5 mm surgical port 

o Ensure manufacturing materials are able to withstand repeated sterilisation to a level 

concordant with other surgical equipment 

o Record from a larger field of electrodes to accurately define dysrhythmias and avoid 

large errors when estimating the direction and velocity of slow waves. 
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Chapter 2 

Background 

 

2.1  The Human Stomach: Regions, Landmarks and Functions 

The human stomach is comprised of five anatomical regions; the cardia, fundus, corpus 

(body), pyloric antrum and pylorus (see Figure 1). The most proximal of these regions is the 

cardia, positioned immediately inferior to the lower esophageal sphincter. Distal to the 

cardia, and further towards the greater curvature (the long convex curve that runs from the 

opening for the oesophagus to the opening of the duodenum and is the attachment point for 

the fatty apron, the greater omentum) is the fundus. The centrally-located corpus is the 

largest region, and lies between the fundus and the pyloric antrum. The pylorus is the most 

distal region of the stomach, and communicates with the duodenum of the small intestine via 

the pyloric sphincter. 

The five regions of the stomach are poorly defined and their borders vary according to 

physiological- and anatomical-based definitions. The beginning of the cardia is often defined 

anatomically as immediately distal to the lower oesophageal sphincter (Netter, 2014), but 

physiologically as the point at which the epithelium changes from stratified squamous to 

columnar; referred to as the ‘z-line’ (DeNardi and Riddell, 1991). The fundus acts as a 

reservoir for nutritional intake and gases produced through chemical digestion. Its distal 

border with the corpus is ambiguous, and there are no intragastric landmarks delineating 

where the fundus terminates and the corpus begins. The boundary between the corpus and 

the antrum lies in the vicinity of the angularis incisura, and is located surgically using the 

nerve of Latarjet, a branch of the anterior vagus nerve (Ahonen et al., 1979). Previously, the 
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border has been determined physiologically using Congo red (an azine dye indicator) and is 

defined as the boundary between the acid-secreting and non-acid-secreting portion of the 

stomach (Shaw et al., 2005, Acar et al., 1999). Electrophysiological studies suggest that the 

corpus antrum border may be located distal to these more traditional descriptions, and can 

be defined as a transition zone where the amplitude and velocity of bioelectrical activity 

increases substantially (O'Grady et al., 2010a). The pyloric antrum is the primary site of 

mixing and grinding of ingested material in preparation for passage to the duodenum. Its 

border with the pylorus is poorly defined, but is generally accepted as a visible increase in 

thickness of the stomach wall (Pickhardt and Asher, 2003). The pylorus joins the proximal 

small intestine with the stomach and contains the pyloric sphincter, which regulates the 

passage of food into the duodenum. These anatomical landmarks and gastric regions are 

important as they are often used clinically to establish the relative location of important 

neurovascular components, pathologies and trauma.  
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Figure 1: Anatomical regions and landmarks of the stomach. Functionally, the stomach can 

be divided into the gastric reservoir (fundus and upper corpus) and the gastric pump (distal 

corpus and the antrum). 

In contrast to the five anatomical regions, functionally, the stomach has just two main areas; 

a gastric reservoir, and a gastric pump (Cannon, 1898). The gastric reservoir stores ingesta 

until it is ready to be passed to the intestines. The reservoir function is initiated when the 

stomach receives dietary ingesta, and is performed by the fundus and upper corpus. These 

areas combined have the ability to accommodate large volumes (0.5-1.5L) without a 

significant increase in intragastric pressure (Kelly, 1980). It is understood that inhibitory 

fibres from the vagus nerve regulate relaxation of the proximal stomach, as experimental 
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evidence has shown that vagotomy (surgical interruption of the vagus nerve to the stomach), 

results in reduced distendibility of the gastric reservoir (Stadaas, 1980). 

The gastric pump is responsible for the digestive processes of the stomach and its emptying 

function, and is represented by the distal corpus and the antrum. The gastric pump uses 

antral peristalsis to mix ingested material with gastric secretions and break food down into a 

semi-fluid mass (termed chyme) for passage to the duodenum. Peristaltic contractions are 

propagated aborally, and terminate in antral systole (contraction of the antrum). Partial 

closure of the pyloric sphincter during antral systole results in retropulsion (a backwards 

movement) of ingesta against the stomach wall as the antrum contracts. Once the ingesta 

have been converted to chyme, its release through the pyloric sphincter into the duodenum 

is regulated so as to allow optimal time for further digestion and absorption by the intestines. 

The emptying of chyme into the duodenum is augmented by close coordination of the pyloric 

sphincter function and antral motor activity. 

2.2 Gastric Musculature and Chemical Secretions 

The human stomach consists of four distinct tissue layers, the mucosa, submucosa, 

muscularis externa and the serosa  (Rauf man and Goldberg, 2009). These layers are 

depicted in Figure 2. The mucosa lines the inner gastric surface and can be subdivided into 

the mucosal epithelium, lamina propria and the muscularis mucosa. The innermost layer is 

the mucosal epithelium which contains specialized secretory cells that produce chemicals 

necessary for digestive processes. These include gastric juice, and the hormone gastrin, 

which increases the muscular contractions of the GI tract, stimulates the secretion of gastric 

juice, and relaxes the pyloric sphincter. The middle layer is termed the lamina propria, 

consisting of loose connective tissue including smooth muscle fibres, lymphatic tissue, blood 

vessels and sensory nerve endings. The outermost layer is the muscularis mucosa, a thin 

band of smooth muscle. Outside the mucosal layer is the submucosa which consists of a 
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layer of areolar loose connective tissue containing nerves, and blood and lymphatic vessels. 

It connects the muscular layers of the stomach to the mucosal layers. 

 

Figure 2: The gastric tissue layers and associated nervous system (Linden and Farrugia, 

2008). Between the circular and longitudinal muscle layers lies the myenteric portion of the 

nervous system which provides motor innervation to both layers and has both sympathetic 

and parasympathetic input. The submucosal plexus is located within the submucosal layer 

and has only parasympathetic fibers providing secretomotor innervation to the gut mucosa. 

Superficial to the submucosa is the muscularis externa, which drives phasic peristaltic 

contractions. It can be subdivided into three layers, named with reference to the orientation 

of the muscular fibres within. The oblique layer lies innermost; surrounding the inner layers 

of the stomach and has most prominence in the region of the fundus.  The middle layer is 

termed the circular layer, the cells of which are organized circumferentially, producing an 

annular contraction. The circular muscle layer wraps around the body of the stomach, fusing 
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with the oblique layer proximally. It extends distally and gradually thickens to form the pyloric 

sphincter. The longitudinal layer is the outermost muscular layer and is continuous with the 

smooth muscle surrounding the oesophagus. The muscle fibres of the longitudinal layer are 

orientated along the length of the stomach, with contraction and relaxation of this layer 

eliciting variation in stomach length, which is important for peristalsis. The outermost tissue 

layer of the stomach is the serosa. It is composed of areolar connective tissue and simple 

squamous epithelium, and contains a dense network of blood vessels supplying the 

stomach. 

The stomach receives both sympathetic and parasympathetic innervation, but also has input 

from the enteric nervous system. The enteric nervous system is capable of independent 

function, and its neurons are predominantly found within two major plexuses. The myenteric 

(Auerbach’s) plexus is located between the circular and longitudinal muscular layers, with its 

neurons largely innervating the longitudinal layer and the outer circular layer. The 

submucosal (Meissner’s) plexus is found between the circular muscle and submuscosal 

layers, and appears to predominantly act on the inner circular muscle layer. 

2.3 Gastric Electrophysiology and Motility 

Contractions of the muscular layers of the stomach are preceded by variations in membrane 

potential differences of the smooth muscle cells. The individual muscle cells are organised 

into discrete muscle bundles surrounded by connective tissue, with each bundle functioning 

as a single unit. Neural input is not required to activate each individual cell, and each 

muscular unit has the potential for regulation by a single neuron. The muscular bundles of 

the stomach receive several types of neural input, meaning its activities can be coordinated 

with those of other regions of the GI tract. This autonomy means that gastric smooth muscle 

cells are able to contract simultaneously, producing an efficient motor response.  
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Gastric smooth muscle cells are subject to two types of bioelectrical activity; slow waves, 

and spike potentials (Cheng et al., 2010, el-Sharkawy et al., 1978). Slow waves are 

essentially a spontaneous rhythmical fluctuation in the resting membrane potential of smooth 

muscle cells. These bioelectrical oscillations within the cells represent intervals of cyclic 

depolarisation, followed by repolarisation, which conduct from specialised cells called the 

interstitial cells of Cajal (ICC) to smooth muscle cells (SMC) within the gastrointestinal wall. 

The frequency of these cycles varies between regions of the GI tract, and membrane 

depolarisation does not necessarily result in muscular contraction. The precise physiological 

mechanisms surrounding the generation and propagation of slow wave activity are not clear, 

however, a number of ion channels are purported to have a role in ICC pacemaker 

mechanisms. Figure 3 illustrates one theory describing the role of ion currents contributing to 

a single slow wave event.  
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Figure 3: A simulated slow wave trace with the ion currents contributing to the initial unitary 

potential, upstroke phase, plateau phase, repolarisation, and resting potential (Lees-Green 

et al., 2011). A downward arrow indicates an inward current, while an upward arrow 

indicates an outward current. INSCC: Ca2+-activated NSC current, ICICa: Ca2+-activated Cl- 

current, INa: Nav 1.5 current, ICaT: T-type Ca2+ current, IBK: Ca2+-activated K+ current, IKERG: 

ERG K+ current, IKv1.1: delayed-rectifier K+ current, IKb: background K+ current, ICIHC: high-

conductance Cl- current. 

Although slow wave activity can occasionally cause sufficient Ca2+ influx to result in small 

muscular contractions, most peristaltic activity occurs following spike potentials. Spike 

potentials are rapid changes in membrane potential differences and are superimposed on 

the depolarising phase of the slow wave (see Figure 4). In addition to spike activity, there are 

a number of physiological, neurogenic, myogenic and hormonal influences that are able to 

rapidly alter smooth muscle membrane voltage, and thus regulate gastric peristaltic activity. 

These are discussed in detail elsewhere (Chang and Leung, 2014, Huizinga et al., 2009). 
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Figure 4: Slow waves, spike activity and smooth muscle contraction. Slow waves fail to 

induce contraction because they do not result in the cell membrane reaching depolarisation 

threshold (around -20 to -70 mV). With parasympathetic stimulation, the membrane at the 

plateau of the slow wave depolarises all the way to threshold; spike activity occurs on top of 

the slow wave, initiating muscular contraction, with contraction slightly delayed following the 

response. With sympathetic input, resting membrane potential shifts to more negative values 

and spikes and contractions do not occur. 

2.3.1 The Interstitial Cells of Cajal (ICC) 

Slow wave activity is initiated and coordinated by specialised ‘pacemaker’ cells found 

throughout the GI tract, known as the ICC (Sanders et al., 2006). ICC form networks that are 

distributed throughout the layers of the GI tract and are classified according to location, 

function and morphology. These classifications include the submucosal (ICC-SM), inter-

muscular (ICC-MY) and intra-muscular (ICC-IM, ICC-DMP) ICC networks (Sanders et al., 

1999).  The ICC-MY are distributed between the smooth muscle layers of the stomach, small 

intestine and colon, 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 (Hirst et al., 2002). In-depth discussions of ICC 
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cell classifications, their distribution, function and morphology can be found elsewhere 

(Takaki, 2003, Huizinga and Chen, 2014).  

ICC communicate both with each other and smooth muscle cells, and are found throughout 

the stomach with the exception of the pylorus, which is electrically quiescent (Wang et al., 

2005). Initiation of slow wave activity occurs in the pacemaker region, located in the upper 

corpus region, along the greater curvature (O'Grady et al., 2010a). The associated networks 

of the ICC facilitate propagation of slow waves from this pacemaker throughout the stomach 

in an aborad direction, terminating at the pylorus.  

Despite the consistent nature of slow wave activity from the pacemaker to the pylorus and 

the smooth propagation of peristaltic contractions in a rostral-to-caudal direction, there is a 

phase lag from the midpoint of the greater curvature to the pylorus (Chang and Leung, 

2014). This prevents simultaneous depolarisation and thus contraction of the distal stomach 

as a whole. Peristaltic contractions occur when spike potentials are present during the 

depolarising phase of slow waves, with stimulation from hormones such as gastrin, or the 

vagus nerve, increasing the probability of contractile activity. The rising appearance of spike 

potentials results in an increase in peristaltic contractions, which eventually equal the rate of 

slow waves generated by the ICC; around 3 cycles per minute (cpm) in the human stomach 

(Hinder and Kelly, 1977, O'Grady et al., 2010a). Spike activity is generally absent during 

surgery, and this is to be expected considering the state of reduced gut contractile activity 

during fasting and the stress response.  

2.3.2 Regional Variations in Gastric Slow Wave Characteristics 

As previously discussed, gastric slow waves are generated at a steady rate of around 3 cpm 

in the normal human stomach. The characteristics of these bioelectrical events, however, 

can vary significantly between the various anatomical regions of the stomach. Recent 

human-based studies have mapped gastric slow wave events across the length of the 
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stomach (O'Grady et al., 2010a). Activity is of highest amplitude and velocity at the 

pacemaker region. It then slows and decreases in amplitude as it passes aborally through 

the mid corpus. As slow waves reach the distal corpus/proximal antrum region, there is a 

sudden increase in their amplitude and velocity (see Figure 5) (O'Grady et al., 2010a). One 

such theory for this phenomenon is that a stronger muscular contraction is required for 

mixing and grinding of dietary ingesta in the antral region, although the subject requires 

further research. It is currently unknown however whether slow wave velocity and amplitude 

are directly proportionate to the strength of muscular contraction. It is also noted that the 

definition of the corpus antrum border described by O’Grady et al. (2010) is a functional-

based definition and varies from the anatomical definition, which can vary substantially 

depending upon consulted source (O'Grady et al., 2010a, Ahonen et al., 1979, Martinez-

Ramos et al., 1983). Surgically, the corpus antrum border is defined using the anatomical 

reference provided by the anterior nerve of Latarjet, which divides in to three terminal 

branches in the antral region (Braghetto et al., 1988). The point at which the first terminal -

branch reaches the lesser curvature is considered the location of the corpus antrum border, 

and relates to vagal innervation of the stomach (Martinez-Ramos et al., 1983). Determination 

of the corpus antrum boundary using pH-based techniques involves the application of Congo 

red dye to the gastric mucosa. The dye remains red in the non-acidic antral region of the 

stomach, but turns black within 1-3 minutes of application to the acid-producing (pH<3) 

mucosal cells of the corpus (Acar et al., 1999, Shaw et al., 2005). 
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Figure 5: Slow wave generation and propagation. Slow wave activity is generated by ICC in 

the gastric pacemaker region, and is characterised by its high amplitude and velocity. 

Activity then slows and decreases in amplitude as it propagates distally towards the pylorus. 

Once the activity reaches the corpus-antrum border slow waves rapidly increase in velocity 

and amplitude. 

2.3.3 Abnormal Gastrointestinal Motility: Causes and Consequences 

Confirmation of the interstitial cells of Cajal as the generators and propagators of slow waves 

has ignited an intense interest in their role in GI health and disease (O'Grady et al., 2012a, 

Farrugia, 2008, Huizinga and Chen, 2014). Recent progress has been significant, with 

technical innovations, experimental discoveries and theoretical insights reinvigorating clinical 

interest in dysrhythmia research and evaluation of gastric electrical activity (Abell et al., 
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2003, Farajidavar et al., 2012, Angeli et al., 2015b, Du et al., 2009b, O'Grady et al., 2009, 

Du et al., 2013). 

Efficient GI motility is reliant on the normal distribution and function of ICC and their 

associated network. This is evidenced by disordered motility related to depleted and/or 

interrupted ICC networks (Farrugia, 2008, Suzuki et al., 2010). Abnormal slow wave activity 

has been implicated in several major gastric functional and motility disorders such as 

gastroparesis (delayed gastric emptying) and functional dyspepsia (O'Grady et al., 2012a, 

Chen and McCallum, 1992, Chen et al.). Other disorders including gastro-oesophageal 

reflux disease (GERD), anorexia nervosa and unexplained nausea and vomiting syndrome 

are also associated with abnormalities in slow wave characteristics (Koch and Stern, 2004). 

The mechanisms relating symptoms to abnormal slow wave activity however is poorly 

understood and requires further investigation. 

Gastroparesis is a chronic gastric motility disorder which is characterised by delayed 

emptying of ingesta without evidence of mechanical obstruction (Parkman et al., 2004, Abell 

et al., 2008). The symptoms of gastroparesis range in severity across patients and include 

nausea, vomiting, bloating and early satiety (Hasler, 2007). Data demonstrate that 

gastroparetic patients have depleted numbers of ICC, remodeled and damaged ICC 

networks, and a deteriorated enteric nervous system (Grover et al., 2011, Faussone-

Pellegrini et al., 2012). Histological studies and extracellular slow wave research have 

associated diminished ICC numbers with disordered slow wave activity that leads to 

abnormal motor function of the stomach (Lin et al., 2010). Most therapies are drug-based, 

but conclusions from ICC and slow wave investigations have motivated the development of 

novel treatments such as gastric electrical stimulation devices. One such device is the 

Medtronic Enterra system; approved by the Food and Drug Administration (FDA) for 

humanitarian purposes (Medtronic, 2016). The Medtronic Enterra system is a small, battery-

powered neurostimulator which is implanted subcutaneously in the lower abdominal region. 
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Electrical leads from the device are  surgically implanted into the wall of the antrum and 

deliver electrical stimulation in the form of mild, controlled impulses (see Figure 6) 

(McCallum et al., 2013, Medtronic, 2014). The mechanism of action of gastric electrical 

stimulation (GES) is unclear; the intensity of stimulation is insufficient to result in either direct 

contraction of smooth muscle or initiate and regulate slow wave activity. Such devices 

however, have been shown to normalise gastric emptying, improve physical and mental 

composite scores, and increase health-related quality of life (Abell et al., 2003). The device 

may be programmed to optimise treatment for each individual, however, there is currently no 

standard for placement, design or settings of such devices (Forster et al., 2001, Korenkov et 

al., 2012), and it must be noted that not all patients respond to Enterra Therapy (O’Grady et 

al., 2009, Chu et al., 2012). Further investigation and characterisation of normal slow wave 

activity may direct development of devices such as the Enterra system with regards to 

placement and stimulation parameters. 
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Figure 6: Positioning of the Medtronic Enterra Device. The device is implanted 

subcutaneously in the lower abdomen and electrical pacing wires are embedded within the 

wall of the antrum. It delivers mild electrical impulses and is designed to treat chronic 

intractable (drug refractory) nausea and vomiting secondary to gastroparesis of idiopathic or 

diabetic aetiology. 

Dumping syndrome is a condition whereby largely undigested food is rapidly emptied into 

the duodenum, and is particularly common following gastric surgery. It is associated with 

symptoms such as nausea, bloating, cramping, pallor and diarrhea, and may sometimes 

result in fainting within minutes of consuming a meal (Tack et al., 2009). Post-operative 

gastric dysmotility (postoperative ileus) is the disruption of normal coordinated peristaltic 

activity following surgery. Post-operative ileus is a fairly common and costly issue, and 

results from a number of factors, including neurogenic, myogenic and hormonal elements 

(Boeckxstaens and de Jonge, 2009). It is theorised that gastric surgery disrupts the ICC 

network, which in some patients is able to recover quickly, while others may experience 

symptoms such as nausea, vomiting, abdominal pain and food intolerance for many months 
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or even years following the procedure (Yanagida et al., 2004). Despite studies by several 

groups, it has been acknowledged that the presence of gastric dysrhythmia is unable to 

predict patient recovery or gastric function. Further HR human mapping studies are required 

prior to- and post-ICC network disruption with a view to establishing the effects of gastric 

surgery on slow wave activity and spatiotemporal patterning. 

