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Editorial

The Clinical Usefulness of Functional Luminal
Imaging Probe in Esophageal Dysmotility Disorder
Kee Wook Jung
Department of Gastroenterology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, Korea

Article:	Estimating probability for esophageal obstruction: a diagnostic decision support tool applying machine learning to
functional lumen imaging probe panometry
Schauer JM, Kou W, Prescott JE, Kahrilas PJ, Pandolfino JE, Carlson DA
(J Neurogastroenterol Motil 2022;28:572-579)

Functional luminal imaging probe (FLIP) is being increasingly
used in the diagnosis of functional gastrointestinal (GI) disorders
and has advantages of detection of distensibility in GI tract.1,2 The
previously used technique, manometry, could measure the inner active contractility of GI tract.3 However, without active swallowing of
bolus, manometry cannot generate a significant signal. To overcome
this, the measurement of bolus transit from high-resolution impedance manometry has been attempted, especially in patients with
functional dysphagia without major motor esophageal dysmotility.4-8
However, FLIP can measure the passive outer distensibility of the
GI tract, thus complementing the conventionally used manometry.
FLIP assesses the “esophageal response to distension,” with a degree of active distension from the FLIP filling protocol. Moreover,
it can measure some degree of active esophageal muscle contraction
and tone that occur as the esophagus’s response to the distension.
Moreover, FLIP measures the “distensibility of the esophageal
wall” (from inside the lumen, assessing the contribution of the
mucosa and inner and outer muscle layers) (Figure). As regards
the pathophysiology of achalasia, the most representative disease of
functional GI disorder, impaired “relaxation” of lower esophageal
sphincter is the pathognomic finding.9,10 Therefore, FLIP, which

can measure the outer passive distensibility of the sphincter tone,
may be a more appropriate diagnostic tool than manometry, which
can measure the inner active contractility of the sphincter. Previously
published papers suggested that the esophagogastric junction distensibility index (EGJ-DI) is more suitable in the discrimination of
achalasia compared with previously used integrated relaxation pressure, which is affected by contraction of the esophageal body.11-14
Therefore, the recently published Chicago 4.0 criteria recommended the use of FLIP in case of an inconclusive diagnosis of achalasia
or esophagogastric junction (EGJ) outflow obstruction.15-17
Since FLIP can measure the outer passive distensibility of the
GI tract, it can broaden our understanding of motility disorders. In
case of epiphrenic diverticulum, the concurrent motility disorder
may be hidden.18,19 Manometry may miss abnormal findings in the
patients with epiphrenic diverticulum.18,19 Surgeons conventionally cut the EGJ muscle during diverticulectomy for epiphrenic
diverticulum to prevent recurrence. With the development of endoscopic technology, diverticulum is treated with peroral endoscopic
myotomy (POEM), In diverticulum POEM (D-POEM), the
measurement of EGJ-DI using FLIP is necessary.20 When FLIP
detects impaired relaxation of EGJ, POEM of EGJ as well as D-
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Figure. The illustration of measurement of manometry and func-

tional luminal image probe (FLIP) in the gastrointestinal (GI) tract
of humans. Conventionally used manometry can measure the active
inner contractility of GI tract. Without active swallowing of bolus,
manometry cannot produce a significant signal. However, FLIP can
measure the passive outer distensibility of GI tract. FLIP assesses the
“esophageal response to distension,” with a degree of active distension
from the FLIP filling protocol. Moreover, it can measure some degree of active esophageal muscle contraction and tone that occur as the
esophagus’s response to the distension. Moreover, FLIP measures the
“distensibility of the esophageal wall” (from inside the lumen, assessing the contribution of the mucosa and inner and outer muscle layers).
Therefore, these 2 tests are complementary to each other.

POEM of epiphrenic diverticulum should be considered. The abnormal thickening of the esophageal layer, which impairs the outer
relaxation of the esophageal body due to a highly thickened esophageal muscle layer, may also be detected by FLIP.1 Because manometry may miss abnormal esophageal motility findings in this case,
FLIP may be beneficial for measuring the impaired distensibility of
the thickened esophageal wall. However, more data is necessary to
validate this hypothesis.
Additionally, FLIP can measure secondary peristalsis of the
esophageal body.21,22 When the balloon of FLIP is distended inside
the esophageal body, it can show secondary peristalsis. Studies of
FLIP panometry suggested its role in the prediction of outcome
after treatment in patients with achalasia.22,23 The Chicago group
suggested a FLIP panometry pattern and categorized patients with
dysphagia based on the value of EGJ-DI and patterns of secondary
peristalsis.1,24 From 2016 to 2022, the criteria of FLIP panometry
has evolved from its prototype.1,24,25 The most recently published
criteria are based on a multicenter study with a large number of
cases.24 Prior research suggested the clinical usefulness of FLIP
panometry in the diagnosis of EGJ obstruction.26 The recently published manuscript in this issue of Journal of Neurogastroenterology
and Motility used the machine learning technique in the identification of EGJ obstruction.27 With the incorporation of this machine
learning technique in the near future, we can effectively diagnose
and expand our understanding of esophageal dysmotility disorders.
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Article:	The conundrum of obesity and gastroparesis hospitalizations: a retrospective comparative analysis of hospitalization
characteristics and disparities amongst socioeconomic and racial backgrounds in the United States
Dahiya DS, Inamdar S, Perisetti A, et al
(J Neurogastroenterol Motil 2022;28:655-663)

Diverse etiologies involving abnormal gastric motility, gut
sensitivity, mucosal inflammation, and various cell changes have
been suggested as the pathophysiology of gastroparesis.1 However, gastroparesis lies between functional and organic diseases
because its mechanism is not clearly known. In this issue, Dahiya
et al2 analyzed the relationship between obesity and gastroparesis
hospitalizations in the United States using socioeconomic and racial differences. They found that gastroparesis hospitalizations of
obese patients were associated with the female sex and black race.
Gastroparesis in obese patients was associated with a longer hospitalization period, high total health costs, and high use of medical
resources compared with gastroparesis in non-obese patients. What
is noteworthy in their results is that lower income was associated
with a higher gastroparesis hospitalization rate regardless of obesity
(Figure A). Interestingly, we were able to obtain similar results by
re-analyzing the data of a study investigating the incidence of peptic
ulcer bleeding between 2006 and 2015 using the Korean National
Health Insurance Service Database (Figure B).3
To unveil the pathophysiology of diseases, including functional

gastrointestinal disorders (FGIDs) and gastroparesis, various factors that can affect the prevalence and disease course have been
analyzed. Depression or anxiety has been commonly evaluated in
studies on FGIDs.4 Recently, sex has been recognized as a biological variable and is recommended to be analyzed in all biomedical
research.5 However, the effect of socioeconomic factors has not been
routinely investigated. There are only a few studies on the impact
of socioeconomic factors on gastroparesis. Low household income
is related to gastroparesis, and idiopathic gastroparesis is associated
with higher income than diabetic gastroparesis.6,7 A recent population study reported that low household income was associated with
the highest mortality rate.8
The effect of socioeconomic factors has been studied slightly
more in FGIDs than in gastroparesis, so we reviewed it briefly. A
large-scale study analyzing 5430 United States households through
a survey reported that the lower the household income, the higher
the frequency of FGIDs and the severer symptoms.9 Another
population-based study reported that low socioeconomic status was
a risk factor that increased the prevalence of both upper and lower
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Figure. The effect of socioeconomic factors is similar across diseases and countries. (A) Distribution of obese and non-obese gastroparesis (GP)
hospitalized patients according to household income in the United States. (B) The admission rate for peptic ulcer bleeding according to health insurance holders’ income in Korea.

FGIDs.10 However, there was still a lack of research on the effect of
socioeconomic factors on FGIDs. For example, in a meta-analysis
of 80 studies to identify the global prevalence and risk factors of irritable bowel syndrome (IBS), only 4 studies analyzed the prevalence
of IBS according to socioeconomic factors.11 There was no significant difference in the prevalence of IBS according to socioeconomic
status, however, it was difficult to draw clear conclusions due to the
small number of studies and their heterogeneity.11 Interestingly, 1 of
those 4 studies showed that the risk of IBS is higher among highincome men through a sex difference analysis.12 This suggests that
more data and detailed analyses are needed because contributing
factors such as socioeconomic factors and sex are intertwined. In addition, the impact of socioeconomic factors on IBS prevalence may
vary depending on the country or culture.
Despite the importance of socioeconomic factors in clinical
studies, there are several obstacles to analyzing them. First, researchers are less interested in the relationship between socioeconomic
factors and the disease. Many studies have collected data about the
demographic and socioeconomic features, but only marital status
and education level were analyzed, or income was only used to correct other data.13 It is even unclear how the socioeconomic class of
subjects was classified in some studies.14
Second, it is difficult to obtain reliable data that can accurately
reflect the socioeconomic factors of subjects. In face-to-face or questionnaire surveys, there is a tendency not to answer questions about
economic status or not to answer them accurately. Therefore, many
researchers evaluate socioeconomic factors using indirect data such
as the average risk of deprivation in the area of residence, the living
house type, or educational level.15,16 However, these variables do

not represent the exact personal economic status. In our study, the
Korean National Health Insurance Service Database classified the
income quintile at the household insurance holder level according to
the insurance premiums paid; therefore, the socioeconomic factors
for each household could be categorized relatively accurately.3
Then, what is a plausible explanation for the mechanism by
which socioeconomic factors affect the pathophysiology of FGIDs?
Psychological comorbidities associated with low socioeconomic factors can be considered. It is well known that depression and anxiety
are prevalent in patients with FGIDs,4 and low socioeconomic factors are a risk factor related to high anxiety.17 Low socioeconomic
factors may have a physiological impact on patients with FGIDs. In
particular, the hypothesis that early-life social qualifications impact
adult physiology has been raised.18 A study with blood-derived
genome-wide transcriptional profiles demonstrated that socioeconomic factors in childhood were associated with continuing upregulation of the inflammatory transcriptome in adulthood.19 These
changes persisted independently of socioeconomic experiences in
adulthood.18 It can also be presumed that racial differences may be
related to socioeconomic factors in a multiracial country. Dahiya et
al2 showed a relationship between gastroparesis in obese patients
and the black race, suggesting that these 2 factors may be connected
by socioeconomic status.
Finding and analyzing additional variables is a difficult and
complex process, but this will be an opportunity to find answers and
obtain new insights to solve the puzzle of intractable diseases such
as FGIDs and gastroparesis. The Rome Foundation surveyed the
worldwide prevalence and burden in 2021 and confirmed the relationship between several variables and FGIDs through question-
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naires. However, analyzing the effect of socioeconomic factors on
the incidence of FGIDs was proposed as a future task.19
In conclusion, future studies on FGIDs should try to find the
effects of socioeconomic factors on the prevalence, disease course,
and treatment outcome of intractable diseases. Clinicians could get
better treatment results than now if new insights based on socioeconomic factors are applied to determine the treatment strategy.20
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Integrated Pressurized Volume, Promising Functional
Anorectal Parameters
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Article:	Predicting responsiveness to biofeedback therapy using high-resolution anorectal manometry with integrated
pressurized volume
Seo M, Yoon J, Jung KW, et al
(J Neurogastroenterol Motil 2022;28:608-617)

In adults with functional constipation, dyssynergic defecation
(DD) is common and affects up to 50% of patients referred with
chronic constipation in tertiary care center.1 In patients with DD,
the gold standard for management is pelvic floor retraining with
relaxation and biofeedback therapy (BFT).2 Several randomized
controlled trials showed that biofeedback therapy is effective for improvement of symptoms and anorectal parameters in 70-80% of patients with DD and more effective than other modalities including
laxatives, diet and education.3-5 However, some patients with DD
do not respond to BFT. Furthermore, BFT is not widely available
and labor-intensive, which means that the success of BFT mainly
depends on the quality of the therapist-patient relationship and the
skills and experience of the therapist. Therefore, previous studies
tried to find the factors associated with response to BFT to choose
patients with DD who are likely to have good response for BFT. Favorable predictors included older age, harder stool, high intrarectal
pressure during straining and low defecation index. However, there
were inconsistencies in results, especially conventional manometry
parameters due to small sample sizes, different BFT protocols, and
different treatment outcomes.3,6,7
In this issue of the Journal of Neurogastroenterology and

Motility , Seo et al8 explored anorectal physiology to predict BFT
response and suggested a predictive model for BFT response
using high-resolution anorectal manometry (HRAM) with spatiotemporal plotting. HRAM has been considered useful for the
diagnosis of patients with DD, based on the finding of inadequate
anal relaxation or intrarectal pressure. Compared to conventional
manometry, it provides color-contoured topographic plots based on
the distance, time and amplitude. In Myung’s study with female
patients with DD, there were no significant differences in the conventional manometric parameters including anal resting pressure,
anal squeezing pressure, defecation index and rectoanal gradient
during resting state or simulated evacuation. They suggested integrated pressurized volume (IPV) and IPV ratios of each anorectal
segment as new parameters for prediction of response to BFT,
which may enable understanding the 3-dimensional structural and
temporal relationship and physiology of anorectum during evacuation. IPV can be calculated by multiplying the distance, time and
amplitude, which seems similar to the concept of distal contractile
integral and integrated relaxation pressure of high-resolution
esophageal manometry. The values of IPVs of upper portion of
anorectum were lower in good responders for BFT and the IPVs
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of the upper 1-cm portion showed the best performance for predicting response of BFT with 0.74 of AUC (95% CI, 0.63-0.80). The
authors also suggested the partial least squares regression (PLSR)
model using 8 IPV parameters, which showed diagnostic value
such as 0.84 of AUC (95% CI, 0.76-0.95), 85.5% of sensitivity and
62.1% of specificity. Measured and calculated IPV parameters may
be helpful for detecting functional abnormalities of the anorectum
during evacuation and predicting responsiveness to BFT in female
patients with DD. Andrianjafy et al9 also tried to suggest the factors
for response to BFT using 3-dimensional HRAM, in that patients
with rectal pressure less than 40 mmHg showed good response to
BFT. Considering that the value of IPV represents the rectal pressure, Seo et al8’s study showed consistent findings. This study has
several limitations. It was a retrospective single and tertiary center
study which included only female patients with DD. Second, the
treatment outcome measurement was based on only symptom questionnaire, not including physiologic parameters such as balloon expulsion time, HRAM parameter or defecographic findings and the
therapist-patient relationship and therapist’s skill and experience. I
hope future studies of IPV parameters and PLSR model as the role
as the predictive factors in a large sample of prospective patients
including male patients and variable aged groups.
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Inflammation and Impaired Gut Physiology in
Post-operative Ileus: Mechanisms and
the Treatment Options
Zahid Hussain and Hyojin Park*
Department of Internal Medicine, Yonsei University College of Medicine, Seoul, Korea

Post-operative ileus (POI) is the transient cessation of coordinated gastrointestinal motility after abdominal surgical intervention. It
decreases quality of life, prolongs length of hospital stay, and increases socioeconomic costs. The mechanism of POI is complex and
multifactorial, and has been broadly categorized into neurogenic and inflammatory phase. Neurogenic phase mediated release of
corticotropin-releasing factor (CRF) plays a central role in neuroinflammation, and affects both central autonomic response as well
hypothalamic-pituitary-adrenal (HPA) axis. HPA-stress axis associated cortisol release adversely affects gut microbiota and permeability.
Peripheral CRF (pCRF) is a key player in stress induced gastric emptying and colonic transit. It functions as a local effector and interacts
with the CRF receptors on the mast cell to release chemical mediators of inflammation. Mast cells proteases disrupt epithelial
barrier via protease activated receptor-2 (PAR-2). PAR-2 facilitates cytoskeleton contraction to reorient tight junction proteins such
as occludin, claudins, junctional adhesion molecule, and zonula occludens-1 to open epithelial barrier junctions. Barrier opening
affects the selectivity, and hence permeation of luminal antigens and solutes in the gastrointestinal tract. Translocation of luminal
antigens perturbs mucosal immune system to further exacerbate inflammation. Stress induced dysbiosis and decrease in production of
short chain fatty acids add to the inflammatory response and barrier disintegration. This review discusses potential mechanisms and
factors involved in the pathophysiology of POI with special reference to inflammation and interlinked events such as epithelial barrier
dysfunction and dysbiosis. Based on this review, we recommend CRF, mast cells, macrophages, and microbiota could be targeted
concurrently for efficient POI management.
(J Neurogastroenterol Motil 2022;28:517-530)
Key Words
Ileus; Inflammation mediators; Macrophages; Mast cells; Permeability

Introduction
Post-operative ileus (POI) is the transient cessation of coordinated gastrointestinal (GI) motility after abdominal surgical
intervention.1-3 It leads to various symptoms such as nausea, vomit-

ing, abdominal discomfort, and inability to pass stools or tolerate a
solid diet. In addition to these symptoms, POI is associated with
decreased quality of life, prolonged length of stay in a hospital,
and increased socioeconomic costs and decreased patients’ satisfaction with surgery.1-4 “Uncomplicated” or “normal” POI is an
unavoidable process which generally resolves within 3 days, while
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“prolonged” or “paralytic” post-operative ileus extends beyond the
duration of 3 days.5-7 The mechanism of POI is suggested to be
complex and multifactorial, and has been broadly categorized into
neurogenic and inflammatory phase.8-10 The neurogenic phase is
short and ends early after the surgery. The second is the inflammatory phase, which starts 3-4 hours after surgery and persists much
longer.1,10,11 Therefore, this review highlights the factors that induce
inflammation and how it impairs gut physiology in the POI. It will
provide an opportunity and direction for effective management and
treatments options to ease the burden of POI.

Neuroinflammation and Barrier Dysfunction
Neural pathways are complicated, and are influenced by the
number of factors including intensity of the stimulus or stress.1,11,12
Briefly, incision of the skin and laparotomy induce the activation
of inhibitory spinal and sympathetic reflexes or the adrenergic
inhibitory pathway.1,2,12 Furthermore, the handling of the bowel
stimulates supra-spinal pathway to activate the hypothalamic–
pituitary–adrenal (HPA) axis.1,2,12 The sensory afferent neurons
of this pathway then send signals to the central nervous system
to release stress neuropeptides, such as substance P, calcitonin-

gene related peptide (CGRP), and corticotropin-releasing factor
(CRF).11-14 Several studies reported activation of CRF neurons
and CRF release in the brain due to the abdominal surgery.11,12,15,16
The POI model of our study corroborate these findings, as CRF
expression in the hypothalamus increased significantly compared
to the control group.12 The release of CRF is considered to be a
key molecule in neuroinflammation (Fig. 1).1,11,12,15-18 This leads to
de novo synthesis of central proinflammatory cytokines such IL1β, IL-6, and TNF-α.19,20 CRF triggers stress pathways through
receptors, CRF receptor type 1 (CRF1) and type 2.21,22 The central
CRF is expressed predominantly in the paraventricular nucleus of
the hypothalamus,23,24 and is involved in alteration of autonomic
nervous system activity in the brain to secrete catecholamine to
diminish gastric vagal efferent activity and inhibit GI motility.25,26
Several studies reported a parallel between central CRF mediated
autonomic response as well its ability to activate the HPA-stress
-axis.27,28 Lenz et al,27 showed the independence of these 2 pathways
in hypophysectomized rats. CRF release activates the HPA axis
through pituitary CRF1 receptor that leads to secretion of adrenocorticotropic hormone (ACTH).27,28 Similarly, the level of ACTH
in POI model of our study was significantly increased compared
to healthy controls.12 In addition, the higher level of ACTH was
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directly linked to the inhibition of GI motility.12 ACTH further activates the adrenal glands to release high levels of cortisol.27-31 There
is an increasing evidence that shows the involvement of cortisol in
dysbiosis and increase in gut permeability.28,31 Stress (non-infectious)
induced cortisol increased endotoxemia such as lipopolysaccharides
(LPS), and it corresponded LPS from the commensal flora.28,31,32
Interestingly, stress alone could induce adequate LPS from the
commensals to initiate the disruption of the intestinal barrier and
increase in gut permeability.28,31,32 So a threshold level of CRF or
cortisol is enough to initiate the disruption of the intestinal barrier
and increase in permeability.33-36 It has been reported that corticoid
receptors regulates the expression of tight junction proteins (TJPs)
such as claudin-1 and occludin.37,38 Additionally, dysbiosis decreases
bacterial metabolites, short chain fatty acids (SCFAs) such as butyrate, acetate, and propionate to alter gut barrier integrity.28,31,39-42
Therefore, stress induced cortisol not only alters gut microbiota but
also impairs barrier integrity via modifying TJPs (Fig. 1). Impaired
gut barrier induces bacterial translocation resulting in activation of
the local immune system and inflammation, thereby increasing the
release of the cytokines.11,43,44 Several studies reported CRF mediated increase in the expression of Toll-like receptor 4 (TLR4) on
macrophages and high level of inflammatory cytokines production
via stress induced LPS.43,44

Peripheral Corticotropin-releasing Factor,
Immune Cell Activation, and Epithelial
Barrier Dysfunction
Recent studies have shown that CRF ligands and receptors
are not only expressed in the brain but also in peripheral organs
including GI tract.31,45 Peripheral CRF (pCRF) is released from
cells such as neuronal, enterochromaffin, and immune cells (mast
cells) in the lamina propria, submucosa, and muscle layers.45-49
CRF1 are expressed by neurons in both myenteric and submucosal
plexuses of the enteric nervous system.50 Interestingly, both central
and peripheral administration of CRF and its receptor antagonists
results in similar gut transit alterations, though mechanisms and
sites of action are distinct.51-53 Similarly, we also reported significant
increase in GI transit when treated (subcutaneously) with higher
doses of selective non-peptide CRF1 antagonist CP-154 526
in a POI model compared to sham controls.12 Our finding was
consistent with previous study that showed the CRF1 antagonist
improve delayed gastric emptying induced by laparotomy plus cecal
manipulation in mice.54 Peripheral treatment with human/rat CRF,
an agonist for CRF receptor, modifies the delayed GI transit in our

POI model.12 In addition, exogenous pCRF induced alterations of
gastric transit was reversed by CRF receptor blockade by astressin (a
non-selective CRF receptor antagonist).35 The data from our study
strengthen the notion that CRF acts through pCRF pathways, and
corroborated earlier findings that pCRF is a key player in stress
induced gastric emptying and colonic transit.35,51-54 Lenz et al27 has
shown that the peripherally injected CRF did not activate CRF
receptors in the brain. This supports the fact that peripheral release
of CRF ligand from afferent nerve terminals and other cells of GI
tract is under the influence of autonomic pathways.55 Several studies
reported close proximity of the afferent nerve terminals to the mast
cells in the mesentery and mucosa of GI tract (Fig. 2).56-62 Peripheral CRF functions as a local effector, and it interacts with the CRF
receptors present on mast cells.31,47,54,63-65 Peripheral CRF-receptor
interactions activate mast cells to degranulate and release chemical
mediators such as serine proteases (tryptase) and TNF-α to impair
epithelial barrier integrity via modifying TJPs.33,63 However, epithelial barrier disruption via TNF-α and proteases involves different
mechanisms.63,66 TNF-α enhances epithelial permeability through
increased myosin light-chain kinase (MLCK) expression, activation
of nuclear factor kappa B (NF-κB) pathway, and reorientation and
downregulation of TJPs of the gut.67 The modified TJPs increase
gut permeability, luminal translocation, and immune activation that
complements inflammatory cascades.

Mast Cell Protease-mediated Protease
Activated Receptor-2 Activation and
Barrier Disruption
Neuropeptides such as substance P and CGRP initiate proteases mediated epithelial barrier disruption via protease-activated
receptor-2 (PAR-2) signaling mechanisms.68-70 PARs are 7 transmembrane-spanning, G-protein-coupled receptors, activated by the
cleavage of their N-terminal domain by proteases such as tryptase
or trypsin.71 PAR-2 can be activated by both endogenous and luminal proteases and it is localized on both basolateral and apical sites
of enterocytes and is involved in multiple functions including the
maintenance of gut permeability (Fig. 2).68,72,73 Activation of either
luminal or internal basolateral PAR-2 affects gut paracellular permeability by modulating the degree of cytoskeleton contraction.70-75
We explored the role of PAR-2 in POI stress model, and there
was an increase in PAR-2 expression in the POI groups compare
to sham in the colon.10 The increase in PAR-2 expression correlated with enhanced initiation and activation of mast cells in the
colon.10 Though there was marked increase in PAR-2 expression
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in the colon, it failed to prove statistical significance, indicating that
other mediators such as histamines, cytokines, and TNF-α operate
along with PAR-2 during the genesis of POI.67 PAR-2 facilitates
cytoskeleton contraction to trigger phosphorylation of myosin
light chain catalyzed by the MLCK.68 Epithelial cell cytoskeletal
contraction re-orient TJPs such as occludin, claudins, junctional
adhesion molecule-1, and zonula occludens-1, and opening of the
epithelial barrier junction. We also identified the changes in gut
paracellular permeability through the expression of claudins, and
there was decreased expression of claudin-1 but increased expression of claudin-2 in the POI groups compared to sham.10 Claudins
are classified as either barrier forming or pore forming. Among
approximately 24 claudin genes, claudin-1 is known as a barrierforming protein that decreases paracellular permeability.76 On the
other hand, claudin-2 is a pore-forming protein that increases paracellular permeability through the formation of channels.77 These
events affect the selectivity of this pathway and hence permeation
of luminal noxious molecules (bacteria, LPS) and solutes in GI
tract that induce a perturbation of the mucosal immune system and
inflammation.68-70,78 LPS is a ligand of TLR4 on macrophages, and
its interaction activates TLR4-cytokine signaling and contributes in
the inflammatory cascade.31,43,78-80
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Dysbiosis, Inflammatory Response, and
Barrier Disruption
During metabolism, the host and its gut microbiota coproduce
a spectrum of metabolites, such as SCFAs that are essential for
health.81 SCFAs mainly consist of acetate, propionate, and butyrate, and it functions through either G protein coupled receptors
(GPCRs) or histone deacetylases.82,83 SCFAs are a vital fuel for
intestinal epithelial cells and are known to strengthen the gut barrier
function.84-87 Butyrate has been demonstrated to play a key role in
the maintenance of the intestinal barrier function84-88 and immunomodulation.89-91 It also triggers differentiation of colonic regulatory
T cells to assist in suppressing inflammatory reactions.43,89-91 Surgical interventions which represents one of the physiologic stress are
reported to induce a numerical and compositional shift in the gut
microbiota.19,31,92-94 The relative shift in its composition also affects
the bacterial metabolites.92-94 The POI model of our study clearly
reported a distinct change in the microbial community.94 The population size of the lactic acid-producing bacteria, including the genera
Bifidobacterium and Lactobacillus decreased, and the population
sizes of Bacteroides and Blautia increased in the POI groups.94 Our
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study also demonstrated a significant change in the microbial community that reduces the fecal butyrate level.94 Apart from the POI
stress model, repeated water avoidance stress also decreased occludin expression with reduced butyrate-producing microbiota.39,40
Parada Venegas et al95 clearly showed significant decrease in butyrate-producing bacteria, especially Faecalibacterium prausnitzii , that
diminish the SCFAs in feces. Notably, these findings are consistent
with previous studies showing that dysbiosis-related decrease in the
synthesis of SCFAs was associated with epithelial barrier dysfunction, increased mucosal permeability, and activation of inflammatory response.83-88,95 The exact mechanism associated with immune
activation and increase permeability has not been investigated in
detail, but probiotics-treated dysbiotic subjects showed restoration
of SCFAs and increase the expression of GPCRs such as GPR41,
GPR43, and GPR109A on macrophages. SCFAs and receptors
interactions facilitate repair of epithelial barrier function and thereby
activating anti-inflammatory signaling cascades.81,94,96 Interestingly, Muller et al97 demonstrated that luminal microbiota regulate
crosstalk between muscularis macrophages (MMs) and enteric
neurons to normal regulation of intestinal motility. Related studies
also reported severe dysmotility in germ-free rodents,98 Tlr4–/– and
Myd88–/– mice,99 and our POI model.94

Prospective Factors That Could Trigger
Activation of Macrophages
Multiple pathways or potential mechanisms activate macrophages to initiate inflammatory phase in POI. First, molecules
released in response to cell damage or damage-associated molecular
patterns (DAMPs) such as ATP, uric acid, heat-shock proteins, or
S100 proteins diffuse in the blood.11,100,101 These products through
circulation leak out to the site of injury and stimulate muscular
monocytes and macrophages.100-102 Second, cortisol produced
through HPA stress axis alter gut microbial diversity (dysbiosis),
and impairs gut barrier via modifying TJPs.28,31,95 Dysbiosis disturbs the crosstalk between MMs and enteric neurons to activate
the network of resident macrophages.97,103-107 Third, the activation
and degranulation of mast cells in the peritoneal cavity changes its
micro-environment. The change in peritoneal environment may
directly activate the resident macrophage to release proinflammatory molecules.1,11,108 Fourth, stress induced pCRF release, and its
interaction with CRF receptors that could stimulate TLR4 on the
macrophages.38,109,110 These are some of the major events that would
trigger activation of macrophages in surgical intestinal manipulation
(IM) (Fig. 3).
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in the initiation of inflammatory phase in
post-operative ileus (POI). These events
or pathways converge to abet vicious
cycle of inflammation. DAMPs, damage associated molecular patterns; pCRF,
peripheral corticotropin-releasing factor; TJPs, tight junction proteins; LPS,
lipopolysaccharide; HSPs, heat shocks
proteins; TLR4, Toll-like receptors 4;
RAGE, receptor for advanced glycation
end products; NF-κB, nuclear factorkappa B; p38 MAPK, p38 mitogenactivated protein kinase; STAT, signal
transducer and activator of transcription; JNK, c-Jun N-terminal kinase;
SAP, stress-activated protein; ICAM-1,
intercellular adhesion molecules-1; NO,
nitric oxide; PGs, prostaglandins; GI,
gastrointestinal.
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et al116 demonstrated depletion of self-maintaining macrophages
resulted in morphological abnormalities in the submucosal vasculature and loss of enteric neurons, leading to vascular leakage,
impaired secretion, and reduced intestinal motility. In the course of
surgical stress, the strategic role of self-maintaining MMs had been
highlighted and data indicate the central role of MMs in initiating
inflammatory cascade.116 The POI model of our study also demonstrated significant increase in the expression of calprotectin in the
muscularis externa and serosa in the colon, while expression in the
mucosal layer was insignificant (unpublished data). The inflammatory cascade of events in the muscularis externa is initiated by MMs
via TLR or receptors for advanced glycation end-products within
an hour of IM.1,11,111 It activates intracellular signaling pathways
such as p38 mitogen-activated protein kinase, c-Jun N-terminal
kinases/stress-activated protein, NF-κB, signal transducer and
activator of transcription, and extracellular signal-regulated kinase
1/2.1,11,118 These pathways are regulated by series of kinases that

Muscularis Macrophage Activation and
Initiation of Intracellular Signaling
Pathways
Macrophages play a key role in the pathogenesis of POI. Local
inflammation is initiated by macrophages residing in the muscularis
layer, which triggers onset of POI (Fig. 4).10,11,111-117 These MMs
lie in close proximity to neurons within the myenteric plexus, circular and longitudinal smooth muscle layers, and interstitial cells of
Cajal.111 MMs exist in different subsets based on their morphological (stellate and bipolar) structure, however their precise role is still
ambiguous.111-115 Stellate resident macrophages are long-lived selfmaintaining and arise from both embryonic precursors and adult
bone marrow-derived monocytes, and persists throughout adulthood.111 On the other hand, macrophages lying within the muscle
layer exhibit a bipolar morphology.111,113 Recently, De Schepper
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IM in POI groups.10,114,128 Calprotectin is generally expressed in
neutrophils and macrophages, especially activated macrophages and
monocytes in the acute inflammatory state.128-131 In addition, Snoek
et al69 detected the appearance of luminal products in the muscularis externa 6 hours after IM. It validates the observation that
translocated bacterial antigens may not trigger muscularis immune
responses, but may exacerbate immune responses.69,122 The local activated macrophages-mediated molecular inflammatory response is
followed by ICAM-1, chemokines-initiated cellular inflammatory
phase, leading to the additional recruitment of circulating leucocytes
(monocytes and neutrophils) into the muscularis externa.123 Finally,
IM induces the synthesis of enzymes such as inducible nitric oxide synthase and cyclooxygenase-2 in the resident macrophages,
which mediate the production of nitric oxide, prostaglandins, and
arachidonic acid in the intestinal muscular layer.132-135 The influx of
leukocytes along with the accumulation of prostaglandins and nitric
oxide inhibits smooth muscle contractility.122,133-138 Hence, the role
of MMs in triggering inflammatory pathway is further established.

finally lead to phosphorylation of transcription factors (TFs). The
phosphorylated TFs translocate to the nucleus to start the transcription of proinflammatory genes to express cytokines, chemokines,
and other inflammatory molecules.1,11,117,119,120 Cytokines TNF-α,
IL-6, IL-1β, and chemokines (monocyte chemoattractant protein-1
and macrophage inflammatory protein-1α [MIP-1α] are secreted
by the resident macrophages.11,119-121 This inflammatory process favors the upregulation of intercellular adhesion molecules (ICAM1), on the vascular endothelium lining the muscularis.108,118-123 It
has been reported that the ICAM-1 mRNA is expressed in the
muscularis within 15 minutes of IM,123 may be triggered by mast
cells or DAMPs-mediated activation of MMs.11 ICAM-1 along
with macrophage-derived chemokines initiate the recruitment of
circulating leukocytes such as neutrophils and monocytes to the
site of injury in the muscularis externa.103,108,119,120-127 Kalff et al121
also showed the influx of leucocytes into the muscularis started approximately 3 hours after manipulation, gradually increasing until
24 hours postoperatively, with monocytes, neutrophils, and mast
cells as predominantly infiltrating leucocytes. The POI model of
our study showed association between the degree of inflammation
and the recovery time of each segment of GI tract.10,128 We detected
significant increase in the degree of inflammation in each segment
of the GI tract, but the highest degree of inflammation was obtained
in the colon.10,128 These findings were further substantiated by the
predominant expression of calprotectin in the colon 6 hours after

Generalized Inflammation and Inhibition of
Contractility in Unmanipulated Segments of
Gastrointestinal Tract
However, it remains unclear how local inflammation can lead to
a generalized intestinal paralysis. There are few hypotheses that de-
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fine this paralysis in unmanipulated area; MMs release IL-12 and
activate memory T helper 1 cells to produce IFN-γ, which in turn
migrate to intact areas of the gut and spread inflammation.132,139,140
Second, lamina propria macrophages transfer the luminal antigens
to dendritic cells, which may not lead to mucosal inflammation.111
The activated dendritic cells drain into the lymphatics to initiate
inflammatory cascade in the unmanipulated area, leading to the
pathogenesis of POI in unmanipulated areas.1,10-12,69,132,137-140

Treatment Options and Management of
Post-operative Ileus
The review explores and sheds light on neuro-inflammation
and related events such as barrier disruption, dysbiosis, and cascading inflammatory reactions. Therefore, these events will be obvious
drug targets to manage and treat POI (Fig. 5).

Attenuation of Hypothalamic–Pituitary–Adrenal Axis
to Inhibit Corticotropin-releasing Factor Cascading
Affects
Attenuation of HPA stress axis may be an important drug
target. It would probably inhibit the release of CRF or stimulation
of supra-spinal pathway during surgical stress.12,28,31 Our study exhibited normalizing effect of prokinetic agent DA-9701 (formulated
with Pharbitis semen and Corydalis tuber) on POI model, showing
decreased plasma ACTH level and central CRF expression.12 We
hypothesize that DA-9701 possibly act through central CRF pathway to improve POI.12 In another stress model, Jung et al30 showed
that DA-9701 improves delay in gastric emptying and inhibits
plasma ACTH level. Furthermore, Ait-Belgnaoui et al28 exploited
a probiotic strain Lactobacillus farciminis to attenuate HPA stress
axis. The central effects of L. farciminis enhance intestinal epithelial
barrier and decrease endotoxemia and corticosteronemia.28,33 Based
on their findings HPA regulatory or anti-cortisol myosin light
chain regulatory drugs are key to control enterocytes cytoskeleton
contraction-related barrier opening (Fig. 5).

Peripheral Corticotropin-releasing Factor–
Corticotropin-releasing Factor Receptors
Antagonists
The activation of CRF signaling pathways are known to play a
key role in the pathogenesis of POI.51,54 Animal studies also established the role of CRF1 in the early phase of postoperative gastric
ileus.12,54 Peripheral CRF increase epithelial permeability which
are mediated via TLR4 and cytokine signaling.63,79 These findings
524

specify a potential new therapeutic venue to alleviate the early phase
of postoperative ileus with CRF1 antagonist such as CP-154 526
(Fig. 5).12,54

Mast Cell Stabilization and Regulation of Protease
Activated Receptor-2
CRF or neuropeptides-activated mast cells release chemical
mediators (tryptase) that activate PAR-2 to initiate inflammatory
response and disruption of barrier integrity into the pathogenies
of POI.8,10,11,57,67-69 Therefore, mast cell stabilization should be the
earliest strategy to be taken into consideration to restore epithelial
barrier integrity, decreased permeability, and ameliorate POI recovery.69 In our study, the expression of mast cell tryptase increased
significantly in the proximal colon, that was effectively decreased by
ketotifen (Fig. 5).128 Ketotifen is a mast cell-stabilizing agent that
blocks the release of mast cell granules.141 Additionally, PAR-2 receptors should be downregulated to modulate pathways involved in
gut permeability to prevent POI. Therefore, PAR-2 is a new target
in the therapeutic approach of digestive diseases. One such drug is
I-287A, a selective and potent PAR-2 inhibitor for the treatment of
inflammation.142

Restoration of Microbial Diversity
Increasing evidence has indicated that surgical stress causes
numerical and compositional shift in the gut microbiota.92-94,142 In
addition, loss of microbial diversity is involved in surgical complications.143 Therefore, it is imperative to compensate the lost microbial
population that could repair intestinal barrier damage and promote
anti-inflammatory functions. Our study demonstrated that pretreatment of probiotics before surgery restores the beneficial bacterial
species, butyrate production, and bowel movement.94 The modulation of gut microbiota may help the treatment and prevention of
POI (Fig. 5). Separately, water avoidance stress-induced changes
in TJPs were restored by the administration of butyrate-producing
microbiota.39,40 Parada Venegas et al95 reported how empirical modulation of the microbiota using prebiotics or probiotics can increase
SCFAs-producing bacteria, hence enriching microbial diversity and
improving clinical and histological parameters.

Maintenance of Tight Junction Proteins
Gut paracellular permeability is largely determined by alterations of TJPs.68,78 So, protecting the TJPs will maintain epithelial
permeability and hence enhance POI recovery. In the POI model
of our study, there was significant change in the expression of
claudin-1 and claudin-2 in both the ileum and proximal colon.10,128
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Interestingly, glutamine significantly reversed the level of claudin-1
and claudin-2 expression in both the ileum and proximal colon.
Glutamine maintains intestinal tissue integrity, and one of the several mechanisms associated with this function is the induction of
the expression of TJPs such as claudin-1, occludin, and zonula occludens.76,144 In addition, glutamine also exhibits anti-inflammatory
effects by modulating the inflammatory signaling pathways such as
NF-κB, signal transducer, and activator of transcription pathways
(Fig. 5).144

Prevention of Macrophage Activation to Inhibit
Inflammation
Multiple pathways or potential mechanisms activate macrophages and other immune cells to initiate inflammatory phase in
POI. Practically, multipronged approach should be applied to deplete and inactivate resident macrophages to limit the inflammatory
affect.

Prokinetic Mediated Activation of Cholinergic
Anti-inflammatory Pathway
One such approach is the activation of cholinergic antiinflammatory pathway.145 In our study, lower dose (0.3 mg/kg) of
mosapride significantly decreased the leukocytes infiltration as well
as calprotectin expression from activated macrophages and neutrophils.128 Previous studies indicated anti-inflammatory effect of mosapride that stimulates 5-hydroxytryptamine 4 receptor in myenteric
plexus nerve to release acetylcholine (ACh) at the distal end of vagal
efferents.146,147 ACh in turn inhibits the release of TNF-α, IL-6,
MIP-2, and MIP-1α by macrophages through their α7 nicotinic
ACh receptors to ameliorate inflammation.11,115,145-148

Intracellular Signaling Pathway Inhibitors
Targeting intracellular signaling pathways of the MMs could
dampen transcription factors, induction of pro-inflammatory gene
expression, and the release of chemokines and cytokines. This may
be an interesting alternative approach to treat POI.149 Semapimod,
a p38 mitogen-activated protein kinase inhibitor indeed reduced
POI by dampening the expression of the proinflammatory genes
MIP-1α, IL6, MCP-1, and ICAM-1 and deaccelerate leukocytes
influx.149 In addition, inhibition of phosphorylation of TFs could be
the prime drug target to abolish POI effects.11

Downregulation of Intercellular Adhesion Molecules-1
Once the inflammatory cascade is initiated, adhesion molecules
such ICAM-1 is upregulated to attract leucocytes from the circula-

tion to impairs smooth muscle contractility. So, a mechanism that
prevents ICAM-1 expression, ie, antisense mediated inhibition
of ICAM-1, would be an ideal strategy to dampen the effects of
POI.150

Inhibition of Inflammatory Enzymes
The metabolites of inflammatory enzymes have a huge impact
on smooth muscle contractility. Therefore, selective inhibitions of
enzymes such as inducible nitric oxide synthase or cyclooxygenase-2
could prevent POI.136

Conclusions
Taken together, this review highlights the vast influence of neuroinflammation, altered intestinal permeability, and dysbiosis on the
inflammatory cascades during surgical stress. The vicious inflammatory cycle helps in the recruitment of leukocytes and increased
production of metabolites into the muscularis to impair the smooth
muscle contractility and accelerate the pathogenesis of POI. These
mechanistic observations may lay the foundation for the discovery
of novel and potential therapeutic agents to alleviate the effects of
POI. This review concludes that CRF, mast cells, macrophages
and gut microbiota should be targeted concurrently for efficient
POI management. However, further studies are needed to verify
the pathological role of heterogeneous macrophages in the GI tract
as well as its interaction with gut microbiota and enteric neurons. In
addition, POI-specific changes in the gut bacterial species need to
be recognized among microbial population.
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Manometry, particularly high-resolution manometry is the preferred diagnostic tool used to evaluate esophageal motor function. This
investigation is strongly indicated in the setting of dysphagia, but is also useful in gastroesophageal reflux disease (GERD), especially
in case of failure of conventional treatment to exclude alternative diagnoses and prior to anti-reflux surgery. Moreover, ineffective
esophagogastric junction barrier function and esophageal motor dysfunction are pathophysiological mechanisms in GERD and
can be identified by manometry. The recent international guidelines have positioned high-resolution manometry as an important
part of functional diagnostic work up in GERD in order to identify the GERD phenotype to guide specific treatment. The proposed
manometric identification and measurement is based on the Chicago classification version 4.0 adding with new established metrics
for GERD evaluation.
(J Neurogastroenterol Motil 2022;28:531-539)
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Introduction
Esophageal manometry is an established standard diagnostic
tool for clinical evaluation of esophageal motor dysfunction.1 In the
1990s, high-resolution esophageal manometry (HREM) has been
developed to improve diagnostic accuracy, and has now largely replaced conventional manometry.2 HREM systems combine closely
spaced pressure sensor recordings (1-cm intervals) and topographic
pressure plotting to display esophageal contractions as continuous
spatio-temporal maps rather than the previously displayed 2-D
line tracing format.3 HREM provides standardized, quantifiable

metrics of 10 wet swallows in upright and supine positions, including integrated relaxation pressure (IRP), distal contractile integral
(DCI), distal latency (DL), peristaltic breaks, and pressurization
patterns. As a result, the manometric diagnosis of disorders of
esophagogastric junction (EGJ) outflow and disorders of peristalsis
were determined according to the latest international diagnostic criteria, Chicago classification version 4.0 (Table 1).4-6
Nowadays, HREM is strongly indicated in the diagnostic
evaluation of patients with non-obstructive dysphagia, non-cardiac
chest pain, regurgitation7,8 as well as for assessing peristaltic function
in patients who undergo surgical esophageal myotomy.9 However,
the role of HREM in the context of gastroesophageal reflux disease
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Table 1. Chicago Classification of Esophageal Motility Disorders Version 4.0

Disorders of EGJ outflow
• Type 1 achalasia
• Type 2 achalasia
• Type 3 achalasia
• EGJ outflow obstruction

Criteria
- Elevated median IRP (supine and/or upright) and 100% failed peristalsis
- Elevated median IRP (supine and/or upright), 100% failed peristalsis, and ≥ 20% swallows with panesophageal pressurization
- Elevated median IRP (supine and/or upright) and ≥ 20% swallows with premature/spastic contraction and
no evidence of peristalsis
- Elevated median IRP (supine and upright), ≥ 20% elevated intrabolus pressure (supine), and not meeting
criteria for achalasia
- Clinically relevant symptoms with at least one confirmatory non-HRM supportive test (FLIP or TBE)

Disorders of peristalsis
• Absent contractility
• Distal esophageal spasm
• Hypercontractile esophagus
• Ineffective esophageal motility

Criteria
- Normal median IRP (supine and upright) and 100% failed peristalsis
- Normal median IRP and ≥ 20% swallows with premature/spastic contraction
- Clinically relevant symptoms
- Normal median IRP and ≥ 20% hypercontractile swallows
- Clinically relevant symptoms
- Normal median IRP, with > 70% ineffective swallows or ≥50% failed peristalsis

EGJ, esophagogastric junction; IRP, integrated relaxation pressure; HRM, high-resolution manometry; FLIP, functional lumen imaging probe; TBE, timed barium esophagogram.

(GERD) is less established.
In the current narrative review, we aim to summarize the role of
HREM in the clinical setting of GERD (Table 2), particularly to
emphasize its position as an important part of functional diagnostic
work up in GERD in order to identify the GERD phenotype to
guide specific treatment. A PubMed literature search was performed that included published articles in English through Dec 31,
2021 with combinations of the terms “high-resolution manometry,”
“gastroesophageal reflux disease,” “esophageal motor dysfunction,”
and “anti-reflux surgery.” Reference lists of the retrieved articles
were also searched for additional articles.

Mechanisms of Gastroesophageal Reflux
Disease
GERD has a complex and multifactorial pathogenesis. Indeed,
defective saliva production, esophageal motor dysfunction, presence
of a hiatal hernia, the gastric acid pocket, gastric hypersecretory
states as well as delayed gastric emptying can all contribute to gastroesophageal reflux occurrence.10-12 A more detailed understanding
of GERD pathophysiology could better identify GERD phenotypes and potentially improve treatment outcomes. Among those
factors, esophageal motor dysfunction represents a key pathophysiological mechanism and can be identified by HREM. Broadly,
esophageal motor dysfunction can be classified into 2 broad categories.13
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Table 2. Utility of High-resolution Esophageal Manometry in Gas-

troesophageal Reflux Disease
Summarized HREM applications in GERD
• Determine mechanisms of GERD
• GERD diagnosis in conjunction with reflux monitoring
• Pursue the etiology of PPI-refractory GERD symptoms
• Localize the upper border of LES prior to catheter based
reflux monitoring
• Before anti-reflux surgery
• Symptomatic patients after anti-reflux surgery
HREM, high-resolution esophageal manometry; GERD, gastroesophageal
reflux disease; PPI, proton pump inhibitor; LES, lower esophageal sphincter.

Impaired Anti-reflux Barrier at the Esophagogastric
Junction
Impaired anti-reflux barrier at the EGJ including hypotensive
basal lower esophageal sphincter (LES) pressure, low EGJ contractile integral, frequent transient LER relaxations, and the presence
of a hiatal hernia. These factors promote repetitive reflux episodes,
abnormal pH monitoring, reflux-symptoms association, as well as
increasing the likelihood of erosive esophagitis (Table 3).14-20

Esophageal Body Dysmotility
Ineffective peristalsis (including ineffective esophageal motility
[IEM] and absent contractility), along with impaired contractile
reserve after provocative maneuvers (eg, multiple rapid swallows
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and [semi]solid boluses). The impairment of either primary or
secondary esophageal peristalsis contributes to delayed bolus transit
and impairs the clearance of the refluxate.21-23 These abnormalities
will result in increased esophageal acid exposure time, prolonged
esophageal bolus contact time, increased risk of erosive esophagitis
and are risk factors for refractory GERD (Table 3).13,24

Gastroesophageal Reflux Disease Diagnosis
in Conjunction With Reflux Monitoring
The Role of High-resolution Esophageal Manometry
in the Diagnosis of Gastroesophageal Reflux Disease
GERD is a condition in which reflux of gastric contents into
the esophagus causes troublesome symptoms and/or mucosal damage.24 In general, GERD can be diagnosed on the basis of typical
reflux symptoms (heartburn or regurgitation) and a therapeutic trial
of proton pump inhibitors (PPIs), which is usually prescribed as
the initial management without additional testing. In case of refractory symptoms or in the presence of alarm features (eg, dysphagia,
anemia, and weight loss), prompt esophagogastroduodenoscopy
(EGD) is warranted and can detect erosive esophagitis, GERD
complications (eg, peptic stricture, Barrett’s epithelium, and esophageal carcinoma) as well as identify conditions mimicking GERD
such as eosinophilic esophagitis and achalasia. However, EGD
has a low diagnostic yield, because erosive reflux disease is present
in only 30% of untreated patients with GERD and is very rare in
patients on PPI.30,31 Therefore, if EGD shows normal esophageal
mucosa or non-specific esophagitis, ambulatory pH monitoring
and esophageal manometry should be performed to confirm the
diagnosis of GERD (Fig. 1).12,32 At the present time, the interpretation of pH-impedance monitoring is based on the international
Lyon consensus of GERD experts in 2018.33 The key metric of
pH-monitoring is the esophageal acid exposure time (AET). A
total AET level of less than 4% indicates physiological reflux, while
a level greater than 6% is considered as pathological acid exposure,

Table 3. Esophageal Motor Dysfunction in Gastroesophageal Reflux
Disease and its Association With Reflux

Esophageal motor dysfunction
Impaired anti-reflux barrier at EGJ
- Frequent TLESR
- Hypotensive LES
- Low EGJ-CI
- Hiatal hernia

Reflux relationship
↑ Postprandial reflux14
↑ Reflux esophagitis15
↑ Acid reflux
↑ Reflux esophagitis17-20
↑ Acid exposure time
↑ Positive reflux-symptom
association17,18

Esophageal body dysmotility
- Ineffective primary peristalsis

↑ Acid, weakly-acidic reflux
↑ Reflux esophagitis21,25,26
-D
 ecreased effective secondary
↑ Refractory GERD
peristalsis
↑ Reflux esophagitis27,28
- Abnormal multiple rapid swallowing ↑ Acid exposure time29
EGJ, esophagogastric junction; TLESR, transient lower esophageal relaxation; LES, lower esophageal sphincter; EGJ-CI, esophagogastric junctioncontractile integral; GERD, gastroesophageal reflux disease.

Patients with typical GERD symptoms

No alarm features
a

Positive alarm features
PPI therapy

Symptoms resolution

Persisting symptoms

EGD with biopsies

Proven GERD

Unproven GERD,
negative for EoE

Adjust GERD therapy
and correct its
complications

- Ambulatory pH
or pH-impedance
monitoring (off PPI)
- Consider HREM

b

Maintenance/on
demand treatment
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Figure 1. Current management algo
rithm for patients with typical gastroeso
phageal reflux disease (GERD) symptoms. GERD, gastroesophageal reflux
disease; PPI, proton pump inhibitor;
EGD, esophagogastroduodenoscopy;
EoE, eosinophilic esophagitis; HREM,
high-resolution esophageal manometry.
a
Alarm features: dysphagia, anemia,
weight loss, persistent vomiting, and GI
bleeding. bProven GERD: severe reflux
esophagitis (Los Angeles classification
C or D) or peptic stricture or histology
proven Barrett’s mucosa > 1 cm.
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Type 1 The LES is completely superimposed
of the CD (no separation)

LES + CD

Figure 2. High-resolution manometry

Type 2 Minimal separation (< 3 cm) of the
LES and the CD

LES
2 cm

CD
Type 3 > 3 cm separation between the LES
and the CD
3a: the pressure inversion point
(PIP) is distal to the LES
3b: the pressure inversion point
(PIP) is at the level of the LES

LES
3.5 cm

CD

ie, GERD. AET values between 4-6% are considered borderline
and require adjunctive evidence to establish GERD. This supportive evidence can be retrieved either from esophageal manometry,
impedance-based parameters (eg, number of reflux episodes) or
mucosal histopathology. With regard to HREM, the Lyon consensus has put forward hypotensive LES, hiatal hernia, IEM, fragmented peristalsis (based on the Chicago 3.0 criteria34 at the time of
the consensus) as well as absent contractility as the main supportive
findings for GERD.

High-resolution Gastroesophageal Manometry
in the Functional Diagnostic Workup of
Gastroesophageal Reflux Disease
The Chicago classification of esophageal motility disorders
targets abnormal bolus transit but was not conceptualized to assess motor function in the context of GERD.6 The International
GERD Consensus Working Group specifically proposed a new
classification for esophageal motor findings in GERD.12,35 These
international recommendations highlight the clinical relevance of
HREM findings for the diagnosis and treatment of GERD subdivided according to pathophysiological mechanisms.33
Evaluation and reporting of esophageal motor function in
GERD can be achieved through 3 hierarchical steps. The first 2
steps can reveal abnormalities of EGJ and esophageal body. The
third step only applies when esophageal body dysfunction was illustrated and may have beneficial implications on management
outcome. Most metrics utilized in evaluating esophageal motor
function in GERD are obtained from esophageal HRM using a
standard protocol of ten 5 mL water swallows in the supine position.6
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demonstrating 3 esophagogastric junction (EGJ) subtypes which represent
physiological situation (EGJ type 1),
small hiatal hernia (EGJ type 2), and
larger hiatal hernia (EGJ type 3a and
3b). In hiatal hernia (EGJ type 2 and 3),
there are 2 clearly separated high pressure zone at the level of cardia with the
proximal representing the lower esophageal sphincter (LES) and the distal representing the crural diaphragm (CD).

Step 1. Morphology and integrity of esophagogastric
junction
The Lyon consensus proposes 2 metrics in evaluating EGJ
competence, one illustrating EGJ morphology and the second
quantifying its contractile vigor.33 EGJ morphology, defined by the
relationship between the intrinsic LES and the crural diaphragm
(CD), has been characterized into 3 subtypes based on HRM35,36
(Fig. 2). Type 1 appearance reveals the physiological setting with
superimposed LES and CD, type 2 with separated pressure signals
by < 3 cm, and type 3 with ≥ 3 cm separation. Type 3 EGJ morphology is associated with reduced LES pressure and lower inspiratory augmentation, which correlates with reflux severity.17,18,36,37
Type 2 and type 3 EGJ morphology represent hiatal hernia which
should be reported, particularly in GERD patients.35,36
Another HRM metric to evaluate competence of EGJ is the
EGJ contractile integral (EGJ-CI) (Fig. 3). The EGJ-CI can be
calculated using the DCI tool which is available in current HRM
software with the DCI box encompassing the LES and CD over
a period of 3 respiratory cycles above a threshold of gastric pressure.20 The measured DCI is then divided by the duration of the 3
respiratory cycles and finally expressed in units of mmHg·cm. This
promising metric identifies a subset of patients with severe barrier
dysfunction prone to either endoscopic esophagitis or abnormal reflux testing. However, more standardized methodology and further
research are needed before widespread application as the variation
of normal ranges were observed in previous studies.17,19,20,37,38
Step 2. Esophageal body motor function
Esophageal dysmotility leads to impaired esophageal clear-
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ance which results in a prolonged contact of gastric refluxate to the
esophageal mucosa, contributing to GERD pathogenesis (Table 3).
Esophageal peristalsis can be characterized by the DCI which summarizes the vigor of the post-transition zone contraction. A DCI
threshold of 450 mmHg·sec·cm correlates with an average distal

peristaltic amplitude of 30 mmHg defining an ineffective peristalsis.6 Esophageal hypomotility can present with variable severity,
ranging from absent contractility over IEM to fragmented peristalsis (Fig. 4). It has been shown that peristaltic dysmotility becomes
progressively more common going from nonerosive reflux disease
to erosive esophagitis, to Barrett’s esophagus.39,40 In addition, the
burden of reflux symptoms and abnormal AET are correlated with
the severity of peristaltic disturbances, with the greatest burden in
absent contractility.41,42

3 Respiratory cycles time = 12 seconds
Average 10 wet swallows DCI
= 2127.9 mmHg sec cm

Post-MRS DCI
= 3458.5 mmHg sec cm

EGJ-CI: 456/12 = 38 mmHg cm
Post-MRS: wet swallows DCI ratio
(3458.5/2127.9) = 1.6

DCI tool for EGJ = 456 mmHg sec cm

A

B

Figure 5. Metrics from esophageal high-resolution manometry used

Figure 3. Assessment of esophagogastric junction (EGJ) contractility
by EGJ contractile integral (EGJ-CI). For measurement EGJ-CI,
upper and lower margins of the EGJ are enclosed in a DCI tool box
for 3 consecutive respiratory cycles. The resulting DCI value is then
divided by the duration of the 3 respiratory cycles (in seconds).

in the evaluation of contraction reserve. (A) The vigor of esophageal
body contraction is assessed using the distal contractile integral (DCI).
(B) The vigor of esophageal body contraction following inhibition of
peristalsis during the repetitive swallows by multiple rapid swallows
(MRS) provocative test. The DCI of contraction following MRS is
higher than the mean DCI from test swallows (post-MRS: wet swallow DCI ratio > 1) indicates contraction reserve.

Large break 7.4 cm

DCI = 169.4
mmHg sec cm

A

B

DCI = 638.2
mmHg sec cm

C

Figure 4. High-resolution manometry representing a typical swallow characteristic of esophageal hypomotility disorders. (A) Absent peristalsis
(100% of swallows with distal contractile integral [DCI] < 100 mmHg·sec·cm), (B) ineffective esophageal motility (over 70% of swallows with
DCI ≤ 450 mmHg·sec·cm), and (C) fragmented peristalsis (at least 50% of swallows with ≥ 5 cm breaks in the peristaltic contour when contraction vigor is preserved) which is not maintained as a diagnostic category in Chicago classification version 4.0.
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Step 3. Esophageal body contraction reserve
This metric is evaluated when esophageal body motor function
is abnormal, especially in case of IEM or absent contractility. For
multiple rapid swallow (MRS), five 2 mL swallows are taken < 4
seconds apart, and this is the accurate provocative tests of the integrity of inhibition during HRM in GERD patients.43 Post-MRS
contractions are an indicator of esophageal contraction reserve in
case of a greater post-MRS DCI compared to pre-MRS DCI
(post-MRS: wet swallow DCI ratio > 1)44 (Fig. 5). It is suggested
to perform 3 MRS sequences for a reliable assessment for contraction reserve.45 Furthermore, MRS has been adopted into HRM
protocols for determining contraction reserve in IEM or absent
contractility by the Lyon consensus.33 The absence of contraction
reserve in IEM is predictive of the poor efficacy of promotility
drugs.46,47 Moreover it has been identified as a risk factor for dysphagia and persistence or development of IEM post anti-reflux
surgery.48,49

Pursue the Etiology of Proton Pump Inhibitor-refractory Gastroesophageal Reflux
Disease symptoms
PPIs remain the cornerstone of treatment in patients with
troublesome reflux symptoms,50,51 but 30-50% of patients have an
incomplete response to a standard or double dose PPI course of
at least 8-12 weeks,52 which is defined as refractory GERD (rGERD).51,53-55 Previous studies showed that rGERD had a negative
impact on both patients’ physical and mental health-related quality
of life.56 A variety of conditions have been reported to cause rGERD including non-compliance to PPI, insufficient acid suppression (refractory acid reflux), and persistent weakly acidic reflux or
reflux hypersensitivity (normal reflux parameters but positive symptom association). However, in other cases the symptoms cannot
be attributed to reflux and are explained by functional heartburn,
esophagitis caused by infection or pills, eosinophilic esophagitis,
esophageal motor disorders, rumination syndrome and/or excessive (supra-) gastric belching.53-55,57 Among the non-reflux-related
causes, major esophageal motility disorders play a crucial role and
should be excluded by HREM, especially if anti-reflux surgery is
considered. In 2011, Chan et al58 conducted a large cohort study in
1081 patients who were undergoing elective surgery for GERD.
Surprisingly, the preoperative HREM revealed major esophageal
motility disorders in a number of cases such as absent contractility
(3.2%), distal esophageal spasm (3.2%), as well as achalasia and its
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variants (2.7%).58 In another study in 2017, Jeon et al59 reported the
clinical characteristics of 64 achalasia patients and found that 59.4%
and 76.6% of them had presented with heartburn and regurgitation
symptoms. In addition, results showed that 25.0% of these achalasia
patients were misdiagnosed as GERD before undergoing manometry.59 Besides its utility in diagnosing esophageal motility disorders,
HREM combined with impedance (high-resolution impedance
manometry or HRIM) can also diagnose conditions such as rumination syndrome and excessive (supra-) gastric belching which can
mimic GERD.60,61 For this reason, patients with rGERD should
undergo a work-up consisting of endoscopy, reflux monitoring,
as well as HREM/HRIM to make a correct diagnosis and tailor
therapy.32,54

Localize the Upper Border of Lower Esophageal Sphincter Prior to Catheter-based Reflux Monitoring
Ambulatory reflux monitoring can be performed using 2 types
of techniques, ie, (1) 48 to 96-hour wireless pH capsule (Bravo)
and (2) catheter-based 24-hour pH or pH/impedance monitoring.
Although wireless pH monitoring increases the diagnostic yield and
is better tolerated by patients, it also comes with several limitations
such as the need for endoscopy, significant cost, and lower availability.62 Moreover, the capsule-based method can only pick-up acid
events and not weakly or non-acidic reflux, belching or rumination
because of the absence of an impedance signal and the presence of
only 1 channel. Therefore, catheter-based pH or pH/impedance
continues to be the gold standard diagnostic tool for determining
pathological reflux. In order to prevent unintentional dislocation of
the pH probe into the stomach during swallow-induced esophageal
shortening, the pH probe must to be positioned 5 cm above the
upper margin of the LES.63 Therefore, manometric localization of
the LES is the gold standard method to position the pH probe for
accurate and reproducible measurement of acid reflux in the lower
esophagus.64,65

High-resolution Esophageal Manometry in
the Preoperative Evaluation for Anti-reflux
Surgery
Anti-reflux surgery (or surgical fundoplication) is aimed at creating an effective barrier to reflux of gastric contents at the level of
the EGJ. To date, several types of fundoplication are available such
as Nissen, Toupet, and Dor with variable circumference of the cre-
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ated wrap.66 Surgery is often considered in patients with insufficient
symptom relief with medical management, PPI intolerance, unwillingness to continue long-term PPI therapy, or GERD complications such as peptic stricture and Barrett’s esophagus.67,68 HREM
or HRIM forms an indispensable part of the pre-operative workup
before undergoing surgical fundoplication.69,70 Its role is threefold:
(1) distinguish various diseases with symptoms reminiscent to
GERD such as major esophageal motility disorders, rumination
syndrome, and excessive (supra-)gastric belching; (2) reveal the absolute and relative contraindications for fundoplication ie, achalasia,
distal esophageal spasm, and absent contractility; and (3) establish
the potential relative contraindications for a 360 degrees Nissen
fundoplication (eg, IEM) in case of insufficient peristaltic reserve
(post-MRS DCI/pre-MRES DCI ratio < 1) since these conditions may increase the risk of postoperative dysphagia.44

Role of High-resolution Esophageal Manometry in Symptomatic Patients After Antireflux Surgery
Most postoperative dysphagia is due to gastroesophageal outlet obstruction, which can be identified using HRM or a barium
esophagram.71 The provocative tests during the HREM such as
rapid drink challenge and solid test meal can help to demonstrate
outlet obstruction which can be missed during evaluation of single
wet swallows in patients with post-fundoplication dysphagia.72,73 In
addition, a study by Scheffer et al74 demonstrated the benefit of concurrent HREM and fluoroscopy in the post-fundoplication setting.
The results showed that the increase in EGJ transit time during
liquid and solid bolus significantly correlated with the probability of
postoperative dysphagia.74

Conclusion
HRM is now integrated as an important investigation for
GERD diagnosis and guided treatment. The 3 hierarchical steps
including evaluation of morphology and integrity of EGJ, esophageal body motor function and contraction reserve, are suggested
for functional diagnostic work up in GERD. Furthermore, in rGERD, the combination of HREM with other GERD tests, particularly pH-impedance monitoring and endoscopy allow exclusion of
alternative diagnosis and to investigate the mechanisms of refractory
symptoms to further guide the treatment for these difficult to treat
patients.
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Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder that is characterized by abdominal pain and disordered bowel
habits. The etiology of IBS is multifactorial, including abnormal gut-brain interactions, visceral hypersensitivity, altered colon motility,
and psychological factors. Recent studies have shown that the intestinal microbiota and its metabolites short chain fatty acids (SCFAs)
may be involved in the pathogenesis of IBS. SCFAs play an important role in the pathophysiology of IBS. We discuss the underlying
mechanisms of action of SCFAs in intestinal inflammation and immunity, intestinal barrier integrity, motility, and the microbiota-gutbrain axis. Limited to previous studies, further studies are required to investigate the mechanisms of action of SCFAs in IBS and provide
more precise therapeutic strategies for IBS.
(J Neurogastroenterol Motil 2022;28:540-548)
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Introduction
Irritable bowel syndrome (IBS) is a functional gastrointestinal
disorder (FGID) characterized by abdominal pain and changes in
stool form or frequency. According to the Rome IV criteria, IBS
can be classified into 4 subtypes based on the predominant clinical symptoms: IBS with diarrhea (IBS-D), IBS with constipation
(IBS-C), IBS with a mixed stool pattern (IBS-M), and IBS unclassified.1 It was estimated that the prevalence of IBS among different
countries ranged from 10% to 20%.2 IBS affects the patients’ quality of life and places a heavy burden on both the healthcare systems
and society.
The pathophysiology of IBS remains poorly understood, complex, and multifactorial. Abnormal gut-brain interactions, visceral

hypersensitivity, altered colon motility, and psychological factors
are considered as the triggers of IBS.3 In addition, the gut microenvironment has been implicated in the pathophysiology of IBS.
Patients with IBS have a different gastrointestinal microbiome to
that of healthy controls.4-9 Jeffery et al6 analyzed fecal microbiota
and found that subjects with IBS had lower microbiota diversity
than healthy controls. They showed that the microbiota composition
and IBS subtypes were associations. They found an increase in Firmicutes and a depletion in Bacteroidetes in patients with IBS-C and
IBS-M. This resulted from an increase in Dorea, Ruminococcus ,
and Clostridium spp., and a decrease in the number of Bacteroidetes, Bifidobacterium , and Faecalibacterium spp.9 A meta-analysis8
indicated that bacterial colonization, including Lactobacillus, Bifidobacterium , and Faecalibacterium prausnitzii , was significantly
downregulated in patients with IBS-D. Moreover, Botschuijver et
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al5 found a loss of mycobiome diversity in patients with IBS compared to healthy volunteers. The results showed that the ratio of
the predominant species, Saccharomyces cerevisiae and Candida
albicans , increased, but the richness and evenness of the total species
decreased.
Recently, gut microbiota-derived metabolites, such as short
chain fatty acids (SCFAs), amino acid-derived metabolites, and
bile acids, have been proposed as the possible etiologies of IBS, and
may play an important role in the development of IBS.10,11 SCFAs
are the end products of non-absorbed carbohydrates fermented by
obligate anerobic bacteria in the intestine.12 The most abundant SCFAs in the colon were acetate (C2), propionate (C3), and butyrate
(C4), which occurred in a molar ratio of 3:1:1. SCFAs concentrations are high in the proximal colon and cecum (70-140 mM for
total SCFAs and 8-40 mM for individual SCFAs) and low in the
distal colon (10-70 mM for total SCFAs and 1-20 mM for individual SCFAs).13,14 Previous reports have indicated that SCFAs
show promising effects against various diseases, including obesity,
diabetes, cancer, inflammation, immunodeficiency, pain, and depression.10,15 Increasing evidence has shown altered levels of SCFAs
and abundance of SCFAs-producing bacteria in patients with IBS
compared to healthy controls, revealing that SCFAs may affect the
pathogenesis of IBS.16
Although intestinal bacteria and their metabolites, SCFAs, may
be involved in the pathogenesis of IBS, their potential mechanism
is still unclear. This review aim to summarize the alterations in intestinal bacteria and SCFAs in patients with different IBS subtypes
and explore their underlying mechanisms in the development of the
disease.

