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Abstract

Background: The maintenance of fecal continence depends upon coordinated inter-
actions between the pelvic floor, anorectum, and anal sphincter complex orchestrated
by central and peripheral neural activities. The current techniques to objectively
measure anorectal function rely on fixed diameter catheters placed inside the anal
canal with a rectal balloon to obtain measurements of anal resting and squeeze func-
tion, and rectal compliance. Until recently it had not been possible to measure the
distensibility of the anal canal, or in other words its ability to resist opening against an
increasing pressure, which has been proposed as the main determinant of a biological
sphincter's function. Anal acoustic reflectometry (AAR) and the functional lumen im-
aging probe (FLIP) are two novel, provocative techniques that dynamically assess the
anal sphincter complex under volume-controlled distension. In doing so, both provide
information on the viscoelastic properties of the anal canal and offer new insights into
its function.

Purpose: This review details the current and potential future applications of AAR and

FLIP and highlights the unanswered questions relevant to these new technologies.

KEYWORDS
anal canal, continence, defecation, distensibility, fecal incontinence, proctology

1 | BACKGROUND AND AIMS

Multiple techniques to objectively measure anorectal function have
been described in the literature with anorectal manometry (ARM)

The maintenance of fecal continence depends upon coordinated in- commonly utilized to evaluate parameters of both anal and rectal

teractions between the pelvic floor, anorectum, and anal sphincter function. Conventional ARM, which has become relatively obsolete

complex orchestrated by central and peripheral neural activities.! in recent years, consisted of a limited number of water-perfused or
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solid-state pressure sensors along a fixed diameter catheter to re-
cord pressures generated by the anal canal during rest and voluntary
squeeze.2 Since the advent of high resolution anorectal manometry
(HRAM) or three-dimensional high-definition anorectal manometry
(3D HD-ARM), these modalities have become established as the in-
vestigations of choice, available in many centers for the assessment
of the anorectal continence mechanism.> These advanced tools
are able to record information from at least eight or more tightly
spaced pressure sensors to generate color-contoured topographi-
cal plots along the length of the anal canal and into the rectum.*
Despite the recent advances in this technology, all the devices rely
on fixed diameter catheters placed inside the anal canal to obtain
measurements, which will vary depending on the diameter of the
catheter used. The length-tension relationship is used to describe
the function of any muscle where tension increases as the muscle
is stretched to an optimal length. Therefore, with an increasing di-
ameter catheter, the active and passive properties of the structures
surrounding it are stretched, increasing measurements of resting
and squeeze pressures.’” Being fixed diameter, these catheters also
open and distort the sphincter complex before measurements are
taken. As a result, it is not possible to measure the distensibility of
the anal canal, or in other words its ability to resist opening against
an increasing pressure, which has been proposed as the main deter-
minant of a biological sphincter's function.®

Anal acoustic reflectometry (AAR) and the functional lumen
imaging probe (FLIP) are two techniques available that provide dy-
namic assessments of the opening and closing function of the anal
sphincter complex during volume-controlled distension.”*® Both
tools are unique in their ability to measure the length-tension prop-
erties of the anal sphincter muscles as the anal canal opens and
closes, unlike manometry, which obtains measurements at only one
length.!* These novel emerging techniques have the potential to im-
prove our understanding of anal sphincter competence and may act
as an additional diagnostic tool in the assessment and management
of anorectal dysfunction. This review aims to summarize the current
evidence on the use of these two techniques in their assessment of

anal sphincter competence.

2 | RESISTANCE TO DISTENSION AS

A DETERMINANT OF ANAL SPHINCTER
COMPETENCE AND THE RATIONALE FOR
PROVOCATIVE TESTING

The concept of resistance to distension, as opposed to resting
sphincter tone, as the main determinant of a biological sphinc-
ter's function was first proposed by Harris and Pope in 1964.1?
In 1966 Harris et al. described, for the first time, the “yield pres-
sure” of the anal canal by injecting small increments of water into
a catheter system and identifying the pressure required to break
the “seal” generated by the anal sphincter complex surrounding it.®
This technique was later adapted with the use of a balloon, which
was gradually inflated in the anal canal and the yield pressure was

Key points

e Distensibility of the anal canal, or in other words its abil-
ity to resist opening against an increasing pressure, has
been proposed as the main determinant of its function.

e Conventional manometric techniques rely on fixed di-
ameter catheters to record the pressure generated by
the anal canal during rest and voluntary squeeze.

e |n contrast to manometry, anal acoustic reflectometry
and the functional lumen imaging probe are two novel,
provocative techniques that dynamically assess the anal

sphincter complex under volume-controlled distension.

identified as the point where the pressure would plateau as the
anal canal just started to open.’®* Katz et al., using the same bal-
loon technique, also described the “maximal sphincter pressure”
defined as the maximum pressure achieved with voluntary contrac-
tion that no longer increased despite further volume increments of
the balloon.’ These provocative tests of sphincter function, with
controlled distension, allow an assessment of the mechanosensory
and viscoelastic properties of the sphincter complex. The princi-
ples described in these early experiments demonstrated that as-
sessing the ability of the anal canal to resist distension offered a
useful method to study the anal sphincter complex and its role
in maintaining continence. However, although balloon distension
tools measuring pressure and volume are relatively low cost and
easy to use, it is impossible to obtain data on the geometry or lo-
cation of the balloon along the sphincter. As a result, due to the
unknown deformation of the balloon, any calculated parameter
such as tension or distensibility would be inaccurate and it is not
possible to confirm the location of the balloon in relation to the
area of maximum resistance to opening. Due to these limitations, it
is necessary to combine pressure and volume measurements with
a simultaneous geometric profile along the length of the sphinc-
ter.X®!7 Finally, it is important to ensure the balloons did not resist
inflation thereby affecting the results, leading to a move away from

latex “balloons” to highly compliant “bags."16

3 | ANAL ACOUSTIC REFLECTOMETRY
3.1 | Development

AAR is a technique developed to assess the physiological profile of
the anal canal during distension. The principles of acoustic reflec-
tometry are derived from seismology and the study of reflected
acoustic impulses*® which were initially used to determine the
cross-sectional area (CSA) of the vocal tract at the Iips.19 Klarskov
et al. adapted this technique to measure both the CSA and pres-
sure in the female urethra with the addition of a pressure trans-
ducer, a pump, and a thin inflatable polyurethane bag.ZO A digital
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signal processor produces sound waves, which are transmitted
into the bag before being reflected and recorded by a microphone
to calculate the CSA. This technique, termed urethral pressure re-
flectometry, allows for the first time an assessment of the point of
initial opening termed the “urethral opening pressure,"20 which can
discriminate between patients with stress urinary incontinence
and healthy controls?! and assess the efficacy of drug therapy for

urinary incontinence.??%

3.2 | Practical aspects

Mitchell et al. applied the technique to the anal canal and termed
it anal acoustic reflectometry.?* Current ARM probes use a fixed
diameter catheter, which distort the anal canal beyond its physi-
ological resting state thereby overestimating its CSA and pres-
sure.? By contrast, AAR has the advantage of a polyurethane bag
70mm in length with a collapsed CSA of just 0.4mm?, which is
considered negligible. The bag can be inflated to a maximum di-
ameter of 5mm (CSA: 16 mm2) and pressure measurements taken
between 10 and 200cmH,O (Figure 1). The AAR protocol has
been refined in recent years with the development of the “fast-
fill” technique. This uses a handheld syringe to inflate and deflate
the bag in the anal canal and allows continuous measurements
of the CSA without the noise generated by the pump interfering
with the microphone.?® During one AAR measurement, the bag
is inflated over seven seconds and deflated over seven seconds.
This is repeated ten times at rest and five times during voluntary
squeeze.26 Parameters are calculated from the mean of rest cycles
two to ten and from all five squeeze cycles. The measurements
obtained from the first cycle at rest are significantly higher than
the subsequent nine cycles because of tissue preconditioning and
are, therefore, excluded with the first cycle instead used to en-
sure the bagis unfolded correctly.27’28 With the addition of a rectal
balloon, AAR has been shown to have the ability to measure the
recto-anal inhibitory reflex expanding its utility in the assessment
of the anorectum.?®

