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Abstract 

Fecobionics is a novel integrated technology for assessment of anorectal function. It is a defecatory test with 

simultaneous measurements of pressures, orientation, and device angle (a proxy of the anorectal angle). 

Furthermore, the latest Fecobionics prototypes measure diameters (shape) using impedance planimetry during 

evacuation of the device. The simultaneous measurement of multiple variables in the integrated test allows 

new metrics to be developed including more advanced novel defecation indices, enabling mechanistic insight 

in the defecation process at an unprecedented level in patients with anorectal disorders including patients 

suffering from obstructed defecation, fecal incontinence, and low anterior resection syndrome. The device has 

the consistency and shape of a normal stool (type 3-4 on the Bristol Stool Form Scale). Fecobionics has been 

validated on the bench and in animal studies and used in clinical trials to study defecation phenotypes in 

normal human subjects and patients with obstructed defecation, fecal incontinence, and low anterior 

resection syndrome after rectal cancer surgery. Subtypes have been defined, especially of patients with 

obstructed defecation. Furthermore, Fecobionics has been used to monitor biofeedback therapy in patients 

with fecal incontinence to predict the outcome of the therapy (responder versus non-responder). Most 

Fecobionics studies showed a closer correlation to symptoms as compared to current technologies for 

anorectal assessment. The present article outlines previous and ongoing work, and perspectives for future 

studies in proctology, including in physiological assessment of function, diagnostics, monitoring of therapy, and 

as a tool for biofeedback therapy. 

 

Keywords: Anorectal function, Defecation, Fecal incontinence, Fecobionics, Obstructed defecation, Simulated 

stool. 
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Introduction 
The gastrointestinal (GI) tract including the anorectum has traditionally presented challenges for studies of its 

physiological function and for diagnostics. The anorectal (defecatory) function is complex, a fact that is 

reflected in the high numbers of patients with symptoms arising from the anorectum (Higgins and Johanson, 

2004; Peery et al., 2019; Sonnenberg and Koch, 1989). The abdominal and pelvic floor muscles are under 

conscious control, which gives some level of control of continence and defecation. Anal continence and 

defecation involve anatomical factors, anorectal sensation, rectal compliance, stool consistency, anal muscle 

strength, mobility, and psychological factors (Barleben and Mills, 2010; Gregersen and Christensen, 2016; Rao 

et al., 2016). Defecation is initiated by an urge to defecate predominantly resulting from filling of stool in the 

rectum. During evacuation, the abdominal pressure increases, the anal sphincter and puborectalis muscle relax, 

and the anorectal angle straightens. Hence, the major mechanical determinants of defecation are the fecal 

volume, the rectoanal pressure gradient, anal diameter, and the anorectal angle. 

The homeostatic balance in the defecation process is easily disturbed by functional or structural 

anorectal disorders that may coexist. The process may be altered in disease conditions, resulting in symptoms 

such as pain (proctalgia), fecal incontinence (FI) and constipation (Rao et al., 2016; Bharucha, 2006; Sun et al., 

1990). Constipation refers to abnormally delayed or infrequent passage of typically dry hardened feces that 

may be associated with pain during defecation. Chronic constipation is often caused by obstructed defecation 

(OD), which may be due to dyssynergia (Sharma et al 2002). Anorectal sensitivity and contractility, stool 

consistency, rectal reservoir capacity and compliance, and coordination of the pelvic floor muscles play an 

important role in the genesis of OD. Defecatory disorders affect 20% of the population with rising incidence 

(Barleben and Mills, 2010; Rao et al., 2016; Higgins and Johanson, 2004; Peery et al., 2019; Sonnenberg and 

Koch, 1989, Andromanakos et al., 2006). In contrast, FI is a symptom associated with the lack of control of 

bowel movements, i.e., fecal material leaks from the rectum without warning, or with a strong urge to 

defecate which cannot be withheld. FI is a symptom of underlying causes such as anal sphincter incompetence 

or rectal hypersensitivity. Like OD, FI poses a major health care burden but is poorly recognized and treated 

(Rao et al., 2016).  

Knowledge of the defecation process in health and disease has steadily increased over the past 

decades due to technologies such as high-resolution anorectal manometry (HRAM, Coss-Adame et al., 2015; 

Carrington et al., 2020), balloon expulsion technology (BET) (Van Koughnett and Da Silva, 2013; Chiarioni et al., 

2014; Carrington et al., 2020; Palit et al., 2016), barium and MRI defecography (Rao et al., 2016; Bharucha, 

2006) and the Functional Luminal Imaging Probe (FLIP) (Alqudah et al., 2012; Luft et al., 2012).  Collectively, 

these technologies measure important variables that are related to the outcome of the defecation process, 

including pressures (a proxy of propulsive and resistive forces), diameters (shape), and the anorectal angle 

along with sensation. HRAM and EndoFLIP refer to catheter-based pressure assessment of anorectum, 

whereas BET and defecography are evacuation tests that are more physiological. Other less commonly 

employed tests are electromyography, anal ultrasonography, and the barostat for rectal sensory testing (Rao 

et al., 2016; Bharucha, 2006). The above noted tests are widely available in anorectal physiology laboratories 

and specialized clinics to diagnose anorectal motility disorders, but it is not yet clear if they can diagnose the 

precise pathophysiology. 

Despite significant developments in the field, some of the current tests have limitations, e.g., barium 

and MR defecography do not provide direct information on the anorectal sensory and motor function. BET 

only measures the duration of the evacuation of the balloon but fails to provide other physiologic information 

such as geometric parameters and pressures during the passage from the rectum through the anal canal. 

HRAM does not record dynamic events during evacuations but instead simulates defecation by the push 
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procedure. An additional major limitation is that these tests are done separately, i.e., they are not integrated. 

Furthermore, they measure different aspects of anorectal function, e.g., HRAM measures anal pressure 

whereas FLIP measures anal distensibility. Therefore, it is not surprising that there is considerable 

disagreement between the results of various anorectal tests and that they correlate poorly with the patient’s 

symptoms and treatment outcomes (Palit et al., 2016; Grossi et al., 2016). The discrepancy between tests is 

recognized in the Rome criteria for anorectal disorders, where it is not required that all tests show abnormality 

for a given disorder. It is disadvantageous, however, to have standardization criteria built on discrepancy 

between tests. 

Due to the unmet need for innovation in this field, a novel Fecobionics technology was presented in 

2017 that integrates most measurements of currents tests and beyond (Gregersen et al 2017). Fecobionics is a 

highly advanced simulated stool with the shape and consistency of a normal stool (corresponds to type 3-4 on 

the Bristol Stool Form Scale (BSFS). Types 3-4 are found in +60% of healthy subjects (Lewis and Heaton, 1997). 