Altered Short Chain Fatty Acids and Short
Chain Fatty Acids-producing Bacteria in
Irritable Bowel Syndrome
It was reported that fecal samples from patients with IBS ex-

pressed significantly higher levels of acetate, propionate, and total
SCFAs than controls, which positively related to the severity of
symptoms.17 Altered fecal levels of SCFAs appeared to be associated with different IBS subtypes. Compared to controls, acetate,
propionate, and butyrate levels were reduced in patients with IBSC and increased in patients with IBS-D.18,19 SCFAs in feces can
become non-invasive and reliable biomarkers for the primary diagnosis of IBS, especially propionate and butyrate.20
Altered levels of SCFAs in feces is related to the distribution of
intestinal bacteria in patients with IBS. It was reported that patients
with IBS showed significantly higher counts of Veillonella and Lactobacillus than controls, which are producers of acetate and propionate.17 The number of butyrate-producing Roseburia-Eubacterium
rectale group was lower in patients with IBS-C than in controls.21
Ruminococcaceae, Clostridiales, and Erysipelotrichaceae, which are
butyrate-producing bacteria, decreased in patients with IBS-D and
IBS-M.22

Short Chain Fatty Acid Receptors
G protein coupled receptors (GPRs), GPR41(known as
FFA3), GPR43(known as FFA2) and GPR109A, are known SCFAs receptors (Table 1). GPR41 and GPR43 can be activated by
all the 3 SCFAs, whereas GPR109A is activated only by butyrate.23
All the receptors are coupled to Gi-type proteins, and GPR43 to
Gq proteins.24,25 Both GPR41 and GPR43 receptors are expressed
in enterocytes and enteroendocrine L-cells, which release glucagonlike peptide 1 (GLP-1) and peptide YY (PYY).26,27 GPR43 is expressed in 5-hydroxytryptamine (5-HT)-containing mucosal mast
cells, enterochromaffin cells,27,28 and immune cells such as neutrophils and eosinophils. GPR41 is specifically expressed in neuronal
cells of the submucosal and myenteric ganglia29 and autonomic ganglia such as the vagal, spinal dorsal root, and trigeminal ganglia.30
GPR109A is reported to be present in the intestinal epithelial and
immune cells such as neutrophils and macrophages.25,31

Table 1. Short Chain Fatty Acids Receptors Involved in Irritable Bowel Syndrome

Receptor

G protein

GPR41 (FFA3)

Gi/o

GPR43 (FFA2)

Gi/o, Gq

GPR109A

Gi

Ligand

Cell

Acetate, propionate,
and butyrate
Acetate, propionate,
and butyrate
Butyrate

Refs

Enteroendocrine cells (L cells) and neuronal cells

23-24, 26, 29, 30

Enteroendocrine cells, (enterochromaffin cells and L cells),
mast cells, and immune cells (neutrophils and eosinophils)
Intestinal epithelial cells and immune cells (neutrophils and
macrophages)

23-24, 27, 28, 29
23-25, 31

GPR, G protein coupled receptors; FFA, free fatty acid receptors.
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Immunity and Inflammation
SCFAs binding to GPR43 and GPR109A in colonic epithelial
cells induced an increase in intracellular Ca2+ and stimulated K+
efflux and hyperpolarisation, thus leading to nucleotide-binding
domain and leucine-rich repeat protein-3 (NLRP3) inflammasome
activation.32 The NLRP3 inflammasome triggers caspase-1-dependent processing of inflammatory mediators such as IL-18and IL1β, which play key roles in the maintenance of intestinal homeostasis and protection from colitis development.33,34 Through GPR41
and GPR43, SCFAs activate the extracellular signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase signalling pathways in colonic epithelial cells. This recruits leukocytes and activates
effector T cells in the gut, inducing the production of chemokines
(C-X-C motif chemokine ligand 1 [CXCL1], CXCL2, and
CXCL10) and cytokines (IL-6).35 Chemokines and cytokines promoted by SCFAs are critical for immune response, the early clearance of pathogen or late excessive inflammatory response.36 SCFAs
can promote the differentiation of effector T cells and regulatory T
cells, such as T helper type 1 (Th1) cells, T helper type 17 (Th17)
cells, and IL-10-producing T cells, which produce IFN-γ, IL-17,
and IL-10. This regulation could be independent of GPR41 and
GPR43 through the inhibition of histone deacetylase (HDAC)
and regulation of the mechanistic target of rapamycin (mTOR)S6K pathway in T cells.37 Alternatively, GPR43-dependent activation of the mTOR-STAT3 pathway promotes the expression of B
lymphocyte-induced maturation of protein 1 in T-cells.38
Butyrate can act on GPR109A in colonic macrophages and
dendritic cells, enabling them to induce the differentiation of
regulatory T cells and IL-10-producing T cells, and promote the
expression of IL-10 and IL-18, thereby suppressing intestinal
inflammation.39 Binding to GPR41, butyrate inhibits HDAC,
activates the mTOR-STAT3 pathway, and increases the expression
of aryl hydrocarbon receptor and hypoxia-inducible factor 1α, thus
upregulating IL-22 production by CD4+ T cells and innate lymphocytes.40 IL-22 is central to host mucosal antimicrobial defense.
The direct inhibition of IL-22 in intestinal innate lymphoid cells
increases the risk of pathogen-mediated diarrhoea.41,42 In addition,
butyrate downregulates lipopolysaccharide-induced pro-inflammatory cytokine production by neutrophils and macrophages, including IL-6, IL-12, and nitric oxide.43
542

These studies have shown that SCFAs can regulate immune
and inflammatory responses of the intestinal epithelium, protect the
intestinal mucosa, and maintain intestinal homeostasis.

SCFAs, mainly butyrate, increase the secretion of the goblet
cell-specific mucin 2 (MUC2) and promote reassembling of tight
junctions, improving the protective effect of the intestinal epithelium and enhancing the integrity of the intestinal barrier.44-46 However, this protective effect was dose-dependent, with small doses of
SCFAs increasing MUC2 secretion and vice versa at high doses.
Propionate and butyrate at concentrations of 1-15 mM have been
reported to increase MUC2 expression. The effect of butyrate on
MUC2 mRNA level is mediated through active activating protein-1 cis-element, acetylation of histone H3 and H4, and methylation of histone H3 at the promoter.44 One study showed that butyrate stimulated MUC2 production in individual cells by HDAC
inhibition,45 while another study indicated that a decrease in MUC2
was associated with the ability of butyrate to repress HDAC.47 This
was presumably related to the different butyrate concentrations
used in these studies. SCFAs stimulate the expression of MUC2 in
intestinal epithelial cells by regulating prostaglandin (PG) production in subepithelial myofibroblasts and increasing the PG1/PG2
ratio.48 These myofibroblasts are an important source of PGs and
are therefore crucial for mucoprotection. Sodium butyrate has been
reported to promote the reassembling of tight junctions by inhibiting the myosin light chain kinase/myosin II regulatory light chain
pathway and phosphorylation of PKCβ2 in Caco-2 cells.49 It acts
on the Akt signaling pathway to increase the expression of tight
junction proteins claudin-3, occludin, and zonula occludens-1 in
the colon in a GPR109A-dependent manner.50

Motility
SCFAs play an important role in the regulation of gut motility.
This modulation varies depending on the type and dose of SCFAs,
animal species, and experimental models. In IBS-D mice, the fecal
SCFA levels were higher and colonic contractions were stronger
than those in controls. SCFAs dose-dependently (0.5-30 mM) reduced the tonic tone, frequency, and amplitude of proximal colonic
contractions. Exogenous administration of butyrate (5 mM) increased the colonic transit rate.51 In a rat model of IBS, total SCFAs
potentiated proximal colonic contractions at low concentrations (550 mM) and inhibited contractions at high concentrations (50-150
mM).52 Studies have investigated the effects of SCFAs on proximal
and distal colonic contractions in guinea pig models. In the proxi-
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mal colon, butyrate increased the frequency of contractions, whereas
propionate and acetate decreased the frequency of contractions. In
the distal colon, butyrate increased and propionate decreased the
rate of colonic propulsion.53
SCFAs (100 mM) promotes the secretion of 5-HT from enterochromaffin cells, acted on 5-HT3 receptors on sensory fibres of
the vagus nerve, and stimulates the colonic submucosal plexus and
myenteric plexus. Increased Ca2+ signalling triggers action potential
generation in neurones, resulting in the release of acetylcholine and
muscle contraction, which contribute to proximal colonic contractions.54-56 However, another study came to the opposite conclusion that SCFAs (> 5 mM) inhibited the distal colon contraction
frequency through the above mechanism, which may be related to
the different concentrations of SCFAs and the different segments
of the colon.57 SCFAs promote the release of 5-HT from intestinal
mucosal cells and activated 5-HT4/5-HT1p receptors in intrinsic
calcitonin gene-related peptide-containing sensory neurones. It
causes proximal colon contraction and distal colon relaxation, which
enhances the peristaltic reflex induced by mechanical stimulation of
the colonic mucosa and accelerates colonic transit.13,58,59 SCFAs increase intestinal contractility by upregulating L-type calcium channels in intestinal smooth muscle cells and/or increasing the number
of interstitial cells of Cajal through 5-HT2B receptors.60-62 The longterm increase in butyrate can significantly increase the number of
nitrogenic and cholinergic neurones that promote submucosal and
myenteric neuromuscular signal transmission in the colon and enhance intestinal contraction and peristalsis.63-65
The short chain fatty acid receptors GPR41 and GPR43
are considered to be involved in intestinal motility.29 Activation of
GPR41 in nitrergic and cholinergic neurones in the submucosal
and myenteric plexus suppresses nicotinic acetylcholine receptormediated neural activity and reduces intestinal motility.66,67 Moreover, the activation of GPR43/GPR41 located in enteroendocrine
cells releases anorectic PYY and GLP-1, which functionally inhibit
gut transit.68-71 GPR43 selective agonist stimulated GLP-1 secretion in vivo and PYY secretion in the colonic mucosa.71 Colonic
infusion of SCFAs, such as propionate, stimulated PYY release via
GPR3.68,70 Contrary to many previous reports, one study showed
that SCFAs increased colonic GLP-1/PYY secretion, but this
seemed to be independent of GPR41 and GPR43.72
These studies suggest that the effects of SCFAs on colonic
motility are not absolute. Promotion or inhibition depends on the
homeostasis of SCFA concentrations in different colonic segments.

Microbiota-Gut-Brain Axis
The microbiota-gut-brain axis is crucial in maintaining homeostasis and may impact psychiatric disorders and IBS. Psychological
disorders appear to be risk factors for IBS.73 The gut microbiota
communicates with the brain through the neural (autonomic and
enteric nervous system), endocrine (hypothalamic-pituitary-adrenal
axis and enteroendocrine cells), and immune signaling channels.74-76
SCFAs have been implicated in microbiota-gut-brain axis interactions. However, the results of different studies vary. Studies have
shown negative correlations between the levels of SCFAs (eg,
acetate and propionate) and the degree of depression in a patient’s
stool.77,78 Exogenous SCFA supplementation reduces stressinduced psychological and behavioral deficits.79 Another study suggested that emotional problems were significantly related to higher
fecal butyrate levels.80
Activation of the hypothalamic-pituitary-adrenal-axis is critical for psychoneurological-related diseases, such as depression and
anxiety.81 SCFAs attenuate stress-induced behavioral and physiological alterations by downregulating stress signaling and reducing
the responsiveness of the hypothalamic-pituitary-adrenal axis.79 SCFAs modulate the activity of the sympathetic nervous system at the
sympathetic ganglion level via GPR41. Propionate was reported to
promote sympathetic activation and adrenaline secretion by activating GPR41.82 In PC12 cells, the administration of propionate and
butyrate increased the expression of tyrosine hydroxylase and the
ability of cells to produce catecholamines.83 In mouse models, gut
microbiota dysbiosis and its reduction in SCFAs adversely affect
epinephrine release, and oral SCFA supplementation improves the
stress-induced epinephrine response.84 Vagus nerve stimulation was
a form of neuromodulation which provided a treatment for chronic
pain and depression.85,86 SCFAs such as butyrate can directly activate vagal afferent nerve terminals in the gut.87 They stimulated
vagal afferents by activating GPR41 in vagal neurones.30,88,89
Taken together, SCFAs coordinate pain transmission, depression, anxiety, and stress through neuroendocrine mechanisms.

Future Perspectives
The concentration of SCFAs is susceptible to external conditions such as dietary patterns, antibiotics, and probiotics. A low fermentable oligosaccharide, disaccharide, monosaccharide, and polyol
diet was able to improve bloating, flatulence, diarrhea, and systemic
symptoms of IBS by reducing microbial fermentation products,
including SCFAs.90 Dietary fiber intake is beneficial for regulat-
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Table 2. Selective Short Chain Fatty Acid Receptor Agonists Involved in Irritable Bowel Syndrome

Agonist

Receptor

Function

Model

Refs

AR420626
4-CMTB
AZ1729
phenylacetamide-1
Compound 1
Compound 58
Compound 110
Compound 187

GPR41
GPR43
GPR43
GPR43
GPR43
GPR43
GPR43
GPR43

Stimulate anion secretion, suppress neural activity, and inhibit muscle contractions
Stimulate anion secretion
Activated and desensitize of neutrophils
Modulate the intestinal mucosa protection
Slow intestinal transit
Activate and desensitize of neutrophils
Attenuate intestinal inflammation
Attenuate intestinal inflammation

Rat
Rat
Human neutrophil
Mice
Mice
Human neutrophil
Mice
Mice

66, 99
99
101
102
71
101
100
100

GPR, G protein coupled receptors.

Gut-brain
interaction
dysfunction

Microbiota
Improved barrier
integrity

SCFA

Pain

Immune
cells

Increased inflammation
and immunity

Disordered
bowel habit

Neuron

ing gut bacteria and increasing the production of SCFAs.91 The
use of antibiotics could lead to sustained changes in the intestinal
microbiota composition and lower concentrations of SCFAs, which
is accompanied by a decrease in the immunoreactivity of GPR41
and GPR43 in the intestinal mucosa.92,93 Although probiotics increase the number of bifidobacteria in the gut, they have no effect
on SCFA levels.94,95 Fecal microbiota transplantation increased the
concentration of SCFAs in the stool of patients with IBS and improved their symptoms. Further studies have shown that increased
butyrate levels are inversely associated with IBS symptoms after fecal microbiota transplantation.96-98
In addition, a series of agonists of SCFA receptors can affect
gut function through different mechanisms (Table 2).66,71,99-102 Selective GPR41 agonists are expected to become promising targets
for the treatment of neurogenic diarrheal disorders because of their
anti-dynamic and anti-secretory functions.66 Selective GPR43
agonists inhibit gut transit via the PYY pathways.71 The selective
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Altered motility

Figure. The mechanism of short chain
fatty acids (SCFAs) in irritable bowel
syndrome (IBS). The metabolites of gut
microbiota SCFAs can modulate intestinal epithelial immunity and inflammation, maintain gut barrier integrity,
alter gut motility, and act as part of the
microbiota-gut-brain axis, which may
underlie the potential mechanisms of
SCFAs in the pathogenesis of IBS.

GPR43 agonist phenylacetamide-1 stimulates enterochromaffin
cells and releases 5-HT, which enhances intestinal mucosal defences. However, excessive phenylacetamide-1 leads to injury of the
intestinal mucosa by decreasing the blood flow.102

Conclusions
In the past decade, many studies have explored the relationship
between SCFAs and IBS. Increasing evidence has revealed an important role of altered SCFAs in the pathophysiology of IBS. This
review demonstrates the possible mechanism of SCFAs in IBS in
terms of inflammation and immunity, intestinal barrier integrity,
motility, and the microbiota-gut-brain axis (Figure). As discussed
in this review, SCFAs were considered to exert a vital impact to the
development of IBS, and modulating the concentration of SCFAs
or the activity of SCFA receptors may be a new strategy for treating
IBS. However, limited to different models and conditions of previ-
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ous studies, further studies are required to investigate the mechanism of SCFAs in IBS and to provide more precise therapeutic
strategies for IBS.

Financial support: This study was supported by Zhejiang
Provincial Program for the Cultivation of High-Level Innovative
Health Talents.
Conflicts of interest: None.
Author contributions: Zhe Shen: guarantor of the article; Shefeng Zhu and Linying Xin completed the literature search; Jiali Wu
and Wenxi Jiang wrote the paper; and Chaohui Yu and Zhe Shen
reviewed and edited the article. All authors approved the final version of the manuscript.

References
1. Ford AC, Sperber AD, Corsetti M, Camilleri M. Irritable bowel syndrome. Lancet 2020;396:1675-1688.
2. Sperber AD, Dumitrascu D, Fukudo S, et al. The global prevalence of
IBS in adults remains elusive due to the heterogeneity of studies: a Rome
Foundation working team literature review. Gut 2017;66:1075-1082.
3. Simrén M, Törnblom H, Palsson OS, Van Oudenhove L, Whitehead
WE, Tack J. Cumulative effects of psychologic distress, visceral hypersensitivity, and abnormal transit on patient-reported outcomes in irritable
bowel syndrome. Gastroenterology 2019;157:391-402, e2.
4. Kassinen A, Krogius-Kurikka, Mäkivuokko H, et al. The fecal microbiota of irritable bowel syndrome patients differs significantly from that
of healthy subjects. Gastroenterology 2007;133:24-33.
5. Botschuijver S, Roeselers G, Levin E, et al. Intestinal fungal dysbiosis
is associated with visceral hypersensitivity in patients with irritable bowel
syndrome and rats. Gastroenterology 2017:153:1026-1039.
6. Jeffery IB, O’Toole PW, Öhman L, et al, An irritable bowel syndrome
subtype defined by species-specific alterations in faecal microbiota. Gut
2012;61:997-1006.
7. Durbán A, Abellán JJ, Jiménez-Hernández N, et al. Structural alterations of faecal and mucosa-associated bacterial communities in irritable
bowel syndrome. Environ Microbiol Rep 2012;4:242-247.
8. Liu HN, Wu H, Chen YZ, Chen YJ, Shen XZ, Liu TT. Altered
molecular signature of intestinal microbiota in irritable bowel syndrome
patients compared with healthy controls: a systematic review and metaanalysis. Dig Liver Dis 2017;49:331-337.
9. Rajilić-Stojanović M, Biagi E, Heilig HG, et al. Global and deep molecular analysis of microbiota signatures in fecal samples from patients
with irritable bowel syndrome. Gastroenterology 2011;141:1792-1801.
10. Li S, Hua D, Wang Q, et al. The role of bacteria and its derived metabolites in chronic pain and depression: recent findings and research
progress. Int J Neuropsychopharmacol 2020;23:26-41.
11. Xiao L, Liu Q, Luo M, Xiong L. Gut microbiota-derived me-

tabolites in irritable bowel syndrome. Front Cell Infect Microbiol
2021;11:729346.
12. van der Hee B, Wells JM. Microbial regulation of host physiology by
short-chain fatty acids. Trends Microbiol 2021;29:700-712.
13. Grider JR, Piland BE. The peristaltic reflex induced by short-chain
fatty acids is mediated by sequential release of 5-HT and neuronal
CGRP but not BDNF. Am J Physiol Gastrointest Liver Physiol
2007;292:G429-G437.
14. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT.
Short chain fatty acids in human large intestine, portal, hepatic and venous blood. Gut 1987;28:1221-1227.
15. Xu T, Wu X, Liu J, et al. The regulatory roles of dietary fibers on host
health via gut microbiota-derived short chain fatty acids. Curr Opin
Pharmacol 2021;62:36-42.
16. Carco C, Young W, Gearry RB, Tally NJ, McNabb WC, Roy NC.
Increasing evidence that irritable bowel syndrome and functional gastrointestinal disorders have a microbial pathogenesis. Front Cell Infect
Microbiol 2020;10:468.
17. Tana C, Umesaki Y, Imaoka A, Handa T, Kanazawa M, Fukudo S.
Altered profiles of intestinal microbiota and organic acids may be the origin of symptoms in irritable bowel syndrome. Neurogastroenterol Motil
2010;22:512-519, e114-e115.
18. Sun Q, Jia Q, Song L, Duan L. Alterations in fecal short-chain fatty
acids in patients with irritable bowel syndrome: a systematic review and
meta-analysis. Medicine (Baltimore) 2019;98:e14513.
19. Gargari G, Taverniti V, Gardana C, et al. Fecal Clostridiales distribution
and short-chain fatty acids reflect bowel habits in irritable bowel syndrome. Environ Microbiol 2018;20:3201-3213.
20. Farup PG, Rudi K, Hestad K. Faecal short-chain fatty acids - a diagnostic biomarker for irritable bowel syndrome? BMC Gastroenterol
2016;16:51.
21. Chassard C, Dapoigny M, Scott KP, et al Functional dysbiosis within
the gut microbiota of patients with constipated-irritable bowel syndrome.
Aliment Pharmacol Ther 2012;35:828-838.
22. Pozuelo M, Panda S, Santiago A, et al. Reduction of butyrate- and
methane-producing microorganisms in patients with Irritable Bowel
Syndrome. Sci Rep 2015;5:12693.
23. Blad CC, Tang C, Offermanns S. G protein-coupled receptors for
energy metabolites as new therapeutic targets. Nat Rev Drug Discov
2012;11:603-619.
24. Le Poul E, Loison C, Struyf S, et al. Functional characterization of human receptors for short chain fatty acids and their role in polymorphonuclear cell activation. J Biol Chem 2003;278:25481-25489.
25. Kostylina G, Simon D, Fey MF, Yousefi S, Simon HU. Neutrophil
apoptosis mediated by nicotinic acid receptors (GPR109A). Cell Death
Differ 2008;15:134-142.
26. Tazoe H, Otomo Y, Karaki SI, et al. Expression of short-chain fatty acid
receptor GPR41 in the human colon. Biomed Res 2009;30:149-156.
27. Karaki SI, Mitsui R, Hayashi H, et al. Short-chain fatty acid receptor,
GPR43, is expressed by enteroendocrine cells and mucosal mast cells in
rat intestine. Cell Tissue Res 2006;324:353-360.
28. Akiba Y, Inoue T, Kaji I, et al. Short-chain fatty acid sensing in rat duo-

Vol. 28, No. 4 October, 2022 (540-548)

545

Wenxi Jiang, et al

denum. J Physiol 2015;593:585-599.
29. Nøhr MK, Pedersen MH, Gille A, et al. GPR41/FFAR3 and
GPR43/FFAR2 as cosensors for short-chain fatty acids in enteroendocrine cells vs FFAR3 in enteric neurons and FFAR2 in enteric leukocytes. Endocrinology 2013;154:3552-3564.
30. Nøhr MK, Egerod KL, Christiansen SH, et al. Expression of the short
chain fatty acid receptor GPR41/FFAR3 in autonomic and somatic
sensory ganglia. Neuroscience 2015;290:126-137.
31. Ganapathy V, Thangaraju M, Prasad PD, Martin PM, Singh N.
Transporters and receptors for short-chain fatty acids as the molecular
link between colonic bacteria and the host. Curr Opin Pharmacol
2013;13:869-874.
32. Macia L, Tan J, Vieira AT, et al. Metabolite-sensing receptors GPR43
and GPR109A facilitate dietary fibre-induced gut homeostasis through
regulation of the inflammasome. Nat Commun 2015;6:6734.
33. Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M, Kanneganti TD. The NLRP3 inflammasome protects against loss of
epithelial integrity and mortality during experimental colitis. Immunity
2010;32:379-391.
34. Hirota SA, Ng J, Lueng A, et al. NLRP3 inflammasome plays a key
role in the regulation of intestinal homeostasis. Inflamm Bowel Di,
2011;17:1359-1372.
35. Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Shortchain fatty acids activate GPR41 and GPR43 on intestinal epithelial
cells to promote inflammatory responses in mice. Gastroenterology
2013;145:396-406, e1-e10.
36. Dunsmore G, Koleva P, Ghobakhloo N, et al. Lower abundance and
impaired function of CD71+ erythroid cells in inflammatory bowel disease patients during pregnancy. J Crohns Colitis 2019;13:230-244.
37. Park J, Kim M, Kang SG, et al. Short-chain fatty acids induce both effector and regulatory T cells by suppression of histone deacetylases and
regulation of the mTOR-S6K pathway. Mucosal Immunol 2015;8:8093.
38. Sun M, Wu W, Chen L, et al. Microbiota-derived short-chain fatty
acids promote Th1 cell IL-10 production to maintain intestinal homeostasis. Nat Commun 2018;9:3555.
39. Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109a, receptor for niacin and the commensal metabolite butyrate, suppresses colonic
inflammation and carcinogenesis. Immunity 2014;40:128-139.
40. Yang W, Yu T, Huang X, et al. Intestinal microbiota-derived short-chain
fatty acids regulation of immune cell IL-22 production and gut immunity. Nat Commun 2020;11:4457.
41. Basu R, O’Quinn DB, Silberger DJ, et al. Th22 cells are an important
source of IL-22 for host protection against enteropathogenic bacteria.
Immunity 2012;37:1061-1075.
42. Guo X, Qiu J, Tu T, et al. Induction of innate lymphoid cell-derived
interleukin-22 by the transcription factor STAT3 mediates protection
against intestinal infection. Immunity 2014;40:25-39.
43. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite butyrate regulates intestinal macrophage function via histone
deacetylase inhibition. Proc Natl Acad Sci USA 2014;111:2247-2252.
44. Burger-van Paassen N, Vincent A, Puiman PJ, et al. The regulation of

546

intestinal mucin MUC2 expression by short-chain fatty acids: implications for epithelial protection. Biochem J 2009;420:211-219.
45. Hatayama H, Iwahita J, Kuwajima A, Abe T. The short chain fatty acid,
butyrate, stimulates MUC2 mucin production in the human colon cancer cell line, LS174T. Biochem Biophys Res Commun 2007;356:599603.
46. Finnie IA, Dwarakanath AD, Taylor BA, Rhodes JM. Colonic mucin
synthesis is increased by sodium butyrate. Gut 1995;36:93-99.
47. Augenlicht L, Shi L, Mariadason J, Laboisse C, Velcich A. Repression
of MUC2 gene expression by butyrate, a physiological regulator of intestinal cell maturation. Oncogene 2003;22:4983-4992.
48. Willemsen LEM, Koetsier MA, van Deventer SJH, van Tol EAF.
Short chain fatty acids stimulate epithelial mucin 2 expression through
differential effects on prostaglandin E1 and E2 production by intestinal
myofibroblasts. Gut 2003;52:1442-1447.
49. Miao W, Wu X, Wang K, et al. Sodium butyrate promotes reassembly
of tight junctions in Caco-2 monolayers involving inhibition of MLCK/
MLC2 pathway and phosphorylation of PKCβ2. Int J Mol Sci
2016;17:1696.
50. Feng W, Wu Y, Ghen G, et al. Sodium butyrate attenuates diarrhea in
weaned piglets and promotes tight junction protein expression in colon in
a GPR109A-dependent manner. Cell Physiol Biochem 2018;47:16171629.
51. Shaidullov IF, Sorokina DM, Sitdikov FG, Hermann A, Abdulkhakov
SR, Sitdikova GF. Short chain fatty acids and colon motility in a mouse
model of irritable bowel syndrome. BMC Gastroenterol 2021;21:37.
52. Yuan F, Tan W, Ren H, Yan L, Wang Y, Luo H. The effects of shortchain fatty acids on rat colonic hypermotility induced by water avoidance
stress. Drug Des Devel Ther 2020;14:4671-4684.
53. Hurst NR, Kendig DM, Murthy KS, Grider JR. The short chain fatty
acids, butyrate and propionate, have differential effects on the motility of
the guinea pig colon. Neurogastroenterol Motil 2014;26:1586-1596.
54. Fukumoto S, Tatewaki M, Yamada T, et al. Short-chain fatty acids stimulate colonic transit via intraluminal 5-HT release in rats. Am J Physiol
Regul Integr Comp Physiol 2003;284:R1269-R1276.
55. Fung C, Cools B, Malagola S, et al. Luminal short-chain fatty acids and
5-HT acutely activate myenteric neurons in the mouse proximal colon.
Neurogastroenterol Motil 2021;33:e14186.
56. Bertrand PP, Kunzee WA, Furness JB, Bornstein JC. The terminals of
myenteric intrinsic primary afferent neurons of the guinea-pig ileum are
excited by 5-hydroxytryptamine acting at 5-hydroxytryptamine-3 receptors. Neuroscience 2000;101:459-469.
57. Ono S, Karaki S, Kuwahara A. Short-chain fatty acids decrease the
frequency of spontaneous contractions of longitudinal muscle via enteric
nerves in rat distal colon. Jpn J Physiol 2004;54:483-493.
58. Grider JR, Kuemmerle JF, Jin JG. 5-HT released by mucosal stimuli
initiates peristalsis by activating 5-HT4/5-HT1p receptors on sensory
CGRP neurons. Am J Physiol 1996;270(5 Pt 1):G778-G782.
59. Foxx-Orenstein AE, Kuemmerle JF, Grider JR. Distinct 5-HT receptors mediate the peristaltic reflex induced by mucosal stimuli in human
and guinea pig intestine. Gastroenterology 1996;111:1281-1290.
60. Jin B, Ha SE, Wei L, et al. Colonic motility is improved by the activa-

Journal of Neurogastroenterology and Motility

Role of SCFAs in IBS

tion of 5-HT2B receptors on interstitial cells of Cajal in diabetic mice.
Gastroenterology 2021;161:608-622, e7.
61. Tharayil VS, Wouters MM, Stanich JE, et al. Lack of serotonin
5-HT2B receptor alters proliferation and network volume of interstitial
cells of Cajal in vivo. Neurogastroenterol Motil 2010;22:462-469, e109e110.
62. Wouters MM, Gibbons SJ, Roeder JL, et al Exogenous serotonin regulates proliferation of interstitial cells of Cajal in mouse jejunum through
5-HT2B receptors. Gastroenterology 2007;133:897-906.
63. Suply E, de Vries P, Soret R, Cossais F, Neunlist M. Butyrate enemas
enhance both cholinergic and nitrergic phenotype of myenteric neurons
and neuromuscular transmission in newborn rat colon. Am J Physiol
Gastrointest Liver Physiol 2012;302:G1373-G1380.
64. Soret R, Chevalier J, De Coppet P, et al. Short-chain fatty acids regulate
the enteric neurons and control gastrointestinal motility in rats. Gastroenterology 2010;138:1772-1782.
65. Vicentini FA, Keenan CM, Wallace LE, et al. Intestinal microbiota
shapes gut physiology and regulates enteric neurons and glia. Microbiome 2021;9:210.
66. Kaji I, Akiba Y, Furuyama T, et al. Free fatty acid receptor 3 activation
suppresses neurogenic motility in rat proximal colon. Neurogastroenterol
Motil 2018;30:e13157.
67. Kaji I, Akiba Y, Konno K, et al. Neural FFA3 activation inversely regulates anion secretion evoked by nicotinic ACh receptor activation in rat
proximal colon. J Physiol 2016;594:3339-3352.
68. Tough IR, Forbes S, Cox HM. Cox, Signaling of free fatty acid
receptors 2 and 3 differs in colonic mucosa following selective agonism or coagonism by luminal propionate. Neurogastroenterol Motil
2018;30:e13454.
69. Wichmann A, Allahyar A, Greiner TU, et al. Microbial modulation of
energy availability in the colon regulates intestinal transit. Cell Host Microbe 2013;14:582-590.
70. Cherbut C, Ferrier L, Rozé C, et al. Short-chain fatty acids modify colonic motility through nerves and polypeptide YY release in the rat. Am
J Physiol 1998;275:G1415-G1422.
71. Forbes S, Stafford S, Coope G, et al. Selective FFA2 agonism appears to
act via intestinal PYY to reduce transit and food intake but does not improve glucose tolerance in mouse models. Diabetes 2015;64:3763-3771.
72. Christiansen CB, Gabe MBN, Svendsen B, Dragsted LO, Rosenkilde
MM, Holst JJ. The impact of short-chain fatty acids on GLP-1 and
PYY secretion from the isolated perfused rat colon. Am J Physiol Gastrointest Liver Physiol 2018;315:G53-G65.
73. Koloski NA, Jones M, Kalantar J, Weltman M, Zaguirre J, Talley
NJ. The brain--gut pathway in functional gastrointestinal disorders
is bidirectional: a 12-year prospective population-based study. Gut
2012;61:1284-1290.
74. Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and autonomic stress responses. Nat Rev Neurosci 2009;10:397-409.
75. Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the brain-gut-enteric microbiota axis. Nat Rev Gastroenterol
Hepatol 2009;6:306-314.
76. Margolis KG, Cryan JF, Mayer EA. The microbiota-gut-brain axis:

from motility to mood. Gastroenterology 2021;160:1486-1501.
77. Skonieczna-Żydecka K, Grochans E, Maciejewska D, et al. Faecal Short
Chain Fatty Acids Profile is Changed in Polish Depressive Women. Nutrients 2018;10:1939.
78. Kelly JR, Borre Y, O’ Brien C, et al. Transferring the blues: depressionassociated gut microbiota induces neurobehavioural changes in the rat. J
Psychiatr Res 2016;82:109-118.
79. van de Wouw M, Boehme M, Lyte JM, et al. Short-chain fatty acids:
microbial metabolites that alleviate stress-induced brain-gut axis alterations. J Physiol 2018;596:4923-4944.
80. Michels N, Van de Wiele T, De Henauw S. Chronic psychosocial stress
and gut health in children: associations with calprotectin and fecal shortchain fatty acids. Psychosom Med 2017;79:927-935.
81. Wiley NC, Dinan TG, Ross RP, Stanton C, Glarke G, Cryan JF. The
microbiota-gut-brain axis as a key regulator of neural function and the
stress response: implications for human and animal health. J Anim Sci
2017;95:3225-3246.
82. Kimura I, Inoue D, Maeda T, et al. Short-chain fatty acids and ketones
directly regulate sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc Natl Acad Sci USA 2011;108:8030-8035.
83. Nankova BB, Agarwal R, MacFabe DF, La Gamma EF. Enteric bacterial metabolites propionic and butyric acid modulate gene expression,
including CREB-dependent catecholaminergic neurotransmission, in
PC12 cells--possible relevance to autism spectrum disorders. PLoS One
2014;9e103740.
84. LaGamma EF, Hu F, Cruz FP, Bouchev P, Nankova BB. Bacteria derived short chain fatty acids restore sympathoadrenal responsiveness to
hypoglycemia after antibiotic-induced gut microbiota depletion. Neurobiol Stress 2021;15:100376.
85. Chakravarthy K, Chaudhry H, Williams K, Christo PJ. Review of the
uses of vagal nerve stimulation in chronic pain management. Curr Pain
Headache Rep 2015;19:54.
86. Thompson SL, O’Leary GH, Austelle CW, et al. A review of parameter
settings for invasive and non-invasive vagus nerve stimulation (VNS)
applied in neurological and psychiatric disorders. Front Neurosci
2021;15:709436.
87. Lal S, Kirkup AJ, Brunsden AM, Thompson DG, Grundy D. Vagal
afferent responses to fatty acids of different chain length in the rat. Am J
Physiol Gastrointest Liver Physiol 2001;281;:G907-G915.
88. Goswami G, Iwasaki Y, Yada T. Short-chain fatty acids suppress food intake by activating vagal afferent neurons. J Nutr Biochem 2018;57:130135.
89. Cook TM, Gavini CK, Jesse J, et al. Vagal neuron expression of the
microbiota-derived metabolite receptor, free fatty acid receptor (FFAR3),
is necessary for normal feeding behavior. Mol Metab 2021;54:101350.
90. Staudacher HM, Whelan K. The low FODMAP diet: recent advances in understanding its mechanisms and efficacy in IBS. Gut
2017;66:1517-1527.
91. Salamone D, Rivellese AA, Vetrani C. The relationship between gut microbiota, short-chain fatty acids and type 2 diabetes mellitus: the possible
role of dietary fibre. Acta Diabetol 2021;58:1131-1138.
92. Holota Y, Dovbynchuk T, Kaji I, et al. The long-term consequences of

Vol. 28, No. 4 October, 2022 (540-548)

547

Wenxi Jiang, et al

antibiotic therapy: role of colonic short-chain fatty acids (SCFA) system
and intestinal barrier integrity. PLoS One 2019;14:e0220642.
93. Zhao X, Jiang Z, Yang F, et al. Sensitive and simplified detection of antibiotic influence on the dynamic and versatile changes of fecal short-chain
fatty acids. PLoS One 2016;11:e0167032.
94. Merenstein D, Fraser CM, Roberts RF, et al. Bifidobacterium animalis subsp. lactis BB-12 protects against antibiotic-induced functional
and compositional changes in human fecal microbiome. Nutrients
2021;13:2814.
95. Lee Y, Ba Z, Roberts R, et al. Effects of Bifidobacterium animalis
subsp. lactis BB-12® on the lipid/lipoprotein profile and short chain
fatty acids in healthy young adults: a randomized controlled trial. Nutr J
2017;16:39.
96. El-Salhy M, Valeur J, Hausken T, Hatlebakk JG. Changes in fecal short-chain fatty acids following fecal microbiota transplantation
in patients with irritable bowel syndrome. Neurogastroenterol Motil
2021;33:e13983.
97. El-Salhy M, Kristoffersen AB, Valeur J, et al. Long-term effects of fecal
microbiota transplantation (FMT) in patients with irritable bowel syndrome. Neurogastroenterol Motil 2021;34:e14200.

548

98. Mazzawi T, Hausken T, Hov JR, et al. Clinical response to fecal microbiota transplantation in patients with diarrhea-predominant irritable
bowel syndrome is associated with normalization of fecal microbiota
composition and short-chain fatty acid levels. Scand J Gastroenterol
2019;54:690-699.
99. Ballout J, Akiba Y, Kaunitz JD, Diener M. Short-chain fatty acid receptors involved in epithelial acetylcholine release in rat caecum. Eur J
Pharmacol 2021; 906:174292.
100. Park BO, Kang JS, Paudel S, et al. Novel GPR43 agonists exert an antiinflammatory effect in a colitis model. Biomol Ther (Seoul) 2022;30:4854.
101. Lind S, Holdfeldt A, Mårtensson J, et al. Interdependent allosteric free
fatty acid receptor 2 modulators synergistically induce functional selective activation and desensitization in neutrophils. Biochim Biophys Acta
Mol Cell Res 2020;1867:118689.
102. Akiba Y, Maruta K, Narimatsu K et al. FFA2 activation combined
with ulcerogenic COX inhibition induces duodenal mucosal injury via
the 5-HT pathway in rats. Am J Physiol Gastrointest Liver Physiol
2017;313:G117-G128.

Journal of Neurogastroenterology and Motility

JNM

J Neurogastroenterol Motil, Vol. 28 No. 4 October, 2022
pISSN: 2093-0879 eISSN: 2093-0887
https://doi.org/10.5056/jnm22129

Journal of Neurogastroenterology and Motility

Review

Bile Acid and Gut Microbiota in Irritable Bowel
Syndrome
Yang Won Min,1,2 Ali Rezaie,1,3 and Mark Pimentel1,3*
1
Medically Associated Science and Technology (MAST) Program, Cedars-Sinai, Los Angeles, CA, USA; 2Department of Medicine, Samsung
Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea; and 3Karsh Division of Gastroenterology and Hepatology,
Department of Medicine, Cedars-Sinai, Los Angeles, CA, USA

Gut microbiota and their metabolites like bile acid (BA) have been investigated as causes of irritable bowel syndrome (IBS) symptoms.
Primary BAs are synthesized and conjugated in the liver and released into the duodenum. BA biotransformation by gut microbiota
begins in the intestine and results in production of a broad range of secondary BAs. Deconjugation is considered the gateway reaction
for further modification and is mediated by bile salt hydrolase, which is widely expressed by the gut microbiota. However, gut bacteria
that convert primary BAs to secondary BAs belong to a limited number of species, mainly Clostridiales. Like gut microbiota modify
BA profile, BAs can shape gut microbiota via direct and indirect actions. BAs have prosecretory effects and regulates gut motility. BAs
can also affect gut sensitivity. Because of the vital role of the gut microbiota and BAs in gut function, their bidirectional relationship
may contribute to the pathophysiology of IBS. Individuals with IBS have been reported to have altered microbial profiles and modified
BA profiles. A significant increase in fecal primary BA and a corresponding decrease in secondary BA have been observed in IBS
with predominant diarrhea. In addition, primary BA was positively correlated with IBS symptoms. In IBS with predominant diarrhea,
bacteria with reduced abundance mainly belonged to the genera in Ruminococcaceae and exhibited a negative correlation with
primary BAs. Integrating the analysis of the gut microbiota and BAs could better understanding of IBS pathophysiology. The gap in
this field needs to be further filled in the future.
(J Neurogastroenterol Motil 2022;28:549-561)
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Introduction
Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal disorder characterized by recurrent abdominal pain
related to defecation and/or changes in the frequency or form of
stool.1 According to the predominant stool form of the patients, IBS
is classified as IBS with predominant diarrhea (IBS-D), IBS with

predominant constipation (IBS-C), IBS with mixed bowel habits,
and IBS unclassified.2 The mechanism of symptom generation is
multifactorial, including altered motility of the gut, visceral hypersensitivity, central dysfunction, low-grade inflammation, increased
intestinal permeability, disorders of the brain-gut axis, and altered
gut microbiota.3-5 Over the last decade, microbiota and their metabolites have been paid attention to as the cause of IBS symptoms.5-8
Alteration of the gut microbiota has been reported in patients
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with IBS.9 The impact of the microbiome on disease etiology could
occur via the actions of microbiota-derived metabolites, including
bile acids (BAs). BAs are amphipathic molecules produced in the
liver, which solubilize lipids into micelles for digestion and absorption.10 Approximately 95% of secreted BAs are reabsorbed in the
terminal ileum, and the remaining BAs reach the colon, where they
are metabolized by gut microbiota, forming a plethora of microbially modified secondary BAs.11 According to the characteristics of
BA profiles, BAs can exert their variable effects on gut function, including fluid secretion, mucosal permeability, and bowel motility.12-14
BAs can also modify gut microbiota.15 Given the vital role of gut
microbiota and BAs in regulating gut function, their bidirectional
relationship may contribute to the pathophysiology of IBS. Indeed,
individuals with IBS have been reported to have altered microbial
profiles and modified BA profiles.16
In this review, we describe BA synthesis and enterohepatic
circulation (EHC), transformations of BAs, BA signaling mechanisms, and influences of BA on gut microbiota and functions, and
summarize the clinical trials investigating alterations of gut microbiota and BA profiles in patients with IBS.

Bile Acid Synthesis and Enterohepatic
Circulation
BAs are hydroxylated, amphipathic molecules synthesized
in the peroxisomes of the liver from cholesterol through 2 major
pathways.17 The newly synthesized BAs are termed primary BAs,
including chenodeoxycholic acid (CDCA) and cholic acid (CA),
to distinguish them from the products of microbial transformation, termed secondary BAs. Of the 2 major pathways, the classical
pathway is more important in adult humans and produces both
primary BAs favoring CA biosynthesis.18,19 The alternative pathway
results in CDCA biosynthesis and involves less than 10% of BA
synthesis.19,20 The enzyme cholesterol 7α-hydroxylase (CYP7A1)
is the rate-limiting step in the classical pathway.21,22 7α-hydroxy-4cholesten-3-one (C4) is a downstream product of CYP7A1, reflecting the enzymatic activity of hepatic CYP7A1. Thus, measuring
serum C4 is a simple test for analyzing hepatic BA synthesis, although it requires a standardized specimen collection time because
of diurnal variability.8,21 The primary BAs (CDCA and CA) are
conjugated to the hydrophilic amino acids, either glycine or taurine
(GCDCA/TCDCA and GCA/TCA) in the liver. Humans preferably use glycine for conjugation.23 The conjugation of BAs permits
complete ionization of BAs, which increases their solubility and decreases their passive diffusion across the intestinal epithelial barrier,
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leading to high intraluminal concentrations that facilitate micellar
solubilization of dietary lipids.24,25 These primary BAs are secreted
into the gallbladder, where they are stored until the consumption
of food. Ingestion of food triggers the release of cholecystokinin
by enteroendocrine cells, which causes gallbladder contraction and
the release of BAs into the duodenum.26,27 There, BAs facilitate the
digestion and absorption of dietary lipids, fatty acids, cholesterol,
fat-soluble vitamins, and other hydrophobic components of the diet
via their surfactant properties, which emulsify fats into micelles.10
Approximately 95% of secreted BAs are reabsorbed in the terminal
ileum and transported back into the liver via the EHC.28 The ileal
apical Na+-dependent bile salt transporter (ASBT), which has a
greater affinity for conjugated than non-conjugated BAs, actively
reuptakes conjugated BAs.8,11 After the uptake of BAs by ASBT,
ileal lipid-binding proteins bind to intracellular BAs, shuttling them
to the heterodimeric protein, organic solute transporter alpha-beta,
which efficiently exports them to the portal circulation.29,30 Some
passive diffusion across the gut epithelium can also occur for both
conjugated and non-conjugated BAs.31 The remaining 5% of BAs
that reach the colon are either reabsorbed via passive diffusion or
lost in the feces (Figure).11
In ileal enterocytes, BAs activate the nuclear receptor farnesoid
X receptor (FXR), with CDCA being the most potent agonist
(Table 1).20,32 FXR then induces the expression of fibroblast growth
factor 19 (FGF19; rodent ortholog is FGF15). FGF19 is secreted
from enterocytes into the portal circulation and activates the cell surface receptor, a complex of the β-klotho protein and FGF receptor
4 in hepatocytes, resulting in the downregulation of CYP7A1 and
thereby reducing BA synthesis.8,33-35 As serum FGF19 decreases
and is inversely related to serum C4 during BA malabsorption, it
could be used for screening tests for malabsorption.8,36-38

Microbial Transformations of Bile Acids
Small quantities of primary BAs that escape EHC reach the
colon and undergo extensive microbial biotransformations, including deconjugation, 7α-dehydroxylation, oxidation/epimerization,
and sulfation by the gut microbiota, to produce a broad range of
secondary BAs.39 In fact, BA biotransformations begin in the small
intestine and continues in the colon. Deconjugation of BAs changes
their physiochemical properties, making them more lipophilic and
susceptible to microbial biotransformation; thus, this is considered
the gateway reaction for further modification.40-44 Cleavage of amino
acid side chains on conjugated BAs is mediated by bile salt hydrolase (BSH) enzymes that are widely expressed by the gut micro-
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Table 1. Receptors Involved in the Signaling of Bile Acids

Receptor

Sites

BA agonist

Nuclear receptor, widespread throughout CDCA > DCA > LCA > CA
the body, abundant in the liver, intestine,
and kidneys
TGR5 Membrane receptor, widespread throughout LCA > DCA > CDCA > CA
the body including the intestine, liver,
biliary tract, and gallbladder
PXR Nuclear receptor, abundant in the liver
LCA, only weakly to CDCA, DCA,
and intestine
CA, and conjugated BAs
FXR

VDR

Nuclear receptor, widespread throughout
the body, abundant in the intestine

LCA

Functions
Regulation of BA synthesis, absorption, and transport
Maintenance of metabolic homeostasis
Modulation of immune system
Regulation of the intestinal motility and secretion
Maintenance of metabolic homeostasis
Maintenance of intestinal immune homeostasis
Detoxication of xenobiotics and LCA
Maintenance of intestinal immune homeostasis
Modulation of BA homeostasis
Detoxication of LCA
Modulation of BA synthesis
Maintenance of bone and calcium homeostasis

BA, bile acid; FXR, farnesoid X receptor; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; CA, cholic acid; TGR5, Takeda G
protein-coupled receptor 5; PXR, pregnane X receptor; VDR, vitamin D receptor.

biota.39-43,45
The diversity of intestinal gram-positive bacteria, including
Clostridium, Lactobacillus, Bifidobacterium, Enterococcus, and
Listeria, contributes to amino acid hydrolysis.45-50 Some gram-negative bacteria such as Bacteroides , Stenotrophomonas , and Brucella
are also capable of amino acid hydrolysis.51-53 Using metagenomic
analysis, Jones et al44 identified functional BSH among all major
bacterial divisions and archaeal species in the gut. Most metagenomic BSH-active clones belonged to the phyla Firmicutes, Bacteroidetes, and Actinobacteria. In addition, Methanobrevibacter
smithii and Methanosphera stadmanae encode proteins with high
identity to bacterial BSH enzymes. This widespread distribution
indicates that BSH is enriched in the human gut community. How-

ever, BSHs display different catalytic efficiencies and substrate specificities.54 The organization and regulation of genes encoding BSH
differ between species and genera, and conjugations are important
in substrate specificity.41 In a taxonomic analysis of BSHs among 11
different populations from 6 continents, 591 BSHs were identified
over 117 genera from 12 phyla.54 Among the bacteria positive for
BSH activity, more than half of the bacteria belonged to Firmicutes.
Notably, significant variations in BSH distribution patterns were
also observed based on the geographic region but not sex, age, or
body mass index. In addition, BSHs within genera showed a broad
range of sequence dissimilarities, owing to the paralogs of BSHs in
many strains. Thus, the genus-level patterns of BSH abundance
did not reflect the functional variations, necessitating the reclas-
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sification of BSHs. BSH activity and subsequent BA modification
could significantly affect host physiology, including the regulation of
cholesterol metabolism, energy, and inflammation homeostasis.55-57
When treating recurrent Clostridioides difficile infection with fecal microbiota transplant, the restoration of gut BSH functionality
contributes to the efficacy of transplant.58 Because of the important
roles of BSHs, gaps in the understanding of these enzymes require
further research.
Once deconjugated, free primary BAs are metabolized by
the resident microbiota into free secondary BAs, such as deoxycholic acid (DCA), lithocholic acid (LCA), and ursodeoxycholic
acid (UDCA) via 7α-dehydroxylation and oxidation/epimerization.44,59-61 CDCA is transformed into DCA and CA into LCA by
7α-dehydroxylation. Because DCA and LCA predominate in human feces, 7α-dehydroxylation is the most quantitatively important
microbial transformation.41 Human intestinal bacteria capable of
7α-dehydroxylation belong to the genus Clostridium .62-64 Multiple
bai genes encoding proteins required for 7α-dehydroxylation have
been characterized from Clostridium scindens .41
Epimerization of the 3-, 7-, and 12-hydroxy groups of BAs is
carried out by hydroxysteroid dehydrogenase (HSDH) expressed
by intestinal bacteria, which diversifies the chemistry of secondary
BAs. Epimerization is a reversible change in stereochemistry from
the α to β configuration (or vice versa) with the generation of a
stable oxo-BA intermediate. While α-hydroxy BAs are amphipathic, both faces of BA are hydrophilic in β orientation.41 Epimerization requires 2 distinct steps: oxidation of the hydroxyl group
by a position-specific HSDH, followed by the reduction of the
hydroxyl group by another position-specific HSDH.39,41 CA can be
epimerized to form ursoCA, 12-epiCA, or isoCA, and CDCA can
be epimerized to form either UDCA (7β-hydroxy) or isoCDCA.
Epimerization of UDCA to CDCA can also be carried out by
7β-HSDH.41 3-oxoLCA and isoLCA produced by 3α-HSDH
are known to suppress differentiation of T helper cells expressing
IL-17A and may contribute to gut immune homeostasis.65 Although their enzyme characteristics vary, several intestinal microbes
have been observed to produce HSDHs, including a small number
of species of Clostridium , Rumminococcus , Bacteroides , and Escherichia coli .66-77
Secondary BAs may undergo further modification including
sulphation, imparting changes in their solubility, metabolism, excretion, and toxicity.78,79 Specifically, sulfated BAs are more rapidly excreted in the urine, and sulfated LCA is less efficiently reabsorbed in
the intestine than non-sulfated.79 Sulfation of BAs may be associated
with constipation.80 In a subset of children with functional constipa552

tion, dominant fecal BA was the 3-sulfate of CDCA. Such sulfation
may abolish the secretory activity of CDCA and contribute to constipation. In an animal experiment, sulfation prevented secretion caused
by di-α-hydroxy BAs (DCA and CDCA) in the colon.81 Notably,
increased fecal sulfated BAs were also observed in patients with IBSD compared with that in IBS-C.36 Further research that includes
measurements of sulfotransferase and sulfatase activity is necessary.

Bile Acids in Small Intestinal Bacterial
Overgrowth
Small intestinal bacterial overgrowth (SIBO) is one manifestation of gut microbiome dysbiosis and is highly prevalent in IBS.82
Many bacteria in the small intestine have the capacity to metabolize
BAs. Shindo et al83 isolated bacterial species from the jejunal fluid
obtained from patients with progressive systemic sclerosis and positive 14CO2 breath test. The isolated Bacteroides vulgatus , Eubacterium lentum, Enterococcus, and Lactobacillus bifidus (except for E.
coli and Aerobacter aerogenes ) were capable of hydrolyzing conjugated BAs in ox gall. Similarly, higher unconjugated BAs from the
upper gut aspirate have been observed in malabsorption syndrome
patients with SIBO than those without SIBO.84 However, the
amount of unconjugated BAs did not correlated with colony counts
of isolated bacteria. This observation suggests the different BSH
activity among the isolated bacteria. As unconjugated BAs are
absorbed from the small intestine into the portal blood, elevated unconjugated serum BA levels have also been found in patients with
SIBO.85 Because BA profiles in the small intestine are less affected
by gut transit and ileal absorption, investigating the associations between the BA profile and gut microbiome using small bowel aspiration samples of individuals with SIBO could offer us opportunities
to further fill the gap of knowledge (Figure).

Bile Acid Signaling Mechanisms
Because of the variety of levels and types of BAs in the intestine,
biliary tract, and liver, BAs have emerged as important regulators of
epithelial physiology and pathophysiology.11,86 Since the discovery of
BA receptors, there have been advances in understanding how BAs
exert their effects.
G protein-coupled BA receptor 1, also called Takeda G
protein-coupled receptor 5 (TGR5), is responsive to BAs as a cell
surface receptor.87,88 TGR5 is a member of the G protein-coupled
receptor family, which stimulates cAMP synthesis and activates
protein kinase-A, leading to the expression of target genes.87 TGR5
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is widely expressed throughout the body, including in the intestine,
liver, biliary tract, and gallbladder.56,87,89-91 The functions of TGR5
are thought to be broader than just being a metabolic regulator of
energy homeostasis, BA homeostasis, and glucose metabolism.92
Particularly notable is that the activation of TGR5 on the intestinal
motor neurons by BAs regulates intestinal motility.93 Conjugated
and unconjugated BAs bind to TGR5, with the secondary BAs
LCA and DCA being most potent, followed by CDCA and CA.87
Physiological concentrations of free and conjugated BAs activate the nuclear receptor FXR as ligands.94,95 The structure–activity
relationship of BAs in activating FXR shows the order of potency
of CDCA > DCA > LCA > CA.96 CDCA is an extremely
effective activator of FXR, whereas CA is inactive. CA and conjugated BAs are hydrophilic compounds that do not readily cross
cell membranes; instead, they are passively diffused or facilitated by
BA transport proteins.96,97 FXR is widely expressed throughout the
body and highly expressed in the liver, intestine, and kidneys.32,98 As
aforementioned, the primary function of FXR activation by BAs is
the feedback inhibition of BA synthesis through the downregulation of CYP7A1.8,33-35 In addition, FXR is important in metabolic
homeostasis.99,100 Pregnane X receptor (PXR) is another nuclear
receptor that can be activated by BAs and is highly expressed in
the liver and intestine.101 The role of PXR in the detoxication of
xenobiotics and LCA is well known.102,103 PXR also contributes
to maintaining intestinal immune homeostasis104,105 PXR downregulates BSH-active bacteria in the intestine and modulates BA
homeostasis.101 PXR is activated by LCA but only weakly responds
to CDCA, DCA, CA, and conjugated BAs.106 Vitamin D receptors (VDR) are another type of BA-sensitive nuclear receptor,
widely expressed throughout the body, with an abundance in the
intestine.107 In addition to the classic endogenous ligand, 1,25-dihydroxy vitamin D3, LCA can activate VDR.108 It contributes to the
metabolism of BAs as well as calcium homeostasis and bone maintenance. Activation of VDR by LCA or vitamin D induced the
expression of CYP3A and the multidrug resistance-associated protein-3 (MRP3).108,109 Hydroxylation of LCA by CYP3A reduces
the toxicity of LCA, which is hepatotoxic and a potential enteric
carcinogen in the liver and intestine, and MRP3 effluxes LCA into
the blood to protect colon cells from LCA toxicity.

Influence of Bile Acids on Gut Microbiota
Like bacterial enzymes chemically modify BA profile, BAs
can modify the gut microbiota. BAs are potent antimicrobials and
play an important role in the innate immune defense within the

intestine.15 As BAs act as detergents in the gut, they allow for the
disruption of bacterial membranes, leading to the leakage of proton,
potassium ion, and other cellular components and eventually cell
death.110 The antimicrobial potency of DCA is greater than that of
CA due to its hydrophobicity and detergent properties on bacterial
membranes.111 When tested against Staphylococcus aureus , unconjugated BAs exhibit more potent antibacterial action than conjugated BAs.15 Because deconjugation by BSH makes the BAs more
lipophilic,112 unconjugated BAs are likely to disrupt membranes
and cause intracellular damage.110,113 On the other hand, conjugated BAs can have a more indirect action on the gut microbiota.
Activation of FXR induces genes involved in enteroprotection and
inhibits bacterial overgrowth and mucosal injury, resulting in the
protection of the small intestine from bacterial invasion.114
Gram-negative bacteria are thought to have a higher BA
tolerance than Gram-positives.115 Salmonella, E. coli, and Campylobacter are very bile resistant and have been isolated from the gallbladder. Although gram-positive bacteria are more sensitive to the
deleterious effects of bile than gram-negative bacteria, bile tolerance
is a strain-specific trait, and tolerance of species cannot be generalized.116 For example, Listeria monocytogenes cholecystitis has been
reported suggesting a very high level of bile resistance.117 However,
decreased levels of BAs in the gut favor gram-negative bacteria allowing proinflammatory microbial taxa to expand, and increased
BAs levels favor gram-positive bacteria of the Firmicutes, including bacteria that 7α-dehydroxylate primary BAs to toxic secondary
BAs.115,118 In rats, CA feeding induced the significant expansion
of DCA-producing bacteria, expanding phylum Firmicutes, class
Clostridia, and genus Blautia .119

Influence of Bile Acids on Gut Functions
Generally, BAs induce colonic fluid secretion at high levels.13
However, there is a marked structural specificity for BA-induced
secretion, and the α-dihydroxy BAs CDCA and DCA have
prosecretory effects.120,121 The trihydroxy BA (CA) does not have
prosecretory effects, and UDCA (7β-OH epimer of CDCA) has
antisecretory effects.13,122 The conjugation status of BAs is also an
important determining factor of their secretory effects.121 Because
conjugated BAs are hydrophilic and need to be more lipophilic
to cross the cell membrane, they do not have secretory effects.
However, conjugated BAs can increase epithelial permeability at a
relatively high concentration, which allows them to gain access to
regions where they can exert their secretory effects.123 In contrast
to prosecretory effects at pathophysiological concentrations, lower
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levels of DCA is known to downregulate colonic epithelial secretory
function.124 These observations suggest that BAs play an important
role in regulating colonic fluid levels.
In addition to the regulation of fluid transport, BAs can exert
their effects on gut motility.12-14 In humans, rectal CDCA infusion
induces propagating pressure waves arising in the proximal colon.14
In another human infusion study, CDCA was more strongly associated with a higher colonic motility index than TCA, which contrasts
with the animal (rabbit) results obtained in the same study.125 In
an in vitro study, DCA increased isolated human colon motility,
whereas CDCA and CA did not.126 The mechanism of action of
DCA on smooth muscle activity was revealed as a local neuronal
phenomenon in the rabbit colon in vitro.127 However, inhibitory actions of BAs on colon motility have also been shown in animal studies. Luminal bile from the gallbladder and conjugated primary BA
(TCA and TCDCA) inhibit contractions of the intestine (isolated
rabbit terminal ileal segment and isolated guinea pig ileum smooth
muscle strips).128,129 A mouse intestine study demonstrated that
DCA inhibits intestinal motility by activating TGR5 on inhibitory
motor neurons to release nitric oxide, whereas the effects of UDCA
and TDCA were not significant.93 However, contractile inhibition
of in vitro colon tissue in particular muscle strips does not indicate
decreased gut motility, because peristalsis requires the both contraction and relaxation of gut muscles. In a mouse study, DCA reduced
the contractility of colonic longitudinal muscles but could stimulate
the ascending contraction and descending relaxation components of
the peristaltic reflex of the flat sheet preparation of the proximal colon.130 Furthermore, oral administration of CDCA improved bowel
function in patients with either IBS-C or chronic constipation.131,132
BAs can also affect gut sensitivity. Rectal infusion of DCA
and CDCA at physiological concentrations reduces rectal sensory
thresholds.14,133 The mechanism of visceral hypersensitivity induced
by BAs has been investigated in animal studies.134,135 BAs stimulate
the release of nerve growth factor from mucosal mast cells through
the activation of FXR, resulting in the activation of transient receptor potential vanilloid 1.134 TGR5 agonists, including DCA, also
activate subsets of colonic sensory neurons and evoke colonic afferent mechanical hypersensitivity via a transient receptor potential
ankyrin A1-dependent mechanism.135

Altered Bile Acid Profile and Gut Microbiota
in Patients With Irritable Bowel Syndrome
In several clinical studies, the BA profiles of patients with IBS
and those of healthy controls (HC) differ (Table 2).16,36,136-141 The
554

level of total fecal BA was higher in IBS-D patients than that in
HC, according to 3 studies of Asian groups.136-138 On the other
hand, Western studies demonstrated no differences in the level of
total fecal BA between IBS-D groups and HC.16,36,139 Most studies had measured total BA excretion in a single stool, which might
be acceptable but is not ideal.142 When stool samples were collected
over 48 hours, the level of total fecal BA was higher in IBS-D
group than in IBS-C group, but not in HC.139 In addition, total
fecal BA correlated with stool weight. However, because total fecal
BA was determined from total 3α hydroxy BAs, some subgroups of
BAs could have been missed. Taken together, the levels of fecal total
BAs in the IBS-D group showed an increasing tendency compared
with the levels in IBS-C group or HC. Notably, a systematic review
showed that 32% of patients with symptoms consistent with IBS-D
had moderate BA malabsorption (75selenium homotaurocholic acid
test 7 day retention < 5% of baseline value).143 Zhao et al137 investigated the connection between the gut microbiota in IBS-D group
and BA excretion. Twenty-five percent of patients with IBS-D (71
of 290, BA+IBS-D) had an excess of total BA excretion in feces by
the 90th percentile cutoff value, determined from the HC (n = 89).
BA+IBS-D group exhibited increased C4 and decreased FGF19
levels in sera, as well as an increased severity of diarrheal symptoms
–
compared with the corresponding values in the BA IBS-D group
and HC. Different microbial profiles were found in BA+IBS-D
–
compared to either HC or BA IBS-D. The relative abundances of
the phyla Firmicutes, Actinobacteria, Fusobacteria, and Proteobacteria increased, and that of Bacteroidetes decreased in the BA+IBSD group. At the genus level, the abundance of Clostridia bacteria,
including Ruminococcus , Clostridium , Eubacterium , and Dorea ,
was increased in BA+IBS-D. The abundance of Bifidobacterium ,
Escherichia , and Bilophila was also increased. Correlation analysis
revealed that the abundance of Clostridia genera and C. scindens
species was positively correlated with the concentrations of total fecal
BAs and serum C4 but negatively correlated with serum FGF19
levels, suggesting that Clostridia-rich microbiota influences BA
synthesis and excretion in IBS-D. In addition, Clostridia-derived
BAs attenuated intestinal FGF19/15 production.
As the fecal BA pool is modulated by the gut microbiota and
gut dysbiosis is implicated in the pathophysiology of IBS.6 Although conjugated BAs increased in IBS-D group, only a small
subgroup of patients had a high conjugated BAs to unconjugated
BAs ratio.136 Thus, impaired deconjugation of BAs may not widely
exist in IBS-D.136 Duboc et al16 observed a significant increase in
fecal primary BA and a corresponding decrease in secondary BA
in IBS-D compared with that in HC, which has consistently been

Journal of Neurogastroenterology and Motility

Bile Acid and Gut Microbiota in IBS

Table 2. Summary of Clinical Studies Investigating the Bile Acid Profiles and Fecal Microbiota in Irritable Bowel Syndrome

Study

Participants (n)

Fecal BA profile

Fecal microbiota

Wong et al HC (26), IBS-C (26),
and IBS-D (26)
(2012)139
Duboc et al HC (18) and
(2012)16
IBS-D (14)

Shin et al
(2013)140

Dior et al
(2016)36

Zhao et al
(2020)137

Wei et al
(2020)136

Wei et al
(2021)138
James et al
(2021)141

Higher total BA in IBS-D than in IBS-C but not than in HC
Not investigated
Total BA correlated with stool weight and fat
Similar total BA in IBS-D and HC
Decreased the leptum and Bifidobacterium
Increased PBA (%) and decreased SBA (%) in IBS-D than in HC
groups in IBS-D than in HC
Increased E. coli species in IBS-D than
in HC
Not investigated
HC (30), IBS-C (30), Increased total UBA in IBS-D than in IBS-C but not than in
HC
and IBS-D or FD
Higher primary UBA (%) in IBS-D than in HC
(31)
Lower secretory CDCA and DCA (%) in IBS-C than in HC
Higher non-secretory secondary LCA (%) in IBS-C than in HC
HC (15), IBS-C (15), No differences of total BAs among the three groups
No differences in the total fecal bacteria
and IBS-D (16)
Increased PBAs and decreased SBAs in IBS-D compared to HC counts in the 3 groups
Increased sulfated BAs and UDCA in IBS-D compared to HC Increased relative counts of E. coli in
Increased CDCA, sulfated BAs, and UDCA in IBS-D
IBS-D compared to HC
Increased relative counts of Bacteroides
compared to IBS-C
and Bifidobacterium in IBS-C
compared to IBS-D and HC
HC (89) and
Increased total BA in IBS-D than in HC
Increased abundances of Clostridia
IBS-D (290)
Increased amounts of CA, CDCA, DCA, LCA, 7-KDCA,
bacteria, Bifidobacterium, Escherichia ,
UDCA, and ωMCA and increased % of CA, CDCA, UDCA, and Bilophila and decreased abundances
and 7-KDCA and decreased % of LCA and 12-KLCA in
of Alistipes and Bacteroides in IBS-D
IBS-D with high BA excretion compared with HC
with high fecal BA excretion
Positive correlation of the abundances
of Clostridia genera and C. scindens
species with total BAs and serum C4
Increased Proteobacteria, GammaproHC (28) and
Increased total fecal BA in IBS-D than in HC
IBS-D (55)
Increased PBAs and decreased SBAs in IBS-D than in HC
teobacteria, Enterobacteriales,
Decreased LCA in IBS-D than in HC
and Enterobacteriaceae and decreased
Increased CBAs, UBAs, and ratio of CBAs/UBAs in IBS-D
Clostridia, Clostridiales,
and Ruminococcaceae in IBS-D
Decreased 9 genera including 5 from
Ruminococcaceae in IBS-D
Negative correlation of PBAs and
positive correlation of SBAs with
8 genera among decreased 9
HC (32) and
Increased total fecal BA in IBS-D than in HC
Not investigated
IBS-D (52)
Increased PBAs and decreased SBAs in IBS-D than in HC
Not investigated
HC (97), IBS-D (52), Increased CA in IBS-D than in HC but not in IBS-C
and IBS-C (24)
Increased CDCA in IBS-D than in IBS-C and in HC
Decreased GCA in IBS-C than in IBS-D and in HC

BA, bile acid; HC, healthy control; IBS-C, constipation-predominant irritable bowel syndrome; IBS-D, diarrhea-predominant irritable bowel syndrome; PBA,
primary bile acid; SBA, secondary bile acid; E. coli, Escherichia coli ; FD, functional diarrhea; UBA, unconjugated bile acid; CDCA, chenodeoxycholic acid; DCA,
deoxycholic acid; LCA, lithocholic acid; UDCA, ursodeoxycholic acid; CA, cholic acid; 7-KDCA, 7-ketodeoxycholic acid; ωMCA, ω-muricholic acid; 12-KLCA,
12-ketolithocholic acid; C. scindens, Clostridium scindens ; C4, 7α-hydroxy-4-cholesten-3-one; CBA, conjugated bile acid; GCA, glyco-CA.

reported.36,136,138 Moreover, fecal primary BA percentage was positively correlated with the Bristol stool score and stool frequency,
whereas secondary BA was negatively correlated with these param-

eters. Similarly, in other studies, primary BA was positively correlated with the Bristol stool score36 and defecation frequency,36,138 and
secondary BA was negatively correlated with defecation frequen-
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cy.138 Two α-dihydroxy BAs, CDCA and DCA, have prosecretory
effects. Indeed, CDCA and DCA correlate with stool frequency
and the score in IBS-D,140 and percentages of CDCA and DCA
were lower in IBS-C than that in HC.140,141 However, decreased
secondary DCA in IBS-D was also observed.16 From other studies providing the absolute amounts of individual BAs, differences
in DCA were not significant, but CDCA was 20 times to 30 times
higher in IBS-D than in HC.136,138 Thus, the change in CDCA
amount seems to predominantly exert an effect on the stool score
and frequency in IBS-D. The relationship between fecal BA excretion, fecal BA profile, and colon transit appears to be very complex
as being a cause and/or consequence. First, clarification is necessary
regarding whether the altered BA profile is due to a dysfunction of
microbial biotransformation related to gut dysbiosis or due to rapid
gut transit, decreasing the time for gut microbiota to metabolize
BAs in patients with IBS-D.
In addition, primary BA showed a positive correlation with
abdominal pain in IBS-D.36 Wei et al138 investigated the relationship
between BAs and their receptors (TGR5 and VDR) in patients
with IBS-D. They observed that the level of TGR5 immunoreactivity in rectosigmoid mucosal biopsies was higher in IBS-D than
that in HC. Furthermore, the level of TGR5 was higher in patients
with more severe or frequent abdominal pain and was positively associated with primary BAs and negatively associated with secondary
BAs. Although no direct link between fecal BAs and abdominal
pain has been demonstrated, BAs might contribute to the hypersensitivity of patients with IBS-D via increased TGR5 level in the
colon. Increased TGR5 expression is thought to be a compensatory response to decreased levels of potent agonists, secondary BAs
(LCA and DCA).
Importantly, an imbalance between primary and secondary BAs
in IBS-D has been consistently reported. Because BAs are metabolized by the gut microbiota, dysbiosis could be a critical factor in
the altered BA profiles observed in IBS-D patients. Duboc et al16
demonstrated the presence of gut dysbiosis and altered BA profiles
in patients with IBS. They observed an increase in E. coli and a
decrease in Bifidobacterium and Clostridium leptum in patients
with IBS-D compared with that in HC. Although a decrease in the
number of bacteria involved in BA transformation could lower the
biotransformation of BAs, the results did not show a direct causal
link. Thus, they performed an in vivo test to determine the ability
of feces to deconjugate BAs in the following study.36 Deconjugation
activity was decreased in IBS compared with that in HS and did not
differ between IBS-D and IBS-C groups. The BA profiles in stool
and blood were also similar between IBS-D and IBS-C. However,
556

the IBS-D group showed an increase in E. coli compared with that
in the HC group, and IBS-C showed an increase in Bifidobacterium and Bacteroides compared with that in the HC and IBS-D
groups.
To determine whether the alteration of BA profiles is due to a
dysfunction in biotransformation related to gut dysbiosis, establishing a direct link between the BA profile alteration and microbial
variations is necessary. Wei et al136 assessed the correlation between
fecal BAs (CA, CDCA, DCA, LCA, and UDCA) and the gut
microbiome in Chinese patients with IBS-D. At the genus level,
nine genera were significantly less abundant, including the genera in
Ruminococcaceae (Anaerofilum, Anaerotruncus, Faecalibacterium,
Gemmiger, and Oscillibacter ), in Lachnospiraceae (Coprococcus ),
in Porphyromonadaceae (Odoribacter ), in Rikenellaceae (Alistipes), and in Synergistaceae (Cloacibacillus ); 8 genera were more
abundant, including Escherichia /Shigella , Enterococcus , Streptococcus, Rothia, Klebsiella, Saccharibacteria genera incertae sedis,
Fusobacterium , and Veillonella. The 8 genera that were reduced in
IBS-D, except for Cloacibacillus , exhibited a negative correlation
with primary BAs (CA and CDCA) and a positive correlation with
secondary BAs (DCA, LCA, and UDCA). However, correlations
cannot be equated to causal associations, and a longitudinal study is
required to confirm these results.

