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Abstract 

Colonic motility disorders and faecal incontinence affect at least one-third of the adult 

population. However, patient satisfaction with treatment outcomes is often poor. This lack of 

effective therapies is largely due to incomplete understanding of colonic motor patterns and 

their underlying control mechanisms. 

A distal braking mechanism in the colon, or rectosigmoid brake, has been hypothesised for 

many decades; however, descriptions remain vague. This thesis aimed to clarify the 

physiology and clinical significance of the ‘rectosigmoid brake’. 

Narrative and systematic reviews of existing literature on the rectosigmoid brake were 

undertaken. A porcine model was developed, and high-resolution (HR) recordings and sacral 

nerve stimulation were applied to this model. While technical success was achieved, as 

opposed to the stomach and small intestine, it was determined that an anaesthetised pig is not 

a suitable model for the study of colon motility. 

The anatomical correlation of ‘rectosigmoid brake’ activity was defined using HR 

manometry. The most likely motor pattern involved in the brake in healthy colon is the cyclic 

motor pattern most prominently seen in the rectosigmoid region travelling in the retrograde 

direction. This motor pattern appears to occur independent to proximal propagating 

sequences but is strongly associated with a meal, suggesting an underlying neurogenic 

control mechanism. 

The electrophysiological basis of the rectosigmoid brake was studied using intraoperative 

recordings in patients undergoing abdominal operations. While prominent cyclic activity was 

shown manometrically, no consistent slow waves were observed in the corresponding region 

of the colon, suggesting—in contrast to the current theory that the interstitial cells of Cajal 

and associated slow waves are responsible for the cyclic motor pattern—that a neurogenic 

mechanism predominates. 

The potential role of the rectosigmoid brake as a therapeutic target in faecal incontinence was 

investigated. Patients have altered cyclic motor patterns, and sacral nerve stimulation 

increases the number of retrograde propagating motor patterns. 
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Last, an objective automated method was developed for high-throughput HR manometry data 

analysis, and validated using the current manual analysis method. 

Overall, this thesis presents the rectosigmoid brake as a potential therapeutic target for 

colonic motility disorders, as well as various advances in the study of colonic motility, and 

serves as a platform for future research. 
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Chapter 1  Introduction 

The movement of digesta through the gastrointestinal tract requires intrinsic neurohormonal 

circuits acting on a morphologically intact digestive tract. These are highly auto-regulated 

and coordinated events, optimised for the ideal transit, maximum absorption and timely 

elimination of waste products. The large intestine serves as a final path for the above 

processes, and disorders can have a significant impact on the quality of life [1-4]. Multiple 

feedback mechanisms or brakes have been described [5-13]. A distal colonic brake or a 

rectosigmoid brake has also been hypothesised [14]. This thesis aimed to further describe this 

brake and investigate its potential role as a therapeutic target. 

Chapter 1 will first review the human large intestine anatomy and physiology, and the study 

of colonic motor function, which serves as the basis for the subsequent chapters in this thesis. 

1.1 Anatomy of human large intestine 

The human large intestine is a tubular structure of approximately 150 cm in length consisting 

of the colon and the rectum. The colon contains regions derived from the embryonic midgut 

and hindgut, with an arbitrary division point around the splenic flexure, also known as 

Griffiths point [15]. 

The wall of the colon comprises the mucosa, submucosa, muscularis externa and serosa. The 

muscularis externa of the colonic wall consists of an outer longitudinal and an inner circular 

muscle layer. The longitudinal muscle fibres are gathered into three bands, known as the 

taeniae coli, lining the anterior, posterolateral and posteromedial aspects of the colon. The 

taeniae converge as a complete longitudinal muscle layer proximally at the appendix, and 

distally into the rectum. The conformation of the taeniae coli and the circular muscle layer 

shapes the colon into haustra, giving the colon a sacculated appearance [16]. 

The majority of the large intestine is covered at least partially by the visceral peritoneum. The 

ascending and descending colon are fixed to the abdomen posteriorly. The transverse colon is 

invested by the peritoneum and is suspended inferiorly from the greater curvature of the 

stomach via the gastrocolic omentum (or ligament). The sigmoid colon extends from the 

descending colon at the pelvic brim to the rectum. The sigmoid colon is also entirely invested 

by the peritoneum [16]. 
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The rectosigmoid region is where the taeniae converge and form a complete muscular layer 

that surrounds the rectum. This can occur anywhere from 16 to 44 cm from the anal verge 

[17]. The exact start and end of this region is still being debated [18, 19]. The rectum is 

approximately 12–15 cm long. A healthy rectum has the ability to relax and accommodate an 

increase in volume without a significant change in pressure [20, 21]. Distension of the rectum 

can lead to the desire to defaecate [20]. The rectum follows the posterior concavity of the 

sacrum. The upper third of the rectum is invested by the peritoneum anteriorly and laterally; 

the middle third has peritoneum anteriorly, whereas the lower third of the rectum is entirely 

extraperitoneal. In the coronal plane, there are three lateral curvatures: the upper and lower 

curves convex to the right, and the middle curve convex to the left. In the lumen, the rectum 

is lined by three transverse rectal folds (valves of Houston). The rectum descends posteriorly 

and transitions into the anal canal [22]. 

The anatomical anal canal extends from the dentate line to the anal verge. The surgical anal 

canal is a more functional description. The surgical anal canal extends from the anorectal ring 

(pelvic visceral aperture) down to the anal verge [23]. It is approximately 4 cm long in men 

and usually shorter in women. The anal transition zone exists above the dentate line where 

squamous epithelium of the anoderm becomes columnar epithelium of the colorectal mucosa. 

This region can span over 0.45 cm [24]. The anal sphincter muscles consist of internal and 

external anal sphincters. The internal sphincter is a continuation of the inner circular muscle 

layer of the rectum. It is made up of smooth muscles. The longitudinal muscle layer of the 

rectum continues into the external anal sphincter complex [25, 26]. Santorini originally 

described three separate layers of the external sphincter muscles including deep, superficial 

and subcutaneous muscle bundles [27]. More recent studies, including those using magnetic 

resonance imaging, now show that there are most likely only two distinct layers of the 

external anal sphincter, with the deep bundle indistinguishable from the puborectalis muscle 

[28-30]. 

The organs of the pelvic viscera are supported by the pelvic floor muscles. Von Behr gave 

these muscles a collective name—the levator ani [31]. An opening in the centre, or the 

levator hiatus, is where the rectum exits. The earlier description of the levator ani included 

coccygeus, ileococcygeus and pubococcygeus muscles [32]. These muscles originate from 

the pubic bone and the fascia of the obturator internus muscle and insert into the coccyx. Holl 

later described the puborectalis, which comprises additional muscle fibres that loop around 

the rectum rather than inserting into the coccyx [33]. The levator hiatus size and the anorectal 
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angle change with contraction of the puborectalis, whereas the other muscles control the 

ascent and descent of the pelvic floor [34, 35]. 

1.2 Blood supply and venous drainage 

The part of the large intestine that is derived from the embryonic midgut receives its blood 

supply from the superior mesenteric artery and its branches. The superior mesenteric artery is 

the second ventral branch of the aorta; it arises from the aorta below the coeliac axis [36]. It 

passes behind the pancreas and crosses ventral to the third portion of the duodenum. The 

middle colic artery arises from the superior mesenteric artery below the uncinate process of 

the pancreas. It typically branches into left and right branches and supplies the transverse 

colon. The left branch of the middle colic artery may communicate with the left colic artery 

via the marginal artery. The ileocolic artery is the terminal branch of the superior mesenteric 

artery. It supplies the terminal ileum, caecum and ascending colon. The origin of the right 

colic artery is variable and can be absent [37]. 

The majority of the hindgut structures (the remainder of the colon and the rectum) receive 

blood supply from the inferior mesenteric artery and its branches. The left colic artery is the 

first branch of the inferior mesenteric artery and may connect with the left branch of the 

middle colic artery. The sigmoid artery arises as a descending branch of the inferior 

mesenteric artery [36]. 

The superior rectal artery (superior haemorrhoidal artery) is the terminal branch of the 

inferior mesenteric artery. Its branches course down the rectum, with the most distal branch 

entering the bowel wall at approximately 4 cm above the dentate line and continuing in the 

submucosa down to the dentate line [38]. The presence of middle rectal arteries can be 

inconsistent [39, 40]. The middle rectal arteries can arise from the pudendal, the inferior 

gluteal or the internal iliac arteries, and course along the lateral ligaments to reach the rectal 

wall and anastomose with the superior and inferior rectal arteries [40, 41]. The inferior rectal 

arteries arise from the pudendal arteries, which are branches of the internal iliac arteries. 

They penetrate the external and internal anal sphincters to reach the submucosa and 

subcutaneous tissue of the anal canal. They may communicate with the inferior rectal arteries 

from the opposite side or the middle rectal arteries of either side [42]. 

The caecum and ascending and transverse colon drain into the superior mesenteric vein. The 

descending colon, sigmoid colon and proximal rectum drain via the inferior mesenteric vein. 
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The superior and inferior mesenteric veins join the splenic vein in different configurations 

[43], and become the portal venous system. The rectum can drain via the portal system and 

the systemic circulation. The upper two-thirds of the rectum can drain via the superior rectal 

vein, which joins the inferior mesenteric vein. The lower rectum and the upper anal canal 

drain via the middle rectal vein into the internal iliac veins and the systemic circulation. The 

lower anal canal drains via the inferior rectal veins, which drain to the systemic circulation 

via the internal iliac veins [16]. 

1.3 Innervation 

The large intestine is innervated by the autonomic nervous system, which consists of the 

parasympathetic, the sympathetic and the enteric nervous systems. The parasympathetic 

nervous system serves primarily excitatory functions in the gastrointestinal tract. The 

sympathetic nervous system inhibits secretary function and provides tonic inhibition to the 

non-sphincteric muscles; however, it provides excitatory input to sphincter muscles including 

the internal anal sphincter [44, 45]. The main parasympathetic neurotransmitters include 

acetylcholine and tachykinins, while the main sympathetic neurotransmitter is noradrenaline 

[46].  

The midgut structures receive parasympathetic innervation through the posterior division of 

the vagal nerve, and sympathetic stimulation via the lesser splanchnic nerves (T10–11). The 

hindgut structures receive parasympathetic stimulation by the pelvic splanchnic nerves (nervi 

erigentes), with cell bodies in the lateral horns of the second, third and fourth sacral nerve 

roots. These preganglionic parasympathetic fibres travel superiorly and laterally to join the 

inferior hypogastric plexus. The nerve fibres ultimately synapse in the bowel wall within the 

myenteric plexus of Auerbach and Meissner’s (submucosal) plexus [44, 45]. The hindgut 

receives sympathetic stimulation via the lumbar splanchnic nerves (L1–2), which synapse 

with fibres from the aortic plexus. The left colon and the upper rectum are supplied by the 

postganglionic fibres that follow the inferior mesenteric artery and its branches. The lower 

rectum is supplied by the superior hypogastric plexus, which originates from the fusion of the 

aortic plexus and the lumbar splanchnic nerves [44, 45]. 

The pelvic floor muscles are supplied directly by the third and fourth sacral nerve roots on the 

cephalic side of the muscles [47]. The pudendal nerves are paired nerves, one on each side. 

They arise from the second, third and fourth sacral nerve roots [48]. The pudendal nerve exits 
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the pelvis via the greater sciatic foramen, courses behind the sacrospinous ligament, and then 

passes in a ventrocaudal direction to enter the perineal region through the lesser sciatic 

foramen. In the perineum, the pudendal nerve enters the pudendal (Alcock’s) canal along the 

lateral wall of the ischioanal fossa [48]. The pudendal nerve branches to innervate the 

external anal sphincter; the clitoris; the ischiocavernosus, bulbocavernosus and superficial 

transverse perineal muscles; the striated urethral sphincter; and the skin to the perineum [49]. 

The pudendal nerve carries sympathetic fibres but not parasympathetic fibres [50]. 

The enteric nervous system is a meshwork of neurons embedded in the lining of the 

gastrointestinal tract that is capable of acting independently to regulate intestinal motility but 

can be influenced by the sympathetic and parasympathetic nervous systems. The enteric 

nervous system utilises many of the same neurotransmitters present in the central nervous 

system [51]. The human enteric nervous system contains over 100 million neurons, similar to 

the number of neurons present in the spinal cord [52]. The nerve cell bodies are clustered in 

the myenteric and submucosal layers. The enteric neurons located in the myenteric plexus are 

mostly involved in motor movements, whereas the submucosal plexus controls secretion and 

local blood flow. Over a dozen types of enteric neurons have been described [53]. These 

neurons are categorised into three classes: intrinsic primary afferent neurons, interneurons 

and motor neurons. The excitatory and inhibitory motor neurons innervate the smooth muscle 

cells (longitudinal and circular) and allow for complex motor patterns [53]. 

1.4 Colonic motility 

1.4.1 Contractile unit 

The basic motor unit of the gastrointestinal tract is composed of bundles of smooth muscle 

fibres. The contraction of smooth muscle fibres occurs in response to the entry of calcium 

ions. Calcium ions act through calmodulin, which activates the myosin filaments and causes 

an attractive force to develop between the actin and myosin filaments, leading to muscle 

contraction [54]. 

The cells within each smooth muscle fibre are electrically connected by gap junctions, which 

allow for low-resistance ion flow from one smooth muscle cell to the next. The normal 

resting membrane potential lies around −60 to −80 mV [55, 56]. Muscle fibres become more 

excitable when the membrane potential becomes less negative and vice versa. The threshold 

is regulated by neurohormonal inputs from the autonomic nervous system including the 
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enteric nervous system. There is also an undulating fluctuation in the resting membrane 

potential of the gastrointestinal tract, known as slow waves, with an average intensity of 

12 mV [56]. Slow waves direct the rhythmic oscillations of intracellular calcium and 

activation of membrane ion channels that cause depolarisation. These result in periods of low 

and high excitability of the smooth muscle cells. If depolarisation passes a certain threshold, 

contraction may result [57]; this is known as electromechanical coupling. When 

unstimulated, most slow waves in the colon usually do not mount to a detectable contraction. 

When stimulated (e.g., via cholinergic stimulation, also known as pharmacomechanical 

coupling [57]), action potentials can occur during the depolarisation phase of the slow waves. 

This can lead to motor patterns occurring at the slow-wave frequency. Propagations, 

especially short-duration rhythmic propagating contractions, occur when the excitatory motor 

neurons are activated and the slow waves are phase-locked. The maximum frequency of 

smooth muscle contractions depends on the slow-wave frequency of the particular segment of 

the gastrointestinal tract. It is approximately 3 cycles per minute (cpm) in the stomach, 

12 cpm in the proximal small bowel and 2–6 cpm in the colon [58]. 

1.4.2 Interstitial cells of Cajal 

The origin of the slow waves was once thought to be smooth muscle cells [57], but now it is 

generally accepted that slow waves originate from the interstitial cells of Cajal (ICC) [59, 

60]. These cells are recognised by their immunoreactivity for C-Kit (CD117). Different 

populations of ICC have been described. ICC located in the submucosa (ICC-SM) are 

believed to be the origin of the lower frequency (2–6 cpm) slow waves, while ICC in the 

myenteric region (ICC-MY) are likely to be the pacemaker for small rapid 12–20 cpm 

myenteric potential oscillations [56]. In addition, ICC-IM (intramuscular) are found to have 

tight contact with nerve cell varicosities and smooth muscle cells, suggesting that they serve a 

role in modulating signals between the nervous systems and the gastrointestinal smooth 

muscle cells. ICC have been implicated in a variety of gastrointestinal disorders and a 

detailed review has been carried out in other publications [61, 62]. More recently, a fourth 

cell type has been identified to contribute towards colonic motility control. Platelet-derived 

growth factor receptor alpha-positive (PDGFRa) cells are fibroblast-like cells or ICC-like 

cells that resemble ICC but are C-Kit negative. PDGFRa cells are involved in inhibitory 

neurotransmission [63]. ICC and PDGFRa cells form a highly coordinated complex circuit, 

allowing for the numerous motor patterns seen in the gastrointestinal tract. 
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1.5 Defaecation 

The maintenance of continence and the act of defaecation require a complex interplay 

between the autonomic and somatic nervous systems. An anatomically and physiologically 

intact gastrointestinal tract is necessary to achieve ‘normal’ bowel function. Disruption of this 

coordinated activity can lead to disorders ranging from constipation to faecal incontinence 

[64-71]. 

Four phases of defaecation have been described [53, 72]: 

1. During the basal phase, there is a net antegrade (aboral) direction of travel for 

intraluminal content. As contents travel down the colon, complex motor patterns aid 

in gradual desiccation and mixing. The stool becomes progressively more solid [73]. 

A braking mechanism has been proposed in the distal bowel that prevents the 

untimely release of content into the rectum [14]. This will be described in detail in 

Chapters 2 and 3. The pelvic floor muscles and the anal sphincters remain in a state of 

contraction at rest [74], and the puborectalis muscle maintains the anorectal angle at 

approximately 90 degrees to maintain continence [75]. 

2. In the pre-expulsive phase, one becomes aware of the urge to defaecate. Distension of 

the rectum is regarded as the primary trigger for this sensation [76-78], while 

distension of the colon generally leads to the passage of flatus or pain [79]. However, 

distension of the colon has also been linked to the urge to defaecate, as shown by 

manometry studies that the urge to defaecate is often associated with proximal 

propagating sequences [80]. During the period before defaecation, there is a 

progressive distal migration of propagating sequences [81], and this may be absent in 

patients suffering from chronic constipation [82]. 

3. During the expulsive phase, the presence of contents in the rectum and the conscious 

decision to defaecate allow for a variable amount of stool to be expelled. This phase is 

typically associated with high-amplitude propagating sequences (HAPSs) or mass 

movements measured in the colon [83, 84]. The internal anal sphincter relaxes as a 

response to increased rectal pressure [85]. With the Valsalva manoeuvre (contraction 

of the abdominal muscles and the diaphragm against a closed glottis), the pelvic floor 

relaxes, which straightens the anorectal angle [86-88], and the external anal sphincter 

relaxes. These events decrease intra-anal pressure while increasing intrapelvic and 



 

8 

intrarectal pressure, leading to the final expulsion of stool. 

4. The final phase is the termination of defaecation. Abdominal straining ceases and the 

intra-abdominal pressure normalises. The external anal sphincter and the pelvic floor 

muscles contract, while the internal anal sphincter slowly recovers its tone. 

Contraction of the puborectalis restores the anorectal angle [74, 89]. 

1.6 Motility testing 

Despite the wide prevalence of motility disorders attributed to the colon, relatively little is 

known about the motor patterns and transit of the colon. This is likely due to the difficulty 

with organ access and the long transit time, which makes prolonged recordings technically 

and logistically challenging. The study of colon motor function can generally be classified as 

transit studies (e.g., cinefluoroscopy, radiopaque markers, scintigraphy and pill-tracking 

systems), pressure recordings (e.g., manometry and barometry) and electrical recordings. The 

following section briefly discusses these methods. 

1.6.1 Cinefluoroscopy 

This method involves the use of a contrast agent and live fluoroscopic imaging to visualise 

the colon. Cannon made some important observations in the feline colon in the early 20th 

century. He noted rhythmic segmentation of the intestinal contents, peristalsis and 

antiperistalsis in the colon [90]. Ritchie later demonstrated similar activities in humans [91]. 

While fluoroscopy is often used to study the upper gastrointestinal tract, as well as the pelvic 

floor, this method is mostly historical for the study of colonic motility owing to the amount of 

radiation exposure required. Nevertheless, it offers the opportunity to observe content flow in 

the colon as it is occurring. 

1.6.2 Radiopaque markers 

This study is characterised by the ingestion of markers that are visible in the gastrointestinal 

tract on radiographs (X-rays). X-rays are taken at predetermined intervals to determine the 

intestinal transit. SitzMarks (Konsyl Pharmaceuticals, USA) is a commercially available 

capsule containing 24 radiopaque markers; markers of different shapes can be obtained. 

Various protocols have been described utilising different numbers of radiopaque markers. 

Two general approaches have been described: the first approach involves ingesting all 

markers on a single day followed by X-rays taken at predetermined intervals; the second 
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approach involves ingestion of markers on different days, followed by X-rays at 

predetermined intervals [92]. The latter approach also allows for the calculation of segmental 

transit. The Hinton method is a popular protocol based on the first approach. One capsule 

containing 20–24 radiopaque markers is taken on day one followed by an abdominal X-ray 

on day five. Retention of greater than 20% of the markers (>5) indicates slow-transit 

constipation [93]. 

1.6.3 Scintigraphy 

This test involves the ingestion of a radioactive meal or radiolabelled non-absorbable 

charcoal (99mTc or 111In), followed by multiple images taken with a gamma camera at 

predetermined intervals (usually at 4, 24 and 48 h). There are two methods of reporting. The 

first method considers the overall colon transit, expressed as geometric centres; the second 

method uses emptying of the ascending colon as a marker [92]. The geometric centre is the 

weighted average of the isotope distribution within the colon and stool. It is expressed as the 

sum of the multiplication results of the proportion of the count in each colon segment 

multiplied by a weighting factor [94]. A low geometric centre indicates that the isotope is 

close to the caecum, and a high value indicates that the isotope has progressed more distally. 

1.6.4 Pill-tracking systems 

There are two commercially available pill-tracking systems available. The wireless motility 

capsule, or the SmartPill System (SmartPill Corporation, Buffalo, NY, USA), is a novel way 

to measure transit, pressure, temperature and pH in the gastrointestinal tract [95]. The 

characteristic changes of pH in different parts of the gastrointestinal tract allow for the 

determination of regional transit; for example, the pH rises abruptly as it exits the stomach 

and drops through the ileocaecal region. 

Another system is the Magnetic Tracking System MTS-1 (Motilis, Lausanne, Switzerland). 

The technique is based on the continuous tracking of a small magnet by using an external 

matrix of 16 sensors. A three-dimensional (3D) map can be constructed to display the magnet 

displacement and calculate the velocity, transit, distance and rhythms [96]. 

Transit studies including radiopaque markers and scintigraphy are recommended by 

numerous societies to investigate motility disorders, especially medically refractory 

constipation [97-99]. These studies quantify transit but do not examine the underlying 
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propulsive mechanism in the colon. Pill-tracking systems overcome some of the limitations 

but only provide recordings from a single point at a time. 

1.6.5 Colonic manometry 

Manometry measures phasic pressure changes at multiple locations in the gastrointestinal 

tract over time. It is important to note that pressure is measured rather than contraction. There 

is evidence to suggest pressure waves or propagation seen on manometry translates to content 

flow [100]. While oesophageal manometry has become the standard of care for investigating 

oesophageal motility disorders [101, 102], colonic manometry remains largely in the research 

domain because of the difficulty with organ access, analysis and disease correlation. The 

recent development of high-resolution (HR) manometry for the colon has revolutionised our 

understanding of colon motor patterns. It has been shown that traditional or low-resolution 

colonic manometry can grossly misinterpret colonic motor patterns [103]. A more in-depth 

description of the technique will be presented in Chapter 4. 

1.6.6 Barometry 

Barometry or barostat measurement is a way of studying pressure and volume changes in the 

colon [73]. As opposed to manometry, it measures the tone. It is capable of detecting 

contractions that do not result in a significant pressure change. Barometry can also measure 

relaxation. The setup typically contains a compressible polyethylene balloon placed 

intraluminally. The barostat consists of a rigid piston within a cylinder that can be set at a 

predetermined air volume or pressure in the attached balloon. Contraction of the colon 

constricts the balloon and reduces the volume of the balloon. A major drawback of the 

barostat system is that the balloon distension itself can stimulate bowel contractions. 

1.6.7 Electrical recording 

Extracellular recordings taken from the surface of the gastrointestinal tract have been an 

important technique in motility research since the early 20th century. Walter Alvarez first 

recorded extracellular electrical potentials from the stomach and small intestine, and showed 

a concordance between slow waves and contractions [104]. Unlike the heart, where the 

electrocardiogram is a diagnostic tool used on a daily basis, at the current time, diagnosis of 

gastrointestinal disorders does not involve the examination of alteration in the gastrointestinal 

electrical activities. Major impediments to the popularisation of measuring electrical activity 
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include a lack of special resolution for the complex electrical patterns to correlate with 

diseases. Further, organ access often requires invasive measures, such as laparotomy. This 

makes electrical recordings impractical in most situations. Extracorporeal recordings such as 

body surface electrogastrography and electrocolonography can be problematic because of low 

target organ signal amplitude and poor signal-to-noise ratio. Recently, there has been 

increased interest in the study of electrophysiology of the gastrointestinal tract as ICC or 

pacemaker cells have been found to be involved in many gastrointestinal motility disorders 

[105]. 

The application of HR electrical mapping to the gastrointestinal tract allows the display of 

spatiotemporal detail that was previously lacking [106]. HR electrical mapping has now been 

applied to the gastrointestinal tract in the disease state, and has improved our knowledge of 

disorders including gastric dysrhythmias [107]. This new understanding in electrophysiology 

may be a pathway for future novel therapeutic options. Electrical recording from the colon is 

seldom performed, and HR electrical mapping has yet to be applied to the human colon. This 

method will be described in further detail in Chapter 4. Chapter 6 aimed to apply HR 

electrical mapping to the human colon. 

1.7 Colonic motor patterns 

Gastrointestinal motility is a highly complex interplay of autonomous activity with input 

from the neurohormonal system. Digestion requires intestinal secretion and mixing of the 

digesta. In addition, slow but steady propulsion is needed for adequate absorption of 

nutrients. The digesta enters the colon in a fluid state, typically 1–2 L a day. The colon 

absorbs most of the water and electrolytes, where the transit time can take over 24 h, and is 

eventually left with approximately 200 mL in the excretion. The propulsion rate slows 

distally while mixing and turning movements intensify, leading to a number of propagating 

and non-propagating contractions, travelling in antegrade and retrograde directions. 

Colonic manometry allows for the detailed examination of motor patterns in the colon. Many 

different colonic motor patterns have been described [73, 108-111]; however, a lack of 

standardisation of study techniques, analytical methods and terminologies has made colonic 

manometry results difficult to compare [73]. This problem was addressed in Chapter 8, where 

an automated method was developed to provide a more consistent way to analyse HR 

manometry data form the colon. 
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Using manometric terms, a pressure change at a single recording site is defined as an event. 

Pressure increases that propagate across multiple sensors are termed a propagating sequence. 

A propagating sequence or a collection of propagating sequences that fit a particular pattern 

is termed a motor pattern [73, 109, 110]. Colonic motor patterns can be categorised using the 

frequency of occurrence, amplitude and duration of each propagating event. The relationship 

(association with sleep/awakeness, meals or medication) has also been noted to be important. 

Some prominent motor patterns seen in humans are briefly outlined below. 

1.7.1 High-amplitude propagating sequence 

The most well-known motor pattern observed using colonic manometry is the HAPS or also 

known as high amplitude propagating contraction. It is likely to represent the giant migrating 

contractions or ‘mass movements’ seen in cinefluoroscopy. It can lead to a rapid propulsion 

of contents down a significant length of the colon. HAPSs are characterised by high-

amplitude pressure changes that propagate a significant distance down the colon. The exact 

amplitude cut-off depends on sensor sensitivity, and varies in the literature [83, 109, 111]. 

Under HR manometry, there is a very distinctive amplitude and velocity to the propagating 

pattern (personal observation). Further research is needed to distinguish HAPSs from other 

higher amplitude pressure changes in the colon. An additional feature is that HAPSs are 

always antegrade in direction. HAPSs are typically observed after a meal or on awakening 

[83, 109]. HAPSs are the result of proximal activation of smooth muscle cells, and distal 

inhibition of the muscle cells (polarised reflex). These are true peristalsis defined by Bayliss 

and Starling contractions [112]. 

1.7.2 Cyclic motor pattern 

HR manometry has recently demonstrated that the most prevalent motor pattern in the colon 

comprises repetitive 2–6 cpm pressure events, also known as the cyclic motor pattern [109]. 

This motor pattern is prominent soon after a meal and originates most frequently in the distal 

bowel. In fact, this motor pattern is not new and has been reported in the past. The distal 

dominance of this motor pattern, especially at night, prompted the theory of it acting as a 

braking mechanism to impede the flow of content to the rectum [14]. They can be recorded at 

a single site or can propagate over distance in either direction [14]. However, because of the 

low-resolution nature of previous measuring techniques, this pattern is often under-



 

13 

appreciated or incompletely described. The analysis of this motor pattern forms a vital part of 

this thesis. 

1.7.3 Long single motor pattern 

This motor pattern travels a long distance in the colon, often with a high velocity. Each 

propagating sequence is separated from another by a gap of over a minute [109]. This pattern 

dominates in the manometry recording of healthy and slow-transit colon ex vivo or in an 

organ bath [113]. The functional significance is still unknown. The long single motor pattern 

can be mistaken in traditional manometry as the HAPS (personal observation). 

1.7.4 Short single motor pattern 

This motor pattern travels a short distance in the colon, and can travel in both antegrade and 

retrograde directions. Each propagating pattern is separated from another by a gap of over a 

minute [109]. The functional significance is still unknown. 

1.7.5 Retrograde slow propagating motor pattern 

This pattern is rarely seen in the human colon. It is characterised by slow retrograde 

propagation of less than 0.5 cm/s over a distance of more than 40 cm [109]. It is often 

observed to initiate in the sigmoid colon in the fasting state. The functional significance 

remains unknown. 

1.7.6 Other motor patterns 

The differences in measuring techniques and non-standardised analytical methods have 

resulted in many other descriptions [73, 110, 111]. Whether they are the same or distinct 

patterns is still largely to be determined. Study on functional correlation or correlation with 

radiography is needed to determine the significance of many motor patterns. 

1.8 Thesis hypothesis and aims 

The anatomy and physiology of the human large intestine was reviewed in this chapter. 

Although colonic motility disorders are prevalent, there is only a crude understanding of 

human colonic motor function. The field of gastrointestinal motility study is rapidly 

progressing with the advancement of HR techniques including manometry and electrical 
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mapping. Improved understanding of the physiology behind gastrointestinal movements can 

also open up potential targets for therapies. 

The principal aim is to study distal colon function by using a variety of HR techniques, 

focusing on defining the rectosigmoid brake. The central hypothesis is that the rectosigmoid 

brake acts as a gatekeeper in maintaining continence. The potential role of the rectosigmoid 

brake as a therapeutic target is also explored. With more knowledge from HR studies, the 

rectosigmoid brake could become a therapeutic target in patients with colonic motility 

disorders. 

The specific aims of the subsequent chapters are as follows: 

• Chapter 2: To synthesise a narrative review using literature that led to the hypothesis 

of a distal braking mechanism—the rectosigmoid brake. Potential clinical significance 

of the rectosigmoid brake is evaluated. 

• Chapter 3: To systematically review the existing evidence on the rectosigmoid brake. 

• Chapter 4: To develop an animal model for future colonic motility study. The main 

investigation techniques utilised in this thesis, including HR manometry, HR 

electrical mapping, and sacral neuromodulation are presented here. 

• Chapter 5: To define the motor pattern responsible for the rectosigmoid brake by 

using healthy volunteers. Anatomical correlation is provided here. 

• Chapter 6: To study the electrical activity responsible for the rectosigmoid brake by 

studying the distal colon in patients undergoing abdominal surgery. 

• Chapter 7: To investigate the rectosigmoid brake as a potential therapeutic target in 

treating patients with faecal incontinence. 

• Chapter 8: To develop an objective, automated, user-friendly analytical tool to 

interpret the vast amount of data generated from colonic HR manometry. 

• Chapter 9: To discuss the clinical application of the rectosigmoid brake, and current 

limitations of HR manometry and HR electrical mapping in the colon, followed by a 

discussion of future directions arising from the findings of this body of work. 
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Chapter 2  The Rectosigmoid Brake: A Narrative Review 
of an Emerging Neuromodulation Target for Colorectal 

Disorders 

Part of this work has been published in Clinical and Experimental Pharmacology and 

Physiology (2017, vol. 44(7), pp. 719–728). 