2.4  The Development of Gastric Slow Wave Mapping 

The techniques used to record and characterise GI bioelectrical activity have advanced 

significantly since initial studies in the 1920s. These early investigations were performed by 

Alvarez et al. (1922) using galvanometers, and involved collecting data from the surface of 

the body and gastrointestinal serosa. Alvarez referred to this activity as ‘action currents’ 

(Alvarez, 1922), with later studies by Richter et al. (1924) confirming the presence of this 

underlying electrical activity. On analysing the recordings, Richter et al. (1924) observed that 

a single action current had distinct phases; a rapid phase, which was assigned the letters ‘q’ 

and ‘k’, and a slow phase, designated ‘w’ (Figure 7a) (Richter, 1924). Bozler et al. (1942) 

achieved similar results to those by Richter et al. (1924), but instead used cardiac 

electrophysiology terms ‘R’, ‘S’ and ‘T’ to describe the various phases of a single action 

current (Figure 7b). Studies by Bozler et al. (1942) were also the first to describe spike 

activity, which could be observed during the slow phase and were attributed to increased 

levels of calcium (Bozler, 1942).  
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Figure 7: Early extracellular gastric slow wave recording traces (originally termed action 

potentials) with defined nomenclature. (A) Canine slow wave recordings by Richter et al. 

(1924) with distinct ‘q’, ‘k’ and ‘w’ phases. (B) Canine gastric slow wave events recorded by 

Bozler et al. (1942) who adopted nomenclature from cardiac electrophysiology to describe 

the various stages of a slow wave. 

The methods used to capture and analyse action currents have developed significantly from 

the aforementioned early studies by Alvarez et al. (1922), Richter et al. (1924) and Bozler et 

al. (1942); however, the results of those studies however are still relevant today. Action 

currents are now termed ‘slow waves’, but are still recognised to consist of a fast phase 

(relating to the R portion of the wave), and slow phase (incorporating the S and T sections of 

the wave). These phases have been linked to the activation of sodium channels and calcium 
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channels, with muscular contraction associated with increased numbers of calcium ions 

(Papasova et al., 1968). This relationship between cellular electrical activity and mechanical 

contraction of the GI tract has been established through simultaneous pressure and 

electrical investigations (Carlson et al., 1966). Data collected from these early studies drives 

the interest in furthering our comprehension of the mechanisms underlying GI motility, and 

increasing the scope of research in this area.  

Initial experimental studies designed to establish the origin and propagation of gastric slow 

waves were performed by Kelly et al. (1969,1971). These canine-based investigations 

demonstrated an origin positioned in the corpus region, along the greater curvature, and with 

propagation of slow waves towards the pylorus. It was also noted that the fundus was devoid 

of any slow wave activity (Kelly et al., 1969, Kelly and Code, 1971). Hinder et al. (1977) 

performed similar studies on the human stomach, but instead applied gastric transection to 

establish the precise location of the gastric pacemaker as the mid-corpus, along the greater 

curvature. As with the canine stomach, slow waves were lacking in the fundus, and were 

observed to propagate from the pacemaker towards the pylorus (Hinder and Kelly, 1977). 

The omnipresent nature of slow wave activity was illustrated in the canine stomach with 

muscular contraction only observed in the presence of spike activity (Monges and Salducci, 

1971).  

It was quickly realised that the relationship between slow waves and gastric motility could 

have significant clinical implications, and disordered motility could result from abnormal slow 

wave activity. Initial dysmotility studies involved the introduction of dysrhythmia-inducing 

drugs to canine GI systems (Gullikson et al., 1980, Qian et al., 2003), but soon progressed 

to investigating slow wave signals in human patients diagnosed with diabetic gastroparesis 

also that had undergone gastroenterostomies (Reynolds et al., 1983, Telander et al., 1978). 

More recent publications have focused on the abnormal initiation and propagation of slow 

waves (O'Grady et al., 2012a, O’Grady and Abell, 2015), the relationship between 



25 
 

bioelectrical activity and neurotransmission (Klein et al., 2013, Zhu et al., 2013), pathological 

changes in ICC (Angeli et al., 2015b, Farrugia, 2015), and computational modelling 

techniques (Ferrua and Singh, 2015, Du et al., 2013). 

Many early bioelectrical studies were low resolution (utilising a small number of recording 

channels to cover a large surface area) (Kelly et al., 1969, Kelly and Code, 1971, Hinder and 

Kelly, 1977), and are now commonly referred to as sparse electrical recording techniques 

(Paskaranandavadivel et al., 2011, Du et al., 2009b). These are often associated with 

particular recording modalities such as needle electrodes, suction electrodes and pressure 

electrodes (Bortolotti et al., 1990, Bortoff, 1961, Diamant and Bortoff, 1969). There are two 

major disadvantages of sparse electrical recording techniques; i) a comprehensive spatial 

pattern of slow wave activity cannot be accurately established, and ii) inter-electrode spacing 

is often large, meaning a significant portion of slow wave propagation information is 

interpolated or assumed (Kelly et al., 1969). These assumptions are particularly problematic 

with regards to changes in slow wave characteristics that occur over a small region of the 

stomach (such as those in the antrum; see Chapter 4), and gastric slow wave dysrhythmias, 

as crucial data detailing slow wave propagation relating to a particular gastric disorder would 

be overlooked. It is already understood through cardiac electrophysiology studies that 

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

(Kleber and Rudy, 2004). It is theorised that a similar mechanism may be responsible for 

gastric dysrhythmias, and it is therefore essential to map bioelectrical activity in sufficient 

spatial detail. 

The advent of HR GI electrical mapping has transformed our understanding of GI electrical 

activity. This development has allowed the comprehensively-detailed study of slow wave 

spatio-temporal characteristics. Early HR mapping investigations established normal and 

disordered slow wave propagation patterns, and were performed on ex vivo rabbit 

duodenum, and feline stomach and intestine (Lammers et al., 1993, Lammers et al., 1996, 
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Lammers et al., 2009). Lammers et al. (1996) utilised mapping arrays with up to 240 

electrodes, and an inter-electrode distance ranging from 2-5 mm, placing them on the 

serosal surface of the organ.  

More recently, the Auckland Bioengineering Institute Gastrointestinal Research Group has 

designed flexible printed circuit (FPC) arrays with up to 128 electrodes (see Figure 8), and 

an inter-electrode distance ranging from 4-7.62 mm (Du et al., 2009b). These types of array 

were first applied in a porcine model and used to establish normal initiation and propagation 

patterns (Egbuji et al., 2010). Once validated, O Grady et al. (2010) used the same arrays to 

collect in vivo normal gastric slow wave data from 12 human subjects (O'Grady et al., 

2010a). Further HR investigations on patients suffering from gastroparesis revealed 

abnormal slow wave propagation patterns, and histological analyses showed a depleted ICC 

count (O'Grady et al., 2012a). More recent HR studies have studied propagation 

abnormalities in greater detail, and it is hoped that they may be used to define the underlying 

mechanisms of aberrant slow wave activity. 
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Figure 8: FPC arrays designed by the Auckland Bioengineering Institute gastrointestinal 

research group (Du et al., 2009b). The generation 3 array (A) has 32 electrode channels 

with an inter-electrode distance of 4 mm. Eight of these arrays may be joined together to 

increase surface area and allow recording from up to 256 electrodes. The generation 4 array 

(B) has 128 electrode channels with an inter-electrode distance of 7.62 mm. Two of these 

arrays may be joined together to increase surface area and map slow wave activity from 256 

electrodes. 

The major advantage of HR mapping over sparse electrical recording techniques is its ability 

to visualise and characterise slow wave propagation patterns without needing to make 

interpolation assumptions. The aforementioned initial studies by Kelly et al. (1969) used an 

inter-electrode distance of 30 mm (see Figure 9), and calculated velocity using the time 

delay between adjacent electrodes. The sparse coverage and large distance between the 

electrodes may have resulted in unreliable velocity estimates and propagation pattern 

detection, as propagation direction will only be accurate if aligned with the electrodes. More 

modern techniques such as HR mapping overcome these reliability issues and offer more 

advanced understanding of slow wave initiation and propagation patterns. 
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Figure 9: Sparse vs High-resolution (HR) mapping techniques. A) Sparse mapping 

techniques such as those employed by Kelly et al. (1969) may miss variations in gastric slow 

wave initiation and propagation patterns that occur over short distances, and direction of 

activity can only be accurately assessed if aligned with the electrodes, rather than occurring 

across them. B) HR mapping applies large numbers of electrodes with small inter-electrode 

distances to study a greater surface area in detail. 

2.4.1 Non-invasive Slow Wave Mapping Techniques 

The acquisition of slow wave data can be performed using non-invasive techniques such as 

EGG (electrogastrography), where cutaneous electrodes are positioned over the organ of 

interest. EGG was first employed in the 1920s (Alvarez, 1922) and involved recording 
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bioelectrical activity from a patient whose stomach could be seen contracting from the body 

surface. Following on from this initial investigation, many researchers have utilised EGG to 

assess patients with gastric motility disorders, and those considered to have normal function 

(Davis et al., 1957, Smout et al., 1980, Yin and Chen, 2013, Lin and Chen, 2001). 

Comparison of these two groups has revealed a potential link between the characteristics of 

bioelectrical signals collected using EGG and disordered gastric motility (Lin and Chen, 

2001, Van Der Voort et al., 2003).  It is this relationship that has ignited significant interest in 

the development of EGG recording equipment and the interpretation of subsequent data, 

with the FDA approving the use of EGG in diagnosing gastric motility disorders (Food and 

Drug Administration, 2015). However, the application of EGG in the clinical setting is limited; 

the quality of recorded slow wave activity is poor and cannot be reliably used to discriminate 

between the various gastric motility disorders (Abid and Lindberg, 2007, Chang, 2005). 

Low quality recordings are likely a result of the weak bioelectrical signals, input from other 

larger sources in the body (such as the heart), and distance between the source of the 

activity and the cutaneous electrodes themselves; the signal must pass through stomach 

tissue, the omentum (fatty apron covering the stomach and intestines), peritoneum (thin 

tissue lining of the inner abdominal cavity), abdominal wall musculature, fat and skin before 

reaching the electrodes. These various layers of tissue have not only been shown to affect 

slow wave form and frequency data, but cutaneous electrodes have also demonstrated the 

tendency to measure electrical current from surrounding tissues (Smout et al., 1980). These 

findings suggest that EGG data offer a fundamentally limited and highly summative 

representation of slow wave activation. The summative nature of EEG recordings mean it 

would be difficult to interpret the integrated signals and assess their relationship with 

underlying bioelectrical events (Du et al., 2010). This issue is particularly evident when 

considering the three (or more) gastric wavefronts that may be simultaneously active at any 

one time, which will be summated into a single EGG signal (O'Grady et al., 2010a). Despite 

these issues, cutaneous electrodes are often used to investigate potential electrical 
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dysrhythmias, and are favoured in a clinical setting as they do not require the subject to 

undergo invasive measurements (Lange et al., 2003).  

Mucosal mapping of the GI tract provides many of the benefits of using surgically implanted 

electrodes, without the requirement of the subject to undergo surgery (Coleski and Hasler, 

2004).  Mucosal systems however are challenging to direct to specific sites and typically 

offer reduced coverage, thus limiting the characterisation of region-specific activity (Coleski 

and Hasler, 2004). Achieving prolonged electrode contact with the mucosal surface is also 

problematic, with many designs dislodging during peristaltic activity. Researchers have 

attempted to overcome this issue by utilising suction electrodes and external magnets to 

secure the electrodes (Hamilton et al., 1986, Lacy et al., 2002).  

The use of magnetogastrography (MGG) is another non-invasive technique, which records 

the magnetic fields resulting from slow wave activity in the stomach (Bradshaw et al., 2006). 

Recordings are achieved using a superconducting quantum interference device (SQUID), a 

highly-sensitive magnometer, to measure the subtle magnetic fields. Comparison of 

frequencies recorded using MGG and mucosal electrodes are strongly correlated 

(Somarajan et al., 2012). This method however is expensive, highly-specialised and 

available to a limited number of researchers. 

2.4.2 Invasive Slow Wave Mapping Techniques 

Invasive slow wave recording techniques, are the most accurate option for mapping gastric 

slow wave activity; a result of the close proximity of the arrays to the electrical source 

(Richter and Kelly, 1986). Direct positioning of arrays on the surface of the organ not only 

increases the risk of infection, but also the potential for perforation and subsequent 

peritonitis. This is of particular concern when embedding sub-serosal arrays, and suturing 

electrodes to the organ to reduce motion artifacts (Xing et al., 2003, Forster et al., 2005).  
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Recent developments in wireless technology suggest a compromise between invasiveness 

and signal quality. These advances include wireless implantable recording devices capable 

of transmitting slow wave recordings directly to acquisition equipment. These devices 

however still require invasive implantation techniques (Paskaranandavadivel et al., 2015, 

Farajidavar et al., 2012), but could potentially allow continuous, long-term monitoring of slow 

wave activity in patients, and if applied in conjunction with endoscopic techniques could be 

applied in both fed and fasted states. Prototype implantable devices have been developed 

and trialed in animal models, but further investigation is required before they are considered 

safe for human application (Paskaranandavadivel et al., 2015, Ver Donck et al., 2006). 

The equipment utilised to invasively investigate slow wave activity has varied considerably 

throughout history. Some researchers have applied cardiac pacing wires (Lin et al., 1998, 

McCallum et al., 1998), others have used custom-built electrode assemblies (Lammers, 

2000, Lammers et al., 1996), and the most recent studies have implemented FPC electrode 

arrays (see Figure 8) (Du et al., 2009b, Egbuji et al., 2010, Angeli et al., 2013b, O'Grady et 

al., 2010a). Custom built electrode assemblies such as those used by Lammers et al. 

(2000), often generate high-quality signals but require a substantial amount of time, skill, and 

expense to produce; and as result of the manual nature of production, there is the potential 

for imprecise inter-electrode spacing, resulting in the generation of inaccurate activity maps 

(Du et al., 2009b). These types of assemblies are also relatively inflexible and do not readily 

conform to the contours of the GI tract. Most importantly, there is the potential for bacteria to 

get trapped on the base plates, increasing the risk of infection for the subject (O’Grady, 

2012).  The advantages of FPC arrays are that they can be readily re-sterilised, they allow 

for simultaneous recording over a large area (meaning spatiotemporal maps can be reliably 

produced), and are simple, fast and cost effective to manufacture. The consistent nature of 

the manufacturing process also results in a data collection technique that is reproducible (Du 

et al., 2009b, Egbuji et al., 2010, O'Grady et al., 2012a). The FPC arrays developed by Du et 

al. (2009) have been designed specifically for collecting high-resolution slow wave data from 
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the GI tract, and are therefore ideal for accurate mapping of slow wave propagation patterns 

in the human GI tract during laparotomy-based procedures. They have a large number of 

recording channels, are flexible (essential for mapping the contours of the stomach and 

intestines) and are able to record slow wave activity specific to the GI tract (Du et al., 

2009b). The main disadvantages of this particular electrode include intra-abdominal 

placement (involves a traumatic procedure), the potential for noise artefacts generated by 

movement of the array during the recording process (the FPC is not secured to the GI tract), 

and a lower signal to noise ratio than traditional silicone-embedded arrays. It was noted by 

Du et al. (2009) however, that despite the lower signal to noise ratio, slow waves were still 

readily identifiable, and these types of array are therefore ideal for accurate mapping of slow 

wave propagation patterns in the human GI tract during laparotomy-based procedures. 

Surgical interventions designed to treat GI disease however, are deviating from traditional 

‘open’ (laparotomy) procedures to laparoscopic techniques. Laparoscopic alternatives offer 

advantages such as reduced pain, haemorrhaging and risk of infection, and (as a result of 

smaller incisions) decreased recovery times when compared with open procedures (Grace 

et al., 1991, Meynaud-Kraemer et al., 1999). Many electrode assemblies such as those 

designed by Du et al. (2009) and Lammers et al. (2000) are designed to monitor slow wave 

activity during open procedures (see Figure 10). A thorough review of the literature has 

revealed just two techniques involving slow wave data collection using a laparoscopic 

approach. Familoni et al. (1994) inserted two stainless steel cardiac pacing wires into the 

seromuscular layers of the gastric antrum and bowel, and O’Grady et al. (2009) introduced a 

custom-built four-channel recording device to the gastric serosal surface through a surgical 

port during a laparoscopic procedure. 

Cardiac electrodes are specifically designed to capture activity with a high propagation 

velocity and amplitude; consequently the data collected by these pacing wires was of poor 

quality, and was hindered further by sparse electrode coverage (Familoni et al., 1994). The 
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puncture sites associated with pacing wire placement also increased the potential for 

peritoneal contamination. O’Grady et al. (2009) significantly reduced the risk of peritoneal 

contamination by developing a laparoscopic electrode capable of recording slow wave 

activity directly from the serosal surface of the GI tract. However, as a result of the size of 

the recording head (diameter 4 mm) this device has limited coverage. It was also noted that 

due to the close proximity of the recording channels, estimation of slow wave velocity had a 

relatively large error (O'Grady et al., 2009).  
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Figure 10: Gastrointestinal bioelectrical activity recording devices. The device designed by 

O’Grady et al. (2010) (A) has four recording electrodes and is designed to be deployed 

laparoscopically. (B) The Lammers (2000) array has 18 electrodes and was developed for 

mapping electrical activity from the small intestine. The Du et al (2009) FPC array (C) has 32 

electrodes and is deployed during open surgical procedures. Cardiac pacing wires (D) have 

been previously used by Familoni et al. (1994) to measure slow wave activity, but increase 

the risk of perforation and subsequent peritonitis. Types of pacing wire include the needle (D 

– top), the loop (D – middle) and curved needle (D – bottom). 

2.4.3 Gastric Slow Wave Activity in Animal Models 

The majority of ICC and intra-operative in vivo serosal slow wave studies have been 

performed on animal models such as mice, dogs and pigs (Egbuji et al., 2010, Koh et al., 
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1998, Lammers et al., 2009, Weisbrodt et al., 1974, Young et al., 1996).  These animals are 

most commonly selected as human alternatives due to their monogastric anatomy and 

omnivorous diet. Structural variation in anatomy however often equates to functional and 

physiological differences (Russell et al., 2000, Swindle and Smith, 1998); therefore 

formulating theories from animal derived data and applying it to humans can be unreliable. 

Experimental studies have already demonstrated variation in the location of the gastric 

pacemaker and the timing of slow wave events in humans and other mammals (Egbuji et al., 

2010, Qian et al., 2003).  

In terms of slow wave experimental studies, the canine stomach is considered most similar 

to humans. Anatomical variation is low, and regional and physiological variation is similar, 

with canines displaying similar low-velocity corpus activity and a sudden transition in slow 

wave amplitude and velocity in the area of the distal corpus/proximal antrum (Lammers et 

al., 2009). In comparison, porcine gastric anatomy has several significant differences 

including an electrically quiescent region in the distal stomach termed the ‘torus pylorus’, a 

relatively large fundus, and an oesophageal opening located around the mid-point of the 

lesser curvature (Swindle and Smith, 1998). A large portion of the stomach along the lesser 

curvature has also been reported as electrically quiescent, and the sharp transition in 

amplitude and velocity of human and canine gastric slow waves is not observed in the 

porcine model (Egbuji et al., 2010). In addition, bioelectrical activity is less consistent and 

stable in the porcine stomach when compared with humans and canines (O’Grady et al., 

2011a). Despite these anatomical and physiological differences, the porcine model is 

frequently used as an experimental model (O'Grady et al., 2009, Angeli et al., 2013b) as 

many of its organs and systems are similar, both in anatomy and function, to the 

corresponding systems in humans (Swindle et al., 2012, Meurens et al., 2012). 



36 
 

2.5  Obesity and Bariatric Surgery 

Global obesity rates have been increasing steadily over the past few decades, particularly in 

developed countries. In New Zealand alone, a 2012/2013 health survey revealed that 1 in 3 

adults are obese, with these values rising 13% in adult males and 11% in adult females 

since 1997 (Ministry of Health NZ, 2014). Similar increases in obesity rates have been 

reported globally, and with instances of childhood obesity also rising (Ministry of Health NZ, 

2014, World Health Organisation, 2015, Lifestyles Statistics Team Health and Social Care 

Information Centre, 2015, James, 2004). Evidence suggests however that it is not only 

affluent nations attempting to manage the growing burden of obesity, but that the prevalence 

of this disease is also increasing in developing countries as they undergo modernisation 

(see Figure 11) (World Health Organisation, 2015, Ng et al., 2014). 

 

Figure 11: The increasing prevalence of global overweight and obesity in adults is evident 

since 1982 (Ng, 2014). The rise has occurred in developed and developing countries, and in 

both sexes. 
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Morbid obesity is a debilitating disease often associated with a number of other medical 

conditions and an overall decrease in life expectancy. Comorbidities such as type-2 

diabetes, obstructive sleep apnoea (OSA), osteoarthritis, cancer, stroke, ischaemic heart 

disease, hypertension and dyslipidaemia not only reduce quality of life, but also burden 

healthcare resources (Sullivan et al., 2005). Obese individuals may also suffer 

discrimination, psychological abuse and prejudice, which can affect psychological and 

psychosocial wellbeing (Pulgarón, 2013). 