AAR obtains both CSA and pressure measurements during in-
flation and deflation of the bag allowing the identification of the
point of minimum measurable CSA, which represents the high-
pressure zone (HPZ) (Figure 2). Physiologically, this is the point of
most resistance to opening, and identifying the pressure at which
the bag starts to open is considered the pressure providing con-
tinence.?’ The minimal distortion of the anal canal allows, for the
first time, an assessment of the point of initial opening termed
the “opening pressure.”?’ During a cycle of inflation and defla-
tion of the bag, or opening and closing of the anal canal, several
parameters are calculated at the HPZ during rest including the
opening pressure (Op), opening elastance (Oe), closing pressure
(Cp), closing elastance (Ce), and hysteresis (Hys). During volun-
tary squeeze two additional parameters are calculated including
squeeze opening pressure (SqOp) and squeeze opening elastance
(SqOe) (Figure 3, Table 1).
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FIGURE 1 Anal acoustic reflectometry catheter (right)
measuring 70mm in length inflated to a maximum diameter of 5mm
(cross-sectional area 16 mm?). EndoFLIP® EF-325N catheter (left)
consisting of a 12cm highly compliant bag on the distal 14cm of a
catheter, 3mm in diameter. The bag can reach a maximum diameter
of 25 mm (cross-sectional area 490 mm?). There are 16 pairs of
sensing electrodes calculating CSA at 5mm intervals along 8 cm.
The curved tip at the distal end is to allow nasal intubation (EF
[EndoFLIP] - 3 [catheter diameter] 25 [bag diameter] N [nasal tip])

3.3 | Evidence base

AAR has been shown to be an easy to perform, reproducible tool
with good repeatability to measure the physiological profile of the
anal canal during distension.'®%* It offers a dynamic assessment
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FIGURE 2 Minimum cross-sectional area values, representing the high-pressure zone, identified at 55, 80, and 100cmH, O used to plot
a cross-sectional area/pressure curve during inflation of the bag at rest. The same process is repeated during deflation of the bag at rest,
and during inflation of the bag during squeeze to calculate the anal acoustic reflectometry parameters. (Reproduced with permission from
Mitchell et al?* © John Wiley & Sons Ltd Publishing License No 5380740440148)

160

140 1

120 - Opening pressure

100 Opening elastance

80 A

Hysteresis
60 1

Pressure (cm H,0)

40+ - Closing elastance

20+ Closing pressure

0 T T T d
0 4 8 12 16

Cross-Sectional Area (mm?)

FIGURE 3 Graph of cross-sectional area and pressure at the
high-pressure zone produced by one cycle of inflation and deflation
of the polyurethane bag with anal acoustic reflectometry. The
calculated physiological parameters are highlighted on the graph.
(Reproduced with permission from Mitchell et al'® © Wolters
Kluwer Health, Inc. Publishing License No 5380741033645)

of the opening and closing function of the anal canal, representing
conditions akin to defecation, whereas manometry records rest-
ing and squeeze pressures around a fixed diameter catheter. In a

study of 100 age and sex matched individuals, 50 continent and
50 incontinent, Mitchell et al. demonstrated AAR was superior to
conventional manometry in distinguishing between continent and
incontinent individuals, and that four of the resting AAR parame-
ters, opening pressure (Op), closing pressure (Cp), closing elastance
(Ce), Hysteresis (Hys), and both squeeze parameters were reduced
in fecal incontinence (Fl) (Table 1). In addition, when the patients
were classified according to the Fl subgroups of urge, passive or
mixed, the same parameters were significantly different between
the groups, a finding not replicated with manometry. In a further
study of 81 continent subjects, squeeze opening pressure (SqOp)
and squeeze opening elastance (SqOe) were significantly higher in
males, likely representing the increased volume of the external anal
sphincter (EAS),%° whilst no difference was found in the resting AAR
parameters between sexes. With advancing age, a significant nega-
tive correlation was found with Op and Cp.°

In a larger study of 100 incontinent females, Hornung et al. iden-
tified that, unlike conventional manometry, the AAR parameters of
Op, Oe, Cp and SqOp correlated with symptom severity assessed
with the Vaizey score. Furthermore, as with earlier work, AAR was
able to distinguish between FI subgroups.3! Op was significantly re-
duced in patients with passive Fl whilst SqOp was significantly re-
duced in the urge group. It was suggested that this is consistent with
the understanding that urge incontinence is due to EAS dysfunction,
and passive to internal anal sphincter (IAS) dysfunction.
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TABLE 1 A summary of anal AAR measured at the high-pressure zone.

AAR parameter

Opening Pressure (Op)
c¢cmH,0

Opening Elastance (Oe)
cmHZO/mm2

Closing Pressure (Cp)
c¢cmH,0

Closing Elastance (Ce)
cmH,0/mm?

Hysteresis (Hys)
%

Squeeze Opening
Pressure (SqOe)

cmH,0

Squeeze Opening
Elastance (SqOp)

cmH,0/mm?

Description

The pressure at which the anal canal just starts to open at rest. This functionally represents the ability of the anal
canal to remain closed in response to an increasing pressure. It is considered to represent a measurement of all
the closing forces generated by the tissues and structures surrounding the anal; however, it is mainly a measure
of IAS function.®’ In patients with fecal incontinence, Op is significantly reduced® and has been shown to be an
independent predictor of success for peripheral nerve evaluation in the treatment of FI.%2

Is calculated from the gradient of the opening curve representing the resistance of the anal canal to dilatation after
just starting to open. The lower the Oe the less resistant the anal canal is to further dilatation once the Op is
reached. Oe is thought to represent resistance from the connective tissue of the anal canal and lengthening of the
muscles. Mitchell et al. found no difference in Oe between continent and incontinent individuals suggesting that
once the anal canal starts to open, after the Op is reached, further resistance to distension is no different between
the two groups.?’

The pressure at which the anal canal just starts to close following an episode of dilatation. As with opening pressure,
Cp is significantly reduced in patients with FI.2?

Calculated from the gradient of the closing curve during deflation of the AAR polyurethane bag, Ce represents the
ability of the anal canal to close during an assessment at rest.

A measurement of the amount of energy dissipated during inflation and deflation of the polyurethane bag in the anal
canal. Given each tissue type surrounding the anal canal has its own hysteresis, the overall measurement is the
sum of the composition of these tissues, which includes muscle fibers and connective tissue. It is calculated from
the difference between the area below the inflation and deflation curves and given as a percentage in relation to
the inflation curve (Hysteresis, % = [Op at 10mm? - Cp at 10mm?]/Op at 10mm? x 100). Hysteresis is significantly
higher in patients with FI when compared to healthy controls.?’ This is thought to be due to a higher proportion of
collagen fibers, which have a higher hysteresis than muscle fibers, and is consistent with histological studies.”®

The pressure at which during squeeze the HPZ of the anal canal just starts to open. This represents the maximum
closing force that a patient can generate and is thought to be a measure of EAS function. SqOp is significantly
reduced in patients with FI%’

Using the gradient of the opening curve generated during voluntary squeeze, just as during rest, the SqOe can be
calculated. As with SqOp this is felt to be a measure of EAS function, but its clinical significance is unclear

In contrast to many other physiological tests, AAR has been
shown to be able to predict the outcomes of interventions for FI.
Sacral Nerve Stimulation (SNS), whilst an established treatment
option for severe Fl, is both expensive and invasive. In a study of
52 patients, conventional ARM and AAR were performed prior to a
two-week trial period of percutaneous nerve evaluation (PNE). The
trial of PNE was considered a success if the patient demonstrated a
70% reduction in weekly Fl episodes or symptom severity assessed
by Vaizey score. Hornung identified that an Op of greater than
18.4cmH,0 at AAR could predict the success of PNE with a sen-
sitivity of 0.81 and specificity of 0.61.%% This is in contrast to many
other physiological tests, including manometry, which have so far
been unable to predict the outcome of this treatment.*®

3.4 | Utility

AAR has demonstrated its ability to provide valuable physiological
data on the opening and closing function of the anal canal and has po-
tential applications in the diagnosis and management of Fl. It remains
the only catheter-free technique to investigate the anal canal sphincter
complex without distorting the canal at rest. Despite this, it has yet
to find a role outside of the research setting. Only three AAR or UPR
devices are in existence, studied in two university hospital research

units in England and Denmark, with no commercially available devices.
Therefore, the findings from AAR studies whilst informative and en-

couraging, cannot yet be translated into routine clinical practice.