2.1 Introduction 

Networks of gastrointestinal brakes have long been proposed to provide negative feedback 

controls on gastrointestinal motility [5-13]. Duodenal and jejunal brakes are recognised 

responses to the arrival of nutrient-dense chyme in the small intestine. These brakes trigger 

neurohormonal circuits that impart feedback control on gastric emptying, gastric distention 

and satiety [8, 9]. The ileal brake is capable of exerting a potent inhibition of intestinal 

motility following the arrival of nutrients, with additional effects including delaying gastric 

emptying and promoting satiety [11]. Motility brakes of the large intestine remain less well 

described. Published examples include withholding defaecation leading to decreased gastric 

emptying (cologastric brake) [12] and increased colonic transit time [6], distension of the 

rectum leading to reduced colonic motor activity [5, 7] and small intestine motility [10], and 

the arrival of contents in the proximal colon altering small intestine motility [13]. 

A distal colonic braking mechanism or a rectosigmoid brake has also been hypothesised [14]. 

A significant increase in cyclic motor patterns in the distal bowel after a meal and at night has 

been proposed to prevent rectal filling [14, 109]. Importantly, this activity has been suggested 

as a potential mechanistic pathway for the action of sacral neuromodulation in faecal 

incontinence [114]. Despite the potential clinical significance, the rectosigmoid brake has not 

been well defined in the literature. This chapter presents important studies that led to the idea 

of a rectosigmoid brake. 
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2.2 Study objectives 

1. To synthesise a narrative review encompassing landmark studies leading to the theory 

of a rectosigmoid brake. 

2. To describe the clinical utility of the rectosigmoid brake. 

3. To clarify the terminologies used to describe colonic manometry data, especially 

those associated with the cyclic motor pattern. 

2.3 Methods 

2.3.1 Literature search 

A literature search was conducted through the Ovid MEDLINE, EMBASE and Google 

databases from inception to October 2015. An updated search was performed in February 

2017. Only studies in the English language were reviewed. Both human and animal data were 

considered. No limits were placed on the study type, with all of the following being screened: 

meta-analyses, systematic reviews, randomised controlled trials, case-control studies, 

consensus guidelines, observational cohort studies, case reports and anecdotal evidence. 

Given that the term ‘rectosigmoid brake’ was not well defined, a systematic review, which 

required a tailored search, was not performed at this stage. 

2.3.2 Search strategy 

The search criteria utilised the keywords ‘colon’, ‘rectum’, ‘anal canal’, ‘rectosigmoid’ and 

‘anorectal’ combined with the terms ‘motor’, ‘motility’, ‘motor pattern’, ‘contraction’, 

‘activity’, ‘propagation’, ‘brake’, ‘gatekeeper’ and ‘antiperistalsis’. 

2.3.3 Data abstraction 

Articles were screened by a single reviewer (Anthony Lin) using the title and abstract. Full 

texts were acquired for those with content potentially relevant to this narrative review. A 

manual search of the reference lists from the full texts was conducted to identify other 

potentially relevant publications. Further historical and landmark papers were suggested by 

experts (Associate Professor Phil G. Dinning and Associate Professor Greg O’Grady) in the 

field. 
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2.4 Results 

2.4.1 Anatomy of the rectosigmoid region 

The anatomy and physiology of the large intestine were described in detail in Chapter 1. The 

anatomical significance of the rectosigmoid region is discussed here. The rectosigmoid region 

denotes the last part of the sigmoid colon and the beginning of the rectum. The rectosigmoid 

region is the transition area where the mobile intra-abdominal sigmoid colon transitions into 

the fixed distal rectum. This can lead to an acute angulation seen endoscopically and 

radiologically. The rectosigmoid region is also where taeniae converge and form a continuous 

muscular wall of the rectum. It is possible that these mechanical configurations may create 

resistance to the passage of stool. 

The anatomical significance of the rectosigmoid region has been a subject of debate since the 

early 19th century. James O’Bierne proposed the presence of a sphincter in this region [115]. 

He suggested that spasmodic constriction in the sigmoid region is a cause of constipation. He 

observed that the rectum is usually empty when a digital rectal examination is performed. 

This led him to conclude that stool mostly enters the rectum during the act of defaecation. 

A sphincter, by definition, is a ring-shaped muscle that surrounds a luminal opening and that 

can tighten to close the opening. Mayo and Martin performed the initial cadaver studies to 

investigate the existence of an anatomical sphincter at the rectosigmoid region [116, 117]. 

They demonstrated a transition in the mucous membrane similar to what is seen at the 

pylorus of the stomach. More recently, Shafik et al. showed the presence of a short segment 

of a thickened muscular layer at the rectosigmoid junction when compared with the sigmoid 

colon and rectum [118]. However, these findings were not consistent in all specimens in these 

studies. With scant supporting evidence, in the modern era, most researchers and clinicians 

are satisfied that there is no distinct anatomic sphincter in this region [119, 120]. 

2.4.2 Physiological basis of the rectosigmoid brake 

While a true anatomical sphincter at the rectosigmoid junction is unlikely to exist, a 

physiological sphincter might. HAPSs are believed to produce mass propulsions in the colon 

[121]. HAPSs have been shown to precede spontaneous defaecation [65, 81]; however, not all 

HAPSs are followed by defaecation [122]. This indicates the likely existence of a regulatory 

mechanism in the distal colon or rectosigmoid region. A high-pressure zone spanning over 



 

18 

3 cm has been identified around the rectosigmoid region [123]. Further, slow distension of 

the sigmoid colon leads to an increase in pressure at the rectosigmoid junction [124]. Several 

groups have also demonstrated that 36% to 94% of the activity in the rectosigmoid region is 

preceded by proximal colonic activity [14, 125], implicating a potential mechanism to slow 

rectal filling. 

In dogs, ‘wave-like’ activity in the sigmoid colon has been shown to serve a role in 

preventing stool from reaching the rectum. Such activity is inhibited during defaecation 

[126]. By the mid-20th century, the theory of sigmoid hypomotility as part of the bodily 

mechanism of diarrhoea became popular [127-129]. Defaecation is preceded by the abolition 

of segmental contractions of circular muscle in the colon. Kern et al. noted that the degree of 

diminished phasic activity in the sigmoid colon of patients with ulcerative colitis correlated 

with the severity of their diarrhoea [127]. Connell and Taylor each noted that the sigmoid 

colon was more active in constipated individuals and vice versa for patients with diarrhoea 

[128, 129]. 

Picon et al. tracked the movements of two different radioisotopes injected separately via a 

nasocolonic tube into the proximal and distal colon of healthy volunteers [130]. They found 

that during fasting, no significant isotope movements were seen; however, there was a 

significant increase in isotope movement in the postprandial period. Radioisotopes in the 

proximal colon showed antegrade movement, while those in the splenic flexure showed both 

antegrade and retrograde movements. No significant movement was observed distal to the 

descending colon. They concluded that the limited movement in the descending and 

rectosigmoid colon compared with the proximal colon might serve as a brake [130]. 

Bazzocchi et al. performed a combined colonic manometry and scintigraphy study, where 

they showed the movement of the radioisotopes into the sigmoid colon of patients with 

diarrhoea was associated with decreased non-segmenting contractions in the descending and 

sigmoid colon [131]. 

Rectosigmoid activity can be abolished by cholinergic stimulation. Kern et al. demonstrated 

that administering acetyl-beta-methylcholine chloride subcutaneously in healthy humans 

could increase proximal colonic motility and inhibit sigmoid motility. This combination of 

motor patterns was associated with defaecation [132], suggesting that sigmoid motility acts as 

a gatekeeper in the elimination of stool. 
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2.4.3 Motor pattern responsible for the rectosigmoid brake 

Studies in the previous section showed a plausible braking mechanism that is responsible for 

the movement of content into the rectum [126-128]. In these studies, the activities responsible 

for the distal brake were poorly defined. Terms such as wave-like or non-segmenting 

contractions were used. These descriptions were obtained from low-resolution technology 

using either a single sensor or sensors with large spacings between them. This significantly 

hinders the ability to accurately characterise these activities [103]. The recent introduction of 

HR manometry overcomes this limitation. It has been shown that a cyclic motor pattern at 2–

6 cpm accounts for 76% of all detected postprandial activity in the distal colon of healthy 

volunteers [109]. Importantly, the majority of cyclic motor patterns propagate in the 

retrograde direction (orad direction), which may keep the rectum empty. The distal origin and 

prominence of this cyclic motor pattern make it a probable motor pattern responsible for the 

rectosigmoid brake. 

The following section aims to clarify the manometry terminologies used to describe motor 

patterns in the colon. Specific attention is placed on the terms used to describe the cyclic 

motor pattern: the frequency and the directionality (retrograde movements). 

2.4.3.1 Colonic manometry terminology 

While oesophageal manometry, especially HR manometry, has become a routine clinical tool 

for the study of oesophageal motility disorders [101, 102, 133], the same cannot be said in the 

study of colonic motility [108]. Lack of a standardised study technique, analytical method 

and terminology has made colonic manometry results difficult to compare [73]. It is also 

important to note that the recent introduction of colonic HR manometry has dramatically 

improved our ability to visualise motor patterns, and it has become apparent that traditional-

resolution (low-resolution) colonic manometry can lead to gross misinterpretation of motor 

patterns [103]. 

Using manometric terms, a pressure increase at a single recording site is defined as an event. 

Pressure events that propagate across multiple recording sites are termed a propagating 

sequence. This is often referred to as a propagating contraction; however, manometry 

measures pressure and contraction is only implied; therefore, the term propagating sequence 

is used throughout this thesis rather than the term propagating contraction. A propagating 

sequence or a collection of propagating sequences that fit a known pattern is termed a motor 
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pattern [73, 109, 110]. For example, an HAPS (a motor pattern) is characterised by features 

including but not limited to high amplitude (the amplitude threshold can vary from 50 to 

116 mmHg) and the majority originating in the proximal colon [134]. 

Cyclic activities in the colon have been described for many decades [14, 109, 135-137]; 

however, not all studies use the term ‘cyclic’ in the same context. A cyclic motor pattern is 

characterised by recurring pressure events or propagating sequences at a frequency of 2–

6 cpm [109]. A similar frequency range of pressure events has been described in the past, 

using terms including periodic rectal motor activity [14], periodic colonic motor activity 

[125], rectal motor complexes (RMCs) [135] and intermittent rectal motor activity [137]. 

The term ‘cyclic’ can also refer to the observation of repeated bursts of contractions as seen 

in motor complexes, resembling phase III activity of the small intestine. These motor 

complexes are minutes to hours apart. These are well documented in animal colons [138-

143]. The periodicity has been compared to the migrating motor complexes observed in the 

stomach and small intestine [135, 143]. Terms such as colonic migrating or non-migrating 

motor complexes [125, 140], and colon motor complexes or RMCs [135, 136], have been 

used to describe the recurrent nature of the contractions. However, some researchers have 

refuted this as there is no predictable periodicity to the ‘complexes’, and have questioned the 

use of the term ‘rectal motor complex’[137]. The motor pattern of interest in the current 

review is the cyclic motor pattern occurring in the colon and rectum, with the primary focus 

on the frequency aspect of the cyclic motor pattern within a ‘complex’. 

2.4.3.2 Frequency of pressure events 

Since the 1950s, various investigators have described regular bursts of pressure events in the 

distal colon and the rectum [135-137, 144-148]. There are two known contractile frequencies. 

Kerlin et al. demonstrated regular bursts of contractile activity at 2.5–3.5 cpm in the distal 

colon of healthy volunteers, while some subjects also showed a 7 cpm activity [148]. Similar 

findings were also observed by Kumar et al. [135]. In healthy volunteers, they showed runs of 

powerful contractions in the rectum (>50 mmHg) at 2–3 cpm. Clusters of 5–6 cpm 

contractions were noted predominantly in the postprandial period [135]. These regular 

pressure events may propagate [14, 109, 125, 149], or be confined to a point [14, 135, 137]. 

As discussed previously, the sensitivity of the traditional manometry catheters may not be 

sufficient to capture all pressure events [103]. Bursts of pressure events have also been shown 
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to occur in complexes with a distinct onset, and lasting 3–30 min [136, 137]. The complex-to-

complex interval ranges from 40 min at night to 60 min during the day [14, 135-137]. 

A highly cited paper by Rao and Welcher in 1994 described cyclic motor patterns in the 

rectum and rectosigmoid region [14]. This activity was more frequently seen at night. This 

paper also showed that 81% of the nocturnal cyclic motor patterns and 94% of the daytime 

cyclic motor patterns were temporally correlated with events in the proximal colon. This led 

to the theory that this cyclic motor pattern is triggered by the arrival of stool or gas from the 

proximal colon. They hypothesised that this cyclic motor pattern in the rectosigmoid region 

serves as a ‘braking mechanism’ in achieving night-time continence when recto-anal 

cognisance may be suppressed. 

2.4.3.3 Retrograde movements 

Physiology textbooks tend to describe the human intestinal movement as occurring 

predominantly in the antegrade direction [150]. Retrograde movements or orad movements or 

antiperistaltic waves can occur but often disappear rapidly, which makes them difficult to 

demonstrate using static images. The first demonstration of retrograde movements was by 

Carl Jacobj, who described regular antiperistaltic waves in the colon and terminal ileum of 

cats that were associated with the transport of air and solids [151]. As pointed out by Cannon, 

Grützner described this phenomenon when a charcoal-stained solution introduced into the 

rectum of a poodle was later observed in the stomach on visual inspection [90, 152]. In 1902, 

Cannon confirmed the results of these earlier studies by introducing a radiopaque mixture 

into a cat colon as an enema. He noted that the mixture was initially seen in the descending 

colon, and ‘in every instance, antiperistaltic waves are set going by the injection and the 

material is thereby carried to the caecum’. He also noted that there was a ‘repeated passing of 

the waves’, suggesting that this mechanism aids in absorption [90]. 

In the human colon, Arthur Hertz et al first described antiperistaltic waves in the transverse 

colon and these were thought to retain contents in the proximal colon [153]. Antiperistalsis 

was not observed in the sigmoid colon or rectum, and therefore it was thought not to exist in 

the distal colon. This is despite the fact that in the same paper the author described rectal 

infusion of bismuth reaching the transverse colon, probably via antiperistaltic waves [153]. In 

1933, Fred Kruse discussed the importance of retrograde movements in the human colon, 

although it is interesting to note that at that time antiperistalsis was still thought to occur 

mainly in the proximal colon [154]. In 1968, Ritchie published his cinefluoroscopy 
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observation on retrograde movements in the distal colon in subjects who had ingested barium 

sulphate. He theorised that retrograde movements in the colon might serve to relieve the 

normal rectum of contents that might be voided unintentionally where there is a sudden rise 

in intra-abdominal pressure [91]. 

2.4.4 Control of the rectosigmoid brake 

As with the heart, gastrointestinal activities are likely driven by underlying electrical 

activities. The association between electrical activity and contraction has been shown [155-

158]. ICC serve a crucial role in coordinating gastrointestinal motor activities. Most 

gastrointestinal contractions occur rhythmically, driven by slow waves regulated by the ICC 

[59, 60]. At least two slow-wave frequencies have been described in the colon, including one 

lower frequency at 2–4 cpm [56, 159], while a high frequency up to 20 cpm also exists [56, 

160]. The lower frequency range resembles the frequency of cyclic motor patterns recorded 

in the human colon [127, 135, 137, 148], suggesting slow waves may be responsible for the 

cyclic motor pattern. 

It is recognised that intestinal motility is coordinated by multiple overlapping mechanisms 

[161]. ICC are known to be mechanosensitive, with stretch-dependence playing an 

established role in the excitation of smooth muscle [162]. The arrival of stool could increase 

the stretch in the rectosigmoid region to initiate cyclical activity, supporting Rao and 

Welcher’s hypothesis [14]. 

However, as a bolus travels ahead of a contraction, according to Starling’s law of intestine 

[112], an optimal distal brake will need to occur before the arrival of the stool. In addition, it 

has been shown that the cyclic motor pattern occurs rapidly in response to a meal even in the 

cleansed colon [109], suggesting that a local mechanosensitivity reflex is not the sole control 

pathway. An alternative hypothesis is that the rectosigmoid brake is also regulated by 

extrinsic stimuli, such as a meal (the gastrocolonic response) [163, 164]. The gastrocolonic 

response was first described in 1913 when Hertz and Newton noted that a chief stimulus for 

the mass movement of colonic content appeared to be the ingestion of food [165]. Welch and 

Plant in 1926 also demonstrated that pressure events in the distal colon could increase in 

amplitude and frequency in response to a meal [166]. This rapid increase in postprandial 

sigmoid activity was inhibited by the anticholinergic drug clidinium bromide, suggesting that 

the ‘gastrocolonic reflex’ is neurally mediated [164]. 
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It has been demonstrated that the colonic cyclic motor pattern increases within 30–60 s of 

starting a meal [109]. Interestingly, while regular propagating pressure events were recorded 

in an organ bath using healthy human sigmoid colons, the cyclic motor pattern was not seen 

[113]. This suggests that the underlying myogenic mechanism that generates the cyclic motor 

pattern also requires excitatory neural input to generate visible contractions. The distal 

colonic response to a meal is also absent in patients with spinal cord injury [167, 168], 

systemic sclerosis [169] and diabetes mellitus [170]. 

Studies have shown that emotion can also affect sigmoid activity. For example, Almy et al. 

observed that emotion can abolish or enhance sigmoid motility in patients with IBS [171], 

while Welgan et al. demonstrated that stress and anger could rapidly increase cyclic activity 

in the sigmoid colon in patients with IBS [157, 158]. Taken collectively, all of these data 

point to the importance of neural inputs for the generation of the cyclic motor pattern. 

Finally, there role of hormones or neurotransmitters such as serotonin may also serve a role in 

regulating the rectosigmoid brake. Snape et al have indicated gastrin and cholecystokinin can 

increase myoelectrical activity in the distal colon [172]. Serotonin receptor agonists and 

antagonists have become popular targets for treating colonic motility disorders. The role of 

serotonin on colon motility has been reviewed in detail [173, 174]. Ongoing research is 

needed clarify the effect the role of serotonin and serotonergic agents on human colonic 

motor patterns. 

2.4.5 Potential clinical significance of the rectosigmoid brake 

Alteration in sigmoid motility has long been suggested to play a part in motility disorders 

including constipation and diarrhoea [127-129, 171]. Removal of the distal colorectum also 

leads to postoperative motility disorders [175, 176]. Outlined below are some conditions 

where the rectosigmoid brake could contribute to the pathophysiology. 

2.4.5.1 Chronic constipation 

Chronic constipation is a worldwide problem affecting at least one in eight adults [177]. 

Several subtypes have been described, including slow-transit constipation, dyssynergic 

defaecation and constipation-predominant IBS [178]. Slow-transit constipation accounts for 

approximately 5% of patients evaluated for constipation [69]. Slow-transit constipation is 

incompletely understood but may result from colonic muscular, ICC or neurological 
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dysfunction [70]. Abnormal colonic motor patterns have been demonstrated in slow-transit 

constipation patients, including a reduced frequency of HAPSs and an absent or diminished 

colonic response to morning waking or a meal [84, 110, 179, 180]. Patients suffering from 

slow-transit constipation are also known to lack the normal postprandial increase in the cyclic 

motor pattern [181]. While a reduction in the cyclic motor pattern, or more specifically 

retrograde propagation, may seem beneficial in constipation, it should be noted that this 

motor pattern is an integral part of the normal colonic motor patterns. The absence of normal 

upregulation of the cyclic motor pattern after a meal may represent a global disturbance in the 

autonomic nervous system (including the enteric nervous system) or the ICC network [182-

184]. This lack of appropriate meal response is also seen in many neurogenic disorders [167-

170]. 

2.4.5.2 Faecal incontinence 

Faecal incontinence is a debilitating condition that is often under-reported. The prevalence 

has been estimated to be as high as 19.5%, and a pooled prevalence of 5.9% for functional 

faecal incontinence (defined by Rome II criteria) was shown in a recent systematic review 

[185]. Literature on the pathophysiology of faecal incontinence has mostly focused on 

anorectal physiology. While anorectal manometry, endoanal ultrasound, pudendal nerve 

testing and defaecography are often used to investigate the anorectal physiology [68], the role 

of colonic or rectosigmoid motility and the use of colonic manometry is less well established 

[65-67]. Patients with urge incontinence have been shown to have significantly more low- 

and high-amplitude contractions in the sigmoid and descending colon in the fasting phase 

[67]. Chan et al. demonstrated an exaggerated rectosigmoid activity in those with urge 

incontinence and rectal hypersensitivity [66]. Prolonged colonic manometry has suggested 

that patients with faecal incontinence may have more HAPSs than controls, but this increase 

was not statistically significant. The morphology of the HAPSs was similar, except for lack 

of anal sphincter response [65]. In that study, a higher level of the cyclic motor pattern was 

also observed in the distal bowel of healthy controls in comparison with patients with faecal 

incontinence; however, no statistical comparison was made [65]. Further studies comparing 

motor patterns in the era of HR manometry are needed. It is a plausible hypothesis that the 

postprandial cyclic motor pattern in the sigmoid colon may be diminished in some faecal 

incontinence patients and this may contribute to their symptoms. 
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2.4.5.3 Postoperative ileus 

Postoperative ileus is a state of altered gastrointestinal motility experienced by patients for 

varying periods after surgery. It is characterised by nausea, vomiting, inability to tolerate an 

oral diet, abdominal distension, and delayed passage of flatus or stool. It is estimated that 

US$1.5 billion is spent annually on managing postoperative ileus in the United States alone 

[186]. 

Traditional surgical dogma states that gastrointestinal motility recovers at varying speeds, 

with the small intestine first, followed by the stomach and then the colon. The assumption of 

an atonic state is often made, and the phrase ‘paralytic ileus’ is commonly used; however, 

there is insufficient evidence to support this. In contrast to the traditional belief, Huge et al. 

showed an increased tone and motility index throughout the postoperative period in patients 

undergoing colon resections; however, preoperative data were not available [187]. Further, it 

has recently been shown that for patients undergoing major intestinal operations, there is a 

consistent increase in cyclic motor patterns in the distal colon in the perioperative period 

[188]. As opposed to healthy controls, where cyclic motor patterns occur in complexes 

lasting up to 30 min [137], cyclic motor patterns in the perioperative period are more 

sustained and persist for the entire operation and at least 16 h postoperatively [188]. This 

altered cyclic motor pattern may contribute to the symptoms observed in postoperative ileus, 

and the normalisation of this motor pattern may play a role in the resolution of postoperative 

ileus. However, further work is needed to investigate the occurrence, resolution, and 

physiological and clinical correlation of postoperative colonic motor patterns before their 

significance can be understood. 

2.4.5.4 Low anterior resection syndrome 

Rectal cancer accounts for a third of colorectal cancer diagnosed. While the incidence of 

local recurrence and survival rates have improved dramatically with the adoption of the total 

mesorectal excision technique [189], the functional outcome for many patients undergoing 

sphincter preservation operations remains poor. Up to 74% of patients may experience 

symptoms ranging from faecal urgency and incontinence to evacuatory dysfunction [175]. 

These symptoms are collectively termed low anterior resection syndrome. The 

pathophysiology of low anterior resection syndrome is likely to be multifactorial, with a 

combination of anatomical and neurosensory changes and altered motility associated with the 

surgery and/or radiation therapy. 
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Denervation with and without transection of the distal rat colon produces a significant 

increase in the activity level of the distal colon and correspondingly more frequent passage of 

stool [190, 191]. The biomechanical property of the neorectum has been examined in human 

studies [192-194]. Most of these studies relied on low-resolution measures and concluded 

that there is an increased postprandial activity or pressure in the neorectum of patients with 

low anterior resection syndrome compared with controls [192, 193]. The pressure waves 

observed are often uncoordinated [194]. However, no detailed anatomical correlation is 

documented because of the low-resolution nature of prior investigation methods. It is possible 

that the motor patterns responsible for the rectosigmoid brake are disrupted and may be a 

contributing factor to low anterior resection syndrome. 

A recent publication studied patients who had undergone anterior resection for bowel cancer 

with no reported symptoms of low anterior resection syndrome [195]. This study showed 

propagating waves across sites of healed anastomoses. Similar to healthy controls, there was 

a significant and appropriate increase in cyclic motor patterns in response to a meal. With the 

use of HR manometry, there is now the opportunity to perform in-depth investigations of the 

motor patterns that may be contributory to low anterior resection syndrome and open up 

potential future therapeutic targets. 

2.4.6 Therapeutic targets 

Changes in human rectosigmoid motility patterns associated with different motility agents 

have not been examined in detail. It has been shown that parasympathetic stimulation 

increases colonic motility, and stimulation of sacral nerve roots S2, S3 and S4 may 

upregulate distal colon and rectal motor activity [196]. 

2.4.6.1 Sacral neuromodulation 

The technique used in sacral nerve stimulation (SNS) has undergone major advancement over 

the past decades, from the earlier invasive surgical cut-down to the current commercially 

available neuromodulation package (InterStim Neurostimulator, Medtronic, Minneapolis, 

MN, USA). Significant interest has arisen in using this technology to treat various motility 

disorders; however, ongoing debates still exist on the mechanism of action [197, 198]. 

An early contribution came from Varma et al., who tested five patients with traumatic spinal 

cord injury undergoing SNS at S2–4 levels. They demonstrated that S3 stimulation elicited 
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strong sigmoid activity at 15, 20 and 25 cm from the anal verge, measured using water-filled 

balloons. Further, an increase in amplitude was observed with successive stimulation and 

higher frequency stimulation [196]. Michelsen et al. performed scintigraphy on 20 patients 

undergoing sacral neuromodulation. At defaecation, antegrade transport from the ascending 

colon decreased from a median score of 8% to 0% (P = 0.001), while retrograde transport 

from the descending colon increased from a median score of 0% to 2% (P = 0.04) [199]. 

Patton et al. examined 11 patients with faecal incontinence undergoing sacral 

neuromodulation. Full bowel cleansing was used in this study. They found a significant 

increase in the retrograde motor patterns during stimulation compared with sham stimulation. 

These patients all had significant improvement in St Mark’s incontinence scores post-

implantation [114]. These studies suggest that sacral neuromodulation has a direct effect on 

rectosigmoid motility, with most of the effect focused on the retrograde activity. 

SNS has also been used in patients with low anterior resection syndrome, although it has only 

been examined in case series and not in a randomised controlled trial. A recent systematic 

review reported an overall symptomatic improvement in 74% of patients, based on intention 

to treat [200]. Although there may be some improvement in anorectal physiology values with 

SNS placement in patients suffering from low anterior resection syndrome, most did not 

reach statistical significance, or statistical significance was not documented. It is plausible, as 

in patients with faecal incontinence, that SNS may recruit the remaining distal colon and 

upregulate the rectosigmoid brake. However, further research is needed to evaluate this 

preliminary hypothesis. 

Despite the clinical success, many unknowns still exist around SNS. The current stimulation 

settings used are mainly empirical [201]. The clinical markers used do not adequately explain 

how sacral neuromodulation improves faecal incontinence. A better understanding of the 

underlying mechanism of action will help to inform therapeutic improvements for patients 

who fail to respond to the standard SNS settings. Further investigations regarding the effects 

of different sacral stimulation parameters on colon motility patterns are currently underway. 

This will form a crucial component of this thesis and will be shown in Chapter 7. 

2.5 Conclusion 

Although motility disorders are prevalent in the general population, there is still only a crude 

understanding of human colonic motility. Multiple regulatory or braking mechanisms exist in 
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the gastrointestinal tract. This chapter hypothesises that the rectosigmoid brake consists of a 

cyclic motor pattern, and acts as a ‘gatekeeper’ in maintaining colonic elimination function. 

Deranged or disorganised motor patterns in this region can contribute to motility disorders. 

With more knowledge from HR studies, the rectosigmoid brake could potentially act as a 

therapeutic target for patients suffering from colonic motility disorders. 
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Chapter 3  The Rectosigmoid Brake: A Systematic 
Review 

3.1 Introduction 

In Chapter 2, the hypothesis of a rectosigmoid brake and its potential clinical implications 

were introduced. This chapter aimed to provide further evidence to support the rectosigmoid 

brake. A systematic search was performed to identify studies with a defined activity in the 

distal colon, and where functional or spatiotemporal correlation is provided showing that this 

activity retards the flow of content distally. 

3.2 Study objectives 

1. To conduct a systematic search on studies that define a distal braking mechanism with 

functional or spatiotemporal correlation. 

3.3 Methods 

3.3.1 Literature search 

A literature search was conducted through the Ovid MEDLINE and EMBASE databases 

from inception to October 2015. Only studies in the English language were reviewed. Review 

articles and animal studies were excluded. 

3.3.2 Search strategy 

Boolean AND/OR operators were used to combine keywords and database-specific indexed 

subject headings as appropriate. Keywords and subject headings including ‘colon’, ‘rectum’, 

‘anal canal’, ‘rectosigmoid’ and ‘anorectal’ were combined with terms including ‘motor’, 

‘motility’, ‘motor pattern’, ‘contraction’, ‘activity’, ‘propagation’, ‘brake’, ‘gatekeeper’ and 

‘antiperistalsis’. 

3.3.3 Eligibility criteria 

All in vivo human studies describing a defined motor activity in the distal colon were 

considered. The activity should show functional correlation or spatiotemporal correlation 
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with other events in the gastrointestinal tract. Those without a defined motor activity were 

excluded. 

3.3.4 Data abstraction 

Two independent reviewers (Anthony Lin and Tony Milne) screened the articles for 

eligibility on the basis of the title and abstract. The full texts of relevant studies were 

obtained. These were used for the final evaluation of eligibility and selection of studies. 

Disagreements were resolved by consultation with senior supervisors (Professor Ian Bissett 

and Associate Professor Greg O’Grady). 

3.3.5 Cohen’s kappa calculation 

Cohen’s kappa method was used to assess interrater consistency before commencing on the 

full review. Each rater (S1 and S2) classified 120 randomly chosen articles from the above 

search strategy into two mutually exclusive categories Each article was rated as either 

‘maybe’ or ‘no’. Pr(!) was the relative observed agreement among raters, and the probability 

of random agreement Pr(ℯ) was the hypothetical probability of chance agreement. 

Pr(ℯ) was calculated using the following formula: 

Pr(ℯ) = [(raw % of S1 ‘maybe’s) × (raw % of S2 ‘maybe’s)] + [(raw % of S1 ‘no’s) × (raw % 

of S2 ‘no’s)] 

The kappa value was calculated using the following formula: 

# = Pr(!) − Pr(ℯ)
1−Pr(ℯ)  

A kappa value of ‘1’ represented complete agreement, whereas a kappa value towards ‘0’ 

represented no agreement. 

3.3.6 Data analysis 

Given the wide variation in the study techniques and outcomes, no pooled analysis was 

performed. 
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3.4 Results 

3.4.1 Cohen’s kappa calculation 

Table 3.1 shows the number of articles that each rater agreed or disagreed on. Table 3.2 

shows the percentage of agreement calculation. This yielded a Pr(ℯ) of 0.76 and a kappa 

score of 0.68. Landis and Koch have previously defined a kappa value of 0.61–0.80 as a 

substantial interrater agreement [202]. 

Table 3.1 Interrater agreement: Number of articles agreed on by each rater 

  S2 

  ‘maybe’ ‘no’ 

S1 
‘maybe’ 12 7 

‘no’ 2 99 

 

Table 3.2 Percentage of interrater agreement for Cohen’s kappa value 

Both S1 and S2 said 
‘maybe’ to same 
records or ‘no’ to 
same records 

Pr(!) = (number both 
said ‘maybe’ and 
‘no’)/(total number 
screened), i.e., raw 
agreement 

Raw % of ‘maybe’s Raw % of ‘no’s 

111 0.93 0.16 0.84 

  0.12 0.88 

 

3.4.2 Study characteristics 

The initial search resulted in 1469 studies. After removal of duplicates, 1247 study titles and 

abstracts were screened. Subsequently, 106 full texts were reviewed and 13 studies were 

selected as suitable for the systematic review. Figure 3.1 shows the preferred reporting items 

for systematic review and meta-analyses (PRISMA) flow diagram. The characteristics of the 

included studies are presented in Table 3.3. 