Many of the psychological issues and comorbidities associated with obesity can be resolved 

with a significant long term reduction in weight (Suter et al., 2011). Evidence suggests that 

that for the majority of morbidly obese individuals, medications/diet/exercise (including those 

that are medically supervised), are rarely effective and have a high rate of failure; bariatric 

(obesity) surgery is considered the most effective method of achieving significant weight loss 

over a long period of time (Picot et al., 2010). Bariatric surgery refers to a variety of 

procedures designed to bring about weight loss through modification of the gastrointestinal 

(GI) tract. These modifications act to reduce the absorptive ability and/ or volume of the GI 

tract, and can result in long-term improvement or potentially, complete remission of pre-

existing comorbidities.  

2.5.1 Procedures and Complications 

Of the 340,768 bariatric procedures undertaken worldwide in 2011, the most commonly 

performed were the Roux-en-Y gastric bypass (RYGB) (46.6%), sleeve gastrectomy (SG) 

(27.8%) and adjustable gastric banding (AGB) (17.8%) (Buchwald and Oien, 2013). RYGB 

involves the creation of a small pouch out of the stomach which is attached directly to the 

small intestine. This means that not only is food intake limited by the smaller stomach, but 

fewer nutrients are absorbed as food bypasses the first part of the small intestine. This 

results in a significant reduction in calorific intake, and therefore weight loss. SG reduces the 

size of the stomach by removing 60-80% of the gastric tissue, leaving the remaining 
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stomach shaped like a tube, or sleeve (see Figure 12) (Baltasar et al., 2005). The smaller 

stomach fills more quickly, and encourages the individual to eat smaller portions and less 

often, and lose weight over time. AGB involves the introduction of an inflatable band around 

the upper portion of the stomach. The inflated band creates a small stomach pouch. The 

pouch fills quickly, providing the sensation of satiety, and the band also slows the passage of 

food to the lower part of the stomach. As the name suggests, the band may be adjusted to 

increase or decrease the size of the stomach pouch, and may even be removed completely. 

Surgical trends from 2003 to 2008 to 2011 showed an overall decrease in RYGB: from 65.1 

to 49.0 to 46.6%; an increase, followed by a steep decline in AGB: 24.4 to 42.3 to 17.8%; 

and a marked increase in SG: 0.0 to 5.3 to 27.9% (Buchwald and Oien, 2013). SG is a 

relatively new procedure, but has quickly gained worldwide application as a result of its 

impressive weight-loss results and relatively low complication rates. SG was originally 

performed as part of the first step in another bariatric procedure, the duodenal switch, and 

later as the first part of a two-stage gastric bypass on super obese individuals, where the risk 

of performing a single gastric bypass surgery was deemed too large (Sammour et al., 2010). 

It was quickly noted that SG provided sufficient weight loss in obese patients, and has been 

reported on as a standalone procedure since 2004. In an effort to reduce the risks 

associated with SG, the procedure is now often performed laparoscopically, and is referred 

to as ‘laparoscopic sleeve gastrectomy’ (LSG). The development of a laparoscopic 

alternative to open SG has reduced haemorrhaging, recovery time, scarring, post-operative 

pain, the risk of infection, and length of hospital stay. As a consequence of its efficacy and 

low complication rates, the number of LSG procedures performed globally continues to rise, 

and it is one of the most popular bariatric surgeries performed today (Lalor et al., 2008, 

Buchwald and Oien, 2013).  



39 
 

 

Figure 12: Gastric sleeve resection procedure (University of California at Los Angeles, 

2016).  The surgeon removes most of the fundus and part of the corpus and antrum. The 

area known to contain the gastric pacemaker (see Figure 5) is removed. 

Some of the most common complications of LSG include leaking at the staple line and the 

development of fistulae (Frezza et al., 2009, Sakran et al., 2013). Some patients also report 

post-operative dysmotility-like symptoms such as gastric pain, nausea and vomiting (Fich et 

al., 1990), with up to 22% of patients in one study developing gastroesophageal reflux 

disease-like (GERD) symptoms including heartburn and regurgitation (Carabotti et al., 2012). 

Leaks and fistulae are commonly managed surgically by drainage and the addition of stents. 

Postoperative symptoms such as nausea and vomiting however are more complicated to 

resolve as it is unknown as to why some patients develop them, and there is currently no 

consensus on treatment programmes for these symptoms. It is theorised that disruption of 
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the ICC network and removal of the pacemaker region (see Figure 5) results in aberrant 

slow wave activity and thus disordered gastric motility, with both human- and animal-based 

studies providing strong evidence to support this theory (Kelly and Code, 1971, Hinder and 

Kelly, 1977).  

Further human-based studies investigating the effects of traumatic gastric surgery on 

bioelectrical activity are required, as initial investigations were of low resolution and did not  

focus on specific surgical procedures (Fukuta et al., 2002). Information regarding the effect 

of traumatic surgery on slow wave activity may lead to amendments to surgical procedures, 

designed to minimise post-operative dysmotility and post-surgical symptoms.  
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Chapter 3 

Mapping and Modelling the Human Gastric Antrum 

This chapter defines variation in slow wave characteristics as they propagate through the 

gastric antrum, expanding on previous reports of increased amplitude and propagation 

velocity in the antral region. HR mapping is applied to describe gastric slow wave activity in 

spatiotemporal detail relative to anatomical landmarks. The results were implemented to 

update a sophisticated computational model designed to predict gastric flow and mixing in 

the stomach. 

Published in American Journal of Physiology (2016) 311:5 pp G895-G902 

3.1  Functional Physiology of the Human Terminal Antrum Defined by High-

Resolution Mapping and Computational Modelling 

 

3.1.1  Abstract 

High-resolution (HR) mapping has been used to study gastric slow-wave activation, however 

the specific characteristics of antral electrophysiology remain poorly characterised. This 

study applied HR mapping and computational modelling to define functional human antral 

physiology. HR mapping was performed in ten subjects using flexible electrode arrays (128-

192 electrodes; 16-24 cm2) arranged from the pylorus to mid corpus. Anatomical registration 

was by photographs and anatomical landmarks. Slow wave parameters were computed and 

resultant data incorporated into a computational fluid dynamics (CFD) model of gastric flow 

to calculate impact on gastric mixing.  In all subjects, extracellular mapping demonstrated 

normal aboral slow-wave propagation and a region of increased amplitude and velocity in 

the pre-pyloric antrum. On average, the high-velocity region commenced 28 mm proximal to 
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the pylorus and activation ceased 6 mm from the pylorus. Within this region, velocity 

increased 0.2 mm s-1 per mm of tissue, from mean 3.3 ± 0.1 mm s-1 to 7.5 ± 0.6 mm s-1 

(p<0.001), and extracellular amplitude increased from 1.5 ± 0.1 mV to 2.5 ± 0.1 mV 

(p<0.001). CFD modelling using representative parameters quantified a marked increase in 

antral recirculation, resulting in an enhanced gastric mixing, due to the accelerating terminal 

antral contraction. The extent of gastric mixing increased almost linearly with the maximal 

velocity of the contraction. In conclusion, the human terminal antral contraction is controlled 

by a short region of rapid high-amplitude slow wave activity. Distal antral wave acceleration 

plays a major role in antral flow and mixing, increasing particle strain and trituration.  

3.1.2  Introduction 

Gastric contractions are coordinated by a bio-electrical slow wave activity that is generated 

and propagated by the interstitial cells of Cajal (ICC) (Huizinga and Lammers, 2009b).  

Abnormalities of ICC and their networks have been implicated in several gastrointestinal (GI) 

motility disorders including diabetic gastroenteropathy (Ordog, 2008), and aberrant slow 

wave activity has been linked to a number of functional disorders including gastroparesis, 

chronic nausea and vomiting, and functional dyspepsia (Angeli et al., 2015b, Lin and Chen, 

2001, O'Grady et al., 2012a). 

In the human stomach, slow wave activity originates from the pacemaker region at the 

greater curvature of the upper corpus, and propagates distally towards the pylorus at a 

frequency of around 3 cycles per minute (cpm) (Hinder and Kelly, 1977, O'Grady et al., 

2010a). Activation is continuous between the corpus and antrum; however, extracellular 

studies have reported a marked increase in the amplitude and velocity of slow waves within 

the antrum (O'Grady et al., 2010a, Lammers et al., 2009). This change in activity may 

correlate with the ‘terminal antral contraction’, a near-simultaneous contraction of the pre-

pyloric stomach that has been postulated to contribute to retropulsion and mixing (Carlson et 

al., 1966). 
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Despite this existing data, the electrophysiological activity of the antrum remains poorly 

defined in humans. Current high-resolution (HR) mapping data localises the rapid activity 

region generally as occurring ‘within the antrum’ (O'Grady et al., 2010a),  and therefore 

further investigation is needed to characterise the precise slow wave propagation and width 

of activation in the antrum. Clarifying these features will improve understanding of normal 

motility, including by better informing current integrative models of gastric contractions and 

mixing, which presently omit detail on the terminal antral contraction (Pal et al., 2004, Imai et 

al., 2013, Ferrua and Singh, 2010).  These data are also necessary to distinguish gastric 

dysrhythmias from normal activity, because both involve marked changes in slow wave 

velocity and amplitude (O'Grady et al., 2012b, O'Grady et al., 2012a). 

The first aim of this study was to employ HR mapping techniques to accurately define the 

gastric slow wave activation in the human antrum.  The results were then applied to a CFD 

model of human gastric trituration, to quantitatively define the significance of the terminal 

antral contraction in antral recirculation and gastric mixing. 

3.1.3  Materials and Methods 

Study population  

Ethical approval for this work was granted by the Health and Disability Ethics Committee, 

New Zealand, and informed consent was given by all participants.  

All experiments were performed in-vivo on fasted patients in the operating room following 

general anesthesia and upper midline laparotomy. Adult patients of either sex who were 

undergoing elective hepatobiliary or pancreatic surgery at Auckland City Hospital were 

invited to participate.  Gastric slow wave activity has been reliably recorded following 

anesthesia and laparotomy in patients in other studies (Hinder and Kelly, 1977, O'Grady et 
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al., 2010a), and anesthesia does not induce major changes in slow wave activity (O'Grady et 

al., 2013).  

Patients with known gastric pathology or a history of conditions associated with gastric 

dysrhythmias such as functional dyspepsia, gastroparesis, gastric tumours, 

gastroesophageal reflux disease and diabetes mellitus were excluded (Lin et al., 1999, 

O'Grady et al., 2012a). Pregnant women and patients on medications suspected to affect 

gastric electrical activity were also excluded. 

High-Resolution (HR) Mapping  

HR mapping was performed using flexible printed circuit (FPC) arrays (FlexiMap, Auckland, 

New Zealand), which record extracellular potentials in a regular grid (Angeli et al., 2013a, Du 

et al., 2009b). These multi-electrode arrays are suitable for intraoperative human slow wave 

mapping studies (Angeli et al., 2015b, O'Grady et al., 2010a), as they can be easily and 

safely sterilised, and can be tessellated in a variety of custom configurations using a sterile 

adhesive (3M™ Tegaderm™, St Paul, MN). For this study, each array had 32 electrode 

contacts of 0.3 mm diameter, spaced 4 mm apart, and arranged in a 16x2 configuration. Up 

to six arrays were arranged for simultaneous use in a 3x2 configuration aligned with the 

long-axis of the stomach (128-192 electrodes total; 16-24 cm2). 

Slow wave mapping was undertaken immediately after laparotomy and prior to any organ 

handling or surgical dissection. The left lobe of the liver was gently retracted to allow access 

to the pyloric, antral and distal corpus regions of the stomach, and the electrodes were then 

placed on the anterior serosa, with the mapped area extending proximally from the pylorus.  

The pyloric sphincter and incisura (defined on the serosal surface by where the nerves of 

Latarjet pass onto the anterior stomach) were used for anatomical reference and recorded 

by photograph. Warm saline-soaked gauze packs were placed over the arrays to maintain 
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gentle electrode contact.  Recordings were taken for a 10-15 minute period after a 2-3 

minute stabilisation period. Reference electrodes were placed on the patients’ shoulders 

(O’Grady et al., 2011a, O'Grady et al., 2010a).  

Signal Acquisition and Analysis 

Unipolar recordings were acquired using an ActiveTwo system (Biosemi, Amsterdam, The 

Netherlands), modified for passive recording, at 512 Hz. Each recording array was 

connected to the ActiveTwo via a sterilised 1.5 m ribbon cable, which was connected via 

fibre optic cable to a laptop computer. 

Signal analysis was performed using the Gastrointestinal Electrical Mapping Suite (GEMS) 

v1.6 (Yassi et al., 2012). Data were filtered using a Gaussian moving median filter (20 s 

moving window) for baseline correction, and a Savitzky-Golay filter (window 1.7s, polynomial 

order 9) for high-frequency noise removal (Paskaranandavadivel et al., 2013). Slow wave 

events were identified and clustered into cycles using validated algorithms (Erickson et al., 

2010, Erickson et al., 2011), with thorough manual review and correction as required. The 

local slow wave frequencies, amplitudes, and velocities were then calculated 

(Paskaranandavadivel et al., 2012, Lammers et al., 2009).  

Statistical Methods 

Statistical analyses were performed using IBM SPSS v20.0 (Armonk, NY). Slow wave data 

are presented as means ± standard error of the mean (SEM) unless otherwise specified. 

Student’s t-test or one-way ANOVA with Tukey’s post-test were applied to assess statistical 

differences (threshold P < 0.05), and 95% confidence intervals are reported.  
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Computational Fluid Dynamics Model 

In a previous study (Imai et al., 2013),  a three-dimensional geometric model of the stomach 

was developed based on an anatomically-realistic gastric geometry (Pullan et al., 2004), with 

peristaltic contraction parameters defined from magnetic resonance imaging (MRI) studies 

(Pal et al., 2004).  This model incorporated peristaltic waves of homogenous velocity from 

the corpus to the pylorus, and the terminal antral contraction was not originally included. 

New electrophysiological data derived from the current study was therefore directly applied 

to update the existing model and to quantitatively evaluate the significance of our 

physiological findings for distal gastric contractions and antral mixing.  

Model Setup 

Peristaltic contractions were generated in the model at a rate of 3 cycles per minute, and 

contraction dynamics were informed from MRI studies, originally extracted by Pal et al 

(2004).  A contraction with a wavelength of 18 mm was initiated at 144 mm from the pylorus. 

As per Imai et al (2013), the degree of contraction defined by the wave height relative to the 

local radius of the lumen increased linearly from 0% to 40% (between 144 mm to 100 mm 

from the pylorus), was then a constant at 40% (100 mm to 60 mm), and increased to 80% 

(60 mm to 15 mm). The contraction percentage finally decreased from 80% to 0% until the 

wave terminated at pylorus to prevent numerical instability. The pylorus was considered to 

be closed. 

The original gastric contraction model was established with a constant contraction velocity of 

2.5 mm/s along the length of the stomach, as determined from the MRI data (Imai et al., 

2013). For the updated model, mapping data from a representative patient with typical slow 

wave results (refer results) was used to modify the base model to inform distal gastric 

contraction dynamics. Specifically, at 36 mm proximal to the pylorus, an acceleration of 
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contractile waves was introduced, which was ceased at 12 mm proximal to the pylorus. The 

rate of velocity change was 0.18 mm/s per mm, which increased the velocity from 2.5 mm/s 

to 6.8 mm/s.  

A liquid food (juice, soup etc.) is considered. For simplicity, it is modelled as an 

incompressible and Newtonian fluid with density of 1000 kg/m3 and a viscosity of 0.0125 

Pa·s (Imai et al., 2013). Free-surface flow modelling was used to incorporate the effect of 

gravity (gastric gas of a density of 1 kg/m3 and viscosity of 1.8×10-5 Pa·s).   

The conservation laws of mass and momentum were solved numerically using a custom 

implementation of the lattice Boltzmann method (d'Humières, 2002; Imai et al., 2013). 

Moving boundary conditions were prescribed to the wall. The technical details of the CFD 

modelling are included in Appendix B. The strength of gastric mixing was evaluated by the 

shear strength of antral recirculation.  We defined “mixing efficiency” using the time 

integration of rate-of-strain tensor for one cycle (see Appendix B).  

3.1.4  Results 

Experimental Results  

Slow wave activity was successfully recorded from the stomach in all subjects (n=10, 5 

female, median age 55 (range 25-74) years). Figure 13 displays a representative example of 

the electrode array positioned on the stomach during intra-operative data collection. The 

recordings totaled 82 minutes in duration, at mean 8.2 ± 2.8 minutes per patient. Gastric 

contractions were not observed during any of the experiments. 
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Figure 13: Example of data collection and electrode positioning. (A) In-vivo placement of 

four FPC arrays in a 2x2 arrangement (128 recording channels in total: 16 cm2) on the 

stomach during data collection. Exact positioning was established using the pyloric ring and 

angularis incisura as reference points. (B) A schematic of the stomach indicating the location 

of three electrodes in the proximal antrum (A1-A3) and three in the pre-pyloric antrum (B1-

B3) relative to the pyloric ring and angularis incisura. 

Gastric slow waves were recorded in all subjects, and events were typical of known 

extracellular slow wave characteristics including downstroke rate and width (Angeli et al., 

2013a). Representative electrograms in Figure 14 show corpus potentials to have a more 

gradual upstroke and downstroke gradients consistent with their slower propagation velocity 

(O'Grady et al., 2010a). Distal antral potentials were recognised to have sharper biphasic 

extracellular potentials (Figures 14A-C). Spike activity and gastric contractions were not 

observed in this study. It is possible that the conditions of fasting and surgery induced gastric 

quiescence. 
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Figure 14: Example slow wave signals and their associated electrograms. (A) Example 

electrograms of two slow wave cycles from a single case over a period of 30 seconds in six 

electrodes. Channels A1-A3 were located in the proximal antrum where signals display 

slower propagation and lower amplitude than in the pre-pyloric antrum (B1-B3) (also refer 

Fig. 1). Example of three slow wave events from a second (B) and third (C) patient in six 

electrodes. (D-F) Activation time (AT), amplitude and velocity maps with electrode positions 

marked. The isochronal colour bands represent the area of slow wave propagation per 2 s 

intervals. Values at recording channels are indicated by arrow plots and show areas of lower 
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velocity (blue) and those of higher velocity (purple), with arrow heads demonstrating 

propagation direction. Lower amplitude values are indicated by areas of dark brown and 

higher values by regions of light brown. AT maps demonstrate consistent aboral propagation 

of activity. Areas of high amplitude and high velocity were located in the pre-pyloric antrum. 

Differences in the direction of velocity vectors in maps (D-F) can be attributed to slight 

variation in the positioning of mapping arrays during data collection.   

Activation time mapping demonstrated consistently normal aboral propagation of slow wave 

activity in all cases, at a mean frequency 3.1 ± 0.8 cpm (Figures 14D-F). Slow, low-

amplitude corpus and proximal antral activity transitioned to rapid, high-amplitude distal 

antral activity, which is illustrated by representative velocity and amplitude maps displayed in 

Figures 14D-F. Comparison data for all subjects is summarized in Figure 15. Overall, slow 

wave velocities were significantly lower in the distal corpus and proximal antrum than the 

pre-pyloric antrum (3.3 ± 0.1 mm s-1 vs. 7.5 ± 0.6 mm s-1; P<0.001). Slow wave amplitude in 

the proximal antrum and distal corpus was significantly lower than that occurring in the pre-

pyloric antrum (1.5 ± 0.1 vs. 2.5 ± 0.1 mV; P<0.001). 

No differences were observed between male and female patients with regard to slow wave 

frequency, corpus velocity or amplitude, antral velocity or amplitude (all P>0.05). 
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Figure 15: Boxplots comparing antral slow wave amplitudes and velocities, with the 

whiskers indicating variability outside the upper and lower quartiles. (A) Comparison of slow 

wave velocity in the pre-pyloric antrum vs. proximal antrum/distal corpus (3.3 ± 0.1 mm s-1 

vs. 7.5 ± 0.6 mm s-1; P<0.001) (B) Comparison of slow wave amplitude in the pre-pyloric 

antrum vs. proximal antrum/distal corpus (1.5 ± 0.1 vs. 2.5 ± 0.1 mV; P<0.001).  