4 | FUNCTIONAL LUMEN IMAGING
PROBE

4.1 | Development

The functional lumen imaging probe (FLIP) is a commercially availa-
ble product marketed as the Endolumenal Functional Lumen Imaging
Probe, EndoFLIP® (Medtronic®, MN, USA). The device uses imped-
ance planimetry (IP) technology during volume-controlled disten-
sion of a highly compliant cylindrical bag to calculate CSA along the
length of a biological sphincter. When used in the anal canal, in com-
bination with a pressure measurement, it can assess the geometric
and mechanical properties of the anal sphincter complex at rest and
during squeeze. The development and commercialization of this de-
vice has led to a renewed interest in the concepts first described
by Harris and Pope that resistance to distension is the primary de-
terminant of sphincter competence.17 Unlike AAR, which is not yet
commercially available, FLIP has the potential for widespread use as
an investigation of anal sphincter competence.
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Using electrical measurements to calculate CSA led to the term
“impedance planimetry” first appearing in publications from 1991.3
To calculate CSA, the bag surrounding the catheter is filled with a
solution of known conductivity and a constant current is passed
through it from an excitation electrode at each end. Between these
excitation electrodes are several pairs of detection electrodes. Using
Ohm's law the CSA is calculated at each detection electrode pair
as it is inversely proportional to the voltage recorded across them,

multiplied by a calibration constant.®*

A solid-state pressure trans-
ducerin the bag at its distal end is used in combination with the CSA
measurements to generate a CSA-pressure profile of the sphincter.
The diameters along the sphincter can be estimated from the CSA
measurements by assuming the cross-section of the sphincter is cir-
cular, a finding confirmed in healthy volunteers.%’

Based on the principles first described by Harris & Pope,12 the
technology was developed as a tool to assess distensibility and to
measure the mechanosensory and viscoelastic properties of a bio-
logical sphincter. The combined CSA and pressure data is commonly
used to calculate the distensibility index (DI), defined as the minimum
CSA divided by the pressure at a constant bag volume and reflects
a simple to use assessment of distensibility at the point of greatest
resistance to opening.%*~*? The DI at the minimum CSA is displayed
on the FLIP device along with the sphincter diameter, CSA, bag pres-
sure, and compliance measurements, which are routinely reported
in the literature to describe the distensibility of gastrointestinal tract
with FLIP. These parameters have been used in physiological studies
of the gastrointestinal tract, particularly in the assessment of the
esophagus and the esophagogastric junction (EGJ) sphincter.r” EGJ
compliance and distensibility has been shown to be of use in condi-
tions such as achalasia and eosinophilic esophagitis, characterized
by reduced distensibility, and gastroesophageal reflux disease where
an abnormally distensible EGJ has been identified.*® In a recent re-
view for the American Gastroenterological Association, FLIP was
highlighted as a complimentary tool to assess EGJ opening dynamics
and esophageal wall stiffness, but more work was needed to stan-
dardize protocols and data analysis before widespread adoption.*

4.2 | Practical aspects

Several FLIP catheters are available, which were originally designed
for EGJ distensibility measurements; however, the catheter used in
the anal canal is the EF-325 device. It consists of a 12cm highly com-
pliant bag mounted on the distal 14 cm of a catheter, which is 3mm in
diameter (Figure 1). The bag can be inflated with 50 ml of conductive
solution, to a maximum diameter of 25mm (CSA: 490 mm?). There
are 16 pairs of sensing electrodes calculating CSA at 5mm intervals
along an 8 cm length providing a detailed geometric profile of the
anal sphincter.” The inflation and deflation of the bag can be manu-
ally controlled or pre-programmed offering bespoke bag volumes,
filling rates and hold times. Data can then be recorded or down-
loaded for post-acquisition processing using specialized programs
such as MATLAB™ subroutines to generate several measurable

41 (Table 2). As a result, and in a similar fashion to ma-

parameters
nometry assessments, it is possible to create innumerable protocols
and observed parameters, which makes direct comparison between
institutions difficult.***2

There is no clear consensus on the protocols, observed param-
eters or normal ranges measured with FLIP limiting its widespread
adoptioninto clinical practice at this stage. However, literature exists

evaluating the resistance of the anal canal to distension in patients

with F|38,39,43—46 911,47

and a limited number of healthy volunteers
during rest and voluntary squeeze, and using different measured pa-
rameters (Table 2). FLIP has also been compared against HRAM to
establish its clinical utility in the evaluation of FI,%8%%45 and used to
observe the effects of neuromodulation,*® biofeedback,*’ Naloxegol
administration,’® the STARR procedure,51 and neoadjuvant chemo-

1°2 or anal cancer.”® In all studies,

radiotherapy treatment for recta
the catheter was purged and calibrated at atmospheric pressure and
the individual placed in the left lateral position with the lubricated
catheter inserted into the anal canal such that only two detection
electrodes were visible at the anal verge.

The two distension protocols commonly described in the liter-

ature are the “stepped"11'35'38’39'45’46’54 19,43,44,47,48,50,52,53

and “ramp
protocols (Figure 4). With the stepped protocol, the bag is inflated
from O to 50ml in increments of 10 ml. At each step there is a pause
for approximately 30s after which time the resting parameters
are observed before the patient is asked to perform a voluntary
squeeze. With the ramp distension protocol, the bag is inflated to
10 ml twice to unfold the bag, then to 20, 30, 40 and 50ml, but
between each volume the bag is deflated and reinflated. The same
resting and squeeze parameters can be calculated at each bag vol-
ume but in addition, during inflation and deflation of the bag, the
continuous opening and closing of the anal canal can be observed.
This is not possible with a stepwise approach due to the non-uniform
bag filling with 10 ml increments. By observing the opening and clos-
ing of the anal canal, the resistance to distension can be calculated
using the opening and closing pressure and measures of elastance
or compliance. In studies with EndoFLIP using the ramp distension
models the opening pressure is typically referred to as the “yield

pressure.”“g'sz'53

4.3 | Evidence base

Using the stepped protocol, FLIP has been compared with HRAM in
the evaluation of Fl. In a study of 40 healthy volunteers and 34 pa-
tients with Fl, Gourcerol et al. identified a higher DI (indicating less
resistance to opening) in the Fl group at 30, 40 and 50 ml during rest
and squeeze. A high DI at rest and during squeeze correlated with
low resting and squeeze pressures with HRAM, respectively. In ad-
dition, at 40ml, the DI at rest (>1 mmz/mmHg) and during voluntary
squeeze (>0.5mm2/mmHg) was better able to discriminate between
normal and Fl and had a more significant correlation with FI sever-
ity when compared to HRAM parameters.®® However, the same au-
thors in later work with an analysis of 83 Fl patients using the same
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TABLE 2 A summary of measured FLIP parameters.

FLIP parameter

Cross-Sectional Area (CSA)

mm?

Diameter (Dest)
mm

Pressure
mmHg

Bag Volume
ml

Distensibility Index (DI)
mm?/mmHg

Compliance
mm/mmHg

a

Opening/Yield Pressure
mmHg

Functional Anal Canal
Sphincter Length?
mm

Pressure-Strain Elastic
Modulus (Ep)?

Description

The cross-sectional area measured at 5mm intervals over a length of 8 cm providing a total of 16 measurements.
The diameter calculated from the CSA measurements assuming the anal canal is circular.

The pressure inside the bag recorded from the single solid-state pressure sensor at the distal end.

The volume of conductive solution in the bag.