The studies identified consisted of mostly case series or case-control studies. There was one 

randomised controlled trial. The evidence for a distal brake or a rectosigmoid brake was 
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provided using colonic manometry (n = 10), scintigraphy (n = 3), a magnetic tracking system 

(n = 1), fluoroscopy (n = 1) and barostat measurement (n = 1). Some studies utilised more 

than one technique. 

 

 

 

 

 

Figure 3.1 PRISMA flow diagram. 
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Table 3.3 Characteristics of the studies identified in the systematic search 

Author Year Study design Study 
population 

Study 
technique 

Setting Number of 
subjects 

Findings 

Ritchie [91] 1968 Case series Hospitalised 
patients 

Barium 
sulphate 
suspension + 
fluoroscopy 

1 h time-lapsed 
cinefluorography 
at one frame per 
minute 

193 (19 with 
colonic 
diseases) 

Retrograde movement keeps 
rectum empty 

Chowdhury 
et al. [203] 

1976 Case-control Healthy vs 
constipated 
vs 
diverticulosis 
vs IBS group 

Water-
perfused 
manometry (3 
sensors at 15, 
20 and 25 cm 
from anal 
verge) 

30 min then 
steady pull-
through with two 
additional 30 min 
recordings 

12 vs 9 vs 12 
vs 18 

Hyperactivity in the rectosigmoid 
in constipated group and in IBS 
group with constipation  
No persistent hyperactivity in 
healthy and IBS with diarrhoea as 
the predominant symptom 

Dinoso et al. 
[147] 

1983 Case-control Healthy vs 
constipated 
vs diarrhoea 
group 

Water-
perfused 
manometry (3 
sensors at 15, 
20 and 25 cm 
from anal 
verge) 

3.5 h repeated 
1 week apart 

10 vs 10 vs 10 Hyperactivity in the distal sensor 
in all groups, especially the 
constipated group 
Diarrhoea group showed 
hyperactivity in all recording 
segments 

Moreno-
Osset et al. 
[204] 

1989 Case series Healthy  Water-
perfused 
manometry (4 
sensors at 15–
20 cm 
intervals) + 
scintigraphy 

135 min 
bedbound 

9 Postprandial retropulsion of 
contents from the splenic flexure 
to the transverse colon 
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Author Year Study design Study 
population 

Study 
technique 

Setting Number of 
subjects 

Findings 

Rao et al. 
[14] 

1996 Case series Healthy  Solid-state 
manometry (6 
sensors at 7–
15 cm 
intervals) 

30 h ambulatory 18 3 cpm rectal motor activities 
occurred within 5 min of a 
proximal event 
These activities were more 
prominent at night 

Cook et al. 
[121] 

2000 Case series Healthy  Water-
perfused 
manometry (12 
sensors at 
10 cm 
intervals) + 
scintigraphy 

32 h bedbound 14 A preponderance of non-
propagating activities in the distal 
colon suggesting a braking effect  

Rao et al. 
[205] 

2001 Case-control  Healthy vs 
constipated 
group  

Solid-state 
manometry (6 
sensors at 7–
15 cm 
intervals) 

16 h ambulatory 12 vs 10  A greater number of 3 cpm rectal 
motor activities in constipated 
patients 
These events were less likely to be 
associated with proximal events 

Herve et al. 
[206] 

2004 Case-control Healthy vs 
STC group 

Water-
perfused 
manometry (12 
sensors at 
10 cm) 

28 h bedbound 20 vs 40 A subgroup of STC patients with 
abdominal pain was found to have 
increased activities in the sigmoid 
colon 
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Author Year Study design Study 
population 

Study 
technique 

Setting Number of 
subjects 

Findings 

Chan et al. 
[66] 

2005 Case-control Healthy vs 
urge FI 
group 

Solid-state 
manometry (6 
sensors at 
5 cm) + 
barostat 

20 h ambulatory 24 vs 52  A significantly higher number of 
HAPSs in patients with urge FI 
and rectal hypersensitivity 
This was associated with a higher 
number of RMCs, postulated to 
serve as a protective mechanism 

Michelsen et 
al. [199] 

2008 Case series SNS on FI 
patients 

Scintigraphy Prep and post 
SNS implant 

19 SNS increased retrograde 
transport from the descending 
colon 

Hiroz et al. 
[207] 

2009 Case series Healthy  Magnetic 
tracking 
system 

5 + 5 h over 
2 days 

20 Prominent antegrade and 
retrograde movement noted at the 
splenic flexure  

Giorgio et al. 
[208] 

2013 Case-control Children 
with STC vs 
normal-
transit 
constipation 

Water-
perfused HR 
manometry (20 
sensors at 
2.5 cm) 

2 h fasting then 
1 h after each 
instillation of 
bisacodyl 

18 vs 6 Failure of intestinal quiescence 
(made up of low-amplitude 
activity, most prominent in the 
rectosigmoid region) after high- or 
low-amplitude propagating 
sequence was a prominent 
manometric signature of children 
with STC 

Patton et al. 
[114] 

2013 Randomised 
controlled 
trial 

SNS on FI 
patients 

Fibre-optic HR 
manometry (90 
sensors at 
1 cm) 

8 h over 2 days 11 (internal 
control) 

SNS increased retrograde 
propagating sequences in the left 
colon 

STC = slow-transit constipation, FI = faecal incontinence. 
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Manometry was the most commonly utilised technique. These studies consisted of a wide 

variety of manometry protocols and catheter designs making direct comparisons difficult. The 

manometry catheters identified contained various numbers of sensors or recording points. 

While the traditional-resolution manometry studies utilised three or more sensors in up to 5–

20 cm spacing [14, 121, 147, 203-206], the more modern HR studies used 20 or more sensors 

at intervals of less than 2.5 cm [114, 208]. Retrograde colonoscopic catheter placement was 

utilised in these studies. Full bowel cleansing was often used; this has been shown to affect 

the characteristics of some motor patterns [209, 210]. The recording protocols also differed 

among studies. Some utilised ambulatory manometry systems [14, 66, 205], while others 

recorded in stationary subjects only [114, 121, 147, 203, 204, 206, 208]. The recording time 

varied from 30 min to over 2 days. 

Two studies utilised simultaneous scintigraphy and manometry [121, 204]. Scintigraphy 

measures the actual content flow. Cook et al. demonstrated a preponderance of non-

propagating activity in the distal colon, which impedes content flow, and hypothesised a 

braking effect [121]. It is worth noting that these non-propagating activities on low-resolution 

colonic manometry could be propagating activity over a short distance when viewed with HR 

manometry [103]. Moreno-Osset et al. demonstrated a retrograde movement at the splenic 

flexure and hypothesised that this movement helps to sort the content from that that needs 

further processing [204]. 

Magnetic tracking was used by Hiroz et al. [207]. They demonstrated a prominent to-and-fro 

type movement at the splenic flexure, and hypothesised that this activity helps to sort colonic 

contents that need further processing before elimination [207]. 

Two studies demonstrated increased retrograde activity in patients with faecal incontinence 

undergoing SNS [114, 199]. Michelsen et al. studied patients by using scintigraphy taken at 

multiple time points [199]. They showed that SNS increases retrograde transport of tracers 

during defaecation, particularly in the distal colon. In a double-blind randomised crossover 

trial, Patton et al. demonstrated a significant increase in retrograde propagating motor 

patterns in the distal colon under true stimulation compared with sham stimulation [114]. 

3.5 Discussion 

The idea of a distal braking mechanism has existed for quite some time [14, 114, 211]; 

however, what constitutes this brake, and its spatiotemporal correlation with other activities 
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in the gastrointestinal tract, are not well defined. This chapter systematically identified 13 

studies that fulfilled the selection criteria set for this chapter. A statistical method (kappa 

score) was used to ensure interrater consistency [202]. A kappa score of 0.68 was achieved, 

which indicates an acceptable level of interrater consistency for this systematic review. Most 

of the studies identified were of limited sample size and used earlier generation techniques to 

demonstrate the existence of a distal braking mechanism in the colon. 

Manometry was the most common method used to demonstrate the rectosigmoid brake [14, 

66, 114, 121, 147, 203-206, 208]. Most studies were performed using traditional low-

resolution manometry catheters, except for two studies where HR manometry was utilised 

[114, 208]. It has been shown that lower-resolution catheters may misrepresent the colonic 

motor patterns [103]. Colonic manometry demonstrates intraluminal pressure changes in the 

colon, and it is assumed that pressure changes are associated with contractions of the bowel 

wall. A pressure gradient across a length of bowel indirectly implies propagation and content 

flow. Given this limitation, only studies where the authors were able to demonstrate content 

flow or correlate manometry findings with bowel function were selected. 

Most of the studies showed a repetitive distal colonic activity associated with proximal events 

or inhibiting the passage of stool [14, 114, 121, 205]. These activities often travelled in the 

retrograde direction, leading authors to hypothesise that these might serve as a brake. Five 

studies showed the involvement of a distal brake in patients with constipation: three studies 

showed that distal repetitive activity was more prominent in patients with constipation [147, 

203, 205]; one study showed that the prominence of distal activity was associated with 

abdominal pain [206]; one study showed that failure of this repetitive activity to settle after 

both high- and low-amplitude propagating sequences was a manometric signature of slow-

transit constipation [208]. 

The term ‘rectosigmoid brake’ was not a searchable term or keyword under search engines at 

the commencement of this thesis. Despite the search yielding 1469 articles for the initial 

screen, the search strategy might not have fully captured all the studies describing activities 

that could represent the rectosigmoid brake. Several landmark papers previously identified 

were not selected in this systematic search; these important studies were discussed in Chapter 

2. Both chapters have demonstrated the uncertainties in this area and the need for further 

research into the understanding of the rectosigmoid brake. 
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3.6 Conclusion 

This chapter provides more evidence supporting the idea of a rectosigmoid brake. Functional 

correlations have been demonstrated. Most of the evidence has been provided through the use 

of low-resolution techniques, but this is rapidly changing with the advancement of HR 

techniques in the study of intestinal motor function. Chapter 4 highlights these techniques. 

Future studies that combine these HR techniques with content flow data will significantly 

enhance our understanding of colonic motor function. 
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Chapter 4  Methods and Development of a Porcine 
Model for the Study of Colonic Motor Function 

The introduction of HR recording techniques in the forms of manometry and electrical 

mapping have revolutionised our understanding of gastrointestinal physiology [107, 212-

214]. Traditional or low-resolution recordings can lead to misinterpretation of the underlying 

physiological events [103, 212]. The study of large intestinal motor function is limited by 

organ access and long transit time. The ideal investigational method should allow for 

observation of a spectrum of motor patterns over a prolonged period. This is often not 

feasible in humans for practical and ethical reasons. 

Cell and tissue cultures examine the basic building blocks of the gastrointestinal contractile 

unit. Surgically removed specimen or strips of intestine have given insights into the motility 

patterns and the electrical events [56, 113]. However, the interaction between stimulatory and 

inhibitory mechanisms controlling the gastrointestinal tract is difficult to replicate. These 

models do not reliably reflect whole organ function [215]. There are sophisticated 

mathematical models of gastrointestinal activity, but these models require appropriate 

validation from experimental data [216]. 

Animal models overcome these limitations and allow for a more in-depth study of intestinal 

motility. While small animal models such as rodents and rabbits are useful and readily 

available at low financial cost, the eating behaviour and intestinal physiology can differ 

significantly from humans. The cost and animal rights concerns have limited access to 

primate species. The use of dogs is restricted in many countries. Of the non-primate species, 

pigs are used extensively for biomedical research [217, 218]. Pigs are comparable to humans 

in the dietary pattern, and the anatomy and physiology of the gastrointestinal tract [219]. The 

total intestinal transit ranges from 24 to 55 h for pigs [220, 221], which is similar to humans 

[93]. Both human and pig colons are sacculated [222]. Progress has been made in the study of 

gastric and small intestinal activities by using a porcine model [223, 224]; however, little has 

been published on the study of colonic activity. 

Colonic motility is modulated by the autonomic nervous systems, including the enteric 

nervous system. Well-known reflexes in the gastrointestinal tract, such as the gastrocolic 

reflex, are thought to be partially mediated by the autonomic nervous system [57]. SNS has 
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emerged as an effective treatment for patients with faecal incontinence, and has also been 

applied to a number of motility disorders including chronic constipation [225]. SNS has been 

hypothesised to alter colonic motor function [114, 226]. However, the fundamental questions 

of how this occurs remain: Does SNS modulate the electrical behaviour of the colon and 

hence change the motor pattern? In addition, do changes in motor patterns lead to altered 

content flow? 

In this chapter, a porcine model was developed for the study of large intestinal motility and 

the underlying control mechanism. In particular, an attempt was made to demonstrate the 

rectosigmoid brake in a porcine model by using HR techniques. Three main techniques 

utilised in this thesis are described in this chapter, including HR manometry, HR electrical 

mapping and SNS. The feasibility of performing these techniques simultaneously and to 

provide functional correlation is considered. This chapter reviews the literature supporting the 

use of a porcine model to study gastrointestinal motility. The information obtained from these 

studies may be used to inform and improve the treatment of functional gastrointestinal 

disorders. 

4.1 Study objectives 

1. To establish a porcine model for the study of colonic motility using HR techniques 

including manometry and electrical mapping. 

2. To examine the effect of chemical stimulations, including sympathomimetic, 

parasympathomimetic and laxative, on the manometric and electrical recordings from 

the colon. 

3. To examine the effect of SNS on the colon in terms of manometric and electrical 

activities. 

4. To use fluoroscopy to demonstrate the association between content flow and 

recordings obtained from the HR techniques. 
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4.2 Material and methods 

4.2.1 High-resolution manometry 

Manometry measures pressure events at defined intervals in a hollow organ over time. While 

the use of oesophageal manometry in diagnosing oesophageal motility disorders is widely 

accepted [227], colonic manometry remains a research tool in most instances. Colonic 

manometry has been performed for over four decades [179]; however, the disease and 

manometry pattern are difficult to correlate. Most published studies use manometry catheters 

with sensors spaced at wide intervals, such that a significant amount of information is lost. 

The recent introduction of colonic HR manometry has overcome this limitation [228]. 

Commercially available colonic manometry catheters have two designs: (1) water-perfused 

and (2) solid-state, each with its merits [229]. Previous generation catheters have a limited 

number of sensors as the design becomes complex with more sensors. The catheter used in 

this thesis is a new generation fibre-optic HR manometry catheter fabricated at CSIRO 

(CSIRO Materials Science and Engineering, Lindfield, NSW, Australia) [228] (Figure 4.1). 
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Figure 4.1 Colonic HR manometry catheter containing 36 sensors at 10 mm intervals. 

 

The HR manometry catheter overcomes the design limitations of the traditional water-

perfused and solid-state catheters by utilising fibre-optic strain gauges based on fibre Bragg 

gratings (FBGs). FBGs are intrinsic sensors deployed along the length of an optical fibre. 

Individual FBGs are fabricated by inscribing an invisible permanent period refractive index 

change in the core of the optic fibre. When an incident spectrum is passed down the fibre-

optic cable, a specific wavelength (reflected wavelength) is reflected back while the 

remainder travel through. When an external strain (pressure) is applied, the FBGs react 

accordingly, resulting in a shift in the reflective wavelength [230]. The shift is then compared 

with the values determined during the initial calibration of the device to deduce a value for 

the local pressure change. 

The fibre-optic catheter has a smaller diameter (<3 mm) and increased flexibility compared 

with solid-state catheters. The use of wavelength division multiplexing techniques allows the 

simultaneous interrogation of a large number of sensors along a single fibre. These design 

features allow for a small diameter, and a more flexible long catheter with sensor numbers 
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that surpass traditional catheters. This thesis utilised fibre-optic HR catheters containing 

either 36 or 72 pressure sensing elements at 10 mm intervals. 

A commercially available optical recording system (FBG-Scan 804D, FBGS, 

Belgium/Germany) was used for data acquisition. The system was used with a PC laptop 

system for data output and storage. Recordings were taken at 10 Hz. 

Data analysis was performed using a custom-designed software package, PlotHRM, 

developed by Dr Luke Wiklendt from Flinders University, Australia. PlotHRM was written in 

JavaTM (Oracle, Redwood City, CA, USA). Baseline removal was applied to the raw data. 

Synchronous activities (pressure increase across all channels) were then removed. 

Propagating sequences were identified visually using the traditional line plot and the colour 

plot, also known as the Clouse plot. 

In this chapter, a 36-sensor HR manometry catheter was used. For the recording of the distal 

colon, the catheter was inserted transanally (Figure 4.2) with the aid of a rigid 

sigmoidoscope. If required, rectal washout was performed before the insertion. Once the 

catheter had reached the intended location, it was secured with a piece of masking tape 

distally. For the recordings of the proximal colon, including the spiral colon, an enterotomy 

was made, and the catheter was passed through the enterotomy and secured with silk sutures. 
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Figure 4.2 Colonic HR manometry catheter placed transanally. SNS performed via the 

percutaneous technique. An incision just superior to the needle was made to confirm the 

needle position. 

 

4.2.2 High-resolution electrical mapping using multielectrode arrays 

Serosal electrical mapping is an established method for the study of gastrointestinal 

electrophysiology [231]. Low-resolution studies from the past have provided fundamental 

understanding of the bioelectrical activity of the gastrointestinal tract. The recent 

advancement of HR electrical mapping has dramatically improved the spatiotemporal 

appreciation of the bioelectrical activity in vivo [232]. The major advantage of HR electrical 

mapping is the ability to visualise electrical activity at fine intervals without the need to 

interpolate or make assumptions of the activity between electrodes [233]. The HR electrical 

mapping used in this thesis was performed on the serosal surface using validated 

multielectrode arrays or flexible printed circuit boards (PCBs) (FlexiMap, Auckland, New 

Zealand) containing 16 × 2 electrodes (32 electrodes) with a contact area of 0.3 mm and 
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interelectrode distance of 4 mm. These arrays can be stacked adjacent to each other 

(tessellated) to form a composite array to cover a larger recording surface area [234]. For the 

experiments performed in this chapter, combinations of 16 × 2 × 2 (64 electrodes), 16 × 2 × 3 

(96 electrodes) and 16 × 2 × 4 (128 electrodes) arrays were used (Figure 4.3). These were 

assembled with sterile adhesive tape (3M™ Tegaderm™, St Paul, MN, USA). 

 

Figure 4.3 Multielectrode arrays used for HR electrical mapping. (A) A single PCB 

containing 16 × 2 electrodes. (B) Closer view of the electrodes. (C) Four PCBs stacked 

adjacent to each other to create a composite array. The image shows a composite array on the 

serosal side of the pig colon. 

 

Once access to the target organ was established, the multielectrode arrays were placed with 

the electrodes in close contact with the colon serosal surface. Warm saline-soaked gauze 

swabs were used to keep the arrays in place without the need of sutures to secure the arrays. 

Bioelectrical data were acquired as monopolar recordings via an ActiveTwo system 

(BioSemi, Amsterdam, Netherlands) modified for passive recordings. The ActiveTwo system 

employs two reference electrodes termed the ‘common mode sense’ (CMS) and the ‘right leg 
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drive’ (DRL) to form a feedback loop instead of a standard ground electrode. For the porcine 

model, the CMS electrode was placed on the left lower abdomen, and the DRL electrode was 

placed on the right hindquarter thigh. 

Custom-written software in LabView (National Instruments, Austin, TX, USA) was used for 

the acquisition interface. Recordings were acquired at 512 Hz, and then down-sampled to 

30 Hz for analysis. Signal analysis was performed using the Gastrointestinal Electrical 

Mapping Suite v1.7 developed at the Auckland Bioengineering Institute [235]. Data were 

filtered using a Gaussian moving median filter (20 s moving window) for baseline correction, 

and a Savitzky–Golay filter (1.7 s window; polynomial order, 9) for high-frequency noise 

removal [236]. 

Intracellular recordings show that each slow wave consists of three phases including 

upstroke, plateau and repolarisation [57]. This thesis utilised extracellular recording. Based 

on the data obtained from other parts of the gastrointestinal tract, the expected slow-wave 

form is a sharp downstroke, followed by a brief plateau phase and recovery to baseline [237]. 

The identification of slow waves also factors in the wave morphology, periodicity and 

propagation. Other non-slow-wave activities were considered for spike activities. When 

possible, activities were clustered to allow for the development of an activation map and the 

calculation of the propagating velocity. 

4.2.3 Fluoroscopy 

A Stenoscope C-arm mobile fluoroscopy unit (GE Healthcare, IL, USA) was used. Diluted 

barium (barium paste mixed with water in a 1:1 mixture) was instilled intraluminally using a 

28F Foley catheter inserted via an enterotomy. Given the pigs used were sacrificed at the end 

of experiments, no specific consideration was given on the duration of the screening time. 

4.3 Development of a large animal (porcine) model for the study of colonic 

motor function 

4.3.1 Ethics 

Ethical approval was obtained from The University of Auckland Animal Ethics Committee, 

and the International Guiding Principles for Biomedical Research Involving Animals were 

followed. 
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4.3.2 Animal preparation 

All experiments were performed in vivo with pigs under anaesthesia. White cross-breed 

weaner pigs were used. These pigs were fasted then subjected to general anaesthesia. Zoletil 

(tiletamine HCl 50 mg/mL and zolazepam HCl 50 mg/mL) was used as an induction agent, 

and anaesthesia was maintained with isoflurane (2.5–5% with an oxygen flow of 400 mL 

within a closed-circuit anaesthetic system). 

The femoral artery was cannulated for blood pressure monitoring. Venous access was 

obtained from the pig’s ear. Vital signs were continuously monitored, including heart rate and 

blood pressure. Rectal or intra-abdominal temperature was controlled to remain in the normal 

physiological range of 38.5–39.5°C by the use of a heat lamp when necessary. At the 

conclusion of the experiments, the pigs were euthanised with a bolus injection of 50 mL 

magnesium sulphate while still under anaesthesia. 

4.3.3 Surgical technique 

All pigs underwent midline laparotomy (Figure 4.4). For the HR electrical mapping, the 

electrode arrays were placed gently against the serosal surface of the region of interest. Gauze 

packs soaked with warm saline (37°C) were packed over the arrays to hold the electrodes in 

contact with the colon serosal surfaces or a piece of silicon tube was used to secure the 

arrays. 
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Figure 4.4 Midline laparotomy performed on a pig. 

 

4.3.4 Experimental parameters 

The conventional wisdom is that the intestine is relatively inactive while under anaesthesia. 

However, there has been successful HR electrical mapping performed in both human and pig 

stomach and small intestine [212, 214, 223, 238]. Recent evidence shows that the human 

colon can have regular pressure events during an abdominal operation [239]. The recordings 

in this chapter were initially taken without additional chemical or electrical stimulation; 

however, the initial experience showed that there were few activities from the prolonged 

recordings in the pig colon. The following agents were added to attempt to stimulate the pig 

colon. 

4.3.4.1 Chemical stimulations 

The following agents were used in an attempt to stimulate gastrointestinal activity: 

1. Parasympathomimetic agents including neostigmine and bethanechol are well-
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Bladder
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established agents to stimulate smooth muscle and intestinal activity in both humans 

and animals in vivo as well as in organ baths [240-242]. These agents were 

administered intravenously to stimulate intestinal activity. Neostigmine was 

administered intravenously at 0.04–0.06 mg/kg and bethanechol was administered at 

0.025–0.07 mg/kg. 

2. Vasopressin is a stress hormone formed in the hypothalamus, followed by transport 

into the posterior pituitary and release into the blood stream [243]. It is known to 

stimulate gastric and colon activity [171, 244]. It was administered intravenously at 

0.01–0.04 units/min. 

3. Adrenaline is a stress hormone formed in the adrenal gland, which stimulates the 

sympathetic nervous system [58]. Altered motility is seen in human and animals under 

stress [171, 245]. There is preliminary evidence in humans that emotional stress 

before surgery may enhance colonic motility [239]. Adrenaline was administered 

intravenously at 0.01–0.02 mg/kg or once a significant change in cardiorespiratory 

parameters was seen. 

4. Bisacodyl is used to stimulate colonic motility [246-249]. Bisacodyl tablets (5 mg) 

were crushed and mixed in water. This mixture was infused into the lumen of the 

colon at 5 mg increments via a 28F Foley catheter inserted into a small enterotomy 

made in the proximal colon. 

4.3.5 Sacral nerve stimulation 

Percutaneous SNS was performed using the method described by Meurette et al. [250]. In 

brief, the pig sacrum was outlined (Figure 4.5A). A percutaneous needle was placed at the 

halfway point along the lateral border of the sacrum. Unilateral stimulation was used. 

Electrical stimulation was provided using DS8000 Digital Stimulator (World Precision 

Instruments, Hertfordshire, UK) (Figure 4.5C). The initial parameter used was 14 Hz with a 

pulse width of 210 µs (the standard initial stimulation parameters used in humans). The 

amplitude was slowly increased at 0.1 V increments. Electrical stimulation was applied until 

an appropriate response was obtained (contraction of the anal sphincter). The catheter 

placement was also confirmed by direct cut-down to the S3 sacral nerve root at the 

conclusion of the experiment (Figure 4.5B). 
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Figure 4.5 SNS performed on a pig. (A) Marking of the sacrum to identify locations for 

SNS based on Meurette et al. [250]. (B) SNS performed using the direct cut-down method. 

The red alligator clip is on the stimulation electrode. The black alligator clip is on the 

reference electrode. (C) DS8000 Digital Stimulator. 
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4.3.6 Statistical analysis 

Data were expressed as mean ± 1 SD. Statistical analysis was intended to be performed on 

the retrieved physiological patterns. However, as discussed below, the nature of the data 

retrieved in this model was sufficient only for pilot and exploratory analyses. It was sufficient 

for a proof-of-principle for the translational applications, but insufficient to interrogate 

porcine physiology. Therefore, formal statistical tests were not employed. 

4.4 Results 

A total of four pigs aged 4–6 months with a mean weight of 37.5 ± 6.0 kg were used. 

4.4.1 Baseline recording 

4.4.1.1 High-resolution manometry 

Five separate periods of basal recordings were obtained, averaging 32.2 ± 17.6 min duration. 

Unlike in humans during general anaesthesia and laparotomy [239], no propagating motor 

patterns were observed in any of the basal porcine recordings. Occasionally, low-amplitude 

non-propagating pressure events at 1–1.5 cpm were observed at a single sensor 

(3.5 ± 3.2 mmHg) (Figure 4.6). 
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Figure 4.6 Baseline recording. (A) Colour plot showing cyclic non-propagating events seen 

on channel 24. Sensor location is shown on the Y-axis, with the top channels representing 

channels closer to the tip of the catheter (i.e., more proximal bowel). Time is shown along the 

X-axis. The amplitude is represented by the colour intensity. (B) The same data shown in a 

traditional line plot. 

 

4.4.1.2 High-resolution electrical mapping 

Six separate periods of basal recordings were obtained, averaging 21.1 ± 7.1 min duration. 

The electrode arrays were placed on the serosal surface in the straight descending colon 

immediately above the rectum (Figure 4.7A). Colonic electrical activities were recorded in 

three of the above six periods, again being demonstrative of a proof-of-principle for colonic 

recordings but lacking sufficient consistency for the interrogation of porcine colonic 

physiology. Figure 4.7B and C show the types of electrical activities recorded. Sporadic 

propagating electrical activities at different frequencies were recorded. These propagating 

electrical activities often consisted of clusters of signals occurring at 1–1.5 cpm. These 

activities resemble spike potentials with three to four follow-up events after each spike. The 
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average signal amplitude was 0.57 ± 0.5 mV. Activation time maps were able to be generated 

from only a single recording taken from the distal colon (Figure 4.7D). 

 

 

Figure 4.7 HR mapping of pig intestine. (A) distal colon. (B) HR electrical map showing 

two propagating electrical waves (blue arrows). (C) Two propagating electrical waves (blue 

arrows) with three to four follow-up events (blue circle) after each. (D) An activation map 

showing the direction of propagation moving from colour blue to orange. The activation map 

represent a composite array placed on the distal colon with the left of the activation map 

representing distal electrodes and the right of the activation map representing proximal 

electrodes. 

 

4.4.2 Adrenaline 

One pig received 0.2 mg adrenaline. This was lower than the planned dose of 0.45 mg (0.01–

0.02 mg/kg for a 45 kg pig) as the blood pressure increased rapidly from systolic/diastolic of 

85–95/40–50 mmHg to 150/100 mmHg on injection and further drug administration was 
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deemed unsafe by the veterinary staff. This took 8 min to normalise. Given the marked 

cardiovascular response observed and concern for the safety of the pig, no further adrenaline 

was administered. 

4.4.2.1 High-resolution manometry 

No propagating motor patterns were seen during adrenaline injection. There was an increase 

in amplitude recorded in two isolated channels, spanning over 1 min 47 s and peaking at 

50.5 mmHg. 

4.4.2.2 High-resolution electrical mapping 

Electrical activity was suppressed upon the injection of adrenaline. Sporadic patches of 

electrical activities at 0.3 cpm were observed. 

4.4.3 Neostigmine 

Two pigs received 2.5 mg neostigmine on four separate occasions with 20 min washout 

periods. There was a brief drop in the heart rate, but no change was observed in the blood 

pressure. No intervention was needed for the change in heart rate. 

4.4.3.1 High-resolution manometry 

No propagating motor patterns were seen during any of the four periods. 

4.4.3.2 High-resolution electrical mapping 

Sporadic electrical activities were observed at 1 cpm. 

4.4.4 Vasopressin 

One pig was infused with 0.02 units/min vasopressin over 5 min. No significant 

hemodynamic change was seen during this period. 

4.4.4.1 High-resolution manometry 

No propagating motor patterns were seen. 

4.4.4.2 High-resolution electrical mapping 

Sporadic electrical activities at 1.75 cpm were observed. 
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4.4.5 Bethanechol 

One pig received 1 mg bethanechol intravenously on two occasions separated by 5 min 

intervals. No hemodynamic effect was observed. 

4.4.5.1 High-resolution manometry 

No propagating motor patterns were seen over 40 min. 

4.4.5.2 High-resolution electrical mapping 

Electrical activities at 3.5 cpm were seen over 2 min after the first injection. 

4.4.6 Bisacodyl 

A total of 10 mg was instilled directly into the colon via a Foley catheter placed through an 

enterotomy. 

4.4.6.1 High-resolution manometry 

No propagating motor patterns were seen. 

4.4.6.2 High-resolution electrical mapping 

No identifiable patterns were observed. 

4.4.7 Sacral nerve stimulation 

Both percutaneous and direct cut-down techniques were used (Figure 4.5). With stimulation, 

we were able to observe the contraction of the external sphincter as expected in humans (see 

Video 4.1, https://youtu.be/zwEuouQ-mD0). 

4.4.7.1 High-resolution manometry 

There were no propagating motor patterns observed in the 35.1 min of recording. 

4.4.7.2 High-resolution electrical mapping 

Because of the difficulty in maintaining contact between the recording array and the colonic 

serosal surface while SNS was being carried out in the lateral position, no usable recording 

was obtained. 
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4.4.8 Fluoroscopic study 

Diluted barium was injected 20 cm proximal to the tip of the manometry catheter. This was 

repeated twice. No colonic propagating patterns were seen on fluoroscopic imaging or 

manometry, so further fluoroscopic studies were not performed. 

4.5 Discussion 

In this chapter, HR manometry and electrical mapping were applied to a porcine model, 

together with a range of pharmacological interventions and neuromodulation. The aim going 

into these experiments was to establish a porcine model to investigate colonic physiology 

under these conditions to investigate basic motility physiology with relevance to humans. 

This was thought to be feasible under general anaesthesia, which is required for these 

invasive techniques [223, 224, 239]. 

The results demonstrated the technical feasibility of combining HR manometry and electrical 

mapping in an anaesthetised model. However, the results also demonstrated that an 

anaesthetised pig is unfortunately not a suitable model for recording colonic activities using 

the currently available HR techniques, despite the addition of multiple stimulants. The 

feasibility of SNS in an anaesthetised pig was reaffirmed. 