The region of high velocity commenced median 28 mm (range 16-40 mm) from the pyloric 

ring, continued for median 22 mm (range 12-32 mm) and terminated median 6 mm (range 4-

8 mm) proximal to the pyloric ring (Figure 16A). Velocity increased rapidly over a short 

transition zone at an average rate of change of 0.2 mm s-1 per mm of gastric length, until 

peak velocity was reached and sustained. The high amplitude zone commenced 36 mm 

(range 28-44 mm) proximal to the pyloric ring, continued for 22 mm (range 16-28 mm), and 

terminated 14 mm (range 12-16 mm) orad (Figure 16B). The high velocity zone was 

therefore consistently wider and located slightly more distally, when compared to the region 

of high amplitude.  
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Figure 16: Schematics of the human stomach illustrating the regions of high velocity and 

amplitude with reference to anatomical landmarks. (A) Slow wave velocities in the pre-

pyloric antrum increase significantly 16-40 mm (median 28 mm) from the pyloric sphincter 

and remain high for a length of 12-32 mm (median 22 mm). The high velocity region 

terminates 4-8 mm (median 6 mm) from the pyloric sphincter. (B) Slow wave amplitudes in 

the pre-pyloric antrum increase significantly 28-44 mm (median 36 mm) from the pyloric 

sphincter and remain high for a distance of 16-28 mm (median 22 mm). This region of 

increased amplitude terminates at 12-16 mm (median 14 mm) from the pyloric sphincter.  
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Modelling Results 

The updated CFD model was successful adapted to incorporate the antral mapping data 

from a representative patient’s data (refer Section 3.1.3), creating a subject-specific model 

with slow wave velocity increasing from 2.5 mm/s to max. 6.8 mm/s, beginning at 36 mm 

from the pylorus and occurring at an acceleration rate of 0.18 mm/s per mm.  

Figure 17 shows a comparison of instantaneous velocities between the reference (Figure 

17A) and acceleration (Figure 17B) models.  When a peristaltic contraction approached the 

pylorus, retropulsive flow was generated.  Acceleration of the peristaltic contraction 

increased the retropulsive flow velocity, resulting in a longer reattachment distance of flow 

separation behind the contraction.  This augmented antral recirculation particularly in the 

pre-pyloric antrum.  In Imai et al (2013), it was demonstrated that gastric content inside the 

antral recirculation was well mixed independently of the initial location.  

 

Figure 17: Comparison of instantaneous velocity between (A) reference and (B) 

acceleration models.  While the wave propagation velocity is 2.5 mm/s for the reference 

model, it increases from 2.5 mm/s to 6.8 mm/s in the acceleration model.  Viscosity of the 

virtual gastric content was 0.1 Pa·s. 
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In Imai et al (2013), it was demonstrated that gastric content inside the antral recirculation 

was well mixed independently of the initial location.  In Figure 18, mixing efficiencies are 

modelled for accelerations ranging from 0 to 0.36 mm/s per mm, corresponding to maximal 

velocity from 2.5 to 11.1 mm/s.  The terminal antral contraction enhanced mixing efficiency, 

at an almost linear increase with the maximal velocity of the contraction. 
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Figure 18: Mixing efficiency modeled as a function of maximal velocity of peristaltic 

contraction.  Acceleration ranges from 0 to 0.36 mm s-1 per mm, corresponding to maximal 

contractile velocity from 2.5 to 11.1 mm/s. 

3.1.5  Discussion 

This study provides a comprehensive HR mapping analysis of slow wave activity in the 

human gastric antrum, relative to anatomical landmarks.  It reports the variation of slow 

wave characteristics as they pass from the proximal to the pre-pyloric antrum. The data 

derived from the human studies were used to inform the CFD model of gastric recirculation 

and mixing (Imai et al., 2013). In particular, the data allowed the incorporation of the terminal 
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antral contraction and allowed a quantification determination of the significance of this in 

gastric mixing efficiency.   The modelling demonstrated that a substantial proportion of local 

particle strain could be attributed to the slow wave acceleration underlying the terminal antral 

contraction, which is responsible for gastric retropulsion.  

The findings from this study are not uniformly consistent with other literature concerning 

human antral motility, possibly because of different research methods. While a previous 

study of human gastric HR mapping reported a relatively sharp transition to more rapid 

propagation within the antrum (O'Grady et al., 2010a), the present study extends this with 

more specific anatomical and physiological detail. However, the pre-pyloric antral motility 

parameters defined in the present study are not consistent with imaging-based investigations 

of antral contractions. Previous human MRI investigations have demonstrated that slow 

waves patterns and contractile activity are closely correlated, however these studies have 

assumed that slow waves travel aborally at a relatively uniform velocity of 2.5-3 mm s-1, and 

have not considered the sudden transition in velocity in the pre-pyloric antrum (Pal et al., 

2004, Kwiatek et al., 2006). Therefore any models developed using such data will be 

inaccurate. Given that slow waves determine the pattern of gastric contractions (Farrugia, 

2008), this discrepancy is likely due to the superior spatiotemporal sampling of HR mapping 

for detecting rapid velocity shifts over short distances, which may simply be registered as 

simultaneous contractions by MRI.  However, all of the above studies note that antral activity 

ceases approximately 10 mm short of the pylorus, consistent with the present study (Pal et 

al., 2004, Kwiatek et al., 2006). 

High-quality data exists on the canine terminal antral contraction, which shows concordance 

with our human work here. Lammers et al (2009) reported a 3 times increase in slow wave 

velocity and a 2.2 times increase in amplitude between corpus and pre-pyloric antrum in 

dogs. These parameters match classic canine descriptions of the terminal antral contraction 

by Carlson et al (1966), who simultaneously applied extracellular recordings and 
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cineradiography. They also reported that beyond a point 3-4 cm proximal to the canine 

pyloric ring, slow waves accelerated, and the pre-pyloric antrum contracted nearly 

simultaneously on cineradiographic imaging, inducing forceful retropulsion. 

The impact of the terminal antral contraction on retropulsion and gastric mixing was further 

quantified in the present study using computational modelling, an increasingly used 

technique for integrating motility data and applying it in experimental simulations (Du et al., 

2013, Cheng et al., 2013). Previous CFD models of gastric mixing have used MRI data, 

which has meant that accurate data on the terminal antral contraction was omitted (Pal et al., 

2004, Ferrua and Singh, 2010, Imai et al., 2013). With a homogenous velocity profile, Pal et 

al reported that the terminal antral contraction nearly doubled retropulsive flow velocity (Pal 

et al., 2004). By updating the sophisticated three-dimensional CFD model by Imai et al. 

(2013) we have been able to demonstrate that distal antral acceleration imparts a further 

additional retropulsive force and gastric mixing. These forces would appear critical for 

effective trituration and passage of the chyme slurry to the duodenum (Meyer, 1980). We 

also found that the terminal acceleration resulted in to flow separation behind the 

contraction. As such as mixing efficiency increased linearly as the maximal velocity of the 

contraction increased. Although the modelling results were based on data from a single 

representative patient, the parameters used were highly concordant with the summary data 

for all patients, so the model results provide a generalisable representation of the antral 

physiology. 

The findings of this study have clinical relevance, particularly for surgical procedures that 

involve the antrum and pylorus, including distal gastrectomy, pylorus preserving and 

classical pancreaticoduodenectomy, and sleeve gastrectomy with partial antrectomy. 

Resection of the distal 40 mm of the stomach has the potential to disrupt the rhythmic 

bioelectrical activity essential for organised gastric motility, and may have implications for 

essential functions such as trituration of stomach solids and gastric emptying (Camilleri et 
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al., 1985).  These findings may help to explain the common development of delayed gastric 

emptying after these types of procedures. Abnormalities of antral activity have also been 

linked with delayed gastric emptying in patients with diabetic gastroparesis, idiopathic 

gastroparesis and functional dyspepsia (Camilleri et al., 1986, Stanghellini et al., 1992). 

These abnormalities may manifest as antral hypomotility or gastric dysrhythmia, with 

irregular, low-amplitude contractions (Camilleri and Malagelada, 1984).  The findings of this 

study, in providing a more detailed description of baseline antral activation, will help to 

interpret the analysis of distal gastric dysrhythmias by HR electrical mapping (O'Grady et al., 

2012a, Angeli et al., 2015b). It was recently shown that gastric dysrhythmias are routinely 

accompanied by a high-velocity, high-amplitude activation due to the accompanying 

circumferential propagation (O'Grady et al., 2012b), in which human data occur in close 

range to the normal pre-pyloric slow wave parameters defined here (O'Grady et al., 2012a).   

It is possible that antral dysmotility could be treated by electrical stimulation, with pacing or 

sequential stimulation techniques demonstrating promise in several studies (Mintchev et al., 

2000, Miedema et al., 1992, Sarna and Daniel, 1973). However, further development is 

required for clinical translation, with current commercially-available devices (Enterra therapy 

(Medtronic, Minneapolis, MN)) applying only high-frequency protocols that target sensory 

nerves, without directly modulating motility (O’Grady et al., 2009, Chu et al., 2012, Angeli et 

al., 2016). Data from this study could help to inform optimal algorithms for future stimulation 

devices, for a more rational approach to treating antral hypomotility and distal gastric 

dysrhythmias. 

The fundamental cellular mechanisms of terminal antral electrophysiology remain unknown. 

ICC are primarily responsible for leading and regulating slow wave propagation patterns. 

Previous histological studies have compared ICC populations between the antrum, corpus 

and fundus (Ibba Manneschi et al., 2004, Yun et al., 2010, Rhee et al., 2011), and while 

there do not appear to be significant ICC network density differences between the pre-pyloric 
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antrum and adjacent proximal regions, it is unclear if investigators specifically sampled 

tissue from the pre-pyloric antrum. In future studies, HR mapping should be used to localise 

these regions of interest for accurate histological sampling during surgery, (e.g., those 

undergoing antrectomy or distal gastrectomy). Another possibility, which may be a more 

likely explanation of the changes noted, is that functional rather than structural ICC 

differences might occur in the terminal antrum.  A possible explanation is increased 

intercellular ICC connectivity through enhanced gap-junction coupling (Hanani et al., 2004), 

or another factor that contributes to enhanced coupling among this network of cellular 

oscillators (Parsons and Huizinga, 2015). 

The boundary between the corpus and the antrum is particularly difficult to delineate (see 

Figure 19) (Roman and Shivdasani, 2011).  Physiologically it has been defined using pH-

metry and anatomically by studying innervations (Ahonen et al., 1979, Sawyers et al., 1977, 

Amdrup et al., 1974). The boundary is commonly defined using branches of the anterior 

vagal trunk known as the nerves of Latarjet. The distribution of these branches resembles 

the digits of a crow’s foot, with the most proximal digit located around 70 mm from the 

pyloroduodenal junction (Debas, 1998). Study of the boundary using an intragastric pH 

probe however, indicates that the boundary between the acid secreting mucosa and antral 

mucosa occurs around 30-40 mm proximal to the crow’s foot, or 100-110 mm proximal to the 

pylorus (Amdrup et al., 1974). The current study shows there is no corresponding 

electrophysiological corpus-antrum boundary at these physiological and anatomical 

reference points.  We have shown that a clear transition in slow wave velocity occurs more 

distally, and closer to the pylorus.  
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Figure 19: The different definitions of the corpus/antrum border. PH-metry defines the 

border as the boundary between acid and non-acid secreting mucosa (red), approximately 

30-40 mm proximal to the crow’s foot (yellow) which marks the surgical delineation between 

the two regions. The electrophysiological border is approximated to be closer to the border 

(green) and is signified by a rapid increase in the amplitude and velocity of slow wave 

activity. 

In extracellular studies, slow wave amplitude and velocity are closely correlated, because 

more current is released into the extracellular space when waves travel faster (O'Grady et 

al., 2012b), so it is unsurprising these parameters changed together. The slight variation in 

the proximity of the velocity and amplitude shifts is unexplained, but could simply reflect that 

the method used for velocity calculation method, in which a small field of electrodes are 
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applied together using interpolation and smoothing functions (Paskaranandavadivel et al., 

2012). 

The normal human antral data reported in this study could be used as a baseline for future 

HR mapping studies comparing antral activation patterns in disease states such as 

gastroparesis. A major limiting factor, however, is the invasive nature of HR mapping. 

However, development of new minimally invasive technologies such as laparoscopic devices 

(Berry et al., 2017b), and wireless implantable electrodes (Paskaranandavadivel et al., 2015, 

Farajidavar et al., 2012), are gradually making the recording process less intrusive.  

It is also important to note that this study was conducted in the fasting state, when 

contractions are quiescent. Although gastric slow wave profiles are considered to be 

generally consistent between the fasting and fed states, we were therefore unable to record 

or define electrical ‘spike’ activity in the antrum, which may be stimulated by stretch-

sensitivity and contribute to the contractile force generated. Bioelectrical mapping and MRI 

studies have demonstrated a strong correlation between slow wave activity and gastric 

muscular contractions (Kwiatek et al., 2006, Schulze, 2006), even in the fed state (Carlson et 

al., 1966). It is therefore highly likely that the increased velocity and amplitude of slow waves 

in the pre-pyloric antrum will correspond to stronger and more frequent contractions in this 

region.  

In conclusion, this study has provided a deeper understanding of slow wave activity and 

motility in the human gastric antrum. The results show the anatomical and physiological 

features of terminal antral slow wave acceleration, and the computational model has 

quantified the significance of this activity for gastric mixing. There are important implications 

for delineating the cellular mechanisms underlying normal and abnormal antral motility and 

for the future investigation and treatment of disorders of stomach emptying. It is anticipated 
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these data will contribute toward novel diagnostic and therapeutic approaches for motility 

disorders. 
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Chapter 4 

High-Resolution Mapping of Bariatric Surgical Patients 

This chapter defines the effects of gastric pacemaker removal on slow wave initiation and 

propagation patterns and expands on previous studies investigating the consequences of 

surgical cuts on bioelectrical activity. Intra-operative HR mapping is applied to describe slow 

wave characteristics pre- and post-LSG. The same technique was used as a diagnostic 

procedure in a patient suffering chronic gastric dysmotility, food intolerance and nausea 

post-LSG, and to characterise slow wave activity in a patient following Roux-en-Y gastric 

bypass. 

Accepted by Obesity Surgery (2017) doi:10.1007/s11695-017-2597-6 

4.1  Patterns of Abnormal Gastric Pacemaking after Laparoscopic Sleeve 

Gastrectomy Defined by High-Resolution Electrical Mapping 

 

4.1.1  Abstract 

Laparoscopic sleeve gastrectomy (LSG) is increasingly being applied to treat obesity. LSG 

includes excision of the normal gastric pacemaker, which could induce electrical 

dysrhythmias impacting on post-operative symptoms and recovery, but these implications 

have not been investigated. This study aimed to define the effects of LSG on gastric slow 

wave pacemaking using laparoscopic high-resolution (HR) electrical mapping. Laparoscopic 

HR mapping was performed before and after LSG using flexible printed circuit arrays (64-96 

electrodes; 8-12 cm2; n=8 patients) deployed through a 12mm trocar and positioned on the 

gastric serosa. An additional patient with chronic reflux, nausea and dysmotility six months 

after LSG also underwent gastric mapping while undergoing conversion to gastric bypass. 



65 
 

Slow wave activity was quantified by propagation pattern, frequency, velocity and amplitude. 

Baseline activity showed exclusively normal propagation. Acutely after LSG, all patients 

developed either a distal unifocal ectopic pacemaker with retrograde propagation (50%), or 

bioelectrical quiescence (50%). Propagation velocity was abnormally rapid after LSG 

(12.5±0.8 vs baseline 3.8±0.8 mm s-1; p=0.01), whereas frequency and amplitude were 

unchanged (2.7±0.3 vs 2.8±0.3 cpm, p>0.05; 1.7±0.2 vs 1.6±0.6 mV, p>0.05). In the patient 

with chronic dysmotility after LSG, mapping also revealed a stable antral ectopic pacemaker 

with retrograde rapid propagation (12.6±4.8 mm s-1). Resection of the gastric pacemaker 

during LSG acutely resulted in aberrant distal ectopic pacemaking or bioelectrical 

quiescence. Ectopic pacemaking can persist long after LSG, inducing chronic dysmotility. 

The clinical and therapeutic significance of these findings now require further investigation.  

 

4.1.2  Introduction 

LSG is an increasingly popular surgical treatment for morbid obesity and its associated 

comorbidities (Frezza et al., 2009). Major complications such as leaks and the development 

of fistulae are relatively infrequent (Frezza et al., 2009), however, patients may also suffer 

symptomatic sequelae including gastroesophageal reflux disease (GERD), nausea, and 

post-operative food intolerance (Daes et al., 2012, Weiner et al., 2016). All of these 

complications are incompletely understood and may be difficult to treat.  

Gastric motility is coordinated by an omnipresent bioelectrical activity termed slow waves. 

Slow waves originate from the pacemaker region located at the upper corpus region of the 

greater curvature, and propagate aborally in rings at a frequency of 3 cycles per minute 

(cpm) (O'Grady et al., 2010a, Hinder and Kelly, 1977). Histological investigation of the 

pacemaker region has found that there is no specific molecular identity of the tissue in this 

area, and ICC-specific research is required to provide a better understanding of the gastric 
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pacemaker. The interstitial cells of Cajal (ICC) have been identified as the initiators of slow 

waves, and abnormalities of ICC and disruption of their networks have been implicated in 

several gastrointestinal (GI) motility disorders or symptoms, including chronic nausea, GERD 

and gastroparesis (O'Grady et al., 2014, Angeli et al., 2015b, Leahy et al., 2001). During 

LSG, the dominant ICC pacemaking site along the greater curvature is resected, including 

the normal gastric pacemaker region (Buchwald and Oien, 2013, Lalor et al., 2008). 

However, there have been no detailed studies on the acute or chronic effects of resection of 

these regions on gastric pacemaking, and it is unknown if slow wave organisation always 

remodels or may be compromised.  

Past clinical methods for investigating slow wave abnormalities, i.e. electrogastrography and 

sparse-electrode recordings, were hindered by their lack of spatiotemporal detail and their 

clinical translation was therefore limited (O’Grady et al., 2014). To improve slow wave 

analysis, high-resolution (HR) electrical mapping was translated to the GI field from 

cardiology, involving the use of dense arrays of electrodes to map slow wave propagation 

sequences in fine spatiotemporal detail (Greenstein and Sarr, 2003). HR mapping allows a 

substantially more accurate analysis of slow wave initiation and conduction abnormalities, 

and has recently been applied in humans to detect and classify slow wave dysrhythmias, 

now presenting the opportunity for applications in gastric surgery (Van Dielen et al., 2003, 

Parkman et al., 2003, Angeli et al., 2015a).  

In this study, we hypothesised that abnormalities of slow wave initiation and conduction 

could arise after LSG, and particularly ectopic pacemakers, due to resection of normal 

pacemaker regions. The primary aim of this study was therefore to define the characteristics 

of human gastric slow wave activity before and after LSG, using HR mapping techniques. 

Slow wave frequency, propagation direction, amplitude and velocity were compared pre- and 

post-surgery, to analyse the acute effects of pacemaker removal and disruption to ICC 

networks on slow wave events. This work was then extended to evaluate intra-operative HR 
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mapping as a diagnostic procedure in a patient suffering long-term severe gastric 

dysmotility, nausea and food intolerance after LSG.  

4.1.3  Methods 

Study population 

Ethical approval for this work was granted by the Northern Health and Disability Ethics 

Committee, New Zealand. Nine adult patients of either sex were invited to participate and 

provided informed consent. Eight patients were scheduled to undergo laparoscopic sleeve 

gastrectomy (LSG), and one patient a revision LSG to roux en-Y gastric bypass (RYGB).  

All experiments were performed in-vivo on patients in the operating room following general 

anesthesia and laparoscopic port placement. No restrictions were placed on the anesthetic 

protocol as gastric slow wave activity has been reliably captured following anesthesia in 

other studies (Berry et al., 2017b, O'Grady et al., 2009). Anesthesia does not generate 

significant changes in slow wave activity (Hinder and Kelly, 1977, O'Grady et al., 2010a), 

and existing descriptions of human gastric slow wave propagation are derived from studies 

performed under anesthesia (O'Grady et al., 2013).  Anesthetic agents included propofol, a 

short-acting intravenous opiate, muscle relaxant, and sevoflurane.  

Patients undergoing LSG had no known history of gastric dysmotility, such as functional 

dyspepsia or gastroparesis (Lin et al., 1999, O'Grady et al., 2012a), were not pregnant, and 

were not on any medications known to affect gastric electrical activity.  