Fecobionics records pressures, orientation, acceleration, bending (anorectal angle) and shape changes during 

attempted evacuation of the device. All measurements are recorded in a single experiment under the same 

conditions, providing the impetus for calculation of unprecedented novel metrics. As outlined in more detail 

below, Fecobionics has been used to study defecation patterns in normal subjects and patients with OD, FI, 

and low anterior resection syndrome (LARS) after rectal cancer surgery (Sun et al., 2019; Gregersen et al., 2018; 

Gregersen, 2017; Gregersen et al., 2019; Liao et al., 2019; Sun et al., 2020; Chen et al., 2020; Gregersen et al., 

2020; Gregersen et al., 2021, Chen et al 2022). Furthermore, the technology has been used to monitor 

biofeedback therapy in FI patients (Futaba et al 2022).  Precise diagnostics and monitoring are important for 

optimal therapy including monitoring of the effect of dietary changes, drugs, biofeedback therapy, and sacral 

nerve stimulation. 

The aim of this article is to review previous and ongoing Fecobionics work and to provide perspectives 

for future clinical studies including in pediatrics and in the surgical field.  

 

Principle of Fecobionics measurements 
Fecobionics is a simulated stool capable of dynamic integrated measurements in the lower GI tract (Sun et al., 

2019; Gregersen et al., 2018; Gregersen, 2017; Gregersen et al., 2019; Liao et al., 2019; Sun et al., 2020). It was 

developed as a simulated stool that integrates several current technologies in a single examination. Basically, 

two comparable devices have been developed. The first version originating in 2017 were wired, contained 

pressure sensors, and had the ability to measure bending, a proxy of the anorectal angle during evacuation of 

the device (Gregersen et al 2017). The second version was wireless, i.e., with internal batteries and wireless 

transmitter (Gregersen et al 2022). It had higher quality electronic components embedded, improved 

algorithms for bending analysis, implemented impedance planimetric measurement of luminal cross-sectional 

area (CSA) or diameters, and had a much-improved graphical user interface.  

The basic design of Fecobionics has been described (Sun et al., 2019; Gregersen et al., 2019, Gregersen et 

al, 2022). Photos of the wired and wireless Fecobionics devices are shown in Figure 1. In brief, Fecobionics is 

an elongated flexible probe (10cm-long, 10-12mm diameter) made from medical grade silicone rubber with 

embedded electronics. Silicone is the ideal material for the core due to its softness (bendability), durability, 

non-degradability, medical use, and electrical current insulation. The silicone core insulates the electrical 

components from being in direct contact with tissue, which is important if batteries leak, or the electronics 

short-circuits. The core is very bendable to avoid that the device properties affect the measurement of the 

anorectal angle. 
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Figure 1. The wired and the wireless 
Fecobionics devices. Left: The wired probe 
contains pressure sensors and motion 
processor units for measurement of 
orientation and bending. It connects to the 
USB port of a computer through wires inside 
a thin tube. Furthermore, it contains a thin 
tube for filling the bag. Right: The wireless 
Fecobionics with pressure sensors, motion 
processor units, impedance electrodes, CPU, 
wireless transmitter, and internal batteries. 
The fill tube is detachable, meaning that the 
device is untethered after rectal distension 

and removal of the tube. The probe transmits data in real time to a wireless receiver hub that further transmits 
the data to a laptop.   

 
The Fecobionics technology contains the following sensors: 

 

 Pressure sensors at the front, middle (inside the bag), and at the rear. The unique feature of 
Fecobionics is that the front and rear pressure measurements are in axial (longitudinal) direction, i.e., 
in the direction of its trajectory during evacuation. This contrasts with catheter-based manometry 
systems that measure radial pressures. The implication of axial pressure measurements is that they 
correlate with the propulsive and resistive forces during evacuation. 

 Motion processor units (MPUs) at the front and rear of the device. Each MPU contains 3D gyroscopes, 
accelerometers, and magnetometers. Hence, the orientation of the device, its acceleration, velocity of 
expulsion and position can be measured or computed. Furthermore, by using a modification of the 
Madgwick algorithm (Madgwick et al., 2011), the bending of the device is computed independent of 
the orientation and direction of the bending. The original wired Fecobionics device used 6-axis MPUs 
whereas the newest wireless device embedded 9-axis MPUs.  

 Impedance electrodes on the surface of the core inside the bag (only in the newest Fecobionics device) 
that measure seven cross-sectional areas (CSAs) along the length of the device. Using the impedance 
planimetric principle (Gregersen and Andersen, 1991; Andersen et al., 2004), as also used in the 
functional luminal imaging technology (FLIP) (Luft et al., 2012), two outer electrodes generate a 
constant alternating electrical field inside the saline-filled distension bag. Multiple equidistant 
detection electrodes measure the impedance of the fluid between them, which can be calibrated to 
diameters or CSAs. The bag shape can be computed from the serial CSAs. Furthermore, CSA changes 
can be used to determine the velocity of expulsion when the device passes the narrow anal canal. 

 
Filling of the bag is not only done to measure CSAs but also for rectal sensitivity testing. The bag spans 

most of the length of the device core and can contain volumes up to 120ml. The distension is stopped at lower 

volumes, however, where the subject feels urge-to-defecate. The bag is connected through a thin tube 

extending from the front of Fecobionics to a syringe containing saline. In the latest Fecobionics device, the 

filling tube is detachable, i.e., after filling the bag inside rectum to the urge-to-defecate level, the tube can be 

detached from the device and removed. This leaves Fecobionics untethered during the evacuation that 

happens in privacy without the investigators in the room. The wired Fecobionics has a fixed fill tube. 

Furthermore, the wired Fecobionics contains a thin tube with four wires for power supply and data 

transmission (Figure 1). The wires are connected to the USB port of a computer. Data are displayed in real time 

on the graphical user interface.  
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Along with the sensors, the probes contain a microprocessor that processes the data from the sensors 

before being transmitted by wires or wireless. In addition, the wireless Fecobionics contains batteries and a 

wireless radiofrequency transmitter (Figure 1). 