4.5.1 High-resolution manometry and high-resolution mapping in an anaesthetised 

porcine model 

Because of the initial lack of colonic motor activities at baseline, a number of chemical 

agents were added to attempt to induce colonic activity. These agents have been shown to 

alter intestinal and colonic motility [171, 239-242, 244-249]. Nevertheless, no propagating 

motor patterns or consistent bioelectrical activities were observed during our experiments. 

There were sporadic 1–1.5 cpm pressure events in isolated channels recorded on HR 

manometry. The significance is uncertain, but they are highly unlikely to be of physiological 

importance given their sporadic nature. 

Bioelectrical activities were recorded from the distal colon sporadically. These resembled 

spike activities but with some features of slow waves. This is in contrast to the stomach or the 

small bowel, where slow waves are recorded more consistently and continuously under 

general anaesthesia [223, 224, 231]. Lammers et al. have shown spike activities in the canine 

rectum by using HR electrical mapping [251], but currently there are no papers published 
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describing attempts to obtain HR recordings from the colon in both human and porcine 

models. Whether the recordings obtained in this chapter encompass spike patches and/or slow 

waves needs further investigation given the limited scope of current data. 

The rationale behind using a porcine model is that it is readily available and has been widely 

employed for gastrointestinal electrophysiology under anaesthesia [223, 231]. Pigs and 

humans are both monogastric omnivores; however, there are some differences. The small 

intestine is located to the right side of the abdomen. The porcine small intestine constitutes 

10% duodenum, 80% jejunum and 10% ileum, whereas human ileum makes up a larger 

proportion of the human small intestine [252]. The pig large intestine is morphologically 

different to many other species including the human colon. The pig ascending colon is 

proportionally longer than the human ascending colon with a more defined and larger caecum 

[219]. The average length of the pig colon constitutes 21% of the total intestinal length [253]. 

The ascending colon forms a spiral arrangement, like a cone, and then leads to the transverse 

colon, which crosses from right to left [52]. The caecum contains three taeniae along its 

length [254]. The outer coil of the spiral colon travels ventrally in a clockwise fashion; the 

outer coil has two taeniae. The inner coil of the spiral colon does not have taeniae, and 

progresses dorsally until it exits at the base of the spiral colon. The sigmoid colon is not seen 

in pigs [222]. 

The distal pig colon (from the left colon down to the rectum) was chosen as the main site of 

recording as human data suggest that this is the site with the most dominant activity in 

healthy colon and in patients undergoing abdominal operations under general anaesthesia 

[109, 239]. Whether this region is physiologically equivalent to human colon is unknown, but 

it was anatomically consistent. The rectosigmoid junction in human colon is where the 

taeniae converge. In the pig, this occurs in the spiral colon [218]. It is possible that the 

rectosigmoid region of the pig is not immediately proximal to the rectum, but instead in the 

spiral colon. However, this region also did not show consistent activity in the anaesthetised 

pigs. 

Hipper and Ehrlein studied pig large intestinal contractions and flow [233]. Six female 

German landrace pigs were used for a chronic study; 10–12 strain gauge transducers were 

implanted into the serosal surface of the ileum, caecum and colon. Catheters were placed into 

the ileum, caecum or centripetal loops of the colon for contrast infusion. Preprandial and 

postprandial recordings were taken. Fifteen experiments were performed per animal. Ileal, 
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caecal and colonic motility characteristics were defined. Migrating motor complexes at 

intervals of 131.5 min were seen. The motility of the caecum showed clustered contraction 

representing haustral movements. Transfer of contents from the caecum to the rest of the 

colon occurred through peristaltic contractions. The propagation along the centripetal and 

centrifugal loops of the colonic coil were 2.8 and 5.7 cm/s. The maximum frequencies of 

caecal and colonic contractions were 5.3 and 6.1 cpm, respectively, and 11.8 cpm for the 

ileum. About half of the colonic peristaltic waves were coordinated with ileal giant 

contractions and caecal peristaltic waves. 

The feasibility of manometry study has been demonstrated in a porcine model previously. 

Prolonged manometry recordings were performed in three Yucatan micropigs via a 

caecostomy. A solid-state catheter with three sensors was used; 54% of the recordings 

occurred at 2–4 cpm. Motility increased after meals and on awakening, and was minimal at 

night [255]. The total number of propagating sequences, amplitude, duration and velocity 

were comparable to humans [255]. 

The lack of motor patterns in the porcine model developed in this chapter could have been 

due to the effect of general anaesthesia, although it has been shown that there is a significant 

increase in propagating and synchronous activities in the distal colon of human patients 

undergoing intestinal surgery [239]. Further, there is evidence indicating that slow waves can 

be accurately measured from pig and human stomach under anaesthesia [212, 223, 234]. 

Possible explanations for the difference are that the colonic electrical signal is significantly 

lower in amplitude than that of the stomach or small intestine and that slow waves are likely 

to occur intermittently in the colon. 

4.5.2 Sacral nerve stimulation model in an anaesthetised porcine model 

This chapter confirms the feasibility of eliciting the expected anorectal response from SNS 

using a porcine model. Meurette et al. have successfully shown the feasibility of performing 

SNS on anaesthetised pigs. They examined the effect of SNS on the epithelial barrier of the 

rectum [250]. They were able to use a percutaneous technique to successfully elicit anal 

contractions. A total of 20 pigs of 6 months old and weighing 30–40 kg were used. Six 

underwent percutaneous unilateral stimulation, while another six underwent bilateral 

stimulation. A control group was also used, where a percutaneous puncture was created but 

no stimulation was applied. Stimulation lasted 3 h in total. Full-thickness rectal biopsies 3 cm 

above the dentate line were obtained. Bilateral stimulation yielded more uniform contractions 



 

59 

of the entire anal sphincter complex. Rectal paracellular permeability was significantly 

reduced in bilateral stimulation (−20%, P = 0.03), but unchanged in unilateral stimulation 

(P = 0.84), compared with prestimulation. Rectal mucosal thickness also decreased 

significantly after bilateral stimulation, whereas no change was detected in the control group. 

Epithelial mucus distribution also increased with bilateral stimulation, whereas the mucus 

scores remained unchanged in the control group. 

A porcine model can therefore advance our knowledge of the mechanism of action of SNS 

and perhaps improve the response rate of patients with faecal incontinence who fail to 

respond. However, whether an animal faecal incontinence model can truly imitate human 

faecal incontinence is still debatable [256]. In our study, the porcine model also failed to 

demonstrate physiological contractions consistent with the rectosigmoid brake that are 

hypothesised in humans. 

4.5.3 High-resolution manometry and content flow 

HR manometry has revolutionised our ability to observe motor patterns in the colon. It is 

important to note that manometry demonstrates pressure changes. The assumption is that 

pressure changes represent contraction and propagation. Several new motor patterns have 

been described since the application of HR manometry in the colon but their clinical 

significance and the impact on luminal content flow remain to be elucidated. In this chapter, 

the motor patterns seen in humans were not reproduced; therefore, it was not possible to 

associate flow and manometry motor patterns. The anaesthetised porcine model was 

abandoned as a suitable testing model for this purpose. In the future, an ambulatory HR 

recording system may allow further studies to be conducted to correlate these motor patterns 

with content flow or function. 

4.6 Conclusion 

This chapter has demonstrated that the technical placements of HR manometry catheters and 

multielectrode arrays for HR electrical mapping in the large intestine are possible in pigs, and 

that SNS can be established in anaesthetised pigs with the expected anorectal response as 

seen in humans. Feasibility was also established for multimodal HR manometry and HR 

electrophysiological recordings, and importantly, practical experience was gained using these 

sophisticated recording techniques in an intraoperative environment. This work therefore lays 

the foundations for the translation of these techniques to human patients. 
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However, the lack of physiologically meaningful data obtained from the anaesthetised 

porcine model shows that its value is limited in mimicking human physiology, unlike the 

porcine stomach and small intestine. The experiments were therefore ended with only 

reaching technical but not physiological experimental endpoints. Further experiments were 

therefore focused on humans, where motor patterns are strongly evident during anaesthesia 

and where clinical relevance was substantially more assured. 

Nevertheless, despite a lack of coordinated colonic activity with the porcine model and 

testing conditions used in this chapter, there may still be a role to use pigs in colonic motility 

research. As discussed in the previous paragraphs, motor activities have previously been 

recorded in experimental conditions in pig colon. It is likely that pig colon is more 

susceptible to the effect of anaesthesia; therefore, an ambulatory model may be required. 

However, an ambulatory HR manometry and electrical mapping system for ideal studies is 

still being developed. This is an area worth exploring in the future but was not included as a 

focus of the current thesis. 
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Chapter 5  Characterisation of the Rectosigmoid Brake: 
A Study of Healthy Human Colon 

Part of this work has been published in the American Journal of Physiology—

Gastrointestinal and Liver Physiology (1 May 2017, vol. 312(5), pp. G508–G515). 

5.1 Background 

Chapter 2 provided some evidence supporting the theory of a rectosigmoid brake and its 

clinical applications. Despite the potential clinical significance of a rectosigmoid brake, the 

motor pattern responsible remains poorly defined. The literature review conducted in 

Chapters 2 and 3 showed a prominent repetitive activity or cyclic motor pattern in the distal 

colon [14, 135, 137, 257]. An apparent increase in cyclic motor patterns in response to motor 

events in the proximal colon prompted Rao and Welcher [14] to hypothesise that they serve 

as a brake to prevent the untimely flow of contents into the rectum and to maintain 

continence. 

Past studies on colonic motility have focused predominantly on HAPSs [80, 258], the 

occurrence of which can be altered in patients with colonic motility disorders [110, 179]. The 

recent introduction of HR manometry permits the assessment of colonic motor patterns in 

substantially higher spatiotemporal detail [109, 181, 208, 228]. The improved resolution has 

made it possible to better characterise motor patterns with shorter extents of propagation. The 

cyclic motor pattern has emerged as a dominant feature in HR recordings [109, 181]. Dinning 

et al. have defined the cyclic motor pattern as repetitive pressure events occurring at a 

frequency of 2–6 cpm [109]. 

This chapter utilised HR manometry data to expand on the existing knowledge on cyclic 

motor patterns by better characterising their spatiotemporal dynamics and anatomical 

location. More specifically, cyclic motor patterns that propagated were analysed in this 

chapter. This chapter also addressed whether cyclic motor patterns are associated with 

propagating sequences that occur in the proximal regions of the colon and provides an insight 

into their origin. 
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5.2 Study objectives 

1. To describe the dominant motor patterns in healthy colon. 

2. To describe the spatiotemporal association of cyclic motor patterns, including the 

associated cyclic motor patterns in events in the proximal colon. 

3. To utilise 3D imaging to display colonic manometry data. 

5.3 Material and methods 

5.3.1 Ethics approval 

This study was approved by the Southern Adelaide Health Service/Flinders University 

Human Research Ethics Committee. All subjects provided written informed consent. 

5.3.2 Study population 

The study population comprised nine subjects (three men and six women; median age, 

51 years; range, 30–69 years). All subjects had no known gastrointestinal disorders and had 

normal bowel function, which was defined as having from one bowel movement every 3 days 

to three bowel movements a day. This population overlapped with that of a previous study 

that compared preprandial and postprandial colonic motor patterns [109]; however, all 

analyses in the current study were original and focused on different parameters and outcomes. 

5.3.3 Colonic high-resolution manometry 

A detailed description of the colonic HR manometry system was provided in Chapter 4. This 

chapter utilised 72-sensor manometry catheters at 10 mm sensor spacing (Figure 5.1a) 

fabricated at CSIRO (CSIRO Materials Science and Engineering, Lindfield, NSW, Australia) 

[259]. A commercially available optical recording system (FBG-Scan 804D, FBGS, 

Belgium/Germany) was used for data acquisition. The system was used with a PC laptop 

system for data output and storage. 

5.3.4 Study protocol 

Figure 5.1 shows the study workflow. On the day prior, the bowel was cleared using sodium 

picosulphate or polyethylene glycol (Pharmatel Fresenius Kabi Pty Ltd, Hornsby, NSW, 

Australia). Patients drank only clear fluids overnight. The catheters (Figure 5.1A) were 
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placed colonoscopically and secured with clips. Recordings commenced within 60 min of a 

subject waking from sedation. Baseline recording was performed for 2 h, and then each 

subject received a 700 kcal meal consisting of a sandwich and 300 mL of a protein- and 

calorie-dense nutritional drink (TwoCal HN Vanilla, Abbott Nutrition, Columbus, OH, 

USA). Recordings then continued for an additional 2 h. 

Upon the completion of manometry measurements, the catheter position was confirmed on an 

abdominal radiograph taken approximately 5 h after placement. The catheter’s position was 

registered against defined radiological anatomical landmarks (hepatic flexure, splenic flexure, 

mid-sigmoid colon and rectosigmoid junction) (Figure 5.1B). In all subjects, the most 

proximal sensor reached beyond the splenic flexure, and in seven subjects, the most proximal 

sensor reached beyond the hepatic flexure. The distal sensor ended at the rectosigmoid 

junction in three subjects, while the remaining subjects’ recordings extended into the rectum. 

5.3.5 Manometric data analysis 

Manometric data analysis was performed in PlotHRM (discussed in Chapter 4). A total of 

2160 min of data were analysed across all nine subjects and consisted of 120 min each of 

preprandial and postprandial data from each subject. Event detection and pattern recognition 

were based on previously described methods and definitions [109]. An event was defined as a 

pressure increase greater than 5 mmHg at a single channel. A propagation sequence consisted 

of pressure events occurring in four or more adjacent channels (≥4 cm). If a pressure event 

returned to baseline before the pressure event in the adjacent channels started, then the two 

events were not considered part of the same propagating motor pattern. Propagating cyclic 

motor patterns were identified in this chapter. These were defined as repetitive propagating 

sequences with a frequency range of 2–6 cpm. The amplitude, extent of propagation, velocity 

and duration of cyclic motor patterns were calculated according to their point of origin for 

each propagating sequence. They were labelled as antegrade or retrograde (Figure 5.1C–E). 
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Figure 5.1 Colonic HR manometry workflow. (A) Fibre-optic HR catheter containing 72 

sensors at 1 cm intervals. (B) Radiograph of a fibre-optic HR catheter in the human colon. 

(C), (D) and (E) Examples of cyclic motor patterns. Antegrade cyclic motor patterns are 

shown using blue arrows, and retrograde cyclic motor patterns are shown using red arrows. 

 

5.3.6 Anatomical correlation of cyclic motor patterns 

Cyclic motor patterns in the postprandial period were analysed in MATLAB (r2010a, 

MathWorks, MA, USA) for anatomical correlations. To create an overall representation of 

datasets, data from each subject were normalised between 1 and 70 virtual sensors and then 

averaged across all subjects. Normalisation was done by registering the actual sensor position 

from the radiographic image to the locations of the hepatic flexure, splenic flexure, mid-

sigmoid colon and rectosigmoid junction. Data were interpolated within each group of virtual 

sensors as follows: sensors 10–30 represented data between the hepatic and splenic flexures, 

sensors 31–50 represented data between the splenic flexure and mid-sigmoid colon, sensors 

51–60 represented data between the mid-sigmoid colon and rectosigmoid junction and 

sensors 61–70 represented data distal to the rectosigmoid junction. The number of virtual 
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sensors allocated to each region was based on the average length of each region measured on 

the subjects’ radiographs. Data were classified as retrograde and antegrade propagating 

events. The summary metrics of the number, amplitude, velocity, extent of propagation and 

duration of cyclic motor patterns were generated on the basis of the interpolated value from 

the pooled data of all subjects at every virtual sensor. Results are shown in histograms, with 

smoothed lines drawn using the Savitzky–Golay method to aid trend detection [260]. The 

accuracy of the normalisation process was validated by conducting a two-sample t-test 

comparing raw data from each region to normalised data from the same region for every 

metric. No significant differences were found between subject-specific raw data and 

normalised data for any metric (P values ranged from 0.2 to 1.0). 

5.3.7 Three-dimensional virtual anatomical model 

A 3D virtual anatomical model of the summary metrics was developed according to a 

described method [261]. A data point cloud representing the anatomy of a generic human 

colon was extracted from an existing database of computed tomography colonography 

images [262, 263]. A total of 127,303 data points were selected, from which a surface mesh 

consisting of 254,394 triangular geometric elements (surfaces) was fitted and imported into 

CMGUI (CMISS, University of Auckland, New Zealand) [261]. Using the 3D colon model, a 

one-dimensional centreline was created to represent and register the locations of virtual 

sensors to anatomical locations on the colon model. The summary metrics were projected 

onto the surface mesh by matching data on the colon surface point to data on the virtual 

sensor using the minimum Euclidean distance to the surface point. 

5.3.8 Correlation between cyclic motor patterns and proximal propagating events 

In this chapter, the analysis focused on the temporal association between cyclic motor 

patterns and antegrade propagating sequences arising in the proximal colonic regions. An 

association probability analysis method reported initially by Weusten et al. [264] was used. 

Preprandial and postprandial data from each subject were divided into 1–5 min epochs for 

analysis. Each epoch was scored for the presence or absence of antegrade propagating 

sequences and cyclic motor patterns. A 2 × 2 contingency table was constructed (Table 5.1) 

using four possible outcomes: 
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1. cyclic motor patterns and proximal antegrade propagating sequences present (C+P+) 

2. cyclic motor patterns present and proximal antegrade propagating sequences absent 

(C+P−) 

3. cyclic motor patterns absent and proximal antegrade propagating sequences present 

(C−P+) 

4. both motor patterns absent (C−P−). 

A two-tailed Fisher’s exact test was used to calculate the probability that the observed 

association between cyclic motor patterns and proximal antegrade propagating sequences 

occurred by chance alone. The association probability was calculated as (1.0 − P value) × 

100%. Following the methods of Weusten et al. [264], the association probability value was 

only considered when the proportion of cyclic motor patterns that occurred in the presence of 

proximal antegrade propagating sequences was higher than that of antegrade propagating 

sequences in the total recorded period (Condition 1). If this condition was not met, then the 

value 1 was assigned to the P value. 

 

Table 5.1 Association probability analysis of the correlation between cyclic motor 

patterns and proximal propagating sequences 

 Cyclic motor patterns (C)  
+ −  

Proximal 
antegrade 
propagating 
sequences (P) 

+ C+P+ C−P+ P+ total 

− C+P− C−P− P− total 

  C+ total C− total  

     

5.3.9 Statistical analysis 

Results are reported as mean ± 1 SE. Statistical analysis was performed using Prism 6 

(GraphPad Software, Inc., La Jolla, CA, USA) unless stated otherwise. Wilcoxon signed-rank 

tests were used to compare the means. The significance threshold was set at P < 0.05. 
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A mixed-effects model analysis (SAS 9.4, SAS Institute Inc., Cary, NC, USA) was used to 

test whether the characteristics of cyclic motor patterns in the postprandial period differed 

depending on the location and direction of travel. Manometric data were divided into four 

regions delineated by the splenic flexure, mid-sigmoid colon and rectosigmoid junction. Data 

were log- or cubic-root transformed to achieve normal distribution. Sensor location and 

direction were set as fixed effects. 

5.4 Results 

5.4.1 Occurrence and classification of colonic motor patterns 

Table 5.2 shows the number and type of propagating events recorded during the preprandial 

and postprandial periods. Cyclic motor patterns contributed most of the propagating events. 

Examples of cyclic motor patterns are shown in Figure 5.1C–E. The number of cyclic motor 

patterns that occurred in the postprandial period was significantly greater than the number 

that occurred in the preprandial period (99.2 ± 36.6 vs 3.9 ± 3.8 per 2 h, P = 0.008). This 

difference was primarily due to postprandial cyclic motor patterns travelling in the retrograde 

direction. Across all subjects, the amount of time for which cyclic motor patterns occurred 

increased from 1.5% in the preprandial period to 26.9% in the postprandial period. They 

occurred in clusters lasting 11.1 ± 1.6 min. HAPSs were observed in five subjects, and all 

occurred in the postprandial period. 

 

Table 5.2 Number of propagating sequences before and after a meal 

 Preprandial Postprandial 
HAPS 0 1.2 ± 0.6 
Long single 0.4 ± 0.2 2.1 ± 0.8* 
Short single Antegrade 1.7 ± 1.1 0.1 ± 0.1 
Cyclic Antegrade 0 14.3 ± 11.8 
 Retrograde 3.9 ± 3.8 84.9 ± 26.0* 
* P < 0.05 (significant increase after a meal). 
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The manometric characteristics of the cyclic motor patterns are summarised in Table 5.3. No 

antegrade cyclic motor patterns were detected in the preprandial period. For retrograde cyclic 

motor patterns, significant increases in the amplitude, extent of propagation and duration of 

each propagating event occurred in response to the meal. In the postprandial period, the 

velocity and extent of propagation were significantly greater in the retrograde direction than 

in the antegrade direction. 

 

Table 5.3 Characteristics of cyclic motor patterns from all sensors in the preprandial 

and postprandial periods 

 Preprandial Postprandial 

 Antegrade Retrograde Antegrade Retrograde 
Amplitude (mmHg) — 13.8 ± 1.8 28.3 ± 1.1 31.2 ± 0.6 
Extent of propagation (cm) — 5.7 ± 0.3 8.9 ± 0.5 12.4 ± 0.3* 
Velocity (cm/s) — 1.4 ± 0.2 0.9 ± 0.06 1.4 ± 0.04* 
Duration of each propagating 
event (s) 

— 9.5 ± 0.9 13.2 ± 0.6 15.6 ± 0.4 

* P < 0.05 (significant difference between antegrade and retrograde cyclic motor patterns). 

 

Figure 5.2A–D shows representative examples of the spatiotemporal relationships of cyclic 

motor patterns and HAPSs in the postprandial period in four subjects. Significant 

interindividual variability in cyclic motor patterns occurred in the postprandial period, but all 

subjects exhibited periods of sustained cyclic motor patterns and relative quiescence. 
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Figure 5.2 The spatiotemporal relationship of cyclic motor patterns. A-D represents four 

individuals manometry tracing taken over 2 hours. Black lines represent HAPSs. Red lines 

represent retrograde propagating sequences. Blue lines represent antegrade propagating 

sequences. HF = hepatic flexure, SF = splenic flexure, SG = mid-sigmoid colon, RSJ = 

rectosigmoid junction. 

 

5.4.2 Anatomical correlation of cyclic motor patterns in the postprandial period 

As there were a limited number of propagating cyclic motor patterns in the preprandial 

period, the analysis of anatomical correlations focused only on cyclic motor patterns in the 

postprandial period. Antegrade cyclic motor patterns were observed in two subjects and 

retrograde cyclic motor patterns in all subjects. When raw data were grouped into regions 

separated by the specified anatomical landmarks, 63% of antegrade cyclic motor patterns 

initiated in the sigmoid colon, while 59% of retrograde cyclic motor patterns initiated in the 

sigmoid colon and rectum. Summary data produced after normalisation again showed that the 

majority of antegrade cyclic motor patterns were in the sigmoid colon (Figure 5.3A and D), 
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while retrograde cyclic motor patterns most commonly occurred in the sigmoid colon and 

rectum, with more intense foci at the rectosigmoid junction (Figure 5.3B and D). 

 

 

Figure 5.3. The anatomical point of origin of cyclic motor patterns. (A) Antegrade cyclic 

motor patterns. (B) Retrograde cyclic motor patterns. (C) and (D) 3D colon representation of 

panels A and B. HF = hepatic flexure, SF = splenic flexure, SG = mid-sigmoid colon, RSJ = 

rectosigmoid junction. 

 

The characteristics of cyclic motor patterns in the postprandial period originating at each 

anatomical point are shown in Figure 5.4. The peak amplitude for antegrade cyclic motor 

patterns was located in the sigmoid colon, whereas that for retrograde cyclic motor patterns 

was at the rectosigmoid junction (Figure 5.4A). The extent of propagation for antegrade 

cyclic motor patterns showed a downward trend, with higher values starting more proximally. 

For retrograde cyclic motor patterns, however, the extent of propagation was lower in motor 

patterns starting proximally and then stayed mostly constant from the descending colon to the 
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rectum (Figure 5.4B). The velocity was lower in the sigmoid colon for antegrade and 

retrograde cyclic motor patterns (Figure 5.4C). The duration of antegrade cyclic motor 

patterns was shorter in the sigmoid colon, whereas that of retrograde cyclic motor patterns 

increased as they approached the rectum (Figure 5.4D). 

 

Figure 5.4 Characteristics of cyclic motor patterns according to the anatomical point of 

origin. (A) Amplitude. (B) Extent of propagation. (C) Velocity. (D) Duration. HF = hepatic 

flexure, SF = splenic flexure, SG = mid-sigmoid colon, RSJ = rectosigmoid junction. The P 

values listed indicate probabilities of an association between the direction and the location of 

cyclic motor patterns. 

 

5.4.3 Correlation between cyclic motor patterns and proximal antegrade propagating 

sequences 

Table 5.4 shows the association analysis using 1 min epochs. Table 5.5 shows the association 

analysis using 5 min epochs. In the preprandial period, cyclic motor patterns were not 

temporally associated with antegrade propagating sequences when analysed using either 1 or 
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5 min epochs. In the postprandial period, 94.1% ± 3.1% of cyclic motor patterns occurred in 

the absence of proximal antegrade propagating sequences when data were analysed using 

1 min epochs. When data were analysed using 5 min epochs, 68.9% ± 11.1% of cyclic motor 

patterns occurred in the absence of proximal antegrade propagating sequences. None of the 

subjects had a significant association probability value of >95%, using the association 

definition adopted from Weusten et al. [264]. 

Table 5.4 Association analysis of postprandial period at 1 min epochs 

Subject C+P+/C+ total 
(%) 

C−P+/C+ total 
(%) 

P value Condition 1 
satisfied 

Association 
probability (%) 

1 11.1  88.9 1 No 0 
2 0 100.0 0.001 No 0 
3 0 100.0 0.07 No 0 
4 0 100.0 1 No 0 
5 6.7 93.3 0.3 Yes 70 
6 0 100.0 0.04 No 0 
7 1.1 98.9 <0.001 No 0 
8 28.6 71.4 0.06 Yes 94 
9 6.1 93.9 0.01 No 0 
 

Table 5.5 Association analysis of postprandial period at 5 min epochs 

Subject C+P+/C+ total 
(%) 

C−P+/C+ total 
(%) 

P value Condition 1 
satisfied 

Association 
probability (%) 

1 60  40 1 Yes 0 
2 40 60 1 No 0 
3 0 100 0.3 No 0 
4 0 100 1 No 0 
5 25 75 0.4 Yes 60 
6 0 100 0.02 No 0 
7 18.2 81.8 0.4 No 0 
8 100 0 0.06 Yes 94 
9 36.4 63.6 0.03 No 0 
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5.5 Discussion 

This chapter expanded on the existing knowledge on cyclic motor patterns from HR 

manometry [109] by accurately describing their anatomical point of origin and relationship 

with proximal antegrade propagating sequences. The analysis performed here showed that 

retrograde cyclic motor patterns primarily originated in the sigmoid colon and rectum, 

although they also originated in the descending and transverse colon to a lesser extent. 

Antegrade cyclic motor patterns occurred less frequently, and when they did, their sites of 

origin were primarily within the sigmoid colon. The distal dominance of cyclic motor 

patterns makes it a prime candidate involved in the rectosigmoid brake. The data also 

demonstrated that within the limitations of the current experimental context, approximately 

95% of distal colonic cyclic motor patterns occurred in the absence of a proximal antegrade 

propagating sequence. 

Most colonic manometry studies have primarily focused on HAPSs [110, 258], whereas other 

motor patterns have been more challenging to study [265]. Cyclic motor patterns have been 

recognised for many years, but their characteristics and relevance have been debated [135, 

137, 144-147]. Kumar et al. performed prolonged manometry in 12 healthy human volunteers 

by using two pressure gauges placed 10 cm apart in the anal canal and rectum. They noted 

clusters of powerful contractions in the rectum (>50 mmHg, 2–3 cpm), with each cluster 

lasting 3–10 min and occurring more frequently at night. Another cluster of 5–6 cpm 

contractions was predominantly noted in the postprandial period [135]. 

Prior et al. performed manometry using water-perfused catheters with recordings taken at 4, 8 

and 14 cm from the anal verge. They also noted clusters of contractions, mostly isolated to a 

single sensor, with amplitudes ranging from 10 to 55 mmHg and lasting 3–30 min [137]. 

While these studies usefully outlined activities resembling cyclic motor patterns, the limited 

number of sensors and their spacing at relatively large distances are known to give imprecise 

data [265]. Cyclic motor patterns have received limited attention and have been the subject of 

only a few studies, limiting their utility in serving as potential biomarkers of disease or in the 

development of therapies to treat motility disorders [114, 181, 266]. 

The most prominent paper supporting the clinical significance of cyclic motor patterns was 

published by Rao and Welcher [14]. They proposed a distal braking mechanism that limits 

rectal filling. In contrast to the data presented in this chapter, their group demonstrated that 

81% of nocturnal cycles and 94% of daytime cycles temporally correlated with motor events 
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in the proximal colon. This temporal association led to the proposal that cyclic motor patterns 

were triggered by the arrival of stool or gas in the rectum. In this chapter, the association 

between cyclic motor patterns and proximal antegrade propagating sequences was examined 

using 1 and 5 min epochs. Only proximal antegrade propagating sequences were selected, 

assuming these are more likely to provide aborad content flow. The use of 1 min epochs was 

based on the assumption that proximal antegrade propagating sequences are propulsive, and 

that the bolus would travel ahead of the sequences detected by manometry [109, 112]. If a 

proximal sequence initiates cyclic motor patterns, the two events would have to occur in a 

close temporal relationship. This chapter showed no significant association between proximal 

propagating sequences and cyclic motor patterns within the 1 min epochs. When using the 

5 min epochs, just under one-third of cyclic motor patterns were temporally associated with a 

proximal propagating sequence; however, none of the subjects had a significant association 

probability value. Despite the limited sample size, the use of a validated methodology of 

correlation indicates confidence that these outcomes are statistically robust [264]. 

Possible explanations for the difference in findings between this chapter and those of Rao and 

Welcher include differences in the study protocol used. Subjects in their study underwent 

prolonged (>24 h) ambulatory recordings [14]. Prolonged recording would allow the colon to 

fill, potentially increasing the number of antegrade propagating sequences including HAPSs 

[109]. In this chapter, only a few HAPSs were recorded, which restricted the ability to fully 

evaluate distal colonic events that occur after HAPSs. Cyclic motor patterns occurring in 

response to proximal propagating sequences in the colon certainly have merit. In a full colon, 

HAPSs have been shown to increase after a meal [80, 110], and HAPSs are associated with 

spontaneous defaecation [65, 81]. Despite that, most people do not defaecate after every 

meal. It is therefore probable that HAPSs may trigger a braking system such as that suggested 

by Rao and Welcher [14]. Interestingly, in children with slow-transit constipation, bisacodyl-

induced HAPSs were shown to be associated with both retrograde propagating sequences and 

bursts of pressure events [208]. This increase in activity may act as a brake, potentially 

preventing defaecation from occurring in these children. However, while HAPSs may trigger 

cyclic motor patterns, it is also true that in this chapter, most cyclic motor patterns occurred 

without preceding HAPSs or any proximal antegrade propagating sequence. Therefore, these 

proximal sequences are not an essential requirement for the initiation of cyclic motor 

patterns. Further, an increase in postprandial cyclic motor patterns has been shown to 
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commence within minutes of a meal, usually long before the occurrence of any proximal 

propagating event [109]. 

Intestinal motility is coordinated by multiple overlapping mechanisms [161]. From the 

findings in this chapter, it is proposed that cyclic motor patterns are primarily initiated by 

extrinsic innervation, as seen in the gastrocolic reflex [165]. This mechanism prepares the 

distal colon for the arrival of contents from the proximal regions well in advance of the actual 

arrival of colonic contents. The distal dominance and retrograde nature of propagation still 

support the theory that cyclic motor patterns serve as a braking mechanism to limit rectal 

filling, as previously hypothesised [14, 109]. 