A measure of the distensibility of the anal canal calculated as “minimum CSA / pressure” observed at rest or
during voluntary squeeze. A high DI has been found in patients with Fl and the DI at rest at 40ml bag volume
has been found to better discriminate between Fl and continent subjects.>®

A measure of stiffness where the lower the compliance the greater the stiffness. It is the inverse measure of
elastance and is calculated in the area immediately around the minimum CSA. In the proximal anal canal,
where the sphincter complex is thicker the compliance is lower.>

The pressure required to open the narrowest point of the anal canal. This pressure is lower in patients
treated with neoadjuvant therapy for rectal® or anal®® cancer and higher following treatment with
neuromodulation.*®

Given CSA can be measured at 0.5 cm intervals along an 8 cm length it is possible to calculate the functional
length of the anal canal sphincter complex at rest when the bag is inflated. It is also possible to calculate
changes in sphincter length during squeeze and with increasing bag distensions although the clinical
significance of this is unclear.”’

A measure of stiffness of the anal canal and defined as the change in the anal canal diameter to the change in
the bag pressure relative to a reference diameter. A low Ep in the middle and distal part of the anal canal

kPa has been found in patients with Fl, but Ep as a parameter was not superior to standard anal manometry
in discriminating between Fl and continent subjects.** A trend towards increased Ep after sacral nerve
modulation has been observed but this was not statistically significant.*®

Tension? Calculated according to Laplace's law (T = P.r) where P is the distension pressure recorded with FLIP and r is

N/m the measured radius. This has been used to display area-tension loop analysis of the anal sphincters with

differences in the magnitude of the displacement of the loops, as the bag volume increases, in FI compared

with healthy volunteers.1+4¢

?Denotes parameter requires calculation in post-acquisition analysis.

discriminatory DI values at 40 ml concluded the two modalities were
largely in agreement in the diagnosis of Fl. They suggest that FLIP
should be considered complimentary to HRAM, as two patients had
abnormal DI but normal HRAM results, and that further research is
required to identify a role for FLIP in the diagnosis and management
of FI.* No correlation could be identified in these studies between
DIl and age, BMI, parity, or menopausal status.384°

Brusa et al. used a bespoke MRI compatible FLIP catheter to obtain
simultaneous stepped distension FLIP measurements with MRl images
in healthy volunteers. They confirmed the least compliant portion of
the anal canal was at the proximal end of the EAS, where it overlaps the
IAS and puborectalis, highlighting this area's role in the maintenance of
continence.®> This area also demonstrated the maximal orifice closing
function during voluntary squeeze, with the thickness of the EAS cor-
relating with the change in orifice radius during contraction.>*

Using the stepped distension protocol in reverse, starting from
the maximum volume, loop analyses with area-tension and area-
pressure plots during voluntary squeeze have been used to de-
scribe external anal sphincter and puborectalis function in patients
with FI compared to healthy volunteers. At each distension volume
the patient was asked to perform a maximal voluntary squeeze

generating area-pressure and area-tension loops from resting to
maximum squeeze, and back to resting. Authors reported significant
differences in the shift of the loops to the right (increase in CSA)
between Fl and healthy controls. In addition, the shift of these loops
correlated with the degree of muscle damage identified on endo-
anal ultrasound, highlighting this as a useful tool for clinicians.**#¢
The length-tension properties of a muscle described with these loop
analyses have been proposed as a tool to describe dysfunction of the
anal sphincter in patients with Fl, advancing age, and anal sphincter
injuries.’™>” They have also been used in experimental studies to
describe changes in the function of the external anal sphincter.>®57

With the use of a ramp distension protocol, it is possible to obtain
data in addition to that obtained from a stepped protocol. It allows for
an accurate assessment of the opening and closing of the anal canal
and its resistance to distension, like AAR (Figure 5). First reported in
2012, this protocol has demonstrated a non-uniform opening pattern
of the anal canal. During a ramp distension to 50ml Luft et al. ob-
served the proximal anal canal opened first, shortly followed by the
distal anal canal whilst the mid portion was last to open and, there-
fore, least compliant.9 This contrasts with Brusa et al. in their study

with simultaneous MRI imaging and a bespoke FLIP catheter where
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the proximal anal canal was least compliant, likely representing dif-
ferent interpretation of the data obtained without the aid of MRl im-
aging.>* It is possible to calculate the yield pressure of the anal canal
with the ramp distension protocol, defined as the point at which the
narrowest CSA just starts to increase in size.*” This was unexpectedly
found to be higher in healthy females than in males*’ but reduced
in patients treated with radiotherapy for anal cancer®® or chemora-
diotherapy for rectal cancer.>? Importantly, it was increased after a
three-week period of SNS in a pilot study of 10 women.*® This high-
lights that FLIP, measuring the resistance to distension, could offer
a measurable parameter of clinical utility in the field of neuromod-
ulation. As with the parameters Oe and Ce measured with AAR, the
stiffness of the anal canal to opening has been calculated with FLIP
using the “pressure-strain elastic modulus” (Ep) defined as the change
in the anal canal diameter for a change in the bag pressure relative to a
reference diameter.** In a study of 22 patients with Fl and 21 healthy
controls, Ep was higher and, therefore, the anal canal stiffer, in the
healthy controls compared the patients with Fl. Additionally, the Ep
also varied along the length of the anal canal with the highest value

identified in the mid part of the anal canal. However, Ep was not su-
perior to standard pull-through manometry in discriminating between
Fl and healthy volunteers and Ep was unchanged following SNS treat-
ment and after chemoradiotherapy for rectal cancer.*®52

These two protocols have never been compared directly to each
other limiting the ability to compare results between these studies.
With either protocol, however, FLIP provides a detailed geometric
profile of the whole anal canal. This data can be used to estimate
the functional length of the anal canal and identify the area last to
open during distension from which the opening pressure can be cal-
culated.®® With increasing bag volumes, or during voluntary contrac-

tion, it is also possible to observe changes in this functional length.*’

4.4 | Utility

Regardless of the endpoint used, FLIP has demonstrated potential to
deepen our understanding of the anorectal continence mechanism
through volume-controlled distension. It offers additional benefits
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FIGURE 5 Representative spatiotemporal diameter map of the anal canal from a single subject measured with the “ramp” distension

technique (A: left). The changing colors from blue to red indicate an

increasing diameter. Each column represents the configuration of the

anal canal at a particular time point, and each row the change in diameter over time, along the 8 cm measurable length of the FLIP catheter.
The vertical axis on the right represents pressure in mmHg (white line) and bag volume (heavy black dotted line). 3D configuration of the anal
canal at time = 160s (the vertical magenta line in right panel) is shown (A: right). Data obtained during an inflation, squeezing, and deflation
cycle of the bag can be used to calculate the opening, closing, and squeezing function of the anal canal at each bag volume. In this subject

the anal canal only yielded during inflation to 50 ml (B).

over AAR in its ability to characterize the opening and closing pat-
tern of the whole anal sphincter complex. Whilst this could provide
useful clinical information, the EndoFLIP catheter is 3mm in diam-
eter with a minimum measurable diameter of 5mm once sufficient

conducting solution fills the bag. As a result, in common with other
catheter-based measurements, the anal canal is open and distorted
past its physiological resting state by a minimum of 5mm before
measurements are obtained, which may influence subsequent
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measurements.®® Whilst this means the “true” opening pressure
cannot be elucidated with FLIP, due to the nature of its catheter-
based design, at present it is the only commercially available tool
to assess the opening and closing of the anal canal gathering similar
data to AAR.