The integrated Fecobionics test provides opportunities for computing new parameters before and during 

evacuation along with the measured pressures, diameters, and anorectal angle. A novel approach to plot the 

data is the so-called preload-afterload diagram where the front pressure is plotted as a function of the rear 

pressure, i.e., resistive forces versus propulsive forces. The preload-afterload diagram has clearly contributed 

to our understanding of defecation patterns since phenotypes are different for normal subjects and patients 

with OD and FI (Figure 2, (Gregersen et al 2022, Futaba et al 2022). Another relatively simple metric is the 

rectoanal pressure gradient (RAPG) that also weights the propulsive force against the resistive forces. RAPG is 

also used in HRAM studies but for unclear reasons the RAPG is negative during simulated defecation when it is 

supposed to be positive (Carrington et al 2020). Such artifacts invalidate the use of the HRAM RAPG and makes 

it difficult for users to interpret the pathophysiological relevance. More advanced Fecobionics metrics have 

been developed including defecation indices (DIs) based on pressure differences, max pressures, volume, and 

duration of the defecation (Gregersen et al 2022). Defecation indices have proven valuable for subtyping 

patients with FI and OD. The defecation indices can be further developed and optimized, e.g., by taking into 

account the anorectal angle, anorectal diameters, and forces. 

 

 
Figure 2. Pressure recordings of typical phenotypes from a normal subject, two patients with obstructed 
defecation, and a patient with fecal incontinence. Left: Front, rear, and front-rear pressure difference (the 
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rectoanal pressure gradient) as function of time. Red, black and blue color indicate the front, rear and delta 
pressures.  Right: Front pressure as function of rear pressure (preload-afterload diagram). The typical patterns 
are as follows: Normal subjects use 2-6 evacuatory contractions (in this case three contractions) that gradually 
move the tracings below the line of pressure unity (due to anal sphincter relaxation). Patients with obstructed 
defecation show uncoordinated (dyssynergic) patterns and often do not manage to evacuate the device. None 
of the two patients shown here evacuated the Fecobionics device. Fecal incontinence patients often have low 
anal pressure, reflected as the tracings being always below the line of pressure unity. Patients with fecal 
incontinence usually evacuate the device in one attempt and within a few seconds. In some patients with 
severe incontinence, the device may drop out unintendedly. 
 

Procedures 

At the inception of the wired probe, the focus was on the device evacuation, often preceded by procedures 

such as coughing to validate correct intrarectal placement of the device. Later, the approach shifted to imitate 

the London classification protocol for HRAM with standardized procedures such as coughs, anal squeezes, push, 

and straining (Carrington 2020). The push procedure is an attempt to simulate defecation using HRAM. This is 

not needed, however, with Fecobionics which is evacuated, i.e., simulation not needed. Recently, it was 

realized that the London protocol is less useful for Fecobionics studies than originally thought. This is due to 

differences in technology between HRAM and Fecobionics. For example, the HRAM catheter straddles the anal 

canal and therefore obtains multiple measures of pressure along the sphincter. In contrast, Fecobionics is 

placed in rectum with the front located in the upper part of the anorectal junction. This explains why 

Fecobionics measures lower anal sphincter pressure while HRAM often uses the maximum pressure as the 

biomarker for function. The maximum pressure is most often recorded in the middle or distal part of the anal 

canal. Fecobionics measures the pressure at a high sampling rate during passage of the anal canal, but this is 

under conditions where the anal sphincter is somewhat relaxed due to the rectoanal inhibitory reflex (RAIR). 

To gain further insight in anal sphincter properties, anal pull-throughs are now included in the protocol where 

the subjects first relax and subsequently maximally contract the anal sphincter. Furthermore, push procedures 

(attempt to defecate by increasing abdominal pressure and relaxing the anal sphincter, i.e., a simulated 

defecation) were done in early trials but have now been eliminated because Fecobionics attempts real 

evacuation. It is important to know the distinction between simulated defecation (HRAM push procedure) and 

a simulated stool (Fecobionics).  

The current Fecobionics protocol, named the Fecobionics San Diego Protocol, encompass: 

 

 Insertion. 

 Rest for 5 minutes. 

 One pull-through during anal relaxation until the device is half out. Reinsertion. 

 One pull-through during maximal anal contraction until the device is half out. Reinsertion. 

 Two coughs (to determine location). 

 Two anal squeezes and one long anal squeeze (to determine location). 

 Two straining procedures (attempt to evacuate the device but with maximally contracted sphincter). 

 Bag filling at 1ml/sec with registration of the volumes at first sensation, moderate sensation and at 
urge. 

 The detachment of the fill tube 

 The investigators leave the room. 

 Defecation in privacy (if the patient cannot evacuate the device within 3 minutes, it will be pulled out 
manually by the investigator or the subject). 
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The entire study takes between 15-30 minutes depending on the specific protocol for selected patient 

groups. For example, most OD patients cannot evacuate the device in 2-3 minutes whereas normal subjects 

and FI patients usually evacuate it within 5-20 seconds. Most instructions to the patient are conveyed during 

the study and hence, does not require added time. The patients fill out fecal incontinence severity index (FISI) 

and constipation questionnaires before the Fecobionics study. 

 

Validation, safety studies and performance studies 

Validation data on the technology have been published (Sun et al., 2019; Gregersen et al., 2018; Gregersen et 

al., 2019). The studies have confirmed that measurements are accurate and valid including the electronic 

measurement of bending. Furthermore, safety data and information on adverse effects have been published 

from large animal and human studies (Wang et al., 2021, Gregersen et al 2022). No serious adverse effects 

have been recorded in more than 300 insertions in more than 180 human subjects. 

 How does Fecobionics compare with current technology on the market such as BET, HRAM, and 

defecography? New technologies must be compared to current technologies and new “normal ranges” must 

be provided if there are differences with existing technologies. In brief, Fecobionics have been shown to be 

consistent with BET on expulsion duration, despite the different filling volumes (BET is one-size-fits-all using 

50mL), and with defecography on anorectal angle measurements (Halligan et al., 1995; Jorge et al., 2001). 

Unpublished data show that the anorectal angle at rest measured by Fecobionics correlates with the angles 

measured using defecography; r=0.70, P<0.05) for the anterior wall of the rectum. The average anorectal angle 

for Fecobionics was 149o. For defecography, the average angle was 108o, 131o, and 152o measured at the 

posterior wall, mid-rectum, and anterior wall, respectively. This is reasonable since Fecobionics is positioned 

towards the anterior rectal wall. In contrast to BET and defecography, differences have been found between 

HRAM and Fecobionics, which can be explained by differences in protocols, device characteristics, device 

location, and experimental conditions (Gregersen et al., 2019). Regardless, some degree of correlation exists 

between HRAM and Fecobionics (Gregersen et al 2021, Gregersen et al 2022). Anal FLIP and Fecobionics have 

not been compared but differences are expected since Fecobionics measures during evacuation whereas FLIP 

makes distension in a fixed position in the anal canal. 