High-Resolution (HR) Mapping  

Extracellular potentials were recorded using validated HR flexible printed circuit (FPC) arrays 

(FlexiMap, New Zealand) validated for in-vivo slow wave mapping (Angeli et al., 2013a, Du 
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et al., 2009a). These multi-electrode arrays can be safely resterilised, arranged in a variety 

of configurations using sterile adhesive (3M™ Tegaderm™, St Paul, MN) to map large 

surface areas of differing shapes, and have been used previously to record slow waves in 

human intraoperative studies (O'Grady et al., 2010a, O'Grady et al., 2012a).  Each array had 

32 electrode contacts of 0.3 mm diameter, spaced 4 mm apart, and arranged in a 16x2 

configuration. Up to three arrays were arranged for simultaneous recording across the 

gastric surface (64-96 electrodes total; 8-12 cm2) (Figure 20A). 

 

Figure 20: Methods of data collection and electrode positioning. (A) FPC arrays with gold 

contacts arrayed for 96 recording channels (6x16 grid with 4 mm spacing). (B) 

Representative image of the FPC arrays on the stomach during data collection. Positioning 

was established using the angularis incisura marked with surgical ink as a reference point. 

(C) A schematic of the stomach indicating the location of the three overlapping FPC arrays in 

(B), with eight recording channels highlighted (see Figure 21B for signal traces). 

HR mapping was performed immediately following insertion of laparoscopic ports and 

abdominal insufflation, but prior to tissue dissection or mobilization. The arrays were 

deployed into the abdominal cavity via a 12 mm trocar in the epigastrium, and were 

positioned on the anterior serosal surface of the stomach in the region of the distal corpus or 

antrum. The angularis incisura (defined by the nerves of Latarjet) was used for anatomical 

reference and the procedure was recorded. Warm, moist saline-soaked gauze packs were 
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placed on top of the arrays to maintain contact, and a 5-10 minute recording period was 

commenced. Reference electrodes were placed on the shoulders. Following the gastric 

sleeve and prior to omentopexy, another 5-10 minutes of HR mapping was performed in the 

same marked region of the distal corpus or antrum. Recordings from the revision LSG 

patient were collected using the same techniques, stabilization and recording periods, 

immediately after trocar placement, and prior to RYGB. Slow wave dysrhythmias were 

classified as either abnormalities of initiation (e.g., stable or unstable ectopic gastric 

pacemaking, quiescence) or abnormalities of conduction (e.g. conduction block and re-entry) 

according to previously described criteria (Angeli et al., 2015; O’Grady et al., 2014).  

 

Signal Acquisition and Analysis 

Signals were acquired using an ActiveTwo system (Biosemi, Amsterdam, The Netherlands), 

modified for passive electrode recordings at 512 Hz. Each array was connected to the 

ActiveTwo system via a sterilised 1.5 m ribbon cable, which was connected to a laptop 

computer via a fibre-optic cable. Signal processing was performed offline using the 

Gastrointestinal Electrical Mapping Suite (GEMS) v1.6 (FlexiMap, New Zealand) (Yassi et 

al., 2012). Data were filtered using a Gaussian moving median filter (20 s moving window) 

and a Savitzky-Golay filter (window 1.7s, polynomial order 9) (Paskaranandavadivel et al., 

2013). Slow wave activation times were calculated and frequency was established by 

averaging the cycle-to-cycle intervals across all electrodes. Activation, amplitude and 

velocity maps were generated using validated algorithms followed by manual review and 

correction (Erickson et al., 2010, Erickson et al., 2011).  
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Statistical Methods 

All statistical analyses were performed in IBM SPSS Statistics v22.0 (Armonk, NY). Slow 

wave frequencies, velocities and amplitudes are presented as means ± standard deviation 

(SD) unless otherwise specified. Paired Student’s t-test was applied to assess statistical 

differences before and after LSG, with P <0.05 regarded as significant.  

4.1.4  Results 

Acute LSG Results 

Pre-LSG data 

Intra-operative HR gastric electrical mapping was performed in a total of eight patients 

undergoing LSG. All of these patients were female, of median age 48 (range 29-63) and with 

a median BMI of 41 (range 36-51). Figure 20B displays a representative example of the FPC 

electrode arrays on the stomach during pre-sleeve intra-operative data collection, and Figure 

20C shows the approximate position of the arrays relative to the angularis incisura. The 

mean pre-sleeve recording period was 6.0 ± 2.3 min per patient, and the mean post-sleeve 

recording was 5.4 ± 0.8 min, with the total mapping duration always being within an ethically-

approved 15 minute window.  

Pre-sleeve slow wave propagation was mapped with sufficient spatial coverage in five 

patients to enable detailed spatiotemporal mapping of slow wave propagation patterns, and 

was highly concordant in all patients. A representative example of baseline gastric slow 

wave propagation, captured prior to LSG is displayed in Figure 21, including activation, 

velocity and amplitude maps. Signal morphology was consistent with typical human 

extracellular slow wave characteristics, showing a biphasic morphology with a sharp 

downstroke and gradual recovery to baseline (Angeli et al., 2013a). The mean frequency of 
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pre-sleeve slow wave activity was 2.7 ± 0.3 cycles per minute (cpm). Electrogram analysis 

and activation time mapping demonstrated consistently normal aboral propagation of slow 

wave activity in all pre-sleeve recordings (e.g. Figure 21), with a mean amplitude of 

1.7 ± 0.2 mV and a mean velocity of 3.8 ± 0.8 mm s-1. These baseline data on propagation 

direction, frequency, velocity, and amplitude are consistent with known normal slow wave 

data in the human stomach (Berry et al., 2017b, O'Grady et al., 2009). 

 

 

Figure 21: Example of normal baseline slow wave propagation (pre-LSG), recorded from the 

gastric location shown in Figure 20C. (A) Diagram showing the position of the recording 

array on the gastric serosa. (B) Representative electrograms showing three successive slow 

wave events from a single patient during a 60-second period in the eight electrodes as 

highlighted in (A). Consecutive isochronal activation maps (C) illustrate consistent aboral 
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propagation of activity, towards the pylorus. Each dot represents an electrode and each 

colour band displays the area propagation per 2-second time-lapse from red (early) to blue 

(late). (D) Amplitude maps, displayed by colour gradient from blue (low) to green (high); and 

velocity maps (E) show antegrade propagation of activity (as indicated by directional arrows) 

towards a region of higher velocity (refer colour spectrum) located in the distal antrum..(F-I) 

A second example of normal human slow wave activity from O’Grady et al (2010), with 

electrode placement (F), an electrogram showing three successive slow wave cycles over a 

period of 50 seconds (G), an activation map demonstrating aboral propagation (H), and a 

velocity map indicating direction and speed of activity (I).  

Post-LSG data 

All patients showed major slow wave abnormalities acutely following LSG, with highly 

reliable data for spatiotemporal analysis being achieved in 6 patients. In half of the patients, 

the principle abnormality was stable ectopic gastric pacemaking whereas in the remaining 

half, the principle abnormality was quiescence (absence of slow wave activity). 

Figure 22 shows two patient examples of ectopic gastric pacemaking after LSG, and 

summary data is presented in Appendix C. In all cases of ectopic pacemaking, the 

pacemaker site was located in the distal stomach, inducing slow waves that propagated in all 

directions and prominently retrograde (e.g. Figures 22, F, H). Post-LSG slow wave 

frequency (mean 2.3 ± 0.1 cpm) was comparable with the pre-sleeve recordings (p>0.05), as 

was slow wave amplitude (p>0.05). However, the propagation velocity was over 3x quicker 

than baseline activity (12.5 ± 0.8 vs. 3.8 ± 0.8 mm s-1; p=0.01).  
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Figure 22: Examples of ectopic gastric pacemaking after LSG. (A) Diagram showing FPC 

array position during pre-LSG mapping. (B) Example electrograms of three normal slow 

wave events pre-LSG from a period of 60 seconds in six electrodes. (C) Activation time (2 s 

isochronal interval) and velocity maps (color gradients explained in Figure 21) from two 

consecutive pre-sleeve events. Both activation and velocity maps display consistent normal 

antegrade propagation of slow wave activity pre-LSG.  (D) Diagram showing electrode array 

position during post-LSG mapping of the same patient represented in (A-C). (E) Electrogram 

examples of three slow wave cycles recorded post-LSG over a 60-second period (positions 

indicated in (F)). (F) Consecutive activation (isochronal interval = 0.2 s) and velocity maps 

demonstrate rapid slow wave propagation outward and retrograde from a stable ectopic 

pacemaker located in the distal antrum. (G,H) Position diagram and example electrograms 

recorded post-LSG from a second patient. (I) Activation (isochronal interval = 0.2 s) and 
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velocity maps from two of these events show a further example of ectopic gastric 

pacemaking in the distal antrum with high-velocity retrograde propagation post-LSG. 

All patients who did not develop ectopic pacemaking after the sleeve procedure instead 

displayed gastric quiescence. Recordings were collected from 2-3 mapping locations across 

the stomach, but slow wave events were not identifiable in any channels. Sufficient contact 

with the gastric serosa was confirmed by visual assessment, and the identification of 

transmitted cardiac signals in the unfiltered data. A representative example of gastric 

quiescence from one patient is shown in Figure 23, demonstrating the presence of normal 

antegrade propagation of slow waves prior to LSG (Figures 23A-C), followed by the absence 

of activity following the sleeve procedure (Figure 23D). 

 

Figure 23: Representative example of post-surgical quiescence. (A) Schematic showing 

electrode position on the stomach. (B) Example electrograms of slow wave activity prior to 

surgery displaying three slow wave events over a period of 60 seconds. (C) The activation 

map (isochronal interval = 2s) and directional arrows on the velocity map indicate normal 

antegrade propagation. (D) Post-LSG electrograms from the same patient displaying no slow 

wave activity (quiescence). 
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Mapping in Chronic Dysmotility Post-LSG 

The chronic effects of LSG on gastric slow wave activity were able to be studied in one 

patient undergoing revision of LSG to RYGB. This 43 year-old man was referred to our unit 

after undergoing LSG elsewhere 6 months earlier, complicated by chronic medically-

refractory nausea, vomiting after every meal, gastro-oesophageal reflux and epigastric pain. 

Weight loss following the LSG was from 110 to 70 kg over the 6 month period. Attempted 

therapeutic interventions included balloon dilatations of the sleeve, laparoscopy with 

adhesiolysis and gastropexy to prevent possible sleeve twisting, and prescription of proton-

pump inhibitors (omeprazole 40 mg b.d.), which were all ineffective. Barium swallow 

demonstrated hold-up of contrast at the level of the distal antrum and pylorus, with 

dyscoordinated peristaltic contractions associated with reflux from the residual stomach into 

the oesophagus. The patient was bought forward for intra-operative gastric HR electrical 

mapping and revision to RYGB. 

Gastric mapping was performed over the anterior serosa of the corpus and antrum in four 

different locations for a total of 15 minutes, and the major findings are demonstrated in 

Figure 24. Electrical quiescence was observed throughout the upper and middle corpus, 

whereas in the antrum and lower corpus, a stable ectopic pacemaker was located at the 

antral greater curvature region of the sleeve, operating at a regular rhythm and frequency of 

2.2 ± 0.1 cpm throughout the recording period (Figures 24A-C). Activity propagated radially 

and retrograde from the ectopic pacemaker at a rapid propagation velocity of mean 12.6 ± 

4.8 mm s-1, with extracellular waveforms showing a mean amplitude of 2.3 ± 1.9 mV.  

Velocity and amplitude were highest in the vicinity of the ectopic pacemaker location (Figure 

24D and E). The location, propagation characteristics, velocity, and amplitude of this 

aberrant pacemaking pattern, occurring 6 months after sleeve gastrectomy, were consistent 

with the acute ectopic pacemakers occurring immediately after sleeve gastrectomy 

documented above. 
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Figure 24: Example slow wave signals and associated maps a patient with chronic 

dysmotility 6 months after LSG. (A) Electrode position diagram (B) Electrograms showing 

three consecutive slow wave events over an 80 s period. Velocity increases across the 

cycles, and is most likely a result of the abnormal initiation and conduction patterns 

associated with ectopic pacemaking (C) Activation maps (isochronal interval 0.5 s) of the 

same three successive cycles show gastric dysrhythmia, classified as a stable ectopic 

pacemaker, with retrograde propagation. Isochrones demonstrate the activation sequence 

from early (8) to late (1), and black arrows indicate the retrograde propagation of slow 

waves. Although this pacemaker located in the region of high velocity and amplitude, 

retrograde propagation suggest the two are unrelated (D) Consecutive amplitude maps show 

a consistent area of high amplitude located in the region of the ectopic foci. (E) Successive 

velocity maps illustrate rapid propagation of slow wave activity arising in all directions from 

the ectopic pacemaker source, including prominently retrograde. 

4.1.5  Discussion 

This study applied HR mapping to define the effects of LSG on gastric slow wave initiation 

and conduction. The results demonstrate that surgical excision of the primary gastric 

pacemaker region during LSG induces either acute gastric slow wave quiescence, or the 
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generation of distal ectopic pacemakers accompanied by a markedly increased propagation 

velocity. Clinicopathological correlation of ectopic pacemaking was further demonstrated in 

the mapping of a patient suffering chronic severe nausea and vomiting six months after LSG, 

revealing a persistent unifocal ectopic pacemaker in the distal stomach that generated rapid 

retrograde-propagating wavefronts, associated with severe gastric dysmotility. Notably, this 

is also the first HR mapping study to have been performed laparoscopically, demonstrating a 

significant step toward minimally invasive translation of this emerging technique. 

LSG is becoming an increasingly popular bariatric procedure, due to its effective weight loss 

results, low complication rates and simplicity to perform when compared with procedures 

requiring more major anatomical reconfiguration (Frezza et al., 2009, Buchwald and Oien, 

2013). However, the effects of LSG on the underlying slow wave activity that coordinates 

gastric motility have not been considered. This oversight may be due to the fact that 

accurate tools for the clinical measurement of gastric slow wave propagation have only 

recently been developed, such that the impact of slow wave disorders on pathophysiology 

and symptoms are only recently being comprehensively investigated (Van Dielen et al., 

2003, Parkman et al., 2003, Angeli et al., 2015a). 

The findings of this study can be explained by known gastric electrophysiological principles. 

Gastric ICC networks are arranged as a syncytium that lacks specific pacesetting ‘nodes’, 

with pacemaking instead achieved by a continuous network of coupled ICC in a process 

termed ‘entrainment’, whereby the region of ICC in the network with the highest intrinsic 

frequencies leads all ICC with lower intrinsic frequencies in a phase-locking manner 

(Erickson et al., 2011). Studies have shown ICC will generate slow waves at a range of 

intrinsic frequencies when isolated, with a frequency gradient from proximal (highest; 

approximately 3 cpm in humans) to distal (lowest; approximately 1 cpm), whereas in the 

intact stomach these frequencies synchronise to the highest frequency within the syncytium 

(Angeli et al., 2013c, van Helden et al., 2010).  ICC are interconnected via gap junctions, 



78 
 

and entrainment occurs through these networks in a regenerative manner. Entrainment is 

vital in achieving organised slow wave patterns that govern healthy gastric motility as spike 

potentials are phase-locked with the gastric slow wave. The natural pacemaker site, with the 

highest intrinsic frequency is normally located at the mid-to-upper corpus on the greater 

curvature (Hinder and Kelly, 1977, O'Grady et al., 2010a), and is resected during LSG. It 

might be predicted that another proximal corpus site would assume pacesetting leadership 

following after LSG, restoring normal antegrade motility. However, normal recovery should 

not be assumed, because there is also a second frequency gradient from greater to lesser 

curvature, and ICC densities are probably comparatively lower in the lesser curvature half of 

the stomach (Kelly and Code, 1971, Weber and Koatsu, 1970, Komuro, 2006). In classic 

electrophysiology studies, Kelly & Code (1971) performed gastric bisection in the 

organoaxial direction in six dogs, and showed that for several days post-operatively the 

lesser curvature half consistently failed to establish a fixed pacemaker site, with irregular and 

retrograde pacemaking from several temporary ectopic sites, and always at a lower rate than 

the greater curvature half (Kelly and Code, 1971).  During this time, the dogs “ate poorly … 

and vomited occasionally”.  

The current studies were conducted immediately before and after LSG, and the effects of 

surgical handling, dissection and stapling may have also contributed to the abnormalities 

identified in some patients. In particular, surgical dissection or devascularisation of tissues 

can potentially induce loss of slow wave entrainment, possibly due to prostaglandin release 

impairing ICC frequency gradients.  (Xue et al., 1995, O'Grady et al., 2012c, Du et al., 2015). 

These observations may explain the acute quiescence observed in half of our patients, and 

the duration of this quiescent period is currently undefined. 

Future studies on how slow wave propagation recovers in the days or weeks after LSG are 

now essential. Previous canine studies have suggest that abnormalities in slow wave 

initiation may require around 4-14 days to recover (Bedi et al., 1972, Kelly and Code, 1971), 
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although those studies did not specifically involve sleeve gastrectomy.  Post-operative 

monitoring of recovery profiles would be readily achievable using implantable wires (Lin et 

al., 1998, O’Grady and Abell, 2015, Coleski and Hasler, 2009), and assisted by new wireless 

technologies to allow patient mobilisation (Paskaranandavadivel et al., 2015). It is highly 

plausible that delayed recovery of normal antegrade pacesetting in the sleeve remnant 

contributes to post-operative symptoms of food intolerance, nausea, vomiting, and reflux 

which may last for a variable period. It is also theoretically possible that retrograde motility 

caused by ectopic pacemaking in some patients could push contents into the fundus post-

operatively, inducing distension and increased pressure proximally, which could contribute to 

leaks at the proximal stable line junction. 

We hypothesise that recovery of normal gastric pacesetting may be suboptimal or may never 

adequately occur in some patients after LSG.  Proof-of-principle for this idea was established 

here in a single patient with long-term symptoms of food intolerance, vomiting and reflux, 

and with dyscoordinated peristalsis six months after LSG. Further studies are now required 

to assess the incidence and contribution of aberrant pacemaking to long-term symptoms 

after sleeve gastrectomy, presumably affecting a minority of patients, which could be 

facilitated by emerging methods of less-invasive investigation (Berry et al., 2017b). This case 

study also serves as an excellent example for the clinicopathological correlation of gastric 

dysrhythmias, which has been controversial (O'Grady et al., 2014), because clinical, 

imaging, and electrical pathophysiology findings were in close concordance in this study. 

This report also indicates the opportunity for new therapeutic directions in treating post-LSG 

symptoms for a patient subgroup, because gastric pacing can be readily applied to control 

slow wave propagation (O'Grady et al., 2010b, Zhang and Chen, 2006), and has already 

been performed in humans post-operatively in other contexts using temporarily-implanted 

pacing electrodes (Miedema et al., 1992, Lin et al., 1998). In addition, post-operative gastric 

pacing for dysrhythmias in the context of LSG is likely to be more straightforward and 
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effective than the pacing attempted for conditions such as gastroparesis (e.g. (McCallum et 

al., 1998)), because ICC networks are expected to be intact rather than degraded (Angeli et 

al., 2015b, O'Grady et al., 2012a), and therefore will be more responsive to normalising 

motility patterns (Sathar et al., 2014). 

The main limitation of this study was the sample size, which reflects the invasiveness and 

technical complexity of these methods. However, the sample size was similar to other 

clinical pathophysiological studies investigating gastric dysrhythmia with HR mapping to date 

(Angeli et al., 2015; O’Grady et al., 2012) and was sufficient to delineate novel 

pathophysiology. However, the recent promising progress in non-invasive methods for 

accurately mapping gastric dysrhythmias offers potential to conduct trials with larger 

numbers of patients in future, and to enable clinical translation (Angeli et al., 2017, Calder et 

al., 2017). 

Post-operative gastric dysmotility has been observed after a number of other gastric 

procedures including fundoplication, pancreaticoduodenectomy, and gastrojejunostomy, with 

unclear causes. Several previous studies have investigated slow wave activity and 

dysrhythmias in port-operative dysmotility and recovery (Hotokezaka et al., 1996, 

Waldhausen et al., 1990).  However, past studies applied inferior technical methods that 

could not reliably elucidate key details such propagation direction, leading to potentially 

unreliable results (Cheng et al., 2013). The methods applied and discussed here could also 

now be utilized to rigorously investigate the importance of gastric electrophysiological 

disturbances in recovery after other gastric procedures. 
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4.2  Gastric Slow Wave Activity Following Roux-en-Y Gastric Bypass Defined 

by High-Resolution Electrical Mapping 

4.2.1  Introduction 

Slow wave activity is generated and propagated by the interstitial cells of Cajal (ICC), 

located within the gastrointestinal (GI) musculature. Slow waves have a fundamental level of 

control over GI motility by inducing and coordinating peristaltic contractions (Huizinga and 

Lammers, 2009a). In the human stomach slow waves originate from the intrinsic pacemaker 

located high within the corpus region along the greater curvature, and travel distally to the 

antrum at a frequency of around 3 cycles per minute (cpm) (Hinder and Kelly, 1977, O'Grady 

et al., 2010a).  