5 | FUTURE CONSIDERATIONS

These emerging provocative tests of anal sphincter function have
demonstrated potential to add to our understanding of the sphinc-
ter's role in the maintenance of continence. They not only provide in-
formation about the sphincter complex at rest and during voluntary
squeeze, but also offer additional assessments of the mechanosen-
sory and viscoelastic properties of the anal canal during volume-
controlled distension. Both tools are also unique in their ability to
measure the length-tension function of the anal sphincter muscles
with measurements of pressure and geometry. Given FLIP is widely
commercially available, it has been studied in several centers inter-
nationally leading to a variation in distension protocols and meas-
ured parameters reported.sg"‘8 Due to this lack of standardization,
thereis arisk that as with manometry, it becomes impossible to com-
pare results between institutions.®? This would limit the ability to
generalize the findings and define a role for FLIP in the assessment
of continence. Almost all authors report measurements obtained at
increments of 10 ml distension up to 50ml, but some deflate and
reinflate the bag between each increment. Given measurements
obtained during this dynamic assessment have provided clinically
relevant results in studies with both AAR and FLIP, it would seem es-
sential not to ignore the potential to collect these data.>**# Directly
comparing the stepped and ramp distension techniques could con-
firm if comparable results are obtained at each 10 ml volume incre-
ment between the two study protocols allowing comparison of the
results between these studies. Additionally, comparing AAR with
FLIP could be used to establish if findings from AAR studies are ap-
plicable to FLIP measurements.

In recent years, HRAM has become established as the investi-
gation of choice to objectively assess anal sphincter function and
rectal sensation and is used to understand pathophysiology and
guide treatment. Given the multifactorial nature of these conditions,
HRAM results in isolation may be insufficient and are often used in
combination with other investigative tools.®® The results of HRAM
may not correlate with symptoms reported by patients and cannot
always predict the success of interventions.é*"¢” For these new
provocative tests of anal sphincter function to gain widespread use
they must be compared against HRAM to establish their diagnostic
accuracy and ability to influence management decisions for patients.
FLIP has been compared against HRAM with results suggesting the
tests are complimentary to each other in the evaluation of FI, but
this study relied on the “stepwise” bag inflation protocol, which does
not offer an assessment of the opening or closing function of the

|39

anal cana Using the dynamic parameters of opening and closing

pressure and elastance, AAR has shown an improved diagnostic

ability, better correlation with symptom severity and the ability to
distinguish between the Fl subtypes of urge, passive, and mixed
when compared to standard manometry.31 In predicting the success
of neuromodulation for Fl, the opening pressure measured with AAR
was identified as an independent predictor with a sensitivity of 0.81
and specificity of 0.60. This should prompt exploration of a similar
finding using the commercially available equipment to further define
its role in the management of Fl. A pilot study has already identi-
fied that the opening pressure measured with FLIP is increased after
3weeks of neuromodulation, making this an interesting target for
future research.*® Further work with FLIP is clearly required to ap-
preciate its role amongst the other available, and more established,
anorectal investigations.

Finally, it is pertinent to consider the catheter design and how it
may affect the measurement of the anorectum. The FLIP catheter
used in the anal canal is the EF-325 device, which was designed for
measurements of the upper gastrointestinal tract.®” Given only two
detection electrodes are visible outside the anal verge, up to 9.5 cm
of the catheter and bag will lie in the anal canal and lower rectum. It
has yet to be established if this has the potential to induce the recto-
anal inhibitory reflex when filling, or how it may affect measure-
ments in patients with rectal sensory dysfunction. Indeed, with the
absence of a dedicated rectal balloon, determining if rectal sensory
dysfunction is contributing to disordered continence is not possible
with FLIP.8 Another limitation of the device is in the single pressure
sensor. When the bag is divided into two compartments by a tight
sphincter the pressure will only be measured in the distal compart-
ment.%° It may, therefore, be advantageous to establish if the length
of the bag has an impact on the measurements of the anal sphincter,
or to develop a catheter dedicated to anorectal testing with a rectal

balloon and two pressure sensors.

6 | CONCLUSION

Provocative tests of anal sphincter function have the potential to
find a role in the assessment and management of FI. Work with AAR
and FLIP has demonstrated the importance of measuring param-
eters during volume-controlled distension as the anal canal opens
and closes. The promising development of AAR both in this field and
in the urinary tract has been limited by the lack of commercial in-
vestment. Future work should aim to standardize the measurement
protocol with FLIP and compare the results to those of the current
investigation of choice, HRAM. Finally, a dedicated anorectal FLIP
catheter could offer further utility with the assessment of rectal sen-

sory parameters.

AUTHOR CONTRIBUTIONS

Alexander O'Connor and Caroline M. Byrne identified and summa-
rized the literature. Alexander O'Connor, Caroline M. Byrne, Dipesh
H. Vasant, Abhiram Sharma, and Edward S. Kiff wrote the manu-
script. Donghua Liao created Figure 5 and assisted in writing the
functional lumen imaging probe aspects of the paper. Niels Klarskov

85U8017 SUOWILLIOD A1) 3|qeoljdde ayy Aq peusenob afe saole VO ‘8sN JO Sa|Nn 10} ARIq1T8UIUO A8]IM UO (SUOIPUOD-PU-SULBYWI0D A8 |Im" ARe.d1[Bu 1 {UO//:SANL) SUORIPUOD pue SWe 1 8y} 88S *[£202/20/50] U0 Akeiqiauliuo A1 iewued YLON suoibey usiued Aq 96T OWU/TTTT OT/I0p/L00" A3 1M Aeiq 1 ul|uo//Sdiy wolj pepeojumod ‘2 ‘€202 ‘2862S95T



O'CONNOR ET AL.

assisted in writing the anal acoustic reflectometry aspects of the

paper. Karen Telford supervised the preparation of the paper. All au-

thors edited and approved the final version of the manuscript.

ACKNOWLEDGMENTS
The authors have no acknowledgements to declare.

FUNDING INFORMATION

No sources of funding were obtained for this review.

CONFLICT OF INTERESTS
The authors have no competing interests.

ORCID

Alexander O’Connor
Dipesh H. Vasant
Donghua Liao
Niels Klarskov

https://orcid.org/0000-0002-3964-9152
https://orcid.org/0000-0002-2329-0616
https://orcid.org/0000-0003-3908-6537
https://orcid.org/0000-0003-1906-3135

REFERENCES

1.

10.

11.

Heitmann PT, Vollebregt PF, Knowles CH, Lunniss PJ, Dinning PG,
Scott SM. Understanding the physiology of human defaecation
and disorders of continence and evacuation. Nat Rev Gastroenterol
Hepatol. 2021;18(11):751-769. d0i:10.1038/s41575-021-00487-5
Felt-Bersma RJ, Meuwissen SG. Anal manometry. Int J Colorectal
Dis. 1990;5(3):170-173. doi:10.1007/BF00300413

Lee TH, Bharucha AE. How to perform and interpret a high-
resolution anorectal Manometry test. J Neurogastroenterol Motil.
2016;22(1):46-59. doi:10.5056/jnm15168

Dinning PG, Carrington EV, Scott SM. The use of colonic and ano-
rectal high-resolution manometry and its place in clinical work
and in research. Neurogastroenterol Motil. 2015;27(12):1693-1708.
doi:10.1111/nmo.12632

Rajasekaran MR, Jiang Y, Bhargava V, et al. Length-tension rela-
tionship of the external anal sphincter muscle: implications for
the anal canal function. Am J Physiol Gastrointest Liver Physiol.
2008;295(2):G367-G373. doi:10.1152/ajpgi.00033.2008

Mittal RK, Sheean G, Padda BS, Rajasekaran MR. Length tension
function of puborectalis muscle: implications for the treatment of
fecal incontinence and pelvic floor disorders. J Neurogastroenterol
Motil. 2014;20(4):539-546. doi:10.5056/jnm14033

Mittal RK, Sheean G, Padda BS, Lieber R, Raj RM. The ex-
ternal anal sphincter operates at short sarcomere length in
humans. Neurogastroenterol ~ Motil. 2011;23(7):643-e258.
doi:10.1111/j.1365-2982.2011.01700.x

Harris LD, Winans CS, Pope CE 2nd. Determination of vyield
pressures: a method for measuring anal sphincter competence.
Gastroenterology. 1966;50(6):754-760.