 The shape of Fecobionics visually fits the shape of feces type 3-4 on the BSFS. Although the BSFS is 

clearly refers to shape of feces, it is commonly believed to reflect consistency. Matsuda and coworkers studied 

the relation between the BSFS and consistency and found a clear association (Matsuda et al 2021). By testing 

the mechanical properties of the Fecobionics core and bag, it was found that Fecobionics had consistency 

corresponding to type 3-4 from the Matsuda paper (unpublished data). 

 Many other validation data have been published such as combined Fecobionics-defecography for 

various purposes including confirming the location and bending (Figure 3), angle measurements, and 

quantification of perineal descent (Zhuang et al 2021). Furthermore, test-retest repeatability has been tested 

and was found to be excellent for far most Fecobionics metrics (Lo et al 2023). 
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Figure 3. Defecographic image showing 
Fecobionics inside rectum shortly before it is 
being evacuated. The red arrows point to the 
front and rear of the 10cm-long Fecobionics 
device. The black arrow shows the bag filled 
with 80ml of saline. Barium was injected into 
rectum before the Fecobionics device was 
inserted. 

 
 
 
 
 
 
 
 
 
 
 
 
Several performance studies have been published with Fecobionics on defecatory physiology (Sun et 

al., 2019; Gregersen et al., 2019; Sun et al., 2020; Gregersen et al., 2020). Most attention has until now been 

given to pressure analysis in early studies using the wired Fecobionics device. Most normal subjects use only a 

few contractions to evacuate the Fecobionics device. It is quite commonly observed that normal subjects 

prepare for expulsion by going through several loop cycles with gradual front pressure decrease towards 

evacuation. Based on pressure-time plots, it is possible to divide defecations into five distinct phases based on 

the pressure patterns (Gregersen et al., 2018). Rear-front pressure plots are an informative way to express 

Fecobionics pressure data. The rear-front pressure plot is inspired from the preload-afterload concept in 

cardiology, where left ventricle pressure-volume measurements provide substantial insights into heart 

contractility, preload (heart filling) and afterload (vascular resistance). This type of analysis is beneficial for 

understanding anorectal function. In cardiac physiology, although the preload is the degree of sarcomere 

stretch at the end of ventricular filling during diastole (Takeuchi et al., 1992; Gregersen, 2002), end-diastolic 

volume and pressure are more practical for clinic measurements.  Afterload is the pressure that the heart must 

work against to eject blood during systole. As aortic pressure increases, the afterload increases on the left 

ventricle. Since both the heart and GI have the function of transport, Fecobionics measurements enable the 

translation of pre-load/after-load concepts from cardiology to gastroenterology. The preloads correspond to 

the filling of the bag inside the rectum until the subject feels urge-to-defecate. Consequently, the subject 

initiates abdominal contractions to generate the propulsive force needed to expel the device. The propulsive 

(driving) force is measured by the rear pressure sensor, whereas the front pressure sensor records the 

afterload.  

Figure 2 shows representative pre-load/after-load defecations from normal subjects and patients with 

OD and FI. The diagram allows evaluation of pressure cycles without the time element (Figure 2). For ease of 

interpretation, the line of unity is shown in the diagrams. When the front pressure exceeds the rear pressure, 

data are above the unity line (defecation cannot happen against a pressure gradient). The Fecobionics device 

(and feces) is expelled when the recto-anal pressure (force) gradient is large enough to overcome the friction 
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between the surface and mucosa. Measurement of axial pressures at the front and rear, and the bag pressure 

is essential in this regard. Repeated contractions shift the tracings downwards where a cut-off is reached, i.e., 

the anal pressure drops quickly followed by device expulsion. Afterload is the resistance that the propulsive 

force must work against to evacuate feces. The resistance depends on several factors including the anal 

diameter, the anal pressure, anorectal angle, and friction. The diagrams in Figure 2 show clockwise contraction 

cycles, for normal subjects usually 2-6 cycles, reflecting the number of abdominal muscle contractions that are 

needed to defecate. Fecobionics is uniquely designed to quantify these preload-afterload pressure properties 

where pressure-CSA relations and forces can be considered in the future. It is easily identifiable in the 

diagrams when anal relaxation occurs.  

Although the preload-afterload diagrams are conceptionally very intuitive, they must be expressed 

into quantifiable metrics. This is doable as defecation indices computed as the areas under the front pressure 

curve (reflecting anal resistance) and rear pressure curve (reflecting propulsive force). The defecation indices 

can be normalized with respect to duration of the evacuation, maximum pressure amplitude, as well as other 

factors. Therefore, many defecation indices can be computed, and it remains to be determined which ones are 

most informative. Preliminary data have shown that abnormal subjects, who could not defecate BET and 

Fecobionics, showed abnormal values, especially for defecation indices that were not normalized for time. The 

afterload seems especially important since obstructed (dyssynergic) defecation (Rao and Patcharatrakul, 2016; 

Rao et al., 2004; Heinrich et al., 2015) and anal stricture are associated with increased afterload. On the 

contrary, FI due to anal sphincter damage or impairment (Rao et al., 2016; Whitehead et al., 2009) are 

associated with decreased afterload. These properties are important for differentiating subtypes of patients. 

For example, the current dyssynergia classification (Rao and Patcharatrakul, 2016; Rao et al., 2004; Heinrich et 

al., 2015) operates with a 2x2 diagram where two subtypes show abnormal expulsion pressures, and two 

subtypes are associated with anal sphincter function. The classification is criticized for being too simple. 

Furthermore, dyssynergic abnormality has been found in 90% of healthy subjects with HRAM (Gregersen et al., 

2019; Grossi et al., 2016). Interestingly, Fecobionics measurements showed abnormality in less than 25% of 

normal subjects (Gregersen et al., 2019). Fecobionics identified at least six subtypes of OD patients (Gregersen 

et al, 2021). Due to increased afterload, the rectum (or abdominal muscles) must work harder to accomplish 

defecation. Long-term, this may lead to dyscoordination, hypertrophy, and altered rectal sensitivity (Gregersen 

and Christensen, 2016). Increased feces volume and deferred defecation may be associated with increased 

preload and afterload. These and other observations require further investigations.  

Recently, Fecobionics was used to study the effect of posture on anorectal function (Chen et al., 2021). 

The major finding was that it is very difficult to defecate in laying position whereas squatting and seated 

position did not differ significantly. Recent data suggest that Fecobionics can be used to detect sudden 

movements of the pelvic floor and perineal descent (Zhuoli., et al 2021). This can be accomplished by analysis 

of the accelerometer data from the two MPUs in Fecobionics. In brief, data on acceleration was integrated to 

estimate velocity and integrated again to obtain change in position of Fecobionics. Good agreement was found 

between change in position during defecatory procedures estimated from the MPUs and from defecography. 