Aberrant slow wave activity is associated with the disruption of ICC and their networks, and 

is thought to contribute to several functional gastric disorders including post-operative 

dysmotility and delayed gastric emptying (Yanagida et al., 2004, Wang et al., 2009). 

Disruption to ICC can occur during surgical procedures involving incisions in the gastric 

tissue such as pylorus-preserving pancreaticoduodenectomy (PPPD) and gastrectomy, and 

patients undergoing these types of procedures have reported post-operative symptoms 

associated with dysrhythmic slow wave activity such as gastric atony and postprandial 

nausea and vomiting (Berry et al., 2017a, Dong et al., 2006, Hocking et al., 1990). 

Roux-en-Y gastric bypass surgery is a relatively common bariatric procedure designed to 

dramatically reduce the functional volume of the stomach and alter a patient’s physiological 

response to food (le Roux et al., 2007, Karamanakos et al., 2008, Roberts et al., 2007). 

During the procedure the stomach is excised and divided into a small functional proximal 

pouch and a distal ‘remnant’ portion, effectively leaving the lower pouch redundant. The 

traumatic nature of the procedure suggests that gastric slow wave activity may be affected, 

although previous canine data has demonstrated that incisions proximal to the pacemaker 



82 
 

region have little impact on slow wave characteristics (Sugawara, 1964). It is currently 

unknown what effects transection proximal to the gastric pacemaker has on slow wave 

activity in the human stomach. 

This single-patient case study employs high-resolution (HR) mapping to investigate slow 

wave characteristics following transection of the human stomach proximal to the pacemaker 

region. It is anticipated that the data will guide upper GI surgeons as to preferable locations 

for their incisions, with a view to reducing the potential for disruption of slow wave activity 

and thus the likelihood of post-operative dysmotility. 

4.2.2  Case 

Patient History 

The patient was a 45 year old female that had previously undergone a laparoscopic Roux-

en-Y gastric bypass approximately 2 years prior to this mapping study. At a follow up visit 

she reported abdominal pain and was sent for a CT scan. The results revealed a 

hypervascular 1.7 cm mass in the head of the pancreas, and the patient was scheduled to 

undergo a Whipple’s procedure and completion gastrectomy. The patient’s BMI was down to 

34 from 52.6 and their type 2 diabetes, polycystic ovary syndrome and asthma were all in 

remission at the time of data collection. The patient had reported no issues associated with 

the gastric bypass procedure. 

Roux-en-Y Gastric Bypass Procedure 

The Roux-en-Y gastric bypass involves major rearrangement of the upper gastrointestinal 

system, with division of the stomach into a small proximal gastric pouch (around 30 ml in 

volume) and much larger distal ‘remnant’ pouch.  
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The small intestine is also divided in two, forming the ‘biliopancreatic limb’ and the ‘Roux 

limb’. The biliopancreatic limb is composed of the duodenum, and diverts digestive juices 

from the distal stomach, gallbladder and pancreas to the ileum. The Roux limb connects the 

gastric pouch to the ileum and is formed by the jejunum. Ingesta flows into the gastric pouch, 

through the Roux limb, bypassing most of the stomach. The Roux limb then joins with the 

Biliopancreatic limb to form the ‘Y’ intersection. An overview of a typical Roux-en-Y gastric 

bypass is shown in Figure 25. 

 

Figure 25: Anatomical rearrangement and flow of ingesta and digestive juices following a 

typical Roux-en-Y gastric bypass (Advanced Laparoscopic Surgery Associates, 2016). 
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4.2.3  Experimental Protocol 

Ethical approval for this work was granted by the Northern Y Health and Disability Ethics 

Committee, New Zealand. Informed consent was given by the participant. Surgery was 

performed in the operating room at Auckland City Hospital, during which the patient was 

subject to general anaesthesia and upper midline laparotomy.  

Data collection was performed in-vivo in the operating room following general anaesthesia 

and a bilateral subcostal incision. Gastric slow wave activity has been reliably recorded 

following anaesthesia and laparotomy in patients in other studies, with subjects 

demonstrating consistently normal activity (Egbuji et al., 2010, Lammers et al., 2009). The 

anaesthetic protocols in this study were similar to those used in several other intraoperative 

slow wave investigations involving human subjects (O'Grady et al., 2010a). 

High Resolution Mapping 

HR mapping was performed using FPC arrays. The FPCs used in this study are shown in 

situ on the stomach in Figure 26B, each array has 128 individual electrodes arranged in an 8 

x 16 configuration, with an inter-electrode distance of 5 mm. These multielectrode arrays 

have been applied during previous intraoperative slow wave mapping studies (Angeli et al., 

2015b, O'Grady et al., 2010a). Two FPCs were joined together for simultaneous use in a 16 

x 16 arrangement using sterile adhesive tape (6 x 7 cm 3M™ Tegaderm™) placed on the 

non-contact surface.  

The abdominal walls were retracted, and the assembled FPCs gently positioned on the 

anterior serosal surface of the stomach. Slow wave activity was recorded prior to visceral 

handling and surgical dissection, and photographs were taken to document FPC position, 

with the pyloric sphincter was used as an anatomical reference point. The FPCs were then 

covered with warm (39 0C) saline-soaked gauze packs to secure them in place and maintain 
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contact with the gastric serosa. A five minute stabilisation period was allowed prior to 

commencing recording. Reference electrodes were positioned on the shoulders of the 

patient, and the recording equipment was arranged as described in previous studies by this 

group (O'Grady et al., 2010a). 

Signal Acquisition and Analysis 

Unipolar recordings were acquired using an ActiveTwo System (Biosemi, Amsterdam, The 

Netherlands), modified for passive recording at a frequency of 512 Hz. Each recording array 

was connected to the ActiveTwo System via a sterilised 1.5 m ribbon cable, which was 

connected via fibre optic cable to a laptop computer clear of the sterile field.  

Signal analysis was performed using the Gastrointestinal Electrical Mapping Suite (GEMS) 

v1.6 (Yassi et al., 2012). Data were filtered using a Gaussian moving median filter (20 s 

moving window) for baseline correction, and a Savitzky-Golay filter (window 1.7s, polynomial 

order 9) for high-frequency noise (Paskaranandavadivel et al., 2013). Slow wave activity was 

quantified by assessing activation times, and calculating regional frequencies, amplitudes, 

and velocities (Paskaranandavadivel et al., 2012, Lammers et al., 2009). Slow wave events 

were identified and clustered into cycles using validated algorithms (Erickson et al., 2010, 

Erickson et al., 2011), with thorough manual review and correction as required.  

Statistical Methods 

Statistical analyses were performed in IBM SPSS v20.0 (Armonk, NY). Slow wave 

frequencies, velocities and amplitudes are presented as means ± standard error of the mean 

(SEM) unless otherwise specified. A Student’s t-test was applied to assess statistical 

differences (threshold P < 0.05), and 95% confidence intervals are reported.  
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4.2.4  Results 

Gastric slow wave activity was recorded for a total of 8.4 minutes with a total of 20 slow 

wave cycles observed.  The mean frequency of slow wave activity across the bypassed 

stomach was 2.4 ± 0.2 cycles per minute (cpm) and within the known physiological range for 

the human stomach (O'Grady et al., 2010a). The recorded slow wave signals were of high-

quality and comparable with known extracellular slow wave characteristics, including 

biphasic potential pattern, downstroke rate and width (Angeli et al., 2013a). The FPC arrays 

were positioned such that coverage was of the entire length of the superficial surface of the 

remnant pouch (Figure 26A, B). Activity displayed consistent aboral propagation, with no 

dysrhythmias observed (Figure 26C). The location of the pyloric ring was documented 

(Figure 26B) as an anatomical reference point for analyzing variations in slow wave 

characteristics during propagation across the pouch. 
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Figure 26: FPC array positioning during data collection and representative slow waves. The 

remnant pouch of the bypassed stomach A) with the FPC arrays positioned to cover the 

entire length B). Representative electrograms from six channels C), corresponding to 

electrode positions in B). The location of the pyloric ring was documented. 

HR activation time maps generated from the slow wave cycles represented in Figure 27C 

are displayed in Figure 27A. These maps illustrate consistent aboral propagation across the 

remnant pouch. Figures 27B and 27C indicate an increase in the amplitude and velocity of 

activity in the distal corpus/proximal antrum, as slow waves approach the pyloric ring. 
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Figure 27: Slow wave characteristics of activity recorded from the remnant pouch. (A) 

Representative activation maps from the six channels identified illustrate aboral propagation, 

with isochronal colour bands demonstrating the area of slow wave propagation per 2s time 

gap. Representative amplitude and velocity maps B, C) from these same channels depict a 

region of increased amplitude and velocity over a relatively short distance, proximal to the 

pyloric ring. 

Slow wave amplitude and velocity were compared with control data collected from the 

corpus region of 10 patients considered to display normal activity (Berry et al., 2016). 

Amplitudes recorded from the remnant pouch were significantly lower than those of normal 

controls (0.3 ± 0.1 vs. 1.5 ± 0.1 mV; p =<0.001), whereas velocities were significantly higher 

than the control group (3.9 ± 0.4 vs. 3.3 ± 0.1 mm s-1; p=<0.001).  
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4.2.5  Discussion 

This case study provides a HR mapping analysis of bioelectrical activity in a human stomach 

post-gastric bypass. It demonstrates the presence of slow waves 26 months post-

operatively, and describes their characteristics. The direction, frequency, amplitude and 

velocity of activity were compared with both normal controls, and current descriptions of 

gastric bioelectrical activity. 

It is widely known that human gastric slow wave activity originates and propagates from the 

pacemaker region, located within the upper corpus along the greater curvature (O'Grady et 

al., 2010a). It is also understood that compromised ICC networks are commonly associated 

with motility disorders such as gastroparesis and slow transit constipation (Farrugia, 2008, 

Grover et al., 2011). Data from this study suggest that trauma to fundic ICC during the 

bypass procedure, has relatively little effect on slow wave characteristics; activity was within 

normal ranges (Hinder and Kelly, 1977, O'Grady et al., 2010a, Miedema et al., 1992), 

despite significant differences in amplitudes and velocities when compared with a control 

group. These results are supported by data collected from transected canine stomachs 

(Sugawara, 1964).   

The fundus is considered electrically quiescent (Ordog et al., 1999, O'Grady et al., 2010a), 

and devoid of slow wave activity. Despite the lack of a myenteric ICC (ICC-MY) network, 

intramuscular ICC (ICC-IM) are widely distributed throughout the circular and longitudinal 

muscle layer and do generate slow waves in other regions of the stomach (Burns et al., 

1997, Komori and Suzuki, 1986). It is the absence of a regenerative response to membrane 

depolarisation which results in the inability of fundic ICC-IM to coordinate their activity, and 

thus generate slow waves (Beckett et al., 2004). This suggests that disruption of ICC 

networks in the fundus is likely to have little effect on the electrophysiological properties of 

the stomach, a theory supported by data from this study. 
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HR mapping of the human stomach has revealed regional variations in slow wave 

characteristics, with data demonstrating significant rises in the velocity and amplitude of 

activity in the distal antrum (O'Grady et al., 2010a, Berry et al., 2016). It is theorised that 

these increases may be linked to the strong peristaltic contractions associated with digestive 

processes in this region.  Although peristalsis was not observed in this study, the presence 

of slow waves within the normal ranges of the functioning human stomach, and evidence of 

an area of higher velocity and amplitude in the distal antrum, suggests the bypassed 

stomach remains able to control the frequency and propagation of peristaltic contractions. 

The gastric bypass procedure is a permanent rearrangement of the gastrointestinal 

anatomy, and therefore the clinical applications of the data from this study are limited. The 

observation of slow waves and a transition zone in the remnant pouch of a bypass patient 

however, suggests that the electrophysiological properties of the human stomach remain 

consistent despite disruption to ICC propagation pathways in the fundus. This suggests that 

clinicians may incise and transect gastric tissue in the fundus with little effect on slow wave 

activity in the remaining stomach.   

This case study has refined our understanding of the effects of trauma to the fundus of the 

stomach. It details the characteristics of slow wave activity in the bypass patient and 

suggests that distal ICC propagation pathways remain relatively undisturbed. It provides the 

foundations for future research involving transection of gastric tissue in the human stomach 

both proximal- and distal-to the pacemaker region, with a view to appreciating the effects of 

these incisions on slow wave activity and subsequent gastric motility. It is anticipated that the 

data from such studies will assist in the development of surgical techniques aimed at 

avoiding disturbance of the gastric pacemaker and ICC propagation networks, and thus 

reduce the potential for the development of post-surgical dysmotility. 
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Chapter 5 

New Technology for Minimally-Invasive Mapping 

This chapter details the design, fabrication and validation of a novel laparoscopic device for 

in-vivo serosal mapping of gastrointestinal bioelectrical activity. The device was first trialled 

in a porcine model, then validated intra-operatively in a human patient. The design allows for 

monitoring of slow wave activity in greater spatiotemporal detail when compared with 

previous laparoscopic electrodes.  

Published in Surgical Endoscopy (2017) 31 (1) pp 477-486 

 5.1  A Novel Retractable Laparoscopic Device for Mapping Gastrointestinal 

Slow Wave Propagation Patterns 

 

5.1.1  Abstract 

Gastric slow waves regulate peristalsis, and gastric dysrhythmias have been implicated in 

functional motility disorders. To accurately define slow wave patterns, it is currently 

necessary to collect high-resolution (HR) serosal recordings during open surgery. We 

therefore developed a novel gastric slow wave mapping device for use during laparoscopic 

procedures. The device consists of a retractable catheter constructed of a flexible nitinol 

core coated with Pebax. Once deployed through a 5 mm laparoscopic port, the spiral head is 

revealed with 32 electrodes at 5 mm intervals. Recordings were validated against a 

reference electrode array in pigs and tested in a human patient. Recordings from the device 

and a reference array in pigs were identical in frequency (2.6 cycles per minute; p>0.05), 

and activation patterns and velocities were consistent (8.9 ± 0.2 vs. 8.7 ± 0.1 mm s-1; 

p>0.05). Device and reference amplitudes were comparable (1.3 ± 0.1 vs. 1.4 ± 0.1 mV; 
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p>0.05), though the device signal to noise ratio (SNR) was higher (17.5 ± 0.6 vs. 12.8 ± 0.6 

dB; p <0.001). In the human patient, corpus slow waves were recorded and mapped 

(frequency 2.7 ± 0.03 cycles per minute, amplitude 0.8 ± 0.4 mV, velocity 2.3 ± 0.9 mm s-1). 

In conclusion, the novel laparoscopic device achieves high-quality serosal slow wave 

recordings. It can be used for laparoscopic diagnostic studies to document slow wave 

patterns in patients with gastric motility disorders. 

5.1.2  Introduction 

Gastric contractions are coordinated by an underlying electrical activity, termed slow waves, 

that are generated and propagated by the interstitial cells of Cajal (ICC) (Farrugia, 2008). In 

the human stomach, slow waves originate from the pacemaker region situated in the 

mid/upper corpus on the greater curvature, and propagate antegrade towards the pylorus at 

a frequency of approximately 3 cycles per minute (cpm) (O'Grady et al., 2010a, Hinder and 

Kelly, 1977).  

Abnormalities of slow wave activity, termed gastric dysrhythmias, are associated with 

common and highly symptomatic disorders including gastroparesis, functional dyspepsia and 

may also play a role in the acute or chronic delayed gastric emptying observed after some 

gastrointestinal (GI) surgical procedures  (Lin and Chen, 2001, Chen et al., 1994, Hocking et 

al., 1990). However, the clinical significance of gastric dysrhythmias has been unclear, 

principally because past data was accumulated using sparse serosal or cutaneous 

recordings (O'Grady et al., 2014). One such method is electrogastrography (EGG) which 

involves placing cutaneous electrodes on the abdomen in a manner similar to 

electrocardiography. EGG, while able to show variations in frequency or rhythm that may be 

associated with  a dysrhythmia, cannot provide the spatiotemporal detail required to quantify 

and reliably classify normal and abnormal propagation patterns (O'Grady et al., 2014, 

Lammers et al., 2008, O'Grady et al., 2012a, O’Grady et al., 2011a). To reliably assess 

propagation patterns bioelectrical potentials must be recorded directly from the tissue 
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surface, preferably using a 2D array of closely spaced electrodes (Lammers et al., 2008, 

O'Grady et al., 2012a).  

To date, relatively little data has been collected during clinical studies and the clinical 

significance of slow wave dysrhythmias therefore remains poorly defined. To overcome this 

problem, HR multi-electrode mapping has been adapted from cardiac electrophysiology as a 

more accurate method of defining gastric dysrhythmias in spatiotemporal detail (Lammers, 

2013, Cheng et al., 2013). To date, HR mapping studies in humans and animals have been 

performed using custom-built silver-wire electrode arrays and flexible printed circuit (FPC) 

electrode arrays (Du et al., 2009b, Lammers et al., 2009). Although these methods are able 

to accurately define gastric dysrhythmias, they require recordings to be taken directly from 

the serosal surface of the GI tract using relatively large electrode platforms and cabling, 

limiting their application to invasive open-abdominal surgery (O'Grady et al., 2010a).  

The adoption of minimally invasive surgical procedures for the treatment of GI diseases 

continues to expand. Consequently, it is essential to develop new laparoscopic devices for 

minimally invasive recording of slow wave activity directly from the serosal surface of the GI 

tract, facilitating future targeted treatment for dysrhythmias (O'Grady et al., 2009). However, 

current laparoscopic approaches, record from a limited number of electrodes covering a 

small spatial area (approximately 4x4 mm2) (Familoni et al., 1994, O'Grady et al., 2009). It is 

necessary to record from a larger field of electrodes to accurately define dysrhythmias and to 

avoid large errors when estimating the direction and velocity of slow waves (O'Grady et al., 

2014). An improved approach would allow reliable, high-quality multi-channel recordings 

over a larger portion of the serosa, be deployable through a 5 mm laparoscopic port, and 

preferably allow repeat sterilization for human use (Thierry et al., 2000). 
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This study presents the design and validation of a novel laparoscopic device capable of 

accurately recording slow wave activity, including complex dysrhythmias, in HR 

spatiotemporal detail.  

5.1.3  Materials and Methods 

Design and Fabrication 

The novel laparoscopic device is shown in Figure 28, together with the reference electrodes 

used for validation (Du et al., 2009b). The device consists of a retractable catheter 

embedded with 32 electrodes, a rigid introducer sheath, and a flexible connecting cable. The 

device was designed to be deployable and retractable through a 5 mm laparoscopic port, for 

placement against the serosal surface of the GI tract without the need for attachment by 

suturing or clipping. It is sterilisable using low-temperature hydrogen peroxide sterilisation 

techniques such as STERRAD (Advanced Sterilization Products), V-PRO® maX (STERIS) or 

ethylene oxide (Thierry et al., 2000, Feldman and Hui, 1997). Fabrication was performed by 

Access Point Technologies (APT, Rogers, MN, USA).  

The retractable catheter (diameter 2.2 mm, length 330 mm) was constructed of nitinol wire 

with a Pebax® coating. Nitinol is a nickel-titanium alloy widely used in expandable medical 

devices, including cardiac mapping devices, due to its favorable elastic and shape-memory 

properties (Eldar et al., 1997, Schmitt et al., 1999). Pebax® is a thermoplastic elastomer 

consisting of polyamide and polyether segments, and was favored as it is light-weight yet 

strong, waterproof, highly flexible and readily deformable, while being suitable for 

sterilisation and compliant with US Pharmocopeial Convention Class VI Reference 

Standards (Arkema Group). Individual electrodes were fabricated in platinum (90%) and 

iridium (10%), because this has been successfully applied previously to study electrical 

activity in the GI tract (Cote and Gill, 1987). The Pebax® coating was exposed in 32 

locations, spaced 5 mm apart to reveal the 32 ring electrodes of 1 mm width. This electrode 
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spacing and arrangement allowed dysrhythmic slow wave activity to be captured based on 

experiences in previous studies (O'Grady et al., 2013). 