Luft F, Fynne L, Gregersen H, et al. Functional luminal imaging
probe: a new technique for dynamic evaluation of mechanical
properties of the anal canal. Tech Coloproctol. 2012;16(6):451-457.
doi:10.1007/s10151-012-0871-0

Mitchell PJ, Klarskov N, Telford KJ, Hosker GL, Lose G, Kiff
ES. Anal acoustic reflectometry: a new reproducible technique
providing physiological assessment of anal sphincter func-
tion. Dis Colon Rectum. 2011;54(9):1122-1128. do0i:10.1097/
DCR.0b013e318223fbcb

Tuttle LJ, Zifan A, Sun C, Swartz J, Roalkvam S, Mittal RK. Measuring
length-tension function of the anal sphincters and puborectalis
muscle using the functional luminal imaging probe. Am J Physiol

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

110f 13
T W 1 £y

Gastrointest Liver Physiol. 2018;315(5):G781-G787. doi:10.1152/
ajpgi.00414.2017

Harris LD, Pope CE 2nd. "squeeze" vs. resistance: an evalua-
tion of the mechanism of sphincter competence. J Clin Invest.
1964;43:2272-2278. doi:10.1172/JCI105101

Gryboski JD, Spiro HM, Gelfand M. The anal sphincter IN fecal
incontinence.  Pediatrics.  1968;41(4):750-754.  doi:10.1542/
peds.41.4.750

Long WJ, Nixon HH. Continence and the yield pressure of the anus.
Proc R Soc Med. 1971;64(12):1189-1190.

Katz LA, Kaufmann HJ, Spiro HM. Anal sphincter pressure charac-
teristics. Gastroenterology. 1967;52(3):513-518.

Gregersen H, Drewes AM, McMahon BP, Liao D. Balloon-
distension studies in the gastrointestinal tract: current role. Dig Dis.
2006;24(3-4):286-296. doi:10.1159/000092882

Gregersen H, Lo KM. What is the future of impedance Planimetry in
gastroenterology? J Neurogastroenterol Motil. 2018;24(2):166-181.
doi:10.5056/jnm18013

Ware JA, Aki K. Continuous and discrete inverse-scattering prob-
lems in a stratified elastic medium. I. Plane waves at Normal inci-
dence.JAcoust SocAm. 1969;45(4):911-921.d0i:10.1121/1.1911568
Sondhi MM, Gopinath B. Determination of vocal-tract shape from
impulse response at the lips. J Acoust Soc Am. 1971;49(6B):186
7-1873. doi:10.1121/1.1912593

Klarskov N, Lose G. Urethral pressure reflectometry; a novel tech-
nique for simultaneous recording of pressure and cross-sectional
area in the female urethra. NeurourolUrodyn. 2007;26(2):254-261.
doi:10.1002/nau.20283

Klarskov N, Lose G. Urethral pressure reflectometry vs ure-
thral pressure profilometry in women: a comparative study of
reproducibility and accuracy. BJU Int. 2007;100(2):351-356.
doi:10.1111/j.1464-410X.2007.06922.x

Klarskov N, Scholfield D, Soma K, Darekar A, Mills I, Lose G.
Measurement of urethral closure function in women with stress
urinary incontinence. J Urol. 2009;181(6):2628-2633; discussion
2633. doi:10.1016/j.juro.2009.01.114

Khayyami Y, Klarskov N, Lose G. The promise of urethral pressure
reflectometry: an update. Int Urogynecol J. 2016;27(10):1449-1458.
doi:10.1007/s00192-016-2964-1

Mitchell PJ, Klarskov N, Hosker G, Lose G, Kiff ES. Anal
acoustic reflectometry: a new technique for assessing anal
sphincter  function.  Colorectal Dis. 2010;12(7):692-697.
doi:10.1111/j.1463-1318.2010.02194.x

McHugh SM, Diamant NE. Effect of age, gender, and parity on anal
canal pressures. Contribution of impaired anal sphincter function
to fecal incontinence. Dig Dis Sci. 1987;32(7):726-736. doi:10.1007/
BF01296139

Heywood NA, Nicholson JE, Sharma A, Kiff ES, Klarskov N, Telford
KJ. Continuous vs stepwise anal acoustic reflectometry: an im-
proved technique for physiological measurement of anal sphinc-
ter function? NeurourolUrodyn. 2020;39(1):447-454. doi:10.1002/
nau.24235

Liao D, Zhao J, Kunwald P, Gregersen H. Tissue softening of Guinea
pig oesophagus tested by the tri-axial test machine. J Biomech.
2009;42(7):804-810. doi:10.1016/j.jbiomech.2009.01.029
Heywood NA, Sharma A, Kiff ES, Klarskov N, Telford KJ. A novel
method for measurement of the recto-anal inhibitory reflex using
anal acoustic reflectometry. Colorectal Dis. 2020;22(11):1632-1641.
doi:10.1111/co0di.15110

Mitchell PJ, Klarskov N, Telford KJ, Hosker GL, Lose G, Kiff ES.
Viscoelastic assessment of anal canal function using acoustic
reflectometry: a clinically useful technique. Dis Colon Rectum.
2012;55(2):211-217. d0i:10.1097/DCR.0b013e31823b2499

West RL, Felt-Bersma RJ, Hansen BE, Schouten WR, Kuipers EJ.
Volume measurements of the anal sphincter complex in healthy

85U8017 SUOWILLIOD A1) 3|qeoljdde ayy Aq peusenob afe saole VO ‘8sN JO Sa|Nn 10} ARIq1T8UIUO A8]IM UO (SUOIPUOD-PU-SULBYWI0D A8 |Im" ARe.d1[Bu 1 {UO//:SANL) SUORIPUOD pue SWe 1 8y} 88S *[£202/20/50] U0 Akeiqiauliuo A1 iewued YLON suoibey usiued Aq 96T OWU/TTTT OT/I0p/L00" A3 1M Aeiq 1 ul|uo//Sdiy wolj pepeojumod ‘2 ‘€202 ‘2862S95T


https://orcid.org/0000-0002-3964-9152
https://orcid.org/0000-0002-3964-9152
https://orcid.org/0000-0002-2329-0616
https://orcid.org/0000-0002-2329-0616
https://orcid.org/0000-0003-3908-6537
https://orcid.org/0000-0003-3908-6537
https://orcid.org/0000-0003-1906-3135
https://orcid.org/0000-0003-1906-3135
https://doi.org//10.1038/s41575-021-00487-5
https://doi.org//10.1007/BF00300413
https://doi.org//10.5056/jnm15168
https://doi.org//10.1111/nmo.12632
https://doi.org//10.1152/ajpgi.00033.2008
https://doi.org//10.5056/jnm14033
https://doi.org//10.1111/j.1365-2982.2011.01700.x
https://doi.org//10.1007/s10151-012-0871-0
https://doi.org//10.1097/DCR.0b013e318223fbcb
https://doi.org//10.1097/DCR.0b013e318223fbcb
https://doi.org//10.1152/ajpgi.00414.2017
https://doi.org//10.1152/ajpgi.00414.2017
https://doi.org//10.1172/JCI105101
https://doi.org//10.1542/peds.41.4.750
https://doi.org//10.1542/peds.41.4.750
https://doi.org//10.1159/000092882
https://doi.org//10.5056/jnm18013
https://doi.org//10.1121/1.1911568
https://doi.org//10.1121/1.1912593
https://doi.org//10.1002/nau.20283
https://doi.org//10.1111/j.1464-410X.2007.06922.x
https://doi.org//10.1016/j.juro.2009.01.114
https://doi.org//10.1007/s00192-016-2964-1
https://doi.org//10.1111/j.1463-1318.2010.02194.x
https://doi.org//10.1007/BF01296139
https://doi.org//10.1007/BF01296139
https://doi.org//10.1002/nau.24235
https://doi.org//10.1002/nau.24235
https://doi.org//10.1016/j.jbiomech.2009.01.029
https://doi.org//10.1111/codi.15110
https://doi.org//10.1097/DCR.0b013e31823b2499

12 of 13
298 | \WiLE Y- [

31
32.
33.
34.
35.
36.
37.

38.

39.
40.
41.
42.
43.
44,
45.

46.