Other Conditions That Affect the Luminal
Bile Acid Profile
Conditions other than microbial biotransformation are linked to
changes in luminal BA characteristics. The BA pool in patients with
cirrhosis is depleted due to decreased synthesis.144 The decrease in
fecal BAs promotes the depletion of Firmicutes and expansion of
proinflammatory pathogenic bacteria of Proteobacteria.115 Depletion of 7α-dehydroxylation bacteria leads to an increased primary to
secondary BA ratio in patients with cirrhosis. Because the gallbladder stores and releases primary BAs, cholecystectomy may affect
BA homeostasis. Gallbladder removal may increase the formation
and pool size of secondary BAs due to the increased exposure of
primary BAs to bacterial biotransformation in the intestine. However, cholecystectomy does not lead to significant changes in the BA
profile in the long term.145,146 Defects in the formation and transport
of BA could affect the BA pool.147 Several inherited defects in enzymes, including CYP7A1, could be involved in BA synthesis. In
multiple biosynthetic pathways, a single enzyme defect is usually
not sufficient to block the production of all BAs. These rare genetic
diseases are characterized by cholestasis, neurological disorders, and
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fat-soluble vitamin deficiency.148 Inherited transporter defects are
also rare, and the spectrum ranges from benign conditions such as
benign recurrent intrahepatic cholestasis to progressive familial intrahepatic cholestasis.149 Typically, the first presentation of progressive familial intrahepatic cholestasis is in early childhood, frequently
followed by a severe course requiring liver transplantation before
adulthood.150

Conclusion
Diverse BA profiles can regulate gut functions in terms of fluid
absorption and secretion, motility, and sensitivity. Elucidating the
underlying mechanisms of action help clarify their contributions
to the pathophysiology of IBS, especially in IBS-D. Because of the
reciprocal relationship between altered BA profiles and dysbiosis in
IBS, integrating their analysis seems necessary and could provide
insights into the pathophysiology and treatment of IBS. However,
few relevant studies have been conducted, and they involved only
a small number of subjects, mostly patients with IBS-D. Furthermore, the observational and cross-sectional study designs did not
show causal associations among altered BA profiles, gut dysbiosis,
and bowel symptoms. Therefore, associations between the BA profile and gut microbiome require further investigation using several
conditions and samples, for example, small bowel aspiration samples
of patients with SIBO. In addition, large longitudinal and interventional studies are warranted to verify previous observations.
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Background/Aims
ManoScan and Sandhill high-resolution manometry (HRM) systems are used worldwide; however, the diagnosis of achalasia on the
Starlet HRM system is not fully characterized. Furthermore, the impact of calcium channel blockers and nitrites in treating achalasia
has not been investigated using HRM. Management of recurrent cases is a priority issue, although few studies have examined patient
characteristics.
Methods
We conducted a multicenter, large-scale database analysis. First, the diagnosis of treatment-naive achalasia in each HRM system
was investigated. Next, patient characteristics were compared between type I-III achalasia, and the impact of patient characteristics,
including calcium channel blocker and nitrite use for integrated relaxation pressure (IRP) values, were analyzed. Finally, patient
characteristics with recurrent achalasia were elucidated.
Results
The frequency of type I achalasia with Starlet was significantly higher than that with ManoScan and Sandhill HRM systems. In
achalasia, multivariate analysis identified male sex, advanced age, long disease duration, obesity, type I achalasia, and sigmoid type
as risk factors related to normal IRP values (< 26 mmHg). Calcium channel blockers and nitrites use had no significant impact on the
IRP values, although achalasia symptoms were indicated to be alleviated. In recurrent cases, the IRP value was significantly lower, and
advanced age, long disease duration, and sigmoid type were more common than in treatment-naive patients.
Conclusions
We should cautiously interpret the type of achalasia and IRP values in the Starlet HRM system. Symptoms of recurrent cases are related
to disease progression rather than IRP values, which should be considered in decision making.
(J Neurogastroenterol Motil 2022;28:562-571)
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Introduction
Achalasia is a well-known esophageal motility disorder (EMD)
characterized by the degeneration of the Auerbach plexus.1 Recently,
high-resolution manometry (HRM) was developed,2,3 and achalasia was clearly defined as an EMD with impaired lower esophageal
sphincter (LES) relaxation and no normal esophageal peristalsis.4
Using the ManoScan HRM system, the Chicago classification categorizes achalasia into 3 subgroups based on the type of esophageal
contraction: type I, 100% failed peristalsis; type II, pan-pressurization; and type III, spastic contraction (Supplementary Fig. 1).4
ManoScan and Sandhill HRM systems are used worldwide,5 and
patients’ characteristics between type I, II, and III achalasia have
been clarified in Western countries using these systems.6,7
In the Starlet HRM system, mainly used in Japan, the cutoff
points of several parameters have been reported in healthy volunteers.8,9 Integrated relaxation pressure (IRP) is the most important
parameter in HRM findings for evaluating LES relaxation, and
IRP values of Starlet were reported to have different cutoff points
from ManoScan.8 However, limited information is available about
the difference in IRP values between Starlet and others in patients
with achalasia.
In Japan, data on the characteristics of patients with type I, II,
and III achalasia are scarce,10 and relevant data should be evaluated
using the Starlet HRM system to establish a diagnosis and treatment strategy. Achalasia is typically diagnosed with high IRP values
in HRM systems.6 In contrast, data of achalasia patients with normal IRP values have been reported.11,12 Clarifying the characteristics of normal IRP values in achalasia on Starlet is an urgent issue
because they are difficult to diagnose. Further, calcium channel
blockers and nitrites are commonly used for comorbidities such as
hypertension and cardiovascular disease. Although previous reports
have shown their efficacies to treat achalasia as they are expected to
lower the LES pressure,13,14 there is no recent investigation of the
impact of these drugs using HRM.
Similar to treatment-naive cases, the management of recurrent
cases is a priority issue, although few studies have examined patient

characteristics, including HRM findings. In achalasia, therapeutic
efficacy is not perfect, with balloon dilation (BD) having an efficacy
of 56.8-90.0%1,15-17 and Heller myotomy (HM) having an efficacy
of 77.6-95.0%.1,16-18
Achalasia is a rare disease with an incidence of 1.0 per 100 000
person-years.19,20 Thus, a single-center study cannot provide a
statistically significant number of cases. Therefore, we planned a
multicenter study involving high-volume centers in Japan to study
a large number of cases. In this study, using the database, achalasia
subtypes in each HRM system were investigated. Next, patient
characteristics, including IRP values and the impact of medication
with calcium channel blocker and nitrite, were analyzed in achalasia.
Finally, the characteristics of patients with recurrent achalasia were
elucidated.

Materials and Methods
Patients
This study was conducted at 13 high-volume centers as part of
a more retrospective cohort study of EMD cases, including achalasia (Japan Achalasia multicenter study; JAMS).21,22 The study
protocol was approved by the ethics committee of the respective
institutions (Supplementary Table 1). In JAMS, EMD cases diagnosed using standard methods, including HRM, esophagography,
and esophagogastroscopy, and treated between 2010 and 2020 were
recruited. Among them, cases of achalasia diagnosed using HRM
were analyzed in this study.
This study was conducted according to the tenets set in the
Declaration of Helsinki. Informed consent was obtained in the
form of an opt-out system on the website. All authors had access to
the study data and reviewed and approved the final manuscript.

Data Collection and Variables
A multicenter, large-scale database of patients with EMDs was
created. The survey items included the following: age at onset and
diagnosis of EMDs, duration of symptoms, sex, body mass index
(BMI), Eckardt score, HRM diagnosis, IRP values, calcium
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channel blocker use, nitrite use, esophageal dilation, and type of
achalasia. In general, calcium channel blocker and nitrite are used
for hypertension and coronary artery disease; therefore, their uses
were considered regardless of the purpose. HRM was performed
under continuous calcium channel blocker and nitrite use.
The Eckardt score, calculated as the sum of the respective
3-point scores for dysphagia, regurgitation, chest pain, and weight
loss, was used to assess symptom severity.18 A higher score reflects
more severe symptoms of achalasia (maximum: 12), whereas a
lower score indicates milder symptoms (minimum: 0). The HRM
diagnosis was based on the Chicago classification version 3.0.4 To
assess deglutitive LES relaxation, IRP was measured as the lowest
4-second cumulative pressure values that occurred during a 10-second post-deglutition time window in the electronically generated
e-sleeve signal through the anatomic zone defining the esophagogastric junction.23 On Starlet (Starmedical Ltd, Tokyo, Japan), IRP
of ≥ 26 mmHg was defined as a high IRP value indicating incomplete LES relaxation.9 IRP values between several HRM systems
were converted to Starlet criteria, following the formula previously
reported.9,11,24 The diagnosis of achalasia with normal IRP was
made comprehensively using the typical findings of esophagogra-

phy as bird-beak appearance with the retention of contrast medium
and endoscopy as the appearance of rosette-like esophageal folds.25
The degree of esophageal dilation was classified as grade I (< 3.5
cm), grade II (3.5-6.0 cm), or grade III (≥ 6.0 cm) according to
the diameter of the esophageal lumen on esophagography.26 The
type of achalasia was defined as straight or sigmoid. Sigmoid-type
achalasia was classified based on esophageal flexion (α) findings (α
< 135°).26

Study 1: Analysis of the Risk Factors Associated
With Integrated Relaxation Pressure Value
A total of 3583 patients with achalasia-related EMDs were
registered at 13 hospitals. First, to clarify the difference in achalasia
diagnosis between Starlet, ManoScan, and Sandhill HRM systems,
2109 treatment-naive achalasia patients were selected, excluding
649 patients diagnosed using esophagography and endoscopy only
and 579 patients with prior treatment. The frequencies of type I, II,
and III achalasia were compared between HRM systems. We used
propensity score matching method to confirm the validity of this
analysis. Propensity scores were calculated using logistic regression
analysis. Sex and age were used as matching factors.

A total of 3583 patients with esophageal motility disorders recorded
Excluded 649 patients without CCv3.0 diagnosis
Excluded 246 patients with JE, DES, and EGJOO

2688 achalasia patients diagnosed by HRM

2109 treatment-naive achalasia patients

579 patients with pre-treatment

Study 1: type of achalasia on HRM difference and
patient characteristics of achalasia on Starlet
Excluded 285 patients diagnosed with ManoScan and Sandhill

1824 treatment-naive achalasia patients diagnosed with Starlet

Excluded 93 patients diagnosed with ManoScan and Sandhill

486 patients with pre-treatment diagnosed with Starlet
Excluded 7 patients (POEM: 4, BTX injection: 1, unknown pre-treatment details: 2)
Excluded 87 patients with Eckardt score < 4

Excluded 192 patients with Eckardt score < 4

Study 3: analysis of patient characteristics of recurrence

1580 patients with Eckardt score > 4
Study 2: impact of calcium channel blockers and nitrite use

392 patients with pretreatment recurrence (BD and HM)

9 patients underwent HRM before and after calcium channel blockers use

Figure. Study flowchart. A total of 3583 patients with esophageal motility disorders (EMDs) were registered in 13 hospitals. Study 1 was performed in 2109 patients to clarify the differences in achalasia diagnoses between Starlet, ManoScan, and Sandhill high-resolution manometry
(HRM) systems. Furthermore, to analyze the characteristics of patients with type I, II, and III achalasia diagnosed using HRM, a total of 1824
treatment-naive patients with achalasia diagnosed using Starlet HRM were selected. Study 2 was performed to investigate the impact of calcium
channel blocker and nitrate use. Nine patients underwent HRM before and after medication. Study 3 was performed to clarify the etiology of
symptom recurrence, and 392 patients with Eckardt score ≥ 4 after achalasia interventions (344 cases with balloon dilation [BD] and 48 cases
with Heller myotomy [HM]) were selected; among treatment-naive patients recruited in Study 1, patients with Eckardt score ≥ 4 were assigned
to the control group. CCv3.0, Chicago classification version 3.0; JE, Jackhammer esophagus; DES, Distal esophageal spasm; EGJOO, Esophagogastric junction outflow obstruction; POEM, peroral endoscopic myotomy; BTX, botulinum toxin.
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Second, to analyze the characteristics of patients with type I, II,
and III achalasia diagnosed using Starlet HRM, a total of 1824
treatment-naive achalasia patients diagnosed using Starlet HRM
were selected. We compared patient characteristics including sex,
age at onset, age at diagnosis, disease duration, Eckardt score,
BMI, IRP values, calcium channel blocker use, nitrite use, esophageal dilation, and type of achalasia between type I-III achalasia. A
flowchart of the study is shown in Figure.

Study 2: Impact of Calcium Channel Blocker and
Nitrate Use for Integrated Relaxation Pressure Value
Using this database, we examined the impact of calcium channel blocker use and nitrate use on IRP values and severity of symptoms in treatment-naive patients with achalasia. Further, patients
who received these medications and underwent HRM before and
after the treatment were retrieved. Change of IRP values and severity of symptoms, and incidence of adverse events were investigated.

signed-rank test. Univariate and multivariate logistic regression
models were used to determine the risk factors associated with
normal IRP values, and odds ratios (ORs) and 95% confidence intervals (CIs) were computed. In multivariate analysis, we included
factors with P-values of < 0.05 in the univariate analysis. In Study 3,
we analyzed the correlation between severity of dysphagia and IRP
values using Spearman’s rank correlation coefficient.
All statistical analyses were performed using EZR (Saitama
Medical Center, Jichi Medical University, Saitama, Japan), a
graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). More precisely, it is a modified version of R commander designed to add statistical functions frequently used in biostatistics.27 All reported P -values were 2-sided, and P values of < 0.05 was considered statistically significant.

Results

Study 3: Analysis of the Risk Factors Associated
With Recurrence After Achalasia Intervention

Discrepancies in Achalasia Diagnosis Among the
High-resolution Manometry Systems

To clarify the etiology of symptom recurrence, 392 patients
with Eckardt scores of ≥ 4 after achalasia interventions (344 patients with BD and 48 patients with HM) were selected from 579
patients who underwent pretreatment. We defined these patients
as recurrent cases in this study. Among treatment-naive patients
recruited in Study 1, patients with Eckardt scores of ≥ 4 were assigned to the control group. Patient characteristics and findings of
achalasia including IRP values were compared between recurrent
cases and controls.

The frequency of type I, II, and III achalasia was significantly
different between Starlet, ManoScan, and Sandhill HRM systems
(Table 1). The prevalence of type I achalasia was significantly higher in the Starlet group (1073/1824, 58.8%) than in the ManoScan
and Sandhill groups (37/285, 13.0%) (P < 0.001), whereas the
rate of type II achalasia was significantly lower in the Starlet group
(663/1824, 36.3%) than in the ManoScan and Sandhill groups
(218/285, 76.5%) (P < 0.001). Similarly, the rate of type III achalasia in the Starlet group (88/1824, 4.8%) was significantly lower
than that in the ManoScan and Sandhill groups (30/285, 10.5%)
(P < 0.001). In contrast, ManoScan and Sandhill HRM systems
did not significantly differ in type I, II, and III achalasia diagnoses.
Propensity score matching yielded 285 matched pairs. The frequency of achalasia was significantly different among these HRM
systems even after matching patients’ background including sex
and age (Table 2).

Statistical Methods
Continuous values (age, duration of symptom, BMI, and IRP)
were treated as categorical variables according to common cut-off
points to facilitate interpretation. Categorical values were compared
using Pearson’s χ2 test and Fisher’s exact test, whereas comparisons
of 2 groups with correspondence were assessed using the Wilcoxon

Table 1. Comparison of High-resolution Manometry Diagnosis Between the Starlet and Other High-resolution Manometry Systems in Treatment-naive Achalasia Patients (N = 2109)

Subtype of achalasia

Starlet
(n = 1824)

ManoScan
and Sandhill
(n = 285)

P -value

ManoScan
(n = 60)

Sandhill
(n = 225)

P -value
(Starlet vs
ManoScan)

Type I achalasia
Type II achalasia
Type III achalasia

1073 (58.8%)
663 (36.3%)
88 (4.8%)

37 (13.0%)
218 (76.5%)
30 (10.5%)

< 0.001
< 0.001
< 0.001

6 (10.0%)
47 (78.3%)
7 (11.7%)

31 (13.8%)
171 (76.0%)
23 (10.2%)

< 0.001
< 0.001
0.029
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P -value
P -value
(Starlet vs (ManoScan
Sandhill) vs Sandhill)
< 0.001
< 0.001
0.003

0.522
0.864
0.813
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Table 2. Comparison of High-resolution Manometry Diagnosis Between the Starlet and Other High-resolution Manometry Systems Before and

After Propensity Score Matching
Before matching

After matching

Variables

Starlet
(n = 1824)

ManoScan
and Sandhill
(n = 285)

P -value

Starlet
(n =285)

ManoScan
and Sandhill
(n =285)

P -value

Type I achalasia
Type II achalasia
Type III achalasia
Sex (male)
Age at diagnosis (mean [SD])

1073 (58.8%)
663 (36.3%)
88 (4.8%)
919 (50.4%)
49.7 (17.0)

37 (13.0%)
218 (76.5%)
30 (10.5%)
124 (43.5%)
52.0 (18.5)

< 0.001
< 0.001
< 0.001
0.035
0.036

215 (75.4%)
59 (20.7%)
11 (3.9%)
140 (49.1%)
54.1 (17.5)

37 (13.0%)
218 (76.5%)
30 (10.5%)
124 (43.5%)
52.0 (18.5)

< 0.001
< 0.001
0.003
0.208
0.173

Table 3. Characteristics of Treatment-naive Achalasia Patients Diagnosed Using the Starlet High-resolution Manometry System (n = 1824)

Variables
Sex (male)
Age at onset (≥ 40 yr)
Age at diagnosis (≥ 65 yr)
Disease duration (≥ 10 yr)
Eckardt score (≥ 4)a
Dysphagia
Regurgitation
Chest pain
Weight loss
BMI (≥ 25 kg/m2)
IRP (< 26 mmHg)
Calcium channel blocker usea
Nitrite usea
Esophageal dilation (≥ II)
Type of achalasia (sigmoid)

Type I (n = 1073) Type II (n = 663)
540 (50.3%)
538 (50.1%)
231 (21.5%)
283 (26.4%)
937 (89.9%)
1033 (99.1%)
945 (90.7%)
682 (65.5%)
656 (63.0%)
152 (14.2%)
572 (53.3%)
63 (12.5%)
14 (2.8%)
708 (66.0%)
227 (21.2%)

330 (49.8%)
339 (51.1%)
125 (18.9%)
145 (21.9%)
575 (89.4%)
633 (98.4%)
583 (90.7%)
452 (70.3%)
384 (59.7%)
102 (15.4%)
193 (29.1%)
24 (9.8%)
7 (2.9%)
331 (49.9%)
72 (10.9%)

Type III (n = 88) P (Type I vs II) P (Type I vs III) P (Type II vs III)
49 (55.7%)
69 (78.4%)
51 (58.0%)
22 (25.0%)
68 (78.2%)
87 (100.0%)
74 (85.1%)
48 (55.2%)
42 (48.3%)
16 (18.2%)
31 (35.2%)
12 (23.1%)
1 (1.9%)
15 (17.0%)
9 (10.2%)

0.843
0.693
0.199
0.039
0.742
0.236
> 0.999
0.042
0.197
0.485
< 0.001
0.331
> 0.999
< 0.001a
< 0.001a

0.375
< 0.001
< 0.001
0.900
0.002
1.000
0.092
0.062
0.008
0.343
0.001
0.052
>0.999
< 0.001
0.013

0.309
< 0.001
< 0.001
0.497
0.004
0.617
0.125
0.007
0.049
0.532
0.264
0.017
> 0.999
< 0.001
> 0.999

a

Missing values of Eckardt score: 52. Calcium channel blocker use and nitrite use are analyzed in 798 and 796 patients, respectively. Esophageal dilation: the grade
of esophageal dilation based on maximum transverse diameter (d) using barium esophagogram. Grade I: d < 3.5 cm, grade II: 3.5 cm ≤ d < 6.0 cm, grade III: d
≥ 6.0 cm.
BMI, body mass index; IRP, integrated relaxation pressure.

Difficult-to-Diagnose Achalasia With a Normal
Integrated Relaxation Pressure Value on the Starlet
High-resolution Manometry System
Using the Starlet HRM system, 1824 treatment-naive achalasia patients were diagnosed, and patient characteristics between
type I, II, and III achalasia were compared (Table 3). The sex ratio
did not differ significantly between type I, II, and III achalasia. On
the other hand, age at onset and diagnosis was significantly higher
in type III achalasia than in type I and II achalasia (P < 0.001).
The rate of chest pain was significantly higher in type II (452/663,
70.3%) than in type I (682/1,073, 65.5%; P = 0.042) and type
III achalasia (48/88, 55.2%; P = 0.007). In addition, the rate
566

of normal IRP values was significantly higher in type I achalasia
(572/1073, 53.3%) than in type II (193/663, 29.1%) (P < 0.001)
and type III (31/88, 35.2%) (P = 0.001).
Next, the characteristics of patients and findings of achalasia with normal (< 26 mmHg) and elevated IRP values (≥ 26
mmHg) were compared, as shown in Table 4. Statistical differences
were observed in sex (P = 0.042), age at onset ≥ 40 years (P =
0.002), age at diagnosis ≥ 65 years (P = 0.009), disease duration
≥ 10 years (P < 0.001), Eckardt score ≥ 4 (P = 0.045), BMI ≥
25 kg/m2 (P = 0.002), type I achalasia (P < 0.001 ), esophageal
dilation ≥ II (P = 0.002), and sigmoid achalasia (P < 0.001).
Calcium channel blocker and nitrate use were not significantly different between groups with normal and elevated IRP values.

Journal of Neurogastroenterology and Motility

Achalasia Using Starlet HRM

Risk factors associated with normal IRP values (< 26 mmHg)
are shown in Table 5. In the univariate analysis, statistical differences were observed in sex (P = 0.038), age at onset ≥ 40 years (P =
0.002), age at diagnosis ≥ 65 years (P = 0.008), disease duration
≥ 10 years (P < 0.001), Eckardt score (P = 0.045), BMI ≥ 25
kg/m2 (P = 0.002), type I achalasia (P < 0.001), esophageal dilation ≥ II (P = 0.002), and sigmoid achalasia (P < 0.001). In the
multivariate analysis, male sex (OR, 1.270; 95% CI, 1.040-1.550),
Table 4. Characteristics of Treatment-naive Achalasia Patients With
Normal and Above the Cutoff Integrated Relaxation Pressure Values

Variables

IRP < 26
mmHg

Sex (male)
Age at onset (≥ 40 yr)
Age at diagnosis (≥ 65 yr)
Disease duration (≥ 10 yr)
Eckardt score (≥ 4)
BMI (≥ 25 kg/m2)
Type I achalasia
Calcium channel blocker use
Nitrite use
Esophageal dilation (≥ II)
Type of achalasia (sigmoid)

423 (53.1%)
446 (56.0%)
201 (25.3%)
246 (30.9%)
675 (84.8%)
141 (17.7%)
557 (72.1%)
39 (12.6%)
6 (1.9%)
492 (61.8%)
182 (22.9%)

IRP ≥ 26
mmHg

P -value

496 (48.2%)
0.042
500 (48.6%)
0.002
206 (20.0%)
0.009
204 (19.8%) < 0.001
905 (88.0%)
0.045
129 (12.5%)
0.002
484 (48.5%) < 0.001
60 (12.5%) >0.999
16 (3.3%)
0.276
562 (54.7%)
0.002
126 (12.3%) < 0.001

Missing values of Eckardt score: 52. Calcium channel blocker use and nitrite
use are analyzed in 798 patients and 796 patients, respectively. Esophageal dilation: the grade of esophageal dilation based on maximum transverse diameter
(d) using barium esophagogram. Grade I: d < 3.5 cm, grade II: 3.5 cm ≤ d
< 6.0 cm, grade III: d ≥ 6.0 cm.
IRP, integrated relaxation pressure; BMI, body mass index.
Data are presented as n (%).

age at onset ≥ 40 years (OR, 1.530; 95% CI, 1.220-1.920), disease
duration ≥ 10 years (OR, 1.880; 95% CI, 1.480-2.380), BMI ≥
25 kg/m2 (OR, 1.430; 95% CI, 1.080-1.890), type I achalasia (OR,
2.710; 95% CI, 2.200-3.340), and sigmoid achalasia (OR, 1.570;
95% CI, 1.200-2.070) were identified as risk factors for normal
IRP values (< 26 mmHg).

Efficacy of Calcium Channel Blockers for Relaxing
the Lower Esophageal Sphincter Could Not Be
Determined With High-resolution Manometry
Nine patients received calcium channel blockers for achalasia
and also conducted HRM examination before and after treatment in our cohort (Table 6). Due to adverse events, including
nausea, vertigo, and headache, 2 patients could not continue with
the medication (defined as failure). The other 7 cases received
medication therapy for a median of 38 days (range 25-125 days).
After treatment, achalasia symptoms were ameliorated in 4 cases
but did not change in 3 cases. In case 2, due to the tight LES even
after calcium channel blocker administration, the catheter did not
pass through the LES. There was no significant difference between
IRP values before and after administration in 6 cases (median IRP
value; before administration 30.1 mmHg [20.6-34.5], after 28.8
mmHg [21.6-35.9]; P = 0.063).
We compared the Eckardt score between the calcium channel
blocker group (n = 87), nitrite group (n = 12), and the treatmentnaive group without these medications (n = 671) (Supplementary
Table 2). Total Eckardt scores did not differ significantly between
these groups. On the other hand, the prevalence of regurgitation

Table 5. Risk Factors Associated With Normal Integrated Relaxation Pressure (< 26 mmHg) in Treatment-naive Achalasia Patients

Variables
Sex (male)
Age at onset (≥ 40 yr)
Age at diagnosis (≥ 65 yr)
Disease duration (≥ 10 yr)
Eckardt score ≥ 4
BMI (≥ 25 kg/m2)
Type I achalasia
Calcium channel blocker use
Nitrite use
Esophageal dilation (≥ II)
Type of achalasia (sigmoid)

Univariate analysis
OR (95% CI)
1.220 (1.010-1.460)
1.350 (1.120-1.620)
1.350 (1.080-1.6800)
1.810 (1.460-2.240)
0.758 (0.579-0.993)
1.500 (1.160-1.940)
2.690 ( 2.210-3.270)
0.987 (0.641-1.520)
1.750 (0.675-4.510)
1.340 (1.110-1.620)
2.120 (1.650-2.720)

Multivariate analysis

P -value
0.038
0.002
0.008
< 0.001
0.045
0.002
< 0.001
0.951
0.250
0.002
< 0.001

OR (95% CI)

P -value

1.270 (1.040-1.550)
1.530 (1.220-1.920)
0.980 (0.748-1.280)
1.880 (1.480-2.380)
0.753 (0.546-1.040)
1.430 (1.080-1.890)
2.710 (2.200-3.340)

0.020
< 0.001
0.886
< 0.001
0.084
0.012
< 0.001

1.060 (0.860-1.310)
1.570 (1.200-2.070)

0.569
0.001

Esophageal dilation: the grade of esophageal dilation based on maximum transverse diameter (d) using barium esophagogram. Grade I: d < 3.5 cm, grade II: 3.5
cm ≤ d < 6.0 cm, grade III: d ≥ 6.0 cm.
BMI, body mass index.
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Table 6. Analysis of the Efficacy of Calcium Channel Blockers for Integrated Relaxation Pressure Values on High-resolution Manometry

Case

Sex

Age
(yr)

IRP mmHg
Medication
Type of
(before ad(dosage, mg/day)
achalasia
ministration)

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9

Female
Male
Female
Female
Female
Male
Male
Female
Male

40
39
50
52
46
37
49
46
72

Type II
Type I
Type I
Type I
Type I
Type II
Type II
Type II
Type I

33.4
32.1
20.6
24.3
34.5
30.7
29.4
23.2
25.1

Nifedipine (10)
Nifedipine (10)
Nifedipine (20)
Nifedipine (10)
Nifedipine (10)
Nifedipine (10)
Nifedipine (20)
Diltiazem (60)
Diltiazem (90)

Adverse events
Nausea, vertigo

Symptoms
(after)

IRP mmHg
(after administration)

No change
No change
No change
Improved
Improved

35.5 (failure)
Unmeasurable
28.3
34.7
35.9
(Failure)
28.8
24.2
26.6

Nausea, headache
Improved
Improved
No change

Integrated relaxation pressure (IRP) values have no significant difference on calcium channel blocker use (P = 0.063, Wilcoxon signed-rank test).
Failure: in 2 cases, due to adverse events, including nausea, vertigo, and headache, these patients could not continue the medication therapy. Unmeasurable, due to
the tight lower esophageal sphincter (LES) even after the medication therapy, the catheter did not pass through the LES.
IRP, integrated relaxation pressure.

a

Table 7. Comparison of Patients’ Characteristics Between Recurrent and Treatment-naive Achalasia Patients

Variables

Failure of BD
(n = 344)

Failure of HM
(n = 48)

Sex (male)
Age at onset (≥ 40 yr)
Age at presentation (≥ 65 yr)
Disease duration (≥ 10 yr)
BMI (≥ 25 kg/m2)
Type I achalasia
IRP (< 26 mmHg)
Calcium channel blocker use
Nitrite use
Esophageal dilation (≥ II)
Type of achalasia (sigmoid)

163 (47.4%)
163 (47.4%)
90 (26.2%)
145 (42.2%)
55 (16.0%)
245 (71.2%)
228 (66.3%)
26 (19.3%)
6 (4.4%)
214 (62.2%)
91 (26.5%)

24 (50.0%)
8 (16.7%)
19 (39.6%)
43 (89.6%)
10 (20.8%)
39 (81.2%)
40 (83.3%)
4 (22.2%)
0 (0.0%)
28 (58.3%)
20 (41.7%)

Treatment-naive
P (BD vs HM) P (BD vs naive) P (HM vs naive)
(n = 1580)
800 (50.6%)
792 (50.1%)
324 (20.5%)
369 (23.4%)
236 (14.9%)
937 (59.3%)
675 (42.7%)
81 (11.7%)
20 (2.9%)
945 (59.8%)
263 (16.6%)

0.760
< 0.001
0.059
< 0.001
0.408
0.169
0.020
0.756
1.000
0.636
0.039

0.285
0.372
0.025
< 0.001
0.619
< 0.001
< 0.001
0.024
0.415
0.430
< 0.001

1.000
< 0.001
0.003
< 0.001
0.303
0.002
< 0.001
0.256
1.000
0.882
< 0.001

a

Recurrent cases are defined as patients having Eckardt score ≥ 4 after achalasia interventions, and patient characteristics are compared between these patients and
treatment-naive patients having Eckardt score ≥ 4.
Esophageal dilation: the grade of esophageal dilation based on maximum transverse diameter (d) using barium esophagogram. Grade I: d < 3.5 cm, grade II: 3.5
cm ≤ d < 6.0 cm, grade III: d ≥ 6.0 cm. Calcium channel blocker use and nitrite use are analyzed in 845 patients and 841 patients, respectively.
BD, balloon dilatation; HM, Heller myotomy; BMI, body mass index; IRP, integrated relaxation pressure.

and chest pain were significantly lower in the group with calcium
channel blockers than in the medication-free group (P = 0.013 and
P = 0.005, respectively).

Etiology of Symptoms Are Different in Recurrent
Achalasia Cases Compared With Treatment-naive
Cases
Patient characteristics between 392 cases of recurrent achalasia
and 1580 treatment-naive achalasia cases were compared in Table
7. The IRP value was significantly lower in recurrent cases after
BD and HM than in treatment-naive patients (P < 0.001 and P
568

< 0.001, respectively). The rate of disease duration ≥ 10 years and
sigmoid achalasia was significantly higher in recurrent cases after
BD and HM than in treatment-naive patients (P < 0.001 and P
< 0.001, respectively).
The correlations between severity of dysphagia and IRP values
in treatment-naive patients and cases after HM and BD are shown
in Supplementary Figure 2. Although there was a significant positive correlation between IRP value and dysphagia in each group,
the value of the correlation coefficient was small less than 0.2
(Treatment-naive cases; r = 0.068, P = 0.004. Cases after HM
and BD; r = 0.180, P < 0.001).
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Discussion
This large-scale multicenter study revealed that the frequency
of type I, II, and III achalasia in the Starlet HRM system was
significantly different from that of the ManoScan and Sandhill
systems. In the Starlet HRM system, normal IRP values were not
rare, even in treatment-naive achalasia patients. Therefore, multivariate analysis for the normal IRP value was conducted, and male
sex, late-onset, long disease duration, obesity, type I achalasia, and
sigmoid type were determined as risk factors. Further, our cohort
showed no evidence of the efficacy of calcium channel blocker and
nitrite use in reducing the IRP values. In recurrent achalasia patients, advanced age, long disease duration, and sigmoid achalasia
were characteristic.
The ManoScan HRM system has a catheter with solid-state
sensors spaced at 1-cm intervals (Given Imaging, Ltd, Yoqneam,
Israel); each sensor of the catheter has 12 circumferential sensors.
The pressure is detected by individual sensors, and the mean pressure is recorded as a representative value.8,28 In contrast, the Starlet
HRM system using a Unisensor catheter (Unisensor AG, Attikon,
Switzerland) also has solid-state sensors spaced at 1-cm intervals,
although the sensor is unidirectional and covered by circumferential
soft membranes with fluid inside. The pressure acts on the membrane and is transferred to the fluid so that the sensors perceive the
average luminal pressure.29 Such structural differences may cause
the difference in the diagnosis of achalasia.
Previous studies using a pneumohydraulic perfusion manometry system and ManoScan HRM system have shown that type
II is the most prevalent achalasia type.6,8 In contrast, our results
showed that type I achalasia was the most frequent in Starlet. Using
ManoScan, the treatment success rates of BD and HM were higher in type II achalasia patients than in type I or type III achalasia
patients.6,7 Conversely, type III achalasia patients were less likely to
respond to therapies, including BD and HM, than type I patients.6
However, our findings suggest that these results may not be the
same for achalasia patients diagnosed using the Starlet HRM system because the frequency of type I, II, and III achalasia was significantly different from that of other HRM systems. Our results
suggest that, on the Starlet HRM system, more patients with type I
achalasia can be successfully treated.
Rohof et al7 showed no significant differences in sex and age
between type I, II, and III achalasia. In contrast, in our study, age
at onset and diagnosis were significantly higher in type III achalasia
than in type I and type II achalasia. It has been reported that chest

pain is more common in type II achalasia and that normal IRP
values are more common in type I achalasia.6 Our findings are
consistent with this previous report, although the ratio of normal
IRP values was significantly higher with the Starlet in our study.
A previous study showed that the rate of achalasia with normal
IRP diagnosed using ManoScan was 5.2%.12 In our study, 43.6%
of treatment-naive achalasia patients had normal IRP values. It is
difficult to diagnose achalasia with normal IRP values;30 therefore,
to find the patient characteristics and findings of achalasia with
normal IRP value is important. Male sex, late-onset, long disease
duration, obesity, type I achalasia, and sigmoid type were identified
as risk factors for achalasia with normal IRP in our study. Kim et
al31 reported that patients with normal IRP were older than those
with elevated IRP using the Sandhill HRM system, supporting
the determined risk factors in our study such as late-onset and long
disease duration. Type I achalasia was reported to be the most common subtype in a group with normal IRP using the ManoScan
and Starlet system.13,30 Eckardt scores in patients with normal IRP
were low or were not significantly different.30,31 BMI values were
reported to have no significant difference between the normal and
high IRP groups,31 however, our result indicates that obesity-related
increased abdominal pressure reduce the LES pressure. Esophagogram recording video and timed barium esophagography may
be useful in the diagnosis of these cases with normal IRP values.30,32
Additionally, the use of impedance planimetry (EndoFLIP) has
been recommended to assess achalasia with normal IRP.32
Our large-scale database analysis and case series of HRM
before and after the medication showed no significant difference in
IRP values between patients on calcium channel blockers or nitrites
and those not on these drugs. In contrast, regurgitation and chest
pain were slightly but significantly lower in patients who used calcium channel blockers than those who did not. Further, some patients
experienced alleviation of symptoms after calcium channel blocker
administration. We hypothesize that the effect of calcium channel
blockers is not dependent on lowering the IRP values in HRM.
Refractory cases with BD were reported to be younger and
have high LES pressure after treatment17,33,34 that is possibly related
with the high LES pressure before the treatment and failure of
treatment procedure. In contrast, patients with long disease duration, sigmoid type, and low LES pressure were at risk of refractory
cases with HM.35 Our analysis shows that long disease duration
and sigmoid type are characteristics of refractory cases with BD
and HM. These findings are similar to the previous study above
mentioned. Moreover, late onset is a risk factor for recurrence in
our results, unlike previous findings. In addition, there were slight
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correlations between dysphagia and the IRP values. These findings
suggest that other factors may be involved in treatment recurrence
instead of failure to relax LES. Additional treatment may be performed for recurrent cases with high IRP after BD or HM. On
the other hand, we should consider decision-making for patients
with low IRP after BD or HM instead of additional interventions
because their recurrent symptoms are related with other factors such
as disease progression.
There are several limitations to this study. First, although the
HRM diagnosis was performed only by expert doctors in each
facility, some discrepancies in HRM diagnosis might be present.
Second, the patient’s recollection of the age of onset and disease duration may not have been entirely accurate, and any potential misrepresentations may have affected our findings and interpretations.
Third, the proportion of cohort studies related to calcium channel
blockers was not large enough. Further large-scale prospective studies are necessary to determine the natural course of achalasia and
arrive at a definitive conclusion regarding the efficacy of calcium
channel blockers.
In conclusion, we should cautiously interpret the type of achalasia and IRP values in the Starlet HRM system for decisionmaking. Our findings indicate that calcium channel blockers may
alleviate symptoms, although not by reducing IRP values. Recurrent cases of achalasia have different patient characteristics, and the
best strategy should be determined based on this.
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Background/Aims
This study aimed to develop a diagnostic tool using machine learning to apply functional luminal imaging probe (FLIP) panometry
data to determine the probability of esophagogastric junction (EGJ) obstruction as determined using the Chicago Classification version
4.0 (CCv4.0) and high-resolution manometry (HRM).
Methods
Five hundred and fifty-seven adult patients that completed FLIP and HRM (with a conclusive CCv4.0 assessment of EGJ outflow) and
35 asymptomatic volunteers (“controls”) were included. EGJ opening was evaluated with 16-cm FLIP performed during sedated
endoscopy via EGJ-distensibility index and maximum EGJ diameter. HRM was classified according to the CCv4.0 as conclusive disorders
of EGJ outflow or normal EGJ outflow (timed barium esophagram applied when required and available). The probability tool utilized
Bayesian additive regression treesBART, which were evaluated using a leave-one-out approach and a holdout test set.
Results
Per HRM and CCv4.0, 243 patients had a conclusive disorder of EGJ outflow while 314 patients (and all 35 controls) had normal EGJ
outflow. The model accuracy to predict EGJ obstruction (based on leave-one-out/holdout test set, respectively) was 89%/90%, with
87%/85% sensitivity, 92%/97% specificity, and an area under the receiver operating characteristic curve of 0.95/0.97. A free, opensource tool to calculate probability for EGJ obstruction using FLIP metrics is available at https://www.wklytics.com/nmgi/prob_flip.
html.
Conclusions
Application of FLIP metrics utilizing a probabilistic approach incorporates the diagnostic confidence (or uncertainty) into the clinical
interpretation of EGJ obstruction. This tool can provide clinical decision support during application of FLIP Panometry for evaluation of
esophageal motility disorders.
(J Neurogastroenterol Motil 2022;28:572-579)
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Introduction
The functional luminal imaging probe (FLIP) measures the
cross-sectional area of the esophageal lumen using impedance planimetry technology during controlled volumetric distension. When
combined with the FLIP measure of distensive (ie, intra-FLIP)
pressure, distensibility of the esophagus is also assessed. In 2014,
our group developed the FLIP panometry technique that displays
the esophageal diameter changes along a space-time continuum (ie,
esophageal “diameter” topography) with associated pressure during a volume-controlled distension protocol.1 By assessing esophagogastric junction (EGJ) opening and the contractile response to
distension, ie, secondary peristalsis, FLIP panometry provides an
evaluation of esophageal motility.1,2
We recently reported a diagnostic approach to classify EGJ
opening (that accurately identified EGJ obstruction as defined by
high-resolution manometry (HRM) and the Chicago classification
version 4.0 (CCv4.0) applying FLIP panometry metrics: the EGJ
distensibility index (DI) and maximum EGJ diameter.3,4 This approach accurately identified EGJ obstruction, as defined by highresolution manometry (HRM) and the CCv4.0, when the FLIP
metrics were both distinctly reduced (ie, reduced EGJ opening
[REO]), or both distinctly normal (ie, normal EGJ opening). The
promise of the FLIP panometry EGJ opening classification was
further demonstrated by outperforming HRM to detect esophageal retention on timed barium esophagram (TBE).5 However, the
FLIP panometry EGJ opening classification left a “middle-ground”
classification of borderline EGJ opening (BEO) when the EGJDI or maximum EGJ diameter were reduced, but criteria for REO
were not met; this was observed in 23% of the study cohort.3 The
BEO classification was associated with less diagnostic certainty and
it was recommended that additional complementary testing should
be pursued to facilitate reaching an overall clinical impression.
Although applying dichotomous physiomarker thresholds to
classify motility findings is conventional practice, doing so carries
limitations. In particular, results close to the thresholds or falling in
middle-range “gray zones” (ie, borderline or inconclusive classifica-

tions), may be associated with an unquantified degree of diagnostic
uncertainty.3,4,6 Statistical machine learning techniques can address
these limitations by generating diagnostic “probabilities” to facilitate
application of test data to clinical diagnosis. The present study aim
to develop and test a clinical decision support tool using FLIP Panometry to determine probabilities for the presence of EGJ obstruction.

Materials and Methods
The study cohorts (patients and controls) were previously described.3 Consecutive, adult patients (ages 18-89 years) patients that
completed FLIP during upper endoscopy and HRM for evaluation of esophageal symptoms between November 2012 and December 2019 were prospectively evaluated with data maintained in
an esophageal motility registry. Additional clinical evaluation, TBE
in particular, was obtained at the direction of the primary treating
gastroenterologist. Criteria for exclusion included technically limited
FLIP or HRM studies and suspected causes of secondary esophageal motor abnormalities such as previous foregut surgery (including
previous pneumatic dilation) or esophageal mechanical obstructions
including esophageal stricture, eosinophilic esophagitis, severe reflux esophagitis (Los Angeles-classification C or D), hiatal hernia
> 3 cm (Supplementary Figure). As well, patients with inconclusive assignments of EGJ outflow (based on CCv4.0, independent
of FLIP) were excluded from this analysis as the inconclusive label
was not amenable to model training or testing.
A cohort of healthy, asymptomatic, adult research volunteers
were also included (“controls”).7 Informed consent was obtained for
subject participation; control subjects were paid for their participation. The study protocol was approved by the Northwestern University Institutional Review Board (STU00210130).

Functional Lumen Imaging Probe Study Protocol
and Analysis
The FLIP study using 16-cm FLIP (EndoFLIP EF-322N;
Medtronic, Inc, Shoreview, MN, USA) was performed during sedated endoscopy and analyzed as previously described.2,7,8 With the
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endoscope withdrawn and after calibration to atmospheric pressure,
the FLIP was placed transorally and positioned within the esophagus with 1-3 impedance sensors beyond the EGJ. Stepwise 10-mL
FLIP distensions beginning with 40 mL and increasing to target
volume of 70 mL were then performed; each stepwise distension
volume was maintained for 30-60 seconds.
FLIP data were exported using a customized program (available free, open source at http://www.wklytics.com/nmgi) to generate FLIP Panometry plots for analysis.9,10 FLIP analysis was
performed blinded to clinical details. The EGJ analysis specifically
focused on the EGJ-DI at the 60 mL FLIP fill volume and the
maximum EGJ diameter that was achieved during the 60 mL or
70 mL fill volume.

Labels for model training/testing were assigned via CCv4.0
with conclusive disorders of EGJ outflow applied as “EGJ obstruction” and normal EGJ outflow as “not EGJ obstruction” (additional
details in Supplementary Table). Hence, strict criteria for assignment of presence or absence of EGJOO as outlined by CCv4.0 that
are independent of FLIP were applied.
To further assess the performance of the FLIP prediction
model, TBE was also utilized as a secondary test measure when
completed (n = 272 patients; 49% of the cohort). TBE results were
categorized for analysis based on the findings of greatest severity by:
(1) 5-minute column height > 5 cm, (2) 1-minute column height
> 5 cm or inability of the barium tablet to pass, or (3) “normal” (ie,
not meeting preceding severity criteria).

High-resolution Manometry Protocol and Analysis,
Including Labeling of “Esophagogastric Junction
Obstruction”

Statistical Methods and Model for Prediction of
Esophagogastric Junction Obstruction

Manometry studies were performed after a least a 6-hour fast.
The HRM assembly comprised of 36 circumferential pressure sensors at 1-cm intervals (Medtronic Inc) was placed transnasally and
positioned to record from the hypopharynx to the stomach with approximately 3 intragastric pressure sensors. After a 2-minute baseline recording, the HRM protocol was performed with ten, 5-mL
liquid swallows in a supine position and five 5-mL liquid swallows
in an upright, seated position.5
Manometry studies were analyzed according to the CCv4.0
(Supplementary Table).4,11 A median integrated relaxation pressure
(IRP) of > 15 mmHg was considered abnormal for supine swallows; a median IRP of > 12 mmHg was considered abnormal for
upright swallows.4 TBE was applied when available to patients with
an HRM classification of EGJ outflow obstruction (EGJOO) to
reach an assignment of “conclusive” EGJOO. TBE was considered
conclusively abnormal if the 5-minute column height was > 5 cm
or a 1-minute column height was > 5 cm in addition to impaction
of a 12.5-mm barium tablet.12 Inconclusive-EGJOO was assigned
in patients with an HRM classification of EGJOO that completed
a TBE that was not conclusively abnormal or did not complete a
TBE (as recommended by CCv4.0).4,11,12
Normal EGJ (ie, not EGJ obstruction) was defined by normal
median supine IRP, normal median upright IRP, or < 20% of
supine swallows with intrabolus pressurization; ie, isolated elevated
supine IRP, elevated upright IRP, or presence of intrabolus pressurization (but not all 3) were assigned as not EGJ obstruction.11
As this study focused on EGJ obstruction, criteria for “inconclusive”
disorders of peristalsis were not applied.4
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Summary statistics were computed as mean (standard deviation [SD]), or median (interquartile range [IQR]) depending on
data distribution. Groups (by TBE) were compared using MannWhitney U tests. Statistical significance was considered at P < 0.05
and the Bonferroni correction was utilized to adjust for multiple
comparisons.
The decision support tool was created using Bayesian additive
regression trees (BART) to estimate the probability of EGJ obstruction versus normal EGJ outflow (defined by HRM/CCv4.0)
given EGJ-DI and maximum EGJ diameter.13 BART is a Bayesian analog of standard tree-based algorithms (eg, random forests)
that predicts outcomes using an average of several decision trees.
Because BART posits a semiparametric probability distribution
for the data based on probit regression, it can flexibly model the
relationship between FLIP measures and the probability of EGJ
obstruction, learning nonlinear and interaction terms from the data.
For a given set of FLIP measures (EGJ-DI and maximum EGJ
diameter), BART can be used to compute 2 distributions relevant
to clinical decisions: the posterior distribution and posterior predictive distribution.
First, BART estimates a posterior distribution for the probability of EGJ obstruction. Given a maximum EGJ diameter (x 1)
and EGJ-DI (x 2), clinical decisions may depend on the probability
of obstruction P[obstruction | x 1, x 2] = p (x 1, x 2). Note that p (x 1,
x 2) is an unknown quantity that could possibly range from 0 to 1.
BART estimates a posterior distribution of p (x 1, x 2) that reflects the
likelihood of p (x 1, x 2) taking various values in [0,1] given the data
observed. Posterior distributions characterize uncertainty in knowledge of p (x 1, x 2) and can be summarized via measures of centrality
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(mode) as well as 95% credible regions that reflect areas in the [0,1]
range that p (x 1, x 2) is most likely to fall.
Second, and perhaps most relevant to clinical decisions, is the
posterior predictive distribution (PPD). The PPD quantifies the
probability that some new or future patient has an EGJ obstruction
given a maximum EGJ diameter and EGJ-DI. PPDs take into account uncertainty in the estimate of p (x 1, x 2) reflected in the posterior distribution. Thus, the posterior distribution tells how uncertain
to be about p (x 1, x 2), while the PPD tells how to navigate that uncertainty when predicting if a new patient has an EGJ obstruction.
Henceforth, the posterior predictive probability of an EGJ obstruction is referred to as a “diagnostic probability.”
To tune relevant parameters that govern model complexity
including the number of trees, the probability of a tree growing a
branch (base), and tree depth (power) 10-fold cross validation was

used on the training set. Cross validation was run on a random subset of 80% of the data (n = 473), referred to as the “training set.”
Model performance was evaluated on a holdout test set as well
as with a leave-one-out approach. The holdout “test set” included
the remaining 20% of the cohort (ie, those not included in the training set), n = 118. For the leave-one-out approach, the model was
fit on all observations (ie, training and test set observations) except
one, and a prediction was made for the lone holdout observation.
Model performance by both methods was summarized via predictive accuracy, sensitivity, specificity, and area under the receiver operating characteristic curve (AUROC). Posterior distributions were
derived using Markov Chain Monte Carlo and Bayesian backfitting on the complete dataset (training + testing).13 Four chains (10
000 burn-in samples) were used. Analyses were implemented in the
R programming language (version 4.1.0) using the dbarts library.

Table. Cohort Characteristics

Results
Patients Controls

a

35
30 (6)
25 (71)
0 (0)
0 (0)
0 (0)
35 (100)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
3 (9)
32 (91)
31 (89)
4 (11)
0 (0)

Conclusive disorders of esophagogastric junction (EGJ) outflow.
HRM, high-resolution manometry; CCv4.0, Chicago classification version
4.0; TBE, timed barium esophagram.
TBE findings are reported by the finding of greatest severity.

Subjects
Among the patients 557 patients (mean [SD]: age 53 (17)
years, 56% female), 243 (44%) had a conclusive disorder of EGJ
outflow, 314 (56%) had an HRM classification with normal EGJ
outflow (Table). Dysphagia was the indication for esophageal motility testing in 89% of the patients. The median (IQR) supine and
upright IRP values were 31 mmHg (23-41) and 29 mmHg (20-

2

N
557
Age (mean [SD], yr)
53 (17)
Gender (female) (n [%])
314 (56)
Indication for motility testing (n [%])
Dysphagia
495 (89)
Reflux symptoms
39 (7)
Chest pain
12 (2)
Other
11 (2)
HRM-CCv4.0 (n [%])
Type I achalasiaa
55 (10)
Type II achalasia
129 (23)
Type III achalasia
40 (7)
EGJ outflow obstructiona
19 (3)
Hypercontractile esophagus
15 (3)
Distal esophageal spasm
15 (3)
Absent contractility
17 (3)
Ineffective esophageal motility
47 (8)
Normal motility
220 (40)
Esophagogastric junction morphology (on HRM) (n [%])
Type I
448 (81)
Type II or III
108 (19)
Timed barium esophagram (TBE)
Completed TBE (n [% cohort])
272 (49)
TBE findings (n [% completed TBE])
5 min column height > 5 cm
132 (49)
1 min column height > 5 cm or tablet impaction 52 (19)
Normal
88 (32)

EGJ-distensibility index (mm /mmHg)

Characteristic

12.5

Probability
for EGJ
obstruction

10.0

75%

7.5

50%
25%

5.0
2.5
0
5

15
10
20
Maximum EGJ diameter (mm)

25

Figure 1. Probability for esophagogastric junction (EGJ) obstruction

using functional lumen imaging probe (FLIP) panometry metrics.
Four patients (A-D) from the study cohort are plotted based on the
EGJ-distensibility index (DI) and maximum EGJ-diameter from
FLIP panometry as described in the text. Figure used with permission from the Esophageal Center of Northwestern (available from
URL: https://www.wklytics.com/nmgi/prob_flip.html).
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38), respectively, for patients with a conclusive disorder of EGJ
outflow. The median (IQR) supine and upright IRP values were
10 mmHg (7-14) and 9 mmHg (5-12), respectively, for patients
with normal EGJ outflow. All 35 controls (age 30 [6] years, 71%
female) had normal EGJ outflow per CCv4.0 with median (IQR)
supine and upright IRP of 10 mmHg (8-14) and 9 mmHg (4-10),
respectively.

Model Development and Performance
Posterior distributions were derived using Markov Chain
Monte Carlo and Bayesian backfitting on the complete dataset
(training + testing).13 Four chains (10 000 burn-in samples) were
used. The model with the lowest cross validation error rate (Gini
index) involved 250 trees with a base of 0.75 and power 3.0.

On the holdout test set, the model accuracy for EGJ obstruction was 90%, with 85% sensitivity, 97% specificity, and 0.97 AUROC. Model performance estimated via leave-one-out validation
demonstrated model accuracy of 89% with 87% sensitivity, 92%
specificity, and 0.95 AUROC.

Decision Support Tool and Patient-case Examples
Diagnostic probabilities for EGJ obstruction relative to FLIP
Panometry metrics, are illustrated in Figure 1. The decision support tool to calculate probability for EGJ obstruction using FLIP
measures is available free online: https://www.wklytics.com/nmgi/
prob_flip.html.
Additionally, to illustrate application of the decision support
tool, several examples from the patient cohort are also included

FLIP - diameter (mm)
5

10

15

HRM - pressure (mmHg)

20

25

30

0

50

100

150

Pressure
(mmHg)

16-cm axial length

60 mL

10 sec

70 mL

FLIP
volume
60
40
20

Pressure
(mmHg)

70 mL

36-cm axial length

16-cm axial length

60 mL
FLIP
volume
60
40
20

36-cm axial length

B

A

60 sec

10 sec
60 sec

Pressure
(mmHg)

16-cm axial length

60 mL

10 sec
60 sec

FLIP
volume
60
40
20

Pressure
(mmHg)

70 mL

36-cm axial length

16-cm axial length

60 mL
FLIP
volume
60
40
20

70 mL

36-cm axial length

D

C

10 sec
60 sec

Figure 2. Case examples of functional lumen imaging probe (FLIP) panometry and high-resolution manometry (HRM). The FLIP panometry
(left) and swallow from HRM study (right) from the 4 patients (A-D) labeled in Figure 1 are displayed. (A) Patient (HRM/Chicago classification version 4.0 (CCv4.0) diagnosis was type I achalasia) was treated with per-oral endoscopic myotomy (POEM) with significant symptomatic
improvement; an Eckardt score was 1 at follow-up. (B) Patient (HRM/CCv4.0 diagnosis was absent contractility) was treated with proton pump
inhibitor (PPI) for gastroesophageal reflux. (C) Patient (HRM/CCv4.0 diagnosis of type I achalasia), who also completed timed barium esophagram (TBE) with 13 cm column height at 5 minutes, was treated with POEM with symptom improvement; an Eckardt score was 0 at follow-up.
(D) Patient (HRM/CCv4.0 diagnosis of normal motility) completed a TBE, which was normal, and was treated with PPI and dietary modification. Figure used with permission from the Esophageal Center of Northwestern.

576

Journal of Neurogastroenterology and Motility

Probability of EGJ Obstruction

(Fig. 1 and 2).
(1) Patient A with an EGJ-DI of 0.7 mm2/mmHg and maximum diameter 6.2 mm
(2) Patient B with an EGJ-DI of 7.0 mm2/mmHg and a maximum EGJ diameter of 16.1 mm
(3) Patient C with an EGJ-DI of 3.2 mm2/mmHg and maximum diameter 10.8 mm
(4) Patient D with an EGJ-DI of 1.9 mm2/mmHg and maximum diameter 12.7 mm
The diagnostic probabilities for EGJ obstruction for the 4
patients are A: 97%, B: 4%; C: 68%; and D: 48%. Figure 3 shows
the posterior distribution of the estimated probability of obstruction
for all 4 patients. The HRM/CCv4.0 diagnosis for patients were (1)
type I achalasia, (2) absent contractility, (3) type I achalasia, and (4)
normal motility (Fig. 2).

Patient A

6

Density

Patient B

Predictive probability =
97%
Posterior mode = 99%
95% CI = [91%-100%]

Predictive probability =
4%
Posterior mode = 1%
95% CI = [0%-13%]

Diagnostic Probability for Esophagogastric Junction
Obstruction Associated With Timed Barium
Esophagram Findings
Two hundred and seventy-two patients completed TBE
(Table). Patients with a 5-minute barium column height > 5 cm
had a greater diagnostic probability for EGJ obstruction (based on
FLIP and the BART model) than patients with a 1-minute barium
column height > 5 cm or tablet impaction (P < 0.001), who had
greater diagnostic probability for EGJ obstruction than patients
with normal TBE (P < 0.001; Fig. 4).

Discussion
This study aimed to use machine learning to develop a diagnostic tool to apply to FLIP panometry data to determine the prob-

Patient C

Patient D

Predictive probability =
68%
Posterior mode = 72%
95% CI = [43%-90%]

Predictive probability =
48%
Posterior mode = 50%
95% CI = [22%-70%]

4

2

0
25

50

75

25

50

75

25

50

75

25

50

Probability for EGJ obstruction (%)

Posterior probability of EGJ obstruction (%)

75

Figure 3. Case examples for probability of esophagogastric junction (EGJ)
obstruction. The posterior distributions
from the Bayesian additive regression
trees (BART) model for the 4 patient
cases (A-D) labeled in Figure 1 are
displayed. The probability for EGJ
obstruction was determined as posterior
predictive distribution. Figure used with
permission from the Esophageal Center
of Northwestern.

100
80

*
*
*
*
*
*

60

*
*

40
20
0

*
*
*
*
*
*

5 Minute column height > 5 cm
n = 132

1 Minute column height > 5 cm
or 12.5 mm tablet impaction

Normal

n = 52

n = 88

Timed barium esophagram
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Figure 4. Probability for esophagogastric junction (EGJ) obstruction associated with esophageal retention on timed
barium esophagram (TBE). Patients
were categorized by TBE results of
greatest severity. The probability for
EGJ obstruction was based on functional luminal imaging probe (FLIP)
panometry and the Bayesian additive
regression trees (BART) model. “ ○”
and “*” represent outliers in the boxand-whisker plots. Figure used with
permission from the Esophageal Center
of Northwestern.
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ability of EGJ obstruction, defined using HRM and CCv4.0. The
major finding was that the resultant model’s accuracy in predicting
EGJ obstruction was 89-90% depending on whether a “holdout
test set” or “leave-one-out” approach was applied. The corresponding sensitivities, specificities and areas under the ROC curves
were (87%, 92%, 0.95) and (85%, 97%, 0.97), respectively. The
performance of the model was also supported by greater diagnostic
probabilities for EGJ obstruction being associated with esophageal
retention on TBE. Although conventional diagnostic performance
metrics indicate that this model is very accurate, its additional contribution is that it applies a probabilistic, as opposed to dichotomous,
framework to identify EGJ obstruction among patients evaluated
for esophageal motility disorders.4 Conventional approaches focus
on binary (ie, positive/negative) or categorical diagnoses rather than
the probability of diagnoses. Such approaches either do not incorporate diagnostic probabilities, or compare them to some threshold (eg,
> 50%) to determine diagnoses. In contrast, the model presented
here is used explicitly to estimate the probability of a diagnosis. By
focusing on probabilities instead of “yes/no,” the model quantifies
the confidence or uncertainty of a diagnosis given the data.
The promise of FLIP to evaluate EGJ function and identify
obstruction among patients evaluated for esophageal motility disorders, in particular achalasia, has been demonstrated in previous
studies utilizing FLIP (among which are earlier reports of the
patient cohort utilized for this study).3,14-17 In a recent report of
this patient cohort, we demonstrated that among patients with a
conclusive CCv4.0 diagnosis, 86% of patients with REO on FLIP
had a conclusive disorder of EGJ outflow per CCv4.0 and 99%
of patients with normal EGJ opening on FLIP had normal EGJ
outflow per HRM and CCv4.0.3 However, that also left a portion
of patients with a BEO classification that considered inconclusive,
but to an unspecified (ie, unquantified) degree. Further, the limitations of the applied fixed thresholds were noted recognizing that
parameters falling near the proposed thresholds may be associated
with less certainty than more extreme measures.
Probabilities, however, can be interpreted clinically and combined with insights derived from other available clinical data. For
instance, in the case examples described (Fig. 1 and 2), the FLIP
findings in patients A and B are associated with a high degree of
certainty regarding EGJ obstruction. In the appropriate clinical
context, high-probability findings such as these are likely sufficient
to reach a confident clinical diagnosis. For FLIP findings associated with a greater degree of uncertainty (such as patients C or
D), application of additional complementary testing (eg, HRM
or TBE) may be necessary. However, instead of being limited to a
578

classification with a non-specific impression of uncertainty (such as
recently described with BEO on FLIP), the diagnostic probability
provides guidance to the provider to weigh other data and pursue
additional complementary testing if deemed necessary.3 If clinical,
endoscopic, and/or TBE findings strongly support EGJ obstruction, a diagnostic probability for EGJ obstruction of 68% in case C
may be sufficient to reach a diagnosis. Alternatively, a greater degree
of uncertainty is reflected in case D with probability for obstruction
of 48% such that pursuit of additional complementary testing (eg,
HRM) is warranted.
While a strength of the study lies in the novel application of a
machine learning-generated clinical decision support tool that utilizes a probabilistic approach to diagnosis of an essential esophageal
motility parameter, there are also limitations to the study. Any model
is subject to the limitations inherent to its supervised training labels.
Here, while HRM and CCv4.0 represents the state of the art classification of esophageal motility disorders, it is not a perfect standard for obstruction. Incorporation of additional components to the
training labels, such as those derived from provocative maneuvers
with HRM or clinical outcomes/response to treatments could be
utilized for future development of new or refined models.
Probabilistic machine learning offers a promising solution to
alleviate the limitations associated with classification schemes using
fixed rules and thresholds for clinical diagnoses. Future directions
will seek to incorporate additional metrics or features (such as the
contractile response patterns on FLIP Panometry) into the model
to improve statistical precision and clinical performance.18 Similar
models using other technologies (such as HRM) are also expected.
Ultimately, incorporation of this machine learning decision support
tool represents further evolution of the promise of FLIP panometry
for evaluating esophageal function.