This chapter also presents an improvement in the 3D visualisation technique previously 

reported [261]. Using closely spaced sensors and abdominal radiography, it is possible to 

register propagating pressure waves to their anatomical location accurately. The 3D models, 

which can be shown as static or rotating images, allow users to see the precise location and 

distribution of specific colonic motor patterns. These methods will be useful in future studies 

to permit the identification of normal and abnormal colonic activities. 

The current study has some limitations. It was performed in the prepared colons of healthy 

volunteers. It has previously been shown that a lack of appropriate increase in cyclic motor 

patterns exists in patients with slow-transit constipation [181]. It is acknowledged that the 

sample size was limited, but it was similar to other colonic manometry studies in the healthy 

population [254, 267]. The results should still be valid given that cyclic motor patterns were 

universally seen in all studied subjects and that there were adequate numbers of cyclic motor 

patterns seen in each subject for the association analysis. Support for the theory of cyclic 

motor patterns serving as a brake is based on indirect manometric evidence. Whether pressure 

changes recorded using HR manometry translate into actual luminal flow remains to be 

determined, although modelling studies suggest that registered pressure events are likely to 

be propulsive [265]. Further functional studies are needed to determine the clinical 

significance of cyclic motor patterns and whether alterations in these patterns play a role in 

colonic motility disorders. 

5.6 Conclusion 

Human cyclic motor patterns with anatomic correlation are characterised in this chapter. An 

alternative control mechanism for cyclic motor patterns is proposed. The distal origin and 
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prominence of retrograde cyclic motor patterns support the theory of a rectosigmoid brake as 

a mechanism for limiting rectal filling. Further flow study will better confirm the role of the 

cyclic motor patterns. This chapter serves as a baseline for future studies on the functional 

impact of altered cyclic motor patterns on colonic motility. 
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Chapter 6  Electrical Basis of the Rectosigmoid Brake: 
Intraoperative High-Resolution Electrical Mapping of 

the Distal Colon 

6.1 Background 

Colonic motility disorders are common [1, 268-271], and are often classified as functional 

disorders on the basis of symptoms alone after excluding an anatomical cause, medication 

effect or systemic illness [272]. This makes it challenging to develop effective targeted 

treatments. Recently published Rome IV criteria have transitioned from the use of functional 

gastrointestinal disorders to disorders of brain–gut interaction [273, 274], emphasising the 

interaction between the enteric nervous system and its environment [275]. 

As with the heart, the motor events in the gastrointestinal system are driven by underlying 

electrical activities. ICC are non-neuronal pacemaker cells that form electrical syncytial 

networks around the gastrointestinal tract. The ICC networks generate rhythmic fluctuations 

in the resting membrane potential or slow waves [276]. Slow waves precede spike waves or 

action potentials, which then lead to smooth muscle contraction [277], although some have 

suggested that this combination may not be totally necessary for a contraction to occur [278]. 

The enteric nervous system interacts with the ICC networks, resulting in a range of motor 

patterns in the gastrointestinal tract [60]. Alteration in electrical activities in the 

gastrointestinal tract has been proposed as a cause for motility disorders, including those seen 

in the colon [107, 279-282], and loss of ICC has been observed in tissue biopsies from those 

suffering from colonic motility disorders [62]. 

The understanding of gastrointestinal electrical activity has historically come through 

measurements taken from a few electrodes placed on the abdomen or intestinal surface [283]. 

These sparse measurements allowed a basic understanding of the gastrointestinal electrical 

activity, but extrapolation of data was required [284]. The recent introduction of HR 

electrical mapping or multielectrode arrays has revolutionised the understanding of the slow 

waves in the gastrointestinal tract [285]. HR electrical mapping has been successfully applied 

in vivo to the human stomach and small bowel [212, 286]. It has been shown in the human 

stomach that aberrant conduction can lead to motility disorders [107] and corresponds to a 
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loss of ICC [287]. The understanding of electrical activity in the human colon, however, is 

still limited to the low-resolution era. 

The previous chapters theorised the existence of a rectosigmoid brake and its physiological 

significance. The activity responsible for this brake consists of the cyclic motor pattern in the 

distal colon. The frequency of the cyclic motor pattern resembles the colonic slow-wave 

frequency recorded from sparse electrodes [56, 160], suggesting that cyclic motor patterns 

may be driven by ICC slow waves. Improved understanding of colonic slow waves will 

improve our understanding of the underlying pathophysiology in colonic motility disorders. 

Abdominal surgery offers an opportunity to study human gastrointestinal physiology as 

inaccessible organs become accessible. It has recently been demonstrated that there is a 

significant increase in the cyclic motor pattern in the distal colon in the perioperative period, 

including the time under general anaesthesia [239]. This chapter sought fundamental progress 

in the understanding of electrical activity in the human colon by applying HR electrical 

mapping to the human colon during contraction under anaesthesia. This work may provide 

improved understanding of colonic physiology and inform the development of new treatment 

strategies. 

6.2 Study objectives 

1. Establish the feasibility of performing HR electrical mapping in the human colon by 

using multielectrode arrays. 

2. Characterise the electrical activities including slow waves and spikes in the human 

distal colon in patients undergoing abdominal surgery. 

6.3 Material and methods 

6.3.1 Study design 

This was an observational physiological study involving the use of multielectrode arrays to 

record and define colonic electrical activity in patients undergoing abdominal surgery. This 

study did not affect patients’ eligibility to undergo the proposed operation. 
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6.3.2 Ethics approval 

The study was approved by the Northern B Health and Disability Ethics Committee 

(16/NTB/196) on 10 November 2016. 

6.3.3 Study population 

Patients undergoing abdominal small bowel or colonic operations, aged between 18 and 75 

years, were eligible for this study. The exclusion criteria included pregnancy; those with an 

American Society of Anaesthesiologists (ASA) score greater than or equal to 4; previous 

colorectal resection except for appendectomy; and those with a significant metabolic, 

neurologic or endocrine disorder known to cause dysmotility. 

6.3.4 Sample size 

This was the first human study applying HR electrical mapping to the colon. No existing data 

were available for power calculation, so numbers were estimated from previous successful 

mapping studies performed on the stomach (10–12 patients per published cohort) [107, 212]. 

6.3.5 Recruitment and consent 

Patients were identified from the Auckland District Health Board surgical waiting list. A 

review of their medical history was undertaken to ensure conformation with the inclusion and 

exclusion criteria. Eligible patients were contacted via telephone, and an information sheet 

regarding the intended research was provided by regular mail or email. All questions were 

answered. Risks and benefits and the procedure of placing and removing the multielectrode 

arrays were explained. Signed informed consent was obtained on the day of surgery. The 

relevant documents are included in Appendix A. 

6.3.6 Interventions 

6.3.6.1 Perioperative care 

This study was an observational study. Patients followed the standard perioperative care 

package developed by the Colorectal Unit at Auckland District Health Board (Enhanced 

Recovery After Surgery protocol). This includes no bowel preparation for right-sided colonic 

resections, standard preoperative carbohydrate drink, minimisation of intraoperative fluid use, 

and early postoperative feeding and mobilisation. 
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6.3.6.2 Anaesthesia and analgesia protocol 

All patients fasted from midnight on the day of the procedure. All patients were given 

standardised premedication and perioperative analgesia as per a protocol designed in 

conjunction with the Department of Anaesthesia at Auckland City Hospital. The protocol 

included (1) 1 g oral paracetamol preoperatively; (2) prophylactic antibiotics administered 

intravenously, typically cefuroxime and metronidazole; (3) benzodiazepine premedication, 

such as midazolam; (4) an epidural catheter selectively for those who planned to undergo 

open surgery, typically employing ropivacaine or bupivacaine; (5) a short-acting intravenous 

opiate; (6) a muscle relaxant, typically suxamethonium or atracurium; (7) an anaesthetic 

induction agent; and (8) an inhalational agent such as isoflurane or sevoflurane. Other 

medications were used if clinically indicated. These anaesthetic conditions are not known to 

affect slow waves [212, 288], except for the use of opiates, which may be associated with 

myoelectrical abnormalities [289]. 

6.3.6.3 Surgical approach 

All procedures were carried out under general anaesthesia. The anaesthetic protocol and the 

surgical approach were left to the discretion of the anaesthetic and surgical teams. Both 

laparoscopic and open surgical approaches were used, depending on the surgeon’s preference 

and the clinical indication. 

6.3.6.4 High-resolution electrical mapping 

Custom-made multielectrode arrays were used for the HR electrical mapping. These 

consisted of flexible PCBs as described in Chapter 4. Briefly, each PCB contained 32 

electrodes printed over two rows at 4mm interval. These have previously been used in 

measuring human gastric extracellular electrical signals [212]. The multielectrode arrays 

were positioned intraoperatively through an open incision or a laparoscopic port. From 

previous experience on human stomach, these two entry methods gave the same results. 

Recordings were taken at the end of operations after the completion of the resections and 

anastomoses, except for two cases where the recording was taken after the resection (high 

anterior resection and appendectomy). Recordings were obtained from the serosal surface 

(aiming for the antimesenteric side) of the colon at the rectosigmoid junction and sigmoid 

colon. Warm, moist gauze packs were placed in open operations to stabilise the 

multielectrode arrays. 
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Unipolar recordings were obtained using an ActiveTwo system (Biosemi, Amsterdam, 

Netherlands). Each multielectrode array was connected to the recording system via a 

sterilised 1.5 m 68-way ribbon cable, which was in turn connected to a laptop computer fibre-

optically. The reference electrodes were placed on the shoulder of each patient. Customised 

acquisition software written in LabView v8.2 (National Instruments, Austin, Texas, USA) 

was used. Once a satisfactory signal was obtained (free of interference), the recording 

continued for 5 min, during which patients were left undisturbed. The ventilator was paused 

for a brief period of 30–60 s during the recording at the discretion of the anaesthetic team for 

a more stable recording. On a few occasions, the multielectrode arrays were repositioned to 

improve the signals. This resulted in additional recording segments for some patients. A 

maximum 15 min of total recording time was obtained from each patient. The placement 

positions were recorded with intraoperative drawings. The multielectrode arrays were 

removed at the end of the recording before the end of the surgery. Sterility was maintained 

throughout insertion, recording and removal of the multielectrode arrays. 

6.3.7 Data analysis 

6.3.7.1 Manual data analysis 

Data analysis was performed using the Gastrointestinal Electrical Mapping Suite v1.7 

developed at the Auckland Bioengineering Institute [235]. After removing artefacts and 

noise, signals from all channels were analysed using activation maps to analyse the 

characteristics of the slow waves [290] and spike waves [291]: wave velocity, frequency, 

direction and propagation vectors. These were marked manually on the basis of the wave 

morphology, the pattern of occurrence and the propagation. 

6.3.7.2 Automated time–frequency analysis 

The raw data were down-sampled from 512 Hz to 8 Hz after low-pass filtering to prevent 

aliasing of high-frequency signals. The data were then re-referenced to the average reference 

by subtracting the average time series from each channel to remove artefacts that were 

common to all channels. In addition, movement artefacts were removed using the LMMSE 

filter with a 20 s window as described previously, which also removed the baseline drift of 

the signal [292]. 
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Continuous wavelet transform (CWT) was applied to quantify the electrical activity at 

frequencies between 1 and 6 cpm. The Morlet wavelet was used with wave number (ω0) = 8, 

because its shape resembled that of the observed rhythmic activity and it provided adequate 

time–frequency trade-off [293]. The scales were spaced logarithmically with 32 voices per 

octave between 1 and 6 cpm. CWT of each channel was plotted in a grid corresponding to the 

spatial arrangement of the electrodes. The colour bar scale ranged from 0 µV (blue) to 30 µV 

(yellow). 

6.3.8 Statistical analysis 

Data were expressed as mean ± 1 SD. Statistical analysis was intended to be performed on 

the retrieved physiological patterns. However, as discussed below, the nature of the data 

retrieved in this exploratory study was insufficient to quantitatively interrogate the underlying 

electrical physiology. Therefore, no formal statistical tests were employed. 

6.4 Results 

6.4.1 Study population 

Eleven patients were recruited for the study (age, 33–71 years; six female subjects). The 

patient demographics, indication for surgery and type of surgery are listed in Table 6.1. A 

total of 19 recording segments were taken (mean, 1.7 segments per patient) for a total 

duration of 4895 s (mean, 445 ± 136 s per patient and 257 ± 98 s per segment). Figure 6.1 

shows an example of the placement of the multielectrode arrays. 
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Table 6.1 Patient demographics and operative details 

Patient Age Surgery type Primary pathology Mode of 
anaesthesia 

1 71 Open APR Anal SCC general + 
epidural 

2 72 Open RH Caecal cancer general 
3 75 Lap RH Ascending colon cancer general 
4 33 Lap extended RH Transverse colon cancer general 
5 69 Open RH Metastatic endometrial 

cancer 
general + 
epidural 

6 42 Lap RH Large hepatic flexure 
polyp 

general 

7 59 Lap RH Transverse colon cancer general 
8 66 Open high APR + distal 

pancreatectomy 
Metastatic endometrial 
cancer 

general + 
epidural 

9 55 Lap appendectomy Appendiceal mucocele general 
10 53 Open RH + duodenal wedge Crohn’s stricture general + 

epidural 
11 68 Lap RH Caecal cancer general 
Lap = laparoscopic, APR = abdominal perineal resection, RH = right hemicolectomy, SCC = 

squamous cell carcinoma. 
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Figure 6.1 HR electrical recording using intraoperative placement of multielectrode 

arrays. (A) and (B) Physical hardware setup. (C) Multielectrode array held in place with 

laparoscopic graspers. 

 

6.4.2 Detection of electrical activities 

The initial examination of the data did not yield identifiable colonic slow waves according to 

the same filtering protocol applied in pig colonic data described in Chapter 4. After applying 

a Butterworth filter with a passband of 10–600 cpm without additional baseline removal to all 

the data, low-frequency components from manual manipulation of the recording electrodes 

were eliminated, and the higher frequency components (i.e., spike waves) were able to be 

visualised. No electrical signals consistent with slow waves were identified in any of the 11 

patients. Activities resembling spike waves were seen in three patients. 

6.4.3 Slow waves 

No propagating electrical signals in the traditionally reported range (2–6 cpm) were observed 

in any of the 11 patients. In one patient, 4.5 cpm non-propagating electrical activity was seen 
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synchronously across four channels at 0.13 ± 0.06 mV and another 8 cpm non-propagating 

electrical activity was seen synchronously across six channels at 0.05 ± 0.02 mV (Figure 6.2). 

The periodicity resembled slow waves; however, the non-propagating nature meant that they 

were less likely to be true slow waves because artefacts interact with all electrodes 

simultaneously, whereas slow waves from the target organ show a lag between adjacent 

channels [290]. Using an automated time–frequency analysis method, consistent 3 cpm 

activity was seen in multiple channels in one patient (Figure 6.3); this corresponded to the 

regular contractile frequency previously recorded using HR manometry [239] as well as 

intraoperative video recording (Video 6.1, https://youtu.be/KHGnBtllkTA). 

 

 

Figure 6.2 Electrical activity resembling slow waves. (A) 4.5 cpm activity. (B) 8 cpm 

activity. The non-propagating nature meant they were less likely to be true slow waves. Blue 

arrows indicate the activity of interest. 
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Figure 6.3 Automated time–frequency analysis showing 3 cpm activity in one patient. 

Each subgraph represents a single channel on the multielectrode array. The channels are 

arranged according to the spatial configuration of the array. The Y-axis represents the 

frequency range and the X-axis represents time. The colour bar scale ranges from 0 µV (blue) 

to 30 µV (yellow). 

 

6.4.4 Spike activity 

Spike waves in variable frequencies were observed according to the descriptors of Erickson 

et al. [291]. These were typically identified only in a few isolated channels and were 

insufficient to construct an activation map. The spike wave frequency ranged from 24 to 

42 cpm, lasting 10–180 s with an average amplitude of 0.54 ± 0.37 mV (Figure 6.4). 
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Figure 6.4 Clusters of spike waves from three separate recording segments. Spike waves 

are circled in red. 

 

6.4.5 Artefacts 

Recordings of other physiological data were obtained at times, including ventilator and 

cardiac parameters, according to the descriptors of Paskaranandavadivel et al. [236, 294]. The 

frequencies of these activities were consistent with the physiological range recorded on the 

anaesthetic monitor. Figure 6.5 shows some examples of these activities. 

20 s

1 
m

v

20 s

0.
4 

m
v

20 s

0.
2 

m
v



 

88 

 

Figure 6.5 Artefacts obtained on recordings. (A) Ventilator artefacts. (B) Cardiac activity. 

 

6.5 Discussion 

This chapter presents the first experience of HR electrical mapping of the human colon, 

comprising an exploratory study of 11 patients mapped intraoperatively, where the colon is 

known to be mechanically active [239]. Overall, the results were negative in that a defined 

and rhythmic electrical activity suggestive of slow-wave activation was not demonstrated 

under the only experimental conditions currently available to obtain HR electrical mapping in 

humans. Periodic bursts of electrical activity were, however, seen regularly in several 

patients. These events resembled spike waves at various frequencies. These findings have 

important implications for the physiological understanding of the contractile impetus in the 

human distal colon, as discussed below. 

Low-resolution electrical recordings from the human colon have been obtained on the serosal 

surface and from suction electrodes on the mucosa [295-298]. Sarna et al. used bipolar 

electrodes to show two frequency ranges in the distal colon, with the lower frequency range 
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(2–9 cpm) being the most dominant [297]. Sarna et al. found that rhythmic electrical activity 

(possibly referring to slow waves) was regularly observed, but this sporadically translated to 

electrical activity associated with contractions. These were termed discrete electrical response 

activity and continuous electrical response activity depending on the duration of action [295, 

297]. These probably correspond to the spike waves seen in the current study. Shafik et al. 

have reported colonic slow waves in healthy individuals undergoing abdominal hernia 

operations [298]. This group used sparse placement of monopolar electrodes and consistently 

recorded slow waves from all segments of the colon with a frequency range of 4–6 cpm. 

Sparse electrodes implies that propagation of electrical activity is often assumed with 

interpolated data, and this significantly limits the ability to fully characterise the underlying 

electrical events. 

HR electrical mapping using custom-made multielectrode arrays is a validated method for 

recording electrical activity in the gastrointestinal tract [231, 234]. It has been demonstrated 

that slow waves can be reliably recorded from the human stomach [212], and aberrant 

electrical activities can be observed in gastric motility disorders [107]. The same has been 

demonstrated in human small intestine [214]. Currently, there are no HR electrical data from 

the human colon in the published literature. 

In the feline small intestine, Lammers et al. described the spatiotemporal relationship 

between slow waves and spike waves [277]. The crucial differences are that slow waves 

propagate a considerable distance compared with spike waves. Spike waves often occur in the 

wake of a leading propagating slow wave. Spike waves also show more isotropic propagation 

in the longitudinal direction than do slow waves [277] Applying the same method, spike 

waves were seen in the dog rectum, but these researchers were not able to demonstrate slow 

waves in the dog rectum [251]. Similar to the small intestine, spike waves originated in 

seemingly random locations and terminated spontaneously after propagating a short distance 

[251]. No electrical activity was recorded from the electrodes on the colon by this group 

[251]. 

Intraoperative mapping from the serosal surface of the distal colon was attempted in this 

chapter. Only sporadic spike waves were seen. The spatial pattern of the spike waves was 

insufficient to construct an activation map. HR manometry shows that the distal colon is 

remarkably active, exhibiting a consistent cyclic motor pattern in the perioperative period 

[239]. The activity starts in the preoperative period, increases towards the end of an 
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abdominal operation and persists beyond 16 h in the postoperative period. The frequency of 

this observed cyclic motor pattern resembles human colon slow-wave frequency. An 

abdominal operation provides ideal access to the serosal surface of the colon for successful 

recording of the electrical activities. On this premise, theoretically, it should be possible to 

record slow waves in the current study setting, if slow waves are indeed driving the activity. 

There are several possible explanations (technical and physiological reasons) for the paucity 

of slow waves obtained in this study, which are discussed below. 

From a technical standpoint, the signal-to-noise ratio for the intestinal extracellular slow 

waves is less for the small intestine compared with the stomach [212, 214], and this is likely 

to also be true for the colon, making the detection of slow waves more challenging. The colon 

is more pliable, as opposed to the stomach, which has a larger, flatter and firmer surface for 

tissue–electrode contact. In contrast, electrode contact with the colon is more difficult to 

establish and maintain without extensive manipulation of the tissue. Further, most previous 

slow-wave recordings from the colon were obtained using a bipolar recording method [296], 

whereas the HR electrical mapping uses multiple monopolar recordings. Bipolar recordings 

are more reliable in recording low-level local activities [299]. Nevertheless, because 

intestinal slow waves can be reliably recorded in human patients, using virtually identical 

methods, it seems unlikely that technical factors were responsible for the current negative 

findings regarding colonic slow-wave activity. 

The recordings were taken intraoperatively with patients under general anaesthesia, which 

might have altered the expression of electrical activity in the colon. However, it has been 

shown that gastric and small intestinal slow waves can be recorded under similar surgical 

conditions [212, 214]. The current available technology requires an open abdomen for the 

placement of the multielectrode arrays on the serosal surface of the intestine. In addition, 

recordings were taken from a small section of the colon. Future studies encompassing a larger 

area of recording may be beneficial. Simultaneous recordings using HR manometry and HR 

electrical mapping would be beneficial. Several attempts were made during this PhD study; 

however, they were unsuccessful due to technical and logistical reasons. Ex-vivo study of the 

colon could potentially allow for a prolonged recording; however, propagating cyclic motor 

patterns have not been demonstrated in the human colon ex-vivo [113]. 

Most significantly, from the physiological standpoint, it has been suggested that slow waves 

are not omnipresent in the human colon [300], although two separate groups have suggested 
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that they can be recorded the majority of the time [297, 298]. Given that the colon is known 

to contract vigorously or express cyclic motor patterns during the intraoperative period for 

these operations [239], it is most likely that the cyclic motor pattern is not primarily driven by 

slow waves, but rather by neural activity. Further studies in an animal model in which 

pharmacological suppression of either neural activity or electrophysiological events can be 

performed will be required to further resolve this question. However, currently no animal 

model for intraoperative hyperactive cyclic motor patterns exists, and attempts to develop a 

porcine large animal model of this activity have not yet shown success (Chapter 4). Further 

exploration of these clinically important directions of enquiry, and the questions initiated in 

this thesis, may be significant future work. 

In the future, ambulatory HR electrical mapping may overcome the limitations of anaesthesia 

and surgical conditions. This technology is still under development, and recordings obtained 

from the colonic mucosa or body surface require further validation with colonic serosal data. 

The development of more pliable electrodes or electrodes with improved adherence to 

colonic serosal surfaces may aid in the detection and characterisation of colonic electrical 

activities. 

6.6 Conclusion 

This chapter reports initial experiences in obtaining HR electrical mapping from the colon, 

explicitly targeted at the rectosigmoid region. Despite cyclic motor patterns being able to be 

recorded manometrically under similar conditions, and the ability to record gastric and small 

bowel electrical data intraoperatively, no consistent slow waves were seen in the human 

colon with the current experimental setup. Sporadic spike waves were seen, but they were not 

consistent enough to map or explain the motor activity of the colon, and how these translate 

to function needs to be elucidated with further research. Overall, it may be that cyclic motor 

patterns in the distal colon occurring intraoperatively are mediated by neurogenic 

mechanisms. Improved animal models and recording technologies are needed to further 

advance understanding of human colonic electrical activity. 
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Chapter 7  The Rectosigmoid Brake as a Therapeutic 
Target: High-Resolution Manometry Study of Distal 

Colonic Motor Activity in Patients with Faecal 
Incontinence Undergoing Sacral Nerve Stimulation 

Part of this work was presented as a poster at the Royal Australasian College of Surgeons 

88th Annual Scientific Congress 2019 in Bangkok and published in ANZ Journal of Surgery 

(2019, vol. 89 Suppl 1, pp.39). 

7.1 Background 

Faecal incontinence affects 13.2% of New Zealanders [4]. It is associated with significant 

psychosocial distress [301, 302]. While the cause is often multifactorial [64, 303, 304], the 

role of colonic motor function is less well studied. Colonic motility studies in patients with 

faecal incontinence are often limited to low-resolution techniques; these were discussed in 

Chapter 2 [66, 67, 305]. A detailed description using HR manometry in patients with faecal 

incontinence will provide further insights into this debilitating condition and potentially open 

up new therapeutic targets. 

SNS is an effective surgical treatment for faecal incontinence refractory to medical 

management [306]. It involves the placement of a stimulating electrode next to a sacral nerve 

root, typically at the S3 level [307]. Chronic stimulation is delivered, usually at 14 Hz and 

with a pulse width of 200–300 μs. Despite clinical success, the mechanism of action has not 

been entirely elucidated [197, 308]. The original case series suggested that SNS increases 

anal squeeze pressure [309]; however, this finding was not reproduced in 26 of the 40 studies 

identified in a recent systematic review [197]. Further, SNS can still be effective in those 

with large external sphincter defects, suggesting that this technology does not purely act at 

the sphincter level [310]. Other potential mechanisms of action, including altered rectal 

sensation, rectal motor function, rectal compliance and anal sensory function, have not been 

conclusively established [197]. This leaves a gap in the understanding of the mechanism of 

action of SNS. Currently, there is also a lack of objective measures of the response from SNS 

other than clinical response rate. 
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SNS delivers excitatory parasympathetic signals through the sacral nerves. It is possible that 

the stimulation may alter colonic motor patterns such as those involved in the rectosigmoid 

brake. In patients with faecal incontinence, SNS has been shown in one study to increase the 

number of retrograde propagating sequences, mostly as cyclic motor patterns [114]. The 

study was carried out in patients undergoing full bowel cleansing and a restricted meal 

(300 kcal) to minimise the meal response. Colonic response to a meal is well described [109, 

148, 311, 312] and may be used as a marker to assess the health of the colon [108]. It has 

been shown that a 1000 kcal meal significantly stimulates the colon whereas a 350 kcal meal 

does not [172]. Full bowel cleansing has also been shown to alter the expression of a subset 

of activities in the colon [209]. The effects of sacral neuromodulation on the colon without 

full bowel cleansing and after a standard meal (>700 kcal) have not been investigated. 

In this study, HR manometry was used to record the distal colonic motor patterns in patients 

with faecal incontinence. This study hypothesised that altered distal bowel motor patterns, 

especially the cyclic motor patterns, may have a role in the development of faecal 

incontinence. This study proposed that SNS may alter motor patterns of the distal colon as a 

mechanism to improve continence. Ultimately, clarifying the mechanism of action for SNS 

may lead to optimisation of treatment protocols for individual patients with faecal 

incontinence. 

7.2 Objectives 

1. To assess the distal colonic motor patterns by utilising HR manometry in a cohort of 

patients with faecal incontinence undergoing SNS. 

2. To evaluate the effect of SNS at two different settings, including suprasensory and 

subsensory levels of stimulation, on the distal colonic motor patterns. 

3. To evaluate the effect of a meal in patients with faecal incontinence undergoing SNS. 

7.3 Material and methods 

7.3.1 Ethical approval 

The study was approved by the Northern A Health and Disability Ethics Committee 

(15/NTA/175) on 18 November 2015. 
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7.3.2 Study population 

Patients were identified through the Colorectal Unit surgical waitlist at Auckland District 

Health Board. This unit is the only publicly funded centre in New Zealand that performs SNS 

for faecal incontinence. Patients consisted of the local population and those referred from 

other regions throughout the country. Patients were deemed eligible for SNS if they had 

failed medical management for faecal incontinence and had experienced at least two episodes 

of faecal incontinence per week for a minimum of 12 months. This was confirmed using a 

daily bowel diary supplied by Medtronic (Minneapolis, MN, USA). All patients underwent a 

full clinical assessment at the Auckland City Hospital Colorectal Pelvic Floor Clinic, which 

consisted of a thorough history and physical examination, and anorectal examination 

including proctoscopy, endoanal ultrasound, anal manometry and defaecography. Pudendal 

nerve terminal motor latency test was not routinely performed. Baseline incontinence data 

were gathered by asking patients to fill out a questionnaire consisting of questions related to 

the Faecal Incontinence Severity Index [313] and the Faecal Incontinence Quality of Life 

[314] scores. 

The decision to perform SNS on each patient was made at the Auckland District Health 

Board Monthly Pelvic Floor Multidisciplinary Meeting. All patients who qualified for SNS 

were deemed eligible for this study except for those who met the exclusion criteria, which 

included being pregnant; suffering from a severe metabolic, neurologic or endocrine disorder 

known to cause colonic motility disorder; previous distal bowel resection; and major 

lumbosacral injury or malformations. 

7.3.3 Control group 

Existing manometry data from nine healthy volunteers served as the control group. This 

dataset is described in detail in Chapter 5. Modifications were made (i.e., exclusion of sensors 

proximal to the splenic flexure) to make the data comparable to the data in this chapter, 

where the focus was exclusively on the distal colon. 

7.3.4 Recruitment and consent 

Patients were contacted by phone. The study information sheet was provided as a physical 

copy or electronically via email. Written informed consent was obtained before the 

commencement of the study. The relevant documents are included in Appendix B. 
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7.3.5 Interventions 

7.3.5.1 Anaesthesia and analgesia 

All patients fasted from midnight on the day of the procedure. All patients were administered 

standardised premedication and perioperative analgesia as per a protocol designed in 

conjunction with the Department of Anaesthesia at Auckland City Hospital and Greenlane 

Surgical Unit. Premedication included 1 g oral paracetamol. 

The mode of anaesthesia was agreed upon by the operating surgeon and anaesthetist. Three 

surgeons performed the sacral nerve stimulator implantation at Auckland City Hospital. Two 

surgeons routinely performed the procedure under sedation, while one surgeon routinely 

performed the procedure under general anaesthesia. 

Procedures performed under sedation used midazolam, remifentanil infusion and/or propofol 

infusion. These medications were titrated to effect. For procedures performed under general 

anaesthesia, fentanyl and midazolam were given as premedication. The choice of induction 

agent and neuromuscular blockade was left to the discretion of the anaesthetist. The 

neuromuscular blockade is typically a short-acting agent, such as rocuronium, to allow for 

observation of motor response from the nerve stimulation. Rocuronium has a clinical duration 

of 33 min [315]. 

Postoperative pain management was as per the standard postoperative analgesic protocol 

developed by the Department of Anaesthesia at Auckland City Hospital. This consisted of 

regular offering of paracetamol and tramadol or Sevredol (Mundipharma B.V., Netherlands). 

Patients were given the opportunity to refuse these medications if they were not needed. 

7.3.5.2 Sacral nerve stimulation 

SNS is typically performed in a two-stage fashion [307]. The first stage is the temporary 

evaluation phase, which involves the percutaneous placement of a unipolar electrode or the 

surgical placement of a definitive quadripolar tined lead connected to a temporary stimulator. 

A quadripolar tined lead was used in this study. If clinical success was achieved, the patient 

then moved onto the second stage. The second stage involves converting the first-stage setup 

into a permanent stimulator. Colonic manometry recordings were taken during the stay for 

the first-stage procedure. 
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The surgeries were scheduled to commence between 0830 and 1030 at Auckland City 

Hospital or Greenlane Surgical Unit, Auckland. Patients were placed in the prone position 

with a pillow under the lower abdomen to flatten the sacrum. A grounding electrode was 

attached to either foot. After sterile preparation and draping, the S3 foramen location was 

identified using anatomical landmarks [316]. Local anaesthetic (1% lidocaine) was infiltrated 

first if the procedure was carried out under sedation. A foramen needle was introduced at an 

approximately 60-degree angle into the S3 foramen. Typically, the left S3 foramen was 

accessed first. Fluoroscopy was used to confirm the position of the needle, both in the 

anterior–posterior and the lateral orientation. The needle was then attached to an external test 

stimulator using a J-hook. A satisfactory position was indicated by the direct observation of 

the lifting of the perineum (bellows response) while minimising flexion of the great toe. If the 

response was unsatisfactory, the needle was repositioned on the ipsilateral side or 

contralateral side. Once a satisfactory position was confirmed, the foramen needle stylet was 

exchanged for a guidewire followed by a rigid dilator within an introducer sheath. A 

quadripolar tined lead (Model 3889, Medtronic, Minneapolis, MN, USA) was introduced 

through the introducer. The position was confirmed using fluoroscopy and further test 

stimulation, looking for the bellows response. The lead was then tunnelled subcutaneously to 

exit on the contralateral buttock. The skin was closed using the standard surgical technique. A 

sterile, waterproof dressing was then applied. The electrode was then connected to a 

temporary external stimulator (Medtronic Verify Evaluation System, Model 3531) controlled 

by a patient controller (Model 3537). The test lead was left disconnected (OFF setting) after 

the procedure. 