O'CONNOR ET AL.

controls and fecal-incontinent patients with a three-dimensional
reconstruction of endoanal ultrasonography images. Dis Colon
Rectum. 2005;48(3):540-548. doi:10.1007/s10350-004-0811-9
Hornung BR, Mitchell PJ, Carlson GL, Klarskov N, Lose G, Kiff
ES. Comparative study of anal acoustic reflectometry and anal
manometry in the assessment of faecal incontinence. Br J Surg.
2012;99(12):1718-1724. doi:10.1002/bjs.8943

Hornung BR, Carlson GL, Mitchell PJ, et al. Anal acoustic reflec-
tometry predicts the outcome of percutaneous nerve evalua-
tion for faecal incontinence. Br J Surg. 2014;101(10):1310-1316.
doi:10.1002/bjs.9586

Maeda Y, Norton C, Lundby L, Buntzen S, Laurberg S. Predictors
of the outcome of percutaneous nerve evaluation for faecal
incontinence. Br J Surg. 2010;97(7):1096-1102. doi:10.1002/
bjs.7028

Gregersen H, Andersen MB. Impedance measuring system for
quantification of cross-sectional area in the gastrointestinal
tract. Med Biol Eng Comput. 1991;29(1):108-110. doi:10.1007/
BF02446307

Brusa T, Abler D, Tutuian R, et al. MR-FLIP: a new method that com-
bines a functional lumen imaging probe with anatomical information
for spatial compliance assessment of the anal sphincter muscles.
Colorectal Dis. 2017;19(8):764-771. d0i:10.1111/codi.13588
Pandolfino JE, Shi G, Curry J, Joehl RJ, Brasseur JG, Kahrilas PJ.
Esophagogastric junction distensibility: a factor contributing to
sphincter incompetence. Am J Physiol Gastrointest Liver Physiol.
2002;282(6):G1052-G1058. doi:10.1152/ajpgi.00279.2001
Ata-Lawenko RM, Lee YY. Emerging roles of the Endolumenal
functional lumen imaging probe in gastrointestinal motility disor-
ders. J Neurogastroenterol Motil. 2017;23(2):164-170. doi:10.5056/
jnm16171

Gourcerol G, Granier S, Bridoux V, Menard JF, Ducrotte P, Leroi
AM. Do endoflip assessments of anal sphincter distensibility
provide more information on patients with fecal incontinence
than high-resolution anal manometry? Neurogastroenterol Motil.
2016;28(3):399-409. d0i:10.1111/nmo.12740

Zifan A, Sun C, Gourcerol G, Leroi AM, Mittal RK. Endoflip vs high-
definition manometry in the assessment of fecal incontinence: a
data-driven unsupervised comparison. Neurogastroenterol Motil.
2018;30(12):e13462. d0i:10.1111/nmo.13462

McMahon BP, Drewes AM, Gregersen H. Functional oesophago-
gastric junction imaging. World J Gastroenterol. 2006;12(18):2818-
2824. doi:10.3748/wjg.v12.i18.2818

Hirano |, Pandolfino JE, Boeckxstaens GE. Functional lumen im-
aging probe for the Management of Esophageal Disorders: ex-
pert review from the clinical practice updates committee of the
AGA Institute. Clin Gastroenterol Hepatol. 2017;15(3):325-334.
doi:10.1016/j.cgh.2016.10.022

Scott SM, Carrington EV. The London classification: improving
characterization and classification of anorectal function with
anorectal Manometry. Curr Gastroenterol Rep. 2020;22(11):55:55.
doi:10.1007/5s11894-020-00793-z

Fynne L, Luft F, Gregersen H, et al. Distensibility of the anal canal in
patients with systemic sclerosis: a study with the functional lumen
imaging probe. Colorectal Dis. 2013;15(1):e40-e47. doi:10.1111/
codi.12063

Sorensen G, Liao D, Lundby L, et al. Distensibility of the anal
canal in patients with idiopathic fecal incontinence: a study with
the functional lumen imaging probe. Neurogastroenterol Motil.
2014;26(2):255-263. doi:10.1111/nmo.12258

Leroi AM, Melchior C, Charpentier C, et al. The diagnostic value of
the functional lumenimaging probe versus high-resolution anorectal
manometry in patients with fecal incontinence. Neurogastroenterol
Motil. 2018;30(6):13291. doi:10.1111/nmo.13291

Zifan A, Mittal RK, Kunkel DC, Swartz J, Barr G, Tuttle LJ. Loop
analysis of the anal sphincter complex in fecal incontinent

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

patients using functional luminal imaging probe. Am J Physiol
Gastrointest Liver Physiol. 2020;318(1):G66-G76. doi:10.1152/
ajpgi.00164.2019

Algqudah MM, Gregersen H, Drewes AM, McMahon BP. Evaluation
of anal sphincter resistance and distensibility in healthy controls
using EndoFLIP (c). Neurogastroenterol Motil. 2012;24(12):e591
-e599. doi:10.1111/nmo.12028

Haas S, Liao D, Gregersen H, Lundby L, Laurberg S, Krogh K.
Increased yield pressure in the anal canal during sacral nerve stim-
ulation: a pilot study with the functional lumen imaging probe.
Neurogastroenterol Motil. 2017;29(2). doi:10.1111/nmo.12929
Tuttle LJ, Zifan A, Swartz J, Mittal RK. Do resistance exercises
during biofeedback therapy enhance the anal sphincter and pel-
vic floor muscles in anal incontinence? Neurogastroenterol Motil.
2022;34(1):14212. doi:10.1111/nmo.14212

Gronlund D, Poulsen JL, Krogh K, et al. The impact of naloxegol
on anal sphincter function - using a human experimental model of
opioid-induced bowel dysfunction. Eur J Pharm Sci. 2018;117:187-
192. doi:10.1016/j.ejps.2018.02.008

Desprez C, Melchior C, Gourcerol G, et al. Assessment of anal
sphincter distensibility following the STARR procedure: a pilot
study. Acta Chir Belg. 2020;120(3):198-201. doi:10.1080/0001545
8.2019.1693156

Faaborg PM, Haas S, Liao D, et al. Long-term anorectal function
in rectal cancer patients treated with chemoradiotherapy and
endorectal brachytherapy. Colorectal Dis. 2021;23(9):2311-2319.
doi:10.1111/codi.15692

Haas S, Faaborg P, Liao D, et al. Anal sphincter dysfunction in
patients treated with primary radiotherapy for anal cancer: a
study with the functional lumen imaging probe. Acta Oncol.
2018;57(4):465-472. doi:10.1080/0284186X.2018.1438658

Brusa T, Abler D, Tutuian R, et al. Anatomy and mechanical prop-
erties of the anal sphincter muscles in healthy senior volunteers.
Neurogastroenterol Motil. 2018:13335. doi:10.1111/nmo.13335
Kim YS, Weinstein M, Raizada V, et al. Anatomical disrup-
tion and length-tension dysfunction of anal sphincter complex
muscles in women with fecal incontinence. Dis Colon Rectum.
2013;56(11):1282-1289. doi:10.1097/DCR.0b013e3182a18e87
Rajasekaran MR, Sinha S, Seo Y, Salehi M, Bhargava V, Mittal RK.
Myoarchitectural and functional alterations in rabbit external
anal sphincter muscle following experimental surgical trauma.
Am J Physiol Gastrointest Liver Physiol. 2014;307(4):G445-G451.
doi:10.1152/ajpgi.00450.2013

Rajasekaran MR, Kanoo S, Fu J, Nguyen ML, Bhargava V, Mittal
RK. Age-related external anal sphincter muscle dysfunction and
fibrosis: possible role of Wnt/beta-catenin signaling pathways.
Am J Physiol Gastrointest Liver Physiol. 2017;313(6):G581-G588.
doi:10.1152/ajpgi.00209.2017

Rajasekaran MR, Jiang Y, Bhargava V, Ramamoorthy S, Lieber RL,
Mittal RK. Sustained improvement in the anal sphincter func-
tion following surgical plication of rabbit external anal sphincter
muscle. Dis Colon Rectum. 2011;54(11):1373-1380. doi:10.1097/
DCR.0b013e31822d0333

Rajasekaran MR, Kanoo S, Fu J, Bhargava V, Mittal RK. Wnt-beta
catenin signaling pathway: a major player in the injury induced
fibrosis and dysfunction of the external anal sphincter. Sci Rep.
2017;7(1):963. d0i:10.1038/s41598-017-01131-6