Supplementary Materials
Note: To access the supplementary table and figure mentioned
in this article, visit the online version of Journal of Neurogastroenterology and Motility at http://www.jnmjournal.org/, and at https://
doi.org/10.5056/jnm21239.

Financial support: This work was supported by P01 DK117824
(John E Pandofino) from the Public Health service, American
College of Gastroenterology Junior Faculty Development Award
(Dustin A Carlson), a grant from the Northwestern Digestive
Health Foundation (Wenjun Kou), and gifts from Joe and Nives
Rizza and The Todd and Renee Schilling Charitable Fund.

Journal of Neurogastroenterology and Motility

Probability of EGJ Obstruction

Conflicts of interest: John E Pandofino, Peter J Kahrilas, and
Northwestern University hold shared intellectual property rights
and ownership surrounding FLIP panometry systems, methods,
and apparatus with Medtronic Inc. Dustin A Carlson: Medtronic
(speaking and consulting) and Phathom Pharmaceuticals (consulting). Peter J Kahrilas: Ironwood (consulting), Reckitt Benckiser
(consulting), and Johnson & Johnson (consulting). John E Pandolfino: Sandhill Scientific/Diversatek (consulting, speaking, and
grant), Takeda (speaking), Astra Zeneca (speaking), Medtronic
(speaking, consulting, patent, and license), Torax (speaking and
consulting), and Ironwood (consulting). Jacob M Schauer, Jacqueline E Prescott, and Wenjun Kou: nothing to disclose.

Author contributions: Jacob M Schauer contributed to study
concept and design, data analysis, data interpretation, drafting of the
manuscript, and approval of the final version; Wenjun Kou contributed to data analysis, programming, obtaining funding, editing the
manuscript critically, and approval of the final version; Jacqueline E
Prescott contributed to data analysis and approval of the final version; Peter J Kahrilas contributed to editing the manuscript critically
and approval of the final version; John E Pandolfino contributed to
study concept, obtaining funding, editing the manuscript critically,
and approval of the final version; and Dustin A Carlson contributed
to study concept and design, data acquisition, data analysis, data
interpretation, drafting of the manuscript, obtaining funding, and
approval of the final version.

References
1. Carlson DA, Lin Z, Rogers MC, Lin CY, Kahrilas PJ, Pandolfino JE.
Utilizing functional lumen imaging probe topography to evaluate esophageal contractility during volumetric distention: a pilot study Neurogastroenterol Motil 2015;27:981-989.
2. Carlson DA, Kahrilas PJ, Lin Z, et al. Evaluation of esophageal motility utilizing the functional lumen imaging probe. Am J Gastroenterol
2016;111:1726-1735.
3. Carlson DA, Prescott JE, Baumann AJ, et al. Validation of clinically
relevant thresholds of esophagogastric junction obstruction using FLIP
panometry. Clin Gastroenterol Hepatol 2022;20:e1250-e1262.
4. Yadlapati R, Kahrilas PJ, Fox MR, et al. Esophageal motility disorders
on high-resolution manometry: Chicago classification version 4.0©.
Neurogastroenterol Motil 2021;33:e14058.
5. Carlson DA, Baumann AJ, Prescott JE, et al. Prediction of esophageal

retention: a study comparing high-resolution manometry and functional
luminal imaging probe panometry. Am J Gastroenterol 2021;116:20322041.
6. Gyawali CP, Kahrilas PJ, Savarino E, et al. Modern diagnosis of GERD:
the Lyon Consensus. Gut 2018;67:1351-1362.
7. Carlson DA, Kou W, Lin Z, et al. Normal values of esophageal distensibility and distension-induced contractility measured by functional luminal
imaging probe panometry. Clin Gastroenterol Hepatol 2019;17:674-681,
e1.
8. Carlson DA, Baumann AJ, Donnan EN, Krause A, Kou W, Pandolfino JE. Evaluating esophageal motility beyond primary peristalsis:
assessing esophagogastric junction opening mechanics and secondary
peristalsis in patients with normal manometry. Neurogastroenterol Motil
2021;33:e14116.
9. Triggs JR, Carlson DA, Beveridge C, Kou W, Kahrilas PJ, Pandolfino
JE. Functional luminal imaging probe panometry identifies achalasia-type
esophagogastric junction outflow obstruction. Clin Gastroenterol Hepatol
2020;18:2209-2217.
10. Baumann AJ, Donnan EN, Triggs JR, et al. Normal unctional luminal
imaging probe panometry findings associate with lack of major esophageal motility disorder on high-resolution manometry. Clin Gastroenterol
Hepatol 2021;19:259-268, e1.
11. Bredenoord AJ, Babaei A, Carlson D, et al. Esophagogastric junction
outflow obstruction Neurogastroenterol Motil 2021;33:e14193.
12. Blonski W, Kumar A, Feldman J, Richter JE. Timed barium swallow:
diagnostic role and predictive value in untreated achalasia, esophagogastric junction outflow obstruction, and non-achalasia dysphagia. Am J
Gastroenterol 2018;113:196-203.
13. Chipman HA, George EI, McCulloch RE. BART: Bayesian additive
regression trees. Ann Appl Stat 2010;4:266-298.
14. Carlson DA, Gyawali CP, Kahrilas PJ, et al. Esophageal motility classification can be established at the time of endoscopy: a study evaluating realtime functional luminal imaging probe panometry Gastrointest Endosc
2019;90:915-923, e1.
15. Rooney KP, Baumann AJ, Donnan E, et al. Esophagogastric junction
opening parameters are consistently abnormal in untreated achalasia. Clin
Gastroenterol Hepatol 2021;19:1058-1060, e1.
16. Rohof WO, Hirsch DP, Kessing BF, Boeckxstaens GE. Efficacy of
treatment for patients with achalasia depends on the distensibility of the
esophagogastric junction. Gastroenterology 2012;143:328-335.
17. Smeets FG, Masclee AA, Keszthelyi D, Tjwa ET, Conchillo JM.
Esophagogastric junction distensibility in the management of achalasia patients: relation to treatment outcome. Neurogastroenterol Motil
2015;27:1495-1503.
18. Carlson DA, Baumann AJ, Prescott JE, et al. Validation of secondary
peristalsis classification using FLIP panometry in 741 subjects undergoing manometry. Neurogastroenterol Motil 2021;34:e14192.

Vol. 28, No. 4 October, 2022 (572-579)

579

JNM

J Neurogastroenterol Motil, Vol. 28 No. 4 October, 2022
pISSN: 2093-0879 eISSN: 2093-0887
https://doi.org/10.5056/jnm21156

Journal of Neurogastroenterology and Motility

Original Article

Mean Nocturnal Baseline Impedance and Post-reflux
Swallow-induced Peristaltic Wave Index Could Identify
Gastroesophageal Reflux Disease but pH-Impedance
Metrics Alone Might Not Correlate With Proton Pump
Inhibitor Response in Chinese Patients With
Typical Reflux Symptoms
Dongke Wang, Chaofan Duan, Xiaohao Zhang, Junying Xu, Xiaohua Hou,* and Xuelian Xiang*
Division of Gastroenterology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, 1277 Jiefang Road,
Wuhan 430022, China

Background/Aims
Lyon consensus differentiates acid exposure time (AET) as physiological, borderline, and pathological. Mean nocturnal baseline
impedance (MNBI) and post-reflux swallow-induced peristaltic wave index (PSPWi) are believed to increase diagnostic yield of
gastroesophageal reflux disease (GERD) and correlate with symptom outcome of proton pump inhibitor (PPI) treatment. We aim to
explore the clinical characteristics and the correlation of pH-impedance parameters with PPI response in Chinese patients with different
AET levels.
Methods
We retrospectively investigated 177 patients with typical reflux symptoms who received esophageal function tests. The demographics,
GERD questionnaire scores, the proportion of esophagitis and PPI responders, and manometric and pH-impedance parameters were
compared among patients with AET < 4%, 4-6%, and > 6%. In patients with AET ≥ 4%, manometric and pH-impedance parameters
were compared between PPI responders and non-responders.
Results
Among 177 patients, 69 (39.0%) had AET 4-6%, and 53 (29.9%) had AET > 6%. The demographics, esophagogastric junction type,
and occurrence of ineffective esophageal motility were similar between patients with AET 4-6% and > 6%, but different from AET
< 4%. MNBI and PSPWi were different among different AET levels, but similar between PPI responders and non-responders in patients
with AET ≥ 4%.
Conclusions
It is reasonable to set 4% as a threshold to define pathological AET in Chinese patients. MNBI and PSPWi could identify GERD patients,
but may not correlate with PPI response of Chinese GERD patients.
(J Neurogastroenterol Motil 2022;28:580-588)
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Introduction
In clinical practice, ambulatory reflux monitoring can provide
confirmatory evidence of gastroesophageal reflux disease (GERD).1
Acid exposure time (AET) is the most consistent predictor of acid
reflux burden.2 According to the Lyon consensus, AET less than 4%
was physiologic and greater than 6% was pathologic, while AET
between 4% and 6% was classified as borderline or inconclusive.3
However, recently, the 2020 Seoul consensus of the management
of GERD which mainly focuses on the Asian population defined
pathologic acid reflux when AET ≥ 4%.4 The reason for the
threshold change was mainly based on a meta-analysis of the AET
of asymptomatic Asians from 19 studies in which the 95% CI of
the AET was 2.7-3.9%. Besides, 2 studies from China (with 28
and 38 patients with AET between 4-6% respectively, and 47 and
113 patients of AET > 6% respectively) displayed the manometric
and pH-impedance characteristics of the 2 groups of patients were
similar.5,6 More data of the Chinese patients especially with a larger
sample size of the patients with AET between 4-6% are preferred
to evaluate whether the threshold of AET set as 4% is reasonable.
Twenty-four hour esophageal multichannel intraluminal impedance and pH monitoring (24-hour pH-MII) provides more
information than acid exposure. With impedance, reflux could be
differentiated as acid, weakly acid, and alkaline reflux. Moreover,
novel parameters, mean nocturnal baseline impedance (MNBI)
could reflect esophageal mucosal barrier integrity, and post-reflux
swallow-induced peristaltic wave index (PSPWi) can reflect the
ability of chemical clearance. It was demonstrated that in patients
with typical reflux symptoms, MNBI was lower in patients with
both AET between 4-6% and > 6% than patients with AET <
4%,5,7 and the same trend was found in Chinese patients with lowgrade esophagitis.8 Low MNBI (MNBI < 2292 Ω) is believed
as a good supportive evidence of GERD diagnosis.7,9 Studies

from Western populations demonstrated that in patients with typical reflux symptoms, low MNBI was found in about 99.0% of
patients with AET > 6%, about 91.0% of patients with AET
between 4-6%, and about 33% of patients with AET < 4%.7 In
patients with suspected GERD-related extraesophageal patients,
low MNBI was found in about 88.0% of true GERD patients
and 12.0% of non-GERD patients (identified with 24-hour pHMII).10 The percentages of low MNBI in Chinese patients with
different AET levels are not known. Likewise, accumulating data
demonstrated the ability of PSPWi to differentiate GERD from
non-GERD. It was found that PSPWi was about 25.0-30.0% in
patients with non-erosive reflux disease, 15.0-25.0% in patients
with esophagitis, and 45.0-76.0% in patients with functional heartburn.11-13 There is a study from China that demonstrated that the
mean PSPWi of patients with AET > 6%, between 4-6% and >
6% were 59.8%, 78.6%, and 84.1%, respectively.5 The PSPWi in
this study seems higher than previous studies, and more data of the
PSPWi in different AET levels is needed.
Besides identifying GERD, the predictive ability of both
MNBI and PSPWi for anti-reflux treatment response had been
shown in patients with typical reflux symptoms,14-16 with AET
between 4-6%,7 and with extra-esophageal reflux symptoms.10
However, recently, a study from China demonstrated that in patients with AET 4-6%, the proton pump inhibitor (PPI) response
rates were not different between patients with normal MNBI and
low MNBI.6 It is worth knowing the correlation of MNBI and
PSPWi with PPI response in Chinese patients with different AET
levels.
In this study, we aim to analyze the symptomatic, endoscopic,
manometric and pH-impedance characteristics of patients with different AET levels to determine whether the AET threshold set at 4%
is reasonable to define abnormal acid exposure. Moreover, we aim
to evaluate the correlation of MNBI, PSPWi, and AET with PPI
response in Chinese GERD patients with typical reflux symptoms.
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Materials and Methods
Participants and Study Design
Patients who suffered typical reflux symptoms and received
high-resolution manometry and 24-hour pH-MII in Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology from May 2011 to May 2020 were included in
this retrospective study. These patients accepted esophageal function tests because they had refractory GERD symptoms for at least
8 weeks of the standard dose of PPI or they wanted by themselves
to know whether they had excessive acid exposure before PPI treatment, or they were PPI responders who wanted to get anti-reflux
endoscopic or surgical procedure. Patients with Grade C and D
esophagitis defined by Los Angeles classification, long-segment
Barrett mucosa, peptic esophageal stricture, and patients with extraesophageal symptoms were excluded.12
Patients were categorized as 3 groups: physiologic group (AET
< 4%), inconclusive group (4% ≤ AET ≤ 6%), and pathologic
group (AET > 6%).3 Demographics, symptoms, PPI response,
endoscopic reports, high-resolution manometry, and 24-hour pHMII monitoring parameters were all collected and compared
among different AET groups.
The protocol of this study was approved by The Ethics Committee of Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology and registered at http://www.
chictr.org.cn (No. ChiCTR2100042688).

Demographics and Clinical Characteristics
Demographics include age, gender, body mass index, smoking,
and drinking. GERD questionnaire (GerdQ) is a questionnaire
for the diagnosis of GERD based on the typical and troublesome
symptoms of GERD, such as regurgitation and heartburn.17 Diagnosis of esophagitis by endoscopy was defined by the Los Angeles
classification,18 and the endoscopy was done within 14 days before
high-resolution esophageal manometry and 24-hour pH-MII
monitoring. PPI response was positive when patients’ symptoms
improved by more than 50.0% compared with the baseline, and
PPI non-responder definition was based on the symptom outcome
of at least 8 weeks of the standard dose of PPIs. Symptom outcomes were collected in clinical records or from interviews by phone
calls.

582

High-resolution esophageal manometry (HREM) was performed by using a solid-state (Sierra Scientific Instruments, Inc,
Los Angeles, CA, USA) or a water perfusion catheter (Solar GI
HRM, Medical Measurement System, Enschede, The Netherlands). The data analysis was performed by 2 experienced investigators. We collected the parameters such as the type of esophagogastric junction (EGJ) morphology (EGJ I, II, or III), low esophageal
sphincter (LES) pressure based on the Chicago classification version 3.0.19 Hypotensive EGJ was defined when LES pressure was
< 10 mmHg. If the frequency of the ineffective swallow reached
50.0% out of water swallows, ineffective esophageal motility (IEM)
was diagnosed.19

Twenty-four-hour Esophageal pH-Impedance
Monitoring
Participants with a history of PPI use needed to stop using the
PPI for at least 1 week before the 24-hour pH-impedance monitoring test. The pH-impedance measurement was performed with a
catheter containing 1 pH channel and 6 impedance channels (Given
Imaging, Inc, Mansfield, MA, USA). Patients were instructed
to record the time of the positions (upright or supine), meals, and
symptoms occurring in the diary. Two experienced investigators
analyzed the data by using the Accuview pH-Z version 5.2 software
(Given Imaging, Inc).
A fall of pH below 4 at 5 cm above LES was taken to indicate
acid reflux, and acid reflux episodes were divided into upright
and supine episodes.3 Long reflux was defined as the duration of
pH < 4 reaching 5 minutes. AET was the percentage of the total
time of pH < 4 in 24 hours. MNBI, from 3 cm above LES, was
calculated by manual measurement of mean baseline values at 3
different 10-minute periods (around 1 AM, 2 AM, and 3 AM),
excluding reflux episodes and swallows.20 The definition of PSPW
was an antegrade 50.0% drop occurring within 30 seconds after a
reflux event, originating from the most proximal impedance channel to all remaining distal impedance channels, and followed by
at least 50.0% return to the baseline. The PSPW index (PSPWi)
was obtained when dividing the number of PSPWs by the number
of reflux events.21 The cutoff for the definition of low MNBI and
PSPWi were 2292 Ω and 61.0% respectively.7 Symptom association probability (SAP) index was calculated according to described
criteria.22 Reflux episodes include acidic reflux, weakly acidic reflux,
and alkaline reflux. A total reflux number > 80 and SAP > 95.0%
were positive.7
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Table 1. Demographics, Symptoms, and Symptom Outcome of All Participants

Characteristics
Demographics
Age (yr)
Male
BMI (kg/m2)
Smoking
Drinking
Symptoms
GerdQ (total)
GerdQ (NERD)
Symptom outcome
PPI response

Total
(N = 177)

AET < 4%
(n = 55)

4% ≤ AET ≤ 6%
(n = 69)

AET > 6%
(n = 53)

P -value

AET ≥ 4%
(n = 122)

P -value

49.8 ± 11.5
100 (56.5)
22.8 ± 3.3
36 (20.3)
30 (17.0)

46.5 ± 10.4
23 (41.8)
22.0 ± 3.8
11 (20.0)
9 (16.4)

52.1 ± 11.9a
39 (56.5)
23.3 ± 3.0
9 (13.0)
12 (17.4)

50.3 ± 11.4
38 (71.7)b
23.0 ± 3.0
16 (30.2)
9 (17.0)

0.023
0.007
0.070
0.066
0.989

51.3 ± 11.7
77 (63.1)
23.2 ± 3.0
25 (20.5)
21 (17.2)

0.009
0.008
0.024
0.940
0.889

8.2 ± 2.5
8.1 ± 2.4

7.9 ± 2.6
7.9 ± 2.7

7.9 ± 2.4
7.9 ± 2.2

8.8 ± 2.4
8.6 ± 2.4

0.104
0.317

8.3 ± 2.4
8.2 ± 2.3

0.352
0.569

107 (60.5)

20 (36.4)

48 (69.6)a

39 (73.6)b

< 0.001

87 (71.3)

< 0.001

a

P < 0.05 for acid exposure time (AET) < 4% and 4% ≤ AET ≤ 6%.
b
P < 0.05 for AET < 4% and AET > 6%.
BMI, body mass index; GerdQ, gastroesophageal reflux disease questionnaire; NERD, non-erosive reflux disease; PPI, proton pump inhibitor.
Data are presented as mean ± SD or n (%).

Table 2. Comparison of Endoscopic, Manometric, and pH-Impedance Parameters of All Participants

Parameters

Total
(N = 177)

Endoscopy
Esophagitis
39 (22.0)
Grade A
17 (9.6)
Grade B
22 (12.4)
24-Hour pH-impedance parameters
MNBI (Ω)
2740 ± 1377
MNBI < 2292
75 (42.4)
PSPWi (%)
29.4 ± 20.1
PSPWi < 61%
150 (84.7)
Reflux episodes
41.4 ± 31.2
Weakly acidic reflux
21.6 ± 21.7
Alkaline reflux
0.8 ± 2.6
Reflux episodes > 80
12 (6.8)
SAP > 95%
64 (36.2)
HRM parameters
EGJ II/III
41 (23.2)
Hypotensive EGJ
57 (32.2)
IEM
96 (54.2)

AET < 4%
(n = 55)

4% ≤ AET ≤
6%
(n = 69)

AET > 6%
(n = 53)

8 (14.6)
6 (10.9)
2 (3.6)

15 (21.7)
5 (7.3)
10 (14.5)

16 (30.2)
6 (11.3)
10 (18.9)

4053 ± 1031
2 (3.6)
46.2 ± 23.2
31 (56.4)
37.1 ± 28.0
25.9 ± 19.8
1.4 ± 3.5
1 (1.8)
18 (32.7)

2471 ± 1085a,b
31 (44.9)a,b
26.4 ± 12.2a,b
67 (97.1)a
39.5 ± 25.7
18.4 ± 18.1
0.7 ± 2.3
4 (5.8)
21 (30.4)

1725 ± 840c
42 (79.3)c
16.0 ± 10.9c
52 (98.1)c
48.5 ± 39.1
21.3 ± 26.9
0.4 ± 1.5
7 (13.2)c
25 (47.2)

5 (9.1)
14 (25.5)
22 (40.0)

18 (26.1)a
28 (40.6)
42 (60.9)a

18 (34.0)c
15 (28.3)
32 (60.4)c

P -value

0.146
< 0.001
< 0.001
< 0.001
< 0.001
0.131
0.161
0.118
0.057
0.132
0.007
0.155
0.038

AET ≥ 4%
(n = 122)

31 (25.4)
11 (9.0)
20 (16.4)
2147 ± 1050
73 (59.8)
21.9 ± 12.7
119 (97.5)
43.4 ± 32.4
19.7 ± 22.3
0.6 ± 2.0
11 (9.0)
46 (37.7)
36 (29.5)
43 (35.3)
74 (60.7)

P -value

0.107
< 0.001
< 0.001
< 0.001
< 0.001
0.210
0.077
0.106
0.108
0.524
0.003
0.197
0.011

a

P < 0.05 for acid exposure time (AET) < 4% and 4% ≤ AET ≤ 6%.
P < 0.05 for AET > 6% and 4% ≤ AET ≤ 6%.
c
P < 0.05 for AET < 4% and AET > 6%.
MNBI, mean nocturnal baseline impedance; PSPWi, post-reflux swallow-induced peristaltic wave index; SAP, symptom association probability; HRM, highresolution manometry; EGJ, esophagogastric junction; IEM, ineffective esophageal motility.
Data are presented as n (%) or mean ± SD.
b
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0.627), but were both significantly higher than patients with AET
< 4% (both P < 0.05).

Statistical Methods
All statistical analysis was performed using SPSS statistics
25.0 (IBM, Armonk, NY, USA). The continuous data were described by the mean and standard deviation (mean ± SD), and the
distribution of the categorical data was expressed as a percentage
(%). Pearson correlation coefficient analysis was used for correlation analysis. Continuous data were compared using the t test or
ANOVA test, and categoric data were compared using the chisquared test. Games-Howell test was used for the post hoc test. The
significance level (P -value) with 2-tails was set at 0.05.

Results
Demographic, Symptoms, and Proton Pump
Inhibitor Response of Patients With Different Acid
Exposure Time Levels
A total of 177 eligible patients were included in this study.
There were 55 patients with AET < 4%, 69 with AET 4-6%, and
53 with AET > 6%. Patients with AET 4-6% and > 6% were
with similar in terms of age, gender ratio, body mass index, and
habits of smoking and drinking. In patients with AET < 4%, there
were more females and more patients with younger age and lower
body mass index (Table 1).
GerdQ scores of patients with AET < 4%, 4-6%, and > 6%
were similar (Table 1). Proportions of PPI response were similar
between patients with AET > 6% and AET between 4-6% (P =

Endoscopic, Manometric, and pH-Impedance
Parameters of Patients With Different Acid Exposure
Time Levels
In patients with esophagitis, they are all grade A or grade B. As
shown in Table 2, about 14.6% of patients with AET < 4%, 21.7%
of patients with AET 4-6%, and 30.2% of patients with AET > 6%
were with esophagitis, and the proportions of esophagitis of patients
with AET 4-6% and > 6% seemed higher than patients with AET
< 4% from the perspective of the exact value, but it did not reach
statistical significance. However, in patients with esophagitis whose
AET was ≥ 4%, the proportion of grade B esophagitis was higher
in patients with esophagitis whose AET was < 4% (64.5% vs
25.0%, P = 0.044). This means that the esophagitis of patients with
AET ≥ 4% was more severe because they were grade B predominant, and patients with AET < 4% were grade A predominant.
The proportions of type II/III EGJ and IEM were similar between patients with AET between 4-6% and > 6%, but they were
higher than patients with AET < 4%.
Of 177 patients, MNBI and PSPWi were associated with
AET numerically (Pearson’s r = –0.403, –0.324, both P < 0.001).
There were significant differences in MNBI and PSPWi among
patients in 3 AET groups. The patients with AET > 6% had the
lowest MNBI and PSPWi, and patients with AET < 4% had the
highest MNBI and PSPWi. More than 97% of the patients with
AET ≥ 4% were with PSPWi < 61.0%, and 56.4% of the pa-
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Figure. Mean nocturnal baseline impedance (MNBI) and post-reflux swallow-induced peristaltic wave index (PSPWi) of patients with different
acid exposure time (AET). The extents of the box plots represent 25th–50th–75th percentile values, and the whiskers depict 5th and 95th percentile values. Squares, circles, and triangles represent outlier values. ***P < 0.001 in post hoc analysis of ANOVA test among 3 groups.
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tients with AET < 4% were with PSPWi < 61.0%. About 59.8%
of the patients with AET ≥ 4% were with MNBI < 2292 Ω, and
only 3.6% of the patients with AET < 4% were with MNBI <
2292 Ω. (all P < 0.001) (Table 2 and Figure) The reflux episodes,
weakly acidic reflux, alkaline reflux, and SAP were similar among
the 3 AET groups.

Correlation of Manometric and pH-Impedance
Parameters and Proton Pump Inhibitor Response in
Patients With Acid Exposure Time ≥ 4%
Comparison of 24-hour pH-impedance and HREM parameters between PPI responders and non- responders of patients with
AET ≥ 4% are summarized in Table 3. No statistical significance
was found for the manometric and pH-impedance parameters
between PPI-responders and non-responders. We compared again
in patients with non-erosive reflux disease, and still no statistical significance could be found (Table 3).

Discussion
In this study, using data collected from 177 patients with typical
reflux symptoms, we show that the reflux symptoms, proportion of
esophagitis, type II/III EGJ, IEM, and PPI response between patients with AET 4-6% and AET > 6% are comparable, and most

of the items of the 2 groups are different from patients with AET
< 4%. With regards to the pH-impedance parameters, the total reflux episodes, weakly acid reflux episodes, alkaline reflux episodes,
positive SAP among patients with AET < 4%, 4-6%, and >
6% are similar, but MNBI and PSPWi of the patients with AET
4-6% and AET > 6% are lower than AET < 4%. Moreover, the
MNBI, PSPWi, and other supportive pH-impedance and manometric evidence suggested by the Lyon consensus between PPI
responders and non-responders of patients with AET ≥ 4% are
comparable.
After the definition of inconclusive AET in Lyon consensus of
GERD, the proper threshold of the AET for pathologic acid reflux in the Chinese population was paid attention to. With our data
from 177 patients (69 patients with AET 4-6%), we found reflux
symptoms, the proportions of esophagitis, type II/III EGJ, IEM,
and PPI response between patients with AET 4-6% and AET >
6% were comparable. Compared with patients with AET < 4%,
patients with AET ≥ 4% are with a higher proportion of type II/
III EGJ, IEM, and PPI response. Moreover, the MNBI and
PSPWi which reflect the esophageal mucosal integrity and chemical clearance ability respectively of the patients with AET ≥ 4%
are lower than AET < 4%. Together with 2 Chinese studies from
other centers (with 28 and 38 patients with AET between 4-6%
respectively)5,6 and the 95% CI of the AET of Asian asymptomatic

Table 3. Comparison of 24-Hour pH-Impedance and High-resolution Manometry Parameters Between Proton Pump Inhibitor Responders and

Non-responders of Patients With Acid Exposure Time ≥ 4%
Parameters

Responders
(n = 87)

24-Hour pH-impedance parameters
AET (%)
8.6 ± 9.9
MNBI (Ω)
2121 ± 1045
MNBI < 2292
53 (60.9)
PSPWi (%)
21.4 ± 13.0
PSPWi < 61%
84 (96.6)
Reflux episodes
43.2 ± 34.2
Weakly acidic reflux
19.8 ± 22.5
Alkaline reflux
0.4 ± 1.7
Reflux episodes > 80
9 (10.3)
SAP > 95%
36 (41.4)
HRM parameters
EGJ II/III
30 (34.5)
Hypotensive EGJ
31 (35.6)
IEM
52 (59.8)

Non-responders
(n = 35)

P -value

Responder-NERD
(n = 63)

Non-responderNERD (n = 28)

P -value

8.2 ± 12.1
2212 ± 1075
20 (57.1)
23.0 ± 11.9
35 (100.0)
43.9 ± 27.8
19.4 ± 22.0
0.9 ± 2.5
2 (5.7)
10 (28.6)

0.849
0.667
0.700
0.536
0.557
0.923
0.935
0.248
0.509
0.187

8.3 ± 10.4
2393 ± 1052
32 (50.8)
22.2 ± 13.3
60 (95.2)
44.1 ± 36.6
20.6 ± 23.9
0.2 ± 1.0
7 (11.1)
23 (36.5)

8.5 ± 13.4
2289 ± 1118
14 (50.0)
22.9 ± 11.9
28 (100)
36.8 ± 18.5
14.0 ± 12.1
0.4 ± 0.8
0 (0.0)
8 (28.6)

0.953
0.671
0.944
0.806
0.550
0.321
0.174
0.561
0.095
0.461

6 (17.1)
12 (34.3)
22 (62.9)

0.058
0.888
0.752

17 (27.0)
21 (33.3)
37 (58.7)

3 (10.7)
10 (35.7)
17 (60.7)

0.084
0.825
0.859

NERD, non-erosive reflux disease; AET, acid exposure time; MNBI, mean nocturnal baseline impedance; PSPWi, post-reflux swallow-induced peristaltic wave
index; SAP, symptom association probability; HRM, high-resolution manometry; EGJ, esophagogastric junction; IEM, ineffective esophageal motility.
Data are presented as mean ± SD or n (%).
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individuals (2.7-3.9%) from the 2020 Seoul consensus of the management of GERD,4 it is reasonable to set 4% as the threshold to
define pathological acid reflux for Chinese patients. Indeed, based
on the expert’s experience and the limited published evidence,6,23
the clinical guideline for esophageal ambulatory reflux monitoring
in adults released in 2021 by the Gastrointestinal Motility Group,
Chinese Society of Gastroenterology made a statement that pathological reflux is considered when AET ≥ 4%.24
Impedance parameters were compared between patients with
AET ≥ 4% and AET < 4%, and we found the total reflux episodes, weakly acid reflux episodes, alkaline reflux episodes, and
positive SAP are similar. The MNBI and PSPWi of patients with
AET ≥ 4% are lower than AET < 4%, and low MNBI and
PSPWi are optimal to distinguish patients with GERD (defined
as AET ≥ 4%) from non-GERD. Furthermore, the MNBI and
PSPWi of patients with AET > 6% are lower than patients with
AET 4-6%, which means the MNBI and PSPWi correlate with
acid burden, and this is consistent with other studies.7,10,25 We found
the vast majority (97.5%) of patients with AET ≥ 4% are with abnormal PSPWi, and this is consistent with another Chinese study,13
which means most of the patients with AET ≥ 4% have impaired
chemical clearance. Regarding the MNBI, in patients with typical
reflux symptoms, Rengarajan et al7 found only 1.0% of patients with
AET > 6% and 8.8% of patients with AET 4-6% are with MNBI
≥ 2292 Ω. Ribolsi et al10 found in true non-erosive reflux disease
patients proven by 24-hour pH-MII, 12% of them have MNBI
≥ 2292 Ω. Our study demonstrated that in Chinese patients with
typical reflux symptoms, 20.8% of patients with AET > 6% and
55.1% of patients with AET 4-6% are with MNBI ≥ 2292 Ω.
For some patients with AET ≥ 4%, their MNBIs are even over
3000 Ω or 4000 Ω. It seems there are some GERD patients with
MNBI ≥ 2292 Ω, and the proportion of it in China is somewhat
higher than Western patients. One possible reason for this difference is the population difference of the MNBI. We noticed that, in
Asia, the MNBI of the distal esophagus is higher than in Western
countries. The MNBI at 3 cm above LES from Asian healthy volunteers is 3589 (2298, 4554) Ω (represented as median and 25th,
75th percentile values) and from Western healthy volunteers is 2830
(1759, 3826) Ω.26 From the point of the range of the normative values of MNBI, when we define low MNBI, it seems 2292 Ω as the
threshold in Asian patients is somewhat reasonable, and the threshold of MNBI for the Western population is supposed to be lower
than 2292 Ω. Moreover, we noticed that impedance values from
different equipment may be different, the thresholds of 2292 Ω for
MNBI and 61.0% for PSPWi are from the Sandhill equipment,9
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and the pH-impedance catheter we used is from the Given system.
More high-quality multi-center studies of asymptomatic individuals
and patients with reflux symptoms need to be done to find proper
thresholds for different populations and different equipment in the
future.
It is believed that low MNBI is associated with acid injury
and impaired mucosal integrity.9,27 We were eager to know why
some GERD patients who have excessive acid exposure are with
normal MNBI? We carefully reviewed the motility parameters of
the patients with normal MNBI and low MNBI in patients with
AET ≥ 4%. Fortunately, we found that patients with low MNBI
are with more type II or III EGJ. Acid exposure is more severe in
patients with low MNBI (Supplementary Table). Interestingly, supine acid reflux episodes recognized through impedance are more
predominant in patients with low MNBI, but the upright acid reflux episodes are comparable between patients with low MNBI and
normal MNBI. This finding reminds us that when we try to interpret the 24-hour pH-MII results, we need to pay attention to the
reflux patterns in different body positions. It is possible for GERD
patients whose acid reflux is predominant in the upright position
are with normal MNBI. What is the possible reason? As shown in
a previous experiment, the recovery of the impedance of healthy humans needs a long time after acid perfusion.28 After perfusion with
pH 1.0 for 30 minutes, the recovery of the esophageal impedance
was not satisfactory 2 hours after the perfusion (still with a reduction of 47.6 ± 5.5%).28 At the supine position or during bedtime,
without the effects of gravity and frequent swallowing of saliva and
liquid or food, the clearance of the refluxate may not be easy. The
prolonged contact of the esophageal mucosa with the reflux leads to
low MNBI.
Many studies have demonstrated that MNBI and PSPWi
correlate with PPI response in patients with AET between 4-6%
and AET > 6%.7,14-16 Unfortunately, in contrast to their results,
our study and another Chinese study found that in patients with
AET 4-6%, proportions of PPI responders between patients with
MNBI ≥ 2292 Ω and < 2292 Ω are similar, and they are about
60.0-68.0%.6 Moreover, indeed, our data demonstrate in patients
with AET ≥ 4%, MNBI, PSPWi, AET, and other impedance
parameters and manometric parameters between PPI-responders
and non-responders are similar. It is not easy for us to predict PPI
response based on manometric and pH-impedance parameters.
We have a few limitations. First, this is a retrospective study,
and subjects were searched from the motility laboratory database.
There may be some selection bias because not all suspected GERD
patients entered this study. Second, a small portion of participants
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accepted 24-hour pH-MII without previous use of PPI, their PPI
responses were collected from the medical records or phone calls.
However, when we communicated with the patients, it was easy
for them to recall the symptom improvement because they were
impressed by the HREM and 24-hour monitoring procedures,
and they paid attention to the treatment effect after the impressive
procedures. PPI use compliance is not easy for us to check for these
patients, and prospective studies will be performed in the future.
In conclusion, it is reasonable to set 4% as the threshold to
define physiological and pathological acid exposure in the Chinese
population. MNBI and PSPWi are helpful to distinguish GERD
patients. The vast majority of GERD patients are with PSPWi <
61%, and about 60% of GERD (defined as AET ≥ 4%) patients
are with MNBI < 2292 Ω. If the acid reflux is not predominant in
the supine position, the MNBI could be normal. MNBI, PSPWi,
and AET may not correlate with PPI response in GERD patients
with typical reflux symptoms. Future studies need to be performed
to find proper thresholds to define abnormal impedance-pH metrics for different populations and different devices.
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Transient Hiatal Separation During Straight
Leg Raise Can Predict Reflux Burden in
Gastroesophageal Reflux Disease Patients
With Ineffective Esophageal Motility
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Background/Aims
Straight leg raise (SLR) can be utilized to evaluate the integrity of the esophagogastric junction during high-resolution manometry
(HRM). We aim to assess the value of transient hiatal separation during SLR in symptomatic reflux patients.
Methods
Consecutive reflux patients undergoing esophageal HRM and pH monitoring were included. Transient hiatal separation was defined
by a ≥ 1 cm separation between the lower esophageal sphincter and crural diaphragm during SLR. We compared esophageal
motor patterns and reflux monitoring parameters between patients with normal, transiently abnormal and consistently abnormal
esophagogastric junction morphology during SLR.
Results
Of 85 (56.3% female, mean age: 46.7 ± 12.3 years) completed SLR, esophagogastric junction morphology was normal in 31 (36.5%),
transient hiatal separation in 19 (22.3%), and consistently hiatal hernia in 35 (41.2%). The values of total acid exposure time (P =
0.016), longest acid reflux episodes (P = 0.024), and DeMeester scores (P = 0.016) were higher in hiatal hernia compared to patients
with non-transient hiatal separation, but there were no differences between those with and without transient hiatal separation.
Within ineffective esophageal motility, the presence of transient hiatal separation during SLR significantly associated with a higher
total acid exposure time (P = 0.014), higher DeMeester scores (P = 0.019), higher total acid reflux events (P = 0.037), and higher
longest acid reflux episodes (P = 0.006).
Conclusion
Our work suggests that SLR may have value as a provocative test during HRM, and future outcome studies are warranted to elucidate
the clinical relevance of motor abnormalities depicted from SLR.
(J Neurogastroenterol Motil 2022;28:589-598)
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Introduction
Gastroesophageal reflux disease (GERD) is a common condition with multifactorial pathogenesis. Key mechanisms of GERD
include abnormal esophagogastric junction (EGJ) morphology
and function, and esophageal body hypomotility.1,2 High-resolution
manometry (HRM) has expanded evaluation of esophageal motor function to include EGJ morphology, which contributes to
pathophysiologic mechanisms underlying GERD.3,4 The lower
esophageal sphincter (LES) and crural diaphragm (CD) together
form the EGJ, which serves as a barrier between the esophagus and
the stomach, and plays a major role in reflux prevention.5 Disrupted
EGJ morphology and reduced EGJ resting tone associate with
abnormal acid burden in GERD.6,7 Additionally, esophageal hypomotility such as ineffective esophageal motility (IEM) can impair
esophageal bolus clearance and contribute to abnormally high reflux burden.2,8 However, the current standard HRM protocols are
based on small volume water swallows, which may not explain the
causes of esophageal symptoms or detect clinically relevant motor
abnormalities.9
Adjunctive provocative maneuvers such as multiple rapid swallows (MRS), and rapid drink challenge can augment the diagnostic yield of HRM by uncovering otherwise unrecognized motor
abnormalities.10 Artificially increasing intra-abdominal pressure
applies physiologic stress to the EGJ, and has been utilized as a
provocative maneuver during HRM to evaluate EGJ barrier function. Abdominal compression with binders, Valsalva maneuvers,
and straight leg raise (SLR) can evaluate whether increased intraabdominal pressure is transmitted into the intra-thoracic cavity
through a defective EGJ.11-14 Rogers et al14 recently demonstrated
that measurement of trans-EGJ pressure gradient during SLR
can assess integrity of the EGJ barrier, and suggested that analysis
of intra-esophageal pressure gradients during SLR can provide
adjunctive evidence of pathologic GERD.15 However, the clinical
impact of transient SLR induced hiatal separation on esophageal
acid burden remains unknown.
The aim of this study is to examine the effect of transient hia-
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tal separation during SLR maneuver on esophageal acid burden
in symptomatic GERD patients. We hypothesized that transient
hiatal separation during SLR would be associated with higher acid
burden in the distal esophagus compared to no separation. We also
evaluated differences in the transient hiatal separation response between IEM and normal esophageal motility.

Materials and Methods
Study Population
We prospectively enrolled consecutive adult patients referred
for esophageal physiological testing for evaluation of GERD
symptoms between May 2019 and October 2020. For inclusion, all
patients required to have undergone upper endoscopy, HRM with
successful completion of the SLR maneuver, as well as ambulatory
reflux monitoring. Exclusion criteria consisted of previous foregut
surgery, esophageal neoplasia or stricture, eosinophilic esophagitis,
major esophageal motility disorders, or unsuccessful SLR maneuver. Demographic information, medication history and clinical
presentation were extracted from the medical records. All patients
completed validated GERD questionnaires including Reflux Disease Questionnaire (RDQ), GERD Questionnaire, and Reflux
Symptom Index (RSI) identifying dominant symptoms before
undergoing upper gastrointestinal endoscopy and esophageal physiologic evaluation.
The RDQ consists of 12 items for measuring the frequency,
severity and duration of three dimensions including heartburn, regurgitation and dyspepsia. The mean of all 3 dimensions provides
a total score ranging from 0 to 5. Any individual with RDQ score
≥ 3 in either heartburn or regurgitation dimensions was defined
as having GERD.16 The GERD Questionnaire is composed of 6
questions to assess the impact of GERD on patient’s lives and to
measure response to treatment over time. It includes 6 items regarding the frequency of GERD symptoms in the last week, each with
5 response options ranging from 0 to 3, with higher scores denoting
more symptoms.17 The RSI consists of 9 questions related to reflux
symptoms. The severity of each symptom ranges from 0 to 5 points
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for severity of symptoms. Patients with sum of RSI score greater
than 13 were considered to have laryngopharyngeal reflux.18
During the endoscopic examination, presence of hiatal hernia
and mucosal injury in the distal esophagus was recorded. All patients provided informed consent prior to participation in this study.
The study protocol was approved by the Research Ethics Committee (Approval No. IRB109-012-A), confirming that the study was
conducted in accordance with the ethical guidelines of the Declaration of Helsinki.

Esophageal High-resolution Manometry
Following an overnight fast, a 36-channel solid-state catheter
system with circumferential sensors at 1-cm intervals (MMS, Enschede, The Netherlands) was passed trans-nasally under topical
anesthesia by an experienced nurse, and positioned with the 3 distalmost sensors in the stomach.4 Medications that would affect esophageal motor function were asked to be discontinued 1 week prior to
the study. The HRM protocol consisted of a 5-minute baseline recording, followed by 10 swallows of 5 mL of room temperature water at 20-30 second intervals in a supine, semi-recumbent position.
Provocative testing with at least 3 MRS sequences was performed
using 5 swallows of 2 mL of water every 2-3 seconds in the supine
position.19,20 Standard HRM metrics including integrated relaxation pressure (IRP), distal contractile integral (DCI), and distal
latency were used for characterization of esophageal body contraction and peristaltic function according to Chicago classification version 4.0 (CCv4.0).21 Data from HRM studies were analyzed using
a proprietary software (MMS Database software), after thermal
compensation was applied to each study.
Peristaltic breaks which were identified using a 20 mmHg isobaric contour were measured using software tools.22 Each swallow
was characterized as intact, weak, or failed contraction (DCI ≥ 450
mmHg.sec.cm, 100-450 mmHg∙sec∙cm, or ≤ 100 mmHg∙sec∙cm,

respectively).22 Median IRP from supine swallows was used to assess swallow induced LES relaxation.22 Esophagogastric junction
contractile integral (EGJ-CI) was calculated to assess EGJ barrier
function using methodology described elsewhere.23 EGJ morphology was classified based on the spatial relationship between LES
and CD (type 1: superimposed LES and CD, type 2: less than 3
cm separation, and type 3: ≥ 3 cm separation).24 By using CCv4.0,
IEM was defined as more than 70% ineffective swallows or at least
50% failed peristalsis.21 MRS sequences were analyzed for complete
inhibition and contractile response of esophageal body. Contractile
reserve was identified when the ratio between MRS, DCI, and averaged single swallow DCI was more than 1.19

Straight Leg Raise Maneuver and Transient Hiatal
Separation
Following the standard HRM protocol, SLR maneuver was
attempted with the patient in the supine position. Patients were
asked to raise their legs by flexing the hip beyond 45 degrees with
the knees in extension without support for at least 5 seconds. This
SLR maneuver was performed 3 times 30 seconds apart, but only
1 successful maneuver was required for data analysis. A successful SLR maneuver was defined as an increase of intra-abdominal
pressure during the maneuver. In patients without hiatal hernia on
the baseline HRM, the EGJ was carefully evaluated to determine
whether a separation between CD and the LES developed during
SLR maneuver. Transient hiatal separation was defined as a ≥ 1 cm
separation between the CD and the LES during SLR maneuver,
measured using on-screen software tools. All HRM images were
reviewed by 2 experienced motility specialists. Any discordance in
diagnosis was discussed by at least 3 experienced motility experts,
and the final diagnosis was made by consensus. Figure 1 shows an
example of a hiatal separation during SLR maneuver.

Figure 1. Example of a high-resolution
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manometry during straight leg raise
(SLR) maneuver. During SLR intraabdominal pressure augments with
concomitant hiatal separation compared
to baseline. The red double arrow indicates the length of separation between
lower esophageal sphincter and crural
diaphragm (swallowgateway.com). EGJ,
esophagogastric junction.
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Patients with GERD symptoms
sign informed consent (n = 107)
Data collection
Upper gastrointestinal endoscopy and
high-resolution manometry study and SLR maneuver
Excluded major motility disorders (n = 5),
unsuccessful SLR maneuver (n = 14),
missing data (n = 3)

Patients without transient
hiatal separation (n = 31)

Patients with transient
hiatal separation (n = 19)

Patients with hiatal hernia
(n = 35)

Ambulatory reflux monitoring and data analysis

Ambulatory Reflux Monitoring
Patients enrolled into this study were instructed to discontinue
proton pump inhibitors 1 week prior to pH-impedance monitoring, whereas prokinetic agents, histamine-2 receptor antagonists,
antacids, and anticholinergic medication were held for at least 3
days before testing. Using HRM localization of the proximal margin of the LES, the pH-impedance catheter (MMS) was inserted
through the nostril and positioned with the distal pH sensor 5 cm
above the proximal border of LES. Impedance was measured at 3,
5, 7, 9, 15, and 17 cm above the LES. Patients recorded activities,
meals, and symptoms using standard methodology.25 The recorded
data were extracted from the pH-impedance studies, and analyzed
in accordance with Lyon consensus thresholds.3 Total acid exposure
time (AET) > 6% was considered pathologic, whereas values <
4% was defined as physiologic, and values between 4% and 6%
considered indeterminate.3 Upright and supine AET was considered pathologic if value > 6% and > 2%, respectively.3

Statistical Methods
Continuous data were expressed as median (interquartile
range), whereas categorical data were reported using frequencies
and proportions. Categorical variables were compared using the
chi-square test. Continuous data were analyzed using the Mann–
Whitney U test or Kruskal-Wallis test for comparisons between
groups as appropriate. Post hoc analysis was performed via Dunn
correction. All analyses were performed using SPSS (version 21.0;
IBM Corp, Armonk, NY, USA). A P -value less than 0.05 was
required for statistical significance.
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Figure 2. The flowchart of patients
enrolled into the study. GERD, gastroesophageal reflux disease; SLR, straight
leg raise.

Results
Demographic and Clinical Characteristics
Of 107 patients who underwent HRM during the study
period, 85 (56.3% female, mean age: 46.7 ± 12.3 years) successfully completed the SLR maneuver and were included in the final
analysis. Of these, 50 patients (58.8%) had normal EGJ morphology, and 35 patients (41.2%) had a hiatal hernia. Among the hiatal
hernia identified, 20 (57.0%) were type II and 15 (43.0%) type III
EGJ. The median length of LES-CD separation was 2.6 (2.1-2.9)
in type II and 3.7 (3.3-4.1) in type III. In 19 patients with normal baseline EGJ morphology (22.3%) performance of the SLR
maneuver led to transient hiatal separation, whereas 31 (36.4%)
patients did not demonstrate hiatal separation during SLR (Fig.
2). Thirty-four (97.1%) patients with a hiatal hernia on HRM had
endoscopic defined hiatal hernia, compared to 4 (12.9%) patients
in the non-transient hiatal separation group and 2 (10.5%) in the
transient hiatal separation group (P < 0.001). In addition, patients
with hiatal hernia had greater body mass index compared to those
with transient hiatal separation (median [IQR]: 24.3 [22.3-26.2]
kg/m2 vs 21.6 [20.9-24.8] kg/m2; P = 0.041). However, age, gender, alcohol consumption, smoking status, endoscopic findings, and
GERD questionnaire responses were not different (Table 1).

High-resolution Manometry Measures of Esophageal
Body and Esophagogastric Junction Function
Both standard HRM and provocative testing with MRS were
completed in all patients, and findings are described in Table 2.
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Table 1. Demographic Characteristics of Patients With and Without Transient Hiatal Separation During Straight Leg Raise and Hiatal Hernia

Characteristics
Demographic factors
Age (yr)
Female
BMI (kg/m2)
Smoking
Alcohol
Erosive esophagitis
Barrett's
GERD A
GERD B
GERD C
GERD D
Normal
Endoscopic hiatal hernia
Questionnaire
GERDQ score
RDQ score
RSI score

Non-hiatal separation
(n = 31)

Transient hiatal separation
(n = 19)

Hiatal hernia
(n = 35)

43.5 (30.8, 56.3)
19 (61.3)
24.1 (22.1, 25.3)
2 (6.5)
8 (25.8)

46.0 (41.0, 55.0)
8 (42.1)
21.6 (20.9, 24.8)
1 (5.3)
7 (36.8)

52.0 (38.0, 59.0)
21 (60.0)
24.3 (22.3, 26.2)
5 (14.3)
8 (22.9)

0 (0.0)
4 (12.9)
2 (6.5)
0 (0.0)
0 (0.0)
25 (80.6)
4 (12.9)

1 (5.3)
3 (15.9)
2 (10.4)
1 (5.3)
0 (0.0)
12 (63.1)
2 (10.5)

8.0 (5.0, 12.0)
14.5 (6.8, 23.3)
16.0 (13.0, 21.0)

7.0 (3.0, 11.0)
17.0 (9.0, 22.0)
14.0 (6.0, 21.0)

0 (0.0)
8 (22.9)
3 (8.6)
1 (2.9)
0 (0.0)
23 (65.7)
34 (97.1)
8.5 (4.0, 11.0)
16.0 (9.0, 21.5)
12.0 (9.0, 21.3)

P -value

0.376
0.356
0.041a
0.432
0.533
0.553

< 0.001b
0.780
0.848
0.411

a

Indicated statistically significant between transient hiatal separation and hiatal hernia groups by post-hoc analysis via Dunn’s test.
Indicated statistically significant between hiatal hernia and transient or non-hiatal separation.
BMI, body mass index; GERDQ, Gastroesophageal Reflux Disease Questionnaire; RDQ, Reflux Disease Questionnaire; RSI, Reflux Symptom Index.
Data are presented as median (interquartile range: Q1, Q3) or n (%).
b

Table 2. High-resolution Manometric Metrics Among Patients With and Without Transient Hiatal Separation During Straight Leg Raise and

Hiatal Hernia
Characteristics
EGJ-CI
LES resting pressure
IRP-4s (mmHg)
DCI (mmHg∙sec∙cm)
Ineffective (%)
Failed (%)
Premature (%)
Fragmented (%)
Distal latency (sec)
Peristaltic breaks (cm)
Largest break (cm)
MRS response

Non-hiatal separation
(n = 31)

Transient hiatal separation
(n = 19)

Hiatal hernia
(n = 35)

P -value

39.0 (26.0, 55.0)
30.9 (20.6, 43.5)
9.8 (4.7, 12.6)
602.0 (204.0, 1030.0)
50.0 (0.0, 90.0)
10.0 (0.0, 40.0)
0.0 (0.0)
0.0 (0.0)
6.8 (6.1, 7.7)
2.0 (0.3, 8.3)
1.4 (0.1, 3.9)
24 (82.2)

37.0 (22.0, 62.0)
29.1 (19.7, 43.1)
10.2 (4.3, 14.9)
1012.0 (478.0, 1205.0)
0.0 (0.0, 50.0)
0.0 (0.0, 20.0)
0.0 (0.0)
0.0 (0.0)
6.9 (6.2, 8.1)
0.9 (0.2, 2.8)
0.7 (0.2, 2.3)
18 (94.7)

31.0 (16.0, 54.0)
22.0 (12.9, 36.2)
8.5 (2.8, 13.7)
524.0 (180.0, 917.0)
50.0 (10.0, 80.0)
0.0 (0.0, 50.0)
0.0 (0.0)
0.0 (0.0)
7.2 (6.4, 8.2)
1.2 (0.3, 6.7)
1.0 (0.2, 5.8)
22 (64.7)

0.212
0.085
0.651
0.126
0.035a
0.247
0.541
1.000
0.192
0.747
0.926
0.030

a

Indicated statistically significant between transient hiatal separation and hiatal hernia groups by Dunn’s test.
Statistical significance among these three groups was assessed by Kruskal-Wallis test with post hoc analysis via Dunn’s test.
EGJ-CI, esophagogastric junction contractile integral; LES, lower esophageal Sphincter; IRP-4s, 4 seconds integrated relaxation pressure; MRS, multiple rapid
swallow.
Data are presented as median (interquartile range: Q1, Q3) or n (%).
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Table 3. Comparison of Reflux Parameters Between Patients With and Without Transient Hiatal Separation and Hiatal Hernia

Characteristics
Time reflux pH < 4 (%)
Total
Upright
Recumbent
Number of acid reflux episodes
Total
Upright
Recumbent
Longest acid reflux episode (min)
Total
Upright
Recumbent
DeMeester score
Number of reflux events
Total
Acid
Weakly acid
Weakly alkaline
Liquid
Mixed
Upright
Acid
Weakly acid
Weakly alkaline
Liquid
Mixed
Recumbent
Acid
Weakly acid
Weakly alkaline
Liquid
Mixed

Non-hiatal separation
(n = 31)

Transient hiatal separation
(n = 19)

Hiatal hernia
(n = 35)

P -value

0.8 (0.5, 2.3)
1.3 (0.6, 3.3)
0.0 (0.0, 0.1)

1.6 (0.9, 2.4)
2.2 (1.3, 3.5)
0.0 (0.0, 0.1)

2.5 (1.3, 5.8)
4.4 (2.3, 7.5)
0.0 (0.0, 0.1)

0.016a
0.009a
0.256

17.0 (6.0, 33.0)
16.0 (5.0, 30.0)
0.0 (0.0, 1.0)

22.0 (15.0, 30.0)
22.0 (15.0, 30.0)
0.0 (0.0, 1.0)

33.0 (12.0, 45.0)
32.0 (10.0, 42.0)
0.0 (0.0, 3.0)

0.145
0.154
0.324

2.6 (1.8, 4.0)
2.6 (1.8, 3.9)
0.0 (0.0, 1.1)
3.4 (1.8, 7.5)

4.1 (1.4, 5.4)
4.1 (1.4, 5.4)
0.0 (0.0, 0.5)
4.7 (3.5, 7.9)

5.3 (3.1, 10.8)
5.3 (3.1, 9.0)
0.0 (0.0, 3.6)
8.4 (3.9, 16.7)

0.024a
0.022a
0.244
0.016a

19.0 (9.0, 26.0)
34.0 (14.0, 56.0)
1.0 (0.0, 7.0)
14.0 (5.0, 24.0)
42.0 (25.0, 65.0)

26.0 (11.0, 37.0)
20.0 (10.0, 45.0)
0.0 (0.0, 1.0)
11.0 (6.0, 25.0)
41.0 (28.0, 63.0)

25.0 (13.0, 37.0)
23.0 (16.0, 32.0)
0.0 (0.0, 4.0)
14.0 (8.0, 22.0)
40.0 (28.0, 50.0)

0.144
0.303
0.145
0.968
0.638

19.0 (7.0, 26.0)
30.0 (10.0, 52.0)
1.0 (0.0, 7.0)
12.0 (5.0, 21.0)
42.0 (24.0, 64.0)

26.0 (11.0, 36.0)
19.0 (10.0, 45.0)
0.0 (0.0, 1.0)
10.0 (5.0, 24.0)
41.0 (28.0, 63.0)

25.0 (12.0, 36.0)
19.0 (14.0, 28.0)
0.0 (0.0, 3.0)
11.0 (6.0, 18.0)
37.0 (25.0, 50.0)

0.152
0.399
0.153
0.997
0.692

0.0 (0.0, 0.0)
1.0 (0.0, 5.0)
0.0 (0.0, 0.0)
1.0 (0.0, 4.0)
1.0 (0.0, 2.0)

0.0 (0.0, 1.0)
0.0 (0.0, 3.0)
0.0 (0.0, 0.0)
1.0 (0.0, 2.0)
1.0 (0.0, 1.0)

0.0 (0.0, 2.0)
1.0 (0.0, 5.0)
0.0 (0.0, 0.0)
1.0 (0.0, 6.0)
1.0 (0.0, 2.0)

0.268
0.336
0.983
0.710
0.781

a

Indicated statistically significant between non-hiatal separation and hiatal hernia groups.
Statistical significance among these three groups was assessed by Kruskal-Wallis test with post-hoc analysis via Dunn’s test.
Data are presented as median (interquartile range: Q1, Q3) or n (%).

LES resting pressure, 4 seconds integrated relaxation pressure,
EGJ-CI, DCI, distal latency, peristaltic break size, and MRS
contractile responses was similar amongst those with and without
transient hiatal separation, as well as patients with hiatal hernia.

Comparison of pH-Impedance Data Between the
Groups
Table 3 describes a comparison of pH-impedance parameters
among the groups. Patients with hiatal hernia had significantly
higher median total AET (2.5 [1.3-5.8] vs 0.8 [0.5-2.3], P =
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0.016) and upright AET (4.4 [2.3-7.5] vs 1.3 [0.6-3.3], P =
0.009) compared to the non-hiatal separation group. Similarly, hiatal
hernia patients had more frequent median total longest acid reflux
episodes (5.3 [3.1-10.8] vs 2.6 [1.8-4.0], P = 0.024) and upright
longest acid reflux episodes (5.3 [3.1-9.0] vs 2.6 [1.8-3.9], P =
0.022) compared to patients in the non-hiatal separation group. DeMeester score was also significantly higher in hiatal hernia patients
compared to the non-hiatal separation group (P = 0.016). No difference was observed in impedance parameters across the groups.
Of 20 patients with IEM, 8 patients’ performance of the SLR
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IEM with hiatal separation

A

B

Total acid exposure time
20

P = 0.014

P = 0.037

Numbers of acid reflux episodes
100

P = 0.799

IEM without hiatal separation

80

12

60

P = 0.037

P = 0.879

Total

Upright

Recumbent

%

N

16

P = 0.037

8

40

4

20

0

0
Total

Upright

Recumbent

Longest acid reflux episodes

C
12

P = 0.006

P = 0.006

P = 0.879

DeMeester scores

D

P = 0.019

40

30

Min

8
20
4
10

0

0
Total

Upright

Recumbent

IEM with
hiatal separation

IEM without
hiatal separation

Figure 3. Proportions with (A) total acid exposure time, (B) numbers of acid reflux episodes, (C) longest acid reflux episodes, and (D) DeMeester
scores between ineffective esophageal motility (IEM) patients with and without hiatal separation during straight leg raise. IEM with transient hiatal separation (n = 8), IEM without transient hiatal separation (n = 12).

maneuver led to transient hiatal separation, whereas 12 patients did
not demonstrate hiatal separation during SLR. Amongst all patient
with normal morphology, the presence of transient hiatal separation
during SLR did not appear to influence AET, DeMeester score,
and longest acid reflux episodes. However, within the IEM patients, median total AET was significantly higher in those patients
with transient hiatal separation during SLR (P = 0.014; Fig. 3A).
Whilst upright AET was also higher (P = 0.037) supine AET was
not different (P = 0.799). Similarly, IEM patients with transient
hiatal separation had higher total acid reflux events (P = 0.037;
Fig. 3B), more frequent longest acid reflux episodes (P = 0.006;
Fig. 3C), and higher DeMeester scores (P = 0.019; Fig. 3D).

Discussion
In this study, we utilized SLR, a novel provocative maneuver
during HRM, to examine esophageal function and acid burden in
symptomatic GERD patients with normal, transiently abnormal,
and consistently abnormal EGJ morphology. We confirmed that
structural disruption of the EGJ barrier (presence of a persistent hiatal hernia) can increase AET and reflux events in the distal esophagus. When a transient hiatus hernia was identified during SLR,
esophageal acid burden was higher, but only within the subgroup of
patients with an IEM diagnosis. To the best of our knowledge, this
is the first study to use SLR to provoke hiatal separation in patients
who would otherwise have been considered to have normal EGJ
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morphology based on standard HRM investigation criteria. We
conclude that recognition of transient hiatal separation elicited by
SLR may have value in clinical evaluation of GERD, particularly
within the context of IEM.
Although standard HRM according to the CCv4.0 is currently
the gold standard to assess esophageal body motor function and abnormal EGJ relaxation, this has some limitations. Provocative tests
can complement and enhance HRM evaluation. Previous studies
have shown that abdominal compression can be utilized to challenge the normal esophageal physiology and evaluate EGJ function.11,12,26,27 Using a tightened belt around the abdomen, an earlier
study observed that augmentation of intra-abdominal pressure may
induce a hiatus herniation on HRM and increase distal esophageal
acid reflux.28 SLR, a simple maneuver designed to induce an EGJ
outflow obstruction-like scenario by increasing intra-abdominal
pressure, was recently proposed to assess esophageal contractile reserve and integrity of the EGJ.13,14 In evaluating the integrity of the
EGJ barrier, a recent study demonstrated that although reduction
or loss of trans-EGJ gradient between intra-abdominal and intrathoracic cavity during SLR occurs more often in patients with type
3 hiatal hernias, even patients with small hernias or intact EGJ can
demonstrate physiological EGJ disruption during SLR.14 There
is evidence to suggest that increasing separation between CD and
LES can cause higher reflux burden.7 In addition to a structurally
deficient barrier, EGJ motor abnormalities consist of a hypotensive
EGJ and transient LES relaxations, the latter being the most common in GERD. Another study demonstrated that an increase in
peak intra-esophageal pressure ≥ 100% during SLR was associated with elevated AET in GERD patients, particularly those with
type 1 EGJ morphology,15 suggesting that physiological stress of
the EGJ barrier using SLR may predict which patients are most
susceptible to reflux events.
IEM, which includes a combination of weak and failed peristalsis with peristaltic breaks, represents the most common among
abnormal peristaltic patterns in patients with GERD,3 with potential reflux implications.29 In this study, we noted that there were numerical increases in AET and reflux events in IEM patients with
transient hiatal separation during SLR. Since the most profound
esophageal dysmotility comprises a disrupted EGJ barrier with
esophageal body hypomotility,2 we hypothesized that transient hiatal
separation can have higher AET and more reflux events than those
without, when the status of esophageal hypomotility is taken into
consideration. Our findings demonstrate that this affect is most evident in the subgroup of patients with IEM. More recently, we have
demonstrated that application of SLR during HRM can improve
596

esophageal body peristaltic performance and predict esophageal
contraction reserve.13 Our recent work also suggested that measurement of contractile segment impedance during SLR can augment
the capability of GERD identification due to the better mucosal
contact with impedance sensors.30 Based on the findings of these
studies and our present data, we demonstrate that inclusion of SLR
during routine HRM complements evaluation for a disrupted EGJ
and GERD, especially in IEM patients with reflux symptoms.
The current study has some notable strengths. This is the first
study utilizing SLR to provoke hiatal separation in a GERD population with normal EGJ morphology on standard HRM, and demonstrates the clinical value of including SLR as a provocative test in
the routine assessment of GERD patients. Our study utilized a rigorous selection process including complete GERD questionnaires,
endoscopic and esophageal functional assessment. Moreover, the
present study provides direction on how an intuitive and simple
SLR maneuver can identify transient hiatal separation on HRM
without computational aid.
There are few limitations that should be mentioned. First, not
all patients could complete SLR successfully in our study, particularly patients with poor physical performance, which may have
influenced the results. Additionally, the SLR maneuver still lacks
standardization, and augmentation of intra-abdominal pressure can
be incomplete. Future studies will be required to evaluate if there is
intra- or inter-patient variability in SLR responses and to standardize the SLR protocol. Second, we did not compare pH metrics between conclusive and IEM subgroups due to the overall numbers
in these subgroups being small, thus limiting further stratification of
IEM severity. In addition, we only performed SLR in symptomatic
patients with normal EGJ morphology, rather than healthy volunteers for comparison. Evaluation of healthy controls will be needed
to acquire normative data and to validate our findings. Third,
impedance information was not assessed in this study since some
of our HRM studies were performed without impedance. Fourth,
we did not assess the intra-esophageal pressure gradient during
and before SLR. Evaluation of the relationship between transient
hiatal separation and intra-esophageal pressure gradient changes
could increase the clinical utility of SLR. Finally, we did not evaluate outcome of patient management in the context of SLR findings,
and therefore, it is unknown if SLR findings have direct patient
management implications. Further prospective investigations will be
needed to determine whether these differences could impact clinical
decision making.
In conclusion, the present study demonstrates the value of SLR
during HRM as a physiological stress test that may complement
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evaluation of GERD patients. We show that transient hiatal separation during SLR allows evaluation of physiological disruption
of EGJ barrier and can predict acid reflux burden, particularly in
IEM patients. Our work supports using this simple maneuver to
increase the diagnostic yield in HRM, which may provide adjunctive value in patients with inconclusive evidence of GERD. Further
outcome studies are needed to elucidate the clinical relevance of the
motor abnormalities revealed by SLR and whether this maneuver
can be incorporated into HRM protocols for assessment of EGJ
barrier function.
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Clinical Implications of the Gastroesophageal
Reflux Disease Questionnaire and Reflux
Symptom Index in Patients With Suspected
Laryngopharyngeal Reflux Symptoms
Young Dong Kim,1 Cheol Min Shin,1* Woo-Jin Jeong,2* Yang Jin Kim,1 Hyuk Yoon,1 Young Soo Park,1 Nayoung Kim,1 and Dong Ho Lee1
Departments of 1Internal Medicine and 2Otorhinolaryngology-Head and Neck Surgery, Seoul National University Bundang Hospital, Seongnam,
Gyeonggi-do, Korea

Background/Aims
To evaluate the usefulness of gastroesophageal reflux disease questionnaire (GerdQ) and reflux symptom index (RSI) for diagnosis
of gastroesophageal reflux disease (GERD) in patients with suspected laryngopharyngeal reflux (LPR) symptoms (cough, hoarseness,
globus, and throat pain).
Methods
A total of 98 patients with LPR symptoms were incorporated from either gastroenterology or otorhinolaryngology clinic. Patient’s
laryngoscopic findings were graded by reflux finding score (RFS), and RFS ≥ 7 was considered as positive LPR. Erosive esophagitis on
endoscopy or abnormal results on ambulatory impedance-pH monitoring were used as diagnostic criteria for GERD. Esophageal motor
function was evaluated using high-resolution esophageal manometry.
Results
Ninety-three (94.9%) of the 98 subjects were diagnosed as LPR by RFS, but only 15 (15.3%) had GERD. For GerdQ, the cutoff
value of 9 showed the highest area under curve (AUC) to diagnose GERD by receiver operating curve analysis (AUC = 0.565); the
sensitivity, specificity, positive predictive value, and negative predictive value were unsatisfactory (50.0%, 70.7%, 22.6%, and 89.2%,
respectively.) RSI also showed poor performance in diagnosing GERD; the cutoff value of 25 showed the highest yield (AUC = 0.581);
the sensitivity, specificity, positive predictive value, and negative predictive value were 42.9%, 79.3%, 26.1%, and 89.0%, respectively.
Ineffective esophageal motility was frequently observed (69 of 98, 70.4%), but there was no difference in esophageal motility
parameters between GERD and non-GERD patients.
Conclusions
In patients with LPR symptoms, significant discrepancies are observed between laryngoscopic diagnosis and GERD. In this population,
neither GerdQ nor RSI is useful in diagnosing GERD.
(J Neurogastroenterol Motil 2022;28:599-607)
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Gastroesophageal reflux questionnaire; Laryngopharyngeal reflux; Reflux finding score; Reflux symptom index
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Introduction
Gastroesophageal reflux disease (GERD) is one of the most
common functional gastrointestinal disorders.1 The prevalence of
GERD is between 9.0-26.0% in Western countries and 1.1-7.1% in
Eastern countries.2,3 Although the prevalence of GERD is relatively
lower in Asia, the prevalence of GERD is increasing in Korea.4,5
There is no gold standard in the diagnosis of GERD. According to the Montreal agreement, GERD has been defined as a condition that develops when the gastric refluxate causes troublesome
symptoms and/or complications.6 The diagnosis of GERD is based
on the symptoms such as heartburn and regurgitation.7 In clinical
practice, GERD is empirically diagnosed and treated based on the
clinician’s assessment of typical GERD symptoms, but GERD can
also cause atypical symptoms such as cough, hoarseness, globus,
and throat pain.8 So it is often difficult to distinguish GERD from
other similar conditions in clinical primary care settings.9,10 Laryngopharyngeal reflux (LPR) is a distinct clinical entity that may
result from GERD but require additional treatment.11,12 It is apparent that the pathophysiology of LPR is different to that of classical
GERD.13 Also, there is wide discrepancy among experts on the
diagnosis of LPR.14 Some of LPR symptoms appear to be overdiagnosed, and not actually caused by GERD.
Diagnostic procedures such as endoscopy, pH-metry, esophageal impedance monitoring, are invasive and uncomfortable to the
patient. So the diagnostic method using questionnaires has been
tried to improve the diagnostic accuracy of the questionnaire.15-17
Among them, gastroesophageal reflux disease questionnaire
(GerdQ) is a self-administered diagnostic questionnaire consisting
of 6 items.18 Recently, it was validated in Korean GERD patients.19
Similarly, Belafsky et al20 developed the reflux symptom index (RSI),
a validated, self-administered, 9-item scoring system, designed to
assess the symptoms related to LPR.
The aims of this study are to evaluate the diagnostic yield of the
600

GerdQ and RSI for GERD in patients with suspected LPR symptoms, and to provide a comparison of endoscopic findings, 24-hour
ambulatory esophageal impedance-pH monitoring parameters, and
high-resolution esophageal manometry (HREM) parameters between patients with and without GERD.