7.3.5.3 High-resolution manometry catheter placement 

A 36-sensor HR manometry catheter was used in this study. Patients all received one to two 

Fleet enemas (Fleet Laboratories, USA) before surgery to allow for the manometry catheter 

placement. 

A detailed discussion on the HR manometry catheter was made in Chapter 4. Manometry 

catheter placement was performed at the end of the SNS first-stage procedure. A nylon loop 

was tied to the tip of the manometry catheter. A Resolution clip (Boston Scientific, 

Marlborough, MA, USA) was inserted into the working channel of a flexible sigmoidoscope 

to grasp the nylon loop and guide the placement of the manometry catheter per anus. The HR 

manometry catheter was advanced to a point where the last sensor was no longer visible at 
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the anal verge. Once in position, one or two Resolution clips were used to secure the catheter 

via the nylon loop to the colon mucosa (Figure 7.1). A piece of tape was also used to secure 

the catheter to the buttock. 

 

 

Figure 7.1 HR manometry catheter in situ in a patient after the sacral nerve stimulator 

first-stage procedure. (A) A manometry catheter secured with Resolution clips. (B) A 

manometry catheter in the colon. Stool is observed in the colon. C) An abdominal X-ray 

showing a manometry catheter in the distal colon (blue arrows). A quadripolar tined lead in 

the S3 position is shown in the blue circle. 

 

Patients were then moved to the postoperative recovery unit for observation before being sent 

to the ward. Patients had limited mobilisation because of the presence of the HR manometry 

catheter. 
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7.3.6 Manometry study protocol 

The sacral nerve stimulator lead was left disconnected at the end of the placement procedure 

per routine clinical protocol. The manometry recording commenced once patients were fully 

awake and had been transferred to the ward, typically around 1100. The manometry 

recording (protocol 1) is shown in Figure 7.2. Abdominal X-rays were taken approximately 

4 h after the surgery to confirm the position of the manometry catheter. At 1400, 2 h of basal 

recording with no stimulation were performed. After the basal recording, the implanted sacral 

nerve stimulator lead was connected to a temporary external stimulator, and a further 2 h of 

recording, starting at 1600, was undertaken using the standard therapeutic setting 

(suprasensory level of stimulation), as determined by the Medtronic specialist. The setting 

was based on a default setting supplied by Medtronic (14 Hz and pulse width of 210 μs). The 

amplitude was slowly increased in 0.1 V increments until the patient perceived sensory 

stimulation in the perineum. The final amplitude was set at a level where the patient was 

aware of the stimulation but remained comfortable. This setting is labelled as ‘Stim 1’ in 

Figure 7.2. 

 

Figure 7.2 Manometry recording protocol (protocol 1). 
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At 1800 (after 2 h of suprasensory stimulation), patients were given a standardised 700 kcal 

meal, consisting of a chicken sandwich and a Nepro HP drink (Abbott Nutrition, Columbus, 

OH, USA). While still receiving SNS, patients underwent a further 2 h of recording, after 

which the HR manometry catheter was disconnected, and the temporary external stimulator 

was turned off overnight. The turning off of the stimulator allowed for a washout period 

before the second stimulation period the following morning. Patients were left undisturbed by 

the study team for the remainder of the night. Patients were instructed not to have any food 

intake after midnight, except for water and regular medications. 

On the following morning (day 2), patients were woken at 0600. HR manometry recording 

re-commenced 1 h after the patients woke, at 0700. The stimulator setting was set at 50% of 

the amplitude that could be perceived by the patient (subsensory level of stimulation). This is 

labelled as ‘Stim 2’ in Figure 7.2. After 2 h of recording, patients were given another 

standardised 700 kcal meal (as previously described) at 0900. A further 2 h manometry 

recording was performed under subsensory stimulation. 

7.3.6.1 Pilot study—extended protocol (protocol 2) 

An extended protocol was developed to further investigate the effect of a meal in patients 

with faecal incontinence before SNS (Figure 7.3). The extended protocol was used when the 

clinical situation allowed (i.e., surgery finishing on time to allow for adequate recordings). 

This protocol was designed to minimise the impact on valuable bed resources in our public 

hospital system. 

Surgery and catheter placement remained the same. Abdominal X-rays were taken 

approximately 4 h after the surgery to confirm the position of the manometry catheter. Once 

patients returned to the surgical ward, the basal recording commenced at 1100. A 

standardised 700 kcal meal (described above) was given at 1300, followed by a further 2 h of 

recording. The implanted sacral nerve stimulator lead was connected to a temporary external 

stimulator after this period, and an additional 2 h of recording, starting at 1600, was 

undertaken with the stimulator set at the suprasensory level. At the end of this 2 h recording, 

patients were given another standardised 700 kcal (described previously) meal at 1800. A 

further 2 h of recording were then performed. At the end of this recording period, the HR 

manometry catheter was disconnected, and the temporary external stimulator was turned off. 

Patients were left undisturbed by the study investigator for the remainder of the night. 
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Patients were instructed to not have any food intake after midnight, except for their regular 

medications and water. Recording on day two was carried out in the same manner as the 

original protocol (Figure 7.2). 

 

Figure 7.3 Extended manometry recording protocol (protocol 2). 

 

7.3.6.2 Catheter removal 

At the end of the recording, the HR manometry catheter was removed by applying gentle 

traction. Patients were observed for 10 min to ensure that no complications had arisen. 

Patients were then discharged with bowel diaries to assess their bowel habits over the 

following 2 weeks. 

7.3.6.3 Follow-up data 

Follow-up data were gathered through subsequent clinic notes and hospital admission and 

discharge summaries. The symptomatic response to the SNS was not formally assessed for 

the purpose of this chapter but a note of the number of patients that progressed to a 

permanent implant was made. 
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7.3.7 Analysis of manometric data 

Manometry data were collected distal to the splenic flexure from both the healthy volunteers 

and the patients. Each recording period was set to last for 2 h; however, the actual recording 

time was often shorter because of patient-related factors such as the need to go to the toilet, 

and on a few occasions the patient did not follow the intended meal schedule. The last hour of 

the pre-meal data and the first hour of the postprandial data were extracted to ensure data 

consistency. 

Data analysis was carried out in the same manner as described in Chapter 4. In brief, custom-

written software (PlotHRM) was used [226]. After baseline removal and removal of 

noticeable artefacts, all propagating sequences were marked out. A pressure increase of at 

least 5 mmHg was considered a pressure event. Pressure events that propagated over four or 

more adjacent sensors were regarded as one propagating sequence. Two events were not 

considered the same propagating sequence if a pressure event returned to the baseline prior to 

the event in the adjacent channel. The identified sequences were then assigned a direction 

according to the velocity. A positive velocity was labelled as antegrade propagating 

(travelling towards the anus), while a negative velocity was labelled as retrograde 

propagating. Propagating sequences were classified into different motor patterns on the basis 

of the definitions by Dinning et al. [109]. 

7.3.7.1 Activity index calculation 

An index was developed to show the activity level in a specified period for each patient. This 

method was developed in collaboration with Dr Niranchan Paskaranandavadivel from the 

Auckland Bioengineering Institute, University of Auckland. These provide a more objective 

and consistent measure of the manometry data. These methods consist of algorithms written 

in Matlab (MathWorks, Natick, MA, USA). 

After correcting for the baseline drift, removal of high-frequency noise and suppression of 

synchronous noises, a sum of the amplitudes of all the events was calculated. This was then 

divided by the number of recording sensors and time. Natural log transformation was then 

performed. The formula used is shown below: 

Activity index = log(
∑"##	"%&#'()*+,
-)%.+/	01	,+-,0/,

!"#$ + 1	) 



 

102 

7.3.8 Statistical analysis 

Data are presented as mean ± 1 SD per hour unless otherwise stated. Data comparison was 

made using paired non-parametric tests (Wilcoxon signed-rank test) when comparing 

individual patients with faecal incontinence. Unpaired non-parametric tests (Mann–Whitney 

U test) were used to compare results from the healthy volunteers with those from patients 

with faecal incontinence. P < 0.05 was considered statistically significant. All statistical 

analysis was carried out using Prism 7 (GraphPad Software, La Jolla, CA, USA) unless 

otherwise stated. 

7.4 Results 

Fifteen patients with faecal incontinence (age, 45–81 years; 13 female subjects) undergoing 

SNS were recruited. None of the patients had clinically significant rectal prolapse. Significant 

previous pelvic and anorectal surgeries were as follows: four sphincter repairs, three anterior 

Delorme procedures, three ventral mesh rectopexies, one sphincterotomy for fistula disease 

and one gastric bypass. One patient had mesh erosion from a previous sacrocolpopexy (mesh 

was removed before patient assessment at Auckland City Hospital). 

The patient group consisted of five patients with urge incontinence, five with passive 

incontinence and five with mixed incontinence based on assessment by the Auckland City 

Hospital Pelvic Floor Clinic. The mean Faecal Incontinence Severity Index score was 39.2 

(range, 21–61), and the mean Faecal Incontinence Quality of Life score was 59.6 (range, 38–

97). 

The anorectal physiology results are shown in Table 7.1. The interpretation of anorectal 

manometry at Auckland City Hospital was based on normal values from international 

literature [317, 318]. 
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Table 7.1 Anorectal physiology results 

Examination Result 

Endoanal ultrasound#, number of patients  
Internal sphincter  

Intact 6 
Defect 6 

External sphincter  
Intact 11 
Defect 1 

Anorectal manometry*, mmHg  
Resting 34.2 ± 19.0 
Squeeze 59.9 ± 34.0 
Cough 55.3 ± 35.3 

# Endoanal ultrasound results not available from three patients. * Anal manometry results not 

available from two patients. 

 

One patient was taking loperamide prior to the operation. None of the patients received 

antidiarrhoeal agents, including loperamide or codeine, on the day of surgery or for the 

duration of the hospitalisation. On the day of surgery, 11 patients did not receive narcotics 

postoperatively. Three patients required more than three doses of either tramadol or Sevredol. 

On day two, 12 patients did not receive any narcotics. Two patients required more than three 

doses of either tramadol or Sevredol. 

7.4.1 Sacral nerve stimulator and high-resolution manometry catheter placement 

Ten patients underwent sacral nerve stimulator placement under sedation while the remaining 

five underwent placement under general anaesthesia. A subgroup analysis did not show a 

significant difference between these groups in terms of the manometry data presented in the 

following section. 

The sacral nerve stimulator was placed in S3 in all patients, 12 on the left side and three on 

the right side. 
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The most proximal sensors of the HR manometry catheter reached beyond the splenic flexure 

in two patients, and reached the descending colon in nine. There were no sensors in the 

rectum in two patients. There was significant catheter migration in one patient (from protocol 

1) after 2 h; data after this period were excluded for this patient. 

7.4.2 Colonic manometry data 

This section presents both the manual and automated analysis. Propagating sequences were 

detected manually, while the automated analysis generated the activity indices. 

Figure 7.4A and B show two examples of manometry tracings at baseline. Figure 7.4C and D 

show manometry tracings from the same individuals under the suprasensory level of 

stimulation. Tables 7.2 to 7.5 show the distribution of different motor patterns as defined by 

Dinning et al. [109]. 
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Figure 7.4 Manometry tracing showing the effect of SNS. A and B are recordings from 

one patients while C and D are recordings from another patient. A and C are baseline 

recordings. B and D are recordings from SNS at the suprasensory level.  
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Table 7.2 Cyclic propagating motor pattern 

Patient Baseline SNS suprasensory SNS subsensory 

Preprandial Postprandial Preprandial Postprandial Preprandial Postprandial 

1 ✓ ✓ ✓ ✓ ✓ ✓ 
2  n/a  ✓  ✓ 
3  n/a    ✓ 
4  ✓ ✓ ✓ ✓ ✓ 
5  n/a     
6      ✓ 
7 ✓ n/a ✓ ✓ ✓ ✓ 
8  n/a ✓ ✓ ✓ ✓ 
9  n/a   ✓ ✓ 
10    ✓  ✓ 
11 ✓ n/a n/a n/a n/a n/a 

12 ✓ n/a ✓ ✓ ✓ ✓ 
13 ✓ n/a   ✓ ✓ 
14       
15 ✓ n/a ✓  ✓  
n/a = data unavailable. 
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Table 7.3 High-amplitude propagating sequence 

Patient Baseline SNS suprasensory SNS subsensory 

Preprandial Postprandial Preprandial Postprandial Preprandial Postprandial 

1       
2  n/a     
3  n/a ✓   ✓ 
4      ✓ 
5  n/a     
6       
7  n/a     
8  n/a     
9 ✓ n/a     

10       
11  n/a n/a n/a n/a n/a 
12  n/a   ✓  

13  n/a     
14       
15  n/a     
n/a = data unavailable. 
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Table 7.4 Short single motor pattern 

Patient Baseline SNS suprasensory SNS subsensory 

Preprandial Postprandial Preprandial Postprandial Preprandial Postprandial 

1  ✓   ✓  

2  n/a  ✓  ✓ 
3  n/a  ✓ ✓ ✓ 
4  ✓ ✓ ✓ ✓ ✓ 
5  n/a  ✓ ✓  

6  ✓ ✓ ✓  ✓ 
7  n/a ✓ ✓   

8  n/a ✓ ✓ ✓ ✓ 
9 ✓ n/a ✓ ✓ ✓ ✓ 
10 ✓ ✓ ✓ ✓ ✓  

11  n/a n/a n/a n/a n/a 
12  n/a  ✓ ✓ ✓ 
13  n/a ✓ ✓ ✓ ✓ 
14 ✓ ✓ ✓ ✓ ✓ ✓ 
15 ✓ n/a ✓ ✓ ✓ ✓ 
n/a = data unavailable. 
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Table 7.5 Long single motor pattern. 

Patient Baseline SNS suprasensory SNS subsensory 

Preprandial Postprandial Preprandial Postprandial Preprandial Postprandial 

1      � 

2  n/a    ✓ 
3  n/a  ✓   

4  ✓ ✓ ✓  ✓ 
5  n/a   ✓ ✓ 
6 ✓     ✓ 
7  n/a ✓ ✓  ✓ 
8  n/a  ✓ ✓  

9  n/a ✓ ✓ ✓ ✓ 
10    ✓ ✓ ✓ 
11 ✓ n/a n/a n/a n/a n/a 

12 ✓ n/a  ✓  ✓ 
13 ✓ n/a  ✓ ✓ ✓ 
14  ✓ ✓ ✓ ✓ ✓ 
15 ✓ n/a ✓ ✓ ✓ ✓ 
n/a = data unavailable. 
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7.4.2.1 Baseline before a meal (patients N = 15, healthy volunteers N = 9) 

Figure 7.5 shows the baseline data in patients before any stimulation (before a meal or SNS), 

compared with healthy volunteers (before a meal). Each patient group (i.e., passive, urge and 

mixed faecal incontinence) is shown in a different colour. A wider spread of pressure events 

was seen at baseline in patients with faecal incontinence. 

In patients, the mean number of antegrade propagating sequences detected before stimulation 

was 9.1 ± 12.6 per hour, and the mean number of retrograde propagating sequences detected 

was 7.9 ± 11.27 per hour. One HAPS was detected in one patient. The mean activity index 

was 0.21 ± 0.09 over this period. In the healthy volunteers, the mean number of antegrade 

and retrograde propagating sequences and the activity index were 1.0 ± 1.8 per hour, 

8.0 ± 7.7 per hour and 0.19 ± 0.09, respectively. The differences between these values were 

not statistically significant. 
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Figure 7.5 Dot plots comparing patients with faecal incontinence with healthy 

volunteers at baseline. (A) Antegrade propagating sequences. (B) Retrograde propagating 

sequences. (C) Activity index. FI = faecal incontinence. Black dots = healthy volunteers. Red 

dots = urge incontinent. Blue dots = passive incontinence. Purple dots = mixed incontinence. 
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7.4.2.2 Meal response before sacral nerve stimulation (patients N = 5, healthy volunteers 

N = 9) 

The meal response before SNS was obtained from five patients in a pilot study (protocol 2). 

The meal response data are shown in Figure 7.6. Each patient group (i.e., passive, urge and 

mixed faecal incontinence) is shown in a different colour. For these five patients, the mean 

number of antegrade propagating sequences increased from 3.2 ± 4.3 to 5 ± 5.6 per hour after 

a meal while the mean number of retrograde propagating sequences increased from 2 ± 3.9 to 

19 ± 24.8 per hour. The activity index increased from 0.20 ± 0.05 to 0.25 ± 0.07. None of 

these increases reached statistical significance. 
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Figure 7.6 Dot plots comparing patients with faecal incontinence before and after a 

meal. (A) Antegrade propagating sequences. (B) Retrograde propagating sequences. (C) 

Activity index. Red dots = urge incontinent. Blue dots = passive incontinence. Purple dots = 

mixed incontinence. 
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In the healthy volunteers, the number of antegrade propagating sequences increased from 

1.0 ± 1.8 to 11.0 ± 21.0 per hour after a meal (P = 0.03), while the number of retrograde 

propagating sequences increased from 8.0 ± 7.7 to 71.7 ± 55.3 per hour (P = 0.004). The 

activity index increased significantly from 0.19 ± 0.09 to 0.38 ± 0.11 per hour (P = 0.0039). 

7.4.2.3 Effect of sacral nerve stimulation at the suprasensory level (patients N = 14) 

The effect of SNS at the suprasensory level (the standard therapeutic level) upon colonic 

motor patterns is shown in Figure 7.7. Each patient group (i.e., passive, urge and mixed 

faecal incontinence) is shown in a different colour. 

SNS significantly increased the mean retrograde propagating sequences from 7.3 ± 11.5 to 

13.7 ± 13.4 per hour (P = 0.017). The mean antegrade propagating sequences increased from 

9.1 ± 13.16 to 11.4 ± 15.7 per hour with SNS (P = 0.30). The activity index increased from 

0.21 ± 0.09 to 0.25 ± 0.09 per hour (P = 0.08). 

 



 

115 

 

Figure 7.7 Dot plots comparing patients with faecal incontinence before and after SNS 

at the suprasenosry level. (A) Antegrade propagating sequences. (B) Retrograde 

propagating sequences. (C) Activity index. Red dots = urge incontinent. Blue dots = passive 

incontinence. Purple dots = mixed incontinence. 
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7.4.2.4 Meal response with sacral nerve stimulation (patients N = 14) 

The effect of a meal on the suprasensory level of stimulation is shown in Figure 7.8. Each 

patient group (i.e., passive, urge and mixed faecal incontinence) is shown in a different 

colour. At the suprasensory level of stimulation, a meal increased the mean number of 

antegrade propagating sequences from 11.4 ± 15.7 to 14.6 ± 13.4 per hour (P = 0.33). The 

mean number of retrograde propagating sequences increased from 13.7 ± 13.4 to 20.1 ± 25.5 

per hour (P = 0.42). The activity index increased significantly from 0.25 ± 0.09 to 0.30 ± 0.11 

(P = 0.01). 

The effect of a meal on the subsensory level of stimulation is shown in Figure 7.9. Each 

patient group (i.e., passive, urge and mixed faecal incontinence) is shown in a different 

colour. At the subsensory level of stimulation, a meal increased the mean number of 

antegrade propagating sequences from 12.7 ± 17.3 to 17.7 ± 13.9 per hour (P = 0.14). The 

mean number of retrograde propagating sequences increased from 25.9 ± 29.6 to 36.2 ± 37.3 

per hour (P = 0.09). The activity index increased from 0.30 ± 0.11 to 0.36 ± 0.16 (P = 0.07). 
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Figure 7.8 Dot plots showing the meal response of patients with the suprasensory level 

of SNS. (A) Antegrade propagating sequences. (B) Retrograde propagating sequences. (C) 

Activity index. Red dots = urge incontinent. Blue dots = passive incontinence. Purple dots = 

mixed incontinence. 

AA

BB

E
ve

nt
 c

ou
nt

CC

E
ve

nt
 c

ou
nt

Premeal Postmeal

Premeal Postmeal

Premeal Postmeal

p= 0.33

Suprasensory stimulation - 
Antegrade

Suprasensory stimulation - 
Retrograde

p= 0.42

*p= 0.01

Suprasensory stimulation - 
Activity index



 

118 

 

Figure 7.9 Dot plots showing the meal response of patients with the subsensory level of 

SNS. (A) Antegrade propagating sequences. (B) Retrograde propagating sequences. (C) 

Activity index. Red dots = urge incontinent. Blue dots = passive incontinence. Purple dots = 

mixed incontinence. 
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7.4.2.5 Propagating cyclic motor patterns 

This section considers cyclic motor patterns that propagated across four or more sensors. The 

mean number of propagating cyclic motor patterns at baseline was 10.4 ± 16.8 per hour; this 

decreased to 4.6 ± 10.3 per hour after a meal (P > 0.99). At the suprasensory level of SNS, 

the mean number increased to 16.0 ± 20.9 per hour, and was 17.6 ± 18.7 per hour after a meal 

(P = 0.83). At the subsensory level of stimulation, the mean number of propagating cyclic 

motor patterns was 22.9 ± 36.5 per hour before a meal and 36.1 ± 33.5 per hour after a meal 

(P = 0.39). These results did not alter when directionality was factored in. 

In the healthy volunteers, the mean number of propagating cyclic motor patterns at baseline 

was 1.2 ± 3.7 per hour; this increased to 53.2 ± 60.0 per hour after a meal (P = 0.004). These 

numbers were lower before a meal (P = 0.08) but higher after a meal (P = 0.006) compared 

with the patients with faecal incontinence. 

Propagating cyclic motor patterns made up 26.5.8% ± 36.4% of all propagating motor 

patterns in patients with faecal incontinence at baseline but only 6.6% ± 14.8% after a meal 

(P = 0.36). At the suprasensory level of SNS, 32.8% ± 37.6% of the motor patterns were 

classified as propagating cyclic motor patterns before a meal, and 38.6% ± 40.8% after a 

meal (P = 0.36). At the subsensory stimulation level, 39.3% ± 36.3% of the motor patterns 

were classified as propagating cyclic motor patterns before a meal and 53.2% ± 35.5% after a 

meal (P = 0.24). 

In the healthy volunteers, propagating cyclic motor patterns made up 5.5% ± 15.6% of all 

propagating motor patterns at baseline and 68.5% ± 32.4% of all propagating motor patterns 

after a meal (P = 0.008). 

7.4.3 Outcome data 

Two patients did not progress to have a permanent implant placed (second-stage procedure). 

The first patient (patient 13) was readmitted within a week with constipation and the 

temporary implant was removed at the patient’s request. The second patient (patient 14) 

failed to achieve a 50% improvement in incontinence symptoms. One other patient did not 

respond to the initial stimulation parameters but responded to a programme change before the 

second stage of permanent implant placement. 
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The time from the first-stage SNS to the last clinical follow-up was 18.0 ± 14.3 months. Eight 

patients reported good function. Four reported some deterioration over time requiring 

programme change. One patient experienced constipation but this was thought to be due to 

medication taken for an ankle injury. 

7.4.4 Motor patterns in the patients who failed to progress to a permanent implant 

The non-responders did not show a unique manometry profile. The patient who had the 

stimulator removed in less than a week because of constipation was among the patients with 

the most active colon at baseline. An example of this patient’s manometry tracing at baseline 

and with stimulation is shown in Figure 7.10. The second patient had an unsatisfactory 2-

week evaluation; she had infrequent propagating sequences at baseline. The number of 

propagating sequences increased slightly with SNS. An example of this patient’s manometry 

tracing at baseline and with stimulation is shown in Figure 7.11. 

 

Figure 7.10 Pre- and post-stimulation of patient 13, who had SNS removed because of 

constipation. (A) Baseline recording. (B) Suprasensory level of stimulation. Time is shown 

along the X-axis, and sensor location is shown on the Y-axis, with the more distal sensors 

(close to the anus) located towards the bottom on the graphs. 
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Figure 7.11 Pre- and post-stimulation of patient 14. (A) Baseline recording. (B) 

Suprasensory level of stimulation. Time is shown along the X-axis, and sensor location is 

shown on the Y-axis, with the more distal sensors (close to the anus) located towards the 

bottom on the graphs. 

7.5 Discussion 

This chapter describes the motility patterns in patients with faecal incontinence undergoing 

different levels of SNS, as well as the effect of a meal under these conditions. The data 

presented in this chapter suggest that a disrupted rectosigmoid brake may be a potential 

pathophysiology in the development of faecal incontinence. While there was no statistical 

difference in the total number of propagating sequences or in the activity indices between 

patients and healthy volunteers at baseline, the meal response in terms of cyclic motor 

patterns was altered in the patients. SNS significantly increased the number of retrograde 

propagating sequences at baseline, and showed a trend in altering the cyclic motor patterns 

after a meal. 

Although bowel motility disturbance has been recognised as a significant factor in the 

development of faecal incontinence [3], only a few studies have examined colonic 
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manometric changes in patients with faecal incontinence [66, 67]. The altered cyclic motor 

patterns seen in this chapter have also been observed previously by Chan et al. [66]. They 

used solid-state manometry catheters with six sensors spaced at 5 cm intervals, placed in the 

distal bowel of patients with urge faecal incontinence and rectal hypersensitivity (defined by 

maximal tolerable volume <100 mL for females and <80 mL for males with a latex balloon 

inflated with air in the rectum). Chan et al.’s study was carried out over 20 h with no 

restriction on food intake, whereas the recording time in the present study was shorter. Chan 

et al. demonstrated an increase in RMCs in patients. RMC refers to a discrete burst of 

pressure events in the 3 cpm range [136], which is consistent with the frequency of cyclic 

motor patterns described in this study. These authors hypothesised that the increase in RMCs 

could represent a reflexive mechanism to protect the rectum from an overactive proximal 

colon. Alternatively, RMCs may stimulate defaecation as suggested by Auwerda et al. [319]. 

The gastrocolic response is a well-known phenomenon in a healthy colon [164, 320]. The 

response is thought to be mediated mostly by the autonomic nervous system [164] and by 

gastrointestinal hormones [172, 321]. The gastrocolic response helps to distinguish those with 

colonic motility disorders [181, 322], and this could be altered in patients suffering from 

faecal incontinence. Rogers et al. compared patients with faecal incontinence with healthy 

volunteers [67]. They showed that the preprandial colon was more active (more high- and 

low-amplitude events) in the patient group compared with the healthy volunteers. The healthy 

volunteers had an increased activity level with a meal, but this trend was not seen in the 

patient group; however, no statistical analysis was conducted. They were not able to 

demonstrate a difference in the number of high- and low-amplitude pressure events between 

the two groups after a meal [67]. In the current study, the patient group appeared to have 

more pressure events in the distal bowel than the healthy volunteers; however, the number 

did not reach statistical significance. The interpretation is also limited by the fact that the 

healthy volunteers all received a full bowel cleansing rather than enemas as in the patient 

group. Similar to Rogers et al.’s data, a meal did not significantly increase the pressure events 

in the patients in this chapter compared with the healthy volunteers. It is possible that the 

gastrocolic response is altered in patients with faecal incontinence, but it is also possible that 

patients with faecal incontinence have an increased level of baseline pressure events or a 

more active colon [66, 67]. The exact mechanism requires a larger patient group than the 

number used in this study to be elucidated. 
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The hypothesis of a rectosigmoid brake was discussed in previous chapters. It is hypothesised 

that the cyclic motor pattern serves a significant role in this braking mechanism, controlling 

the flow of colonic content into the rectum. Cyclic motor patterns may also serve as potential 

markers for enteric neuromotor function [66]. This chapter suggests that the cyclic motor 

pattern is altered in patients with faecal incontinence. The number and the percentage of 

cyclic motor patterns did not increase the same way as seen in the healthy volunteers. This 

change in the trend and the composition of cyclic motor patterns could stimulate defaecation 

or indicate dyscoordination in patients with faecal incontinence. This may point to an 

ineffective rectosigmoid brake as a novel contributing pathophysiology in faecal 

incontinence. A larger patient sample and prolonged recording are needed to confirm this 

finding. 

SNS or sacral neuromodulation has revolutionised the management of faecal incontinence. 

When first introduced, SNS was applied to patients with a structurally intact anus [309]; 

however, the selection criteria have relaxed over the past decade. Despite its clinical success, 

the mechanism of action for SNS is still being debated [197]. The initial hypothesis was that 

SNS directly activates somatic motor fibres [309] as contraction of the external anal sphincter 

is tested during implant placement surgery [307]. This was challenged by electromyography 

studies of the external anal sphincter showing that the latencies of responses were consistent 

with reflex activation rather than direct stimulation of motor axons [323]. It is now accepted 

that SNS also stimulates afferent nerves, and the information is passed onto at least the 

lumbosacral segments of the spinal cord, where it can alter the release of neurotransmitters 

[197, 198, 324, 325]. Further, functional magnetic resonance imaging and positron emission 

tomography have shown changes at the cortical level [326, 327]. This pathway modulates 

abnormal visceral sensations and involuntary motor functions. 

This chapter showed that there was a significant increase in the propagating sequences 

travelling in the retrograde direction with SNS, while no statistically significant change was 

seen in the antegrade propagating sequences. This is consistent with a previous study by 

Patton et al., where the effect of SNS was shown using colonic manometry in the emptied 

colon [114]. In addition to Patton et al.’s study, it is now demonstrated that the SNS effect on 

the colon holds even without full bowel cleansing. The impact of full bowel cleansing can 

potentially alter colonic manometry findings. Studies are showing that it may change the 

interpretation of manometry data [328]. It has been shown in traditional-resolution 

manometry that bowel cleansing alters the detection of HAPSs and pre-defaecatory 
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stereotypical patterning [209], but does not alter the overall frequency of propagating 

sequences and the interpretation of meal and waking responses [209, 210]. However, this 

comparison has not been made in the era of HR manometry; therefore, caution should be 

applied in data interpretation. 

Two previous studies have failed to demonstrate the effect of SNS on colon transit using 

radiopaque markers [329, 330]. However, as discussed in Chapter 1, radiopaque markers only 

provide a static understanding of a process that takes place over many hours to days. In 

contrast, the retrograde transport effect of SNS was demonstrated by Michelsen et al. using 

scintigraphy at multiple time points [199]. They showed that SNS increases retrograde 

transport of tracers during defaecation, particularly in the distal colon. Retrograde 

propagating sequences have also been shown to be propulsive [331], and the increase seen 

with SNS could resist the flow of content into the rectum and therefore maintain continence. 

The findings by Michelsen et al. suggest that SNS is very likely to act on the distal bowel and 

the rectosigmoid brake mechanism. 

It is worth noting the impact of retrograde propagating sequences. While retrograde 

propagations, especially cyclic motor patterns, intuitively would seem to indicate retrograde 

flow of luminal contents or resistant to antegrade flow, side effect such as constipation was 

only seen in one patient. Dinning et al. have shown that patients with chronic constipation fail 

to have an appropriate increase in cyclic motor patterns most commonly travel in the 

retrograde direction rather than an increased number retrograde propagating sequences as one 

might expect [181]. As discussed in Chapter 2.4.5.1, these changes seen may represent an 

underlying global disturbance in the autonomic nervous system or the ICC network [182-

184].   

The effect of eating while undergoing SNS was explored in this study. The results did not 

show a statistically significant change in the total number of propagating sequences in either 

antegrade or retrograde directions with a meal. However, with SNS, there was a significant 

increase in activity index, and there appeared to be a shift in the composition of motor 

patterns after a meal in patients. Cyclic motor patterns were prominent in patients before a 

meal but did not show the typical increase after a meal. With SNS, the proportion of cyclic 

motor patterns increased after a meal. This was a dominant feature in the healthy volunteers. 