 Two studies have been published on the new wireless probe on normal subjects where new metrics 

was presented. This included acceleration, velocity, contraction work and flow (Gregersen et al 2022) Figures 4 

and 5 show images of the new graphical user interface where pressures, orientation, bending, and geometry 

are co-plotted. Naturally, the data are much better presented as video clips, e.g., at 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9163794/ 
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Figure 4. Graphical user interface showing data from a normal subject. Left: color contour of diameter data 
(top), pressures (middle) and bend angle and orientation of the front and rear relative to the direction of 
gravity. Right: Integrated view of the device geometry. The user interface shows 30 seconds of recording before, 
during and after the evacuation using just one defecatory contraction.  
 
 

 
 
Figure 5. Top: The graphical user interface like the one shown in Figure 4. Left: Data obtained in a normal 
subject after bag filling when the device is being evacuated. Right: Data obtained in a subject with severe fecal 
incontinence where the device drops out unintendedly during filling of the bag. The device geometry shown in 
the right figure for both subjects are obtained at the first black vertical line in the left diagrams. The device is 
located inside the rectum. Bottom: Geometry of the device at five selected time points before, during, and after 
the evacuation, corresponding to remaining five black vertical lines from each subject. The last subfigure for 
each subject shows the device when it has landed in the pot of the commode, and lays in a horizontal 
orientation. Evacuation pressures, rectal diameters, anal diameters including the minimum anal diameter, and 
the anorectal angle can be assessed from the data. 
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Very recently, a study was published with a modified wired Fecobionics probe that contained a video 

camera at the front (Sun et al 2023). Hence this special Fecobionics probe combines endoscopic features with 

functional measurements. It was possible to view the anorectal junction and the anal canal during device 

evacuation (Figure 6). As outlined in the section below on surgical perspectives, the applications are manifold 

due to the detailed information on surface anatomy of the anorectum. 

 

 

 
 
Figure 6. A series of images before and during initial evacuation of the Fecobionics device with video camera 

embedded at the front. The device was inserted into rectum for video imaging the anorectal junction. During 

the evacuation, the anal canal and exterior were visible. Mucosal folds (buckling), an internal hemorrhoid, an 

air passageway, and the fill tube are visible. The black arrows point to the connecting tubes. The red arrows 

show opening to outside anus. 

 

Clinical trials 

Several clinical trials have been conducted or are currently being conducted. Finalized trials and publications 

are listed in Table 1. 

 

Authors Topic/disorder Major clinical results and correlation with symptoms 
Gregersen et al 

2020 and Futaba et 
al 2022 

Fecal incontinence Simple HRAM measures do not differentiate patients 
from normal subjects.  
Fecobionics defecation indices showed difference.  
Fecobionics showed higher correlation to symptoms 
as compared to HRAM-BET. 

Gregersen et al 

2021 

Obstructed defecation, 
OD 

Six OD phenotypes were identified using Fecobionics.  
The ARM-BET data differed significantly from Fecobionics 
data. Correlation between tests was poor with the R2 
between 0.08 and 0.30. 

Chen et al 2022 Low anterior resection 
syndrome 

LARS patients have severely impaired defecatory function 
and more severe FI symptoms than the control FI patient 
group. The impairment is caused by dysfunctional anal 
sphincter, low rectal volume, and dyscoordination.  
Fecobionics revealed parameters that provide more 
detailed analysis of the dysfunction compared to 
conventional technologies and correlated better with 
symptoms than ARM-BET. 

Futaba et al 2022 Monitoring biofeedback 
therapy for fecal 
incontinence 

Fecobionics predicted the outcome of biofeedback 
therapy.  
Fecobionics demonstrated a better association with FISI 
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scores than current technologies.  

Gregersen and 
Mittal 2023 

Rectal contraction in 
patients with fecal 
incontinence and 
obstructed defecation 

Rectal contractility differs between normal subjects, and 
patients with OD and FI.  
Association between measured data and symptoms not 
analyzed specifically. 

 
Currently clinical trials are ongoing in the following areas: 
 

 Deferred defecation and Fecobionics phenotypes. 

 Comparison of Fecobionics and defecography in OD patients. 

 Fecobionics-RAPG compared to HRAM-RAPG in FI and OD patients. 

 Detection of air passageways in FI patients. 

 LARS phenotypes and their correlation to symptoms. 

 Evaluation of the mechanisms and the effect of sacral nerve stimulation. 

 FI and biofeedback therapy (new Fecobionics probe on larger scale cohort). 

 Obstructed defecation (new Fecobionics probe on larger scale cohort). 

 Monitoring of biofeedback therapy in OD patients. 
 

Perspectives in Gastroenterology, Surgery and Pediatrics 
Fecobionics technology is wholistic due to the integration of several technologies. It is a simulated stool during 

actual expulsion that enables calculation of new metrics and computer modeling of defecation. The 

biomechanical analysis can enhance our physiological understanding of defecation and future interdisciplinary 

research for unraveling GI transit, defecatory function, anorectal sensory-motor disorders, and symptoms. This 

is a step in the direction of improved diagnosis and therapy of anorectal diseases. The disposable Fecobionics 

device can be produced at a cost below the US reimbursement rate for functional anorectal procedures. The 

various application areas of Fecobionics include the following: 

 

 Physiological assessment 

 Diagnostics 

 Monitoring of therapy 

 Fecobionics-based biofeedback therapy  

 

Studies have been published on physiological assessment, diagnostics, and monitoring of biofeedback therapy 

in patients with fecal incontinence (Futaba et al 2022). Needless to say, much more clinical research must be 

done. A major goal is that Fecobionics can serve as a tool for biofeedback therapy. The graphical user interface 

facilitates new ways of displaying the anorectal muscle actions for the patients who can do pelvic floor 

exercises and see directly how it affect different muscle groups and the defecatory function on the monitor. 

The graphical user interface can inform the patients about correctly or incorrectly performed maneuvers. This 

will be a major focus in the coming years in the belief that biofeedback therapy can be improved and occur 

closer to the point-of-care, even in the home of patients with or without remote guidance by healthcare 

personnel. 