Materials and Methods
Ethics Statement
This study was approved by the Institutional Review Board
of Seoul National University Bundang Hospital (Seongnam,
Gyeonggi-do, Korea); the approval number is B-2003/598-104.
The study was given exemption from written informed consents by
the Institutional Review Board. We conducted a retrospective study.

Study Subjects
In this study, we enrolled 98 patients with suspected LRP
symptoms (cough, hoarseness, globus, and throat pain) in either
gastroenterology or otorhinolaryngology clinic. All the study subjects responded to the GerdQ (Supplementary Table 1). All of them
underwent HREM and multichannel intraluminal impedance and
ambulatory pH (MII-pH) monitoring. They also had esophagogastroduodenoscopy within 6 months before enrollment at Seoul
National University Bundang Hospital or an outside clinic, and
their endoscopic images were reviewed to check reflux esophagitis
(RE). RE was graded by the Los Angeles (LA) classification. All
study subjects underwent laryngoscopic examination at the time of
enrollment. They filled in the RSI questionnaire to evaluate LPR
symptoms.

Gastroesophageal Reflux Disease Questionnaire
GerdQ consists of 6 items (Supplementary Table 1).21 A
4-graded Likert scale (0-3) is used to score the frequency of heartburn, regurgitation, sleep disturbances due to gastroesophageal
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reflux, or the use of over-the-counter medications to relieve reflux
symptoms in the last 1 week. A reversed Likert scale is used for
2 questions such as frequency of epigastric pain and nausea. The
result of GerdQ ranges from 0 to the highest score 18. We used a
Korean version of GerdQ questionnaire in this study.19 The most
meaningful cut-off value of GERD probability was determined in
the study population.

Reflux Finding Score
A single otorhinolaryngologist (W.J.J.) checked the larynx area
with a 4 mm diameter, 70-degree laryngeal endoscopy with knowledge of the patient’s symptoms. Each patient’s findings were filled
out by the reflux finding score (RFS) form (adapted from Belafsky et
al).22 RFS is graded by (1) subglottic edema, (2) ventricular obliteration, (3) erythema and/or hyperemia, (4) vocal fold edema, (5) diffuse
laryngeal edema, (6) posterior commissure hypertrophy, (7) granuloma and/or granulation tissue, and (8) thick endo-laryngeal mucus
(Supplementary Table 2). The score ranges from 0 (minimum score)
to 26 (maximum score). RFS ≥ 7 was considered as positive.22

Reflux Symptom Index
RSI is a self-administered, 9-item scoring system, published by
Belafsky et al.20 It was designed to assess LPR symptoms, including (1) hoarseness or voice problems, (2) throat clearing, (3) excess
throat mucus or postnasal drip, (4) swallowing difficulty, (5) coughing related to eating or lying down, (6) breathing difficulties, (7)
troublesome or annoying cough, (8) sensation of something sticking or a lump in the throat, and (9) heartburn, chest pain, indigestion, or stomach acid coming up, with a maximum total score of 45
(Supplementary Table 3). We used a Korean version RSI questionnaire in this study.23 The cutoff value of RSI in diagnosing GERD
for patients with suspected LPR symptoms was evaluated in this
study.

Multichannel Intraluminal Impedance pH Monitoring
The patients underwent combined MII-pH monitoringesophageal manometry after at least 6 hours of fasting. A pHimpedance catheter (Sandhill Scientific Inc, Highlands Ranch,
CO, USA) was inserted trans-nasally; the pH electrode was placed
at 3 cm above the lower esophageal sphincter (LES). Esophageal
impedance was measured at 3, 5, 7, 9, 15, and 17 cm above the
LES. During the procedure, patients were encouraged to everyday
living as usual and to eat usual meals. The patients were instructed
to keep in an upright position for the daytime and lie down only
during bedtime. The result was analyzed using BioVIEW analysis

software (Sandhill Scientific Inc). Total 24-hour esophageal acid
exposure time (AET, %) was defined as the percentage of time of
a pH below 4. Abnormal AET was defined as an intra-esophageal
pH of < 4 for more than 4.2% during the inspection period. A
DeMeester score (DMS) of > 14.72 was defined as positive.
In this study, baseline impedance (BI) levels were assessed every 2-hours at both proximal BI is the mean BI of 15 cm and 17 cm
above LES (proximal BI) and that of 3 cm and 5 cm above LES
(BI) manually. A 30-second period was selected, and the BI during
this period was calculated. Finally, the 2-hourly BI values were averaged for the entire 24-hour measurement.24

Definition of Gastroesophageal Reflux Disease
GERD, including both erosive esophagitis and non-erosive
reflux disease, was defined as being diagnosed if any one of the
followings were present: (1) AET > 4.2%, (2) DMS > 14.72,
(3) number of reflux episode > 73, and (4) RE (LA classification
grades A-D) on endoscopy.8

High-resolution Esophageal Manometry
The patient’s esophageal motor function was evaluated by using
HREM.24 HREM was performed by just 1 operator (InSIGHT
HRiM system, Sandhill Scientific Inc). It was performed after
at least 6 hours of fasting in the upright position; any medications
which may affect esophageal motor function should be discontinued
for more than 7 days before the study. A catheter with a total of 32
circumferential pressure transducers spaced 1 cm apart was used
to measure the esophageal pressure. Before each study, calibration
of the catheter was done, equilibrated to atmospheric pressure. The
HREM protocol included a 5-minute period of the basal sphincter
pressure measurement, and 10 swallows of 5 mL water. The data
analysis was performed using BioVIEW software (Sandhill Scientific Inc).
Pressure was visualized into color topographic plots. Continuous pressure picture was provided throughout the segment.
Transitional zone defect (TZD) is a break between the end of
the proximal esophageal segment and the beginning of the distal
esophageal segment in the 20-mmHg isobaric contour. The TZD
length is measured as the vertical distance between the 2 segments.
If another break is observed around the distal pressure troughs, it is
also measured as the vertical distance (distal break [DB]). Ineffective swallow includes (1) weak contraction: 100 ≤ distal contractile
integral (DCI) < 450 mmHg·sec·cm, (2) failed peristalsis: DCI
< 100 mmHg·sec·cm, and (3) fragmented swallow: TZD of peristalsis > 5 cm in the setting of a DCI ≥ 450 mmHg·sec·cm. Inef-
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fective esophageal motility (IEM) was defined as more than 70%
of swallows as ineffective, or ≥ 50% failed peristalsis, following the
Chicago classification version 4.0.

Statistical Methods
Statistical analyses were performed using R software (version
4.0.3). Differences were considered statistically significant at a level
of P < 0.05. All statistical analyses were 2-sided. The characteristics of the study subjects were presented using the Student’s t test or
2
χ test when appropriate. The optimal cutoff value of each questionnaire was determined by using the “RO”’ and “epi.tests” functions
in the “epiR” package in R (https://cran.r-project.org/web/packTable 1. Characteristics of the Study Subjects According to the Pres-

ages/epiR/index.html), and sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) of each diagnostic method were calculated.

Results
Characteristics of the Study Participants
The characteristics of 98 subjects were as follows. The median
age was 55.1 years (range: 21-83 years); 56 patients (57.1%) were
men; the median body mass index (BMI) was 22.9 kg/m2 (range:
17.2-32.4). Their main complaints included globus (n = 73,
74.5%), hoarseness (n = 18, 18.4%), throat pain (n = 4, 4.1%),
and cough (n = 3, 3.1%).

ence or Absence of Gastroesophageal Reflux Disease
Characteristics

GERD
(n = 15)

Non-GERD
(n = 83)

Male
9 (60.0)
47 (56.6)
Age (yr)
53.1 ± 11.7
55.5 ± 12.9
BMI (kg/m2)
24.7 ± 2.9
22.6 ± 3.1
Main complaints
Globus
10 (66.7)
63 (75.9)
Hoarseness
3 (20.0)
15 (18.1)
Throat pain
0 (0.0)
4 (4.8)
Cough
2 (13.3)
1 (1.2)
Endoscopic findingsa
No RE
10 (66.7)
83 (100)
LA-A
4 (23.5)
0
LA-B
1 (11.8)
0
Laryngopharyngeal refluxb
15 (100.0)
78 (94.0)
GerdQ score
8.1 ± 3.0
7.6 ± 2.2
RSI score
19.4 ± 10.0
18.1 ± 8.7
Impedance-pH monitoring parameters
DeMeester score
13.9 ± 14.3
2.9 ± 2.5
DeMeester score > 14.72
5 (33.3)
0 (0.0)
Acid exposure time (%)
4.3 ± 4.3
0.7 ± 0.8
Acid exposure time > 4.2%
5 (33.3)
0 (0.0)
Reflux activity
62.6 ± 24.5
38.0 ± 15.5
Reflux activity > 73
7 (46.7)
0 (0.0)
Reflux activity
< 40
3 (20.0)
50 (60.2)
40-79
7 (46.7)
33 (39.8)
> 80
5 (33.3)
0 (0.0)
Proximal extent of
34.5 ± 14.8
20.0 ± 11.3
refluxc (n)
Proximal BId (Ω)
2073.9 ±464.0 2461.7 ± 618.4
Distal BIe (Ω)
1818.9 ± 841.6 2779.4 ± 784.7
Proximal to distal
1.6 ± 1.4
0.9 ± 0.3
BI ratiof
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P -value
0.808
0.513
0.011

Table 1. Continued

Characteristics
0.072

NA

0.428
0.533
0.600
0.010
< 0.001
0.007
< 0.001
0.002
< 0.001
< 0.001

< 0.001
0.023
< 0.001
0.104

GERD
(n = 15)

Non-GERD
P -value
(n = 83)

HREM parameters
Resting LES pressure
22.8 ± 9.2
20.3 ± 13.7
(mmHg)
IRP (mmHg)
11.3 ± 4.7
12.9 ± 6.8
Resting UES pressure
78.8 ± 39.1
77.2 ± 39.4
(mmHg)
Distal contractile integral 1158.7 ± 952.2 1058.5 ± 1081.5
(mmHg·sec·cm)
TZD length (cm)
5.8 ± 4.3
6.4 ± 4.4
DB length (cm)
0.5 ± 0.6
0.7 ± 1.1
TZD + DB length (cm)
6.3 ± 4.5
7.1 ± 4.6
Ineffective esophageal
8 (53.3)
61 (73.5)
motility

0.499
0.376
0.885
0.738
0.635
0.415
0.520
0.132

a
There were no patients with severe erosive esophagitis (Los Angeles [LA]
classification grade C or D) in this study.
b
Laryngopharyngeal reflux was defined as reflux finding score ≥ 7 by laryngoscopic exam.
c
Proximal extent of reflux is the number of reflux events reaching 15 cm above
the low esophageal sphincter (LES).
d
Proximal baseline impedance (BI) is the mean baseline impedance of 15 cm
and 17 cm above LES.
e
Distal BI is mean baseline impedance of 3 cm and 5 cm above LES.
f
Proximal to distal ratio was calculated as proximal BI/distal BI.
GERD, gastroesophageal reflux disease; BMI, body mass index; RE, reflux
esophagitis; GerdQ, GERD questionnaire; RSI, reflux symptom index; BI,
HREM, high-resolution esophageal manometry; IRP, integrated relaxation
pressure; UES, upper esophageal sphincter; TZD, transitional zone defect;
DB, distal break; NA, non-applicable.
P -values were calculated using Student’s t test or χ2-test. P < 0.05 was considered statistically significant.
Data are presented as n (%) or mean ± SD.
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Laryngopharyngeal Reflux and Gastroesophageal
Reflux Disease in Patients With Suspected
Laryngopharyngeal Reflux Symptoms
In this study, LPR was defined as RFS score of 7 or higher.
According to the criterion, 93 of the 98 patients (94.9%) were diagnosed to have LPR. The characteristics of the patients according to
the presence or absence of LPR are summarized in Supplementary
Table 4. Interestingly, although the number of subjects without
LPR was too small to draw any significant results, the patients with
LPR showed significantly higher levels of the total reflux episodes
than patients without LPR (reflux activity, 42.6 vs 29.2, P = 0.003).
In contrast, only 15 of 98 (15.3%) were diagnosed as GERD
(Table 1). The GERD patients had a higher BMI than the nonGERD patients (mean BMI, 24.7 kg/m2 vs 22.6 kg/m2, respectively; P = 0.011). As for 24-hour MII-pH monitoring parameters, DMS was significantly higher in the GERD patients than
in the non-GERD patients (13.9 vs 2.9, P = 0.010). Also, there
were significant differences between the 2 groups in terms of total
reflux events, proximal extent of reflux, and distal and proximal
baseline impedance levels. That is, the mean acid exposure time
% were 4.3 and 0.7 in the GERD group and non-GERD group,
respectively (P = 0.007). The mean total reflux episodes (reflux
activity) were 62.6 and 38.0 in the GERD group and non-GERD
group, respectively (P = 0.002). The patients with GERD showed
a significantly lower levels of both the proximal baseline impedance

Cutoff value of GerdQ
30

Optimal Cutoff Value of the Gastroesophageal
Reflux Disease Questionnaire and Reflux Symptom
Index Scores to Diagnose Gastroesophageal
Reflux Disease in Patients With Suspected
Laryngopharyngeal Reflux Symptoms
The distribution of GerdQ scores of the patients is presented in
Figure 1. To diagnose GERD in patients with suspected LPR, the
sensitivity, specificity, PPV, and NPV of GerdQ according to each
cutoff value are presented in Table 2. We found that the GERD
cutoff value of 9 showed the highest area under curve (AUC) by
receiver operating curve analysis (AUC = 0.565; Fig. 2); the sensitivity, specificity, PPV, and NPV were 50.0%, 70.7%, 22.6%, and
89.2%, respectively (Table 2).
Also, RSI showed poor performance in diagnosing GERD.

GERD
Non-GERD

25

Number of patients

and the distal baseline impedance levels than those without GERD
(proximal and distal baseline impedance levels, 2073.9 and 1818.9
vs 2461.7 and 2779.4 Ω; P = 0.023 and < 0.001, respectively).
However, the GerdQ score of the GERD patients was 8.1 while
that of the non-GERD patients was 7.6, which was statistically insignificant (P = 0.533).
When esophageal motor function was evaluated using
HREM, 69 of 98 (70.4%) patients had IEM. However, there
were no significant differences between the GERD and nonGERD patients in terms of IEM, resting LES pressure, resting
upper esophageal sphincter (UES) pressure, integrated relaxation
pressure, TZD length, DB length, and TZD + DB length (Table
1). Similarly, there were no significant differences between patients
with or without LPR (Supplementary Table 4).

Table 2. Test Characteristics According to the Cutoff Value of Gastro-

15

esophageal Reflux Disease Questionnaire Score to Diagnose Gastroesophageal Reflux Disease in Patients With Suspected Laryngopharyngeal Reflux Symptoms

10

Cutoff score Sensitivity% Specificity%
of GerdQ (95% CI)
(95% CI)

20

7

5

8

0
1 2 3 4 5 6

7 8 9 10 11 12 13 14 15 16 17
GerdQ score

9

Figure 1. The distribution of Korean version of the gastroesophageal

reflux disease questionnaire (GerdQ) scores (sum of 6 items, 0-18).
The number of patients with gastroesophageal reflux disease (GERD,
black bars) and without GERD (grey bars) by GerdQ scores are presented.

10

57.1
(28.9-82.3)
57.1
(28.9-82.3)
50.0
(23.0-77.0)
35.7
(12.8-64.9)

36.6
(26.2-48.0)
58.5
(47.1-69.3)
70.7
(59.6-80.3)
82.9
(73.0-90.3)

PPV%
(95% CI)

NPV%
(95% CI)

13.3
(5.9-24.6)
19.0
(8.6-34.1)
22.6
(9.6-41.1)
26.3
(9.2-51.2)

83.3
(67.2-93.6)
88.9
(77.4-95.8)
89.2
(79.1-95.6)
88.3
(79.0-94.5)

GerdQ, gastroesophageal reflux questionnaire; PPV, positive predictive value;
NPV, negative predictive value.

Vol. 28, No. 4 October, 2022 (599-607)

603

Young Dong Kim, et al

Table 3. Test Characteristics According to the Cutoff Value of Reflux
Symptom Index Score to Diagnose Gastroesophageal Reflux Disease
in Patients With Suspected Laryngopharyngeal Reflux Symptoms

1.0

Sensitivity

0.8
0.6

Cutoff score Sensitivity% Specificity%
of RSI
(95% CI)
(95% CI)

Optimal cutpoint: 8.5

23
0.4

24
0.2
Area under the curve: 0.565

0

0.2

0.4

0.6

0.8

1.0

25
26

1-Specificity

Figure 2. Receiver operating characteristic curve of the gastroesopha-

geal reflux disease questionnaire in the diagnosis of gastroesophageal
reflux disease.

27

42.9
(17.7-71.1)
42.9
(17.7-71.1)
42.9
(17.7-71.1)
35.7
(12.8-64.9)
35.7
(12.8-64.9)

PPV%
(95% CI)

NPV%
(95% CI)

69.5
19.4
87.7
(58.4-79.2) (7.5-37.5) (77.2-94.5)
75.6
23.1
88.6
(64.9-84.4) (9.0-43.6) (78.7-94.9)
79.3
26.1
89.0
(68.9-87.4) (10.2-48.4) (79.5-95.1)
80.5
23.8
88.0
(70.3-88.4) (8.2-47.2) (78.4-94.4)
84.1
27.8
88.5
(74.4-91.3) (9.7-53.5) (79.2-94.6)

RSI, Reflux symptom index; PPV, positive predictive value; NPV, negative
predictive value.

1.0

Sensitivity

0.8
0.6
Optimal cutpoint: 24.5

0.4
0.2
Area under the curve: 0.581

0

0.2

0.4

0.6

0.8

1.0

1-Specificity

Figure 3. Receiver operating characteristic curve of the reflux symptom index in the diagnosis of gastroesophageal reflux disease.

The cutoff value of RSI score 25 showed the highest diagnostic
yield (AUC = 0.581; Fig. 3). The sensitivity, specificity, PPV and
NPV were 42.9%, 79.3%, 26.1%, and 89.0%, respectively (Table 3).

Discussion
In this study, we evaluated the validity of the GerdQ and RSI
questionnaire in diagnosing GERD in patients with suspected
LPR symptoms. The patients with suspected LPR symptoms visited the gastroenterology or otorhinolaryngology clinic. Interestingly,
in our study, most patients with LPR symptoms were diagnosed
with LPR at the otorhinolaryngology clinic, while the proportion of
patients diagnosed with GERD was low in the Korean population.
604

Diagnosis of GERD can be made symptomatically, pathologically, or physiologically.25 However, there are no clear guidelines for
diagnosing GERD. Recent Lyon consensus defined the “conclusive
GERD” with concrete evidence for reflux including severe erosive
esophagitis (LA classification grades C and D) or long-segment
Barrett’s mucosa or peptic strictures on endoscopy, or distal esophageal acid exposure time > 6% or reflux activity more than 80
times on ambulatory pH monitoring.26 However, it is controversial
whether the Lyon consensus can be applied in Asians. A recent
2020 Seoul Consensus Guidelines of GERD suggested a value of
total esophageal acid exposure time value of ≥ 4 % as an abnormal
finding for the Asian population.25
In the present study, we applied the GERD diagnostic criteria
of a previous study which evaluated the diagnostic value of 24hour ambulatory esophageal pH impedance in patients with typical
LPR symptoms to compare the results of our study with that of
the previous study.8,27 Although not statistically significant in this
study in part because there were very few patients without LPR (n
= 5), parameters associated with gastroesophageal reflux tended to
be high in patients with LPR. Since reflux activity was increased in
patients with LPR, LPR symptoms are thought to be at least associated with abnormal increased gastroesophageal reflux (P = 0.003).
So it is justified to administer anti-secretory agents for the treatment
of LPR patients.28 However, the large discrepancy between GERD
diagnosed through endoscope or 24-hour MII-pH monitoring
and LPR diagnosed through laryngoscopic exam means that these
2 conditions have different etiologies other than increased gastroesophageal reflux.13 This can also explain why the proton pump
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inhibitor (PPI) responsiveness in LPR patients is lower than that in
typical GERD patients.
A recent study reported that patients with LPR symptoms had
lower proximal BI levels (1997 ± 51 vs 2245 ± 109, P < 0.05)
and a lower proximal-to-distal ratio (1.28 ± 0.05 vs 1.53 ± 0.09, P <
0.05) than controls; patients with RFS ≥ 7 had lower proximal
baseline impedance levels than controls (1970 ± 63 vs 2245 ± 109,
P < 0.05).8 In this study, baseline impedance levels were significantly lower in GERD patients than in non-GERD patients, not
only in the distal esophagus, but also in the proximal esophagus
(Table 1), which is consistent with the results of previous studies.26,29
However, neither proximal baseline impedance nor distal baseline
impedance was different between LPR positive (RFS ≥ 7) and
negative (RFS < 7) groups, which may be due to the insufficient
number of LPR negative patients for the analysis (n = 5; Supplementary Table 4). Alternatively, as the average acid exposure time
% in the GERD group as well as the non-GERD group was lower
than that in Western studies, negative results of this study may be
associated with Korean GERD patients showing less severe acid reflux and more pronounced esophageal hypersensitivity. Most of the
patients with LPR symptoms have esophageal hypersensitivity, and
low esophageal baseline impedance is an indicator of esophageal
hypersensitivity as well as gastroesophageal reflux.24
Recently, the Korean version of the GerdQe was validated for
the diagnosis of GERD; its cutoff value was 8 with a sensitivity of
64.9% and a specificity of 71.4%.19 In this study, the diagnostic yield
of the GerdQ was lower than that of the Korean validation study
(Table 2 and Fig. 2). The low sensitivity in this study (50.0%) may
be because the previous study included patients with both typical
and atypical GERD symptoms, whereas this study only included
patients with LPR symptoms. In fact, our findings are consistent
with previous studies regarding the usefulness of GerdQ in patients
with atypical symptoms of GERD.30 Unlike previous studies, however, this study evaluated the presence of pathologic gastroesophageal reflux and esophageal motor function more comprehensively
by looking at endoscopic and HREM findings and 24-hour MIIpH monitoring, as well as GerdQ. These findings suggest that
the role of pathologic gastroesophageal reflux is limited in patients
with LPR symptoms, and that the development of a more reliable
GERD questionnaire is necessary for patients with extraesophageal
symptoms.
The RSI questionnaire is regarded as an easily administered
and highly reproducible method in diagnosing LPR, and exhibits
excellent construct-based and criterion-based validity.20 The cutoff value of RSI may vary depending on which population the

questionnaire is conducted. RSI > 13 is generally considered as a
diagnostic criterion for LPR.14,20 In the allergy patient population,
however, the cut-off value of RSI for LPR diagnosis was reported
to be 19.31 In this study, we could not evaluate the usefulness of RSI
in diagnosing LPR because most of the study participants were
LPR positive. Instead, RSI of ≥ 25 yielded the highest yield in
diagnosing GERD (Table 3 and Fig. 3), but the performance of
RSI in the diagnosis of GERD was also disappointing. RSI score
was not different between GERD and non-GERD groups (Table
1). Although RSI score was higher in LPR positive patients than
in LPR negative patients (18.5 ± 9.0 vs 15.2 ± 5.0), this did not
reach a statistical significance (Supplementary Table 4). Our findings were inconsistent with the results of previous studies. It is also
attributable to the small sample size of LPR negative subjects.
As mentioned above, however, the RSI questionnaire was initially
developed to predict the laryngoscopic evidence of LPR, not for
diagnosing GERD. Nevertheless, like GerdQ, RSI may have only
limited roles in diagnosing GERD in individuals with suspected
LPR symptoms.
Hypocontractility or IEM is considered as the most common
esophageal motor abnormality in GERD.32,33 Impaired clearance
of the esophageal refluxate can be caused by IEM.34,35 Esophageal
peristaltic dysfunction is reportedly more prevalent in patients with
severe GERD symptoms.32,36-38 Also, the correlation between IEM
and GERD has been shown previously.39 In this study, 50 of 111
(45.5%) patients had IEM, thus abnormal esophageal motor function is common among patients with LPR symptoms. However,
there was no difference in esophageal motility parameter between
GERD and non-GERD groups (Table 1). Similarly, previous
studies have reported that elevated UES pressure may result in
globus symptoms.40-42 Most of the patients in this study had globus
symptoms. However, only 17 of 111 (15.3%) patients had elevated
UES pressure (≥ 118.0 mmHg), and UES pressure was not significantly correlated with the 24-hour MII-pH monitoring parameters including % acid exposure, % impedance total reflux, reflux
activity, proximal extent of reflux, and distal and proximal baseline
impedance levels (data not shown). Therefore, elevated UES pressure may not be associated with globus pharyngeus. More studies
are necessary to clarify this issue.
Our study has several limitations. First, there were no controls
(individuals without LPR symptoms) in this study. Second, the
number of patients diagnosed with GERD was small to derive
more significant findings. Third, PPI responsiveness could not be
measured in the study subjects. The PPI test is modestly sensitive
and specific for diagnosing GERD.25,43 However, the use of PPI
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test in patients with extraesophageal symptoms has shown little benefit.44 Nevertheless, since our study could not evaluate the response
to the PPI treatment, clinical implications may be limited. Therefore, further studies are warranted in the future.
Nevertheless, our study is meaningful because it was the first
study to evaluate the validity of GerdQ in patients with extraesophageal symptoms in the Asian population. Also, unlike previous studies, we comprehensively examined endoscopy, HREM, and 24hour MII-pH monitoring to diagnose GERD.
In conclusion, pathological gastroesophageal reflux is infrequent among patients with suspected LPR symptoms. In this
population, the sensitivity of GerdQ appears to be low thus it has
a limited role in diagnosing GERD. Thus, additional diagnostic
evaluation may be required.
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Predicting Responsiveness to Biofeedback Therapy
Using High-resolution Anorectal Manometry With
Integrated Pressurized Volume
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Background/Aims
Biofeedback therapy is widely used to treat patients with chronic constipation, especially those with dyssynergic defecation. Yet, the
utility of high-resolution manometry with novel parameters in the prediction of biofeedback response has not been reported. Thus,
we constructed a model for predicting biofeedback therapy responders by applying the concept of integrated pressurized volume in
patients undergoing high-resolution anorectal manometry.
Methods
Seventy-one female patients (age: 48-68 years) with dyssynergic defecation who underwent initial high-resolution anorectal
manometry and subsequent biofeedback therapy were enrolled. The manometry profiles were used to calculate the 3-dimensional
integrated pressurized volumes by multiplying the distance, time, and amplitude during simulated evacuation. Partial least squares
regression was performed to generate a predictive model for responders to biofeedback therapy by using the integrated pressurized
volume parameters.
Results
Fifty-five (77.5%) patients responded to biofeedback therapy. The responders and non-responders did not show significant differences
in the conventional manometric parameters. The partial least squares regression model used a linear combination of eight integrated
pressurized volume parameters and generated an area under the curve of 0.84 (95% confidence interval: 0.76-0.95, P < 0.01), with
85.5% sensitivity and 62.1% specificity.
Conclusions
Integrated pressurized volume parameters were better than conventional parameters in predicting the responsiveness to biofeedback
therapy, and the combination of these parameters and partial least squares regression was particularly promising. Integrated
pressurized volume parameters can more effectively explain the physiology of the anorectal canal compared with conventional
parameters.
(J Neurogastroenterol Motil 2022;28:608-617)
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Introduction
Recent developments of high-resolution anorectal manometry
(HRAM) have allowed for precise anorectal pressure measurements to be obtained using densely arranged catheter sensors.1,2
HRAM is a basic technique used to diagnose constipation, but
it is more advanced than conventional manometry. Conventional
anorectal manometry has limitations involving data analysis and
signal interpretation because it relies on linear waves emitted from
single sensors that are intermittently spaced. HRAM provides
color-contoured topographic plots based on the distance, time, and
amplitude, whereas conventional manometry solely generates linear
plots of amplitude signals. However, although HRAM provides
a considerable amount of information, we still use the parameters
from conventional manometry linear waves, which form the basis of
the current diagnostic criteria.
In a previous study, we attempted to precisely measure anal
canal muscular contractility using HRAM.3-5 We reported the
potential utility of integrated pressurized volume (IPV), which can
be calculated by multiplying the distance, time, and amplitude. The
IPV is the volume under the HRAM surface plot, and the IPV parameters and their combination through partial least squares regression (PLSR) could predict the results of delayed balloon expulsion
(BE) tests.4
Biofeedback therapy (BFT) is commonly used for patients
with chronic constipation, especially those with dyssynergic defecation (DD).6 Three randomized controlled trials showed that
BFT resulted in superior outcomes over other modes of therapy
such as polyethylene glycol, diazepam, and sham feedback therapy,
with a success rate of 70-81%.7-9 Moreover, in our previous study,

BFT showed long-term effectiveness in patients with dyssynergic
defecation after a median follow-up of 44 months.10 Despite these
encouraging results, a considerable proportion of patients with DD
do not respond to BFT, and there are conflicting reports regarding
the parameters that can be used to predict the BFT success rate.11-14
Moreover, no reports have been published describing the use of
HRAM with spatiotemporal plotting. Thus, we aim to demonstrate
the correlation between IPV and BFT responders during simulated
evacuation (SE) and use IPV to generate a predictive model for the
response to BFT.

Materials and Methods
Study Population
In total, 104 female patients with constipation who underwent
more than 3 sessions of BFT at Asan Medical Center from September 2011 to September 2015 were screened for this study. Elevation of the rectal pressure by > 1 standard deviation (SD) from
the mean value and relaxation of the anal sphincter by > 20% of the
baseline anal sphincter tone during SE was considered normal defecation.15,16 Dyssynergia was diagnosed as ineffective rectal propulsion (< 1 SD from the mean value or < 25 mmHg [mean, 55.51
mmHg; SD, 30.53 mmHg in asymptomatic normal volunteers])
or paradoxical anal contraction during SE. These values were obtained from a previously published study involving a normal healthy
population using a HRAM catheter in our center.3,4,17,18 In Rao’s
study,19 these patterns were classified as 4 abnormal patterns including paradoxical anal contraction with adequate propulsive force (type
I) or without (type II), or incomplete anal relaxation with adequate
propulsive force (type III) or without (type IV). We excluded 5 pa-
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104 female patients with constipation
underwent biofeedback therapy for > 3 sessions
from September 2011 to September 2015
Excluded:
Do not meet the criteria for dyssynergic defecation (n = 5)
Rectal hyposensitivity without dyssynergic defecation (n = 28)
71 female patients underwent
biofeedback therapy

Responder (n = 55)
(77%)

Non-responder (n = 16)
(23%)

tients whose medical records did not meet the criteria for DD. We
also excluded 28 patients with rectal hyposensitivity without DD
because the BF protocol was different. Finally, 71 female patients
with DD (age: 48-68 years) were included in the study (Fig. 1).
Written informed consent was obtained from all participants. This
study was approved by the Institutional Review Board of Asan
Medical Center, Seoul, South Korea (Approval No. 2012-0082,
2013-1052, and 2014-0282).

Data Assessment and Study Protocol
Anorectal physiologic tests were conducted prior to BFT. All
patients underwent HRAM and BE testing, and subsequently,
BFT. Before and after BFT, all patients completed the Rome III
criteria-based structured questionnaires composed of 6 aspects of
constipation symptoms. The questionnaires evaluated stool frequency, hard stool frequency (Bristol stool form scales 1-2), the frequency of manual maneuvers for the facilitation of defecation, and
severity using self-reported numeric scales (visual analog scales) for
straining (0 = absent, 10 = severe), sensation of incomplete evacuation (0 = absent, 10 = severe), sensation of anorectal obstruction
(0 = absent, 10 = severe), and global bowel satisfaction (GBS)
(0 = dissatisfaction, 10 = satisfaction). By referring to a previous
study,10 we defined responders as those who showed a 3-point increase or higher in the GBS score after BFT or a 2-point increase if
the baseline GBS score was higher than 6 points.

Anorectal Physiologic Tests
All patients underwent an initial HRAM using sensors with
a length of 6 cm and 23 channels (Sandhill, Highland Ranch,
CO, USA). All standard procedures were performed by a single
experienced nurse. The procedural details are described in a paper
published previously by our center.4 With the patient assuming the
left lateral decubitus position, the manometry catheter was inserted
610

Figure 1. Flowchart of the study pa-

tient selection process. Five patients not
satisfying the dyssynergic defecation
(DD) criteria were excluded, as were
28 patients who presented with rectal
hyposensitivity only. Finally, 71 female
patients with DD were enrolled in this
study.

into the rectum. The catheter had a latex balloon on its tip, and the
anal canal sensors and rectal pressure sensors were separated by 10
mm to measure the pressure of the anterior, posterior, right, and left
quadrants. To calculate the mean sphincter pressure, the pressure
values recorded by the anal sensors were averaged. The pressure
values during resting, squeezing, and SE, as well as the minimal
volumes for the first sensation, rectoanal gradient, rectoanal inhibitory reflex, desire to defecate, and urgency were reported.20 The
defecation index (DI) was calculated as the ratio of rectal pressure
to anal residual pressure during straining.15,19 A rectal BE test was
performed, and an elapsed time < 1 minute was considered successful.

Biofeedback Therapy
Details of the BFT protocol have been published previously.4,10
In brief, the BFT comprised a 40-60-minute session, performed
once or twice a week, using electromyography (Orion Platinum;
SRS Medical Systems, Redmond, WA, USA). An abdominal
sensor probe was attached to the abdomen, and surface electromyography was performed in the anal canal during a sham defecation.
The patient practiced increasing the voluntary strength of the external sphincter while looking at the graph of the electrical activity.
Additionally, the protocol included an abdominal push effort with
anal relaxation synchronized with strain, BE retraining, and rectal
sensory retraining, while modifying inappropriate responses. An
experienced therapist performed all of the BFT procedures.

Data Analysis
The MATLAB program (MathWorks, Natick, MA, USA)
was used to analyze the HRAM profiles during SE. The pressure
signals during SE from the rectum to the anus (6-cm and 1-cm
from the distal tip of the catheter, respectively) were divided into
five 1-cm-separated regions (Fig. 2A). The 5 regions’ IPVs were
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1)  IPVs for upper 1 cm
2)  IPVs for lower 4 cm
3) Ratio of IPV for upper
1 cm and lower 4 cm

1)  IPVs for upper 3 cm
2)  IPVs for lower 2 cm
3) Ratio of IPV for upper
3 cm and lower 2 cm

1)  IPVs for upper 2 cm
2)  IPVs for lower 3 cm
3) Ratio of IPV for upper
2 cm and lower 3 cm

calculated by multiplying the time, distance, and amplitude during
SE. We recorded 4 types of IPV ratio: the IPV14 ratio (upper 1-cm
to the lower 4-cm), the IPV23 ratio (upper 2-cm to the lower 3-cm),
the IPV32 ratio (upper 3-cm to the lower 2-cm), and the IPV41 ratio
(upper 4-cm to the lower 1-cm) (Fig. 2B-E). The IPV of each region and the IPV ratios were then compared in order to identify the
values most closely associated with the response to BFT.

Statistical Methods
Categorical variables were analyzed using Fisher’s exact test,
and numeric values were compared using Mann–Whitney U test
or Student’s t test. Continuous variables are reported as median (interquartile range) or mean ± SD. Receiver operating characteristic
(ROC) curve analysis was performed to determine the cutoff values
of significant parameters that maximize the specificity and sensitivity. All statistical analyses were performed using IBM SPSS Statistics for Windows, version 21 (IBM Corp, Armonk, NY, USA). P values < 0.05 were considered statistically significant.
PLSR is a recently developed technique similar to principal
component analysis, and is able to generalize and combine features
from multiple regression analysis and principal component analysis.21,22 PLSR is useful for predicting a set of correlated variables
from a large set of independent variables.4 We applied the PLSR
technique to predict BFT responders or non-responders based on
the correlations between the IPVs and the anorectal parameters. We
used numerous and collinear IPV parameters that represent the X
and Y matrices of the BFT results, and applied the PLSR technique to calculate the linear decomposition of predictors (X) and
responses (Y); X was calculated as TP’ + E and Y was calculated

1)  IPVs for upper 4 cm
2)  IPVs for lower 1 cm
3) Ratio of IPV for upper
4 cm and lower 1 cm

Figure 2. Four categories of integrated
pressurized volumes (IPVs) from the
rectum to the anal canal. (A) Categorization of the pressure signals during
simulated evacuation from the rectum
to the anus into 5 regions. (B-E) IPVs
from the lower portion (blue), upper
portion (red), and the IPV ratio.

as UQ’ + E, where and P’ and Q’ are the matrices of the loadings
and T and U are the matrices of the scores. Finally, PLSR was
used to construct estimates of the linear regression between X and
Y as Y = XW + E. The MATLAB toolbox (MathWorks USA)
for the PLSR model was used to run the algorithm (Supplementary
Fig. 1).
The leave-one-out cross-validation method was used to train
and test the performance of the BFT responders’ model.23 The
scheme selected 70 cases to train the model in each model training
and testing iteration.

Results
Baseline Characteristics
Among the 71 patients, 55 (77.5%) showed responsiveness to
BFT. The baseline clinical and conventional anorectal manometric
parameters of the patients according to the response to BFT are
shown in Tables 1 and 2. All patients had rectoanal inhibitory reflex
for each rectal distension volume (10-20 mL), and there were no
significant differences between the 2 groups in terms of age, body
mass index, and underlying diseases (Table 1). The median durations of the constipation symptoms were 9 and 10 years among the
responders and non-responders, respectively. Among the patients
with DD who underwent a colonic transit time study, 14 (57.7%)
had coexisting slow transit constipation. The baseline symptoms
were not significantly different between the responders and nonresponders. The GBS scores and all aspects of the constipation
symptoms, except for the hard stools, improved after BFT (P <
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Table 1. Comparison of the Baseline Clinical Characteristics Between the Responders to Biofeedback Therapy and Non-responders

Characteristics
Age (yr)
BMI (kg/m2)
Underlying disease
Diabetes mellitus
Parkinson’s disease
Cerebral infarction
Lower abdominopelvic surgery
Spinal surgery
Hysterectomy
Hemorrhoidectomy
Use of laxative
Symptom duration (yr)
Number of BFT sessions
Baseline symptoms
Bowel movements < 3/wk
Hard stool ≥ 25%
Manual maneuvers to facilitate defecation ≥ 25%
Straining, VASa
Sensation of incomplete evacuation, VASa
Sensation of anorectal obstruction, VASa
GBSb
Symptoms immediately after BFT
Bowel movements < 3/wk
Hard stool ≥ 25%
Manual maneuvers to facilitate defecation ≥ 25%
Straining, VASa
Sensation of incomplete evacuation, VASa
Sensation of anorectal obstruction, VASa
GBSb
Willingness to participate
Slow transit constipation
Balloon expulsion time (sec)
Delayed balloon expulsion

BFT responders (n = 55)

BFT non–responders (n = 16)

P -value

58 (48-68)
21.4 (19.6-24.8)

56 (44-70)
24.1 (21.3-26.4)

0.910
0.100

6 (10.9)
2 (3.6)
1 (1.8)
5 (9.1)
5 (9.1)
5 (9.1)
8 (14.5)
10 (18.2)
9 (2-20)
4 (3-4)

4 (25.0)
1 (6.3)
1 (6.3)
2 (12.5)
3 (18.8)
3 (18.8)
3 (18.8)
3 (18.8)
10 (2-28)
4 (4-5)

0.220
0.540
0.400
0.650
0.370
0.370
0.700
> 0.999
0.410
0.120

21 (38.2)
20 (36.4)
12 (21.8)
8 (5-10)
5 (3-8)
3 (0-9)
3 (0-5)

8 (50.0)
3 (18.8)
2 (12.5)
7 (5-10)
5 (4-9)
6 (5-9)
5 (1-6)

0.400
0.190
0.500
0.520
0.860
0.090
0.050

4 (7.3)
2 (3.6)
2 (3.6)
5 (4-6)
2 (0-4)
0 (0-0)
8 (6-8)
7 (5-8)
33 (60.0)
15 (6-300)
19 (34.5)

6 (37.5)
0 (0.0)
1 (6.3)
7 (5-10)
5 (4-8)
5 (0-7)
5 (1-7)
6 (5-8)
8 (50.0)
31 (11-300)
7 (43.8)

0.010
> 0.999
0.540
0.030
< 0.01
< 0.01
< 0.01
0.240
0.720
0.150
0.500

a

0: absent, 10: severe.
0: dissatisfaction, 10: satisfaction.
BMI, body mass index; BFT, biofeedback therapy; VAS, visual analog scale; GBS, global bowel satisfaction.
Data are presented as median (interquartile range) or n (%).
b

0.01). Additionally, 18.0% of the responders used laxatives at baseline, and the use of laxatives did not differ before and after BFT.
Other conventional manometric findings were comparable between
the groups (Table 2). Conventional manometric findings were
compared between BFT responders and non-responders according
to dyssynergia type. We found that the most common type is type
I dyssynergia in BFT responders (50.9%) and type II dyssynergia
in BFT non-responders (43.8%) without significant differences
between groups (P = 0.550). Regarding to defecation index, significant differences were not observed between 2 groups without
612

balloon distension (P =0.090) and with balloon distension (P =
0.980).

Novel Manometric Parameters
Figure 3 shows the representative images of the patients who
failed the BE test before BFT, and those for whom the BE test was
successful after BFT. Figures 3A and 3C present 3-dimensional
surface plots of the pressure data used to calculate the IPVs. Figures
3B and 3D present the representative manometric cylinder plots.
When the new manometric parameters were compared, the
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Table 2. Comparison of the Conventional Manometric Parameters Between the Responders and Non-responders

BFT responders (n = 55)
Variables
Anal resting pressure (mmHg)
Anal squeezing pressure (mmHg)
Minimal sense (mL)
Desire to defecate (mL)
Urge sense (mL)
Maximal volume of tolerance (mL)
Compliance
Simulated evacuation without balloon distension
Maximal rectal pressure (mmHg)
Residual anal pressure (mmHg)
Defecation index
Rectoanal gradient (mmHg)
Simulated evacuation with balloon distension
Maximal rectal pressure (mmHg)
Residual anal pressure (mmHg)
Defecation index
Rectoanal gradient (mmHg)
Dyssynergia
Type I dyssynergia
Type II dyssynergia
Type III dyssynergia
Type IV dyssynergia
Unclassified dyssynergia (delayed relaxation)

BFT non-responders (n = 16)

Median

25th
percentile

75th
percentile

Median

25th
percentile

75th
percentile

P - value

28.00
67.00
20.00
60.00
110.00
160.00
5.00

24.00
47.00
10.00
50.00
100.00
130.00
2.75

38.00
86.00
30.00
90.00
150.00
210.00
8.00

30.50
74.00
15.00
60.00
100.00
120.00
5.00

26.25
61.75
10.00
60.00
82.50
105.00
3.25

38.45
97.75
20.00
67.50
120.00
177.50
11.75

0.240
0.110
0.250
0.760
0.130
0.030
0.670

47.30
24.40
1.70
14.90

34.10
9.20
1.02
1.20

60.40
40.20
6.40
42.40

44.75
37.80
1.25
12.05

28.50
13.75
0.74
–12.93

66.65
48.48
1.98
28.73

0.800
0.210
0.090
0.290

47.4
19.80
1.90
17.60

29.3
10.90
1.03
1.60

63.9
37.40
6.00
41.10

47.10
20.50
1.85
25.25

33.80
15.95
1.17
5.05

62.38
40.18
4.68
43.28

0.650
0.800
0.980
0.690
0.550

28 (50.9)
14 (25.5)
9 (16.4)
2 (3.6)
2 (3.6)

6 (37.5)
7 (43.8)
3 (18.8)
0 (0.0)
0 (0.0)

BFT, biofeedback therapy.
Data are presented as median (interquartile range) or n (%).

responders had significantly lower values of the IPVs (upper 1-cm,
upper 2-cm, and upper 3-cm portions) and the IPV14 and IPV23
ratios with balloon distension compared with the non-responders
(Table 3). ROC curve analysis showed that the IPVs of the upper
1-cm portion showed the best performance for predicting responders (area under the curve [AUC], 0.74; 95% confidence interval
[CI], 0.63-0.80; P < 0.01) (Fig. 4A). At the optimal cutoff value,
the sensitivity and specificity were 74.6% and 75.0%, respectively.

Partial Least Square Regression Models Using Novel
Manometric Parameters
By using the MATLAB program, we selected 24 novel IPV
parameters for maximizing the AUC. By using these parameters,
the PLSR model showed an AUC of 0.94 (95% CI, 0.86-1.00; P
< 0.01), with a sensitivity of 90.1% and specificity of 87.5%. To
select the variables that most contributed to each component, the
PLSR method was used. To maximize the performance, manual

selection procedures were employed for selecting the variables.
Figure 4B illustrates the ROC curves according to the number of
IPV parameters using the PLSR model. We were able to achieve
the best prediction (AUC, 0.84; 95% CI, 0.76-0.95; P < 0.01)
when the following 8 parameters were used: the IPV of the upper
1-cm portion, IPV14 ratio, IPV23 ratio, and IPV32 ratio, all with or
without balloon distension. At the optimal cutoff value, the sensitivity was 85.5% and the specificity was 62.1%. When using a cutoff
value of 0.44, the positive predictive value was 88.7% and the negative predictive value was 55.6%. The predicted probabilities for the
responders are described in Supplementary Figure 1. We also performed a leave-one-out cross-validation test. The data were divided
into a training set and a test set, and the performance was averaged
out; consequently, we achieved 79.0% sensitivity and 69.0% specificity (Supplementary Fig. 2).
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Figure 3. Three-dimensional (3D) representative manometric traces from a patient during simulated evacuation before/after the biofeedback therapy (BFT). (A) Pre-BFT surface plot of pressures in patients who failed the balloon expulsion test. (B) Pre-BFT 3D pressure cylinder manometric traces in patients who failed the balloon expulsion test. (C) Post-BFT surface plot of pressures in patients who passed the balloon expulsion test.
(D) Post-BFT 3D pressure cylinder manometric traces obtained from a patient who passed the balloon expulsion test. (A, C) X-axis, Y-axis, and
Z-axis depict the time (seconds), distance from the anus (cm), and pressure (mmHg), respectively. (B, D) X-axis and Y-axis represent the pressure
(mmHg) along the 4 cardinal directions (north, south, east, and west), and the Z-axis represents the distance from the anus (cm).

A

B

Upper 1 cm IPV

1.0

0.8

Sensitivity

Sensitivity

0.8
0.6
0.4
0.2

0

ROC analysis

1.0

0.6
0.4

IPV parameter 24 (AUC: 0.94)
IPV parameter 18 (AUC: 0.89)
IPV parameter 12 (AUC: 0.84)
IPV parameter 10 (AUC: 0.85)
IPV parameter 8 (AUC: 0.84)

0.2

0.2

0.4

0.6

0.8

1.0

0

1-Specificity

0.2

0.4

0.6

0.8

1.0

1-Specificity

Figure 4. Receiver operating characteristic (ROC) curve analysis of the integrated pressurized volumes (IPV). (A) ROC curve of the IPV of the

upper 1-cm portion with balloon distension. (B) The ROC curve according to the number of IPV parameters using a partial least squares regression model. AUC, area under the curve.
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Table 3. Comparison of the New Manometric Parameters Between the Responders and Non-responders

BFT responder (n = 55)
Variables
Simulated evacuation without balloon distension
Upper 1-cm IPV (mmHg·sec·cm)
Lower 4-cm IPV (mmHg·sec·cm)
Upper 1-cm vs lower 4-cm ratio of IPV
Upper 2-cm IPV (mmHg·sec·cm)
Lower 3-cm IPV (mmHg·sec·cm)
Upper 2-cm vs lower 3-cm ratio of IPV
Upper 3-cm IPV (mmHg·sec·cm)
Lower 2-cm IPV (mmHg·sec·cm)
Upper 3-cm vs lower 2-cm ratio of IPV
Upper 4-cm IPV (mmHg·sec·cm)
Lower 1-cm IPV (mmHg·sec·cm)
Upper 4-cm vs lower 1-cm ratio of IPV
Duration of simulated evacuation
Simulated evacuation with balloon distension
Upper 1-cm IPV (mmHg·sec·cm)
Lower 4-cm IPV (mmHg·sec·cm)
Upper 1-cm vs lower 4-cm ratio of IPV
Upper 2-cm IPV (mmHg·sec·cm)
Lower 3-cm IPV (mmHg·sec·cm)
Upper 2-cm vs lower 3-cm ratio of IPV
Upper 3-cm IPV (mmHg·sec·cm)
Lower 2-cm IPV (mmHg·sec·cm)
Upper 3-cm vs lower 2-cm ratio of IPV
Upper 4-cm IPV (mmHg·sec·cm)
Lower 1-cm IPV (mmHg·sec·cm)
Upper 4-cm vs lower 1-cm ratio of IPV
Duration of simulated evacuation

BFT non-responder (n = 16)

P -value

Median

25th
percentile

75th
percentile

Median

25th
percentile

75th
percentile

174.90
292.14
0.59
190.83
312.64
0.67
223.60
327.00
0.71
261.07
333.57
0.79
7.30

103.44
226.51
0.41
155.06
246.70
0.50
180.71
248.36
0.52
201.95
221.97
0.62
6.50

235.33
373.62
0.86
289.34
409.84
0.88
323.38
462.56
0.93
338.97
445.83
1.00
8.20

239.10
354.17
0.64
243.11
387.80
0.72
279.07
397.08
0.73
301.19
421.22
0.79
7.15

140.01
268.05
0.54
169.98
306.34
0.52
205.49
344.80
0.61
242.58
286.69
0.67
5.90

316.53
429.00
0.76
354.38
473.64
0.87
389.92
482.40
0.93
401.05
507.97
0.94
7.95

0.100
0.090
0.500
0.150
0.070
0.660
0.110
0.080
0.460
0.120
0.100
0.860
0.480

189.19
285.17
0.64
209.99
303.15
0.68
229.05
303.17
0.74
247.11
299.66
0.81
8.10

99.57
219.46
0.41
143.10
227.91
0.51
166.37
233.95
0.57
198.32
217.38
0.60
7.10

255.44
391.53
0.89
334.90
418.03
0.90
361.15
422.06
0.97
358.13
410.41
1.12
9.20

267.32
359.74
0.80
302.35
362.98
0.84
312.14
366.24
0.85
312.92
331.83
0.89
8.00

240.23
257.49
0.63
239.05
248.77
0.74
244.40
253.46
0.71
273.32
239.87
0.67
7.03

369.14
402.33
1.02
377.81
433.30
1.15
390.77
467.72
1.24
375.24
538.63
1.26
9.60

< 0.01
0.150
0.050
0.020
0.330
0.020
0.040
0.390
0.090
0.060
0.360
0.460
0.900

BFT, biofeedback therapy; IPV, integrated pressurized volume.

Discussion
In our study, the BFT responders and non-responders did
not show significant differences in the conventional manometric
parameters. However, our results show that the IPV parameters can
predict responsiveness to BFT better than the conventional parameters. Therefore, the combination of the IPV parameters obtained
using PLSR is a promising predictive method.
Overall, BFT improved the DD symptoms in approximately
70-80% of the included patients. Our current results are in line with
those of several other previously published studies.7-9,24 Although
BFT is safe and effective, it is also labor-intensive and requires
patient prioritization. Several predictive factors of the success rate

have been described for DD, including older age, patient motivation, stool consistency, pelvic floor dysfunction, inability to evacuate
a 40-mL balloon, presence of dyssynergia with the absence of abdominal pain, > 5 BFT sessions, and low DI during straining.6,11,12
However, the results of these previous studies are inconsistent, and
the discordant results hinder clinicians from determining which
patients are most likely to show desired outcomes after BFT. Also,
these parameters are based on the previously used linear wave signals from manometry sensors. Therefore, we used a new technology
(MATLAB) to postulate or assess the factors that would result in
favorable BFT outcomes using HRAM based on spatiotemporal
plots.
Using HRAM, we determined which factors are important
for predicting BFT outcomes for female patients with chronic con-
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stipation and DD. We demonstrated that IPV parameters can be
used to predict the responsiveness of women with DD to BFT. IPV
parameters are superior to conventional parameters more effectively
explaining the physiology of the anorectal canal.4,5 For the first time
in the literature, we showed that the IPV of the upper 1-cm portion
was associated with successful BFT outcomes. Compared with
non-responders, the BFT responders had significantly lower values
of IPVs of the upper 2- and 3-cm portions as well as the IPV14 and
IPV23 ratios with balloon distension. The IPVs of the upper 1-,
2-, and 3-cm portions represent the rectal pressure better than the
conventional manometric parameters. In our previous study, the
IPV was found to represent the muscular contractility of the entire
anal canal; this is especially relevant for the IPV14 ratio, which may
be useful as a marker of the rectoaxial force.3,4 The IPV14 and IPV23
ratios during SE can explain the rectoaxial force more precisely than
the previously used DI, which is based on the linear wave signals at
a given time during SE. Consequently, low IPVs of the upper 1-,
2-, and 3-cm portions, and low IPV14 and IPV23 ratios are features
of DD. In this study, the previously meaningful parameter (the
IPV14 ratio) used during SE with balloon distension showed a marginal significance between the BFT responders and non-responders
(P = 0.050) (Table 3). However, it failed to show statistical significance, which we believe may have been due to the small sample size.
Considering that the IPV is a quantitative measurement based
on HRAM spatiotemporal plots, this model allows easy comprehension and identification of abnormalities compared to the previous model. Moreover, the combination of 8 IPV parameters (IPV
of the upper 1-cm portion, and the IPV14, IPV23, and IPV32 ratios
with and without balloon distension) can improve the prediction
of BFT responders using PLSR analysis. The development of the
equation only required a few seconds in the MATLAB program.
Conventional anorectal parameters have the following limitations. First, these parameters are not always correlate with patients’
symptoms. One study showed that predictions about patient
continence cannot be made with conventional resting and squeezing pressures.25 Second, the novel parameters, including the
HRAM squeeze profile and HRAM resting integral, detected
anal hypocontractility better than the conventional parameters; this
significantly increased the diagnostic accuracy for discriminating
between 403 patients with fecal incontinence and 85 healthy control subjects.26 In our previous study, the IPV14 ratio and PLSR
method significantly discriminated between the symptoms of hard
stools and anorectal obstruction sensation for > 25% of the bowel
movements.4 The conventional parameter is based on a linear waveform and may not be reflective of the patients’ symptoms, whereas
616

IPV is better at predicting BFT responders because it conveys the
symptoms well. We believe that these novel parameters explain the
anorectal pathophysiology better than conventional parameters.
This study has some limitations. A previous study demonstrated a significant improvement in DD, a higher rectal pressure,
and a lower anal sphincter residual pressure than the baseline values
with follow-up anorectal manometry.27 However, our study did not
show these improvements using the IPV parameters with followup manometry due to the high number of patients lost to follow-up.
Nevertheless, some of these patients showed improvements with the
new IPV parameters, but not with the conventional parameters (Fig.
3). In addition, this study had limitations inherent to the nature of
a retrospective, single-center study. Exclusion of patients made the
sample size small. A large-scale, prospective study is needed to confirm these findings.
This study shows clinically meaningful results. IPV parameters
can be used to predict responsiveness to BFT better than conventional parameters, especially for female patients with DD. A combination of IPV parameters using PLSR was superior to conventional
parameters in predicting the BFT responsiveness and explaining
the physiology of the anorectal canal. The current data and the predictive model may be useful for clinicians in prioritizing patients for
treatment with anorectal BFT.
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Background/Aims
Little is known about the association between infantile colic and the later onset of irritable bowel syndrome (IBS).
Methods
This study examined all 917 707 children who were born in Korea between 2007 and 2008. Infantile colic was defined with 1 or
more diagnoses of ICD-10 code R10.4 or R68.1 at the age of 5 weeks to 4 months, and infants with a diagnosis of infantile colic and
without were allocated into the infantile colic group and the control group. IBS was defined as 2 or more diagnoses of ICD-10 code
K58.X after 4 years of age. Each child was traced until 2017. The risk of IBS with infantile colic was evaluated using a Cox proportional
hazards model with propensity score inverse probability of treatment weighting (IPTW).
Results
After IPTW, 363 528 and 359 842 children were allocated to the control group and the infantile colic group, respectively. The infantile
colic group had a higher risk of developing IBS in childhood (hazard ratio [95% CI], 1.12 [1.10 to 1.13]) than the control group.
Moreover, the subgroup analyses according to the feeding status, birth weight, sex, or economic status, showed that the risk of IBS
with former infantile colic remained statistically significant.
Conclusions
Children with a diagnosis of infantile colic during the infant period had a significant risk of developing IBS after 4 years of age.
Understanding the pathogenesis of infantile colic in the neonatal period may reduce the prevalence and severity of functional
gastrointestinal disorders from childhood to adolescence to adulthood.
(J Neurogastroenterol Motil 2022;28:618-629)
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Introduction
Infantile colic is a common disease in the infant period, affecting between 4% and 28% of all infants.1 Its most prominent feature
is excessive crying, which peaks at 6 weeks and disappears at approximately 4 to 5 months of age.2 Although the pathogenesis of
infantile colic is not well understood, it has been generally viewed as
a temporary disorder with a benign prognosis. However, it has been
recently reported that infantile colic is associated with a low grade
systemic inflammation caused by a pathogenic microbiota composition.3 Therefore, infantile colic may be considered as a potential
early manifestation of later onset disorders including the irritable
bowel syndrome (IBS). IBS is a common and chronic functional
gastrointestinal disorder (FGID) at childhood that affects the quality of life, with a prevalence of 2% to 24% worldwide.4 A multinational group of experts at the Rome IV Conference in December
2014 established the most recent definition of IBS.5 A characteristic
of IBS is abdominal pain or discomfort with changes in bowel habits, including the frequency of defecation and stool consistency, in
the absence of an organic disease.6
The pathophysiology of IBS is not understood completely.7
Various central and peripheral mechanisms have been described
in the pathophysiology of IBS, including the dysregulation of the
brain-gut axis,8 altered gastrointestinal motility, visceral hypersensitivity,9 alterations in the intestinal microbiota,10 low-grade immune
activation, and intestinal inflammation,7 which may be associated
with increased intestinal permeability to induce exposure to antigens. Gut dysbiosis is thought to be the most convincing factor, as
some factors may be derived directly from the gut dysbiosis.11 Some
points of pathogenesis show an association between infantile colic
and IBS.
Few previous studies have reported an association between infantile colic and the subsequent development of IBS,12,13 but there
is a paucity of large cohort studies reporting the association between
infantile colic in infants and IBS. Therefore, our purpose is to evaluate the association of infantile colic diagnosis at 5 weeks to 4 months
of age with the onset of IBS after 4 years of age, using an analysis of
an administrative nationwide cohort database in South Korea.

Materials and Methods
Study Design and Setting

tigation of Birth Cohort in Korea study 2008 (NICKs-2008) dataset, which comprised 917 707 children born between 2008 and 2009
in Korea.14,15 The National Health Screening Program for Infants
and Children (NHSPIC) is a population surveillance program
that provides seven rounds of screening services to all health insurance subscribers from 4 months to 72 months of age. The use of
de-identified individual data for research purposes was authorized
under the current National Health Insurance Act. The study protocol was reviewed and approved by the Institutional Review Board
of the Korea National Institute for Bioethics Policy (P01-20160321-005). The study followed recommended guidelines for observational studies that use routinely collected health data (Supplementary
Table 1).

Data Sources
Patient demographic characteristics, health care utilization (type
of visit, medical cost, drug classification code, and disease information [International Classification of Diseases 10th revision {ICD10 codes}] were obtained from the database of the NICKs-2008
cohort. The patients’ health care utilization data were collected during the process of claiming for healthcare services. The residential
status at birth was divided into Seoul, metropolitan (Busan, Daegu,
Incheon, Gwangju, Daejeon, and Ulsan), urban, and rural. The
socio-economic status was classified according to quintiles and determined by the amount of the insurance co-payment. Additional
information on the databases, variable definitions, and administrative codes are shown in Supplementary Table 2. The cohort was
traced to the time when participants lost their eligibility for health
care services due to death or immigration, or until 2017.

Data Sharing Statement
This study was based on the National Health Claims Database
(National Health Insurance Service [NHIS]-2019-1-560) established by the NHIS of the Republic of Korea. Applications for using NHIS data are reviewed by the Inquiry Committee of Research
Support; if the application is approved, raw data is provided to the
applicant for a fee. We cannot provide access to the data, analytic
methods, and research materials to other researchers because of the
intellectual property rights of this database that is owned by the National Health Insurance Corporation. However, investigators who
wish to reproduce our results or replicate the procedure can be used
in the database, which is open for research purposes (https://nhiss.
nhis.or.kr/).

This study was conducted using data from the National Inves-

Vol. 28, No. 4 October, 2022 (618-629)

619

Ju Hee Kim, et al

fantile colic are presented in the Supplementary material, and the
positive predictive value (PPV) was 88% (95% CI, 83-92%).

Study Population
The cohort included children who underwent the first round
of the NHSPIC at 4 months to 6 months of age and with properly
recorded birth weight information during the first round of the
NHSPIC. In addition, children who were born before 37 weeks of
gestational age, born with a birth weight of less than 2.5 kg or more
than 4.5 kg, who had been admitted to the intensive care unit within
the first 1 month of birth, or who were diagnosed with congenital
malformations, deformations, and chromosomal abnormalities,
were excluded. A total of 368 556 children met the inclusion and
exclusion criteria. Among these children, 359 769 who had not been
diagnosed with infantile colic from the age of 5 weeks to 4 months
were allocated to the control group and 8787 who had been diagnosed with infantile colic between the ages of 5 weeks and 4 months
were allocated to an infantile colic group (Fig. 1).

Exposure
The exposure of interest was a diagnosis of infantile colic from
the age of 5 weeks to 4 months, because this time of life is known
to be the most prevalent period of infantile colic.3,4 The diagnosis
of infantile colic was defined as at least 1 diagnosis of ICD-10 code
R10.4 (other and unspecified abdominal pain) or R68.1 (nonspecific
symptoms peculiar to infancy) from the age of 5 weeks to 4 months
(Supplementary Table 3). Validation data for this definition of in-

Outcomes
All outcomes were pre-specified. The outcome was the risk
of IBS after 48 months of age. IBS was defined as a diagnosis of
ICD-10 codes K58.X (IBS), more than twice, after 4 years of age.16
To assess the robustness of the results, we analyzed the association of IBS with infantile colic using the different definitions of
IBS. The stricter IBS was defined as at least 1 diagnosis of ICD-10
code K58.X (IBS) and R10.X (abdominal pain) and at least 1 of
ICD-10 code K59.1 (functional diarrhea), K52.2 (allergic and dietetic gastroenteritis and colitis), K52.8 (other specific noninfective
gastroenteritis), or K59.0 (constipation) after the age of 4 years. A
previous study showed that this definition had a PPV of 83% (95%
CI, 75-91%).17 In addition, we defined the IBS sub-type by further
considering the symptomatic diagnostic ICD-10 codes. Diarrheapredominant IBS (IBS-D) was defined as having at least 1 diagnosis of ICD-10 code K58.X (IBS) and R10.X (abdominal pain) and
at least 1 of the ICD-10 codes K59.1 (functional diarrhea) after
the age of 4 years. Constipation-predominant IBS (IBS-C) was
defined as having at least 1 diagnosis of ICD-10 code K58.X (IBS)
and R10.X (abdominal pain) and at least 1 of ICD-10 code K59.0
(constipation) after the age of 4 years. To apply stricter diagnostic
criteria for the IBS sub-types, the strict IBS-D was defined as using

Enrolled participants (N = 917 707)
All participants in the NICKs-2008 who were born in 2008 (n = 469 248)
and 2009 (n = 448 459)

Eligible participants (n = 368 556)

Control group (n = 359 769)
Participants who have not been
diagnosed infantile colic between
5 wk and 4 mo of age.

Infantile colic group (n = 8787)
Participants who have been diagnosed
infantile colic at least once between
5 wk and 4 mo of age.

Inclusion criteria
- Participants with information about birth weight
(n = 846 263)
- Participants who underwent the first round of the
NHSPIC (n = 467 880)
Exclusion criteria
- Preterm (GA < 37 wk) (n = 46 772)
- Less than 2.5 kg birth weight (n = 41 166)
- More than 4.5 kg birth weight (n = 2668)
- ICU admission history during 1 mo of age (n = 30 839)
- ICD Q00-99 code (congenital malformation, deformations
and chromosomal abnormalities) (n = 120 432)

IPTW

Control group (n = 363 528)
Participants who have not been
diagnosed infantile colic between
5 wk and 4 mo of age.

Infantile colic group (n = 359 842)
Participants who have been diagnosed
infantile colic at least once between
5 wk and 4 mo of age.

Figure 1. Flow diagram of the cohort. NICKs, National Investigation of Birth Cohort in Korea study; NHSPIC, National Health Screening Program of Infants and Children; GA, gestational age; ICU, intensive care unit; ICD, International classification of diseases; IPTW, inverse probability of treatment weighting.