Whether the change in motor patterns is due to an increase in baseline pressure events or an 

altered meal response following the SNS requires further evaluation. It has to be kept in mind 
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that the study protocol for patients in this study differs from that used in Chapter 5. Only 

enemas were administered to the patients studied in this chapter, whereas the volunteers in 

Chapter 5 all received full bowel cleansing. 

A unique manometry signature was not seen in this chapter to predict patients who would fail 

to progress to a permanent implant. This group consisted of only two patients and was not 

sufficient for informative profiling. The first patient voluntarily requested to have the implant 

removed because of constipation. This would not be classified as a ‘non-responder’ in 

standard evaluation protocols. Interestingly, this patient had a noticeably higher number of 

motor patterns at baseline. The second patient was the true non-responder, who failed to show 

a 50% improvement in her symptoms. When the data from these two patients were excluded, 

there was no change in the final results. 

Patients with both urge and passive incontinence were included and presented together in this 

study. Patients often report a combination of symptoms, and one-third of the patients were 

classified as having mixed incontinence in this chapter. Most published data categorise 

patients into subtypes of faecal incontinence based purely on the reported symptoms [332-

334], although some groups have attempted to define these subtypes by incorporating 

anorectal physiology study results [35, 335]. The protocol used by the Colorectal Unit for this 

study categorised patients on the basis of the reported symptoms. Patients with both subtypes 

of faecal incontinence have shown success with SNS; nevertheless, there likely are 

underlying differences in the pathophysiology and the mechanism of response from SNS. 

Anecdotal belief suggests that a better response rate may be seen in patients with urge 

incontinence; however, this is not supported by prospective data. The sample size also 

precludes a meaningful subgroup analysis of the colonic response to SNS. Nevertheless, 

when subgroup analysis was performed, the results did not differ. This is an area for future 

research. 

Colonic motility is complex. Interpretation should consist of qualitative data (analysis of 

motor patterns) and quantitative data (such as motility index or area under the curve). A novel 

measure, the activity index, was presented in this chapter. Many colonic manometry studies 

have used the area under the curve or the motility index as a measure of the overall activity 

level of the colon. The definition of motility index varies or is often not well defined in these 

studies [208, 336, 337]. These indices do not always factor in the number of channels that 

recordings are taken from, making the values not comparable between studies. The activity 
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index factors in the number of channels and also the duration of recordings, which allows for 

a more meaningful comparison of different studies. However, it is known that regional 

variations exist in the colon [130, 338], so perhaps the calculation of a quantitative measure 

may need to be performed per region instead of for the entire colon or manometry tracing. 

Further validation of this measure is needed.  

There were limitations in the findings from in this study. It was assumed that the effect of 

SNS on the bowel could be observed with acute stimulation. It is possible that the 

neuromodulation process and the real impact on the bowel may not be fully manifest acutely. 

However, because of the invasive nature of the available technology, a prolonged ambulatory 

HR manometry study is not currently feasible. Further, in the clinical setting, the effect of 

SNS is expected to be seen acutely as the patient’s response is determined in the first 2 weeks 

of stimulation. Different levels of stimulation were applied to patients in this study on 

separate days. The initial assumption was that with no full bowel cleansing, the activity level 

would not differ significantly between testing days [254]. However, it became apparent that 

the activity levels on day two were markedly higher than day one, similar to what Arbizu et 

al. have shown [339]. Taking this into account, no direct comparison was made between the 

different stimulation parameters; instead, they were compared indirectly through the meal 

response. 

The effect of general anaesthesia was not accounted for. There is largely an unknown area in 

terms of manometric changes under anaesthesia and the duration of effect from different 

anaesthetic agents; however, there are data suggesting that the colon is very active in the 

perioperative period [239]. Patients were exposed to a relatively short period of anaesthesia, 

and there was minimal surgical trauma; therefore, it was assumed that the surgery itself had 

minimal effect on bowel motility. An assumption was made that the colonic motor patterns 

could be analysed once patients were fully awake and communicative. 

It is acknowledged that the sample size was limited in this study. Sample size continues to be 

a problem in studies involving colonic manometry because of the logistic difficulties with the 

catheter placement and the resources required. Patient heterogeneity also needs to be kept in 

mind. This chapter serves as an exploratory study for future investigations. While manometry 

records pressure changes down the length of the recording sensors, propagation, contraction 

and the flow of content are implied. It is assumed that the direction of content flow follows 
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the direction of the pressure change seen on manometry. Future studies incorporating flow 

information are needed. 

7.6 Conclusion 

Patients with faecal incontinence showed variable colonic motor patterns including cyclic 

motor patterns. A measurable effect of SNS was demonstrated—that SNS increased 

retrograde propagating motor patterns. Cyclic motor patterns and the meal response were 

attenuated in patients with faecal incontinence. It is possible that the rectosigmoid brake is 

disrupted in patients with faecal incontinence but can be restored through an alternative path 

via electrical stimulation. Future studies with larger sample size and prolonged recordings 

incorporating ambulatory methods or other non-invasive measuring methods will allow for a 

much better understanding of the changes in motor patterns in patients with faecal 

incontinence, and of the mechanism of action of SNS. 
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Chapter 8  Development of a Future Analytical Platform: 
Validation of an Automated System for the Analysis of 

High-Resolution Manometry Data from the Colon 

8.1 Introduction 

The introduction of HR manometry has considerably improved our understanding of the 

motor patterns of the gastrointestinal tract; however, acceptance of colonic manometry is 

hampered by the concern over consistency in data interpretation. This problem is further 

amplified by the vast amount of data generated by HR recordings so that manual event 

detection and pattern recognition can be time-consuming and cumbersome. 

While HR oesophageal manometry has become the standard of care for diagnosing 

oesophageal motility disorders [133], the same is yet to apply to colonic manometry. The 

colon smooth muscles are not under voluntary control, with long periods of quiescence, 

whereas the smooth muscle activity propagated in the oesophagus follows the voluntary act 

of swallowing. The primary function of the oesophagus is to act as a conduit and forcefully 

propel a bolus from the oropharynx down to the stomach unidirectionally, whereas the colon 

acts as a mixing organ, a storage organ and an organ that is responsible for the final pathway 

of content elimination. This leads to more complex motor patterns in the colon. Further, the 

amplitude of colonic contraction can vary significantly depending on the function it is serving 

at the time. These factors make it more difficult to recognise and classify motor patterns in 

the colon. 

Studies have shown that intra-observer variability is comparable in the identification of 

HAPSs, gastrocolonic response and waking response [254, 340]. However, a significant 

difference can exist in the interpretation of colonic manometry by different observers [340, 

341]. While there is general agreement in the identification of HAPSs (83%), the 

interpretation of gastrocolonic response is less consistent (64%) [341]. Currently, there are no 

data on inter-observer variability for different colonic motor patterns in the era of HR 

manometry for the colon. 
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Accurate identification and classification of motor patterns require the separation of true 

signals from noise. The vast amount of data acquired using HR manometry in the colon 

makes manual analysis impractical. This chapter aimed to develop an automated system that 

will aid the interpretation of HR manometry data from the colon. The current practice of 

manual detection was used to validate the automated system. 

8.2 Objectives 

1. To develop an automated system for the analysis of HR manometry. 

2. To investigate inter-observer variability in the analysis of HR manometry. 

3. To validate the automated detection method against the currently used manual 

detection method. 

8.3 Methods 

8.3.1 Development of an automated system for the analysis of high-resolution 

manometry data from the colon 

The automated system was named Manomap (University of Auckland, New Zealand). This 

system was developed using MATLAB R2009a (MathWorks Inc., Natick, MA, USA), which 

is a commercially available software package containing in-built libraries of mathematical 

and graphical routines. It can be accessed on several operating systems including MS-

Windows, Linux and Mac OS. Dr Nira Paskaranandavadivel (Auckland Bioengineering 

Institute, University of Auckland) performed the programming. 

The automated system presents HR manometry data qualitatively and quantitatively. The 

qualitative data consist of detection of pressure events and propagating motor patterns. 

Associated characteristics, including the number of propagating sequences, distance travelled, 

velocity and amplitude, are also calculated. The quantitative data comprise the activity index 

and the percentage of time that cyclic motor patterns are seen. The specific details are shown 

below. 
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8.3.2 Data processing 

The preprocessing stage involved filtering the raw data to remove baseline noise. Baseline 

drift was then corrected, followed by removal of high-frequency noise and suppression of 

synchronous noises. 

The processing stage applied an algorithm to detect pressure events. A pressure event is 

defined as a rise in pressure recording from a single sensor on the HR manometry catheter. A 

range of pressure amplitude thresholds was used to determine the optimal amplitude 

threshold for the automated detection. Once all events were labelled, they were clustered into 

propagating sequences using a nearest-neighbour search technique. A propagating sequence 

was defined as a pressure event occurring in four or more consecutive channels. Events in the 

first channel were seeded, and subsequent channels with the closest time delay within a 10 s 

window were contained in the seed sequence. If a pressure event returned to baseline before 

the pressure event in the adjacent channels started, then the two events were not considered 

part of the same propagating sequence. If other pressure events were present that were not 

seeded in the subsequent channels, they were seeded to grow a new cluster. If there were 

fewer than four channels in a sequence, it was discarded as an anomaly or noise event. 

8.3.2.1 Frequency calculation  

This algorithm detects the dominant frequency of the activity in a given time segment. 

Baseline drift was corrected first. High-frequency noise was removed using a Savitzky-Golay 

smoothing filter (polynomial order of 3 and window length of 5 seconds). This corresponds 

approximately to a low-pass filter of 16 cycles per minute. The Savitzky-Golay filter was 

chosen as these typically perform better than other filters in preserving the signal peaks after 

filtering. Synchronous artefacts were suppressed. Pressure peaks above 5mm Hg were 

automatically detected. A continuous wavelet transform was applied for each channel using 

an analytical Morse wavelet. This wavelet transforms converts the signals into a time and 

multiple scale representation. The scale representation defines the frequency estimate of the 

signal. The frequency estimates for each signal was estimated within the 0.01 to 12 cpm 

range. The frequency estimate for each channel was plotted as map across time with the 

colour indicating the frequency values. 
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8.3.3 Manual analysis 

Analysis of the manometric data was performed manually using a custom-designed software 

package (PlotHRM, Flinders University, Australia). A detailed description was presented in 

Chapters 4 and 5. In brief, ‘remove baseline’ was applied, and no other additional filtering 

was applied. Pressure events were visually identified. A propagating sequence was defined as 

pressure events occurring in four or more adjacent channels (i.e., ≥4 cm), each with a trough-

to-peak amplitude of at least 5 mmHg [109, 111]. If a pressure event returned to baseline 

before the pressure event in the adjacent channels started, then the two events were not 

considered part of the same propagating sequence. 

8.3.4 Validation dataset 

Existing 72-sensor HR manometry recordings obtained from five healthy volunteers, three 

patients with constipation and three patients with IBS were used. The study protocol and data 

acquisition method were described in Chapter 5. Five 10 min epochs were randomly selected 

using the random location generator function from PlotHRM. The selected dataset was 

analysed by Associate Professor Phil Dinning (Flinders University, Adelaide), who has 

extensive experience in colonic manometry data analysis and designed the PlotHRM 

software, and by the author. The Manomap package analysed the same dataset independently. 

8.3.5 Validation method and statistics 

Data are presented as mean ± 1 SD per hour unless otherwise stated. Statistical analysis was 

performed in MATLAB R2009a. Student’s t-test was used for comparisons, with a 

significance threshold of P < 0.05.  

8.3.5.1 Individual event comparison 

The pressure events identified by Manomap were compared with the pressure events detected 

manually. The optimum amplitude threshold for Manomap was determined by comparing a 

range of amplitude thresholds with the pressure events identified by the author (Marker 1) 

and Associate Professor Dinning (Marker 2). 

If an event was detected within 10 s by both the reference analysis and the compared method, 

it was counted as a true positive. If an event was detected by the reference analysis but not 

the compared method, it was counted as a false negative. If an event was detected by the 

compared method but not the reference analysis, it was counted as a false positive. Validation 
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was performed to compare Marker 1 and Marker 2 to establish inter-observer variability with 

manual analysis. This was repeated, combining the results from Marker 1 and Marker 2 to 

compare with Manomap. The combined results were chosen here to improve the sensitivity 

from the manual detection. 

The following matrix was calculated: 

!"#$%$&'	)*'+$,%$&'	&-./'	 = 	 %*/'	)"#$%$&'#
%*/'	)"#$%$&'# + 2-.#'	)"#$%$&'# 

3'4#$%$&$%5	 = 	 %*/'	)"#$%$&'#
%*/'	)"#$%$&'# + f-.#'	4'7-%$&'# 

81	 = 	2	 ×	()"#$%$&'	)*'+$,%$&'	&-./'	 × 	#'4#$%$&$%5))"#$%$&'	)*'+$,%$&'	&-./' + #'4#$%$&$%5	  

8.3.5.2 Propagating sequences comparison 

The total number of propagating sequences identified by each observer and Manomap were 

compared using 5 mmHg and 15 mmHg as the amplitude thresholds for Manomap. 

Associated characteristics (distance travelled, velocity and amplitude) were also calculated. 

8.4 Results 

A total of 550 min of data from the three cohorts (healthy, constipated and IBS) were 

compared. Figure 8.1 and Figure 8.2 are examples of the markings obtained manually and 

using Manomap. The detection threshold for Manomap was set at 5 mmHg in these figures. 

Figure 8.1 shows an example of data acquired from a healthy volunteer This data segment 

represents an active period for the colon. The manometry data for Figure 8.2 were obtained 

from another healthy volunteer where the segment represents a relatively inactive period for 

the colon. Examples of the results from the frequency calculation are shown in Figure 8.3. 

The frequency map provides a way of identifying areas with events at a specific frequency 

and also allows for the calculation of duration of time that events at a specific frequency were 

detected. Figure 8.3A and C were from a recording segment with relative abundance of 

propagating sequences, whereas Figure 8.3B and D were from another recording segment 

with no propagating sequence identified. 
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Figure 8.1 HR manometry from a healthy volunteer. (A) A colour plot showing a 10 min 

segment of HR manometry data. (B) The same data presented using a line plot. Each 

propagating sequence here was marked manually. Green lines represent antegrade 

propagation and red lines represent retrograde propagation. (C) The same data presented 

using a line plot. Each propagating sequence here was marked by Manomap. Green lines 

represent HAPSs. Blue lines represent all the other propagating sequences. 
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Figure 8.2 HR manometry from another healthy volunteer. (A) A colour plot showing a 

10 min segment of HR manometry data. (B) The same data presented using a line plot. Each 

propagating sequence here was marked manually. Green lines represent antegrade 

propagation and red lines represent retrograde propagation. (C) The same data presented 

using a line plot. Each propagating sequence here was marked by Manomap. Green lines 

represent HAPSs. Blue lines represent all the other propagating sequences. 
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Figure 8.3 HR manometry data presented as line plots (A and B) and frequency maps 

(C and D). A and C are from the same data segment, while B and D are from another data 

segment. Each propagating sequence on the line plots was marked by Manomap. Green lines 

represent HAPSs. Blue lines represent all the other propagating sequences. The colour bars to 

the right of the frequency maps represent the various event frequencies. Events at 5 cpm are 

shown in red, while events at 2.5 cpm are shown in white. Blue represents no events detected. 

 

8.4.1 Optimisation of the automated detection amplitude threshold 

The positive predictive value and the sensitivity of the automated event detection using 

different pressure thresholds, compared with the manual analysis, are shown in Table 8.1. 

This analysis used five 10 min segments of data from a healthy volunteer and from a patient 

with IBS. As the event detection threshold incrementally increased from 2 mmHg to 

20 mmHg, the positive predictive value for Manomap increased, with an optimal value at 

15 mmHg. The optimal sensitivity lay between 10 mmHg and 15 mmHg. The validation was 

performed using 5 mmHg and 15 mmHg as the event detection thresholds. Figure 8.4 shows 
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that with an increase in amplitude threshold, the Manomap result more closely resembled the 

manual markings. 

 

Table 8.1 Positive predictive value, sensitivity and F1 score using six different event 

detection thresholds 

 Threshold (mmHg) 

 2 4 8 10 15 20 

Positive predictive value 0.145 0.271 0.562 0.63 0.773 0.723 
Sensitivity 0.618 0.694 0.697 0.651 0.549 0.474 
F1 score 0.224 0.375 0.587 0.594 0.577 0.537 
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Figure 8.4 Comparison of event markers. Manual marking in (A) and automated methods 

using two thresholds at 5 mmHg (B) and 15 mmHg (C). The automated method using 
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5 mmHg detected more events than manual marking. The automated method using 15 mmHg 

was more qualitatively comparable to manual marking. 

 

8.4.2 Validation of individual event detection 

Markers 1 and 2 showed differences in the choice of marked events. The positive predictive 

value, sensitivity and F1 scores with Marker 1 as the reference standard were 0.61 ± 0.24, 

0.73 ± 0.16 and 0.64 ± 0.18, respectively. When Marker 2 was used as the reference standard, 

the respective values were 0.73 ± 0.16, 0.62 ± 0.24 and 0.64 ± 0.18 (Figure 8.5A and B). 

There was an improvement in the positive predictive value, specificity and F1 score with the 

increase in amplitude threshold for Manomap. Using a 5 mmHg amplitude threshold for 

Manomap, the positive predictive value, sensitivity and F1 scores were 0.42 ± 0.16, 

0.76 ± 0.15 and 0.52 ± 0.2, respectively (Figure 8.5B). When the amplitude threshold was 

increased to 15 mmHg, the same metrics were 0.75 ± 0.14, 0.63 ± 0.21 and 0.65 ± 0.17 

(Figure 8.5D). The variation in the performance metrics of the automated event detection 

using 15 mmHg as the threshold were similar to the performance metrics for individual 

markers as evidenced by a higher F1 score. 
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Figure 8.5 Inter-observer variability in terms of positive predictive value, sensitivity and 

F1 score. (A) Comparison between Marker 1 and Marker 2 with Marker 1 being the 

reference marker. (B) Comparison between Marker 1 and Marker 2 with Marker 2 being the 

reference marker. (C ) Comparison between manual marking and Manomap. The data from 

Marker 1 and 2 were combined; 5 mmHg was used as the amplitude threshold for Manomap. 

(D) Comparison between manual marking and Manomap. The data from Marker 1 and 2 

were combined; 15 mmHg was used as the amplitude threshold for Manomap. PPV = 

positive predictive value. 

 

8.4.3 Propagating sequences 

Marker 1 identified 800 propagating sequences, and Marker 2 identified 999 propagating 

sequences. The automated detection method identified 1868 propagating sequences at 

5 mmHg amplitude threshold and 704 at 15 mmHg amplitude threshold. 

Figure 8.6 Overall comparison of the quantitative metrics (number of propagating sequences, 

distance travelled, velocity and amplitude) between manual detection and Manomap. The 

results from Marker 1 and Marker 2 were combined here. The manual detection identified an 
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average of 27 ± 14 propagating sequences per 10 min. The average distance travelled was 

12 ± 4 cm. The average velocity was 3.9 ± 1.5 cm/s. The average amplitude was 

31.3 ± 18.1 mmHg. With Manomap at 5 mmHg and 15 mmHg amplitude detection 

thresholds, the average numbers of propagating sequences detected were 72 ± 40 and 27 ± 17 

per 10 min. The average distances travelled were 10 ± 2 cm and 9 ± 3 cm. The average 

velocities were 4.1 ± 1.0 cm/s and 4.2 ± 1.3 cm/s. The average amplitudes were 

15.5 ± 5.0 mmHg and 31.3 ± 11.2 mmHg. 

 

Figure 8.6 Quantitative metrics across all datasets between manual markings and 

Manomap. The boxplots show the maximum, medium and minimum values as well as the 

first and third quartile values. The number of propagating sequences, distance travelled, 

velocity and amplitude measures were comparable between manual detection and the 

automated detection method using thresholds of 5 mmHg and 15 mmHg. 
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8.5 Discussion 

An automated system for the analysis of HR manometry data from the colon was developed. 

In this chapter, HR manometry markings by two experienced observers were compared with 

each other and with a novel automated system (Manomap). The inter-observer variability was 

consistent with the published literature [341]. Manomap detected more events at the same 

amplitude threshold as the manual detection, corresponding to a higher sensitivity at the cost 

of lower precision. 

In the era of traditional-resolution manometry, Sood et al. showed that the correlation 

between manual analyses by experts can be up to 83% for HAPSs, but lower for the 

identification of gastrocolonic response [341]. Gastrocolonic response in Sood et al.’s study 

was loosely defined as an increase in colonic contractions after a meal. This is likely to 

consist of all the motor patterns or events detected. The inter-observer variability in the era of 

HR manometry has not been demonstrated for data acquired from the colon. In this chapter, 

manual analyses performed by two observers were compared. One of the observers was an 

internationally renowned expert with extensive experience in colonic manometry data 

interpretation. The two observers showed general agreement in event and propagation 

sequence detections, with F1 scores of approximately 0.64. The F1 score is a measure of the 

harmonic mean of the positive predictive value and the sensitivity. The F1 score provides a 

better measure of the fitness of the model than accuracy when there is a large difference 

between the false positive and false negatives values. 

Automated detection methods have previously been attempted in the era of traditional-

resolution manometry of the colon [342, 343]; however, automated methods have not been 

applied to HR manometry data from the colon. Using traditional-resolution colonic 

manometry, De Schryver et al. showed an exceptionally high correlation between manual 

analysis and automated detection methods in identifying events and antegrade propagating 

sequences (r = 0.98, P < 0.01 for both event detection and antegrade propagating sequence 

detection) [343]. The catheter used was a solid-state catheter with sensors at 10 cm intervals. 

Event detection was carried out using a minimum threshold value of 10 mmHg above 

baseline. Events were then grouped into known motor patterns on the basis of the amplitude, 

velocity and periodicity of the events or sequences. The motor patterns they identified 

consisted of high-amplitude propagating pressure waves, propagating pressure waves, 

retrograde pressure waves, simultaneous pressure waves, isolated pressure waves and 
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periodic motor activity. The specific details for the detection of propagating sequences were 

not adequately described in this study. The authors validated their computer algorithm against 

manual markings from two experienced investigators. The validation dataset consisted of 

eight 4 min stretches of recordings, which is much smaller than the validation dataset used in 

this chapter (55 datasets). 

The automated system in this chapter showed an F1 score of approximately 0.5 using the 

same amplitude threshold as a standard manual analysis. The positive predictive value, 

sensitivity and F1 scores for Manomap can be improved by adjusting the amplitude threshold 

for an event detection, as shown in Table 8.1. The identification of pressure events has to take 

into account the sensitivity of the recording technology. Different amplitudes can be seen 

using water-perfused, solid-state or fibre-optic manometry catheters [344-346]. In this 

chapter, a low-pressure event detection threshold was used initially, selected according to the 

threshold used in multiple recent publications on HR manometry [83, 109, 111]. The fibre-

optic manometry catheter has a much improved resolution, which is likely to detect more 

pressure events and thus probably translate to more motor patterns [103]. However, with 

improved sensitivity, specificity can often suffer. It is possible that non-physiologically 

significant events or noise were detected [347]. A change in the amplitude detection threshold 

for the automated detection is possibly justified in this circumstance considering the higher 

sensitivity of the fibre-optic manometry catheter. On the basis of the wave-form morphology 

and the spatiotemporal relationship of the pressure events, signals that resemble noise are 

consciously removed when analysed manually, whereas automated detection has yet to 

incorporate this form of advanced pattern recognition. Therefore, at this point in time, a 

higher event detection threshold may need to be adopted. However, this is an adjustable 

feature in this automated system. 

At present, Manomap cannot fully replace manual analysis of HR manometry data. Manomap 

may act as a tool to help with preliminary data analysis, but the results will require further 

manual confirmation. It is not practical and almost impossible to manually mark out all the 

events recorded using HR manometry catheters, especially with recordings taken over a 

prolonged period. Manual analysis for HR manometry is often limited to the identification of 

propagating motor patterns only. As expected, the number of events detected by the 

automated detection was greater than that by the manual analysis. It is worth noting that the 

automated system detected most of the propagating sequences identified manually, as 

evidenced by the high sensitivity. The negative predictive value and specificity were not 
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calculated here. The sampling frequency (10 Hz) used in HR manometry recording generates 

432,000 data points for a 10 min segment of recording, and this vast number of data points 

would make the calculation of true negative and the associated values meaningless. 

Colonic motility is complex. Interpretation should consist of qualitative data (analysis of 

motor patterns) and quantitative data (such as motility index or area under the curve). The 

pattern of occurrence of many biological data follow an underlying intrinsic frequency. 

Frequency estimates has emerged as an useful measure and have been used in some HR 

manometry studies to assess frequency spatiotemporally [181, 239, 266], but require 

validation and presentation of filtered signals to instill confidence in presented results.  

There are limitations to data presented in this chapter. New analytical methods and motor 

patterns are being described especially in the era of HR manometry. An international 

collaboration has recently reached a consensus on the terminology and definition of colonic 

motility [348], however has also highlighted multiple areas of uncertainties. Ongoing effort is 

needed to refine the detection method presented in this chapter as more knowledge is gained. 

Furthermore, event and propagating sequence detection are only accurate if they reflect a 

physiological event or disease state [108]. Disease or flow pattern correlation would be 

crucial to validate the automated analysis further [331]. With the available dataset, it was 

only feasible to compare the detection of whether a pressure event or a propagating sequence 

was present or not. Whether this translates to the ability to classify different motility 

disorders has not been demonstrated. In the future, a larger dataset relating to different 

physiological states or pathological states may allow an automated system to cluster different 

individuals’ motor patterns into different motility disorder groups. 

8.6 Conclusion 

This chapter presented an automated system for the analysis of HR manometry data. The 

system was validated against the best current standard for HR manometry data analysis. This 

platform can potentially improve the consistency of future colonic manometry data analysis. 

A larger dataset with disease correlation is crucial to validate the results from this chapter in 

the future. 
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Chapter 9  Discussion 

9.1 Summary of the results 

The theory of a rectosigmoid brake has been in the literature for many decades, as highlighted 

in Chapters 2 and 3. The concept entails a distal braking mechanism that prevents the 

untimely flow of content into the rectum and maintains continence [14]. This thesis applied a 

multimodality approach utilising the latest HR techniques to study the physiology responsible 

for gastrointestinal tract motility. In particular, these were applied to investigate the theory of 

a rectosigmoid brake as well as its potential as a therapeutic target through the use of SNS. 

Detailed discussions were made in each chapter, and the findings are summarised below. 

In Chapters 2 and 3, a comprehensive literature search was performed to seek evidence 

supporting a distal control or braking mechanism in the colon. Chapter 2 is a narrative review 

based on landmark papers that led to the development of the theory of a rectosigmoid brake 

[127-132]. Alteration in the rectosigmoid region has been implicated in multiple motility 

disorders, including chronic constipation, faecal incontinence, postoperative ileus and low 

anterior resection syndrome [66, 67, 181, 188, 192-194]. In Chapter 3, the existing literature 

was examined systematically to define the activity that may serve as a brake. While 13 

studies fulfilled the selection criteria, many studies were based on low-resolution recording 

technologies [14, 66, 114, 121, 147, 199, 203-208]. A detailed description of the 

rectosigmoid brake remained to be elucidated. With the recent introduction of HR manometry 

and HR electrical mapping, it is now possible to study the colon physiology in detail that 

exceeds all previous attempts. These techniques were explored in the subsequent chapters. 

The study of human colon physiology is often limited by organ access. An animal model, 

especially a large animal model, would be invaluable in improving the understanding of 

colonic physiology. Pigs share many resemblances to humans in terms of the eating 

behaviour and the composition of the internal organs; however, differences do exist. In 

Chapter 4, an anaesthetised porcine model was tested for the study of colon physiology, 

including manometry motor patterns, luminal content flow and electrophysiology. Various 

stimulants including adrenaline, neostigmine, vasopressin, bethanechol and bisacodyl were 

applied to examine the effect of these agents on the colon. Barium contrast and fluoroscopy 

were utilised to correlate manometry recordings to luminal content flow. While technical 
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success was achieved by simultaneously performing recordings using HR manometry and HR 

electrical mapping, no consistent physiological recordings were obtained. Luminal content 

flow was also not seen. Chapter 4 showed that a porcine model under general anaesthesia is 

not a suitable model for future colon motility research. An awake model with the ability for 

long-term monitoring may be beneficial for future colonic motility research. This would 

require technical advances towards non-invasive or implantable HR monitoring strategies. 

Chapter 4 did reaffirm the ability to perform SNS in a porcine model, which may provide an 

avenue to study the mechanism of action for SNS in the future. 

Chapter 5 gave a detailed description of the distal colonic motor pattern in healthy volunteers 

and postulated the most likely activity responsible for the rectosigmoid brake in the healthy 

state. The healthy volunteers in this chapter had all undergone full bowel cleansing for the 

study. While the colon is relatively inactive at baseline, a meal significantly increased the 

motor patterns expressed. Further, cyclic motor patterns were identified as the most 

prominent motor patterns in the postprandial period. Cyclic motor patterns occur at 2–6 cpm 

and predominantly travel in the retrograde direction. The site of origin for retrograde cyclic 

motor patterns is often in the rectum or the sigmoid colon, but they can also start elsewhere in 

the colon. The distal prominence of this motor pattern and the direction of travel suggest that 

it may serve as a control mechanism to prevent untimely arrival of content into the rectum. In 

this chapter, a refined 3D model was developed to display HR manometry results. Chapter 5 

also demonstrated that the occurrence of cyclic motor patterns is not temporally associated 

with proximal propagating events under the study conditions, mainly the utilisation of full 

bowel cleansing. This suggests that cyclic motor patterns are controlled at least partly by a 

neurogenic mechanism as opposed to a reflex event from local colonic distension exerted by 

intraluminal content. 

The frequency of the cyclic motor pattern has been described to resemble the frequency of 

colonic slow waves [58]. ICC are believed responsible for the generation of slow waves [59, 

60] and altered ICC have been implicated in motility disorders [61, 62]. Colonic slow waves 

have not previously been measured in the era of HR electrical mapping. Older data utilised 

sparse electrodes, which lack the spatiotemporal detail. HR electrical mapping was performed 

on the healthy distal colon of human patients undergoing abdominal surgeries in Chapter 6. 

Recent data suggest that the human colon shows hyperactivity, especially the cyclic motor 

patterns, in the perioperative period, including during an abdominal operation [239]. While 

technical success was achieved, no consistent slow waves or spikes were recorded from the 
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colon. Unlike in the stomach and small bowel, it is possible that slow waves are not 

omnipresent in the colon as some have suggested [300]. Despite the ability to record 

consistent motor patterns, a paucity of slow waves may imply that in the colon, instead of 

generating slow waves, ICC act as an intermediary between neural control and myogenic 

responses from smooth muscle cells. 

Faecal incontinence is a debilitating condition, and the role of colon motor patterns is not 

well studied. It was hypothesised in Chapter 2 that the rectosigmoid brake might serve a role 

in the development of faecal incontinence. In Chapter 7, HR manometry recordings were 

obtained from patients with faecal incontinence. These patients also underwent SNS, and the 

effect of this stimulation on the distal colon motor patterns was examined in detail. 

At baseline, while there was no significant difference in the number of propagating events 

between the healthy volunteers and the patients suffering from faecal incontinence, the range 

of activities and the composition of cyclic motor patterns appeared to be altered. There was a 

trend in more cyclic motor patterns at baseline in the patients. Further, as opposed to the 

healthy volunteers, patients did not show a significant increase in cyclic motor patterns after a 

meal. This suggests that the activity hypothesised in Chapter 5 to serve as the rectosigmoid 

brake is altered in patients. However, whether this is the result of an increase in baseline 

activity or a lack of meal response remains to be elucidated with further research. 