 In addition to design changes of the graphical user interface for biofeedback therapy, future 

physiological and clinical studies may require probe design diversity. A Fecobionics prototype with a video 

camera has been developed and will soon be trialed. Other types of diversified probes can be used for 

constipation associated with hard stools. Since these patients may be able to defecate the current soft 
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Fecobionics, devices with higher stiffness may be developed. This can be accomplished by using a different 

resin to construct the core or using a gel-like fluid in the bag with higher viscosity. Furthermore, other sensors 

such as emg electrodes can be implemented in the device. Fecobionics prototypes can also be designed for use 

in other organs. In fact, a device with an external battery package has already been developed for studying 

colon function in canines (Gregersen et al., 2020). A better understanding of colonic physiology is important 

for understanding lower GI tract functional disorders such as slow transit constipation. Fecobionics was able to 

measure shallow antegrade and retrograde contractions in the canine colon as variations in cross-sectional 

areas. The shallow contractions are believed to serve an important function for slowing down colonic transit 

and facilitate mixing of fecal content. Translating the technology to humans with colonoscope insertion of 

Fecobionics will be the next major step. Furthermore, efforts are being made to construct a swallowable 

device that can provide important information on esophagus function including simultaneous pressures, 

acceleration, velocity, position, and orientation. This may be useful in the diagnosis of achalasia and 

esophagogastric junction outlet obstruction (EGJOO). 

 

Surgical aspects. Several anorectal diseases may require surgical intervention. This spans over a large range of 

surgeries including for hemorrhoids, rectocele, full thickness rectal prolapse, rectal intussusception, enterocele, 

rectal cancer, et cetera. For example, OD can be associated with significant findings at defecography indicating 

structural blockage (rectal invagination, intussusception, enterocele or rectocele). However, even perfect 

surgical correction of the presumed underlying cause may not lead to functional improvement of OD, 

indicating that OD often is a physiological disease.  Therefore, it is of predictive value to further subtype rectal 

diseases before surgical repair.  In addition to functional measurements, it is anticipated Fecobionics with 

video camera can be used to guide repair surgery by visualizing the anorectal junction from rectum during the 

procedure.  

LARS is a result of surgery for low rectal cancer and unfortunately affects up to 75% of patients 

undergoing this procedure.  It is a condition that is not fully understood. One study has been published 

showing severe phenotypes in LARS patients (Chen et al 2022). Clearly, there is an unmet need for further 

studies to understand this condition in patients. 

Sacral nerve stimulation (SNS) is a technology where a stimulator is implanted by the surgeon for 

stimulating the nerves supplying anorectum. SNS is indicated for patients with severe FI where other 

treatments have been unsuccessful. In general, the mechanism of SNS is not known as studies have pointed to 

effects on the anal muscles, rectal sensitivity (Fassov et al., 2014) and increase retrograde colonic motility. It is 

believed that Fecobionics can shed light on SNS mechanisms since those mechanisms likely affect the preload-

afterload properties. 

 

Pediatric aspects. Children have the same basic anorectal anatomy as adults. Anorectal disorders also appear 

the same in children as in adults with constipation and FI being common in both adults and children. A meta 

study reported the prevalence of functional constipation in children ranging from 1-30%, with a pooled 

prevalence of 9.5% (95% CI 7.5-12.1) (Koppen 2018, van den Berg et al 2006). It is the principal complaint in 3-

5% of all pediatric outpatient clinics and as many as 35% of all visits to pediatric gastroenterologists (Borowitz 

et al 2005).   However, there are clear differences between children and adults, e.g., in constipation, pediatric 

patients are often boys, have a withholding pattern, and more often have mixed OD-FI whereas in adults, they 

are mainly women, have a straining pattern, and FI is less common (Di Lorenzo 2001). The effect of 

biofeedback therapy is unclear in children but established for dyssynergic defecation in adults. Biofeedback 

therapy in pediatrics can be improved and needs further study with new tools.  
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Fecobionics has until now been used in adults only, but some studies included Asians weighing as low 

as 40-45kg. This weight corresponds to 12-year-old kids from the West. For younger or smaller children, the 

probe can be miniaturized, e.g., it has been possible to produce a device that is 5cm-long and 7mm diameter 

with full functionality. Since this size is smaller than typical feces in 6-11 years old kids, there would not be 

specific safety concerns for studies in younger kids. However, children have a different perception and may not 

be comfortable with rectal insertions. This is also the case for other anorectal test technologies. On the other 

hand, many children are good at interpreting graphics and enjoy playing computer games, which may provide 

an advantage for the Fecobionics graphical user interface, that can be modified for biofeedback therapy in 

different age groups to teach the kids how to control pelvic floor muscles using animations familiar to different 

age groups. 

 

In summary, Fecobionics is a novel disruptive technology in its infancy that has substantial potential 

for translating anorectal assessment of function. Successful application of Fecobionics has been demonstrated 

in animals and humans. It is the first intraluminal device that can measure a variety of physiological variables 

during evacuation. Fecobionics provides assessment of a range of biomarkers that will be important in 

research and clinical practice. The clinical future of Fecobionics ultimately depends on its ability to change the 

management of patients with anorectal disorders.  

 

  



                                                                                           Surgery Open Digestive Advance. Aug 2023 

References 
Alqudah M M, Gregersen H, Drewes AM and McMahon BP 2012 Evaluation of anal sphincter resistance and distensibility 
in healthy controls using EndoFLIP (c) Neurogastroenterol Motility 24 e591-9 
 
Andersen IS, Gregersen H, Buntzen S, Djurhuus JC, Laurberg S 2004 New probe for the measurement of dynamic changes 
in the rectum Neurogastroenterol Motility 16 99-105 
 
Andromanakos N, Skandalakis P, Troupis T and Filippou D 2006 Constipation of anorectal outlet obstruction: 
pathophysiology, evaluation and management J Gastroenterol Hepatol 21 638-46 
 
Barleben A and Mills S 2010 Anorectal anatomy and physiology Surgical Clinics 90 1-15 
 
Bharucha AE 2006 Update of tests of colon and rectal structure and function Journal of clinical gastroenterology 40 96-103 
 
Borowitz SM, Cox DJ, Kovatchev B, et al. Treatment of childhood constipation by primary care physicians: efficacy and 
predictors of outcome. Pediatrics 2005;115:873-7.  
 
Bush M, Petros P, Swash M, Fernandez M, Gunnemann A 2012 Defecation 2: Internal anorectal resistance is a critical factor 

in defecatory disorders Tech Coloproctol 16 445-50 
 
Carrington E V, Heinrich H, Knowles C H, Fox M, Rao S, Altomare D F, Bharucha A E, Burgell R, Chey WD, Chiarioni G, 
Dinning P, Emmanuel A, Farouk R, Felt-Bersma R J F, Jung K W, Lembo A, Malcolm A, Mittal R K, Mion F, Myung S J, 
O'Connell P R, Pehl C, Remes-Troche J M, Reveille R M, Vaizey C J, Vitton V, Whitehead W E, Wong R K, Scott S M and All 
members of the International Anorectal Physiology Working G 2020 The international anorectal physiology working group 
(IAPWG) recommendations: Standardized testing protocol and the London classification for disorders of anorectal function 
Neurogastroenterol Motil 32 e13679 
 
Chen S C, Futaba K, Leung W W, Wong C, Mak T, Ng S, and Gregersen H 2021 Effect of Position on Defecatory 
Efficacy in Normal Subjects. Tech Coloproctology. In press. 