620

Journal of Neurogastroenterology and Motility

Infantile Colic and IBS

least 1 prescription of drug classification 237 (antidiarrheal drug)
as well as the IBS-D definition, and the strict IBS-C was defined
as using at least 1 prescription of drug classification 238 (laxative
drug) as well as IBS-C definition, which showed PPV 76% (95%
CI, 67-85%) in a previous study.17

Covariates
Propensity score (PS) matching was performed using the 97
covariates shown in Supplementary Table 2 in order to create a balance between the control group and the colic group. The children’s
demographic variables included age, sex, income quintile (by insurance premium), and residence at birth. Nutritional assessments,
including the status of breastfeeding within 4 months of age and
the additional complementary feeding status were acquired from
the first round of the NHSPIC questionnaire (4 to 6 months of
age) given to children’s parents. In addition, the results of general
physical examinations from head to extremity by physicians in the
first round of the NHSPIC were assessed. The perinatal conditions
were evaluated using the ICD-10 codes. To evaluate their clinical
conditions within the first 6 months of age, the most prevalent 43
diseases, including respiratory infections, gastrointestinal infections, and dermatitis, were identified using the ICD-10 codes. In
addition, 12 types of drugs, including the drugs used commonly in
infants, were defined using the drug classification codes. Hospitalization records, emergency room visits, and visits to pediatricians
within the first 6 months of age were recorded.

Statistical Methods
The inverse probability of treatment weighting (IPTW) on the
PS was used to balance the comparison groups on the 97 covariates that were chosen previously (as defined in the Supplementary
Table 2). The PS was estimated using a multivariable logistic
regression with the covariates chosen a priori. Participants in the
reference group were weighted (PS/[1-PS]),18,19 which produced a
weighted pseudosample of patients in the reference group with the
same distribution of measured covariates as the exposed group.19
The between-group differences in baseline characteristics were
compared using standardized differences in both the unweighted
and weighted samples (differences > 10% were considered meaningful).20 A Cox proportional hazards model was used to assess the
relationship between the infantile colic at 5 weeks to 4 months of
age and the development of IBS. Hazard ratios (HRs) and 95%
CIs were calculated for each outcome of interest.
To minimize the type 1 error by the inflated number from
IPTW, we additionally analyzed using stabilized IPTW and weight

trimming. In addition, a 4:1 PS matching was performed instead of
IPTW, based on the Mahalanobis algorithm with a caliper of 0.01
and multivariable regression with covariates.
In addition, prespecified subgroup analyses by type of feeding (grouped into 2 categories: breast fed, or no breast fed), birth
weight (grouped into 2 categories: lower half (< 3.26 kg), or upper half (≥ 3.26 kg), sex (male or female), and income status (low
or high). Furthermore, the number of episodes of infantile colic
(grouped into 2 categories: once or more than once) was assessed to
determine whether the higher the number of infantile colic episodes
led to a higher the risk of IBS.
Two-tailed P -values of less than 0.001 were interpreted as being
statistically significant. All statistical analyses were performed using
SAS version 9.4 (SAS Institute Inc, Cary, NC, USA).

Results
Participants
The basic sociodemographic characteristics of the children are
presented in Table 1. In the weighted data, both the control and
infantile colic groups were balanced for all variables. In addition to
the results that comprised the results of the physical examinations by
physicians and questionnaires, including visual and auditory senses
at 4-6 months of age, there was no imbalance between the 2 groups
(Supplementary Table 4). The basic clinical characteristics of the
children in both groups are shown in Table 2. Although there were
imbalances between the 2 groups in the number of visits to pediatricians and emergency rooms (standardized differences = 22.5%
and 32.3%, respectively) before weighting, all data on the hospital
utilization was balanced between the 2 groups after weighting. With
regard to the perinatal conditions, the prevalence of diagnosed diseases within the first 6 months of age, and the use of major drugs,
and all standardized differences between the 2 groups, were less
than 10% after weighting. The full set of clinical characteristics is
shown in Supplementary Table 5.
After each application of the stabilized and trimmed IPTW
and the 4:1 PS matching, all standardized differences between
the infantile colic and control group were less than 10% (data not
shown).

Association of Infantile Colic With Diagnosis of
Irritable Bowel Syndrome After 4 Years of Age
Table 3 shows the associations of infantile colic with IBS. In the
weighted data, 61 759 (17.2%) children with IBS were in the infan-
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4331 (49.3)
4456 (50.7)
1977 (22.5)
1656 (18.8)
4031 (45.9)
1021 (11.6)
3.24 (0.36)
3745 (42.6)
3344 (38.1)
1593 (18.1)
72 (0.8)
683 (7.8)
1334 (15.2)
2354 (26.8)
2792 (31.8)
1336 (15.2)

89 501 (24.9)
83 324 (23.2)
142 540 (39.6)
41 184 (11.4)
3.26 (0.36)
163 567 (45.5)
124 583 (34.6)
68 775 (19.1)
1338 (0.4)
27 617 (7.7)
52 574 (14.6)
95 514 (26.5)
113 679 (31.6)
58 181 (16.2)

Infantile colic groupe
(n =8787)

176 967 (49.2)
182 802 (50.8)

Control groupd
(n = 359 769)

n (%)c

0.4
1.6
0.5
0.4
0.2

5.7
7.1
2.5
5.8

5.6
10.6
12.7
0.5
4.6

0.2

Standardized
difference (%)f

27 903 (7.7)
53 143 (14.6)
96 534 (26.6)
114 922 (31.6)
58 688 (16.1)

165 601 (45.6)
126 706 (34.9)
69 773 (19.2)
1401 (0.4)

90 259 (24.8)
83 809 (23.1)
144 522 (39.8)
41 658 (11.5)
3.26 (0.36)

178 831 (49.2)
184 696 (50.8)

Control groupd
(n = 363 528)

n (%)c

26 791 (7.4)
54 083 (15.0)
96 592 (26.8)
113 306 (31.5)
56 961 (15.8)

165 291 (45.9)
124 049 (34.5)
68 877 (19.1)
1581 (0.4)

98 793 (27.5)
76 547 (21.3)
142 079 (39.5)
39 266 (10.9)
3.24 (0.34)

175 873 (48.9)
183 969 (51.1)

Infantile colic groupe
(n = 359 842)

Weighted data (n = 723 370)b

0.2
0.1
0.0
0.1
0.1

0.2
0.2
0.1
0.1

0.1
0.1
0.0
0.1
0.1

0.3

Standardized
difference (%)f

b

Unless otherwise specified, baseline characteristics were assessed on the birth date of the patient.
Weighted using inverse probability of exposure weighting based on the propensity score. The propensity score was estimated using multivariable logistic regression with 97 previously covariates, as defined in
Supplementary Table 2. Participants in the reference group were weighted as (propensity score/[1-propensity score]). This method produces a weighted pseudo sample of participants in the reference group
with the same distribution of measured covariates as the exposure group.
c
Results are reported as n (%) unless otherwise indicated.
d
As the reference group, the control group consisted of children who had not been diagnosed with infantile colic at 5 weeks to 4 months of age.
e
The infantile colic group consists of children who have been diagnosed with infantile colic at least once between 5 weeks and 4 months of age.
f
Differences greater than 10% were interpreted as meaningful differences. All standardized differences in the cohort values were < 0.05.
g
Metropolitan areas were defined as 6 metropolitan cities (Busan, Incheon, Gwangju, Daejeon, Daegu, and Ulsan), urban areas as cities, and rural areas as non-city areas. Missing data of observed data: control
group = 3220, infantile colic group = 102; missing data of weighted data: control group = 3281, infantile group = 3157.
h
Obtained from the first National Health Screening Program of Infants and Children (NHSPIC) at 4-6 months of birth.
i
Obtained from the first NHSPIC at 4-6 months of birth. Missing data of all data: control group = 1506, infantile colic group = 33.
j
Income status was categorized into the quintile of insurance premium at birth. Missing data of all data: control group = 12 204, infantile colic group = 288; missing data of weighted data: control group = 12
338, infantile colic group = 12 109.

a

Sex
Female
Male
Residence at birthg
Seoul
Metropolitan
Urban
Rural
Birth weighth (mean [SD], kg)
Type of feedingi
Only breastfeeding
Only formula milk
Mixed
Special milk
Income quintilej
1 (Lowest)
2
3 (Middle)
4
5 (Highest)

Sociodemographic characteristics

Observed data (n = 368 556)

a

Table 1. Basic Sociodemographic Characteristics of the Participants
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a

Control groupd
(n = 359 769)
22.5
32.3
4.0
5.3
0.2
5.4
0.4
12.5
6.4
5.1
0.1
0.6
2.2
12.5
5.2
8.6
8.7
8.2
9.9
6.1
7.3
5.6
1.1
3.1
13.6
4.1

8688 (98.9)
1174 (13.4)
427 (4.9)
1373 (15.6)
2755 (31.4)
331 (3.8)
204 (2.3)
3056 (34.8)
1103 (12.6)
2198 (25.0)
225 (2.6)
1634 (18.6)
1129 (12.8)
459 (5.2)
192 (2.2)
333 (3.8)
315 (3.6)
561 (6.4)
574 (6.5)
205 (2.3)
357 (4.1)
480 (5.5)
131 (1.5)
231 (2.6)
495 (5.6)
524 (6.0)

Standardized
Infantile colic groupe difference (%)f
(n =8787)

n (%)c

Observed data (n = 368 556)

Hospital utilization within 6 months of age
Number of visits to pediatricians
341 551 (94.9)
Number of visiting ER
15 903 (4.4)
Certain conditions (ICD-10 codes) originating in the perinatal period
Respiratory and cardiovascular disorders specific to
14 605 (4.1)
the perinatal period
Infections specific to the perinatal period
49 707 (13.8)
Hemorrhagic and hematological disorders of fetus
112 149 (31.2)
and newborn
Digestive system disorders of fetus and newborn
10 079 (2.8)
Prevalent diseases (ICD-10 codes) diagnosed within 6 months of age
Otitis media, unspecified
7989 (2.2)
Acute nasopharyngitis
104 381 (29.0)
Acute pharyngitis
37 920 (10.5)
Acute upper respiratory infection, unspecified
81 665 (22.7)
Pneumonia, unspecified
9496 (2.6)
Acute bronchitis
66 304 (18.4)
Acute bronchiolitis
48 798 (13.6)
Viral intestinal infection, unspecified
9741 (2.7)
Infectious gastroenteritis and colitis of infectious origin
5416 (1.5)
Gastroesophageal reflux disease without esophagitis
8416 (2.3)
Functional dyspepsia
7635 (2.1)
Noninfective gastroenteritis and colitis, unspecified
16 372 (4.6)
Constipation
15 365 (4.3)
Functional diarrhea
5223 (1.5)
Functional intestinal disorder, unspecified
10 060 (2.8)
Dermatitis
15 342 (4.3)
Pyogenic granuloma
4750 (1.3)
Urinary tract infection, site not specified
7731 (2.1)
Nausea and vomiting
10 334 (2.9)
Fever, unspecified
18 237 (5.1)

Clinical characteristics

Table 2. Basic Clinical Caracteristics of the Participants

8058 (2.2)
105 974 (29.2)
38 483 (10.6)
82 711 (22.8)
9569 (2.6)
66 995 (18.4)
49 176 (13.5)
10 064 (2.8)
5524 (1.5)
8617 (2.4)
7834 (2.2)
16 709 (4.6)
15 699 (4.3)
5360 (1.5)
10 248 (2.8)
15 630 (4.3)
4820 (1.3)
7861 (2.2)
10 699 (2.9)
18 507 (5.1)

10 283 (2.8)

50 342 (13.8)
113 338 (31.2)

14 845 (4.1)

345 435 (95.0)
16 843 (4.6)

Control groupd
(n = 363 528)

7869 (2.2)
107 273 (29.8)
39 901 (11.1)
84 377 (23.4)
10 044 (2.8)
66 559 (18.5)
50 601 (14.1)
11 772 (3.3)
5995 (1.7)
8590 (2.4)
8289 (2.3)
18 306 (5.1)
16 272 (4.5)
5375 (1.5)
10 274 (2.9)
15 785 (4.4)
4498 (1.3)
8302 (2.3)
11 869 (3.3)
21 194 (5.9)

10 410 (2.9)

51 833 (14.4)
112 868 (31.4)

14 480 (4.0)

342 290 (95.1)
18 281 (5.1)

0.2
0.1
0.6
0.5
0.6
0.7
0.7
0.6
0.6
0.4
0.2
0.8
0.7
0.0
0.1
0.1
0.0
0.1
0.5
0.1

0.0

0.2
0.1

0.1

2.2
1.2

Standardized
Infantile colic groupe difference (%)f
(n = 359 842)

n (%)c

Weighted data (n = 723 370)b
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Control groupd
(n = 359 769)
14.3
7.5
23.1
2.4
3.3
30.3
0.5

11 172 (3.1)
127 985 (35.2)
8741 (2.4)
179 449 (49.4)
197 134 (54.2)
191 926 (52.8)
17 530 (4.8)

Control groupd
(n = 363 528)

11 444 (3.2)
134 985 (37.5)
9205 (2.6)
168 537 (46.8)
198 425 (55.1)
191 892 (53.3)
16 764 (4.7)

0.5
4.4
0.5
0.7
2.8
0.8
0.6

Standardized
Infantile colic groupe difference (%)f
(n = 359 842)

n (%)c

Weighted data (n = 723 370)b

b

Unless otherwise specified, all baseline characteristics were assessed in the first 6 months of age of the participants.
Weighted using inverse probability of exposure weighting based on the propensity score. The propensity score was estimated using multivariable logistic regression with 97 previously covariates, as defined in
Supplementary Table 2 Participants in the reference group were weighted as (propensity score/[1-propensity score]). This method produces a weighted pseudo sample of participants in the reference group with
the same distribution of measured covariates as the exposure group.
c
Results are reported as n (%) unless otherwise indicated.
d
As the reference group, the control group consisted of children who had not been diagnosed with infantile colic at 5 weeks to 4 months of age.
e
The infantile colic group consists of children who have been diagnosed with infantile colic at least once between 5 weeks and 4 months of age.
f
Differences greater than 10% were interpreted as meaningful differences. All standardized differences in the cohort values were < 0.05.
ICD, International Classification of Diseases; ER, emergency room.

a

524 (6.0)
3410 (38.8)
638 (7.3)
4231 (48.2)
4905 (55.8)
5899 (67.1)
432 (4.9)

Standardized
Infantile colic groupe difference (%)f
(n =8787)

n (%)c

Observed data (n = 368 556)

Drug (drug classification code) used within 6 months of age
Sedative-hypnotics
10 825 (3.0)
Antipyretics
126 399 (35.1)
Antispasmodics
8222 (2.3)
Antihistamines
168 646 (46.9)
Respiratory system drugs
195 021 (54.2)
Digestive system drugs
188 764 (52.5)
Hormone drugs
17 352 (4.8)

Clinical characteristics

Table 2. Continued
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tile colic group and 56 547 (15.6%) in the control group (HR [95%
CI], 1.12 [1.10 to 1.13]). In the stabilized and trimmed weighted
data and the 4:1 matched data, the associations between infantile
colic and IBS were still statistically significant and consistent with
the results in the weighted data.

In addition, we evaluated whether the risk of IBS increased according to the number of infantile colic episodes (Table 4). Children
with both a single diagnosis and more than 1 diagnosis of infantile
colic had a significant risk of IBS (HR [95% CI], 1.11 [1.10 to
1.13] and 1.11 [1.07 to 1.15], respectively).

a

Table 3. Risk of Irritable Bowel Syndrome With Infantile Colic

Unweighted data
b

Control group (n = 359 769)

Infantile colic groupc (n = 8787)

HR (95% CI)d

55 887 (15.5)

1533 (17.5)

1.14 (1.08 to 1.20)

IBSe (n [%])

Weighted data

f

Control group (n = 363 528)

Infantile colic group (n = 359 842)

HR (95% CI)

56 547 (15.6)

61 759 (17.2)

1.12 (1.10 to 1.13)

IBSe (n [%])

Sensitivity analysis
Stabilized and trimmed weighted data
Control group (n = 363 528)

Infantile colic group (n = 85 854)

HR (95% CI)

56 547 (15.5)

14 929 (17.4)

1.13 (1.11 to 1.15)

e

IBS (n [%])

4:1 Matched data
Control group (n = 34 408)

Infantile colic group (n = 8637)

HR (95% CI)

5561 (16.2)

1504 (17.4)

1.09 (1.03 to 1.15)

e

IBS (n [%])
a

The cohort consisted of the infantile colic group who had experienced infantile colic from 5 weeks to 4 months of age and the control group without infantile colic
histories during the same time period.
b
As the reference group, the control group comprises children who had not been diagnosed with infantile colic at 5 weeks to 4 months of age.
c
Infantile colic group consists of children who have been diagnosed with infantile colic at least once between 5 weeks and 4 months of age.
d
The hazard ratios (HRs) were assessed using a Cox proportional hazards model to examine the relationship between infantile colic histories and the risk of irritable
bowel syndrome (IBS) development in the cohort.
e
IBS was defined as having the diagnosis of International Classification of Diseases 10th version (ICD-10) codes K58.X (IBS) more than twice, after 4 years of age.
f
Weighted using inverse probability of exposure weighting based on the propensity score. The propensity score was estimated using multivariable logistic regression
with 97 previously covariates, as defined in Supplementary Table 2. Participants in the reference group were weighted as (propensity score/[1-propensity score]).
This method produces a weighted pseudo sample of participants in the reference group with the same distribution of measured covariates as the exposure group.

a

Table 4. Risk of the Irritable Bowel Syndrome According to the Number of Infantile Colic

The number of infantile colic history
IBS
Referent
Exposure
Exposure

Control groupd
1e
≥ 2e

Weighted data (n = 723 370)b

Unweighted data (n = 368 556)

Subjects (n) Events of IBS (n [%]) Subjects (n) Events of IBS (n [%])
359 769
7756
1031

55 887 (15.5)
1349 (17.4)
184 (17.9)

363 528
319 475
40 367

56 547 (15.6)
54 833 (17.2)
6925 (17.2)

HR (95% CI)c
Ref
1.11 (1.10 to 1.13)
1.11 (1.07 to 1.15)

a

The cohort consists of the infantile colic group who had experienced infantile colic from 5 weeks to 4 months of age and the control group without infantile colic history during the same time period.
b
Weighted using inverse probability of exposure weighting based on the propensity score. The propensity score was estimated using multivariable logistic regression
with 97 previously covariates, as defined in Supplementary Table 2. Participants in the reference group were weighted as (propensity score/[1-propensity score]).
This method produces a weighted pseudo sample of participants in the reference group with the same distribution of measured covariates as the exposure group.
c
Hazard ratios (HRs) were assessed using a Cox proportional hazards model to examine the relationship between infantile colic history and the risk of irritable bowel
syndrome (IBS) in the cohort.
d
As the reference group, the control group comprised children who had not been diagnosed with infantile colic at 5 weeks to 4 months of age.
e
Infantile colic group consists of children who have been diagnosed with infantile colic at least once between 5 weeks and 4 months of age.
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Sensitivity Analysis Using Various Definitions of
Irritable Bowel Syndrome
The sensitivity analyses using various definitions of IBS are
shown in Table 5. The risk for the stricter IBS was significant (HR
[95% CI], 1.25 [1.23 to 1.28]) in the infantile colic group. For the
IBS subtypes for symptoms of diarrhea and constipation, the risks
of IBS-D and IBS-C in the infantile colic group were significantly
high (HR [95% CI], 1.20 [1.17 to 1.23] and 1.22 [1.1.19 to 1.26],
respectively). The risk remained statistically significant for the strict
IBS-D and the strict IBS-C in the infantile colic group (HR [95%
CI], 1.20 [1.17 to 1.23], and 1.17 [1.07 to 1.28], respectively),
which were more stringent defined by their use of drug prescriptions.

Subgroup analysis
The subgroup sensitivity analyses were conducted to assess the
robustness of the results (Fig. 2 and Supplementary Table 6). First,
when divided into subgroups by the type of feeding during the 4 to

6 months age range, children with former infantile colic had a higher risk of IBS regardless of the type of feeding (HR [95% CI], 1.15
[1.12 to 1.17] in the breastfeeding group and 1.09 [1.06 to 1.11]
in the no breastfeeding group), than children without infantile colic
history, which was consistent with the main results. Second, all children with birth weights under 3.26 kg (median birth weight) and
not less than 3.26 kg in the infantile colic group had a significant
risk of IBS (HR [95% CI], 1.14 [1.11 to 1.16] and 1.09 [1.01 to
1.11], respectively). Third, the risk of IBS remained consistently
significant in the infantile colic group even after dividing the subgroup according to sex (HR [95% CI], 1.15 [1.12 to 1.17] in
male and 1.08 [1.05 to 1.10] in female), and economic status (HR
[95% CI], 1.08 [1.06 to 1.11] in the low economic group and 1.16
[1.13 to 1.19] in the high economic group).
In addition, we performed subgroup analyses using the strict
IBS definition (Supplementary Table 7). The results regarding the
risk of strict IBS with infantile colic were consistently significant in
all subgroups.

a

Table 5. Risk of Irritable Bowel Syndrome With Several Definitions of Infantile Colic

Weighted data (n = 723 370)b

Unweighted data (n = 368 556)
n (%)
c

Strict IBSf
IBS-Dg
IBS-Ch
Strict IBS-Di
Strict IBS-Cj

n (%)
d

c

Control group
(n = 359 769)

Infantile colic group
(n = 8787)

Control group
(n = 363 528)

34 476 (9.6)
21 203 (5.9)
19 184 (5.3)
21 176 (5.9)
1689 (0.5)

1099 (12.5)
699 (7.6)
625 (7.1)
668 (7.6)
58 (0.7)

34 926 (9.6)
21 492 (5.9)
19 438 (5.4)
21 465 (5.9)
1715 (0.5)

HR (95% CI)e

Infantile colic group
(n = 359 842)

a

42 246 (11.7)
25 256 (7.0)
23 205 (6.5)
25 207 (7.0)
1958 (0.5)

d

1.25 (1.23 to 1.28)
1.20 (1.17 to 1.23)
1.22 (1.19 to 1.26)
1.20 (1.17 to 1.23)
1.17 (1.07 to 1.28)

The cohort consisted of the infantile colic group who had experienced infantile colic from 5 weeks to 4 months of age and the control group without infantile colic
histories during the same time period.
b
Weighted using inverse probability of exposure weighting based on the propensity score. The propensity score was estimated using multivariable logistic regression
with 97 previously covariates, as defined in Supplementary Table 2. Participants in the reference group were weighted as (propensity score/[1-propensity score]).
This method produces a weighted pseudo sample of participants in the reference group with the same distribution of measured covariates as the exposure group.
c
As the reference group, the control group comprises children who had not been diagnosed with infantile colic at 5 weeks to 4 months of age.
d
Infantile colic group consists of children who have been diagnosed with infantile colic at least once between 5 weeks and 4 months of age.
e
The hazard ratios (HRs) were assessed using a Cox proportional hazards model to examine the relationship between infantile colic histories and the risk of irritable
bowel syndrome (IBS) development in the cohort.
f
Defined with at least 1 diagnosis of International Classification of Diseases 10th version (ICD-10) code K58.X (IBS) and R10.X (abdominal pain) and at least 1 of
ICD-10 code K59.1 (functional diarrhea), K52.2 (allergic and dietetic gastroenteritis and colitis), K52.8 (other specific noninfective gastroenteritis), or K59.0 (constipation) after the age of 4 years.
g
Defined with at least 1 diagnosis of ICD-10 code K58.X (IBS) and R10.X (abdominal pain) and at least 1 diagnosis of ICD code K59.1 (functional diarrhea) after
4 years of age.
h
Defined with at least 1 diagnosis of ICD-10 code K58.X (IBS) and R10.X (abdominal pain) and at least 1 diagnosis of ICD code K59.0 (constipation) after 4 years
of age.
i
Defined with at least 1 diagnosis of ICD-10 code K58.X (IBS) and R10.X (abdominal pain) and at least 1 diagnosis of ICD code K59.1 (functional diarrhea) and
at least once of drug classification 237 (antidiarrheal drug) after 4 years of age.
j
Defined with at least 1 diagnosis of ICD-10 code K58.X (IBS) and R10.X (abdominal pain) and at least 1 diagnosis of ICD code K59.0 (constipation) and at least
once of drug classification 238 (laxative drug) after 4 years of age.
IBS-D, diarrhea-predominant IBS; IBS-C, constipation-predominant IBS.
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Favor less Favor more
event risk event risk

Breastfeeding
No breastfeeding
Birth weight (< 3.26 kg)
Birth weight (> 3.26 kg)
Male
Female
Low economic status
High economic status
0.90

1.00

1.10

1.20

Hazard ratio (95% CI)

Figure 2. Subgroup analysis for the risk of irritable bowel syndrome

(IBS) with former infantile colic. IBS was defined as more than twice
the diagnosis of International Classification of Diseases 10th version
codes K58.X (IBS) after 4 years of age. Data on whether children
breastfed or not were acquired from the first round of the national
health screening program for infants and children, which was performed at the age of 4 to 6 months. The median birthweight of participants was 3.26 kg. Economic status was defined as the insurance
premium acquired from the National Health Insurance Service. Participants in the reference group were weighted as (propensity score/
[1-propensity score]). This method produces a weighted pseudosample of participants in the reference group with the same distribution
of measured covariates as the exposure group. Filled squares indicate
hazard ratios, and straight lines indicate 95% CI. The hazard ratios
were assessed using a Cox proportional hazards model to examine the
relationship between infantile colic history and the risk of IBS development in the cohort.

Discussion
Our large national administrative cohort showed that infantile
colic in young infants may be an early clinical manifestation of functional gastrointestinal disease. Children with a history of infantile
colic at the age of 4 weeks to 5 months had a statistically significant
risk for the development of IBS after 4 years of age. In the subgroup analyses according to the type of feeding, birth weight, sex,
and economic status, the association of infantile colic with IBS, remained consistent. Furthermore, in the sensitivity analyses using the
different definitions of IBS, the associations between infantile colic
and IBS remain significant.
A few studies have reported the association of infantile colic with
the onset of IBS. In a randomized, double-blind, prospective study in
Finland (n = 74), children with former colic-type crying during the
seventh week of life had more developed functional gastrointestinal
diseases by the age of 13 years, than children without former colic-

type crying (28.0% versus 5.6%, respectively, P-value = 0.05).21 In
Italy (n = 96), children diagnosed with functional gastrointestinal
diseases had more histories of infantile colic than healthy children
(odds ratio, 2.81; P -value, < 0.001).22 However, these previous
studies included a small number of participants. As our results are
consistent with those of previous studies, this large-scale general
population design supports the association of infantile colic with the
development of IBS in childhood.
Although our results do not prove that the 2 diseases have
common pathogeneses, several studies support our conclusions.
Aberrant gut microbiota and low-grade inflammation may explain
the link between infantile colic and IBS. Intestinal microbiota of infants with infantile colic were shown to consist of a lower abundance
of Bifidobacteria and a higher abundance of Proteobacteria.2,23
Children with IBS had a 1.5-fold higher concentration of Ruminococcus and Clostridium spp. in the stool compared with healthy
controls.24 In addition, fecal calprotectin, a marker for intestinal
inflammation, was elevated in infants with infantile colic25 and in
children with IBS.26,27 Low-grade inflammation in the intestinal
mucosa and immune alterations have been found in infants with
infantile colic2,28 and children with IBS.29 In an animal study, rats
exposed to colonic inflammation during the infant period had a
chronic visceral hypersensitivity during the adult period, which is
considered the major pathophysiology of IBS.30-32
Psychosocial factors play a role in the development of IBS and
infantile colic. Children’s personalities, with difficult temperaments
such as irritability and hypersensitivities and who experience parental anxieties or depression, have been thought to be risk factors for
development of infantile colic.33 In addition, poor emotion regulation and parental concerns about the child were associated with a
steeper increase in the prevalence of abdominal pain.34 We suggest
that children with these risk personalities may develop clinical manifestations of infantile colic in young infants and IBS in children.
However, there were some limitations to our study. First, we
relied on the definitions of infantile colic and IBS according to the
ICD-10 codes and the drug classification codes from the administrative data. Therefore, we attempted to use the definition of IBS
that validated the diagnostic yield according to previous studies16,17
and we performed additional subgroup and sensitivity analyses.
Second, this was an administrative cohort that may have had unmeasured confounders. Although IPTW was used for the demographic/clinical characteristics as well as the results of the physical
examinations to match the 2 groups to baseline health status and
reduce potential confounding factors, the inflated numbers in the
weighted data could increase the type 1 error, and our results can-
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not infer any causal relationship. Therefore, we tried to perform the
stabilized and trimmed IPTW and 4:1 PS matching to confirm the
consistency of results and minimize the type 1 error.
An important strength of this study was that it enrolled all
children born between 2008 and 2009, and the data in this study
had representative characteristics and the results can be generalized.
Furthermore, to reduce the various potential confounding factors
between the 2 groups, including demographic characteristics and
clinical baseline conditions, 97 covariates were matched using PS
matching. In addition, we accessed the results of the physical examinations by the physicians and the nutritional status to balance
the clinical baseline conditions between the 2 groups. Finally, to
verify our results, several subgroup and sensitivity analyses were
performed, and all results remained consistently significant.
In conclusion, we found that children with infantile colic histories in the early infant period had a significant risk for later IBS
development after 4 years of age. In particular, IBS is a representative form of a functional gastrointestinal disease that extends into
the adult period. Efforts to uncover and solve the pathogenesis of
infantile colic in the neonatal period may reduce the prevalence and
severity of FGID from childhood to adolescence to adulthood.
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Type of Rectal Barostat Protocol Affects Classification
of Hypersensitivity and Prediction of Symptom
Severity in Irritable Bowel Syndrome
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Background/Aims
Visceral hypersensitivity is an important pathophysiologic mechanism in irritable bowel syndrome (IBS). We compared 2 barostat
distension protocols and their ability to distinguish between IBS patients and healthy controls, identify subjects with rectal
hypersensitivity, and their associations with gastrointestinal symptom severity.
Methods
We retrospectively reviewed all patients at our unit that had undergone barostat investigations 2002-2014. Protocol 1 (n = 369) used
phasic isobaric distensions with stepwise increments in pressure and protocol 2 (n = 153) used pressure controlled ramp inflations.
Both protocols terminated when subjects reported pain or maximum pressure was reached. Thresholds for first sensation, urgency,
discomfort and pain were established. Age- and gender-matched controls were used for comparison. The gastrointestinal symptom
rating scale–IBS, and the hospital anxiety and depression scale were used for symptom reports.
Results
A significantly higher proportion of patients was classified as having hypersensitivity in protocol 1 vs protocol 2 for all thresholds (P <
0.001). Patients with visceral hypersensitivity, defined based on rectal pain thresholds in protocol 1 had more severe gastrointestinal
symptoms overall as well as anxiety, whereas these associations were weaker or in most cases absent when visceral hypersensitivity
was defined based on rectal pain thresholds in protocol 2.
Conclusion
Our study indicates that a rectal barostat protocol using phasic isobaric distensions with stepwise pressure increments is more sensitive
in IBS patients with respect to identifying subjects with rectal hypersensitivity and a link with IBS symptoms.
(J Neurogastroenterol Motil 2022;28:630-641)
Key Words
Colon; Gastrointestinal diseases; Irritable bowel syndrome; Rectal barostat; Visceral pain

Received: October 30, 2021 Revised: February 15, 2022 Accepted: March 3, 2022
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.
org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work
is properly cited.
*Correspondence: Axel Josefsson, MD, PhD
Institute of Internal Medicine, Sahlgrenska Academy, University of Gothenburg, Sahlgrenska University Hospital, 41345 Göteborg,
Sweden
Tel: +46-31-3421000, Fax: +46-31-7412917, E-mail: axel.josefsson@vgregion.se
ⓒ 2022 The Korean Society of Neurogastroenterology and Motility

630

J Neurogastroenterol Motil, Vol. 28 No. 4 October, 2022
www.jnmjournal.org

Rectal Barostat Protocols in IBS

Introduction
Visceral hypersensitivity, consisting of allodynia and hyperalgesia, is one of the key pathophysiologic mechanisms in irritable bowel
syndrome (IBS). Several factors associated with visceral hypersensitivity have been identified such as psychology,1 gut dysbiosis,2 and
inflammation,3 but the pathogenesis is fundamentally unknown.
Altered rectal perception has been suggested as a biomarker of IBS
that is able to discriminate IBS patients from healthy controls and
other conditions.4,5 Subsequent studies have confirmed its presence
in a substantial proportion of patients with IBS with an association
to symptom severity, but with differences between studies depending on type and number of IBS patients included and type of barostat protocol used for sensitivity testing.4-7
Visceral hypersensitivity can be determined with different methods using various (eg, chemical, electrical, or mechanical) stimuli
in the gastrointestinal (GI) tract.8-11 Of these, most studies have determined visceral hypersensitivity in IBS by use of a rectal barostat
where a balloon is inflated in the rectum until predefined sensory
thresholds are reached, and terminated when pain is reported or the
maximum volume of the balloon is reached.6,12-17 Visceral hypersensitivity is present in a large proportion of patients with IBS, but
definitions vary across studies18-20 and the relevance for symptom
generation is not fully established.5-7,12,21,22 A plausible explanation to
why the prevalence of visceral hypersensitivity varies between studies may be that different barostat protocols have been used, such
as phasic, random phasic and ramp/staircase distensions.9 Data
comparing protocols are conflicting, and the significance of using
different protocols is uncertain.19,23 To date, there are no large studies comparing different protocols regarding their ability to identify
subjects with visceral hypersensitivity and how results relate to
symptom reports.
Therefore, in this study we compare 2 barostat distension
protocols in IBS patients and healthy controls with the aim to assess their outcome in terms of identifying rectal hypersensitivity in
patients, and if the hypersensitive subjects classified by the different
protocols exhibit different associations with reported GI symptoms.

Materials and Methods
Subjects

(Sahlgrenska University Hospital, University of Gothenburg,
Sweden) during the time period November 2002 until May 2014,
as part of 3 different research protocols assessing the link between
pathophysiology and symptoms in IBS.6,13,26 Classification into IBS
subtypes according to Rome III criteria was done based on Bristol
stool form scale27 characteristics: IBS with constipation, IBS with
diarrhea, mixed IBS, or unsubtyped IBS.28 Patients classified as
IBS-U or mixed IBS were treated as 1 group (IBS without predominant constipation or diarrhea) in the statistical analysis and the
presentation of data. Two healthy control groups of similar age and
sex distribution was recruited by advertisement for the purposes of
the studies and checked by interview and a questionnaire in order
to exclude chronic diseases and any current GI symptoms.6,13,26 The
Regional Ethical Review Board at the University of Gothenburg
approved the studies included in this manuscript prior to the start of
patient inclusion (Approval No. 489-02 and 731-09). A proportion
of the subjects have been included in previous publications, but not
including the specific analyses performed in this study.6,13,26 Organic
diseases were excluded prior to inclusion based on a thorough clinical history, clinical routine lab tests to exclude anemia, inflammation
and celiac disease, a rigid sigmoidoscopy, and in addition other investigations and tests as deemed necessary by the gastroenterologists
responsible for the conduct of the study.

Rectal Barostat Study
All medications with known effects on the GI tract were discontinued at least 48 hours before the study (at least 5 t1/2 periods),
antidepressants included. After an overnight fast, the subjects came
to the laboratory at 7:30 AM or 10 AM, received a cleansing tap
water enema (750 mL) and were then placed in a left lateral decubitus position in a hospital bed. A polyethylene balloon attached
to a double lumen polyvinyl tube (Salem Sump Tube, 18F; Sherwood Medical, Tullamore, Ireland) with 8 cm distance between
the balloon attachment sites where inflation to a maximal volume
of 650 mL resulting in a spherical balloon shape was used for both
protocols. Prior to insertion, the balloon was tested by inflating the
balloon repeatedly to rule out any leakage and then inserted into the
rectum, leaving the distal attachment site 5 cm from the anal verge.
Following this, the balloon catheter was connected to a computer
driven electronic barostat (Dual Drive Barostat, Distender Series
II; G&J Electronics Inc, Toronto, Canada). The operating pressure was set to 2 mmHg above the minimal distending pressure
necessary to record respiratory variations in the balloon volume.

We included patients with IBS (Rome II and later Rome
III criteria)24,25 investigated by rectal barostat at our department,
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Protocol 1 - phasic isobaric distensions
6

Distension level (mmHg)

For the groups of subjects with protocol 1, phasic isobaric
distensions (45 mL/sec) lasting 30 seconds followed by a 30-second
interval at the operating pressure was used. Following a habituation
sequence until the discomfort threshold was reached, the investigation started after a 15-minute resting period at operating pressure.
Stepwise pressure increments starting at the operating pressure and
increasing 5 mmHg until the subject reported pain or when a pressure of 70 mmHg was reached followed (Fig. 1). During the last
10 seconds of each distension, subjects were asked to rate any perceived sensation on a keypad graded 1-5 representing (1) no sensation, (2) first sensation, (3) urge to defecate, (4) discomfort, and (5)
pain. Following each distension, all subjects also rated the perceived
intensity of unpleasantness and pain during the distension, using a
100 mm visual analogue scale (VAS) ranging from “no unpleasantness/pain” to “worst imaginable unpleasantness/pain.” If pain was
not experienced in the distension range used in the study, the pain
threshold was set to 70 mmHg.
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Figure 1. Schematic presentation of the 2 rectal barostat protocols.

Phasic isobaric distensions on top, ramp inflations followed by a random distension in the bottom.
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For the groups of subjects with protocol 2, a ramp inflation
followed by random phasic distensions was used.23 After a habituation sequence with 4 mmHg increments every 15 seconds until 20
mmHg or discomfort threshold was reached, the inflation started at
0 mmHg and was increased with 4 mmHg in 1-minute intervals to
a maximum pressure of 60 mmHg. Thresholds for first sensation,
urge to defecate, discomfort and pain (Fig. 1) were indicated in the
same way as in the groups of subjects with protocol 1 with a keypad.
The ramp inflation was terminated as soon as the subjects reported
pain. Subjects tolerating 60 mmHg without reporting pain had
their pain threshold set to 60 mmHg. This part of the protocol was
used to define the sensitivity thresholds. In addition to this, the bag
was deflated to the operating pressure and the subjects allowed to
rest for 10 minutes. Following this, the random phasic distensions
commenced (only used to measure pain intensity). One-minute
distensions of 12, 24, 36, and 48 mmHg above the operating pressure were applied once in random order with 2 minutes of rest in
between when the balloon was deflated to the operating pressure.
The patients were unaware in which order the distensions were applied. During the last 30 seconds of these distensions, the perceived
intensity of gas, urge to defecate, discomfort, and pain was reported
on a 100 mm VAS on each of the distensions steps ranging from “no
sensation” to “worst imaginable sensation.” Distensions above the
pain threshold defined by the ramp inflation were not performed in
the random sequence, which means that all distension levels were
not included in all patients. For this study we used the VAS ratings
at 24 mmHg. The pressure thresholds were only defined in the
ramp part of the protocol and not the random distension part of the
protocol. This data was used for further analyses.

Questionnaires

70

0

Protocol 2 – ramp inflation and random phasic distensions

In order to characterize the subjects regarding GI and psychological symptom severity, the subjects completed 2 validated questionnaires: (1) The gastrointestinal symptom rating scale (GSRS)IBS is a 13-question IBS-specific symptom questionnaire divided
into 5 domains or syndromes; pain, bloating, constipation, diarrhea,
and satiety. It assesses the pattern and severity of IBS-related GI
symptoms during the past week scored on a 7-graded Likert scale
(1 = no discomfort, 2 = minor discomfort, 3 = mild discomfort,
4 = moderate discomfort, 5 = moderately severe discomfort,
6 = severe discomfort, and 7 = very severe discomfort).29 (2) The
hospital anxiety and depression scale is a reliable instrument, with
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cutoff scores, for screening of symptoms compatible with clinically
significant anxiety and depression and a valid measure of the severity of these symptoms. This self-assessment scale consists of 14 items
each using a 4-graded Likert scale (0-3), with subscales for anxiety
(7 items) and depression (7 items) graded for severity, where a
score of 8 or above is considered to identify subjects with significant
symptoms in both domains.30

Oroanal Transit Time
The subjects also underwent oroanal transit time measurement as part of the research protocol. They ingested 10 radiopaque
markers every day for 6 days. On the seventh day, the subject came
to the laboratory at 8 AM and the remaining radiopaque markers
were counted using fluoroscopy (Exposcop 7000 Compact; Ziehm
GmbH, Nüremberg, Germany). Oroanal transit time (days) was
calculated by dividing the number of remaining radiopaque markers by 10 (ie, the daily dose of radiopaque markers).26,31

Statistical Methods
First, the subjects with the 2 protocols were characterized
and compared regarding demographics, IBS characteristics, GI
and psychological symptom severity, and oroanal transit time. For
analysis of barostat data, a commercially available software was
used (The Protocol Plus software package; G&J Electronics Inc).
Sensory thresholds (ie, the lowest pressure, and corresponding
volume, when a sensation was reported) for first sensation, urge to
defecate, discomfort and pain were determined (mmHg). Pressure
levels were expressed in relation to the operating pressure (minimal
distending pressure + 2 mmHg). Visceral hypersensitivity was
defined as a pain threshold below the fifth percentile in healthy
controls, and patients with and without hypersensitivity, respectively,
were identified using these cutoff levels.6,13,26 Even though the pain
threshold was used to define visceral hypersensitivity, we also determined rectal hypersensitivity for all sensory thresholds by using the
fifth percentile in healthy controls. The proportion of subjects with
hypersensitivity, sensory thresholds, and the association between
rectal sensitivity data and symptoms were compared between the 2
barostat protocols. For comparison of sensory thresholds and the
data from questionnaires between 2 groups, we used Student’s t test
or Wilcoxon signed-rank test depending on if the data were normally distributed or not. For correlation analysis of continuous data we
used Pearson or Spearman correlation coefficients. Dichotomous
data was analyzed using chi-square test. A P -value of less than 0.05
was considered statistically significant.
Statistical analyses were conducted using the SPSS Statistics

software version 21 for Windows (IBM Corp, Armonk, NY,
USA).

Results
Subjects
In all, 522 patients were available for inclusion in the study. Protocol 1 (isobaric phasic distensions), consisted of 369 IBS subjects
(38.5 ± 12.5 [mean ± SD] years; 279 females) and 35 age- and
gender-matched healthy controls (36.0 ± 11.0 years; 27 females, P
= 0.415 and P = 0.840, respectively, compared with the subjects).
Protocol 2 (ramp inflation and random phasic distensions) consisted
of 153 subjects (34.5 ± 12.0 years; 105 females) and 66 age- and
gender-matched healthy controls (31.5 ± 9.0 years, 41 females, P
= 0.111 and P = 0.266 respectively compared with the subjects).
When comparing the IBS subjects in the 2 protocols, the subjects with protocol 1 were older (P = 0.002) and had longer IBS
duration (P = 0.022), whereas subjects with protocol 2 had more
severe overall GI symptoms (GSRS-IBS total score; P < 0.001).
However, other demographic and disease characteristics were similar in the 2 groups, including oroanal transit time (Table 1). There
was no difference between the 2 healthy control groups regarding
sex (P = 0.239) but there was a difference regarding age (P =
0.037).

Sensory Thresholds to Define Visceral/Rectal
Hypersensitivity
IBS subjects with protocol 1 had lower pressure thresholds for
first sensation compared with protocol 2 (Fig. 2). All thresholds
were significantly different between protocols 1 and 2 in terms of
volume as well (P < 0.001 for all thresholds, Fig. 2). In protocol 1
the cutoff for defining visceral hypersensitivity based on the rectal
pain threshold was determined to < 31 mmHg, whereas hypersensitivity for discomfort was < 18 mmHg, and for urge to defecate <
12 mmHg. In protocol 2 the cutoff for defining visceral hypersensitivity for based on the rectal pain threshold was < 20 mmHg, for
discomfort < 16 mmHg, and for urge to defecate < 12 mmHg
(data for healthy controls in Supplementary Table). There was a
significant difference for all thresholds between patients and healthy
controls in protocol 1 (P < 0.001 for all but first sensation with P
= 0.003)) and in protocol 2 for pain and discomfort (P < 0.001)
but not for first sensation (P = 0.238) and urge to defecate (P =
0.104). Subjects with visceral hypersensitivity (pain threshold) in
protocol 1 were older, and had lower sensory thresholds in general,
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Table 1. Comparison Between the 2 Groups of Subjects in Each Protocol Regarding Demography, Comorbidity, and Gastrointestinal Symptoms

Variable

Protocol 1
(Phasic isobaric distensions)
n =369

Protocol 2
(Ramp inflation/
random phasic distensions)
n = 153

P -value

Sex (female/male)
Age (yr)
BMI (kg/m2)
IBS duration more than 5 yr (yes/no)
IBS subtype (C/D/M and U)
HAD anxiety
HAD depression
GSRS-IBS
OATT (day)

279/90 (74.5%/24.5%)
38.5 (12.7)
23.5 (3.8)
164/39 (81.0%/19.0%)
52/92/92 (22.0%/39.0%/39.0%)
7.7 (4.5)
5.1 (3.7)
2.90 (0.92)
1.64 (0.10)

105/48 (68.5%/31.5%)
34.5 (11.8)
23.5 (3.8)
104/44 (70.0%/30.0%)
25/59/67 (16.5%/39.0%/44.5%)
8.4 (4.5)
5.2 (3.5)
3.30 (0.94)
1.48 (0.10)

0.100
0.002a
0.532
0.022a
0.361
0.154
0.832
< 0.001a
0.196

a

Indicates a P -value ≤ 0.05.
BMI, body mass index; IBS, irritable bowel syndrome; C/D/M and U, constipated/diarrhea/mixed and unsubtyped; HAD, hospital anxiety and depression scale;
GSRS, gastrointestinal symptom rating scale; OATT, oroanal transit time.
Data are presented as n (%) or mean (SD).
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Figure 2. Mean thresholds for the different sensations, comparing the 2 different protocols for irritable bowel syndrome patients. It shows pressure
levels (A) and (B) volume thresholds. ***P < 0.001, a difference between subjects in protocols 1 and 2.

and higher unpleasantness and pain ratings (VAS) (Table 2). In
protocol 2, only rectal sensitivity variables differed between IBS patients with and without visceral hypersensitivity (for pain) (Table 2).
In protocol 1, 174/369 (47.5%) and in protocol 2, 15/153 (10.0%)
were defined as having visceral hypersensitivity based on the pain
threshold (P < 0.001 between the protocols). There were significant differences in the proportion of patients classified as having hypersensitivity in protocol 1 vs 2 also for the other sensory thresholds
(P < 0.001 for all, Fig. 3).
Even though rectal compliance was not comparable due to
methodological differences between the protocols, we also analyzed
this. Protocol 1 displayed a slightly sharper initial increase and later
panning out in the volume/pressure curve compared to protocol 2
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(Supplementary Fig. 1).
Pressure thresholds between the protocols in the healthy control
groups were different for urge to defecate, discomfort, and pain,
(P < 0.001) but not for first sensation (P = 0.121). However,
the protocols are not designed to be compared directly in this way
(Supplementary Table).

Gastrointestinal Symptoms and Visceral
Hypersensitivity
In protocol 1, a higher proportion of IBS patients with visceral
hypersensitivity vs normosensitivity reported at least mild overall GI
symptoms (GSRS ≥ 3) and satiety, as well as significant anxiety.
For the other GI and psychological symptoms, no differences were
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Table 2. Irritable Bowel Syndrome Patients With and Without Visceral Hypersensitivity Defined Based on Cutoff Levels on the Rectal Pain
Threshold: Demographics, Disease-related Information and Rectal Sensitivity

Variable

Patients without hypersensitivity
n = 195

Protocol 1 (phasic isobaric distensions)
Sex (female/male)
72% vs 28%
Age (yr)
40 (13)
IBS duration more than 5 yr (yes/no)
81% vs 19%
Oroanal transit time (day)
1.7 (1.1)
IBS subtype
25%
IBS-C
37%
IBS-D
38%
IBS-M/U
Pressure (mmHg)/volume (mL)
9.5 (3.6)/133 (57)
threshold first sensation
Pressure (mmHg)/volume (mL)
16.6 (7.3)/179 (77)
threshold desire to defecate
Pressure (mmHg)/volume (mL)
27.5 (10.5)/240 (87)
discomfort
Pressure (mmHg)/volume (mL)
42.8 (9.6)/302 (92)
threshold pain
Pain intensity at 25 mmHg
4 (10)
(VAS score)
Protocol 2 (ramp inflation /random
Patients without hypersensitivity (n = 138)
phasic distensions)
Sex (female/male)
67.5% vs 32.5% (n = 138)
Age (yr)
35 (12)
IBS duration more than 5 yr
27% v s 73% (n = 133)
Oro anal transit time (day)
0.9 (1.4)
IBS subtype
18%
IBS-C
36%
IBS-D
46%
IBS-M/U
Pressure (mmHg)/volume (mL)
10.8 (6.4)/65 (53)
threshold first sensation
Pressure (mmHg)/volume (mL)
15.3 (6.5)/108 (61)
threshold desire to defecate
Pressure (mmHg)/volume (mL)
23.0 (7.6)/170 (75)
discomfort
Pressure (mmHg)/volume (mL)
28.7 (8.2)/198 (83)
threshold pain
Pain intensity at 24 mmHg
36 (30)
(VAS score)

Patients with hypersensitivity
n = 174
80% vs 20%
36.5 (12)
81% vs 19%
1.5 (0.8)

P -value

0.071
0.011a
0.990
0.168
0.339

17%
42%
41%
7.3 (1.6)/119 (34)

< 0.001a/0.006a

10.7 (3.2)/141 (46)

< 0.001a/< 0.001a

15.8 (4.7)/175 (63)

< 0.001a/< 0.001a

22.1 (5.1)/214 (72)

< 0.001a/< 0.001a

36 (20)

< 0.001a

Patients with hypersensitivity (n = 15)
80% vs 20% (n = 15)
30 (13)
53% vs 47% (n = 15)
1.1 (2.5)

0.318
0.058
0.360
0.575
0.067

7%
67%
26%
4.5 (3.0)/20 (36)

< 0.001a/< 0.001a

8.7 (3.5)/53 (51)

< 0.001a/0.001a

11.9 (2.8)/77 (43)

< 0.001a/< 0.001a

14.7 (2.0)/97 (35)

< 0.001a/< 0.001a

47 (33)

0.267

a

Indicates a P -value ≤ 0.05.
IBS, irritable bowel syndrome; VAS, visual analogue scale; IBS-C, IBS with constipation; IBS-D, IBS with diarrhea; IBS-M, mixed IBS; IBS-U, unsubtyped IBS.
Data are presented as % or mean (SD).
Statistics calculated using chi-square or Mann-Whitney U test.

noted between patients with and without visceral hypersensitivity in
protocol 1 (Fig. 4A).
In protocol 2, no significant differences in the proportion of

patients reporting at least mild GI symptoms, anxiety or depression
were seen in IBS patients with visceral hypersensitivity vs normosensitivity (Fig. 4B). In line with these differences between the pro-
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tocols regarding association between hypersensitivity and symptom
reports, the correlations between symptom reports and the rectal
pain pressure threshold were stronger in protocol 1 than in protocol
2 (Table 3 and Supplementary Fig. 2), and more severe symptoms
in general in patients with hypersensitivity than in normosensitive
patients were seen in protocol 1 but not in protocol 2 (Table 4).
Similar findings were seen for IBS subgroups. In protocol 1 the
strongest correlations were found for mixed IBS/unsubtyped IBS
and in protocol 2 for IBS with diarrhea (data not shown).
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Anxiety Depression

Figure 4. The proportion of subjects reporting at least mild gastrointestinal (GI)
symptoms (mean scores of total gastrointestinal symptom rating scale–irritable
bowel syndrome (IBS) and domains ≥
3) in IBS subjects normosensitivity vs
hypersensitivity, and the proportion of
subjects with borderline or clinically significant anxiety and depression (hospital
anxiety and depression scale scores ≥ 8)
Anxiety Depression on protocol 1 (A) and 2 (B). *P -value
≤ 0.05.

Discussion
In this study we have compared 2 commonly used rectal barostat protocols with respect to their ability to identify rectal hypersensitivity in patients with IBS, which is currently the standard for
defining the more general phenomenon of visceral hypersensitivity.32 The phasic distension protocol classified a larger proportion of
patients as having visceral hypersensitivity and the rectal sensitivity
results with this technique were also more strongly associated with
GI symptom severity.
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Table 3. Spearman Rank Correlations Between Symptom Severity Measures and the Rectal Pressure Threshold for Pain in Both Protocols

Variable

HAD anxiety
HAD depression
GSRS pain
GSRS bloating
GSRS constipation
GSRS diarrhea
GSRS satiety
GSRS overall score

Protocol 1
(Isobaric phasic protocol)
n = 369
–0.234
–0.110
–0.313
–0.228
–0.123
–0.210
–0.215
–0.290

P -value

Protocol 2
(Ramp inflation/
random phasic distensions)
n = 153

P -value

< 0.001a
0.037a
< 0.001a
0.001a
0.067
0.002a
0.003a
< 0.001a

–0.203
–0.030
–0.234
–0.199
–0.061
–0.140
–0.028
–0.208

0.014a
0.723
0.005a
0.016a
0.465
0.091
0.740
0.012a

a

Indicates a P -value ≤ 0.05.
HAD, hospital anxiety and depression scale; GSRS, gastrointestinal symptom rating scale.
Data are presented as spearman rank correlation coefficient and P -value.

Table 4. Median Values for Subjects in the 2 Protocols With Nor-

mosensitivity Versus Hypersensitivity, and Gastrointestinal Symptoms
(Gastrointestinal Symptom Rating Scale Scores) and Anxiety and
Depression (Hospital Anxiety and Depression Scale Scores)
Variable
Overall GI symptoms
Pain
Bloating
Diarrhea
Constipation
Satiety
Anxiety
Depression
Variable
Overall GI symptoms
Pain
Bloating
Diarrhea
Constipation
Satiety
Anxiety
Depression

Protocol 1
Protocol 1
P -value
Hypersensitivity Normosensitivity
3 (2-4)
4 (3-4)
4 (3-5)
3 (2-4)
3 (2-4)
2 (1-3)
8 (5-12)
5 (2-8)

3 (2-3)
3 (2-4)
3 (3-4)
3 (1-4)
2 (2-4)
1 (1-2)
6 (4-10)
4 (2-7)

0.001a
0.001a
0.010a
0.020a
0.123
0.014a
< 0.001a
0.192

Protocol 2
Protocol 2
P -value
Hypersensitivity Normosensitivity
3 (3-4)
4 (4-6)
5 (4-6)
4 (3-5)
2 (1-4)
2 (1-4)
10 (7-11)
5 (2-9)

3 (3-4)
4 (3-5)
4 (3-5)
3 (2-4)
3 (1-4)
2 (1-4)
8 (4-11)
5 (2-7)

0.293
0.032a
0.255
0.054
0.412
0.483
0.011a
0.338

a

Indicates a P -value ≤ 0.05.
Data are presented as median (interquartile range: 25th, 75th).

Previous studies have shown visceral hypersensitivity in a varying prevalence in IBS subjects.33 In line with previous studies, also
both our protocols were able to identify visceral hypersensitivity
only in a subset of subjects. In our paper the proportion of visceral

hypersensitivity was 47.5% and 10.0%, respectively. The possible
mechanisms for the results are challenging to explain, especially
as the protocols in many ways are not comparable. The protocols
we compared have previously been evaluated in several studies.6,14
The ramp inflations and random phasic distensions have been
considered accurate in reproducibility even though inter/intraindividual variability is an issue regarding all sensory thresholds
except for pain.23,34,35 Arguments which have been raised against
both protocols have been that pain perception is influenced by
psychological factors especially as the protocols are predictable.
This could make them vulnerable to measuring hypervigilance
rather than actual visceral hypersensitivity.1,14,36 Protocol 1 (phasic
protocol) has extensive clinical experience,5,6,36 and have shown a
good ability to discriminate IBS subjects from healthy subjects by
a reduced sensory threshold for discomfort and pain.4,14,37-41 The
phasic protocol has also shown a correlation with GI-symptom
severity.5,6,40 Similarly there are also studies showing that the ramp
protocol has an ability to discriminate IBS subjects from controls
regarding the threshold for discomfort and pain, and that more
severe IBS symptoms are associated with visceral hypersensitivity
determined by this protocol.21,42,43 One study on the ramp protocol
has suggested that thresholds of IBS subjects compared to healthy
controls were not influenced by psychiatric comorbidities.44 However this study did not address the difference in hypersensitive vs
normosensitive IBS patients. A major difference between the protocols is that the ramp protocol does not include balloon deflation
between inflations, thus not allowing equally as much time as in
protocol 1 for rectal accommodation to occur.9,39 So the pause between inflations in the phasic protocol is likely a key contributor to
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the difference in our results. Another contributor to the differences
between the protocols could potentially be that the healthy control
populations exhibited different sensory thresholds. However the
protocols are not comparable in this way so the importance of this
finding is unknown.
There are a few studies directly comparing the ramp and
phasic protocols. One paper studied IBS subjects with rectal distensions with either a ramp or phasic protocol where 4.0% (ramp)
vs 60.0% (phasic) were determined to have visceral hypersensitivity, thus corroborating our findings.45 In healthy subjects a
study showed that rectal sensations were perceived at much lower
volumes during phasic distention of the rectum than during ramp
inflation.46 However it should be interpreted with caution as the
authors used healthy subjects and different rates of inflation. The
authors of this study also used volume-controlled distensions, unlike our study in which we used pressure-controlled distensions.
This can affect the results as rectal muscle tension and tone are
differently affected by volume-, or pressure-controlled distension.
Similar findings were seen in a study where sensory thresholds in
IBS subjects only differed from controls using a phasic distension
protocol, and not in a ramp protocol.5 In this study the authors
could also see a correlation with IBS symptoms and a change in
rectal pressure thresholds after 3 months. Finally, another study
showed similar performance for determining sensory thresholds
for discomfort in IBS patients for both protocols, but the pain
threshold was perceived at lower volumes in the phasic protocol
compared to the ramp protocol.47
The relationship with symptoms and visceral hypersensitivity
is an important aspect and a part of the rationale for using the barostat.48 Subjects classified with visceral hypersensitivity in the protocol using phasic distensions showed a significant relationship with
symptom reports using the disease specific questionnaire GSRS and
the anxiety domain of the hospital anxiety and depression scale. On
the contrary, subjects classified with visceral hypersensitivity using
the ramp inflations protocol could not demonstrate any correlation
with the symptom reports from the validated questionnaires used
in this study. However, the differences in the correlations between
pressure thresholds and GI symptom severity should be interpreted
with caution, as the differences were low, and the overall correlations
modest. Even though visceral hypersensitivity is far from the only
explanation to symptom burden in IBS patients, it is considered a
key mechanism to symptoms in IBS.32
Our study has several strengths. The groups of subjects are
large and collected over a long period of time in the same center,
under identical conditions, and by the same study personnel. The
638

subjects using protocols 1 and 2 were to a large extent comparable
regarding IBS subtype, transit time, and IBS symptom severity. We
also used 2 separate control populations that were age- and gendermatched, collected in our center with the same techniques. We also
assessed both GI symptom severity and psychological symptom
severity in an attempt to review different aspects of importance for
pain perception.49
Our study also has some limitations. The protocols are not
comparable in some aspects, for example it is not possible to compare symptom rating of pain intensity across similar pressures
between the 2 protocols as the patients did not rate pain at the
same pressure levels. The anxiety levels were similar between the 2
populations but the GI symptom severity was significantly different
between the groups which could have influenced our results. Subjects in the group with protocol 1 were older and had longer IBS
duration than subjects with protocol 2, which partly limits the reliability of the comparisons between the groups, even though the differences were minor. All subjects only underwent 1 barostat study
so intraindividual variations could not be ruled out. Ideally, a single
cohort should have subjected to both protocols and then compared
the protocols instead of 2 different groups in a randomized order
(to rule out habituation bias). However, the groups we studied were
generally comparable at inclusion which supports the theory that
the protocols are the reason for the differences and not between the
subjects using the different protocols. However, 2 risks with using
a single cohort are the intraindividual differences and habituation
with repeated investigations which has been suggested to be an
issue with rectal barostat studies.50 However, we have published
data on 10-year follow-up with a new barostat investigation on a
subset of our subjects that used protocol 1. The results from that
study indicate that the long term barostat thresholds in that group
of subjects were stable,51 and as our study consists of a very large
dataset of patients, minor individual variations should generally
be of low importance with such a large sample size. Selection bias
cannot be completely ruled out in the study as the subjects were not
randomized to one of the 2 protocols. However, they were included
at different periods in time and there was no apparent difference in
selection, ie, the subjects could not be considered for both studies
at the same time and specifically selected for one of the 2 barostat
protocols based on certain factors in the recruitment process. The
inclusion criteria did not differ between the 2 groups. Finally, there
was a difference in the proportion of subjects in each protocol classified with hypersensitivity, resulting in a low number of subjects
with hypersensitivity in protocol 2, which increases the risk of type 2
errors. The difference between the groups of subjects could also be
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influenced by the different controls groups used as reference for the
2 protocols.
To date, rectal barostat studies have mostly been used in a research setting. Hence, our findings are predominantly of interest to
researchers focusing on pathophysiology studies in IBS and other
disorders of gut-brain interaction (DGBI). However, barostat studies can be useful in special clinical situations in patients with DGBI,
to better understand mechanisms of symptom generation and to be
used as a basis for explaining the symptoms for the patients, with
added benefit both for the patient and for the clinician. In specialized centers, tests for visceral sensitivity are included as part of a
more advanced neurogastroenterological work-up in patients with
more severe, treatment-refractory symptoms. A visceral sensitivity test can also provide support for the diagnosis of IBS and other
DGBI in select subjects, which has actually been proposed in some
studies.4
To conclude, our study indicate that a rectal barostat protocol
using phasic isobaric distensions with a “rest period” with low balloon pressure between the distension is likely the preferred choice in
IBS patients with respect to identifying rectal hypersensitivity and
to define correlations with symptom severity. The findings of this
study should ideally be confirmed in a prospective randomized controlled study.
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Background/Aims
We aim to evaluate the differences in the microbiome of responders and non-responders, as well as predict the response to probiotic
therapy, based on fecal microbiome data in patients with diarrhea-predominant irritable bowel syndrome (IBS-D).
Methods
A multi-strain probiotics that contains Lactobacillus acidophilus (KCTC 11906BP), Lactobacillus plantarum (KCTC11867BP),
Lactobacillus rhamnosus (KCTC 11868BP), Bifidobacterium breve (KCTC 11858BP), Bifidobacterium lactis (KCTC 11903BP),
Bifidobacterium longum (KCTC 11860BP), and Streptococcus thermophilus (KCTC 11870BP) were used. Patients were categorized
into probiotic and placebo groups, and fecal samples were collected from all patients before and at the end of 8 weeks of treatment.
The probiotic group was further divided into responders and non-responders. Responders were defined as patients who experienced
adequate relief of overall irritable bowel syndrome symptoms after probiotic therapy. Fecal microbiota were investigated using Illumina
MiSeq and analyzed using the EzBioCloud 16S database and microbiome pipeline (https://www.EZbiocloud.net).
Results
There was no significant difference in the alpha and beta diversity between the responder and non-responder groups. The abundances
of the phylum Proteobacteria and genus Bacteroides significantly decreased after probiotic treatment. Bifidobacterium bifidum ,
Pediococcus acidilactici , and Enterococcus faecium showed a significantly higher abundance in the probiotic group after treatment
compared to the placebo group. Enterococcus faecalis and Lactococcus lactis were identified as biomarkers of non-response to
probiotics. The abundance of Fusicatenibacter saccharivorans significantly increased in the responders after treatment.
Conclusions
Probiotic treatment changes some composition of fecal bacteria in patients with IBS-D. E. faecalis and L. lactis may be prediction
biomarkers for non-response to probiotics. Increased abundance of F. sccharivorans is correlated to symptom improvement by
probiotics in patients with IBS-D.
(J Neurogastroenterol Motil 2022;28:642-654)
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Introduction
Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder characterized by recurrent abdominal pain associated with defecation or a change in bowel habits.1 Approximately
5-10% of the population is affected by IBS, and its incidence has
increased.2 The pathophysiology of IBS remains unknown. While
various therapeutic options are available for alleviating the symptoms of IBS, the treatments are only partially effective. Patients
with IBS have a poor quality of life and increased socioeconomic
burdens.3,4
Increasing evidence indicates that dysbiosis, which is defined as
an imbalance in the gut microbiome, plays a key role in the development of IBS. Differences in the composition of the gut microbiota
have been identified between patients with IBS and healthy controls.5 In particular, patients with IBS exhibited decreased microbiome diversity and significant changes in several specific bacterial
taxa compared to healthy controls.6,7 Studies that compared the gut
microbiota among the IBS subtypes suggest that the microbiome
may be associated with patient symptoms and disease severity.7-9
As the relationship between dysbiosis and the development of IBS
gains increasing attention, therapeutic approaches targeted at the intestinal microbiota, such as dietary manipulation and antibiotic and
probiotic use, are being widely investigated.10
Probiotics, defined as live microorganisms that confer health
benefits to the host,11 have been extensively studied. Several studies
have demonstrated the beneficial effects of probiotics in patients
with IBS. Single and combination probiotic strains have been
shown to reduce IBS symptoms.12-15 The possible mechanisms of
action of probiotics include inhibition of pathogenic bacterial overgrowth, reduction in visceral hypersensitivity, production of shortchain fatty acids, and improvement of the gut barrier function.16,17
Despite these data, some patients with IBS still show insufficient
responses to probiotic therapy. A number of randomized control
trials involving patients with IBS have suggested that probiotics
have no beneficial effects,18-20 whereas other studies have proposed
that probiotics result in negative effects, such as abdominal pain and

bloating.21,22 Thus, it is unclear whether the common probiotic strategy should be prescribed to all patients with IBS. In our previous
study, we demonstrated the therapeutic effect of a probiotic mixture
in patients with diarrhea-predominant IBS (IBS-D).23 In particular,
8 weeks of treatment with the probiotic mixture improved overall
IBS symptoms and stool consistency. To better understand the association between probiotic therapy and treatment outcomes, we analyzed the fecal samples collected from this study. We aim to examine
the differences in the microbiome based on the overall response to
probiotic therapy and identify any microbial biomarkers that can
predict treatment outcomes.

Materials and Methods
Study Protocol
We conducted this exploratory post hoc analysis to investigate
the association between intestinal microbiome and treatment outcomes to probiotics therapy.23 A randomized, double-blind, placebo-controlled clinical trial was conducted. A short questionnaire
designed to assess daily IBS symptoms was piloted during a screening period with a 1-week run-in period. Patients who had pain/
discomfort for at least 2 days were included in the study according
to the Design of Treatment Trials for Functional Gastrointestinal
Disorders recommendations.24 After completing the screening
period, the inclusion and exclusion criteria were re-evaluated, and
eligible patients were randomized to receive the probiotic mixture or
placebo. Randomization was performed by selecting a card from a
set of identical cards from the study coordinator. All other investigators were fully blinded to the randomization until the completion of
study.
Duolac7 (Cell Biotech, Co, Ltd, Seoul, Korea) is a multiplespecies probiotic combination that contains 7 species of probiotic
bacteria, including Lactobacillus acidophilus (KCTC 11906BP),
Lactobacillus plantarum (KCTC11867BP), Lactobacillus rhamnosus (KCTC 11868BP), Bifidobacterium breve (KCTC 11858BP),
Bifidobacterium lactis (KCTC 11903BP), Bifidobacterium longum (KCTC 11860BP), and Streptococcus thermophilus (KCTC
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11870BP). Each capsule contains a total of 5 billion bacteria, of
which 7 strains were evenly contained (7 × 108 viable cells for each
strain). Placebo capsules contained excipients alone and had identical appearance, color, taste, and consistency with Duolac7 (Cell
Biotech, Co).
Patients were administered oral probiotics or placebo twice a
day for 8 weeks and were followed up for another 2 weeks. Over
10 weeks, patients recorded daily symptoms including abdominal
pain or discomfort, urgency, bloating, passage of gas, and stool
frequency and consistency using self-administered questionnaires.
They were also asked weekly if their overall IBS symptoms were
improved or not. They visited the clinic for an assessment of symptoms and complications every 4 weeks after the start of treatment.
Adequate relief of overall IBS symptoms was assessed weekly using
an interactive voice response by telephone, and responders were
defined as patients who experienced adequate relief of overall IBS
symptoms at least 50% of the weeks during 10-week study period.
The study protocol was approved by the ethics review committee of
the Chung-Ang University Hospital (C2008032 [1350]) and performed in accordance with the 1964 Declaration of Helsinki and its
later amendments.