Lottrup C, Gregersen H, Liao D, et al. Functional lumen imaging of
the gastrointestinal tract. J Gastroenterol. 2015;50(10):1005-1016.
doi:10.1007/s00535-015-1087-7

Lydon SB, Dodds WJ, Hogan WJ, Arndorfer RC. The effect of
manometric assembly diameter on intraluminal esophageal pres-
sure recording. Am J Dig Dis. 1975;20(10):968-970. doi:10.1007/
BF01070885

Carrington EV, Heinrich H, Knowles CH, et al. Methods of ano-
rectal manometry vary widely in clinical practice: results from an

85U8017 SUOWILLIOD A1) 3|qeoljdde ayy Aq peusenob afe saole VO ‘8sN JO Sa|Nn 10} ARIq1T8UIUO A8]IM UO (SUOIPUOD-PU-SULBYWI0D A8 |Im" ARe.d1[Bu 1 {UO//:SANL) SUORIPUOD pue SWe 1 8y} 88S *[£202/20/50] U0 Akeiqiauliuo A1 iewued YLON suoibey usiued Aq 96T OWU/TTTT OT/I0p/L00" A3 1M Aeiq 1 ul|uo//Sdiy wolj pepeojumod ‘2 ‘€202 ‘2862S95T


https://doi.org//10.1007/s10350-004-0811-9
https://doi.org//10.1002/bjs.8943
https://doi.org//10.1002/bjs.9586
https://doi.org//10.1002/bjs.7028
https://doi.org//10.1002/bjs.7028
https://doi.org//10.1007/BF02446307
https://doi.org//10.1007/BF02446307
https://doi.org//10.1111/codi.13588
https://doi.org//10.1152/ajpgi.00279.2001
https://doi.org//10.5056/jnm16171
https://doi.org//10.5056/jnm16171
https://doi.org//10.1111/nmo.12740
https://doi.org//10.1111/nmo.13462
https://doi.org//10.3748/wjg.v12.i18.2818
https://doi.org//10.1016/j.cgh.2016.10.022
https://doi.org//10.1007/s11894-020-00793-z
https://doi.org//10.1111/codi.12063
https://doi.org//10.1111/codi.12063
https://doi.org//10.1111/nmo.12258
https://doi.org//10.1111/nmo.13291
https://doi.org//10.1152/ajpgi.00164.2019
https://doi.org//10.1152/ajpgi.00164.2019
https://doi.org//10.1111/nmo.12028
https://doi.org//10.1111/nmo.12929
https://doi.org//10.1111/nmo.14212
https://doi.org//10.1016/j.ejps.2018.02.008
https://doi.org//10.1080/00015458.2019.1693156
https://doi.org//10.1080/00015458.2019.1693156
https://doi.org//10.1111/codi.15692
https://doi.org//10.1080/0284186X.2018.1438658
https://doi.org//10.1111/nmo.13335
https://doi.org//10.1097/DCR.0b013e3182a18e87
https://doi.org//10.1152/ajpgi.00450.2013
https://doi.org//10.1152/ajpgi.00209.2017
https://doi.org//10.1097/DCR.0b013e31822d0333
https://doi.org//10.1097/DCR.0b013e31822d0333
https://doi.org//10.1038/s41598-017-01131-6
https://doi.org//10.1007/s00535-015-1087-7
https://doi.org//10.1007/BF01070885
https://doi.org//10.1007/BF01070885

O'CONNOR ET AL.

63.

64.

65.

66.

67.

international survey. Neurogastroenterol Motil. 2017;29(8):e13016.
doi:10.1111/nmo.13016

Carrington EV, Scott SM, Bharucha A, et al. Expert consensus
document: advances in the evaluation of anorectal function. Nat
Rev Gastroenterol Hepatol. 2018;15(5):309-323. doi:10.1038/
nrgastro.2018.27

Bharucha AE, Fletcher JG, Harper CM, et al. Relationship between
symptoms and disordered continence mechanisms in women
with idiopathic faecal incontinence. Gut. 2005;54(4):546-555.
doi:10.1136/gut.2004.047696

Zbar AP, Kmiot WA, Aslam M, et al. Use of vector volume manom-
etry and endoanal magnetic resonance imaging in the adult female
for assessment of anal sphincter dysfunction. Dis Colon Rectum.
1999;42(11):1411-1418. doi:10.1007/BF02235038

Grossi U, Carrington EV, Bharucha AE, Horrocks EJ, Scott SM,
Knowles CH. Diagnostic accuracy study of anorectal manometry
for diagnosis of dyssynergic defecation. Gut. 2016;65(3):447-455.
doi:10.1136/gutjnl-2014-308835

Altomare DF, Rinaldi M, Lobascio P, Marino F, Giuliani RT,
Cuccia F. Factors affecting the outcome of temporary sacral
nerve stimulation for faecal incontinence. The value of the
new tined lead electrode. Colorectal Dis. 2011;13(2):198-202.
doi:10.1111/j.1463-1318.2009.02088.x

68.

69.

70.

13 of 13
T W 1 £y

Alqudah, M. M., Drewes, A. M., McMahon, B. P.. Measuring
recto-anal Inhibitory reflex using functional lumen imaging probe:
A pilot study, 2018 IEEE 4th Middle East Conference on Biomedical
Engineering (MECBME). 2018, pp. 225-230. doi: 10.1109/
MECBME.2018.8402438

Nicholson JE. Opening and closing function of the anal canal as-
sessed by acoustic reflectometry. 2016.

Speakman CT, Hoyle CH, Kamm MA, et al. Abnormal internal anal
sphincter fibrosis and elasticity in fecal incontinence. Dis Colon
Rectum. 1995;38(4):407-410. doi:10.1007/BF02054231

How to cite this article: O’Connor A, Byrne CM, Vasant DH,
et al. Current and future perspectives on the utility of
provocative tests of anal sphincter function: A state-of-the-
art summary. Neurogastroenterology & Motility.
2023;35:€14496. doi: 10.1111/nmo.14496

85U8017 SUOWILLIOD A1) 3|qeoljdde ayy Aq peusenob afe saole VO ‘8sN JO Sa|Nn 10} ARIq1T8UIUO A8]IM UO (SUOIPUOD-PU-SULBYWI0D A8 |Im" ARe.d1[Bu 1 {UO//:SANL) SUORIPUOD pue SWe 1 8y} 88S *[£202/20/50] U0 Akeiqiauliuo A1 iewued YLON suoibey usiued Aq 96T OWU/TTTT OT/I0p/L00" A3 1M Aeiq 1 ul|uo//Sdiy wolj pepeojumod ‘2 ‘€202 ‘2862S95T


https://doi.org//10.1111/nmo.13016
https://doi.org//10.1038/nrgastro.2018.27
https://doi.org//10.1038/nrgastro.2018.27
https://doi.org//10.1136/gut.2004.047696
https://doi.org//10.1007/BF02235038
https://doi.org//10.1136/gutjnl-2014-308835
https://doi.org//10.1111/j.1463-1318.2009.02088.x
https://doi/10.1109/MECBME.2018.8402438
https://doi/10.1109/MECBME.2018.8402438
https://doi.org//10.1007/BF02054231
https://doi.org/10.1111/nmo.14496

	Current and future perspectives on the utility of provocative tests of anal sphincter function: A state-�of-�the-�art summary
	Abstract
	1|BACKGROUND AND AIMS
	2|RESISTANCE TO DISTENSION AS A DETERMINANT OF ANAL SPHINCTER COMPETENCE AND THE RATIONALE FOR PROVOCATIVE TESTING
	3|ANAL ACOUSTIC REFLECTOMETRY
	3.1|Development
	3.2|Practical aspects
	3.3|Evidence base
	3.4|Utility

	4|FUNCTIONAL LUMEN IMAGING PROBE
	4.1|Development
	4.2|Practical aspects
	4.3|Evidence base
	4.4|Utility

	5|FUTURE CONSIDERATIONS
	6|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTERESTS
	REFERENCES