 
Chen S-C, Futaba K, Leung W W, Wong C, Mak T, Ng S and Gregersen H 2020 Simulated stool for assessment of anorectal 
physiology Am J Physiol Gastrointest Liver Physiol 319 G462-G8 
 
Chen SC, Futaba K, Leung WW, Wong C, Mak T, Ng S, Gregersen H. Functional anorectal studies in patients with 

low anterior resection syndrome. Neurogastroenterol Motil 2022 Mar;34(3):e14208. doi: 10.1111/nmo.14208. Epub 2021 

Jun 18. PMID: 34145694 

 
Chiarioni G, Kim S M, Vantini I and Whitehead W E 2014 Validation of the balloon evacuation test: reproducibility and 
agreement with findings from anorectal manometry and electromyography Clin Gastroenterol Hepatol 12 2049-54 

 
Coss-Adame E, Rao S S, Valestin J, Ali-Azamar A and Remes-Troche J M 2015 Accuracy and Reproducibility of High-
definition Anorectal Manometry and Pressure Topography Analyses in Healthy Subjects Clin Gastroenterol Hepatol 13 
1143-50 e1 

 
Di Lorenzo C. Anorectal disoreders in Children. Gastroenterology Clinics of North America, 2001 Volume 30;(1) 269-287 

Fassov J, Brock C, Lundby L, Drewes A, Gregersen H, Buntzen S, Laurberg S and Krogh K 2014 Sacral nerve stimulation 
changes rectal sensitivity and biomechanical properties in patients with irritable bowel syndrome Neurogastroenterol 
Motility 26 1597-604 
 
Frokjaer J B, Liao D, Bergmann A, McMahon B P, Steffensen E, Drewes A M and Gregersen H 2005 Three-dimensional 
biomechanical properties of the human rectum evaluated with magnetic resonance imaging Neurogastroenterol Motility 
17 531-40 
 



                                                                                           Surgery Open Digestive Advance. Aug 2023 

Futaba K, Chen SC, Leung WW, Wong C, Mak T, Ng S, Gregersen H. Fecobionics evaluation of biofeedback therapy in 
patients with fecal incontinence. Clin Transl Gastroenterol 2022 Apr 1. doi: 10.14309/ctg.0000000000000491. Online 
ahead of print. PMID: 35363631. 
 
Futaba K, Chen SS, Leung WW, Wong C, Mak T, Ng S, Gregersen H. Fecobionics Characterization of Patients with Fecal 

Incontinence. Nature Scientific Reports 2022 Jun 22;12(1):10602. doi: 10.1038/s41598-022-14919-y. PMID: 35732729 

Gibbons C P, Trowbridge E A, Bannister J J and Read N W 1988 The mechanics of the anal sphincter complex J Biomech 21 
601-4 
 
Gregersen H 2002 Biomechanics of the gastrointestinal tract. London: Springer-Verlag. 
 
Gregersen H 2017 Fecobionics: a novel bionic test of anorectal function and defecation Gastroenterology 152 S317 
 
Gregersen H and Andersen M B 1991 Impedance measuring system for quantification of cross-sectional area in the 
gastrointestinal tract Med Biol Eng Comput 29 108-10 
 
Gregersen H, Chen S-C, Leung W W, Wong C, Mak T, Ng S and Futaba K. Fecobionics Characterization of Patients with Fecal 
Incontinence Clin Gastroenterol Hepatol 2020;27:S1542-3565(20)31501-9.   
 
Gregersen H, Chen S C, Leung W W, Wong C, Mak T, Ng S and Futaba K 2019 Novel Fecobionics Defecatory Function Testing 
Clin Transl Gastroenterol 10 e00108 
 

Gregersen H, Chen SC, Leung WW, Wong C, Mak T, Ng S, Daming S, Futaba K 2021. Characterization of patients with 

obstructed defecation and slow transit constipation with a simulated stool. Clin Transl Gastroenterol May 5;12(5):e00354. 

doi: 10.14309/ctg.0000000000000354.PMID: 33949343 

 
Gregersen H and Christensen J 2016 Clinical mechanics in the gut: an introduction: Bentham Science Publishers. 
 
Gregersen H, Krogh K, Liao D. 2018 Fecobionics: Integrating Anorectal Function Measurements Clin Gastroenterol Hepatol 
16 981-3 
 
Gregersen H, Wang Y, Guo X, Field F, Nelson M, Combs W, Wang M, Kassab GS 2021 Simulated colonic feces reveals novel 
contraction patterns. Gastroenterology 160 660–662. 
 
Gregersen H, Wang Y, Field F, Wang M, Lo KM, Guo X, Combs W, Kassab G. Feasibility study of defecation studied with a 

wireless Fecobionics probe in normal subjects. Phys Reports 2022 10, e15338. https://doi.org/10.14814/ phy2.15338. 

PMID: 35656707 

Gregersen H, Wang Y, Field F, Wang M, Lo KM, Guo X, Combs W, Kassab GS. Anorectal volume-pressure relations, 

contraction work, and flow during simulated defecation. BMMB 2022;21:1613-1621. doi: 10.1007/s10237-022-01610-4. 

Epub 2022 Jul 30. PMID: 35908095. 

Gregersen H, Mittal RK. Rectal contractility in patients with fecal incontinence and obstructed defecation compared to 

normal subjects. Gastro Hep Adv 2023;2:656-659. doi: 10.1016/j.gastha.2023.03.002. Epub 2023 Mar 9. PMID: 37464998.  

Grossi U, Carrington E V, Bharucha A E, Horrocks E J, Scott S M and Knowles C H 2016 Diagnostic accuracy study of 
anorectal manometry for diagnosis of dyssynergic defecation Gut 65 447-55 
 
Halligan S, Thomas J and Bartram C 1995 Intrarectal pressures and balloon expulsion related to evacuation proctography 
Gut 37 100-4 
 
Heinrich H, Sauter M, Fox M, Weishaupt D, Halama M, Misselwitz B, Buetikofer S, Reiner C, Fried M, Schwizer W and 
Fruehauf H 2015 Assessment of Obstructive Defecation by High-Resolution Anorectal Manometry Compared With 
Magnetic Resonance Defecography Clin Gastroenterol Hepatol 13 1310-7 e1 
 



                                                                                           Surgery Open Digestive Advance. Aug 2023 

Higgins P D and Johanson J F 2004 Epidemiology of constipation in North America: a systematic review Am J Gastroenterol 
99 750-9 
 
Jorge J M, Habr-Gama A and Wexner S D 2001 Clinical applications and techniques of cinedefecography Am J Surg 182 93-
101 
 
Koppen IJN. Functional defecation disorders in children: Novel insights into epidemiology, evaluation and management. 
[Thesis, fully internal, Universiteit van Amsterdam 2018. 