Study Population
As previously described, patients aged between 18 years and
65 years who were diagnosed with IBS-D based on the Rome
III criteria were included from a university hospital.23 To exclude
patients with organic abnormalities, laboratory tests such as a
complete blood cell count, blood chemistry, and colonoscopy were
performed during the screening period. Patients with the following clinical features were excluded: pregnancy or lactation during
the study period; abnormal screening laboratory test results; severe systemic illness, such as liver disease, cardiovascular disease,
renal disease, endocrine disorders, neurologic disorders, or malignant tumors; history of psychiatric disorders; previous surgery
except appendectomy and abdominal wall hernia repair; and use
of drugs that influence the efficacy of intestinal microbiota. In
addition, patients who were judged to be ineligible by the investigators were excluded from this study. A written informed content
was obtained from each patient prior to the commencement of the
study.

Fecal Sample Collection
All participants provided fecal samples. Fecal samples were
collected in sterile containers before and after the eighth week of
treatment for microbial analyses. They were transferred to refriger644

ated containers in the laboratory within 12 hours of collection. We
extracted the DNA from the samples and stored them at –80°C for
further analysis.

Fecal Microbiota Analysis
DNA was extracted from the feces using the FastDNA SPIN
kit for bacterial DNA (MP Biomedicals, Irvine, CA, USA) according to the manufacturer’s instructions. Primers targeting the
V3 to V4 region of the bacterial 16S ribosomal RNA gene were
used for polymerase chain reaction (PCR). The primers 341F
(5’-TCGTCGGCAGCGTC-AGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3’) and 805R (5’-GTCTCGTGGGCTC GG-AGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3’) were used for bacterial
amplification. Initial denaturation was performed at 95°C for 3
minutes, followed by 25 cycles of denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, and extension at
72°C for 30 seconds. The final elongation was performed at 72°C
for 5 minutes. An i5 forward primer (5’-AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-CGTCGGCAGCGTC-3’; X indicates the barcode region) and i7 reverse primer
(5’-CAAGCAGAAG ACGGCATACGAGAT-XXXXXXXXGTCTCGTGGGCTCGG-3’) were used for secondary amplification by attaching the Illumina NexTera barcode.
The PCR product was confirmed through 1% agarose gel
electrophoresis and visualized under a Gel Doc system (BioRad,
Hercules, CA, USA). Purification of the amplified products was
performed with the CleanPCR (CleanNA, Waddinxveen, The
Netherlands). Equal concentrations of purified products were
pooled together, and short fragments (non-target products) were
removed by CleanPCR (CleanNA). The quality and product
size were assessed on a Bioanalyzer 2100 (Agilent, Palo Alto,
CA, USA) using a DNA 7500 chip. Mixed amplicons were
pooled, and sequencing was performed at ChunLab, Inc (Seoul,
Korea) with the Illumina MiSeq Sequencing system (Illumina,
San Diego, CA, USA) according to the manufacturer’s instructions.

Statistical Methods
As we mentioned, this study was conducted using fecal samples
collected in the previous clinical trial. The sample size calculated for
this study was based on the intent to detect a 25% difference in the
proportion of responders between the 2 groups with 80% power at
a = 0.05 while compensating for just over a 20% drop out rate.
The output data from the Illumina MiSeq sequencing system
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Table 1. Baseline Characteristics of the Patients With Irritable Bowel

Table 2. Baseline Characteristics of the Responders and Non-

Syndrome

responders to Probiotic Therapy

Characteristics
Age (yr)
Sex
Male
Female
BMI (kg/m2)
Smoker
Alcohol intake

Probiotic group
(n = 25)

Placebo group
(n = 25)

37.9 ± 12.4

40.3 ± 11.2

12 (48)
13 (52)
23 ± 3.3
2 (8)
6 (24)

14 (56)
11 (44)
22.9 ± 2.9
4 (16)
9 (36)

P -value
0.492
0.156

0.916
0.416
0.359

BMI, body mass index.
Data are presented as mean ± SD or n (%).

Characteristics
Age (yr)
Sex
Male
Female
BMI (kg/m2)
Smoker
Alcohol intake

Responders
(n = 12)

Non-responders
(n = 12)

40.4 ± 13.5

33.3 ± 10.9

8 (66.7)
4 (33.3)
23.4 ± 3.9
0 (0.0)
4 (33.3)

8 (66.7)
4 (33.3)
22.6 ± 2.7
2 (16.7)
2 (16.7)

P -value
0.181
1.000

0.559
0.140
0.346

Data are presented as mean ± SD or n (%).

were analyzed with the EzBioCloud 16S database (ChunLab Inc)25
and 16S microbiome pipeline (ChunLab Inc, EzBioCloud 16Sbased MTP app, https://www.EZbiocloud.net) for data processing,
statistical analysis, and data graphing. The Chao1 estimation and
Shannon diversity index were used to evaluate the richness and
evenness of the samples. The overall phylogenetic distance among
the groups was estimated using Bray-Curtis dissimilarity and visualized through principal coordinate analysis.
The group differences in alpha and beta diversity were tested
using the Wilcoxon rank-sum test and permutational multivariate
analysis of variance (PERMANOVA) with 9999 permutations, respectively. For specific taxa, the differences in the relative abundance
between the groups were compared using the Kruskal-Wallis test.
Differential abundance analyses were performed using DESeq226 v1.22.2 (Bioconductor, Buffalo, NY, USA) with default
parameters to investigate the enriched taxa in the placebo and
probiotic groups after treatment. The taxa were considered significant if the P -value after multiple test correction was < 0.05. The
potential biomarkers for probiotic response were identified with the
linear discriminant analysis effect size (LEfSe)27 algorithm, which
determines the features most likely to explain differences between
2 groups by coupling standard statistical tests with biological consistency and effect relevance. It was performed with default parameters. Only the taxa with logarithmic linear discriminant analysis
scores > 2.0 were reported.

Results
Baseline Characteristics of Patients With Diarrheapredominant Irritable Bowel Syndrome
As previously described, a total of 50 patients with IBS-D were
enrolled and randomized into the probiotic (n = 25) and placebo
(n = 25) groups.23 The proportion of responders was significantly
higher in the probiotics group than in the placebo group, but
change of individual symptoms were similar in the 2 groups. One
and 4 patients in the probiotic and placebo groups, respectively,
were excluded from this study because their fecal samples were not
collected before and after treatment. In addition, the fecal samples
of 2 and 3 patients in the probiotic and placebo groups, respectively,
were not collected after treatment. Prior to the treatment, we analyzed the fecal samples of 24 and 21 patients in the probiotic and
placebo groups, respectively. The probiotic group comprised 12 responders and 12 non-responders. After the treatment, we analyzed
the fecal samples of 22 and 18 patients in the probiotic and placebo
groups, respectively. The probiotic group consisted of 12 responders and 10 non-responders. The characteristics of the patients enrolled in this study are summarized in Tables 1 and 2. Patients were
relatively young and had no underlying diseases. There were no
significant differences in age, sex, and body mass index between the
groups.

Effect of Probiotic Treatment on Microbial Diversity
We utilized microbiome taxonomic profiles and diversity
indices to determine whether the probiotic or placebo treatments
resulted in changes to the diversity and composition of the gut microbiota. No significant differences in alpha diversity (Chao1, P =
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Figure 1. Alpha and beta diversity data of the probiotic and placebo groups. The plots depict the differences in the diversity of the pre- and post-

treatment samples in the (A-C) probiotic and (D-F) placebo groups. The boxplots represent the alpha diversity using the (A, D) Chao1 and (B, E)
Shannon indices, and (C, F) the principal coordinate analysis plots demonstrate the beta diversity based on the Bray-Curtis dissimilarity. No significant differences in alpha diversity (Chao1, P = 0.878; Shannon, P = 0.644) were observed in the probiotic group (A, B). The permutational
multivariate analysis of variance (PERMANOVA) showed that there were no significant differences after probiotic treatment (P = 0.329, C). P values of the Wilcoxon rank-sum test for the Chao1 and Shannon indices and PERMANOVA were 0.955, 0.632, and 0.686, respectively, in the
placebo group (D-F). PC, principle component.

0.878; Shannon, P = 0.644) were observed in the probiotic group
(Fig. 1A and 1B). The principal coordinate analysis plot of the preand post-treatment samples demonstrated few variations (Fig. 1C).
The PERMANOVA also suggested that there were no significant
differences after probiotic treatment (P = 0.329). The P values of
the Wilcoxon rank-sum test for the Chao1 and Shannon indices
and PERMANOVA were 0.955, 0.632, and 0.686, respectively,
which indicated that there were no significant differences in the diversities of the placebo group (Fig. 1D-F).

Effect of Probiotic Treatment on Microbial Taxonomic
Composition
We examined the specific taxa previously associated with IBS
and assessed whether their abundances changed after probiotic
treatment.28 The phylum Proteobacteria (median relative abundance
in the probiotics and placebo group at baseline: 1.98% vs 0.44%,
646

P = 0.285) and genus Bacteroides (0.31% vs 0.53%, P = 0.633),
which are known to be abundant in patients with IBS, significantly
decreased in abundance in the probiotic group (P = 0.022 and
P = 0.003, respectively), whereas no significant differences were
noted in the placebo group (P = 0.215 and P = 0.063, respectively) (Fig. 2A and 2B) after treatment. In contrast, the family
Enterobacteriaceae and genus Faecalibacterium , which reportedly
exhibit increased and decreased abundance, respectively, in patients
with IBS, showed no significant differences between the probiotic
(P = 0.062 and P = 0.186, respectively) and placebo (P = 0.775
and P = 0.143, respectively) groups (Fig. 2C and 2D).
Differentially abundant taxa were identified by comparing
the taxonomic profiles between the probiotic and placebo groups.
Analysis of the pre-treatment fecal samples demonstrated that the
probiotic group exhibited abundance of Lactobacillus ruminis,
Streptococcus gallolyticus, Clostridium ramosum, Flavonifractor
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Figure 2. Relative abundance of the taxa related to irritable bowel syndrome (IBS). The boxplots represent the relative abundance of (A) Proteobacteria, (B) Bacteroides , (C) Enterobacteriaceae, and (D) Faecalibacterium in the pre- and post-treatment samples. The abundances in the probiotic and placebo groups are shown on the left and right plots of each panel, respectively. Asterisks (*) indicate significant differences between the
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significantly decreased in abundance in the probiotic group (P = 0.022 and P = 0.003, respectively).

plautii, Eubacterium eligens , and Escherichia coli, whereas the placebo group exhibited abundance of Megamonas rupellensis (Fig.
3A). Among these species, only L. ruminis remained abundant in
the probiotic group after treatment. In contrast, several taxa, including Faecalimonas umbilicata , Bifidobacterium bifidum , Pediococcus acidilactici , and Enterococcus faecium , which did not differ in
abundance between the 2 groups in pre-treatment samples were
abundant in the post-treatment fecal samples of the probiotic group
(Fig. 3B). There were no significant differences in alpha and beta
diversity between the 2 groups in pre-treatment samples (Supplementary Figure).

Comparison Between the Responders and Nonresponders to Probiotic Treatment
We examined the probiotic group to determine whether there
were significant differences in the microbiomes of responders and

non-responders. The Chao1 and Shannon indices did not demonstrate any significant differences between the responder and nonresponder groups before (Fig. 4A and 4B) and after (Fig. 4D and
4E) probiotic treatment (P = 0.248, 0.729, 0.291, and 0.429). In
particular, the PERMANOVA did not demonstrate any significant differences in beta diversity before and after treatment (P =
0.885 and P = 0.626, respectively) (Fig. 4C and 4F). Additionally,
there were no significant differences in the alpha and beta diversity
before and after probiotic treatment in the responder group (data
not shown).

Potential Biomarkers Associated With the Response
to Probiotics
We utilized LEfSe algorithm to identify the potential biomarkers for the response to probiotic treatment. Analysis of the pretreatment fecal samples identified S. gallolyticus, Alistipes putre-
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dinis, Bacteroides coprophilus, Bacteroides vulgatus , and Alistipes
shahii as potential biomarkers for treatment response among the
responders, whereas Lactococcus lactis and Enterococcus faecalis
were the identified biomarkers among the non-responders (Fig.
5A). Analysis of the post-treatment fecal samples identified Vellonella rogosae as a biomarker among the responders and Dorea
longicatena and Weissella confusa among the non-responders (Fig.
5B). The post-treatment samples of the responder group had a
higher abundance of Fusicatenibacter saccharivorans and lower
abundance of B. vulgatus , Coprobacillus cateniformis , A. shahii ,
and Bacteroides ovatus than the pre-treatment samples in the same
group (Fig. 5C).

Discussion
While probiotics are widely used, its efficacy in patients with
IBS remains in question, because studies have shown inconsistent
results. Recent systematic reviews and meta-analyses did not provide definitive conclusions on the efficacy of probiotics for IBS.29,30
Our study aimed to determine the differences in the microbi-
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omes of the responders and non-responders to probiotic treatment,
as well as to elucidate how to predict the efficacy of probiotic therapy
among patients with IBS.
Probiotic therapy did not significantly change the alpha and
beta diversity, and the responder and non-responder groups
demonstrated similar results. However, the relative abundance
of some bacterial taxa, such as B. bifidum, P. acidilactici, and
E. faecium , was significantly increased in the probiotic group
compared to the placebo group. B. bifidum is a well-known and
widely used probiotic. A recent study indicated that it has an antiinflammatory effect.31 The increased abundance of B. bifidum in
this study may be associated with the ingested probiotics strain.
Some strains of P. acidilactici can be used as probiotics because
they produce bacteriocins that have beneficial effects for the
host.32-35 A randomized clinical trial demonstrated that a probiotic
containing P. acidilactici improved IBS-related quality of life.36
While some safety issues remain, specific strains of E. faecium
have been used as probiotics in the treatment and prevention
of diarrhea or IBS. Probiotics was administered in a very small
amount compared to the amount of fecal bacteria, thus it could
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before and after treatment (P = 0.885 and P = 0.626, respectively) (C, F). PC, principal component.

not easily change the overall composition of fecal microbiota, but
may change the abundance of some bacterial taxa into a beneficial
direction in patients.
We did not identify significant differences in the relative abundance of B. bifidum , P. acidilactici , and E. faecium between the
responders and non-responders; however, these species were significantly more abundant after probiotic treatment. They may have
induced the response through other microbial modulatory pathway,
rather than direct effect in the responder group, and it supports for
the hypothesis that probiotics can modulate the gut microbial community of patients with IBS.
E. faecalis and L. lactis were identified as biomarkers that
could predict non-response to probiotic treatment. Patients with
IBS who did not respond to probiotic therapy demonstrated significantly higher abundances of E. faecalis and L. lactis before
treatment. E. faecalis is known to have a controversial role as a
commensal pathogenic bacterium in the human gut. Similar to

E. faecium , specific strains of E. faecalis are used as probiotics;37
however, the poor safety profile and pathogenicity of the species is
increasingly gaining attention. In addition, E. faecalis is predominantly identified in the mucosa of patients with IBD, including
ulcerative colitis and Crohn’s disease. Research has proposed that
the number of mucosal E. faecalis is correlated with disease activity.38,39 The proinflammatory effect of E. faecalis was identified in
animal studies. E. faecalis induced inflammation in an IL-10−/−
mice model.40,41 E. faecalis produces metalloprotease, which was
suggested as the contributing factor that resulted in epithelial barrier dysfunction and chronic intestinal inflammation.42 The bacterial environment was shown to play a key role in E. faecalis gene
expression modulation, which induces inflammatory activity.43 In
contrast to E. faecalis , A. putredinis was identified as a biomarker
that could predict a positive response to probiotic therapy. Alistipes is a recently isolated genus from the phylum Bacteroidetes.
Although the role of this taxon in human health has not been fully
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understood, some species demonstrated anti-inflammatory activity in patients with liver disease. Alistipes has also demonstrated a
protective role against colitis in an animal model.44-46 Low-grade in650

testinal inflammation is considered as one of the main mechanisms
behind the development of IBS.47,48 Thus, these findings suggested
that responsiveness to probiotics may be correlated with intestinal
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barrier function and inflammatory activity.
Dorea spp. are carbohydrate-dependent gastrointestinal bacteria that are responsible for producing much of the gas in the human intestine.49 Overproduction of gases may lead to abdominal
discomfort, such as bloating. Increased bowel gas production also
induces rapid colon transit, which results in diarrhea.50 Several studies have shown that Dorea spp. promote an inflammatory response
by degrading intestinal mucin.51-53 Previous studies indicated that
patients with IBS showed significantly higher abundance of Dorea
spp.54 In our study, the non-responder group showed significantly
higher abundance of D. longicatena than the responder group. It
was unclear why D. longicatena was significantly more abundant
in the non-responder group; however, this finding may help us
understand how the microbiome interferes with the beneficial effect of probiotic therapy and results in persistent IBS symptoms.
The patients who responded to probiotic therapy had a significantly
increased abundance of F. saccharivorans in their post-treatment
samples than their pre-treatment samples. F. saccharivorans belongs
to Clostridium subcluster XIVa, which participates in maintaining
the immune system homeostasis associated with regulatory T cells.
F. saccharivorans produces short-chain fatty acids, such as lactic
acid and acetic acid, through glucose fermentation,55 which are the
key factors for improving intestinal barrier function and the host’s
immune system. An animal model demonstrated that F. saccharivorans produce an anti-inflammatory effect by modulating cytokine
production. In a mouse colitis model, administration of F. saccharivorans reduced the production of inflammatory cytokines, such as
interleukin (IL)-13, and induced anti-inflammatory cytokines such
as IL-10.56 The abundance of F. saccharivorans negatively correlated with disease activity in patients with ulcerative colitis.56 Our
study results are consistent with these previous reports. Patients that
responded to probiotic therapy may have experienced symptomatic improvement through anti-inflammatory effects. This finding
has important implications for developing novel treatment targets
against IBS.
One interesting finding was the change in the abundance of
B. vulgatus , which decreased significantly after probiotic treatment
in the responder group. B. vulgatus was identified as a biomarker
that could predict the response to probiotic treatment. The role of
B. vulgatus in the pathogenesis of IBD has been suggested.57,58 B.
vulgatus has recently been shown to activate nuclear factor-κB in
the epithelial enterocyte-like cell line;59 however, conflicting data
exist about their relation with the inflammatory response.60,61 Further studies that account for these diverse roles need to be undertaken.

This study has several limitations. First, the relatively small
sample size may be a potential for bias. Second, diet was not controlled, but the participants were recommended to continue their
usual diet during the study period. Diet is considered as one of the
main factors associated with symptom development and the gut
microbiome. Third, it took a relatively long time from fecal sample
collection to analysis. However, we extracted the DNA from the
samples, and stored them at –80°C. Recent study showed that longterm storage of human fecal microbiota samples at –80°C has only
limited effect on the microbial community.62 These results therefore
need to be interpreted with caution. Further studies with larger
sample sizes and that take lifestyle considerations, including diet,
into account are required to validate our findings. To the best of
our knowledge, only a few studies have evaluated the differences in
the microbiome of the responders and non-responders to probiotic
treatment. Moreover, only a few studies have examined the taxa that
may predict the response of patients with IBS. We demonstrated
significant changes in the abundance of several taxa among the responders and non-responders, as well as identified potential predictive biomarkers for probiotic treatment.
In conclusion, probiotics can alter bacterial composition in
patients with IBS-D. E. faecalis and L. lactis can be considered as
biomarkers for non-response to probiotic treatment among patients
with IBS-D. The efficacy of probiotic treatments may be improved
by reducing the abundance of D. longicatena and increasing that
of F. saccharivorans . F. saccharivorans spp. can be one of the novel
therapeutic targets for the treatment of IBS-D.

Supplementary Material
Note: To access the supplementary figure mentioned in this
article, visit the online version of Journal of Neurogastroenterology and Motility at http://www.jnmjournal.org/, and at https://doi.
org/10.5056/jnm21202.

Financial support: This work was supported by the Korean
Society of Neurogastroenterology and Motility for 2018 under
Grant KSNM 18-08, Biomedical Research Institute of ChungAng University Hospital for 2020 under Grant 20150921, and
National Research Foundation of Korea under Grant/Award NRF2020R1F1A1075489.

Conflicts of interest: None.
Author contributions: Seung Yong Shin, Sein Park, Jung Min
Moon, Kisung Kim, Jeong Wook Kim, Jongsik Chun, Tae Hee

Vol. 28, No. 4 October, 2022 (642-654)

651

Seung Yong Shin, et al

Lee, and Chang Hwan Choi: contribution to the study conception and design, and final approval of the version to be published;
Chang Hwan Choi: conception and design; Seung Yong Shin, Sein
Park, Jung Min Moon, Kisung Kim, Jeong Wook Kim, and Jonsik Chun: analysis and interpretation of data; Seung Yong Shin and
Sein Park: drafting the article; and Chang Hwan Choi: revising.

References
1. Mearin F, Lacy BE, Chang L, et al. Bowel Disorders. Gastroenterology
Published Online First: 18 Feb 2016. doi:10.1053/j.gastro.2016.02.031.
2. Canavan C, West J, Card T. The epidemiology of irritable bowel syndrome. Clin Epidemiol 2014;6:71-80.
3. Buono JL, Carson RT, Flores NM. Health-related quality of life, work
productivity, and indirect costs among patients with irritable bowel syndrome with diarrhea. Health Qual Life Outcomes 2017;15:35.
4. Bouchoucha M, Devroede G, Girault-Lidvan N, Hejnar M, Mary F,
Benamouzig R. Psychological profiles of irritable bowel syndrome patients with different phenotypes. Intest Res 2020;18:459-468.
5. Liu HN, Wu H, Chen YZ, Chen YJ, Shen XZ, Liu TT. Altered molecular signature of intestinal microbiota in irritable bowel syndrome patients
compared with healthy controls: a systematic review and meta-analysis.
Dig Liver Dis 2017;49:331-337.
6. Ringel Y, Carroll IM. Alterations in the intestinal microbiota and functional bowel symptoms. Gastrointest Endosc Clin N Am 2009;19:141150, vii.
7. Tap J, Derrien M, Törnblom H, et al. Identification of an intestinal
microbiota signature associated with severity of irritable bowel syndrome.
Gastroenterology 2017;152:111-123, e118.
8. Malinen E, Krogius-Kurikka L, Lyra A, et al. Association of symptoms
with gastrointestinal microbiota in irritable bowel syndrome. World J
Gastroenterol 2010;16:4532-4540.
9. Zhuang X, Tian Z, Li L, Zeng Z, Chen M, Xiong L. Fecal microbiota
alterations associated with diarrhea-predominant irritable bowel syndrome. Front Microbiol 2018;9:1600.
10. Simrén M, Barbara G, Flint HJ, et al. Intestinal microbiota in functional
bowel disorders: a Rome foundation report. Gut 2013;62:159-176.
11. Perugorria MJ, Masyuk TV, Marin JJ, et al. Polycystic liver diseases:
advanced insights into the molecular mechanisms. Nat Rev Gastroenterol
Hepatol 2014;11:750-761.
12. Zhang Y, Li L, Guo C, et al. Effects of probiotic type, dose and treatment
duration on irritable bowel syndrome diagnosed by Rome III criteria: a
meta-analysis. BMC Gastroenterol 2016;16:62.
13. Didari T, Mozaffari S, Nikfar S, Abdollahi M. Effectiveness of probiotics in irritable bowel syndrome: Updated systematic review with metaanalysis. World J Gastroenterol 2015;21:3072-3084.
14. Yuan F, Ni H, Asche CV, Kim M, Walayat S, Ren J. Efficacy of Bifidobacterium infantis 35624 in patients with irritable bowel syndrome: a
meta-analysis. Curr Med Res Opin 2017;33:1191-1197.

652

15. Hungin APS, Mitchell CR, Whorwell P, et al. Systematic review: probiotics in the management of lower gastrointestinal symptoms - an updated evidence-based international consensus. Aliment Pharmacol Ther
2018;47:1054-1070.
16. Cremon C, Barbaro MR, Ventura M, Barbara G. Pre- and probiotic
overview. Curr Opin Pharmacol 2018;43:87-92.
17. Barbara G, Feinle-Bisset C, Ghoshal UC, et al. The intestinal microenvironment and functional gastrointestinal disorders. Gastroenterology
Published Online First: 18 Feb 2016. doi:10.1053/j.gastro.2016.02.028.
18. Lyra A, Hillilä M, Huttunen T, et al. Irritable bowel syndrome symptom
severity improves equally with probiotic and placebo. World J Gastroenterol 2016;22:10631-10642.
19. Pineton de Chambrun G, Neut C, Chau A, et al. A randomized clinical
trial of Saccharomyces cerevisiae versus placebo in the irritable bowel syndrome. Dig Liver Dis 2015;47:119-124.
20. Ludidi S, Jonkers DM, Koning CJ, et al. Randomized clinical trial on
the effect of a multispecies probiotic on visceroperception in hypersensitive IBS patients. Neurogastroenterol Motil 2014;26:705-714.
21. Hod K, Sperber AD, Ron Y, et al. A double-blind, placebo-controlled
study to assess the effect of a probiotic mixture on symptoms and inflammatory markers in women with diarrhea-predominant IBS. Neurogastroenterol Motil Published Online First: 8 Mar 2017. doi: 10.1111/
nmo.13037.
22. Cremon C, Guglielmetti S, Gargari G, et al. Effect of Lactobacillus paracasei CNCM I-1572 on symptoms, gut microbiota, short chain fatty
acids, and immune activation in patients with irritable bowel syndrome:
a pilot randomized clinical trial. United European Gastroenterol J
2018;6:604-613.
23. Ki Cha B, Mun Jung S, Hwan Choi C, et al. The effect of a multispecies
probiotic mixture on the symptoms and fecal microbiota in diarrhea-dominant irritable bowel syndrome: a randomized, double-blind, placebocontrolled trial. J Clin Gastroenterol 2012;46:220-227.
24. Irvine EJ, Whitehead WE, Chey WD, et al. Design of treatment
trials for functional gastrointestinal disorders. Gastroenterology
2006;130:1538-1551.
25. Yoon SH, Ha SM, Kwon S, et al. Introducing EzBioCloud: a taxonomically united database of 16S rRNA gene sequences and whole-genome
assemblies. Int J Syst Evol Microbiol 2017;67:1613-1617.
26. Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol
2014;15:550.
27. Segata N, Izard J, Waldron L, et al. Metagenomic biomarker discovery
and explanation. Genome Biol 2011;12:R60.
28. Pittayanon R, Lau JT, Yuan Y, et al. Gut microbiota in patients with irritable bowel syndrome-a systematic review. Gastroenterology 2019;157:97108.
29. Ford AC, Harris LA, Lacy BE, Quigley EMM, Moayyedi P. Systematic review with meta-analysis: the efficacy of prebiotics, probiotics, synbiotics and antibiotics in irritable bowel syndrome. Aliment Pharmacol
Ther 2018;48:1044-1060.
30. Dale HF, Rasmussen SH, Asiller Ö, Lied GA. Probiotics in ir-

Journal of Neurogastroenterology and Motility

Microbiome of Responders

ritable bowel syndrome: an up-to-date systematic review. Nutrients
2019;11:2048.
31. Ojima MN, Gotoh A, Takada H, et al. Bifidobacterium bifidum suppresses gut inflammation caused by repeated antibiotic disturbance
without recovering gut microbiome diversity in mice. Front Microbiol
2020;11:1349.
32. Bhagat D, Raina N, Kumar A, et al. Probiotic properties of a phytase
producing Pediococcus acidilactici strain SMVDUDB2 isolated from
traditional fermented cheese product, Kalarei. Sci Rep 2020;10:1926.
33. Cizeikiene D, Juodeikiene G, Bartkiene E, Damasius J, Paskevicius A.
Phytase activity of lactic acid bacteria and their impact on the solubility of
minerals from wholemeal wheat bread. Int J Food Sci Nutr 2015;66:736742.
34. Callejón S, Sendra R, Ferrer S, Pardo I. Recombinant laccase from
Pediococcus acidilactici CECT 5930 with ability to degrade tyramine.
PLoS One 2017;12:e0186019.
35. Yang SC, Lin CH, Sung CT, Fang JY. Antibacterial activities of bacteriocins: application in foods and pharmaceuticals. Front Microbiol
2014;5:241.
36. Lorenzo-Zúñiga V, Llop E, Suárez C, et al. I.31, a new combination
of probiotics, improves irritable bowel syndrome-related quality of life.
World J Gastroenterol 2014;20:8709-8716.
37. Franz CM, Huch M, Abriouel H, Holzapfel W, Gálvez A. Enterococci
as probiotics and their implications in food safety. Int J Food Microbiol
2011;151:125-140.
38. Zhou Y, Chen H, He H, et al. Increased Enterococcus faecalis infection
is associated with clinically active Crohn disease. Medicine (Baltimore)
2016;95:e5019.
39. Fite A, Macfarlane S, Furrie E, et al. Longitudinal analyses of gut mucosal microbiotas in ulcerative colitis in relation to patient age and disease
severity and duration. J Clin Microbiol 2013;51:849-856.
40. Balish E, Warner T. Enterococcus faecalis induces inflammatory bowel
disease in interleukin-10 knockout mice. Am J Pathol 2002;160:22532257.
41. Ruiz PA, Shkoda A, Kim SC, Sartor RB, Haller D. IL-10 gene-deficient mice lack TGF-beta/Smad signaling and fail to inhibit proinflammatory gene expression in intestinal epithelial cells after the colonization
with colitogenic Enterococcus faecalis. J Immunol 2005;174:2990-2999.
42. Steck N, Hoffmann M, Sava IG, et al. Enterococcus faecalis metalloprotease compromises epithelial barrier and contributes to intestinal inflammation. Gastroenterology 2011;141:959-971.
43. Lengfelder I, Sava IG, Hansen JJ, et al. Complex bacterial consortia
reprogram the colitogenic activity of Enterococcus faecalis in a gnotobiotic mouse model of chronic, immune-mediated colitis. Front Immunol
2019;10:1420.
44. Shao L, Ling Z, Chen D, Liu Y, Yang F, Li L. Disorganized gut microbiome contributed to liver cirrhosis progression: a meta-omics-based
study. Front Microbiol 2018;9:3166.
45. Sung CM, Lin YF, Chen KF, et al. Predicting clinical outcomes of cirrhosis patients with hepatic encephalopathy from the fecal microbiome.
Cell Mol Gastroenterol Hepatol 2019;8:301-318, e2.

46. Dziarski R, Park SY, Kashyap DR, Dowd SE, Gupta D. Pglyrp-regulated gut microflora Prevotella falsenii, Parabacteroides distasonis and
Bacteroides eggerthii enhance and Alistipes finegoldii attenuates colitis in
mice. PLoS One 2016;11:e0146162.
47. Chey WD, Kurlander J, Eswaran S. Irritable bowel syndrome: a clinical
review. JAMA 2015;313:949-958.
48. Mitselou A, Grammeniatis V, Varouktsi A, Papadatos SS, Katsanos K,
Galani V. Proinflammatory cytokines in irritable bowel syndrome: a comparison with inflammatory bowel disease. Intest Res 2020;18:115-120.
49. Taras D, Simmering R, Collins MD, Lawson PA, Blaut M. Reclassification of Eubacterium formicigenerans Holdeman and Moore 1974
as Dorea formicigenerans gen. nov., comb. nov., and description of Dorea
longicatena sp. nov., isolated from human faeces. Int J Syst Evol Microbiol 2002;52:423-428.
50. Pritchard SE, Marciani L, Garsed KC, et al. Fasting and postprandial
volumes of the undisturbed colon: normal values and changes in diarrhea-predominant irritable bowel syndrome measured using serial MRI.
Neurogastroenterol Motil 2014;26:124-130.
51. Crost EH, Tailford LE, Le Gall G, Fons M, Henrissat B, Juge N.
Utilisation of mucin glycans by the human gut symbiont Ruminococcus
gnavus is strain-dependent. PLoS One 2013;8:e76341.
52. Crost EH, Tailford LE, Monestier M, et al. The mucin-degradation
strategy of Ruminococcus gnavus: The importance of intramolecular
trans-sialidases. Gut Microbes 2016;7:302-312.
53. Schirmer M, Smeekens SP, Vlamakis H, et al. Linking the human
gut microbiome to inflammatory cytokine production capacity. Cell
2016;167:1125-1136, e8.
54. Rajilić-Stojanović M, Biagi E, Heilig HG, et al. Global and deep molecular analysis of microbiota signatures in fecal samples from patients
with irritable bowel syndrome. Gastroenterology 2011;141:1792-1801.
55. Takada T, Kurakawa T, Tsuji H, Nomoto K. Fusicatenibacter saccharivorans gen. nov., sp. nov., isolated from human faeces. Int J Syst Evol
Microbiol 2013;63(Pt 10):3691-3696.
56. Takeshita K, Mizuno S, Mikami Y, et al. A single species of Clostridium
subcluster XIVa decreased in ulcerative colitis patients. Inflamm Bowel
Dis 2016;22:2802-2810.
57. Bamba T, Matsuda H, Endo M, Fujiyama Y. The pathogenic role of
Bacteroides vulgatus in patients with ulcerative colitis. J Gastroenterol
1995;30(suppl 8):45-47.
58. Shiba T, Aiba Y, Ishikawa H, et al. The suppressive effect of bifidobacteria on Bacteroides vulgatus, a putative pathogenic microbe in inflammatory bowel disease. Microbiol Immunol 2003;47:371-378.
59. Ó Cuív P, de Wouters T, Giri R, et al. The gut bacterium and pathobiont
Bacteroides vulgatus activates NF-κB in a human gut epithelial cell line
in a strain and growth phase dependent manner. Anaerobe 2017;47:209217.
60. Kim SC, Tonkonogy SL, Karrasch T, Jobin C, Sartor RB. Dual-association of gnotobiotic IL-10–/– mice with 2 nonpathogenic commensal
bacteria induces aggressive pancolitis. Inflamm Bowel Dis 2007;13:14571466.
61. Waidmann M, Bechtold O, Frick JS, et al. Bacteroides vulgatus protects

Vol. 28, No. 4 October, 2022 (642-654)

653

Seung Yong Shin, et al

against Escherichia coli-induced colitis in gnotobiotic interleukin-2-deficient mice. Gastroenterology 2003;125:162-177.
62. Tap J, Cools-Portier S, Pavan S, et al. Effects of the long-term stor-

654

age of human fecal microbiota samples collected in RNAlater. Sci Rep
2019;9:601.

Journal of Neurogastroenterology and Motility

JNM

J Neurogastroenterol Motil, Vol. 28 No. 4 October, 2022
pISSN: 2093-0879 eISSN: 2093-0887
https://doi.org/10.5056/jnm21232

Journal of Neurogastroenterology and Motility

Original Article

The Conundrum of Obesity and Gastroparesis
Hospitalizations: A Retrospective Comparative
Analysis of Hospitalization Characteristics and
Disparities Amongst Socioeconomic and Racial
Backgrounds in the United States
Dushyant S Dahiya,1* Sumant Inamdar,2 Abhilash Perisetti,3 Hemant Goyal,4,5 Amandeep Singh,6 Rajat Garg,6 Chin-I Cheng,7
Asim Kichloo,1 Mohammad Al-Haddad,8 and Neil Sharma8,9
1

Department of Internal Medicine, Central Michigan University College of Medicine, Saginaw, MI, USA; 2Department of Gastroenterology and
Hepatology, University of Arkansas for Medical Sciences, Little Rock, AR, USA; 3Parkview Cancer Institute, Fort Wayne, IN, USA; 4The Wright
Center for Graduate Medical Education, Scranton, PA, USA; 5Department of Internal Medicine, Mercer University School of Medicine, Macon,
GA, USA; 6Department of Gastroenterology, Hepatology and Nutrition, Cleveland Clinic Foundation, Cleveland, OH, USA; 7Central Michigan
University College of Science and Engineering, Mt Pleasant, MI, USA; 8Division of Gastroenterology and Hepatology, Indiana University School
of Medicine, Indianapolis, IN, USA; and 9Division of Interventional Oncology and Surgical Endoscopy (IOSE), Parkview Cancer Institute, Fort
Wayne, IN, USA

Background/Aims
We aim to assess the influence of obesity on gastroparesis (GP) hospitalizations in the United States (US).
Methods
The National Inpatient Sample was analyzed from 2007-2017 to identify all adult hospitalizations with a primary discharge diagnosis
of GP. They were subdivided based on the presence or absence of obesity (body mass index > 30). Hospitalization characteristics,
procedural differences, all-cause inpatient mortality, mean length of stay (LOS), and mean total hospital charge (THC) were identified
and compared.
Results
From 2007-2017, there were 140 293 obese GP hospitalizations accounting for 13.75% of all GP hospitalizations in the US. Obese GP
hospitalizations were predominantly female (76.11% vs 64.36%, P < 0.001) and slightly older (51.9 years vs 50.8 years, P < 0.001)
compared to the non-obese cohort. Racial disparities were noted as Blacks (25.49% vs 22%, P < 0.001) had higher proportions of GP
hospitalizations with obesity compared to the non-obese cohort. Furthermore, we noted higher rates of inpatient upper endoscopy
utilization (6.05% vs 5.42%, P < 0.001), longer mean LOS (5.71 days vs 5.32 days, P < 0.001), and higher mean THC ($53 373 vs
$45 040, P < 0.001) for obese GP hospitalizations compared to the non-obese group. However, obese GP hospitalizations had lower
rates of inpatient mortality (0.92% vs 1.33%, P < 0.001), and need for nutritional support with endoscopic jejunostomy (0.25 vs
0.56%, P < 0.001) and total parenteral nutrition (1.46% vs 2.33%, P < 0.001) compared to the non-obese cohort.
Conclusions
In the US, compared to non-obese, a higher proportion of obese GP hospitalizations were female and Blacks. Obese GP
hospitalizations also had higher THC, LOS, and rates of upper endoscopy.
(J Neurogastroenterol Motil 2022;28:655-663)
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Procedure Coding System for the study period.

Introduction

Study Population

Gastroparesis (GP) is a chronic motility disorder of the stomach characterized by objectively delayed gastric emptying in the
absence of mechanical obstruction.1,2 First described by Kassander
et al3 in 1958, the exact pathogenic mechanisms implicated in the
development of GP are currently unknown. It can be classified into
several distinct categories based on the underlying etiology, with
idiopathic GP (35%) being the most common.4 Clinical features
commonly seen in patients with GP include nausea, vomiting, early
satiety, and post-prandial fullness often leading to significant weight
loss.2,5 However, in recent literature, growing evidence suggests
that patients with GP may in fact be overweight (body mass index
[BMI] ≥ 25 kg/m2 but < 30 kg/m2) or obese (BMI > 30 kg/
m2) secondary to the acquisition of maladaptive dietary habits to
cope with the symptoms of GP.6 Additionally, the presence of obesity in these patients may further lead to the development of refractory GP.6 Although numerous studies focus on the epidemiology,
pathogenesis, and management aspects of GP, there are significant
gaps in knowledge on obese GP hospitalizations. Therefore, in
this study, we identified hospitalization characteristics of obese GP
hospitalizations. Furthermore, we also compared demographic and
patient characteristics, adverse outcomes, and healthcare utilization
between obese GP patients and those without obesity.

We included all adult (≥ 18 years) hospitalizations with a primary discharge diagnosis of GP from the NIS database between
January 2007-December 2017. Individuals < 18 years of age were
excluded from the analysis. These hospitalizations were further subdivided into 2 distinct groups based on the presence or absence of
obesity, which was defined as a BMI > 30 kg/m2.

Materials and Methods

Statistical Analysis and Outcome Measures
Statistical analysis was conducted using SAS 9.4 (SAS Institute
Inc, Cary, NC, USA) to account for weights in the stratified survey
design. The weights were considered in the statistical estimating
process when incorporating the variables for strata which is the stratum used to post-stratify hospital, for cluster which is the Healthcare Cost and Utilization Project hospital identification number, and
for weight which is the weight to discharges in the NIS universe.
Descriptive statistics were provided and included the mean for age,
length of stay (LOS) and total hospital charge (THC), and count
(percentage) for other categorical variables. The Rao-Scott designadjusted chi-square test, which takes the stratified survey design
into account, examined the association between obesity status and
a categorical variable. The difference of the means for age, LOS,
and THC between obesity and non-obesity groups were tested by
F-statistics from a weighted regression model. All analytical results
were considered significant when P -values ≤ 0.05. We do not report any missing data for the variables and outcomes analyzed.

Design and Data Source

Ethical Considerations

This retrospective national study utilized the National Inpatient
Sample (NIS) database which consists of hospitalizations derived
from billing data submitted by hospitals to state-wide data organizations covering more than 97% of the United States (US) population.7 It approximates a 20% stratified sample of discharges from
US community hospitals (excluding rehabilitation and long-term
acute care hospitals). The dataset is weighted to obtain national estimates.8 The database was coded using the International Classification of Diseases, Ninth and Tenth Revision, Clinical Modification/

The NIS database lacks patient and hospital-specific identifiers. Hence, this study did not require Institutional Review Board
approval for analysis as per guidelines put forth by our Institutional
Review Board for research on database studies.
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Data Availability Statement
The NIS is one of the largest, publicly available, multi-ethnic
inpatient database in the US. The database can be accessed at:
https://www.hcup-us.ahrq.gov.
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tionally, we noted a higher proportion of low-income (first quartile)
patients in the obese cohort (36.91% vs 34.74%, P < 0.001) compared to the non-obese subgroup (Table 1).

Results
Hospitalizations Characteristics for Obese and
Non-obese Gastroparesis Hospitalizations

Associated Comorbidities for Obese and Non-obese
Gastroparesis Hospitalizations

There were 140 293 adult obese GP hospitalizations, accounting for 13.75% of all GP hospitalizations in the US from 20072017, while 879 950 GP hospitalizations without obesity served as
controls. Obese GP hospitalizations were on a rise from 2007-2017
in the US (Fig. 1). Obese GP hospitalizations were also slightly
older (51.9 years vs 50.8 years, P < 0.001) compared to those
without obesity. The 50-64 age group had the highest obese and
non-obese GP hospitalizations, followed by the 35-49, 65-79, 1834, and the ≥ 80 age group (Table 1). A female predominance was
observed for all GP hospitalizations, but obese GP hospitalizations
had a higher proportion of females (76.11% vs 64.36%, P < 0.001)
compared to the non-obese cohort. Racial differences were also
prominent in the study. White patients made up a majority of all
GP hospitalizations, and we noted a higher proportion of hospitalizations for Whites in the non-obese cohort (63.18% vs 60.88%, P
< 0.001) compared to the obese cohort. On the other hand, Blacks
(25.49% vs 22.00%, P < 0.001) and Native Americans (0.85% vs
0.73%, P < 0.001) had a higher proportion of GP hospitalizations
with obesity compared to the non-obese subgroup (Table 1). From
a hospital perspective, the Southern hospital region (45.39%), urban teaching (63.32%), and large bed-size (53.68%) hospitals were
observed to have the highest obese GP hospitalizations (Table 1).
Medicare was the largest payer for all GP hospitalizations. Addi-

Higher proportion of obese GP hospitalizations were noted to
have a Charlson comorbidity index score ≥ 3 (61.63% vs 49.05%,
P < 0.001) compared to the non-obese cohort. Furthermore,
obese GP hospitalizations also had a higher proportion of patients
with type-2 diabetes mellitus, hypertension, dyslipidemia, anemia,
peripheral vascular disease, myocardial infarction, cardiomyopathy,
congestive heart failure, atrial fibrillation, chronic obstructive pulmonary disease, acute kidney injury, and chronic kidney disease;
however, a higher proportion of patients with type-1 diabetes mellitus and malnutrition were noted in the non-obese cohort compared
to the obese cohort (Table 1).

25

Percentage (%)

20

Outcomes for Obese and Non-obese Gastroparesis
Hospitalizations
Higher proportion of patients in the obese cohort had inpatient
upper endoscopy (6.05% vs 5.42%, P < 0.001); however, the need
for nutritional support with endoscopic jejunostomy (EJ) (0.25%
vs 0.56%, P < 0.001) and total parenteral nutrition (TPN) (1.46%
vs 2.33%, P < 0.001) was more common in the non-obese cohort
(Table 2). We noted a longer LOS (5.71 days vs 5.32 days, P <
0.001) and higher mean THC ($53 373 vs $45 040, P < 0.001)
for GP hospitalizations with obesity compared to those without.
Although most GP hospitalizations were discharged home, we
noted a higher proportion of obese GP hospitalizations discharged
with home health care or transfer to another facility (including
skilled nursing facility or an intermediate care facility) compared to
the non-obese cohort (Table 2). From a mortality perspective, nonobese GP hospitalizations had higher all-cause inpatient mortality
(1.33% vs 0.92%, P < 0.001) compared to the obese cohort.

15
P-trend < 0.01

10
5
0
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Years

Figure 1. Increasing trend (P -trend < 0.01) of obese gastroparesis
hospitalizations in the United States from 2007-2017.

Discussion
Obese GP hospitalizations made up 13.75% of all GP hospitalizations in the US. Compared to patients without obesity, obese
GP hospitalizations had a higher proportion of females (76.11%
vs 64.35%, P < 0.001), less Whites (60.88% vs 63.18%, P <
0.001), and more Blacks (25.49% vs 22.00%, P < 0.001) and Native Americans (0.85% vs 0.73%, P < 0.001). GP hospitalizations
with obesity also had higher inpatient upper endoscopy rates (6.05%
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Table 1. Comparative Analysis of Hospitalization Characteristics for Gastroparesis With and Without Obesity in the United States From 2007-2017

Variable
Total number of hospitalizations (n)
Proportions of hospitalizations
Mean age (yr)
Age groups (yr)
18-34
35-49
50-64
65-79
≥ 80
Gender
Male
Female
Race
White
Black
Hispanic
Asian
Native American
Other
Charlson comorbidity index
CCI = 0
CCI = 1
CCI = 2
CCI ≥ 3
Hospital Region
Northeast
Midwest
South
West
Hospital bed-size
Small
Medium
Large
Hospital location and teaching status
Rural
Urban non-teaching
Urban teaching
Expected primary payer
Medicare
Medicaid
Private
Self-pay
Other
Median household income (quartile)
1st (0-25th)
2nd (26-50th)
3rd (51-75th)
4th (76-100th)

658

Obese gastroparesis
hospitalizations

Non-obese gastroparesis
hospitalizations

140 293
13.75%
51.93

879 950
86.25%
50.84

18 263 (13.02%)
43 281 (30.85%)
49 467 (35.26%)
25 458 (18.15%)
3824 (2.73%)

196 276 (22.31%)
227 723 (25.88%)
242 506 (27.56%)
151 903 (17.26%)
61 541 (6.99%)

33 504 (23.89%)
106 759 (76.11%)

313 503 (35.64%)
566 176 (64.36%)

81 938 (60.88%)
34 304 (25.49%)
13 510 (10.04%)
1061 (0.79%)
1139 (0.85%)
2638 (1.96%)

523 049 (63.18%)
182 146 (22.00%)
84 499 (10.21%)
12 982 (1.57%)
6048 (0.73%)
19 209 (2.32%)

17 813 (12.70%)
17 986 (12.82%)
18 036 (12.86%)
86 458 (61.63%)

208 272 (23.67%)
128 304 (14.58%)
111 724 (12.70%)
431 649 (49.05%)

17 505 (12.48%)
33 989 (24.23%)
63 674 (45.39%)
25 126 (17.91%)

122 823 (13.96%)
183 481 (20.85%)
394 522 (44.83%)
179 124 (20.36%)

22 829 (16.29%)
42 071 (30.03%)
75 206 (53.68%)

147 623 (16.83%)
252 596 (28.80%)
476 896 (54.37%)

11 912 (8.50%)
39 483 (28.18%)
88 711 (63.32%)

96 455 (11.00%)
269 592 (30.74%)
511 067 (58.27%)

66 823 (47.70%)
28 598 (20.41%)
35 753 (25.52%)
5568 (3.97%)
3359 (2.40%)

384 925 (43.81%)
185 516 (21.12%)
227 472 (25.89%)
53 711 (6.11%)
26 905 (3.06%)

51 003 (36.91%)
37 345 (27.02%)
31 140 (22.53%)
18 709 (13.54%)

300 524 (34.74%)
229 468 (26.53%)
195 688 (22.62%)
139 360 (16.11%)

P -value

< 0.001
< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.016

< 0.001

< 0.001

< 0.001
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Table 1. Continued

Variable
Co-morbidities
Diabetes Mellitus type 1
Diabetes Mellitus type 2
Hypertension
Myocardial infarction
Cardiomyopathy
Congestive heart failure
Atrial fibrillation
Dyslipidemia
Anemia
Peripheral vascular disease
Chronic kidney disease
Acute kidney injury
Chronic obstructive pulmonary disease
Malnutrition

Obese gastroparesis
hospitalizations

Non-obese gastroparesis
hospitalizations

P -value

9121 (6.50%)
89 535 (63.82%)
59 937 (42.72%)
3074 (2.19%)
4882 (3.48%)
30 929 (22.05%)
9474 (6.75%)
53 588 (38.20%)
48 157 (34.33%)
5793 (4.13%)
43 035 (30.67%)
29 653 (21.14%)
24 245 (17.28%)
7202 (5.13%)

136 360 (15.50%)
300 118 (34.11%)
298 555 (33.93%)
14 456 (1.64%)
21 831 (2.48%)
106 041 (12.05%)
44 405 (5.05%)
202 383 (23.00%)
282 604 (32.12%)
32 990 (3.75%)
209 150 (23.77%)
159 218 (18.09%)
98 537 (11.20%)
92 472 (10.51%)

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.003
< 0.001
< 0.001
< 0.001
< 0.001

CCI, Charlson comorbidity index.

Table 2. Comparative Analysis of Outcomes for Gastroparesis With and Without Obesity in the United States From 2007-2017

Outcomes

Obese gastroparesis
hospitalizations

Non-obese gastroparesis
hospitalizations

8486 (6.05%)
347 (0.25%)
2052 (1.46%)
5.71
53 373

47 700 (5.42%)
4953 (0.56%)
20 498 (2.33%)
5.32
45 040

94 774 (67.59%)
2409 (1.72%)
18 044 (12.87%)
21 405 (15.26%)
2274 (1.62%)
1297 (0.92%)

616 626 (70.12%)
16 972 (1.93%)
94 327 (10.73%)
114 145 (12.98%)
25 283 (2.88%)
11 735 (1.33%)

Upper endoscopy
Endoscopic jejunostomy
Total Parenteral Nutrition
Length of stay (day)
Total hospital charge (USD)
Disposition
Discharge home
Transfer to short-term hospital
Transfer to another facility (includes SNF and ICF)
Home health care
Discharge against medical advice
Inpatient mortality

P -value
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

< 0.001

USD, United States dollars; SNF, skilled nursing facility; ICF, intermediate care facility.

vs 5.42%, P < 0.001), longer LOS (5.71 days vs 5.32 days, P <
0.001), and mean THC ($53 373 vs $45 040, P < 0.001); however, they had a lower need for nutritional support via EJ (0.25%
vs 0.56%, P < 0.001) and TPN (1.46% vs 2.33%, P < 0.001),
and lower all-cause inpatient mortality rates (0.92% vs 1.33%, P <
0.001) compared to the non-obese cohort.
The exact prevalence of GP in the general population is currently unknown due to significant clinical overlap with conditions
such as functional dyspepsia.2,9 From 1996-2006, a communitybased study on GP from Olmsted County, MN estimated the age-

adjusted prevalence of 9.6 and 37.8 per 100 000 persons for males
and females, respectively.10 Another study that evaluated medical
records for GP from 340 hospitals across the US reported a prevalence rate of 0.16% in the general population.11 Furthermore, it was
estimated that the hospitalizations for GP as a primary diagnosis
increased by 158.00% and as a secondary diagnosis increased by
136.00% from 1995 to 2004 in the US.12 Initially thought to be
associated with weight loss, current literature describes a rising association between obesity and gastroparesis.6 This association is
particularly important in light of a well-documented national obesity

Vol. 28, No. 4 October, 2022 (655-663)

659

Dushyant S Dahiya, et al

pandemic in the US. Literature reports a continuous increase in the
prevalence of age-adjusted obesity from 30.50% for the 1999-2000
period to 42.40% through 2017-2018 for individuals ≥ 20 years.13
It has also been estimated that by 2030, approximately 1 in 2 adults
will be obese in the US.14 Numerous studies have attempted to
estimate the prevalence of obesity in individuals with GP. A multicenter study that enrolled patients from 7 large tertiary centers in
the US reported that 29% of the patients with GP were obese.15
Additionally, over a 48-week follow-up period, about 30% of these
patients had ≥ 5% increase in body weight.15 In 2012, a NISbased study reported an inpatient mortality rate of 1.50% for obese
patients with GP and these patients had lower odds of inpatient
mortality compared to that of non-obese gastroparesis patients.16
The exact mechanism implicated in the development of obesity in
individuals with GP is currently unknown and an area of active
research. However, recent studies have demonstrated that obesity
and GP may cause overlapping but antagonistic changes in the
gastric muscularis transcriptome.17 Obesity increases transcription
of mRNA encoding smooth muscle contractile proteins thereby increasing gastric motility, whereas GP has the opposite effect.17 Clinically, this translates to a less severe loss of appetite and improvement
in the inability to finish meals.15 Furthermore, the acquisition of
maladaptive dietary habits to cope with the symptoms of GP, imbalance between calorie intake and energy expenditure, lack of physical activity and decreased severity of symptoms may also promote
obesity in patients with GP.6,15 It is paramount to identify the impact
of obesity in patients with GP as it may lead to an increased risk of
adverse outcomes and place a significant burden on the US healthcare system. Efforts must be directed towards patient education on
dietary changes, lifestyle modification, and self-directed/structured
weight loss programs along with the management of GP to reduce

7

Percentage (%)

6

BMI which may lead to a reduction of adverse outcomes and
healthcare burden.
In this study, we noted a significant female predominance for all
GP hospitalizations, but there were a higher proportion of females
in the obese GP cohort compared to the non-obese subgroup.
These findings were in line with current literature which reports
a higher prevalence of both GP and obesity in females.10,11,12 We
observed that the 50-64 age group had a higher proportion of obese
GP hospitalizations compared to the non-obese cohort (Table 1).
We also noted significant racial differences in this study. Although
Whites made up a majority of the study population for both the
obese and non-obese cohorts, we noted a higher proportion of
Blacks in the obese GP cohort compared to the non-obese cohort.
The exact reason for this finding is unknown as the effects of race
on GP have not yet been fully studied, but studies have reported
a higher likelihood of hospitalization for Blacks with GP.18,19 The
possible reasons for higher hospitalization rates for Blacks could be
related to an overall lack of access to outpatient medical care and
greater severity of disease compared to other races. Furthermore,
we noted lower all-cause inpatient mortality for GP hospitalizations
with obesity compared to those without (Table 2). This was in line
with current literature and may partially be attributed to the “obesity
paradox” which hypothesizes that the presence of obesity is protective against adverse inpatient outcomes such as mortality.16,20,21
Moreover, obese GP hospitalizations had a higher comorbidity
burden (Charlson comorbidity index ≥ 3) compared to the nonobese cohort. This may be explained by the presence of obesity
in these patients as obesity has known associations with a wide
spectrum of comorbid conditions.22 This was further reflected
when we analyzed individual associations and found that obese GP
hospitalizations had a higher proportion of patients with associated
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Figure 2. Outcomes for obese and non-

obese gastroparesis hospitalizations in
the United States from 2007-2017.

Gastroparesis With and Without Obesity

comorbidities (Table 1). Furthermore, we noted that obese GP hospitalizations had a longer mean LOS at 5.71 days and higher mean
THC compared to the non-obese cohort. This is likely due to the
presence of multiple co-morbidities in the obese group which requires additional management, intervention, and a multidisciplinary
healthcare team.16
From a procedural standpoint, higher proportions of patients in
the obese cohort required inpatient upper endoscopy (Fig. 2). This
may, in part, be due to the fact that obese patients may develop refractory gastroparesis which in turn requires additional endoscopic
intervention or because these patients may have additional symp-
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Figure 3. Hospital region distribution (P < 0.001) of obese and nonobese gastroparesis hospitalizations in the United States from 20072017.

toms and associations of obesity (such as gastroesophageal reflux
disease) necessitating upper endoscopy.6,23 Furthermore, non-obese
GP hospitalizations had higher rates of EJ and TPN requirements
compared to the obese cohort (Table 2). This may be attributed to a
higher association of non-obese GP hospitalizations with malnutrition (Table 1) which requires additional nutritional support in terms
of enteral feeding via jejunostomy and in severe cases TPN.
Southern hospital regions had the most obese GP hospitalizations, followed by the Midwest, West, and Northeast regions (Fig.
3 and 4). This distribution may be secondary to increased consumption of the “southern diet” consisting of added fats, fried food, eggs,
organ and processed meats, and sugar-sweetened beverages.24 This
diet promotes obesity which in turn may lead to the development of
GP. Additionally, large bed-size hospitals had a higher number of
GP hospitalizations for both cohorts. This may be because larger
hospitals have a higher capacity for in-patient admissions compared
to smaller or medium-bed-sized hospitals. Furthermore, urban
teaching hospitals had a higher proportion of obese GP hospitalizations compared to the non-obese cohort. This may be due to the fact
that these hospitals are usually tertiary care referral centers accepting complex patients from large geographical areas. Hence, they are
equipped with the necessary resources and specialists to adequately
manage these hospitalizations and their complications. Moreover,
their location in an urban area with a high population density favors
higher hospitalization rates as compared to hospitals located in nonurban/rural areas.
Prior studies have reported that low household income and
high unemployment rates are associated with GP and Obesity.5,25-27
Our study echoed similar findings as we noted a higher proportion

Obese gastroparesis
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10-15%
15-20%
20-25%
45-50%
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Figure 4. Map demonstrating the distribution of obese gastroparesis hospitalizations in the United States from 20072017.
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of low-income patients in the obese cohort (36.9% vs 34.74%, P <
0.001) compared to the non-obese group (Table 1). However, a reversal of proportions was seen for the highest income patients (fourth
quartile).
Our study possesses several strengths. A key strength of our
study is the study population, which is derived from one of the
largest, multi-ethnic, publicly available databases in the US. The
unique methodology and an 11-year study duration also help us
critically assess key differences between the 2 subgroups of patients.
Additionally, through the study design, we focused on hospitalization characteristics and numerous outcome-oriented facets allowing
for a comprehensive comparative analysis thereby adding substantial meaningful information to current literature. Furthermore, as
NIS collects data from hospitals across the US, the results of our
study are applicable to most hospitals in the US. However, we do
acknowledge all the limitations. The NIS database does not contain
data on the severity of the disease, methods/tests used to establish
diagnosis, the hospital course, and treatment aspects of GP in obese
patients. Furthermore, due to the retrospective study design, all
biases associated with retrospective studies are applicable to this
study. Additionally, NIS stores information based on the diagnosis
rather than for individual patients. Therefore, patients admitted on
numerous occasions for the same diagnosis may have been included
several times in the data set. Finally, NIS is an administrative database using codes to store information; hence, the possibility of coding errors cannot be excluded. Despite these limitations, we believe
that the large sample size, unique methodology, and comprehensive
analysis technique help us better understand the topic in question.
This study aims to stimulate further research on GP in obese individuals.
In conclusion, the presence of obesity significantly influences
GP hospitalizations. In our study, GP hospitalizations with obesity
accounted for 13.75% of all GP hospitalizations. These patients
were older and had a higher proportion of females and Black patients when compared to the non-obese cohort. Obese GP hospitalizations had lower all-cause inpatient mortality rates, but higher
mean LOS and mean THC compared to non-obese GP hospitalizations without obesity. It is interesting to note that there were
higher rates of less invasive measures in the non-obese cohort including TPN and EJ. The factors contributing to this discrepancy
may include early access to healthcare, disparities in techniques, and
incorporation of innovation and evidence-based care into current
practice. However, these findings need to be studied further as they
may result in improvements and standardization of care, and lead to
more universal outcomes.
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Relationship Between Intestinal Slow-waves,
Spike-bursts, and Motility, as Defined Through
High-resolution Electrical and Video Mapping
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Background/Aims
High-resolution extracellular mapping has improved our understanding of bioelectric slow-wave and spike-burst activity in the small
intestine. The spatiotemporal correlation of electrophysiology and motility patterns is of critical interest to intestinal function but
remains incompletely defined.
Methods
Intestinal jejunum segments from in vivo pigs and rabbits were exteriorized, and simultaneous high-resolution extracellular recordings
and video recordings were performed. Contractions were quantified with strain fields, and the frequencies and velocities of motility
patterns were calculated. The amplitudes, frequencies, and velocities of slow-wave propagation patterns and spike-bursts were
quantified and visualized. In addition, the duration, size and energy of spike-burst patches were quantified.
Results
Slow-wave associated spike-bursts activated periodically at 10.8 ± 4.0 cycles per minute (cpm) in pigs and 10.2 ± 3.2 cpm in rabbits,
while independent spike-bursts activated at a frequency of 3.2 ± 1.8 cpm. Independent spike-bursts had higher amplitude and
longer duration than slow-wave associated spike-bursts (1.4 ± 0.8 mV vs 0.1 ± 0.1 mV, P < 0.001; 1.8 ± 1.4 seconds vs 0.8 ± 0.3
seconds, P < 0.001 in pigs). Spike-bursts that activated as longitudinal or circumferential patches were associated with contractions
in the respective directions. Spontaneous peristaltic contractions were elicited by independent spike-bursts and travelled slower than
slow-wave velocity (3.7 ± 0.5 mm/sec vs 10.1 ± 4.7 mm/sec, P = 0.007). Cyclic peristaltic contractions were driven by slow-wave
associated spike-bursts and were coupled to slow-wave velocity and frequency in rabbit (14.2 ± 2.3 mm/sec vs 11.5 ± 4.6 mm/sec, P
= 0.162; 11.0 ± 0.6 cpm vs 10.8 ± 0.6 cpm, P = 0.970).
Conclusions
Motility patterns were dictated by patterns of spike-burst patches. When spike-bursts were coupled to slow-waves, periodic motility
patterns were observed, while when spike-bursts were not coupled to slow-waves, spontaneous aperiodic motility patterns were
captured.
(J Neurogastroenterol Motil 2022;28:664-677)
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Intestinal Bioelectrical and Video Mapping

Introduction
The intestinal musculature consists of longitudinal and circular muscle layers, whose coordinated contraction and relaxation
facilitates breakdown and digestion of food via motility.1 Intestinal
motility is governed by a multitude of regulatory mechanisms including neuronal, hormonal and myogenic means.2-4 The enteric
nervous system, also known as the “gut brain,” mediates motility
through motor neurons present between the 2 muscle layers.3 These
motor neurons release neurotransmitters to activate selective ion
channels in smooth muscle cells that directly or indirectly facilitate
calcium entry to initiate muscle contraction.5 Myogenic mediation
of motility is facilitated through interstitial cells of Cajal (ICC), the
pacemaker cells of the gastrointestinal tract. The ICC network generates waves of depolarization called slow-waves, which periodically
increases the probability of voltage-dependent calcium channels to
open.6 When the slow-waves exceed a threshold voltage, inward
calcium currents are activated in smooth muscle cells, leading to
contraction.7
The coordinated activations of myogenic and neural regulatory
mechanisms lead to varying motility patterns that accomplish different roles. Non-propagating circumferential contractions, known as
segmental contractions, are the most common type of contractions
in the intestine.8 They help break down intraluminal content, and
rhythmic segmental contractions, known as the segmentation motility pattern, help with both mixing and breaking down.9 Propagating
circumferential contractions, also known as peristaltic contractions,
transport intraluminal content along the intestine.10-12 Longitudinal
contractions, also known as pendular contractions, help with mixing.13 Some of these motility patterns, such as spontaneous peristalsis in the guinea-pig colon and in W/Wv knockout mouse intestine
(mice possessing a mutated kit gene that impairs ICC growth), are
mediated via neural pathways.10,14 In contrast, cyclic peristaltic contractions, such as ripple contractions in the colon, are myogenically
mediated.14 Other cyclic peristaltic contractions defined as propagating oscillations and peristalsis in mouse intestine,10,15 are driven
by the coordination of both neurogenic and myogenic mechanisms.
Extracellular serosal electrical recordings reveal 2 types of bioelectrical events that govern motility: (1) slow-waves generated and
propagated by ICC appear as an omnipresent rhythmic change in
potential, and (2) fast fluctuations called spike-bursts16 which are
believed to be the inward calcium currents in the smooth muscle
cells.17-19 Spike-bursts are directly associated with contractions,
and have been observed to increase intraluminal pressure and out-

flow.20,21 Spike-bursts can be neurogenic, which are eliminated by
neural inhibitory agents, or myogenic, which are resistant to neural
inhibitory agents.22
Even though all spike-bursts induce contractions, there is
evidence to suggest that their activation patterns dictate the type of
contraction. Peristaltic contractions have been reported to be driven
by spike-bursts propagating along the length of the intestine as a
sheath.23 Two types of peristaltic contractions have been reported.
Peristaltic contractions driven by spike-bursts that cause outflow in
synchrony with slow-waves have been observed in healthy animal
models,10,15 and peristaltic contractions driven solely by spike-bursts
independent of slow-waves have been observed in both healthy
animal models and W/Wv knockout mice that lack ICC.10,23 Longitudinal activation of spike-bursts associated with slow-waves have
been observed with pendular contractions.24 Although the above
studies indicate that spike-burst activation pattern and their affinity to slow-waves play a key role in determining the motility pattern, they do not show a clear spatiotemporal correlation between
the spike-burst activation patterns and the motility patterns due to
technological limitations. Some studies have predominantly focused
on the bioelectrical activity and have not mapped or quantified the
motility patterns.10,23 Other studies have utilized 1-dimensional
electrode arrays and motility measurements, therefore, have not
clearly captured or correlated the 2-dimensional spike-burst, slowwave activations on the tissue surface with the surface deformations.
In addition, existing studies have predominantly been performed in
tissue baths,10,15,23,24 and may not represent the integrative electrophysiological state of the gut.
High-resolution (HR) electrode arrays can define the spatial
activations of slow-waves and spike-bursts by simultaneously recording from a 2-dimensional area of the intestinal surface.25-29 New
video mapping techniques have recently been developed to quantify
surface strain fields during contractions in the in vivo intestine.30
Integrating these methods provides the opportunity to study the
dynamics between slow-waves, spike-bursts, and motility in comprehensive spatial detail. The aim of this study is to apply these new
HR electrical and video mapping techniques to identify how spatiotemporal activation of slow-waves and spike-bursts are related to
differing motility patterns in the in vivo small intestine.