A nylon outer sheath, (sized to pass freely through a 5 mm laparoscopic port) was used to 

house and introduce the mapping catheter. The catheter was designed to deploy through 

this sheath, and once free of the sheath, to form into a spiral arrangement (diameter 30 mm 

at full extension) (Figure 28A).  The catheter was designed to be readily retracted into the 

outer sheath, aided by the flared end (Figure 28B).  The shaft of the device was fabricated of 

stainless steel. At the end of the catheter, the connecting wires were routed through a 1.5 m 

flexible cable to an acquisition system outside the sterile field.  
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Figure 28: Novel and reference electrode devices. A, B. The novel laparoscopic device, 

shown with the recording tip fully deployed (A) and partially retracted (B). The flexible 

recording catheter of the laparoscopic device (diameter 2.2 mm, length 330 mm) can be 

readily passed through a 5 mm laparoscopic port. The head consists of 32 recording 

channels in a spiral arrangement (5 mm spacing) that is positioned against the serosa for 

data collection. C, D. Reference FPC arrays used for device validation. Two configurations 

were used: (C) A 32 channel array (4 x 8 electrodes; 4 mm spacing); and (D) a 128 channel 

array (16 x 8 electrodes, 5.2 mm spacing). 

Porcine Validation Trials 

The device was validated in-vivo by comparison to reference recordings from an established 

experimental model in healthy white cross-breed weaner pigs (n=5, mean weight 34.2 

± 1.9 kg (Egbuji et al., 2010). Ethical approval was obtained from the University of Auckland 

Animal Ethics Committee. The reference electrode arrays were validated recording platforms 

with gold-tipped electrodes arranged in a grid configuration at an inter-electrode spacing of 

4-5 mm (Figure 29C,D) (Du et al., 2009b). The animals were fasted overnight, then 

subjected to general anesthesia with Zoletil (Tiletamine HCl 50 mg/ml and Zolazepam HCl 
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50 mg/ml), followed by isoflurane (2.5 – 5 % with an oxygen flow of 400 mL within a closed 

circuit anesthetic system). Vital signs were continuously monitored and maintained, and 

body temperature was kept in the normal physiological range using a heading pad. The 

animals were euthanised while still under anesthesia via a bolus injection of 50 ml of 

magnesium sulphate. 

A midline laparotomy was performed exposing the anterior gastric serosal surface. The 

reference electrodes and laparoscopic device were gently placed on the serosal surface of 

the stomach with minimal handling of the viscera. Ground electrodes were positioned on the 

lower abdomen and hindquarter thigh. The reference electrodes were maintained in position 

by using warm saline-soaked gauze packs, and the laparoscopic device was held steady in 

position, to reduce movement artifacts. The incision site was also covered with warm soaked 

packing to prevent cooling of the abdominal cavity and gastric serosa. A period of 

stabilisation was allowed before recording. In all studies (including the human trials), the 

stomach was not distended, as over-distention of the stomach may invoke slow wave 

changes including dysrhythmias (Angeli et al., 2015b, Ladabaum et al., 1998).  

Human Trials 

On completion of validation in the porcine model, a human trial was conducted with a 

separate sterilized laparoscopic device for validation in an intra-operative environment. 

Ethical approval was obtained from the Northern Y Health and Disability Ethics Committee. 

With informed consent, the study was performed on a 53-year-old male undergoing a routine 

laparoscopic anti-reflux surgery at Auckland City Hospital.  

No restrictions were placed on the anesthetic protocol for this patient. General anesthesia 

does not have a significant impact on slow waves (O’Grady et al., 2011a, Lammers et al., 

2009), and existing descriptions of human gastric slow wave activity are also derived from 
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studies performed under an anesthesia (Hinder and Kelly, 1977, O'Grady et al., 2010a). 

Administered agents included a rapid-acting opiate, a muscle relaxant, propofol, and 

sevoflurane.  

Following anesthetic induction, intubation, insertion of laparoscopic ports and abdominal 

insufflation, but prior to tissue dissection or mobilisation, the device was deployed into the 

abdominal cavity via a 5 mm trocar adjacent to the xiphisternum, and placed on the anterior 

serosal surface of the distal corpus. The device was manually held in position, with the 

device steadied against the laparoscopic port. The recording apparatus was set up as 

previously described, with reference electrodes placed on the shoulders (O'Grady et al., 

2010a, O'Grady et al., 2009). Signal acquisition and quality was assessed by quantifying 

amplitude, velocity and frequency of slow wave events and the SNR, with comparison to 

previous benchmarks (O'Grady et al., 2009, O’Grady et al., 2011b).  

Signal Acquisition and Analysis 

Signals were acquired using an ActiveTwo System (Biosemi, Amsterdam, Netherlands) 

modified for passive electrode recordings. Data was acquired at 512 Hz. Signal processing 

was conducted offline in the Gastrointestinal Electrical Mapping Suite (GEMS) v1.5 (Yassi et 

al., 2012). Data were filtered using a Gaussian moving median filter (20 s moving window) 

and a Savitzky-Golay filter (window 1.7 s, polynomial order 9) (Paskaranandavadivel et al., 

2013). Slow wave activation times were calculated, and activation maps generated, using 

established algorithms followed by manual review and correction (Erickson et al., 2011, 

Erickson et al., 2010). SNR was calculated by dividing slow wave recordings into signal and 

noise dominated segmented based on activation times. A three second window was placed 

around the slow wave activation time and defined as the signal vector, while the remaining 

segments were classified as the noise vector, 
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where RMS is the root mean square (Weeks, 2010). Slow wave amplitudes were calculated 

by applying a peak-to-trough detection algorithm based on the ‘zero-crossing’ of the first and 

second-order signal derivatives of each slow wave event (Paskaranandavadivel et al., 

2011).The velocity vectors for the reference electrode array were calculated using a finite 

difference method with a Gaussian smoothing filter (Paskaranandavadivel et al., 2012). As a 

result of the irregular arrangement of the electrodes in the laparoscopic device, the velocity 

was estimated using a second order polynomial fit of the activation time wavefront (Bayly et 

al., 1998, Du et al., 2009c), 

dycxbxyayxT  ...),(  

where T(x,y) is the activation time wavefront in the x and y positions, while a, b, c and d are 

the coefficients of the equation. Compared to the previous laparoscopic recording electrode 

design (Angeli et al., 2015b), the spatially distributed 32 electrodes of the spiral electrode 

provide a more robust estimation of activation direction and activation time gradients for 

determining conduction velocity. Furthermore, the 32 electrodes enable channels with poor 

signal quality to be discarded from the analysis without compromising confidence in the 

predictions. In contrast, poor recordings in one channel of a previous laparoscopic mapping 

device (Angeli et al., 2015b) may severely compromise estimates of slow wave orientation 

and velocity. All recordings were screened for signs of dysrhythmic activity; defined as any 

deviation from organised, regular slow wave propagation in an aboral direction, including all 

propagation pattern, frequency, or direction compared with known normal data (O’Grady et 

al., 2011a, Egbuji et al., 2010). 
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Statistical Methods 

All statistical analyses were performed in IBM SPSS Statistics v20.0.  Slow-wave 

frequencies, velocities and amplitudes are presented as means ± standard error of the mean 

(SEM) unless otherwise specified. A Student’s t-test or one-way ANOVA with Tukey’s post-

test were used to analyse statistical differences, with P < 0.05 regarded as significant. 

5.1.4  Results 

Porcine Validation Trial 

Gastric slow-wave activity was successfully recorded simultaneously via both the novel 

laparoscopic device and the reference array in all five porcine trials. The recording period 

totaled 105 minutes (mean 15.1 ± 5.1 minutes) over the five experiments.  

A representative example of gastric slow wave events recorded over a 90 second period by 

both the laparoscopic electrode in five channels, and the reference electrodes in six 

channels, are shown in Figure 29. Both the laparoscopic and reference electrodes achieved 

high-quality slow wave signals. Signal morphology was comparable between the arrays, and 

the events were concordant with known extracellular slow wave characteristics, including 

biphasic potential pattern, downstroke rate and width (Angeli et al., 2013a). The mean 

frequency of slow wave activity across the pigs was 2.6 ± 0.4 cycles per minute (cpm) and 

within the known physiological range for the porcine stomach (Egbuji et al., 2010).  

Frequency and amplitude was comparable between recording methods (2.5 ± 0.4 cpm vs. 

2.6 ± 0.4 cpm; p = 0.91; 1.3 ± 0.1 mV vs. 1.4 ± 0.1 mV; p = 0.4). However, the laparoscopic 

device was found to have a higher SNR than the reference electrodes (7.5 ± 0.6 dB vs. 

12.8 ± 0.6; p<0.0001), due to reduced noise of the baseline signal from which the slow 

waves were identified.  
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Figure 29: Example electrode traces from the laparoscopic and reference electrodes. (A) 

Positioning of a reference electrode (128 electrodes in total; 360 mm2) and the laparoscopic 

device (32 electrodes in total; 707 mm2) on the stomach during data collection. (B) The 

electrograms for five recording channels from the laparoscopic device, and six from the FPC 

reference array are displayed along with their locations on the electrode arrays. The 

electrograms demonstrate consistent aboral slow wave activity, with six events occurring 

within the displayed period of 90 seconds for both the laparoscopic device and reference 

electrode (frequency: 2.6 ± 0.3 cpm vs. 2.5 ± 0.5 cpm). 

Slow wave activation times were calculated from the slow wave events, as demonstrated in 

Figure 29, and used to generate activation maps, as shown in Figure 30. These maps 

demonstrate the propagation of activity in an aboral direction in both the laparoscopic device 

and the reference electrodes.  
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Figure 30 also demonstrates example velocity and amplitude maps for both the laparoscopic 

device and the reference electrodes, with propagation again in an aboral direction. Appendix 

D provides a table reporting the difference in mean frequencies, amplitudes, SNR and 

velocities between the laparoscopic device and reference electrode for all five porcine trials. 

Recorded slow wave velocities were comparable between the laparoscopic device and the 

reference electrodes (8.9 ± 0.2 mm s-1 vs. 8.7 ± 0.1 mm s-1; p = 0.2).  

 

Figure 30: Activation time, amplitude and velocity maps constructed using data from the 

same slow wave event for the laparoscopic device and reference electrode array. The 

electrode positioning relates to those indicated in Figure 29.  Velocity is represented by 

arrows and colour field indicating magnitude of speed (cyan slowest speed and purple 

highest speed).The maps in this example indicate that both the laparoscopic device and 

reference electrodes have recorded consistent propagation in an aboral direction. The 8 

second delay visible in the registration of slow wave activity between the laparoscopic device 

and the reference array can be attributed to the distance between the recording devices 

during data collection (see Figure 29). 

Dysrhythmic activity was observed in one of the pigs in the form of a deviation from aboral, 

to circumferential, to orad (see Figure 31). This dysrhythmic pattern suggested a shifting 

ectopic pacemaker of the type known to occur in the acute weaner pig model used in this 

study (O’Grady et al. 2011). 
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Figure 31: Example of dysrhythmic activity captured using the laparoscopic device. (A) 

Positioning of the device on the stomach during data collection. (B) The electrograms 

recorded from five electrodes (numbers displayed), with four slow wave events occurring 

within the displayed period of 120 seconds (frequency 1.4 ± 0.5 cpm). (C) The resultant 

activation maps demonstrate the dysrhythmic activity in the form of a deviation in direction 

from aboral, to circumferential, to orad over the course of five slow wave events. 

Human Intraoperative Trial 

Following successful trials in the porcine model, another sterilised laparoscopic device was 

used for human intraoperative validation. The retractable catheter was readily deployed and 

withdrawn through the 5 mm laparoscopic port and manually held in position on the serosal 

surface of the stomach (see Figure 32). Prior to tissue dissection and with minimal organ 

handling, slow wave activity was recorded over a period of five minutes from the mid corpus, 

close to the angularis incisura. An example of three slow wave events from three channels of 

the laparoscopic device is shown in Figure 32. 
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Figure 32: Example electrode traces and activation time (AT) map constructed from human 

intraoperative data. (A) Positioning of the laparoscopic device on the stomach during data 

collection. (B) The electrograms from three recording channels (numbers displayed), with 

three slow wave events occurring within the displayed period of 60 seconds (frequency 

2.7 ± 0.03 cpm). (C) The resultant activation map has been overlayed on an intraoperative 

image of the laparoscopic device. The electrode positioning relates to that indicated in A. 

The white arrow indicates the direction of the propagating slow waves in an aboral direction. 

Signal morphology was of high-quality, and slow wave events were concordant with known 

extracellular slow wave characteristics, including the biphasic potential pattern, downstroke 

rate and width (Angeli et al., 2013a). Mean amplitude was 0.8 ± 0.4 mV (O'Grady et al., 

2010a). Slow wave activity was recorded at a frequency of 2.7 ± 0.03 cpm, which is within 

the known physiological range for human gastric slow waves (Hinder and Kelly, 1977, 

Miedema et al., 1992). Recorded velocities were also within the known physiological range 

for human gastric slow waves in the mid-corpus region (2.3 ± 0.9 mm s-1) (O'Grady et al., 

2010a). Activation times calculated from slow wave events are illustrated in Figure 32. This 

image demonstrates the aboral propagation of slow wave activity.  
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5.1.5  Discussion 

This study introduces a novel retractable laparoscopic device for mapping GI slow wave 

propagation patterns. The device can withstand multiple sterilisation processes and the 

flexible spiral head has been designed to deploy through a 5 mm laparoscopic port. The 

most accurate technique for determining the spatiotemporal properties of slow waves is HR 

mapping, typically involving the placement of an array of recording electrodes (often >100) 

on the serosal surface of the organ of interest (Lammers et al., 2008, Du et al., 2009b). 

Although ideal, this approach requires direct serosal access and had therefore been 

restricted to operations involving large incisions. The device detailed in this study overcomes 

this issue by enabling laparoscopic HR slow wave data capture over a larger area.  

The device now offers the opportunity to characterise both normal and altered bioelectrical 

potentials in patients undergoing routine laparoscopic procedures. The first major application 

will be in studies continuing to elucidate fundamental human GI electrophysiology, including 

investigating slow wave activation and recovery profiles throughout the GI tract, pacemaker 

behavior, anisotropic conduction dynamics and responses to electrical stimulation therapies 

(e.g., (O'Grady et al., 2010a, O'Grady et al., 2010b)). In addition, the device can be used in 

the investigation of patients suffering motility disorders such as gastroparesis and chronic 

unexplained nausea and vomiting, where dysrhythmias are strongly implicated (Angeli et al., 

2015b, O'Grady et al., 2012a, O'Grady et al., 2014). Lastly, the device will be particularly 

valuable in defining the role of disordered electrical activity in delayed recovery after surgical 

procedures, such as gastrectomies, gastric excisions, fundoplication or bariatric surgery, 

where slow wave conduction pathways are altered or disrupted (Berry et al., 2017a, Du et 

al., 2015). Until now, accurate research on these subjects has been limited due to lack of 

mapping technologies. 

Validation was performed in a porcine model by comparing data collected using the 

laparoscopic device with that from a standard reference electrode in common current use 
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(Du et al., 2009b). It achieved high-quality slow wave recordings that surpassed the 

reference electrode in SNR, and was shown to be capable of accurately measuring the 

direction, amplitude, velocity and activation times of slow wave activity, including 

dysrhythmic episodes. The device also enabled intra-operative laparoscopic human 

mapping, successfully achieving recordings in the operating room. SNR data collected 

during the human study was slightly lower than that in the porcine model, most likely due to 

extraneous noise inputs from theatre equipment. 

This device has been designed specifically for mapping slow wave activity during 

laparoscopic procedures. It has a number of design features that distinguish it from more 

traditional arrays (Du et al., 2009b), and improves on previously described laparoscopic 

devices (O'Grady et al., 2009, Familoni et al., 1994). The major developments in this novel 

design are concentrated on the recording head. Its flexibility permits easy deployment and 

retraction through a 5 mm laparoscopic port, and the recording area covered is increased on 

a previously described device (707 mm2  vs. 13 mm2) (O'Grady et al., 2009). The superior 

size allows for incorporation of a greater number of recording channels (32 vs. 4), resulting 

in substantially greater data acquisition from the target organ. This in turn increases 

accuracy of slow wave velocity and activation sequence calculations, and the probability of 

detecting dysrhythmias. It also increases the likelihood of achieving a quality recording in 

one or more channels if other channels are affected by signal artifact or poor contact. 

Alternative designs, such as linear arrangements of electrodes or smaller arrays would be 

easier to construct and apply, however, it is now clear that achieving high-resolution wide-

area coverage enables optimal data retrieval for detecting and classifying dysrhythmic 

events, as well as to define the velocity and amplitude changes that accompany 

dysrhythmias (Berry et al., 2017a, Du et al., 2015). 

The manual positioning of the device has eliminated the requirement for suturing or clipping, 

and the smooth, flexible design of the recording head minimises the risk of tissue damage or 
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organ perforation. It is composed of materials that allow for sterilization to the level of other 

surgical equipment, and reuse over several studies. Pebax® is capable of withstanding 

Sterrad® and V-PRO® sterilisation, unlike other polymer materials that may suffer damage 

(Lerouge et al., 2002).   

The deformable structure of the recording head is not only essential for deployment and 

retraction through a laparoscopic port, but also adapts to the curvature of the stomach, thus 

improving contact between the recording channels and the surface of the organ. However, 

the trade-off in design is that this flexibility also contributes to variation in the proximity and 

spatial positioning of the recording channels during data collection, and therefore could 

contribute to errors in the estimation of slow wave velocities. This error may also be 

accentuated by inconsistencies in the size and shape of recording channels resulting from 

the hand-made nature of the device. Nevertheless, our validation studies showed acceptable 

accuracy in velocity compared to established standard recording techniques (Du et al., 

2009b), so the device does provide accurate spatiotemporal knowledge regarding the 

direction and velocity of slow wave propagation at the point of measurement. Results also 

suggest that movement artifacts associated with the design of the device were not 

significant, if attention is paid to device handling and deployment, and signal quality remains 

high. 

Based on previous investigations, slow wave recordings are considered to be stable under 

anesthetized conditions (O’Grady et al., 2011a, O'Grady et al., 2010a, Hinder and Kelly, 

1977, Angeli et al., 2013a); therefore, the laparoscopic device is expected to achieve reliable 

slow wave data. Dysrhythmic activity has been described previously under the influence of 

opiates, however, small doses of rapid acting opiates, as used in this study, appears to have 

minimal impact on slow wave patterns at the time of mapping (O'Grady et al., 2010a). 
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Currently, the impact of surgery on slow waves propagation is uncertain because past 

methods have applied sparse electrode coverage, whereas high-resolution mapping is 

required to accurately define and classify slow wave propagation patterns (O'Grady et al., 

2010a, O'Grady et al., 2012a). Investigation of the relationship between slow wave 

characteristics (amplitude, velocity, and frequency, and direction of propagation) and post-

surgical symptoms could provide a substantially improved understanding of the role of 

bioelectrical disturbances in post-operative gastric dysmotility. With future advances, the 

device could also be useful for the targeted investigation and therapy of gastric 

dysrhythmias, which underlie significant gastric motility disorders, such as gastroparesis and 

chronic unexplained nausea and vomiting (O'Grady et al., 2012a, Angeli et al., 2015b). 

This design is a compromise between invasiveness and spatiotemporal recording quality. 

The most widely employed non-invasive technique for gastric electrical disorders is 

electrogastrography (EGG) (Yin and Chen, 2013), but this approach is currently unable to 

provide the spatiotemporal detail required to quantify and reliably classify slow wave 

propagation patterns (O'Grady et al., 2014). Magnetogastrography (MGG) is another non-

invasive technique,  which records the magnetic field associated with slow wave propagation 

via a Superconducting Quantum Interference Device (SQUID) (Bradshaw et al., 2006). This 

method, however, is expensive, highly specialised, and only available to a limited number of 

researchers. It is also considered to be in its experimental stages (Cheng et al., 2010). 

A promising recent development is the design of a wireless implantable recording device that 

transmits slow wave recordings directly to analytical equipment, without the need for cables 

(Paskaranandavadivel et al., 2015). This system has the advantage that it may potentially be 

implanted allowing longer-term longitudinal studies without the increased potential for 

infection that wires traversing the abdomen may cause. It may also be applied in conjunction 

with an endoscopically implantable telemetry device that will allow continuous monitoring of 

slow wave activity in patients over a prolonged period of time, and in both fed and fasted 
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states. Prototype implantable devices have been developed and tested in animal models, 

but further research is required before these are considered safe for human application (Ver 

Donck et al., 2006). 