The effect of SNS was studied in Chapter 7. Without full bowel cleansing, SNS significantly 

increased the number of retrograde propagating sequences in patients. This provides further 

evidence to support colonic manometry as a way to provide an objective measure for the 

effect of SNS. The retrograde propagation observed here may retard the flow of content into 

the rectum or increase the storage capacity of the colon and improve continence, as suggested 

by Michelsen et al. [199]. The effect of a meal while under stimulation was also tested. Prior 

to SNS, the majority of the propagating motor patterns in patients with faecal incontinence 

were not cyclic motor patterns. Under SNS, the percentage of cyclic motor patterns increased. 

The results from Chapter 7 suggest that the rectosigmoid brake is likely altered in patients 

with faecal incontinence and may be a target site for SNS. 

HR manometry forms an integral part of this thesis. The advancement in recording 

technology is likely to have a significant impact on our understanding of colon motor 

function in the future. However, the amount of data generated using HR recording far 

exceeds that obtained with previous methods. This makes manual analysis very cumbersome 
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and inefficient. Further, manual analysis of manometry data is subject to inter-observer 

variability and is often a criticism for this powerful tool. In Chapter 8, an automated 

analytical platform was developed and validated using existing data from healthy volunteers 

as well as patients with constipation and IBS. The system described in Chapter 8 was able to 

achieve a similar level of detection to that achieved by experts in manometry analysis. The 

advantages of this automated method are the removal of inter-observer variability and 

improved speed in analysing large amounts of data. 

In summary, this thesis provided a framework for future investigation of colon motor 

function in the era of HR recordings. This thesis was the first to provide an in-depth review of 

the rectosigmoid brake. A plausible anatomical and physiological basis for the rectosigmoid 

brake was defined here. The role of the rectosigmoid brake as a therapeutic target was 

explored, specifically through the use of SNS. An automated analytical system was also 

developed to ensure the quality and speed of future HR studies. 

9.2 Future directions 

Studies of electrical activity (electrical mapping) and pressure changes (manometry) in the 

gastrointestinal tract are a crucial part of the understanding of motility disorders. Ultimately, 

however, improving the movement and elimination of luminal contents is what makes a real 

clinical impact in those suffering from motility disorders. 

This thesis provides preliminary evidence on the role of a rectosigmoid brake in healthy 

volunteers and patients suffering from faecal incontinence. Future work should include a 

larger patient cohort, especially examining different subtypes of patients with faecal 

incontinence, including urge and passive incontinence, using the HR technologies utilised in 

this thesis. The role of the brake in other conditions such as low anterior resection syndrome 

or other functional bowel disorders such as IBS should also be examined. This will 

significantly improve the understanding of these disorders and provide potential novel 

therapeutic options. 

HR manometry and electrical mapping have not yet been validated against luminal content 

flow in the gastrointestinal tract, although previous studies have demonstrated this in the low-

resolution era [331]. Future studies should incorporate the assessment of flow in conjunction 

with the latest HR recording techniques to demonstrate the functional significance of these 

recordings. 
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HR manometry and electrical mapping in the colon are currently limited to the research 

setting. These systems currently are costly or difficult to apply in a portable setting. The 

adaptability of these expensive systems to a larger sample size continues to be a concern. The 

development of ambulatory systems in the future will allow for improved access to a large 

sample pool, and therefore provide a more representative view of the underlying 

pathophysiology. 

Ongoing development for a less invasive HR monitoring system is also needed. Manometry 

requires participants to undergo endoscopy for placement, and electrical mapping currently 

can only be reliably performed on the serosal surface during surgical intervention. Future 

development and validation of an extracorporeal electrical mapping system similar to 

obtaining an electrocardiogram will dramatically improve the ability to acquire data from a 

large population with various motility disorders. 

SNS has an effect on the motor patterns of patients with faecal incontinence in the acute 

phase. However, whether this effect persists over time, and whether this change can remodel 

the neurocircuit and eventually allow for more normalised bowel motor patterns in patients, 

requires future prolonged studies at various time points. Further, the alteration in the motor 

pattern has not been studied in the healthy population; therefore, whether the effect is a result 

of normalisation of motor behaviour in patients and if it can cause alteration in motor 

behaviour in other groups including the healthy population remain to be elucidated. Because 

of the cost and ethical concerns, the placement of sacral nerve stimulators is not feasible in a 

healthy population at this point.  

Tibial nerve stimulation has received some attention in the treatment for faecal incontinence. 

Tibial nerve is a branch of the sciatic nerve which arises from L4-S3 nerve roots. The 

proposed mechanistic pathway is thought likely to be similar to SNS, however the clinical 

benefit is not clear at this point in time  [349-352]. A study examining the effect of tibial 

nerve stimulation on the colon by using HR manometry may demonstrate whether this 

technology acts on the same pathway as SNS and help to define the population that is likely 

to be beneficial. If proven to be similar mechanistically, tibial nerve stimulation may provide 

a less invasive avenue to modulate colonic motor patterns and possibly enhance the 

rectosigmoid brake in other motility disorders. 

The automated system developed in this thesis will also need further validation using a larger 

sample pool and patients with different disease states. Future work should also explore 
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additional matrices, including motility index and frequency analysis, and correlate these 

matrices to clinical outcome. The current automated platform shown in this thesis was 

designed in-house, and therefore provides the ability for full customisation. The ultimate goal 

is to develop a system incorporating artificial intelligence to differentiate recordings from 

healthy subjects and patients with motility disorders and to guide in the development of 

targeted therapies for motility disorders. 

9.3 Concluding remarks 

This thesis offered an improved foundation for the future study of colonic motor function. 

Multiple powerful HR investigation methods were utilised along with the development of an 

automated system for data interpretation. The theory and the role of the rectosigmoid brake 

were studied in detail. SNS was hypothesised to modulate the rectosigmoid brake. Further 

research is needed to validate the findings from this study, and to correlate HR recordings to 

actual content flow and disease states. Improved understanding of the underlying physiology 

responsible for motility disorders may lead to the development of new therapeutic options. 
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Appendix A: Intraoperative High-Resolution Electrical Mapping 

of the Distal Colon (Patient Information Sheet & Consent Form) 
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High-Resolution Mapping of Gastrointestinal Electrical Activity  
  
 

Principal Investigator: Name:   Professor Ian Bissett 
Position:  Head of Department  

Consultant Colorectal Surgeon 
Address:  Department of Surgery 

University of Auckland 
Private Bag 92019 
Auckland Mail Centre 1142  

Phone No:  09 373 7599 ext 89821 
Email:   i.bissett@auckland.ac.nz 
 
 

Co- Investigator: Dr Celia Keane (MBChB, PhD candidate) 
Dr Anthony Lin (MBChB, PhD candidate)  
Dr Timothy Angeli (PhD, Auckland Bioengineering Institute) 
Dr Tim Wang (MBChB, PhD candidate) 
Mr Cameron Wells (BMedSci Candidate)  
A/Prof G O’Grady (MBChB, PhD, FRACS) 

 
 
 

You are invited to take part in a study in which we aim to measure the electrical activity of 
the gastrointestinal tract (stomach, small bowel, and colon).  
 
Please take your time to think about it and decide whether you wish to take part.  Taking 
part is completely voluntary (your choice) and if you decide you do not wish to take part, 
this will not affect your continuing healthcare in any way.  This research is being conducted 
through the Auckland Bioengineering Institute and the University of Auckland Department of 
Surgery.  
 
 
What is this all about? 
Like the heart, the intestine (small bowel and colon) and stomach have  regular rhythmic 
electrical activity running through them.  This activity controls the movements of the 
intestinal and stomach muscle causing mixing and transport of food and aiding in digestion. 
 
In both the intestine and stomach, little is known about how and where the electrical activity 
is initiated, and how it travels down the length of the organ. The effect of surgical resection 
and reconnection is also unknown. We aim to improve this understanding by taking detailed 
measurements of electrical activity over the surface of the intestine and stomach.   
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After we collect and analyse the measurements, we will publish results so that other 
scientists and doctors can share in this new knowledge.   
 
 
Why are you being asked? 
You are eligible to participate in this study, if you wish to, because you are between the ages 
of 18 and 75 and will undergo an abdominal surgery.. We will be taking recordings during 
your surgery (while the you are under anaesthetic) from electrodes placed on the surface of 
your intestine and/ or stomach.  We are asking 40 patients to participate in our study. This 
will include patients who have normal bowel function and have not had previous bowel 
surgery; patients who have previously had bowel surgery; and patients with an intestinal 
motility disorder such as slow transit constipation. Patients who are pregnant or have a 
severe health problems will not be included in this study.  
 
 
What will happen during the study? 
 
If you agree to take part, we would meet before your surgery and you would sign a consent 
form.  You can change your mind at any time before the surgery.   
 
Taking part in this study would have no effect on your current or continuing medical 
treatment.  Your surgeon anaesthetist and theatre team would perform your operation in 
exactly the same way, whether you are participating in the study or not. 
 
On the day of your surgery, your anaesthetist and surgeon will place you under anaesthetic 
and begin your operation, in the way they have decided is best for you. With agreement 
from your anaesthetist and surgeon, your operation would then be prolonged for up to 
fifteen minutes, while our measurements of electrical activity are taken. If you are having 
open surgery, we will gently place sheets of electrodes around the surface of your intestine 
and/ or stomach.  After five to ten minutes of recording time, the electrodes will be removed 
and your operation will continue as normal. If you are having keyhole surgery, we will gently 
place specially designed electrode probes against the surface of your stomach and /or 
intestine for five to ten minutes before and after the surgery is performed. After the final 
recording time, the electrode probe will be removed and your operation will be completed 
as per planned. Under direction of your surgeon and anaesthetist, the ventilator may be 
paused for up to 60 seconds at a time during the recording process to eliminate possible 
interference in the recordings. The whole time you will remain unaware, and under careful 
monitoring by your anaesthetist.  
 
We may take video pictures or photographs of your digestive tract during this research – you 
will not be able to be identified from these, and they will be used strictly for research 
purposes only. 
 
If your surgery involves the removal of intestinal or stomach tissue, we may ask to use some 
of the removed tissue for further analysis. This is totally voluntary, and you have the option 
to refuse to take part in this part of the study. If you agree to this part of the study, the 
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tissue will be sent to our research partners at the Mayo Clinic in the USA for cell analysis that 
will help provide additional information to this study.  The tissue will be handled by trained 
laboratory personnel and scientists, and it will be stored in a secure facility.  If you wish, the 
tissue will be returned to New Zealand after use at the Mayo Clinic and either returned to 
you or destroyed in New Zealand.  Otherwise, the tissue will be destroyed after use at the 
Mayo Clinic. If you choose not to have any tissue removed during your surgery sent for 
further analysis, you may still be part of the study if you give your permission for electrical 
recordings to be taken from your gastrointestinal tract. 
 
 
What are the risks and benefits of the study? 
 
Your overall care will be the same whether your take part in this study or not. 
 
The risk of introducing an infection is very slight because measuring equipment is sterilised 
and thoroughly cleaned or disposed of after use.  
 
The risk of damage to your intestine, stomach, or other organs during the procedure is 
minimal.  The electrodes are fine wires in a ribbon of flexible plastic, and will not harm the 
surface of your intestine, stomach, or surrounding tissues.  The investigators undertaking the 
measuring include gastrointestinal surgeons with extensive experience in careful surgical 
handling.  No electricity can be put into your body from the electrodes, they will simply 
record the electric activity that is naturally occurring in your stomach and / or intestine. 
 
Your operating time will be increased, for a maximum of fifteen minutes, for the purposes of 
the study recordings.  It is ideal to keep time under anaesthetic to the safest minimum.  
However, from experience of many anaesthetics, prolonging general anaesthetic time for 
fifteen minutes is thought to be safe.   
 
After making your incision, on the balance of his or her findings, if your surgeon decides it is 
in your best interest not to proceed in the study, or that the study is in any way unsafe to 
your specific case, we will cancel your involvement in the study. 
 
There are no direct benefits to you from being in this study.  However, in a wider sense, you 
will be helping advance our understanding of the human body, and in the future it is hoped 
that these results will help bring about new treatments and diagnostic tools for people 
suffering from problems of the digestive tract.   
 
 
Who is involved? 
 
There will be PhD and/or Honours students involved in the research project. These students 
are either qualified doctors or medical students. There will be bioengineers in the operating 
theatre with a computer to make sure the recordings we are taking are useful.  The 
recordings will be analysed and incorporated into our models later at the Auckland 
Bioengineering Institute.   
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You will still receive your usual medical through your surgical team. The research team will 
not be involved in your medical care. 
 
 
How will I be compensated if something goes wrong? 
 
Recording is a passive activity, and no invasive treatment is involved in this study.  Injury 
from this study is very unlikely. 
 
If you were injured in this study, which is unlikely, you would be eligible to apply for 
compensation from ACC just as you would be if you were injured in an accident at work or at 
home. This does not mean that your claim will automatically be accepted. You will have to 
lodge a claim with ACC, which may take some time to assess. If your claim is accepted, you 
will receive funding to assist in your recovery. If you have private health or life insurance, 
you may wish to check with your insurer that taking part in this study won’t affect your 
cover. 
 
If you have any questions about ACC, contact your nearest ACC office or the investigator. 
 
 
It is your choice whether to participate. 
 
Your participation is entirely voluntary.  You do not have to take part in this study, and if you 
choose not to take part, you will receive the usual care.  
 
If you do agree to take part, you are free to withdraw from the study at any time without 
having to give a reason, and this will in no way affect your continuing health care.  You may 
change your mind right up until the time of surgery. 
 
Participation in this study will be stopped should any harmful effects appear, or if your 
surgeon feels it is unsafe or not in your best interests to continue. 
 

 
Confidentiality 
 
No material which could personally identify you will be used in any reports on this study.  
The recordings we make from your stomach and / or intestine will be made permanently 
anonymous after they are taken, such that you will never be identifiable from them.  They 
will then be combined with recordings from the other participants, published, and held 
indefinitely on computers at the Auckland Bioengineering Institute. 
 
 
Future Data Analysis 
 
It is possible that we may wish to use the data collected in this study for further analysis / 
studies in the future.  Additional ethical approval is needed in case of further studies, and 
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will be obtained if future use of the data is deemed necessary / beneficial.  Consent for 
future use of the data is included in the consent for this study.  
 
 
General Information 
 
We will not be involved in your medical treatment decisions at any stage, and will not be in 
contact with you again after the study period.  However, if you wish to be informed about 
the results of this study, please signal this wish on the consent form in the space provided.  
But please note that there is often a long delay between collecting data and study results 
being available. 
 
You can get more information at any time by contacting us at the details at the top of this 
information sheet.  If you need an interpreter, one can be provided for you. 
 
You may have a friend, family / whanau support to help you understand about this study and 
any other explanation you may require.  Please bring them with you at any meetings. 
 
If you have any queries or concerns regarding your rights as a participant in this research 
study, you can contact an independent Health and Disability Advocate.  This is a free service 
provided under the Health & Disability Commissioner Act: 
   

Telephone (NZ wide): 0800 555 050 
  Free Fax (NZ wide): 0800 2787 7678 (0800 2 SUPPORT) 
  Email:   advocacy@hdc.org.nz  
 
 
"If you require (Further) Māori cultural support talk to your whānau in the first instance. 
Alternatively, you may contact the administrator for He Kamaka Waiora (Māori Health 
Team) by telephoning 09 486 8324 ext 2324 
 
If you have any questions or complaints about the study you may contact the Auckland and 
Waitematā District Health Boards Māori Research Committee or Māori Research Advisor by 
phoning 09 4868920 ext 3204." 
 
This study has received ethical approval from the Northern B Health and Disability Ethics 
Committee. 
 
 

Thank you for taking the time to read about 
and consider taking part in this study. 
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REQUEST FOR INTERPRETER 
 

                                   

English I wish to have an interpreter. Yes No 
Deaf I wish to have a NZ sign language interpreter. Yes No 
Māori E hiahia ana ahau ki tetahi kaiwhakamaori/ 

kaiwhaka pakeha korero. 
Ae Kao 

Cook Island 
Māori 

Ka inangaro au i  tetai tangata uri reo. Ae Kare 

Fijian Au  gadreva me dua e vakadewa vosa vei au Io Sega 
Niuean Fia manako au ke fakaaoga e taha tagata 

fakahokohoko kupu. 
E Nakai 

Samoan Ou te mana’o ia i ai se fa’amatala upu. Ioe Leai 
Tokelaun Ko au e fofou ki he tino ke fakaliliu te gagana 

Peletania ki na gagana o na motu o te Pahefika 
Ioe Leai 

Tongan Oku ou fiema’u ha fakatonulea. Io Ikai 
 
 
 
Participant’s full name ___________________________________________________  
 

• I have read and I understand the information sheet dated 5th November 2018 for 
volunteers taking part in the study designed to measure the electrical activity of the 
intestine and stomach during surgery.  I have had the opportunity to discuss this 
study.  I am satisfied with the answers I have been given. 

• I understand that taking part in this study is voluntary (my choice).  I understand I 
may withdraw from the study at any time and that this will in no way affect my 
continuing health care. 

• I understand that my participation in this study is confidential and that no material 
which could identify me will be used in any reports on this study.  I also understand 
that video and/or photographs may be taken during my surgery for use in research 
purposes only, but that nobody will be able to identify me whatsoever from these in 
the future. 

• I understand that the investigation will be stopped if it should appear harmful to me. 
• I understand that the data from this study may be used in future studies if deemed 

necessary and ethical approval is obtained. 
• I have been given sufficient time to discuss with whanau / family or a friend when a 

decision is required. 
• I know who to contact if I have any questions about the study or possible side effects 

of the study. 
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Participant’s full name ___________________________________________________  
 

 
1. I wish to receive a copy of the results     Yes – No (circle) 
Please note: there may be a significant delay between data collection and publication of 
results 
 

If ‘yes’ above, please include your postal and / or email address: 
 
 
 

 
2. I consent to tissue samples being sent to the Mayo Clinic, USA.  Yes – No – N/A 

(circle) 
 

If ‘yes’ above, please choose one of the following three statements: 
 

a. I consent to having the above tissue samples destroyed  Yes – No – N/A 
(circle) 
at the Mayo Clinic at the end of the study. 
 

b. I would like the above tissue samples returned to New   Yes – No – N/A 
(circle) 
Zealand and destroyed at the end of the study. 
 

c. I would like the above tissue samples returned to New  Yes – No – N/A 
(circle) 
Zealand and returned to me at the end of the study. 

 
 
 
 
           
I _______________________________________ hereby consent to take part in this study 
 
Signed _______________________________________________  Date ___ / ___ / ______ 
 
Project Explained by: __________________________ Signature ______________________ 

 
 
Interpreter (if required) 
 
I _________________________________ translated the project to the participant. 
 

Signature___________________________  Date___________________________ 
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The rectosigmoid brake as a neuromodulation target for 

faecal incontinence 
 

 
  
Principal Investigator: Name:   Mr. Ian Bissett 

Position:  Professor of Surgery 
  Head of Department  
Address:  Department of Surgery 

University of Auckland 
Private Bag 92019 
Auckland Mail Centre 1142  

Phone No:  09 373 7599 ext 89821 
Email:   i.bissett@auckland.ac.nz 
 
 

Associate Investigator: Name:   Dr. Anthony Lin 
Position:  Research Fellow and PhD Candidate 
Address:  Department of Surgery 

University of Auckland 
Private Bag 92019 
Auckland Mail Centre 1142  

Phone No:  09 889 2022  
Email:  anthony.lin@auckland.ac.nz 

 
 
 
You are invited to take part in a research study looking at pressure wave movement in the 
distal colon of patients with faecal incontinence. 
 
Please take your time to think about this study and decide whether you wish to participate. 
Participation is completely voluntary and if you decide you do not wish to take part, it will not 
affect your continuing healthcare in any way. 
 
This Participant Information Sheet will help you decide if you would like to take part.  It 
describes our aims, what your participation would involve, what the benefits and risks to you 
might be, and what would happen after the study ends.  We will go through this information 
with you and answer any questions you may have. Please feel free to talk about the study 
with other people, such as family, whānau, friends, or healthcare providers.   
 
If you agree to take part in this study, you will be asked to sign a Consent Form. You will be 
given a copy of both the Participant Information Sheet and the Consent Form to keep. 
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What is this all about?  
 
 
Pressure waves in the gastrointestinal (GI) tract help to 
break down and move food through its different parts, 
aiding in digestion and absorption of nutrients. Contents 
travel through the GI tract and eventually arrive in the 
rectum, the last part of your large intestine. The rectum 
has a storage capacity and helps to retain stool until an 
appropriate time for defecation or passage of the stool. 
 
Faecal incontinece is the involuntary loss of solid or liquid 
stool. It affects approximately 13% of the New Zealand 
population. It is debilitating and can cause a major social 
stigma. Pelvic floor weakness, disorder of the rectum, 
sphincter weakness, and neuroogical disorder can lead to 
this condition. 
 
Sacral neuromodulation or sacral nerve stimulation (SNS) 
has now become a popular surgical option for faecal 
incontinence. The exact mechanism of action has not 
been fully explained. Earlier research has shown sacral 
neuromodulation may increase sphincter tone and rectal 
sensitivity, however it does not fully explain its action. We 
suspect it also regulates colon motility. 
 
Manometry is a device used to measure pressure waves in the gastrointestinal track. It is 
used to help the diagnosis of motility problems such as chronic constipation or irritable bowel 
syndrome. We have a new technology, called high resolution colon manometry (HRCM), 
which allows us to examine the pressure waves in the colon in much greater detail. Our 
research group is one of the few groups in the world with access to this new technology. We 
now know that there are pressure waves in the rectosigmoid region (between your distal 
colon and the rectum), which move in a retrograde fashion, or towards the mouth. We 
suspect these waves help to slow down content from arriving in the rectum. Some people 
have described it using the term ‘rectosigmoid brake.’ 
 
The aim of the current study is to better define these pressure waves in the rectosigmoid 
region in patients with faecal incontinence. We also want to see if sacral nerve stimulator 
alters the wave pattern. The study involves using an endoscope to place a HRCM catheter in 
your distal colon at the time of your scheduled sacral nerve stimulator placement. We will 
record the pressure waves of your distal colon during your hospital stay.  
 
If you have any questions about the study, please feel free to contact the investigators for 
further information. 
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Why are you being asked? 
 
You have seen a colorectal surgeon at Auckland DHB and are undergoing SNS as a 
treatment for faecal incontinence. This makes you an eligible candidate for our planned study 
should you wish to participate.  
 
We have previously looked at volunteers with normal bowel movements. We plan to compare 
the pressure wave pattern in the distal colon in people with faecal incontinence to normal 
volunteers.  
 
Please note that if you do choose to participate in this study, it will not have any effect on 
your SNS placement and the effect of SNS on your bowel function. The only difference is 
that you will need to have an enema in preparation for the HRCM catheter placement using 
an endoscope. You will spend a night and most of the following morning at the hospital just 
as you would with a routine SNS placment. We also need to specifiy your meals and meal 
times in order to obtain an accurate pressure wave recording.  
 
You are free to withdraw from the study at any point. Likewise, if you don’t choose to 
participate, there will be no difference in the quality of care you receive. 
 
 
What happens during the study? 
 
If you choose to participate, a study investigator will make contact with you before your SNS 
placement. We will review your medical record to ensure you fit the inclusion criteria. You will 
still undergo the routine pre-operative work up for a SNS placement. 
 
On the day of your planned SNS placement, we will meet you in the preoperative area. You 
will undergo the standard SNS placment as described by your surgeon. At the end of the 
procedure, we will turn you on to your side to place the HRCM catheter. This will be done 
using a flexible sigmoidoscopy. You may receive extra sedation and pain medication for this 
part of the procedure. This is generally safe and painless, and will take only a few minutes to 
perform. At the end of the procedure, you will have a small catheter (straw size) exiting 
through your anus. An abdominal x-ray will be taken to confirm the position of the catheter. 
 
The catheter is attached to a data recorder by a cable.  This cable can easily be 
disconnected and reconnected, allowing you to move around freely.  We will show both you 
and the nursing staff how this is done, and encourage you to contact us if you are unsure of 
anything. 
 
We will obtain recordings from the catheter at different time points, from 10am until 8pm on 
the day of surgery, and the following morning from 7am until 11am. The recordings are 
performed around meal times as we have found the colonic activity is most pronounced 
around this time. We may ask you to skip lunch. We ask you to have dinner at 6pm and 
breakfast at 7am. You will be provided with 700kCal worth of food for each meal. We 
enourage you to follow the protocol, but it is understandable if you cannot. We will use a 
different SNS setting with each meal.  
 
We also ask that you note the time at which you eat, drink, and pass wind and stool.  A study 
investigator will visit you throughout the day while you are in hospital to ensure there are no 
concerns.  
 
Before you are ready for discharge the following day, the catheter will be removed by 
applying gentle traction. You will be assessed prior to discharge to ensure you are clinically 
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safe to be discharged. You will receive follow-up through our standard follow-up for SNS 
implantation.  
 
We strongly encourage you to contact the study investigators at any point if you have any 
questions or concerns.  Our contact details can be found at the top of the first page of this 
information sheet. 
 
 
What are the possible benefits and risks to you of participating? 
 
There will be no immediate benefit to you by participating in this study.  
 
The information we obtain from this study will benefit scientific knowledge greatly, and will 
likely form the basis for new treatments aimed at improving outcomes in those who suffer 
from faecal incontinence.  
 
The main risk with this study is the additional endoscopic procedure (the flexible 
sigmoidoscopy) that you have to undergo in order to have the catheter placed. This is 
generally safe but does carry risks, the most worrysome being a perforation, which occurs in 
8/10,000 procedures. Perforation usually occurs when biopsies are taken. This will not be 
part of your procedure.  
 
The catheter placement procedure is generally tolerable. Most people can undergo a flexible 
sigmoidoscopy without needing any pain medication or sedation. The main discomfort or 
inconvience would be having the catheter in place, which may limit your ability to move 
around. However it can be easily disconnected and reconnected, either by your nurse or a 
study investigator. 
 
A single abdominal x-ray uses very small amount of radiation, and carries a very low risk to 
you. 
 
There will be no change to the SNS placement or the quality of care you receive whether you 
choose to participate or not. 
 
 
What would happen if you were injured in the study?  
 
If you were injured in this study, which is unlikely, you would be eligible for compensation 
from ACC just as you would be if you were injured in an accident at work or at home. This 
does not mean that your claim will automatically be accepted. You will have to lodge a claim 
with ACC, which may take some time to assess. If your claim is accepted, you will receive 
funding to assist in your recovery. 
  
If you have private health or life insurance, you may wish to check with your insurer that 
taking part in this study won’t affect your cover. 
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What are the rights of participants in this study? 
 
Your participation in this study is entirely voluntary (your choice).  You do not have to take 
part in this study, and if you choose not to take part, you will receive the usual care. 
 
Participation in this study will be stopped should any harmful effects appear or if the doctor 
feels it is not in your best interests to continue.  
 
If you do agree to take part, you are free to withdraw from the study at any time, without 
having to give a reason and this will in no way affect your future health care. 
 
Participants have the right to access information about them collected as part of the study. 
 
No material which could personally identify you will be used in any reports on this study. 
 
Your GP can be informed about your participation in the study if you wish. 
 
We are happy to send you a summary of the results of this study upon its completion.  It is 
expected results will be published as a journal article and presented at various international 
conferences.   Please note that a significant delay may occur between data collection and 
publication of the results. 
 
 
Access to Clinical Records 
 
Information regarding your age, height, weight, other previous abdominal procedures, 
defaecatory function prior to and since index operation, other medical conditions, and current 
medications will be obtained from Auckland DHB health records. 
 
 
What will happen after the study ends, or if you pull out? 
 
The data from the study will be kept for 10 years.  Associate Professor Ian Bissett, 
Department of Surgery, University of Auckland will be responsible for the safe keeping of the 
data.  After this time all data will be destroyed using confidential data destruction procedures. 
 
Your data will be de-identified (made anonymous) following collection.  All data will be stored 
digitally on hardware at the University of Auckland.  
 
Members of the research team (present and future) will have access to the raw data and/or 
your clinical records during, or after, the study, but only where ethical approval has been 
obtained.  Future studies may wish to include this data.  Where such use goes beyond that 
outlined in the present application, further ethical approval will be sought. 
 
 
Ethical Approval 
 
This study has received ethical approval from the Northern A Health and Disability Ethics 
Committee. 
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Where can you go for more information about the study, or to raise concerns or 
complaints? 
 
If you have any questions, concerns or complaints about the study at any stage, you can 
contact the investigators.  
 
If you require Māori cultural support, talk to your whānau in the first instance.  Alternatively 
you may contact the administrator for He Kamaka Waiora (Māori Health Team) at Auckland 
City Hospital by telephoning 09 486 8324 ext 2324. 
 
If you have any questions or complaints about the study you may contact the Auckland and 
Waitematā District Health Boards Māori Research Committee or Māori Research Advisor by 
telephoning 09 486 8920 ext 3204. 
 
If you want to talk to someone who isn’t involved with the study, you can contact an 
independent health and disability advocate on: 

 
Phone:  0800 555 050 
Fax:   0800 2 SUPPORT (0800 2787 7678) 
Email:   advocacy@hdc.org.nz 

 
 
 
 
 
You can also contact the health and disability ethics committee (HDEC) that approved this 
study on: 
 
 Phone:  0800 4 ETHICS 
 Email:  hdecs@moh.govt.nz 
 
 
 
 
Thank you for making the time to read about, and consider, taking part in this study. 
Please feel free to contact us (details at the start of the leaflet) if you have any 
questions about this study. 
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Project title:  
The rectosigmoid brake as a neuromodulation 
target for faecal incontinence 

 
Procedure: 

Flexible sigmoidoscopy and insertion of high-
resolution colonic manometry catheter 
 

 

REQUEST FOR INTERPRETER 
 

                                   

English I wish to have an interpreter. Yes No 
Deaf I wish to have a NZ sign language interpreter. Yes No 
Māori E hiahia ana ahau ki tetahi kaiwhakamaori/ 

kaiwhaka pakeha korero. 
Ae Kao 

Cook Island 
Māori 

Ka inangaro au i  tetai tangata uri reo. Ae Kare 

Fijian Au  gadreva me dua e vakadewa vosa vei au Io Sega 
Niuean Fia manako au ke fakaaoga e taha tagata 

fakahokohoko kupu. 
E Nakai 

Samoan Ou te mana’o ia i ai se fa’amatala upu. Ioe Leai 
Tokelaun Ko au e fofou ki he tino ke fakaliliu te gagana 

Peletania ki na gagana o na motu o te Pahefika 
Ioe Leai 

Tongan Oku ou fiema’u ha fakatonulea. Io Ikai 
 
 

• I have read and I understand the information sheet dated  9/1/2017 for 
volunteers taking part in the study designed to the pressure wave pattern in 
the distal colon in patients with faecal incontinence undergoing sacral nerve 
stimulator implantation. I have had the opportunity to discuss this study. I am 
satisfied with the answers I have been given. 

• I have had the opportunity to use family/whānau support or a friend to help me 
ask questions and understand the study. 

• I understand that taking part in this study is voluntary (my choice) and that I 
may withdraw from the study at any time and this will in no way affect my 
ongoing health care. 

• I have had this project explained to me in detail by a study investigator. 

• I understand that my participation in this study is confidential and that no 
material which could identify me will be used in any reports on this study. 

• I understand that the investigation will be stopped if it should appear harmful 
to me. 

• I understand the compensation provisions for this study.  
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• I have had time to consider whether to take part in this study. 

• I know who to contact if I have any side effects to the study. 

• I know who to contact if I have questions about the intervention used in this 
study or about the study in general. 

 
 
 
 
I wish to receive a copy of the results  
 
      

  Yes   No  

 
 
 

 

I  ________________________________________hereby consent to take part in this study. 
                                 (full name)    

 

 

Signature___________________________  Date___________________________ 

 

 

 

 

Investigator name___________________________________ 

 

Investigator Signature________________________________ 

 

Investigator contact details  Dr. Anthony Lin  Prof. Ian Bissett 

        09 373 7599  ext  89821 
 
 

 
Interpreter (if required) 
 
 
I _________________________________ translated the project to the participant. 
 
 

Signature___________________________  Date___________________________ 
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