Lewis S J and Heaton K W 1997 Stool form scale as a useful guide to intestinal transit time Scand J Gastroenterol 32 920-4 
 
Liao D, Chen A S, Lo K M, Zhao J, Futaba K and Gregersen H 2019 Theoretical tools to analyze anorectal 
mechanophysiological data generated by the Fecobionics device J Biomech Eng doi: 10.1115/1.4044134.  
 
Lin C, Li W, Deng H, Li K and Zhou Z 2019 Friction Behavior of Esophageal Mucosa Under Axial and Circumferential 
Extension Tribology Letters 67 9 
 

Lo KM, Sun D, Chen SC, Leung WW, Wong C, Mak T, Ng S, Futaba K, Gregersen H. Repeatability of defecatory function 

studies using the Fecobionics device. Dig Dis Sci. 2023 Jun;68(6):2501-2507. doi: 10.1007/s10620-023-07889-2. Epub 2023 

Mar 7. PMID: 36879178 

 
Luft F, Fynne L, Gregersen H, Lundager F, Buntzen S, Lundby L, Laurberg S, Krogh K 2012 Functional luminal imaging probe: 
a new technique for dynamic evaluation of mechanical properties of the anal canal Tech Coloproctol 16 451-7 
 
Madgwick S O, Harrison A J and Vaidyanathan R 2011 Estimation of IMU and MARG orientation using a gradient descent 
algorithm. Int C Rehab Robot pp 1-7 
 
Matsuda K, Akiyama T, Tsujibe S, Oki K, Gawad A, Fujimoto J. Direct measurement of stool consistency by texture analyzer 

and calculation of reference value in Belgian general population. Sci Rep 2021;11:2400. PMID: 33504858 

Palit S, Thin N, Knowles C H, Lunniss P J, Bharucha A E and Scott S M 2016 Diagnostic disagreement between tests of 
evacuatory function: a prospective study of 100 constipated patients Neurogastroenterol Motility 28 1589-98 
 
Peery A F, Crockett S D, Murphy C C, Lund J L, Dellon E S, Williams J L, Jensen E T, Shaheen N J, Barritt A S, Lieber S R, 
Kochar B, Barnes E L, Fan Y C, Pate V, Galanko J, Baron T H and Sandler R S 2019 Burden and Cost of Gastrointestinal, Liver, 
and Pancreatic Diseases in the United States: Update 2018 Gastroenterology 156 254-72 e11 
 
Pelsang R E, Rao S S, and Welcher K 1999 FECOM: A New Artificial Stool for Evaluating Defecation Am J Gastroenterol 94 
183-186 
 
Rao S S, Bharucha A E, Chiarioni G, Felt-Bersma R, Knowles C, Malcolm A, Wald A. Functional Anorectal Disorders 
Gastroenterology 2016; 
 
Rao S S and Patcharatrakul T 2016 Diagnosis and Treatment of Dyssynergic Defecation J Neurogastroenterol Motility 22 
423-35 
 
Rao S S, Tuteja A K, Vellema T, Kempf J and Stessman M 2004 Dyssynergic defecation: demographics, symptoms, stool 
patterns, and quality of life J Clin Gastroenterol 38 680-5 
 
Sharma et al. Gastro Clin North America 2002 Mar 51 (1) 55-69). 
 
Sonnenberg A and Koch T R 1989 Epidemiology of constipation in the United States Dis Colon Rect 32 1-8 
 



                                                                                           Surgery Open Digestive Advance. Aug 2023 

Sun D, Gregersen H. Novel functional endoscopy for visualization of the anorectal junction and anal canal. Techniques and 
Innovations in Gastrointestinal Endoscopy (TIGE) 2023;in press DOI 10.1016/j.tige.2023.03.006 
 
Sun D, Huang Z, Zhuang Z, Ma Z, Man L K, Liao D and Gregersen H 2019 Fecobionics: A Novel Bionics Device for Studying 
Defecation Ann Biomed Eng 47 576-89 
 
Sun D, Liao D, Chen S C, Wong C, Leung W W, Futaba K, Mak T, Ng S and Gregersen H 2020 Mechanophysiological analysis 
of anorectal function using simulated feces in human subjects J Advanced Res in press 
https://doi.org/10.1016/j.jare.2020.07.002. 
 
Sun W M, Read N W and Miner P B 1990a Relation between rectal sensation and anal function in normal subjects and 
patients with faecal incontinence Gut 31 1056-61 
 
Sun W M, Read N W, Prior A, Daly J A, Cheah S K and Grundy D 1990b Sensory and motor responses to rectal distention 
vary according to rate and pattern of balloon inflation Gastroenterology 99 1008-15 
 
Takeuchi M, Odake M, Takaoka H, Hayashi Y and Yokoyama M 1992 Comparison between preload recruitable stroke work 
and the end-systolic pressure–volume relationship in man Eur Heart J 13 80-4 
 
Tirumanisetty P, Prichard D, Fletcher J G, Chakraborty S, Zinsmeister A R and Bharucha A E 2018 Normal values for 
assessment of anal sphincter morphology, anorectal motion, and pelvic organ prolapse with MRI in healthy women 
Neurogastroenterol Motility Society 30 e13314 
 
van den Berg MM, Benninga MA, Di Lorenzo C. Epidemiology of childhood constipation: a systematic review. Am J 
Gastroenterol 2006;101:2401-9. 

Van Koughnett J A M and Da Silva G 2013 Anorectal physiology and testing Gastroenterol Clin N Am 42 713-28 
 
Wang Y, Sun D, Han L, Wang M. Bionic measurement of defecation in a swine model. Physiol Meas 2021;11:42(2):024003.  
 
Whitehead WE, Borrud L, Goode PS, Meikle S, Mueller ER, Tuteja A, Weidner A, Weinstein M, Ye W and Pelvic Floor 
Disorders N. Fecal incontinence in US adults: epidemiology and risk factors Gastroenterology 2009;137:512-7, 7 e1-2 
 
Zhuang Z, Hung H Y, Chen S C, Futaba K, Gregersen H. Translating Fecobionics into a technique that addresses clinical 
needs for objective perineal descent measurements. Clin Transl Gastroenterol 2021;12(4):e00342. doi: 
10.14309/ctg.0000000000000342.PMID: 33956418 
 
 
 