This novel laparoscopic device provides another method for measuring slow wave activity. 

The device has been validated in both the porcine model and human subjects. It can 

withstand multiple sterilisation processes and the flexible head has been designed to deploy 

through a 5mm laparoscopic port. The device is capable of accurately measuring the 

direction, amplitude, velocity and activation time of slow waves, and can also be used to 

map dysrhythmic activity. In conclusion, the design of this novel laparoscopic device will 

allow monitoring of slow wave activity in greater spatiotemporal detail during minimally 

invasive surgery than existing laparoscopic devices. The device will be a valuable asset for 

facilitating new laparoscopic clinical investigations of normal and dysrhythmic slow wave 

activity. In particular, it could be used for diagnosing dysmotility disorders and defining the 

effects of GI surgical procedures on bioelectrical potentials. 
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Chapter 6 

Summary and Future Directions 

6.1  Summary 

This thesis presents a multi-disciplinary approach to investigating the bioelectrical slow wave 

activity underlying coordinated gastric motility. Aspects of bioengineering, physiology and 

medicine are applied to enhance data collection methods, and improve our understanding of 

slow wave characteristics and propagation patterns. 

Chapter 3: This chapter presents a comprehensive high-resolution analysis of slow wave 

characteristics as they pass through the gastric antrum. Increased amplitude and velocity of 

activity in the terminal antrum was reported relative to anatomical landmarks. Data were 

applied to enhance a computational fluid dynamics model of gastric recirculation and mixing. 

The study quantified the significance of the terminal antral contraction in gastric mixing. It 

also demonstrated the substantial proportion of local particle strain that can be attributed to 

the slow wave acceleration underlying the terminal antral contraction, which is responsible 

for gastric retropulsion.  

Computational modelling quantified the impact of the terminal antral contraction on 

retropulsion and gastric mixing. Previous CFD models of gastric mixing were developed 

using MRI data which reported a relatively uniform gastric contraction velocity, and no 

acceleration in the pre-pyloric antrum. Given that slow waves determine the pattern of 

gastric contraction, the superior spatiotemporal sampling of HR mapping is able to detect 

sharp variations in velocity over short distances that may be reported as simple 

simultaneous contractions by MRI. Data collected using HR mapping was introduced to the 

CFD model, which was then used to demonstrate the importance of the distal antral 
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contraction in producing additional retropulsive forces, critical for effective trituration and 

gastric emptying. We found that mixing efficiency increased linearly as the maximal velocity 

of the contraction increased.  

The results highlighted the importance of the antrum for effective trituration and gastric 

emptying, and suggest the potential effects of resecting the pre-pyloric antrum during 

surgical procedures should be taken into consideration. The findings may also help to 

explain the development of post-operative dysmotility and delayed gastric emptying following 

these types of procedure. The normal antral electrophysiological information could also be 

used as a baseline for future HR mapping studies comparing antral activation patterns in 

disease states such as gastroparesis. 

Chapter 4: Intra-operative HR mapping was applied to define slow wave characteristics 

prior-to and following LSG. The same technique was then used to map a patient suffering 

from long-term gastric dysmotility, nausea and food intolerance post-LSG. Pre-sleeve 

patients displaying normal initiation and propagation patterns developed either rapid 

conduction of slow waves from a distal ectopic pacemaker or presented with bioelectrical 

quiescence post-operatively. Recovery of normal slow wave activity could not be confirmed, 

most likely due to the short post-operative recording period. The patient suffering from 

chronic gastric dysmotility also displayed an ectopic pacemaker in the distal stomach, which 

initiated rapid retrograde propagation of slow waves around an area of conduction block. 

LSG is becoming an increasingly popular bariatric procedure, although the mechanisms 

underlying the development of post-operative dysmotility in some patients are unknown. 

Previous mapping studies provide evidence implicating gastric dysrhythmias, which can 

develop following surgical incisions. EGG also reports an association between dysrhythmias 

and post-surgical symptoms such as nausea. This study provides additional evidence 

supporting this association, reporting dysrhythmic activity in a patient suffering from long-
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term dysmotility following LSG. Mapping of patients prior-to and following LSG has 

enhanced our understanding of how pacemaker removal affects bioelectrical activity 

This chapter also reported a case study of HR mapping of gastric bioelectrical activity in a 

bypassed stomach 26 months post-surgery. Slow wave characteristics were defined and 

compared with normal controls and current descriptions of gastric bioelectrical activity.  

Despite the lack of dietary ingesta over a prolonged period of time, the human stomach still 

displays bioelectrical activity within normal ranges. Compromised ICC networks in the distal 

corpus and gastric antrum can result in the development of gastric dysrhythmias and 

disorders such as post-operative dysmotility. This case study suggests that surgical cuts in 

the fundic region do not have a significant effect on slow wave characteristics or propagation 

patterns. The electrically quiescent-nature of the fundus appears to support the resection of 

gastric tissue without significant consequences to bioelectrical activity.  

HR mapping of the bypassed stomach also identified the presence of high velocity and high 

amplitude activity in the gastric antrum, as was presented in Chapter 3. This finding 

demonstrates the ability of the stomach to maintain normal propagation patterns critical for 

coordinated gastric motility.  

The clinical applications of this case study are limited as the gastric bypass procedure is a 

permanent rearrangement of the gastrointestinal anatomy. It has however, contributed to our 

understanding of the effects of trauma to the fundus of the stomach. Data suggest that 

surgical procedures involving transection of the fundus will have little effect on the 

bioelectrical activity controlling gastric motility. The observation of slow waves and a region 

of increased amplitude and velocity in the pre-pyloric antrum suggest that the 

electrophysiological properties of the human stomach remain consistent despite disruption to 

ICC networks in the fundus. 
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Chapter 5: This chapter introduced the design, fabrication and validation of a novel 

retractable laparoscopic device capable of in-vivo gastric mapping. The device is able to 

withstand multiple sterilisation processes, can be deployed through a 5 mm surgical port, 

and offers increased coverage when compared with previous designs. The minimally-

invasive nature of the device increases the potential for data collection during routine 

procedures, which are predominantly approached laparoscopically. The smooth, flexible 

nature of the recording head minimises the risk of tissue damage and is able to adapt to the 

curvature of the target organ, improving contact. The hand-held nature eliminates the 

requirement for suturing or clipping, minimising the risk of perforation, but does not 

compromise signal quality by the production of movement artefacts. 

The superior size of the recording head (when compared with previous designs) allows for 

an increased number of recording channels, resulting in greater data acquisition from the 

target organ and increased accuracy when calculating parameters such as velocity, 

activation sequence, and also the probability of detecting and defining dysrhythmic activity. 

The superior number of recording channels also improves the probability of achieving a 

quality recording in one or more channels if others are affected by signal artefact of poor 

contact. 

The device presents the opportunity to study both normal and altered bioelectrical activity. It 

can be applied to elucidate fundamental gastrointestinal physiology such as slow wave 

activation and propagation, pacemaker behaviour and responses to electrical stimulation 

therapies. It can also be used to investigate the electropathophysiological nature of 

gastrointestinal motility disorders such as gastroparesis, and chronic unexplained nausea 

and vomiting syndrome. It may also be employed to investigate the role of disordered slow 

wave activity in delayed recovery following surgical procedures such as fundoplication, 

gastrectomy and bariatric surgery.  
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Validation was performed in-vivo in both a porcine model and a human patient by comparing 

the device with a FPC array currently used in gastrointestinal mapping. The recordings 

captured by the device had a superior signal-to-noise ratio when compared with the 

reference array, and was capable of accurately defining slow wave characteristics such as 

direction, amplitude, velocity and activation time, and could also map dysrhythmic episodes. 

The design of this novel laparoscopic device will allow investigation of slow wave activity in 

greater spatiotemporal detail during minimally invasive surgeries than existing laparoscopic 

devices. The device will become a valuable tool for facilitating the investigation of normal 

and dysrhythmic slow wave activity. In the future it may be used for the diagnosis of 

dysmotility disorders and defining the effects of gastrointestinal surgical procedures on 

bioelectrical potentials. 

6.2  Future Directions 

6.2.1  Clinical Directions 

This thesis has revealed several important questions regarding the development of slow 

wave dysrhythmias following gastric resection. The patients in this work developed either 

ectopic initiation from a distal focus or presented with bioelectrical quiescence. It is unknown 

however as to if, when, or how the electrophysiology of these individuals recovers. This work 

also demonstrated slow wave dysrhythmias in a patient suffering from chronic dysmotility, 

nausea, and food intolerance; however the relationship between dysrhythmic activity and 

symptoms of gastric dysmotility is also not fully understood and requires further 

investigation.  
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Dysrhythmic Bioelectrical Activity and Symptom Correlation 

The best supporting evidence of correlations between symptoms and dysrhythmias is that of 

nausea/vomiting and tachygastria observed using EGG (Owyang and Hasler, 2002). The 

onset of nausea in states such as early pregnancy, gastroparesis and motion sickness 

(Stern et al., 1987, Koch et al., 1990, Hamilton et al., 1986) has been associated with 

dysrhythmias, although it is not known whether dysrhythmic activity produces these 

symptoms, or merely accompanies them. It is also unknown as to whether specific types of 

dysrhythmia are linked to certain symptoms. The implantation of a wireless mapping device 

(see Section 6.2.2) would allow for the prolonged simultaneous monitoring of gastric 

bioelectrical activity and any developing symptoms. It would also facilitate the long-term 

post-operative observation of slow wave initiation and propagation patterns. Canine 

bioelectrical activity recovers after around 4-14 days (Bedi et al., 1972), however the 

mechanisms and time-period governing this recovery in humans is unknown. 

6.2.2  Minimally Invasive Mapping 

The development of minimally-invasive technology for gastrointestinal mapping is essential 

for advancing the technique as a clinical tool. The most widely employed non-invasive 

technique for monitoring gastric electrical disorders is EGG. This approach however is 

unable to provide the spatiotemporal detail required to reliably quantify and classify slow 

wave propagation patterns. This thesis has presented a novel laparoscopic device for 

recording slow wave activity, but the development of endoscopic and wireless approaches 

would be of particular significance.   

Laparoscopic Devices 

Chapter 5 of this thesis presented the design, fabrication and validation of a novel 

laparoscopic device for gastrointestinal mapping. The increased surface coverage and 
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number of recording channels improved on a previous devices (Familoni et al., 1994, 

O'Grady et al., 2009) by improving the accuracy of slow wave propagation and velocity 

estimates. The design detailed in this thesis has the potential to allow mapping during a 

number of laparoscopic procedures including bariatric and anti-reflux surgeries, and will 

assist in determining the effects of gastric resection and manipulation on electrophysiology. 

While this work illustrated substantial advances over previous laparoscopic approaches, 

improvements in the consistency of recording channel dimensions and their proximity require 

attention. It is essential that this area of research is continued as future advances in design 

could target the investigation and therapy of gastric dysrhythmias which underlie gastric 

motility disorders. 

Endoscopic Mapping 

While laparoscopic approaches have significantly reduced the invasiveness of 

gastrointestinal mapping, surgical access and the administration of general anaesthesia are 

still required. The development of endoscopic technology would substantially expand the 

range of clinical research opportunities. A significant proportion of patients suffering from 

motility disorders undergo routine endoscopy, providing an ideal chance to deploy 

endoscopic mapping devices. The feasibility of endoscopic approaches has been 

demonstrated (Coleski and Hasler, 2004), however there are several challenges to the 

development of such techniques. These include the high impedance of the mucosal layer, 

and designing a device with the ability to house many electrodes, conform to the contours of 

the target tissue, and be deployed and retrieved safely. Mucosal systems are also 

challenging to direct to specific sites and can dislodge during peristaltic activity, although 

researchers have attempted to resolve these issues by applying suction electrodes and 

external magnets (Hamilton et al., 1986, Lacy et al., 2002). The development of endoscopic 

mapping is in its infancy, but offers substantial advances on laparoscopic approaches. 
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Wireless Mapping and Implantable Devices 

The development of wireless implantable electrodes (Farajidavar et al., 2012, 

Paskaranandavadivel et al., 2015) provide the opportunity to further decrease the 

invasiveness of gastrointestinal mapping. Although still requiring invasive implantation 

techniques, these devices transmit slow wave recordings directly to acquisition equipment, 

reducing the potential for infection, and offer the potential for continuous, long-term 

monitoring of chronic dysrhythmias and post-surgical slow wave recovery. Implantable and 

wireless prototype devices have been developed and trialled in animal models (Ver Donck et 

al., 2006, Paskaranandavadivel et al., 2015), but require further research before they are 

considered safe for human application. 

Body Surface Magnetic Field Recordings 

Another non-invasive technique with the potential to assess GI slow wave activity is MGG. 

This approach records the magnetic field associated with slow wave propagation via a 

Superconducting Quantum Interference Device (SQUID) (Bradshaw et al., 2006). Studies 

have shown that slow wave frequencies recorded by both EGG and MGG are strongly 

correlated with those collected directly from the surface of the stomach (Somarajan et al., 

2012, Alvarez and Mahoney, 1922). However, only MGG can reliably identify propagation 

patterns and velocity of slow wave activity (Bradshaw et al., 2009). The potential of MGG for 

assessing bioelectrical pathophysiologies of the GI tract has been demonstrated on patients 

suffering from diabetic gastroparesis and chronic mesenteric ischemia (Bradshaw et al., 

2016, Somarajan et al., 2015). This technique however highly-specialised, expensive, 

available to a limited number of researchers, and is considered to be in its experimental 

stages.   
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6.3  Concluding Remarks 

It is clear that slow wave activity has an essential role in gastric motility. The advent of HR 

and minimally-invasive mapping techniques, and an improved comprehension of ICC have 

enhanced our understanding of GI electrophysiology. These advances in knowledge have 

prompted the development of therapeutic options such as the Enterra stimulation device 

offered by Medtronic, Inc.. Such treatments however are in their infancy and the impact of 

these therapies and the mechanisms by which they improve symptoms are not fully 

understood; further investigation of the pathways and mechanisms underlying normal gastric 

slow waves, and the processes resulting in dysrhythmic activity are required. 

The novel technology, bioelectrical mapping methods and gastric slow wave data presented 

within this thesis have furthered our understanding of gastric electrophysiology. It is 

anticipated that clinical application of this knowledge will assist in the development of 

diagnostic and therapeutic strategies.  
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Appendices 

 

Appendix A: Publications, Awards and Presentations 

The following publications, awards and presentations were produced during the course of 

this thesis. 

A.1 Peer-Reviewed Publications 

Berry R, Paskaranandavadivel N, Du P, Trew ML, O’Grady G, Windsor JA, Cheng LK. 
(2017). A novel retractable laparoscopic device for mapping gastrointestinal slow wave 
propagation patterns. Surgical Endoscopy. 31(1), pp 477-486.   

Berry R, Miyagawa T, Paskaranandavadivel N, Du P, Angeli T, Trew ML, Windsor JA, Imai 
Y, O’Grady G, Cheng LK. (2016). Functional physiology of the human terminal antrum 
defined by high-resolution mapping and computational modeling. American Journal of 

Physiology: Gastrointestinal and Liver Physiology. 311 (5), pp G895-G902.  

Berry R, O’Grady G, Du P, Paskaranandavadivel N, Beban G, Cheng LK. (2017). Patterns 
of abnormal gastric pacemaking after sleeve gastrectomy defined by laparoscopic high-
resolution electrical mapping. Obesity Surgery. In press. DOI: 10.1007/s11695-017-2597-6. 

A.2 Awards 

2012 Commonwealth Scholarship 

The University of Auckland, New Zealand 

2015 Riddet Institute Grant 

Riddet Institute, Massey University, New Zealand 
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A.3 Oral Presentations 

Berry R, Paskaranandavadivel N, Du P, Angeli T, Vather R, Windsor JA, Trew ML, O’Grady 

G, Cheng LK. 
High-resolution mapping of slow wave activity in the terminal gastric antrum of humans. 
International Gastrointestinal Electrophysiology Society (iGES) meeting, Washington DC, 

USA, 2015. 

 
Berry R, Paskaranandavadivel N, Du P, Angeli T, Vather R, Windsor JA, Trew ML, O’Grady 

G, Cheng LK. 
A multi-channel laparoscopic device for mapping gastric slow wave activation patterns: a 
pilot trial. 
International Gastrointestinal Electrophysiology Society (iGES) meeting, Washington DC, 

USA, 2015. 

 
Berry R. 

Super-slim me: surgery, the stomach and sudden independence. 
Riddet Institute Center of Research Excellence Student Colloquium, Wellington, NZ, 2014 

 

Berry R, Paskaranandavadivel N, Du P, O’Grady G, Trew ML, Windsor JA, Cheng LK.  
A novel retractable laparoscopic device for mapping gastrointestinal slow wave propagation 
patterns.  
Federation of European Physiological Societies (FEPS) Conference, Budapest, Hungary, 

2014. 

 

Berry R. 

Modelling and mapping the human gastrointestinal system in health and disease 
Auckland Bioengineering Institute Friday Forum, Auckland, NZ, 2013. 

A.4 Conference Abstracts 

Berry R, Paskaranandavadivel N, Du P, Trew ML, Windsor JA, O’Grady G and Cheng LK. 

(2015). A multi-channel laparoscopic device for mapping gastric slow wave activation 
patterns: a pilot clinical trial. Gastroenterology. 148 (4) S-826. 

Berry R, Paskaranandavadivel N, Du P, Angeli T, Vather R, Windsor JA, Trew ML, O’Grady 

G and Cheng LK. (2015). High-resolution mapping of slow wave activity in the terminal 

gastric antrum in humans. Gastroenterology. 148 (4) S-535. 

Berry R, Paskaranandavadivel N, Du P, O’Grady G, Trew ML, Windsor JA, Cheng LK. 
(2014). A novel laparoscopic device for quantifying gastric slow wave activity. Acta 

Physiologica. 211 (s697). pp 114. 
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Berry R, O’Grady G, Du P, Paskaranandavadivel N, Beban G, Cheng LK. (2016). Ectopic 
gastric pacemaking after laparoscopic sleeve gastrectomy. For presentation at the 

Federation of Neurogastroenterology and Motility (FNM) International Scientific Meeting 

Hosted by American Neurogastroenterology and Motility Society (ANMS), San Francisco, 

California, USA, August 2016. 



126 
 

Appendix B: Computational modelling 

The following equations provide the technical details of the CFD modelling in Section 3.1.3. 

Conservation laws of mass and momentum for incompressible fluids are given by 

0 u , 

  guuu
u

 


 2p
t

, 

where t refers to the time, u the velocity, p the pressure, ρ the density, μ the viscosity, and g 

the gravity.  The lattice Boltzmann method was used to solve these equations, where the 

multiple-relaxation-time D3Q19 model (d'Humières, 2002) was applied. Assuming that the 

gas-liquid interface remains flat during gastric mixing, the interface position was analytically 

available from the volume conservation in the stomach.  For moving wall boundary 

conditions, the bounce-back scheme was applied.  Uniform Cartesian grids were used with a 

grid size of 1.5 mm, where the grid size was determined by a mesh convergence test. 

We quantified the extent of gastric mixing using the time integration of rate-of-strain tensor.  

The time integration of rate-of-strain tensor for a cycle C is given by 

   
C

dt
0

T

2

1
uuE

, 

Mixing efficiency was defined using the spatial average of the second invariant of this tensor. 

Note that this value also represents the shear strength of antral recirculation.   
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Appendix C: Comparison of slow wave characteristics pre- and post-LSG 

This table reports the average values of frequencies, amplitudes and velocities between pre- 

and post-sleeve slow wave activity (see Section 4.1). 

 Pre-Sleeve Post-Sleeve p-value 

Frequency (cpm) 2.7 ± 0.3 2.8 ± 0.3 0.7 

Amplitude (mV) 1.7 ± 0.2 1.6 ± 0.6 0.7 

Velocity (mm s-1) 3.8 ± 0.8 12.5 ± 0.8 0.01 
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Appendix D: Comparison of slow wave characteristics between the laparoscopic 

device and reference electrode array. 

This table summarises the differences between the laparoscopic device and reference 

electrode array in Chapter 5. 

 Laparoscopic Device Reference Electrode 

Array 

p-value 

Frequency (cpm) 2.5 ± 0.4  2.6 ± 0.4 0.91 

Amplitude (mV) 1.3 ± 0.1 1.4 ± 0.1 0.4 

Signal to Noise Ratio 

(dB) 

17.5 ± 0.65 12.8 ± 0.60 <0.001 

Velocity (mm s-1) 8.9 ± 0.2 8.7 ± 0.1 0.2 
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