Materials and Methods
Experimental Setup
Experiments were performed under the ethical approval of the
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University of Auckland Animal Ethics Committee (Approval No.
001811, 002124 and AEC3090). Experiments were performed in
vivo on female cross-breed, weaner pigs, and female New Zealand
white rabbits, both established models of small intestine slow-wave
and spike-burst investigation using HR mapping methods.27,31
The use of both animal species in this study allowed for a broad
investigation to account for potential inter-species variability. Animal care, preparation and anesthesia were performed as previously
described.27,31 The experimental arrangement is shown in Figure 1.
In summary, a midline laparotomy was performed, and a section of
the jejunum was exteriorized and placed on top of an electrode array that consisted of 128 channels arranged in a 16 × 8 grid with 4
mm inter-electrode spacing. Electrical activity was acquired using a
passive, unipolar ActiveTwo system (BioSemi, Amsterdam, Netherlands) at a sampling frequency of 512 Hz. The jejunum section
was distended by injecting warm saline (10-15 mL) into the lumen
with a 20 g needle, to induce contractions.10,15
Mechanical contractions of the intestine were simultaneously captured using a validated cross-polarized camera setup, as
previously described.30 In brief, the contractions were recorded at
20 frames per second, with a Blackfly S machine vision camera
(BFS-U3-50S5M-C; Teledyne FLIR, Wilsonville, Oregon,
USA), positioned as shown in Figure 1. The camera and the light
source were perpendicularly polarized to eliminate specular reflection. The video frames (2448 × 2048 pixels) were synchronized to
the electrical activity by recording a transistor-transistor logic pulse
generated by the camera during frame capture to the BioSemi ActiveTwo system.

A

B

Bioelectrical Signal Processing
Bioelectrical data analysis was performed using the Gastrointestinal Electrical Mapping Suite GEMS.32 The baseline drift
of the electrical signals was identified by first applying a median
filter (window size 1.5 seconds) and then a Savitzky-Golay filter
(window size 1.5 seconds, polynomial order 2) to the raw signals,
which was then deducted to remove the baseline drift. The baseline
corrected signals were then filtered to remove high frequency noise
by first deducting the median of all the signals and then applying a
Savitzky-Golay filter (window size 0.1 seconds, polynomial order 9).
Slow-wave events were manually marked and grouped into propagating events. The slow-wave cycles were plotted as spatiotemporal
isochronal maps, defined here as activation time maps, to visualize
the slow-wave propagation patterns.33
Frequency and velocity metrics were computed from marked
slow-wave events. The slow-wave period was computed as the time
difference between adjacent slow-wave events in each electrode.
The frequency was computed as the mean reciprocal of slow-wave
period across all electrodes and reported in cycles per minute (cpm).
The velocity of slow-waves was computed using a finite difference
approach with Gaussian smoothing to reduce artifacts.34
Spike-burst events were identified and grouped using an
automated method previously described.29 In brief, slow-waves
were removed by performing suppression of artifacts by local
polynomial approximation35,36 on the baseline corrected signals
(window size 300 milliseconds). The start and end times of spikebursts were identified by computing the fourth order differential
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Figure 1. Simultaneous bioelectrical
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S camera

Biosemi ActiveTwo
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Small intestine
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and video mapping method. (A) Arrangement of the cross-polarized camera
setup and the electrode array on the
intestine. Camera exposure is recorded
along with the bioelectrical signals by
the BioSemi ActiveTwo system for
synchronization. (B) Flexible electrode
array used for high-resolution (HR)
bioelectrical mapping (16 × 8 configuration; 4 mm spacing). (C) Intestine
as visible from the camera, placed over
the flexible electrode array. LED, light
emitting diode.

Intestinal Bioelectrical and Video Mapping

energy operator transform of the resulting signals, after which an
empirical threshold (20 × approximate standard deviation of the
energy transforms) was applied. The detected spike-burst events
were clustered using a region growing method to identify spatial
regions known as spike-burst patches.37 Spike-bursts that activated
in a periodic manner with the slow-wave cycles in the signal traces
were identified as slow-wave associated spike-bursts, and those that
activated independently in an aperiodic manner were identified as
independent spike-bursts.
Amplitude and duration of spike-bursts and spike-burst
patches were calculated. The duration of a spike-burst was taken as
the difference between its start and end time. The amplitude of a
spike-burst was taken as the difference between the maximum and
minimum voltage levels during the spike-burst. The amplitude and
duration of a spike-burst patch were defined as the mean amplitude
and duration of all its spike-bursts, respectively. The size of a spikeburst patch was computed as the area of the electrode array activated by its spike-bursts (mm2), and the energy of spike-burst patches
was defined as the product of their amplitude, duration and patch
size (μV·sec·mm2). In addition, the frequency of slow-wave associated spike-bursts was calculated using the spike-burst start times,
using the same algorithm for slow-wave frequency calculation. The
velocities of propagating spike-burst patches were computed using
the start times of their spike-bursts, via the same algorithm for slowwave velocity estimation.
Slow-wave and spike-burst interactions with motility patterns
were visualized by overlaying these events onto the video recordings
of the intestine. The pixel locations of each electrode of the array
were identified, and their slow-wave/spike-burst activations were
spatially interpolated onto the video frames. These videos were used
to analyze the spatiotemporal relationships between slow-waves,

spike-bursts, and motility.

Quantification of Contractions
Contractions were quantified using a validated free-form deformation based method.30 The geometry of the intestine was modeled
using a biquadratic B-spline mesh, and the contractions were quantified by computing Green-Lagrange strain based on the change in
the geometry. Motility patterns were presented as spatiotemporal
maps of transverse strain for circumferential contractions, and
longitudinal strain for longitudinal contractions, along the length
of the intestine. Segmental and pendular contractions appeared as
horizontal bands of negative strain in the transverse and longitudinal strain maps, respectively. Peristaltic contractions appeared as
diagonal bands of negative strain. The strength of the contractions
was defined as the mean strain, and the velocity of propagating contractions was calculated as the gradient of the diagonal bands. The
frequency of periodic contractions was calculated as the mean reciprocal of the period between the contractile events. The magnitude,
velocity, and frequency of contractions were quantitatively compared
with slow-waves and spike-bursts.

Statistical Methods
All values are reported as mean ± standard deviation. Wilcoxon rank sum test was used as the statistical test to identify significant
differences in the electrical parameters (amplitudes and durations)
of slow-wave associated and independent spike-bursts. Pearson correlation was used to identify the trends between the level of contraction and the spike-burst patch amplitude, duration, size, energy.
P < 0.05 was considered significant.

Table. Motility Patterns and the Relationship Between Spike-bursts and Slow-waves Observed During Experiments

Experiment
Pig 1
Pig 2
Pig 3
Pig 4
Pig 5
Pig 6
Rabbit 1
Rabbit 2
Rabbit 3

Baseline

Distended

Motility patterns

Spike-burst type

Motility patterns

Spike-burst type

Segmental, pendular
—
Pendular
—
—
—
Cyclic peristalsis
Pendular
Pendular

ISB, SWASB
—
SWASB
—
—
—
SWASB
SWASB
SWASB

N/A
Segmental, Spontaneous peristalsis
Segmental
Segmental, Spontaneous peristalsis
Segmental
Segmental
Cyclic peristalsis
—
N/A

N/A
ISB
ISB
ISB
ISB
ISB
SWASB
SWASB
N/A

Spike-bursts either occurred with slow-wave cycles (slow-wave associated spike-bursts [SWASB]) or independently to slow-waves (independent spike-bursts [ISB]).
Not applicable (N/A) indicates not performed and dash indicates no activity.
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Results
Experiments were performed in pigs (n = 6, 41.7 ± 2.5 kg)
and rabbits (n = 3, 4.0 ± 0.7 kg), with a mean duration of 5 ±
4 minutes in baseline and 4 ± 2 minutes in distended recordings.
Slow-waves in the jejunum occurred at 12.6 ± 2.3 cpm in the pig
studies and 10.8 ± 1.5 cpm in the rabbit studies. Both slow-wave
associated spike-bursts and independent spike-bursts were observed
in baseline and distended experiments as shown in Table.
Spike-bursts occurred in conjunction with contractions. Slowwave associated spike-bursts occurred with slow-wave cycles at
10.8 ± 4.0 cpm in pigs (slow-wave frequency for this subset was
11.8 ± 0.8 cpm), 10.2 ± 3.2 cpm in rabbits (slow-wave frequency

B

4

Spike burst amplitude (mV)

Spike burst amplitude (mV)

A

for this subset was 10.8 ± 1.4 cpm), and could be distinctly identified from aperiodic independent spike-bursts that occurred less frequently (3.2 ± 1.8 cpm spike-burst frequency vs 12.0 ± 2.0 cpm
slow-wave frequency for this subset in pigs). Rabbits did not exhibit
independent spike-bursts. The independent spike-bursts and slowwave associated spike-bursts displayed different electrical characteristics as shown in Figure 2. Independent spike-bursts observed
with segmental and spontaneous peristaltic contractions had a larger
morphology than the slow-wave associated spike-bursts observed
with cyclic peristalsis and pendular contractions. The independent
spike-bursts had a higher mean amplitude (1.4 ± 0.8 mV vs 0.1
± 0.1 mV, P < 0.001 in pigs; 0.1 ± 0.1 mV slow-wave associated
spike-bursts in rabbits; Fig. 2B) and a higher mean duration (1.8
± 1.4 seconds vs 0.8 ± 0.3 seconds, P < 0.001 in pigs; 0.4 ± 0.2
seconds slow-wave associated spike-bursts in rabbits; Fig. 2D).
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Figure 2. Electrical parameters of independent spike-bursts (ISB, white box plots) and slow-wave associated spike-bursts (SWASB, grey box
plots). (A) Amplitudes of spike-bursts observed during motility patterns in each species. (B) Amplitudes of ISBs and SWASBs in each species.
ISBs had significantly higher amplitude than SWASBs (*P < 0.001 within pigs). (C) Durations of spike-bursts observed during motility patterns
in each species. (D) ISBs had significantly higher duration than SWASBs (*P < 0.001 within pigs). Spont., spontaneous; Cycl., cyclic.
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Figure 3. Correlation between spike-burst patch parameters and the level of contraction associated with them quantified by mean strain. (A) Spike-

burst patch amplitude showed significant correlation with the level of contraction. (B) Spike-burst duration did not show a correlation with the
level of contraction. (C) Spike-burst patch size, and (D) spike-burst patch energy displayed significant correlations with the level of contraction.

Spatially, spike-bursts activated as circumferential and longitudinal patches, and displayed a one-to-one relationship with intestinal
contractions. The relationship between their electrical parameters
and the level of deformations was analyzed using 48 segmental contractions as shown in Figure 3. There were significant correlations
between the level of contraction indicated by negative strain and the
amplitude (r = –0.47, P < 0.001; Fig. 3A), patch size (r = –0.39,
P = 0.006; Fig. 3C), and the energy (r = –0.51, P < 0.001; Fig.
3D) of the spike-burst patches.

Segmental Contractions
Segmental contractions (n = 64) were observed in pigs. These
contractions were driven by independent spike-bursts with a mean
amplitude of 1.3 ± 0.7 mV and a mean duration of 1.8 ± 1.5 seconds. A representative example of the underlying bioelectrical activity during segmental contractions is shown in Figure 4. These nonpropagating circular contractions caused the intestine to contract
by 16 ± 9% and registered as horizontal bands of negative strain
in the transverse strain maps (Fig. 4A). During segmental contractions spike-bursts activated as circumferential spike-burst patches

as shown in Figure 4B. The spike-bursts were not coupled to the
slow-waves as seen in the slow-wave activation map in Figure 4C,
and the electrical traces in Figure 4D.
The spatiotemporal correlation of circumferential spike-burst
patches with segmental contractions and their lack of correlation to
slow-waves are more clearly shown in Supplementary Video 1.

Spontaneous Peristaltic Contractions
Spontaneous peristaltic contractions (n = 11) were also observed in pigs. These contractions were driven by independent
spike-bursts with a mean amplitude of 2.3 ± 0.6 mV and a mean
duration of 1.8 ± 0.8 seconds. A representative example of the
underlying bioelectrical activity during spontaneous peristalsis is
shown in Figure 5. These longitudinally propagating circumferential contractions caused the intestine to circumferentially contract by
36 ± 4% and registered as diagonal bands of negative strain in the
transverse strain maps (Fig. 5A). During spontaneous peristaltic
contractions spike-bursts activated as longitudinally propagating
circumferential spike-burst patches as shown in Figure 5B. In other
words, spike-bursts rapidly propagating around the circumference
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of the intestine then propagated along the length of the intestine as
a sheath. The apparent propagation may also have been caused by
the coordinated activation of multiple circumferential spike-burst
patches one after the other. The spike-bursts were not coupled to
the slow-waves as seen in the slow-wave activation map in Figure
5C and the electrical traces in Figure 5D. As a result, these peristaltic contractions spontaneously originated unrelated to the slowwave propagation and propagated much slower than the underlying
slow-wave velocity (3.7 ± 0.5 mm/sec contraction velocity vs 10.1
± 4.7 mm/sec slow-wave velocity, P = 0.007). For instance, the
spontaneous peristaltic contraction shown in Figure 5D (white arrow) spanned over 2 slow-wave cycles.
The spatiotemporal correlation of propagating circumferential
spike-burst patches with spontaneous peristaltic contractions and
their lack of correlation to slow-waves are more clearly shown in
Supplementary Video 2.
670

Figure 4. Slow-wave and spike-burst

activity recorded during segmental
contractions. (A) Spatiotemporal transverse strain map shows the segmental
contractions and relaxations observed in
the intestine. (B, C) Activation maps of
1.0 mV
the spike-burst and slow-wave activity
just prior to the segmental contraction is
marked by the white square in (A). The
shaded area represents the position of
the intestine on the electrode array. (D)
The electrical signal traces from a row of
electrodes with slow-wave events marked
as red crosses. The region activated by
the circumferential spike-burst patch in
B underwent contraction as shown by
the white square in (A). These spikebursts and the corresponding contractions did not show a connection to the
underlying slow-waves as seen in D.
The spatiotemporal activation of slowwaves and spike-bursts during segmen35 tal contraction is shown in video form in
Supplementary Video 1.

Cyclic Peristaltic Contractions
Cyclic peristaltic contractions were observed in one rabbit study,
and continuously occurred throughout the total recording duration
of 17 minutes. These contractions were driven by slow-wave associated spike-bursts with a mean amplitude of 0.2 ± 0.1 mV and a
mean duration of 0.2 ± 0.1 seconds. The underlying bioelectrical
activity during cyclic peristalsis is shown in Figure 6. These longitudinally propagating circumferential contractions occurred periodically at a similar frequency to the underlying slow-waves (11.0 ± 0.6
cpm contraction frequency vs 10.8 ± 0.6 cpm slow-wave frequency,
P = 0.970), and registered as periodic diagonal bands of negative
strain in the transverse strain map (Fig. 6A). During these regularly
propagating circumferential contractions, spike-bursts activated as
longitudinally propagating circumferential spike-burst patches (Fig.
6B). The spike-bursts activated periodically with slow-wave cycles,
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tivity during spontaneous peristaltic contractions. (A) Spatiotemporal transverse
strain map recorded during spontaneous
peristaltic contractions. The spontaneous activation and propagation of these
peristaltic contractions are indicated
with
arrows. Segmental contractions are
87 sec
indicated
with rectangles. (B, C) Activa16
tion maps of spike-burst and slow-wave
activity during the peristaltic contraction
indicated by the white arrow in (A). The
shaded area represents the position of
the intestine on the electrode array. The
1.0 mV
black rectangle in (B) indicates the field
of view of the camera. (D) Electrical signal traces from a row of electrodes with
slow-wave events marked as red crosses.
The white arrows indicate the propagating spike-bursts shown in (B) and the
black arrows indicate the slow-wave
propagation shown in (C). The spontaneous peristaltic contraction was caused
by longitudinally propagating circumferential spike-burst patches as indicated
by the white arrows. These peristaltic
contractions and the spike-bursts did not
show any connection to the slow-wave
activity as seen in (D). The spatiotemporal activation of slow-waves and spikebursts during spontaneous peristalsis is
105 shown in video form in Supplementary
Video 2.
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Circular expansion
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which resulted in the continuous cyclic peristaltic contractions, as
shown in the signal traces in Figure 6D. However, the propagation
patterns of slow-waves and the spike-bursts deviated at times (Fig.
6B vs Fig. 6C). At the instance shown in Figure 6, slow-waves and
the spike-bursts both originated at similar positions in the electrode
array and propagated in either direction. The distal propagation of
slow-waves was blocked by a conduction block at the center of the
array, which did not affect the spike-bursts. Cyclic peristalsis caused
shallower circumferential contractions compared to spontaneous
peristalsis (17 ± 2% cyclic peristaltic contraction vs 36 ± 4%
spontaneous peristaltic contraction, P < 0.001). In addition, cyclic
peristaltic contractions propagated much faster than spontaneous
peristalsis (14.2 ± 2.3 mm/sec cyclic peristalsis velocity vs 3.7 ±
0.5 mm/sec spontaneous peristalsis velocity, P < 0.001), which was

100

96 sec

closer to the underlying slow-wave propagation velocity (14.2 ±
2.3 mm/sec contraction velocity vs 11.5 ± 4.6 mm/sec slow-wave
velocity, P = 0.162).
The spatiotemporal correlation of regularly propagating
circumferential spike-burst patches with cyclic peristaltic contractions and their connection to slow-waves are more clearly shown in
Supplementary Video 3.

Pendular Contractions
Pendular contractions were observed throughout the recording duration in 2 pigs and 2 rabbits as shown in Table. Pendular
contractions were driven by slow-wave associated spike-bursts with
mean amplitudes of 0.13 ± 0.06 mV in pigs, 0.09 ± 0.05 mV in
rabbits, and mean durations of 0.8 ± 0.3 seconds in pigs, 0.5 ±
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0.2 seconds in rabbits. The underlying bioelectrical activity during
pendular contractions is shown in Figure 7. Pendular contractions
caused the intestine to longitudinally contract by 19 ± 6% in pigs,
12 ± 4% in rabbits, and registered as horizontal bands in the longitudinal strain map (Fig. 7A). During these longitudinal contractions, spike-bursts activated as longitudinal patches (Fig. 7B). The
spike-bursts periodically activated with the slow-wave cycles as seen
in the activation maps in Figure 7B and 7C and the electrical traces
in Figure 7D. However, the propagation patterns of slow-waves
and spike-bursts deviated at times. In the instance indicated by
the dashed arrows in Figure 7D, a spike-burst from a distal slowwave propagated beyond the slow-wave collision, deviating from
the slow-wave activity. Furthermore, the spike-burst activity in the
mesenteric and anti-mesenteric sides were not uniform, therefore,
the contractions were also not uniform across the diameter. In the
given instance, mesenteric side of the intestine displayed more activ672

60

65

Figure 6. Slow-wave and spike-burst
activity during cyclic peristalsis. (A)
Spatiotemporal transverse strain maps
which shows the regularly occurring
propagating contractions of cyclic peristalsis. (B, C) Activation maps of spikeburst and slow-wave activity during the
peristaltic contraction indicated by the
solid arrow in (A). The shaded area represents the position of the intestine on
the electrode array. The black rectangle
in (B) indicate the field of view of the
camera. (D) Electrical signal traces from
a row of electrodes in (B, C), where red
crosses indicate slow-wave events. The
solid arrow indicates the spike-burst
propagation shown in (B). The dash
arrows show propagating spike-bursts
from 2 slow-wave pacemakers that gave
rise to the back-and-forth propagating
contraction indicated with the dashed
arrows in (A). Cyclic peristaltic contractions were caused by longitudinally
propagating spike-burst patches that
were associated with slow-waves as seen
in (D). The spike-bursts activated periodically with the slow-waves causing
propagating circumferential contractions
at the frequency of the slow-waves. The
spatiotemporal activation of slow-waves
and spike-bursts during cyclic peristalsis
70 is shown in video form in Supplementary Video 3.

ity than the anti-mesenteric side.

Discussion
This study simultaneously mapped slow-waves, spike-bursts,
and motility in HR in the in vivo intestine. HR recordings showed
that spike-burst patches correlate with the spatial domain that contracts. Motility patterns were primarily dictated by the pattern of the
spike-burst patches (longitudinal or circumferential patches, nonpropagating or propagating). The spike-bursts were sometimes
coupled to the slow-waves and led to periodic motility patterns, but
other times occurred independently to slow-waves and caused spontaneous aperiodic motility patterns.
Previous studies have shown that spike-bursts increase intraluminal pressure and outflow.16,20 Here, we showed the spatiotemporal correlation between spike-burst patches and the sites of
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contractions. Longitudinal spike-burst patches are likely calcium
currents that trigger contractions in the longitudinal muscle layer,
while circumferential spike-burst patches are likely calcium currents in the circular muscle layer.28 As a result, these patches caused
contractions in the respective directions. The amplitude, size, and
energy of the spike-burst patches correlated with the level of deformation. Stronger correlations have been found between spikeburst patch amplitude, duration, size, and the rate of contraction.37
These parameters are likely indications of the extent of the inward
calcium currents.17 A stronger calcium current may likely lead to a
faster increase in the intracellular calcium concentration and therefore, led to a higher rate of contraction. It may also lead to a higher
overall intracellular calcium concentration and therefore, caused a
larger contraction.7 A larger spike-burst patch size may result in the

Figure 7. Slow-wave and spike-burst
activity during pendular contractions. (A)
Spatiotemporal longitudinal strain maps
that show the longitudinal muscle activSlow-wave
ity in the mesenteric and anti-mesenteric
side of the intestine. (B, C) Activation
maps that show the propagation of slowwaves and spike-bursts during the time
16
interval indicated by the rectangle in (A).
The shaded area represents the position
Anti-mesenteric side of the intestine
of the intestine on the electrode array.
8 mm
Spike-bursts activated as longitudinal
18 sec
25 sec
patches. The spike-burst activity was different in the mesenteric and anti-mesenteric sides, and the contractile activity was
0.2 mV
also different as seen in (A). (D) Electrical signal traces from a row of electrodes
with the slow-wave events marked as red
crosses. The solid white arrow indicates
the longitudinally propagating spikeburst shown in (B), and the solid black
arrows indicate the propagating slowwave shown in (C). The spike-bursts
were associated with slow-waves, but the
propagation patterns deviated at times.
The dashed arrows indicate an instance
where the spike-bursts of a distal slowwave propagated beyond a slow-wave
collision seemingly deviating from the
slow-wave activity. The spatiotemporal
activation of slow-waves and spike-bursts
45
40
50 during pendular contractions is shown in
video form in Supplementary Video 4.
16

activation of a large portion of the muscle layer, therefore, caused a
larger area of the tissue to undergo contraction. However, it should
be noted that the calcium sensitivity of the smooth muscle cells can
be changed by the presence of various enzymes, resulting in a varied contractile response for similar calcium concentrations.38,39 This
may have contributed to the high variance of the correlations.
Our data demonstrate that spike-burst propagation patterns
ultimately dictated the resultant contractile response. Spike-burst
patches occurred coupled to slow-wave activation at times, but
also operated independent of slow-wave activation at other times,
demonstrating that in the jejunum, slow-waves were not always
correlated to the contractile response. Non-propagating circumferential spike-burst patches led to segmental contractions, while
propagating circumferential spike-burst patches led to peristaltic
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contractions. Propagating circumferential spike-burst patches that
were independent of slow-waves led to spontaneous peristaltic
contractions, and drew notable parallels to neurogenic peristalsis
in the literature.10,12,14,23 The descriptions of spontaneous peristalsis in guinea-pig colon,14 peristalsis in cat intestine,23 spontaneous
emptying in guinea-pig intestine,12 and peristalsis in W/Wv mouse
intestine10 are similar to the characteristics of spontaneous peristaltic
contractions observed in this study. On the other hand, circumferential spike-burst patches associated with slow-waves led to cyclic
peristaltic contractions, which displayed similar characteristics to
partly or fully myogenic peristalsis in the literature.10,14,15 Periodicity,
propagation velocity in relation to slow-waves, level of deformation
caused, and the underlying bioelectrical activity of cyclic peristaltic
contractions were similar to propagating oscillations in mouse intestine,15 myogenic ripples in guinea-pig colon,14 and peristalsis in
mouse intestine.10
Longitudinal spike-burst patches that were associated with
slow-waves led to pendular contractions, confirming previous observations from 1-dimensional electrode arrays.24 The results from
HR electrode arrays validates the findings that predominant spatial
activation of spike-bursts was in the longitudinal direction. In addition, we also identified that dissimilar contractions in the antimesenteric and mesenteric borders commonly observed during
pendular contractions were due to different spike-burst activities
in the respective borders.40 Furthermore, the slow-wave associated
spike-bursts indicate that myogenic mechanisms may be involved
with pendular contractions. A previous study has reported that pendular contractions were not affected by the neural inhibitory agent
tetrodotoxin, suggesting they are myogenically driven.40 However,
it should be noted that since the spike-bursts and concomitant pendular contractions were not uniform across the intestinal diameter,
contractions quantified from the top surface of the intestine could
not be accurately spatially correlated with the electrical events recorded from the bottom surface.
The slow-wave associated spike-bursts and independent spikebursts observed here displayed similar characteristics to myogenic
vs neurogenic spike-bursts observed in the colon,22 and slow-wave
associated spike-bursts vs peristaltic waves defined in the cat small
intestine. Slow-wave associated spike-bursts had relatively lower
amplitude and shorter duration similar to myogenic spike-bursts
and slow-wave associated spike-bursts in cats. Independent spikebursts had relatively higher amplitude and longer duration, similar
to neurogenic spike-bursts and peristaltic waves. The affinity to
slow-waves suggests that slow-wave associated spike-bursts are
at least partly myogenically mediated. They occurred periodically
674

with slow-waves and led to cyclic motility patterns modulated by
slow-waves. The independent spike-bursts occurred irregularly
and much less frequently than slow-wave associated spike-bursts.
Independent spike-bursts could likely be activated by the firing of
enteric neurons41 and are unrelated to the underlying slow-waves.
This would lead to motility patterns that are not driven by slowwaves. The higher amplitude and duration of independent spikebursts suggest that they may be attributed to larger calcium currents
than slow-wave associated spike-bursts. Slow-wave dependent
calcium currents occur through voltage-dependent calcium channels.7,42 Neurogenic mechanisms can cause calcium entry through
multiple pathways.42 For instance, the neurotransmitter acetylcholine can activate both transient receptor potential cation channels
and intracellular calcium release.42,43 The resulting rapid depolarization could also activate voltage-dependent calcium channels, which
could lead to a larger inward calcium current compared to only
voltage-dependent calcium channels in slow-wave associated spikebursts, and accords with our results where independent spike-bursts
correlated with larger deformations.
Although slow-wave associated spike-bursts occurred with the
slow-wave cycles, their propagation patterns were not always identical to the slow-waves. Our results in this study suggest that spikebursts can propagate along the intestine through 2 pathways: (1) the
propagating slow-wave can initiate spike-bursts in smooth muscle
cells in its path7 where they would appear to propagate coupled
to the slow-waves in the electrical recordings and (2) the initiated
spike-bursts can also independently propagate along the smooth
muscle layers18 where the propagation would be predominantly in
circumferential or longitudinal direction in the respective muscle
layers.28 The 2 modes of propagation are further evident by the fact
that there was more deviation along the rows of electrodes during
longitudinal patches (Fig. 7D), and less deviation during circumferential patches (Fig. 6D). The resulting spike-burst propagation
would be through a combination of both of these methods, and
therefore, could deviate from the slow-waves.
Furthermore, our observations indicate there may be an inhibitory relationship between independent spike-bursts and slow-wave
associated spike-bursts. In one pig experiment, slow-wave associated spike-bursts were observed during baseline but were replaced by
independent spike-bursts after distension. The mechanism behind
the replacement of slow-wave associated spike-bursts with independent spike-bursts is not clear. A previous report in the colon has
identified that neurogenic spike-burst activations inhibit myogenic
spike-bursts and suggests that there may be some enteric neural
control over the mechanisms underlying myogenic spike-bursts.22
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Our observations indicate that a similar relationship between independent spike-bursts and slow-wave associated spike-bursts in the
intestine could exist, however, would require further experimentation to inhibit certain pathways and verify these findings.
It should also be noted that there was a difference between the
observed motility patterns in pigs and rabbits. Pigs displayed both
slow-wave associated and independent spike-bursts along with
corresponding contractions. In the rabbit studies, only slow-wave
associated spike-bursts were observed along with corresponding contractions. As a result, spontaneous peristaltic contractions
were observed only in pigs, while cyclic peristaltic contractions
were observed only in the rabbit. However, it is possible that cyclic
peristaltic contractions could occur in pigs, and slow-wave independent motility patterns could occur in rabbits,42 although they were
not observed in our experiments. It is plausible that differences in
animal care procedures could have contributed to the observed discrepancy in the bioelectrical activity between pigs and rabbits. Pigs
were fasted prior to the experiments, however, rabbits were not fasted prior to surgery, as this can lead to hypomotility and compromise
gut function.44 Studies have shown that slow-wave associated spikebursts increase in the postprandial period, although the key pathways regulating this difference are yet to be elucidated.45 There are
also physiological differences between pigs and rabbits. The transit
time of content through the rabbit small intestine is faster compared
to other animals,46 and therefore, cyclic peristalsis may be more
prominent in rabbits than other species. In rabbits, small intestine
motility is regulated in part by motilin, similar to humans and is in
contrast to most other animal species.46 However, motilin does not
play a prominent role in pigs.47 Therefore, observed bioelectrical
and contraction patterns could have been influenced by animal care
procedures and physiological variance.
This study successfully captured the slow-waves, spike-bursts,
and motility simultaneously in the in vivo intestine. Nonetheless
there are several limitations in the current study. First, the anesthesia
and laparotomy could influence the electrical and mechanical activities of the gut, and could cause reflex inhibition.48 The experimental
setup could be further improved with multiple cameras to calculate
strain in 3 dimensions, and the strain measurement could be supplemented with HR manometry to calculate the true mechanical state
of the muscle.49,50 Techniques such as optical mapping with voltage
sensitive dyes could be used to measure the bioelectrical activity
from the same surface of the intestine as the contractions.51 Neural
and myogenic inhibitory agents could also be used to elucidate the
underlying regulatory mechanisms of bioelectrical and contractile
coupling. For example, future studies that utilize ion channel block-

ers such as nifedipine, thapsigargin could be designed to evaluate
the exact ionic pathways involved with slow-wave associated spikebursts and independent spike-bursts.42,52 It should also be noted that
since motility was not modulated in this study, cyclic peristaltic contractions were only observed in 1 rabbit study. In future investigations, prokinetic agents such as domperidone,53 metoclopromide,54
and prucalopride55 can be used to elicit specific motility patterns, to
verify the findings of this study on a larger dataset.
In summary, this study defines in vivo intestinal motility patterns with simultaneous mapping of slow-waves and spike-bursts in
spatiotemporal detail. The defined electrophysiological relationships
between motility, slow-waves and spikes would aid in understanding the role of abnormal activity in functional motility disorders and
would also be useful in computational physiological modeling.

Supplementary Materials
Note: To access the supplementary videos mentioned in this
article, visit the online version of Journal of Neurogastroenterology and Motility at http://www.jnmjournal.org/, and at https://doi.
org/10.5056/jnm21183.
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Background/Aims
Platelet-derived growth factor receptor alpha-positive (PDGFRα+) cells function in the purinergic regulation of gastrointestinal motility,
and purines are reportedly inhibitory neurotransmitters in the enteric nervous system. We explore the distribution and function of
PDGFRα+ cells related to purinergic inhibitory neurotransmission in human right and left colons.
Methods
Human colonic segments were prepared with mucosa and submucosa intact, and the circular muscle tension and longitudinal
muscle tension were recorded. Purinergic neurotransmitters were administered after recording the regular contractions.
Immunohistochemistry was performed on the circular muscle layers. Intracellular recording was performed on the colonic muscular
layer. SK3, P2RY1, and PDGFR-α mRNA expression was tested by quantitative real-time polymerase chain reaction (qPCR).
Results
Adenosine triphosphate (ATP) treatment significantly decreased the frequency and area under the curve (AUC) of the segmental
contraction in right and left colons. Beta-nicotinamide adenine dinucleotide (β-NAD) decreased the frequency in the right colon and
the amplitude, frequency and AUC in the left colon. Apamin significantly increased frequency and AUC in the left colon, and after
apamin pretreatment, ATP and β-NAD did not change segmental contractility. Through intracellular recordings, a resting membrane
potential decrease occurred after ATP administration; however, the degree of decrease between the right and left colon was not
different. PDGFRα+ cells were distributed evenly in the circular muscle layers of right and left colons. SK3, P2RY1 , and PDGFRα
expression was not different between the right and left colon.
Conclusion
Purines reduce right and left colon contractility similarly, and purinergic inhibitory neurotransmission can be regulated by PDGFRα+
cells in the human colon.
(J Neurogastroenterol Motil 2022;28:678-692)
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Introduction
Platelet-derived growth factor receptor alpha-positive
(PDGFRα+) cells are a type of interstitial cell in the gastrointestinal (GI) smooth muscles that have also been called fibroblast-like
cells.1,2 They are distinguished from the interstitial cells of Cajal
(ICCs) and are characterized by a well-developed rough endoplasmic reticulum with dilated cisterns. Mitochondria and the Golgi
apparatus are mainly located in the perinuclear region.3,4 Smooth
muscle cells (SMCs) closely contact ICCs and PDGFRα+ cells
and form a syncytium (SIP syncytium). The enteric nerve terminals
from the myenteric plexus innervate these cells, and the SMCs are
electrically coupled with the ICCs and PDGFRα+ cells through
gap junctions.5,6
PDGFRα+ cells are considered to play a role in the purinergic
inhibitory regulation of GI motility based on numerous studies using animal models. Purines, such as adenosine triphosphate (ATP)
and beta-nicotinamide adenine dinucleotide (β-NAD), have been
reported to be inhibitory neurotransmitters in the enteric nervous
system. They act as ligands for G-protein coupled P2Y1 receptors on the membranes of PDGFRα+ cells and can activate smallconductance Ca2+-activated K+ (SK3) channels. The fast inhibitory
junction potential (IJP) evoked by electric field stimulation (EFS)
is also considered to be related to purinergic inhibitory responses.7,8
Recently, a functional role for PDGFRα+ cells in murine colonic
smooth muscles has been revealed,9 and one study using transgenic
mice constitutively expressing enhanced green fluorescent protein
in PDGFRα+ cells showed that purines induce high-amplitude,
apamin-sensitive outward K+ currents through SK3 channels and
that the P2Y1 receptor antagonist MRS2500 could block the K+
current.10
The function of the human colon is the absorption of water,
fermentation of carbohydrates from microbiota, and propulsion

of feces to the rectum. It was revealed that colonic smooth muscle
motility is optimized for these functions, which presents as less
frequent and larger amplitude contractions than those in the small
intestine.11,12 The right proximal colon may function in mixing and
absorption, whereas the left distal colon functions in the propagation of stool to the rectum.13 However, there have been few studies
verifying the mechanistic differences between right and left colonic
motility or associated purinergic neurotransmission. We performed
this study to explore the distribution and function of PDGFRα+
cells in the human colon using immunohistochemistry and in vitro
experiments involving mechanical recordings of human colonic segments treated with inhibitory purines.

Materials and Methods
Tissue Acquisition
Human colon samples were obtained immediately from operations for non-obstructive colon diseases. No greater colon resections
were performed than were medically necessary, because the amount
of tissue needed for the experiments was very small. This study was
approved by the Institutional Review Board (IRB) of the Clinical Research Institute of the Seoul National University Hospital
(IRB approval No. H-0603-071-170). The study protocol was
performed in accordance with the guidelines and regulation of the
Seoul National University Hospital IRB. Written informed consent
was obtained from all patients before operations.
After resection of the colon, 4 × 2 cm colonic segments were
removed from the resected sections. The specimens were immediately placed into oxygenated Krebs-Ringer Bicarbonate solution
(KRB). The KRB contained (in mM) 120.4 NaCl, 5.9 KCl, 15.5
NaHCO3, 11.5 glucose, 1.2 MgCl2, 1.2 NaH2PO4, and 2.5 CaCl2
and had a pH of 7.3-7.4 at 37.5°C when bubbled to equilibrium
with 97% O2 and 3% CO2. All in vitro techniques were similar to
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those in our previous studies.12,14

previous studies.12,14

Tissue Preparations for Isometric Tension Recordings
of Colonic Segments

Tissue Preparations for Isometric Tension Recordings
of Colonic Smooth Muscle Strips and Electric Field
Stimulation

Colonic segments with intact mucosa and submucosa were
prepared by cutting the whole layer of a segment parallel to the
longitudinal muscle (LM); the segments were 4 cm in length and
2 cm in width. The colonic segments were suspended in a tissue
chamber and perfused with pre-warmed, preoxygenated KRB
solution. A stainless steel rod (10 cm long, 3 mm in diameter) was
placed parallel to the LM in the organ bath. Circular muscle (CM)
tension was recorded at 3 sites, namely proximal, middle, and distal
sites, each located 1 cm apart, and the LM tension was recorded via
perpendicular traction using sutures placed at each site and forming
a small tube from the colonic segment (Fig. 1). Stainless steel spring
clips (7 mm × 18 mm) were attached to both ends of the sutured
muscle, and each clip was attached to an isometric force transducer.
Another clip was attached to the distal end of the colon flap, which
effectively recorded the distal LM tension.11 The temperature was
maintained at 37.5 ± 0.5°C. The muscles were equilibrated for at
least 2 hours before experiments began. A resting force of 98 mN
(10 g) was applied to each measurement site, and the tension of
each site was measured using an isometric strain gauge. The frequency (/min), amplitude (mN), and area under the curve (AUC,
sec × mN) for the contraction waves were measured as contractility
with AcqKnowledge software (Biopac Systems, Inc, Goleta, CA,
USA). The AUC was defined as the integrated area under the
curve over a period of 10 minutes. The contractility before drug administration was used as a control, and the changes in contractility
after the administration of drugs were calculated as relative values
for comparisons. All in vitro techniques were similar to those in our

Tissues were pinned down on a Petri dish coated with Sylgard
with the mucosa side facing upward. The mucosal and submucosal
layers were gently removed with a pair of scissors. CM bundles
were obtained by sharp dissection. The size of the muscle strips was
2 mm in width and 1 cm in length. To record contractile activities,
the muscle strips were attached to an isometric strain gauge (World
precision Instruments, Sarasota, FL, USA) with a suture in a tissue chamber perfused with pre-warmed, pre-oxygenated KRB
solution. The temperature was maintained at 36.5 ± 0.5℃. The
muscle strips were equilibrated for at least 1 hour before beginning
the experiments, and a resting force of 9.8 mN (1 g) was applied.
After contraction was stable, EFS was performed. Parallel platinum
electrodes were placed on either side of the muscle strips to elicit
neural responses with square pulses of EFS (0.3 milliseconds pulse
duration, 10 Hz, train durations of 10 seconds, 150 V) delivered by
a Grass S48 stimulator (Grass Instrument Company, Quincy, MA,
USA). Isometric force measurements were performed as previously
described for EFS. The procedure was repeated after drug treatment. The mechanical signals were digitized and recorded using
Acknowledge software (Biopac Systems, Inc) for data analysis. The
frequency (/min), amplitude (mN), and AUC (sec × mN) of the
contractions were analyzed. AUC was defined as the integrated area
under a single wave. All in vitro techniques were similar to those in
our previous studies.12,14

Drug Administration
After regular waves were detected, drugs were added to the tissue chamber, and changes in the variables were measured. ATP (300
μM) and β-NAD (1.5 mM) were used as purines. Apamin (500
nM) was administered to block SK3 channels, and MRS2500 (1
+
µM) was used to inhibit P2Y1 receptors in PDGFRα cells. All
drugs were obtained from Sigma-Aldrich Chemical Co (St. Louis,
MO, USA). For the analysis of frequency, amplitude, and AUC of
the tension recording, recordings were analyzed for approximately
30 minutes each before and after drug administration.

Intracellular Recording
Figure 1. Setup for recording the tension from a colonic segment.
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Colonic tissues were prepared in a Petri dish coated with Sylgard (Dow corning Co, Midland, MI, USA). Colonic muscles
were cut parallel to the LM fibers between taenia, with a knife
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consisting of a pair of parallel scalpel blades set 1.5 mm apart, and
turned on their side to expose a cross-section of the entire muscle
layer in the electrophysiologic chamber. The chamber was constantly perfused with prewarmed, pre-oxygenated KRB solution.
Temperature was maintained at 37.5 ± 0.5°C. The muscles were
equilibrated for at least 2 hours before experiments began. Conventional microelectrode recordings were performed using a sharp
microelectrode filled with 3 mol/L KCl, as previously described.11
Membrane potentials were measured with a high-input resistance
electrometer, and outputs were displayed on an oscilloscope. Resting
membrane potentials were measured using pClamp softwareR (version 9.0; Axon Instruments, Foster City, CA, USA) and Origin
software (MicroCal Software, Northampton, MA, USA). Resting
membrane potentials (mV), amplitudes (mV), and frequencies (/
min) of the slow waves were analyzed before and after the administration of ATP at 300 μM. For the analysis of resting membrane
potentials, amplitudes, and frequencies of the recording, recordings
were analyzed for approximately 10 minutes each before and after
drug administration. All in vitro techniques were similar to those in
our previous studies.12,14

Whole-mount Immunofluorescence
Colon tissues were cut into 4 × 4 cm sections and pinned
flat on a SYLGARD-coated dish with phosphate-buffered saline
(PBS). The PBS was discarded, and the tissues were fixed with
4% paraformaldehyde in saline (Biosesang, Seongnam-si, Korea)
overnight at 4°C. The tissues were then removed from the fixative
and washed with PBS 3 times for 30 minutes per wash. The tissues were then dehydrated in 5%, 10%, and 15% sucrose in PBS
(weight/volume) for 1 hour each and then in 20% sucrose overnight
at 4°C. The fixed colon samples were cut into 0.5 × 0.5 cm pieces
and embedded flat into Tissue-Tek Cryomold with optimum cutting temperature compound (OCT; Sakura Finetek, Torrance, CA,
USA) with the mucosa facing upward before being snap frozen in
liquid nitrogen. The frozen blocks were stored at −80°C.
The frozen blocks were sectioned on a Leica CM3050 S cryostat (Leica Biosystems, Wetzlar, Germany) at 100 µm thickness,
and the sections were collected in PBS. The sectioned specimens
were washed 3 times in PBS for 30 minutes per wash to remove the
OCT; nonspecific binding in the tissues was blocked with 10% normal goat serum (Sigma-Aldrich) for 1 hour, and then, the samples
were incubated with either a human anti-PDGFRα antibody (AF307; R&D Systems, Minneapolis, MN, USA) at a dilution of
1:100 in 2% Triton-X 100 (Sigma-Aldrich) or a human anti-cKit
antibody (SC-168; Santa Cruz Biotechnology, Dallas, TX, USA)

at a dilution of 1:100 in 2% Triton-X 100 for 48 hours at 4°C. After
incubation, the tissues were washed 3 times in PBS for 30 minutes
per wash to remove the excess unbound antibodies. Donkey antigoat Alexa Fluor 488 or donkey anti-rabbit Alexa Fluor 594 (1:1000
in PBS; Thermo Scientific, Carlsbad, CA, USA) was used to
detect each primary antibody, with an 1 hour incubation followed
by washing 3 times with PBS for 30 minutes per wash. For doublelabeling studies, anti-PDGFRα was labeled first with Alexa Fluor
488, followed by anti-cKit labeling and detection with donkey antigoat Alexa Fluor 594. The tissues were placed flat on a microscope
slide, mounted with Aqua-Mount (Thermo Scientific), and stored
at 4°C until imaging. Images were acquired using an Olympus
FV1000 confocal microscope (Olympus America, Pennsylvania,
PA, USA) with Z stacks between 10 µM and 70 µM. The acquired images were exported using Olympus FluoView and were
then composed and organized in Adobe Photoshop version 12. We
followed procedures similar to those in a previous report.15

Quantitative Real-time Polymerase Chain Reaction
for PDGFRα , SK3, P2RY1, Kit, ANO1, NOS1, and
MYH11 Messenger RNA
The mucosa and submucosa were removed by sharp dissection,
and the remaining smooth muscle tissue was used for quantitative real-time polymerase chain reaction (qPCR) for PDGFRα ,
SK3, and P2RY1 as molecular markers for PDGFRα+ cells, Kit
and ANO1 as molecular markers for ICCs, NOS1 as a molecular
marker for neuronal cells, and MYH11 as a molecular marker for
muscle cells. Total RNA was extracted using the RNeasy Protect
Mini Kit (Qiagen, Hiden, Germany). Complementary DNA was
synthesized with 1 μg total RNA as the template using the SuperScript III First-Strand synthesis system according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Real-time
PCR was conducted using the StepOne Real-Time PCR system
(Thermo Fisher Scientific Inc, MA, USA). Specific primers for
PDGFR α, SK3, P2RY1, Kit, ANO1, NOS1, MYH11, and 18S
ribosomal RNA16 were used. The primer sequences used for qPCR
were as follows: PDGFR α forward, 5’-GAGATCACCACTGATGTGGAA-3’ and reverse, 5’-CTTCTT CCTTAGCACGGATCA-3’; SK3 forward, 5’-GACCATGCCAAAGTGAGGAA-3’ and reverse, 5’-ACTCAGCTTCCTCTGTTCCA-3’;
P2RY1 forward, 5’-CCTCTTCTACTCAGGTACCGG-3’
and reverse, 5’-ATCCGTAACAGCCCAGAATCAGC-3’;
Kit forward, 5’-GGATTCCCAGAGCCCACAA-3’ and reverse, 5’-ACATCCACTGGCAGTACAGAA-3’; ANO1
forward, 5’-GACGTGTACAAAGGCCAAGTAC-3’ and
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reverse, 5’-ATCGTGCAGTGGGTATGCA3’; NOS1 forward, 5’-ACCCTCCACCTTAAGAGCAC-3’ and reverse,
5’-AAGAGCTGTCCTTTTGTGCG-3’; MYH11 forward,
5’-GTGAAGAACGACAACTCCTCAC-3’ and reverse,
5’-TGTTGGCTCCCACGATGTAA-3’. mRNA expression
of each gene was normalized against 18S mRNA levels. Results
were calculated as ΔCt values. The relative expression levels of
PDGFRα, SK3, P2RY1, Kit, ANO1, NOS1, and MYH11
mRNA were examined in the smooth muscle layer and compared
between the right and left colon.

Statistical Methods

mean, and statistical analysis was conducted using SPSS version
21.0 for Windows (IBM Corp, Armonk, NY, USA). The Mann–
Whitney U test and Wilcoxon signed-rank test were used for comparisons of values, and statistical significance was defined as a P value < 0.05.

Results
Tension Recordings of Colonic Segments With
Adenosine Triphosphate and Beta-Nicotinamide
Adenine Dinucleotide Administration

All data are expressed as the mean ± standard error of the
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Figure 2. Effects of adenosine triphosphate (ATP) treatment in the human colon segment. The contractility of the colonic segments was reduced

after 300 µM ATP administration in both the right (A) and left colon (C). The frequency and area under the curve (AUC) in the right colonic
segment significantly decreased after 300 µM ATP administration in the circular muscle (CM) and longitudinal muscle (LM) (B). The frequency
and AUC in the left colonic segment significantly decreased after 300 µM ATP administration in the CM and LM (D). Control, before 300 µM
ATP; Amp, amplitude after 300 µM ATP; Freq, frequency after 300 µM ATP; AUC, area under the curve after 300 µM ATP; Rt, right; Lt,
left. *P < 0.05.
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sion recordings at proximal, middle, and distal sites of the CM and
LM. In the right colon, the amplitudes of the CM (n = 5) and
LM (n = 5) contractions before the administration of 300 µM
ATP were 13.53 ± 11.37 mN and 6.55 ± 1.02 mN, respectively,
and the frequencies were 0.52 ± 0.32/min and 0.57 ± 0.31/min.
The AUCs were 1649.03 ± 1070.29 sec × mN and 906.38 ±
419.74 sec × mN. In the left colon, the amplitudes of the CM
(n = 5) and LM (n = 5) contractions before the administration of
300 µM ATP were 47.92 ± 55.29 mN and 16.67 ± 21.43 mN,
respectively, and the frequencies were 0.25 ± 0.05/min and 0.23
± 0.06/min. The AUCs were 3337.27 ± 4006.57 sec × mN and
1175.95 ± 1827.87 sec × mN. The contractility of the colonic
segments was reduced after 300 µM ATP administration in both
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the right and left colon (Fig. 2). In the right colonic segment, the
amplitude decreased after the administration of 300 µM ATP to
70.40 ± 30.87% in the CM and to 68.16 ± 33.93% in the LM,
but these decreases did not reach statistical significance (P = 0.080
and 0.138). However, the frequency in the right colonic segment
significantly decreased after 300 µM ATP administration to 53.84
± 11.73% in the CM and 54.60 ± 8.03% in the LM (P = 0.043
and 0.043). The AUC also significantly decreased in the right
colonic segment after 300 µM ATP administration to 53.28 ±
22.27% in the CM and 62.89 ± 31.04% in the LM (P = 0.043
and 0.043). In the left colonic segment, the amplitude decreased
after the administration of 300 µM ATP to 83.15 ± 22.63% in the
CM and 74.70 ± 28.58% in the LM, but these decreases did not
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Figure 3. Effects of beta-nicotinamide adenine dinucleotide (β-NAD) treatment in the human colon segment. Similar to the results for adenosine

triphosphate (ATP), the contractility of the colonic segments was also reduced after the administration of 1.5 mM β-NAD in both the right (A)
and left colon (C). The frequency in the right colonic segment significantly decreased after 1.5 mM β-NAD administration in the circular muscle
(CM) and longitudinal muscle (LM) (B). In the left colonic segment, the amplitude, frequency, and area under the curve (AUC) significantly
decreased after the administration of 1.5 mM β-NAD (D). Control, before 1.5 mM β-NAD; Amp, amplitude after 1.5 mM β-NAD; Freq, frequency after 1.5 mM β-NAD; AUC, area under the curve after 1.5 mM β-NAD; Rt, right; Lt, left. *P < 0.05.
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reach statistical significance (P = 0.138 and 0.138). The frequency
in the left colonic segment significantly decreased after 300 µM
ATP administration to 45.64 ± 13.34% in the CM and 47.10 ±
9.46% in the LM (P = 0.043 and 0.043). Finally, the AUC in the
left colonic segment also significantly decreased after 300 µM ATP
administration to 43.66 ± 10.25% in the CM and 19.67 ± 5.09%
in the LM (P = 0.043 and 0.043).
In the right colon, the amplitudes of the contractions in the
CM (n = 5) and LM (n = 5) before the administration of 1.5
mM β-NAD were 32.53 ± 15.91 mN and 17.96 ± 13.55 mN,
respectively, and the frequencies were 0.42 ± 0.14/min and 0.44
± 0.14/min, respectively. The AUCs were 2830.19 ± 1804.24
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sec × mN and 2337.02 ± 2033.95 sec × mN. In the left colon,
the amplitudes of the contractions in the CM (n = 6) and LM
(n = 5) before the administration of 1.5 mM β-NAD were 38.81
± 19.93 mN and 7.50 ± 3.47 mN, respectively, and the frequencies were 0.54 ± 0.59/min and 0.39 ± 0.13/min, respectively. The
AUCs were 1917.45 ± 536.76 sec × mN and 501.56 ± 292.02
sec × mN. Similar to the results for ATP, the contractility of the
colonic segments was also reduced after the administration of 1.5
mM β-NAD in both the right and left colon (Fig. 3). In the right
colonic segment, the amplitude decreased after the administration
of 1.5 mM β-NAD to 87.38 ± 16.94% in the CM and 81.96 ±
19.38% in the LM, but these differences did not reach statistical
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increased in both the right (A) and left colon (C). In the right colonic segment, after the administration of 500 nM apamin, the amplitude, frequency, and area under the curve (AUC) increased in the circular muscle (CM) and longitudinal muscle (LM), but the differences did not reach
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significance (P = 0.138 and 0.080). The frequency in the right
colonic segment significantly decreased after 1.5 mM β-NAD administration to 70.56 ± 14.55% in the CM and 65.28 ± 15.94%
in the LM (P = 0.043 and 0.043). The AUC in the right colonic
segment decreased after 1.5 mM β-NAD administration to 79.51
± 42.55% in the CM and 80.26 ± 59.70% in the LM, but these
differences did not reach statistical significance (P = 0.225 and
0.345). In the left colonic segment, the amplitude significantly
decreased after the administration of 1.5 mM β-NAD to 45.86 ±
36.87% in the CM and 30.15 ± 28.92% in the LM (P = 0.018
and 0.043); the frequency in this segment also significantly decreased after 1.5 mM β-NAD administration to 30.29 ± 26.14%
in the CM and 31.55 ± 33.24% in the LM (P = 0.018 and 0.043).
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Tension Recordings of Colonic Segments With
Apamin Administration
In the right colon, the amplitudes of the contractions in the
CM (n = 4) and LM (n = 4) before 500 nM apamin administration were 9.73 ± 2.64 mN and 4.57 ± 3.15 mN, respectively, and
the frequencies were 0.38 ± 0.11/min and 0.46 ± 0.23/min. The
AUCs were 748.69 ± 165.97 sec × mN and 440.07 ± 495.63 sec
× mN. In the left colon, the amplitudes of the contractions in the
CM (n = 5) and LM (n = 5) before 500 nM apamin administra-
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Finally, the AUC in the left colonic segment significantly decreased
after 1.5 mM β-NAD administration to 37.56 ± 30.78% in the
CM and 31.41 ± 27.97% in the LM (P = 0.028 and 0.043).
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Figure 5. Effects of adenosine triphosphate (ATP) treatment with apamin pretreatment in the human colon segment. The contractility of the

colonic segments did not decrease after 300 µM ATP administration with 500 nM apamin pretreatment in the right (A) or left colon (C). The
amplitude, frequency, and area under the curve (AUC) did not statistically decrease after the administration of 300 µM ATP with 500 nM apamin
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Rt, right; Lt, left.
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tion were 35.56 ± 15.17 mN and 5.05 ± 2.07 mN, respectively,
and the frequencies were 0.27 ± 0.09/min and 0.25 ± 0.10/min.
The AUCs were 2030.39 ± 1015.68 sec × mN and 335.13 ±
330.24 sec × mN. After 500 nM apamin administration, the contractility of the colonic segments increased in both the right and left
colon (Fig. 4). After the administration of 500 nM apamin, the amplitude in the right colonic segment increased to 108.34 ± 19.25%
in the CM and 101.11 ± 17.57% in the LM, but the differences
did not reach statistical significance (P = 0.465 and > 0.999).
The frequency in this segment also increased after 500 nM apamin
administration to 154.99 ± 24.82% in the CM and 169.73 ±
91.51% in the LM, but again, the differences were not significant
(P = 0.068 and 0.068). Similarly, the AUC in the right colonic
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segment increased after 500 nM apamin administration to 154.15
± 32.32% in the CM and 149.86 ± 39.87% in the LM, but the
differences did not reach statistical significance (P = 0.068 and
0.068). In the left colonic segment, the amplitude increased after
the administration of 500 nM apamin to 118.51 ± 36.87% in the
CM and 135.35 ± 51.84% in the LM, but these differences did
not reach statistical significance (P = 0.138 and 0.225). The frequency in this segment significantly increased after 500 nM apamin
administration to 182.84 ± 27.70% in the CM (P = 0.043) but
did not significantly increase in the LM (195.14 ± 20.98%, P =
0.225). The AUC in this segment also significantly increased after
500 nM apamin administration to 179.84 ± 31.82% in the CM
and 207.46 ± 76.04% in the LM (P = 0.043 and 0.043).
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Figure 6. Effects of beta-nicotinamide adenine dinucleotide (β-NAD) treatment with apamin pretreatment in the human colon segment. The contractility of the colonic segments did not decrease after the administration of 1.5 mM β-NAD with 500 nM apamin treatment in the right (A) or
left colon (C). Similar to the results of adenosine triphosphate (ATP) administration, the amplitude, frequency, or area under the curve (AUC) did
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Tension Recordings of Colonic Segments with
Adenosine Triphosphate and Beta-Nicotinamide
Adenine Dinucleotide Administration and Apamin
Pretreatment
In the right colon, the amplitudes of the contractions in the
CM (n = 4) and LM (n = 4) before 500 nM apamin and 300
µM ATP administration were 12.93 ± 9.22 mN and 6.40 ± 1.01
mN, respectively, and the frequencies were 0.45 ± 0.34/min and
0.62 ± 0.31/min, respectively. The AUCs were 1489.14 ± 888.30
sec × mN and 1077.05 ± 671.10 sec × mN. In the left colon,
the amplitudes of the contractions in the CM (n = 5) and LM
(n = 3) before 500 nM apamin and 300 µM ATP administration were 33.65 ± 19.62 mN and 12.55 ± 6.18 mN, respectively,
and the frequencies were 0.25 ± 0.10/min and 0.31 ± 0.13/min.
The AUCs were 2309.60 ± 1666.97 sec × mN and 559.00 ±
201.23 sec × mN. The contractility of the colonic segments did not
decrease after 300 µM ATP administration with 500 nM apamin
pretreatment in the right or left colon (Fig. 5). The amplitude did
not decrease after the administration of 300 µM ATP with 500
nM apamin pretreatment in the CM (116.34 ± 36.44%, P =
0.715) or LM (109.84 ± 20.56%, P = 0.465) of the right colonic
segment. The frequency slightly, but not significantly, decreased

after 300 µM ATP administration following 500 nM apamin
pretreatment in the CM (97.66 ± 13.54%, P = 0.144) and LM
(99.97 ± 14.27%, P = 0.715) of the right colonic segment. The
AUC did not decrease after 300 µM ATP administration following 500 nM apamin pretreatment in the CM (110.35 ± 19.30%,
P = 0.273) or LM (110.74 ± 15.19%, P = 0.273) of the right
colonic segment. In the left colonic segment, the amplitude did not
decrease after the administration of 300 µM ATP following 500
nM apamin pretreatment in the CM (102.56 ± 18.48%, P =
0.686) or LM (146.74 ± 106.66%, P > 0.999). The frequency in
this segment did not decrease after 300 µM ATP administration
with 500 nM apamin pretreatment in the CM (107.28 ± 27.82%,
P = 0.686); the frequency slightly decreased in the LM, but the
difference was not significant (92.60 ± 25.80%, P = 0.593). Furthermore, the AUC in this segment did not decrease after 300 µM
ATP administration with 500 nM apamin pretreatment in the CM
(111.06 ± 21.26%, P = 0.345) or LM (144.72 ± 68.26%, P =
0.285).
In the right colon, the amplitudes of the contractions of the
CM (n = 3) and LM (n = 3) before 500 nM apamin and 1.5
mM β-NAD administration were 30.38 ± 13.89 mN and 22.73
± 15.37 mN, respectively, and the frequencies were 0.40 ± 0.12/
min and 0.44 ± 0.09/min. The AUCs were 2658.06 ± 1387.29
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Figure 7. Tension recordings in human colon smooth muscle strip and electric field stimulation after MRS2500 treatment in the human colon.
Electric field stimulation of 10 Hz for 10 seconds induced on- and off-contractions in smooth muscle strips of right and left colons before and after
1 µM MRS 2500 administration (A). In the right colon and left colon, the amplitude and area under the curve (AUC) of the on-contraction were
significantly elevated after the administration of 1 µM MRS2500 (B). In contrast, the amplitude (Amp) and AUC of the off-contraction in the right
and left colon significantly decreased after 1 µM MRS 2500 administration (B). Rt, right; Lt, left; Control, before MRS 2500.*P < 0.05.
Vol. 28, No. 4 October, 2022 (678-692)

687

Kil-yong Lee, et al

sec × mN and 2897.78 ± 1281.46 sec × mN. In the left colon,
the amplitudes of the contractions of the CM (n = 4) and LM
(n = 4) before 500 nM apamin and 1.5 mM β-NAD administration were 27.94 ± 18.68 mN and 6.82 ± 3.02 mN, respectively,
and the frequencies were 0.75 ± 0.68/min and 0.43 ± 0.11/min.
The AUCs were 2534.89 ± 988.32 sec × mN and 535.77 ±
255.54 sec × mN. The contractility of the colonic segments did
not decrease after the administration of 1.5 mM β-NAD with 500
nM apamin treatment in the right or left colon (Fig. 6). The amplitude did not decrease after the administration of 1.5 mM β-NAD
following 500 nM apamin pretreatment in the CM (101.25 ±
5.12%, P > 0.999) or LM (107.51 ± 10.84%, P = 0.285) of the
right colonic segment. The frequency in the right segment slightly
decreased after 1.5 mM β-NAD administration following 500 nM
apamin pretreatment in the CM (96.00 ± 19.69%, P = 0.593)
and in the LM (83.15 ± 19.76%, P = 0.285), but the differences
were not significant. The AUC in this segment decreased after 1.5
mM β-NAD administration following 500 nM apamin pretreatment in the CM (97.56 ± 16.53%, P > 0.999) and increased after
treatment in the LM (113.28 ± 25.42%, P = 0.593), but these
differences were not significant. In the right colonic segment, the
amplitude slightly, but not significantly, decreased after the administration of 1.5 mM β-NAD following 500 nM apamin pretreatment
in the CM (92.64 ± 38.03%, P > 0.999), and there was no significant change in the LM (115.59 ± 62.54%, P > 0.999). The frequency increased, though not significantly, after 1.5 mM β-NAD

administration following 500 nM apamin pretreatment in the CM
(140.96 ± 85.58%, P = 0.715) and LM (151.76 ± 57.40%, P =
0.144) of the right colonic segment. The AUC in the right segment
decreased after 1.5 mM β-NAD administration following 500 nM
apamin pretreatment in the CM (83.52 ± 40.55%, P = 0.465)
and increased after treatment in the LM (133.93 ± 113.15%, P =
0.715), but neither of these differences was significant.

Tension Recordings of Colonic Smooth Muscle
Strips and Electric Field Stimulation Before and
After MRS2500 Administration
EFS of 10 Hz for 10 seconds could induce on- and offcontractions in smooth muscle strips of right (n = 6) and left (n =
5) colons (Fig. 7). The amplitude and AUC of the on-contraction
were 1.15 ± 0.42 mN and 3.68 ± 1.61 sec × mN in the CM of
the right colon. Those values were significantly elevated to 1.52
± 0.52 mN and 5.42 ± 1.95 sec × mN after the administration
of 1 µM MRS2500 (P = 0.028 and 0.028). The amplitude and
AUC of the off-contraction were 8.76 ± 3.12 mN and 110.67 ±
45.31 sec × mN in the CM of the right colon. Those values were
significantly decreased to 5.59 ± 1.63 mN and 71.73 ± 24.37 sec
× mN after the administration of 1 µM MRS2500 (P = 0.028
and 0.046). The amplitude and AUC of the on-contraction were
1.35 ± 0.37 mN and 4.66 ± 1.78 sec × mN in the CM of the
left colon. Those values were significantly elevated to 2.37 ± 0.96
mN and 10.75 ± 5.26 sec × mN after 1 µM MRS2500 admin-
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Figure 8. Intracellular recordings in the
human colon. Effects of 300 µM adenosine triphosphate (ATP) treatment in
the right and left colon are shown. Resting membrane potential (RMP) was
hyperpolarized after ATP treatment in
both right and left colon. Rt, right; Lt,
left. *P < 0.05.
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istration (P = 0.043 and 0.043). The amplitude and AUC of the
off-contraction were 15.45 ± 6.57 mN and 237.01 ± 119.44 sec
× mN in the CM of the left colon, and these values significantly
decreased to 9.28 ± 4.13 mN and 127.73 ± 74.11 sec × mN after
the administration of 1 µM MRS2500 (P = 0.043 and 0.043).

Intracellular Recording Before and After Adenosine
Triphosphate Administration
The resting membrane potentials of the right and left colon before the administration of 300 µM ATP were −54.91 ± 5.31 and
–57.67 ± 5.76, respectively (P = 0.691; Fig. 8). The frequency in
the right and left colon was 103.2 ± 84.44 and 12.50 ± 5.97, and

Distribution of Platelet-derived Growth Factor
Receptor Alpha-positive Cells and Quantitative Realtime Polymerase Chain Reaction for PDGFRα , SK3,
P2RY1, Kit, ANO1, NOS1 , and MYH11 Messenger
RNA in the Human Colon
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Figure 9. Distribution of platelet-derived growth factor receptor
+
+
α-positive (PDGFRα ) cells in the human colon. The PDGFRα
cells were multipolar, spindle-shaped cells parallel to the smooth
muscle cells. (A) Immunolabeling of PDGFRα (red) in the circular
muscle of the right colon. (B) Immunolabeling of PDGFRα (red) in
the circular muscle of the left colon. Rt, right; Lt, left.

Immunohistochemistry revealed that PDGFRα+ cells were
evenly distributed in the CM layer in the right and left colon (Fig.
9). The relative expression of molecular markers for PDGFRα+
cells, such as PDGFR α (1.659 ± 0.073 vs 1.630 ± 0.034, P =
0.548), SK3 (1.723 ± 0.118 vs 1.748 ± 0.051, P = 0.691), and
P2RY1 (1.393 ± 0.038 vs 1.329 ± 0.053, P = 0.429) mRNA,
was not different between the right and left colon, respectively
(Fig. 10). Moreover, there was no difference in Kit (P = 0.200),
ANO1 (P = 0.571), NOS1 (P = 0.100), and MYH11 (P =
0.548) mRNA between the right and left colon (Fig. 10).
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the amplitude was 30.93 ± 7.45 (P = 0.198) and 38.57 ± 7.19
(P = 0.432). After the administration of 300 μM ATP, the resting membrane potentials of the right and left colon were –64.39 ±
7.00 and –68.72 ± 8.77, respectively (Fig. 8). The frequency was
60.80 ± 43.89 and 10.00 ± 3.86, and the amplitude was 33.89 ±
9.07 and 43.23 ± 8.54. In the right colon, there was no difference
in frequency (P = 0.188) and amplitude (P = 0.250) before and
after the administration of 300 μM ATP. Similarly, in the left colon,
there was no difference in frequency (P = 0.341) and amplitude (P
= 0.063). However, the resting membrane potential was statistically
different and changed to –9.44 ± 2.16 (P = 0.031) and –11.05 ±
3.29 (P = 0.031) in right and left, respectively (Fig. 8).
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Figure 10. Quantitative real-time polymerase chain reaction for PDGFRα, SK3, P2RY1, Kit, ANO1, NOS1, and MYH11 mRNA levels in the
human colon. Relative levels are shown in the right and left colon. Rt, right; Lt, left.
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Discussion
This study revealed that the purinergic inhibition of human
colon contractility could be regulated by PDGFRα+ cells. Purines,
especially ATP and β-NAD, inhibited segmental contractility, and
the frequency and AUC of the contractions significantly decreased
in both the right and left colon. When apamin was used to block the
SK3 channels of PDGFRα+ cells, the contractility significantly increased in the left colonic segment. Purinergic inhibition with ATP
or β-NAD did not occur in the right or left colonic segment after
apamin pretreatment. EFS could evoke on- and off-contractions in
the right and left colon, and those were changed after inhibiting the
P2Y1 receptor with MRS2500. We also verified the distribution
of PDGFRα+ cells in the CM of the human right and left colon.
Furthermore, we confirmed that there was no difference in molecular markers for PDGFRα+ cells between the human right and left
colon using qPCR.
Purinergic neurotransmission in the enteric nervous system
plays an important role in GI motility. Numerous studies have
revealed that ATP or a related nucleotide can be released by inhibitory nerves and that such release is associated with fast IJPs;17,18
furthermore, purinergic signaling can cause nonadrenergic, noncholinergic inhibition in the gut.19,20 Many purinergic receptors
have been identified in the gut, such as P1, P2X, and P2Y21; ATP
and β-NAD mainly act on the P2Y1 receptor and can mediate fast
IJPs.22,23 The role of purinergic neurotransmission in human GI
motility has been studied with smooth muscle strips and through
intracellular recordings with EFS and was found to be related to
inhibitory motor control.24,25 Our experiments on human colonic
segmental contractions also showed purinergic inhibition in both
the right and left colon. Although amplitude decreased, representing the strength of the contractions, after ATP administration, this
did not reach statistical significance, but the frequency and AUC
of the contractions decreased significantly. In addition, our results
showed that ATP administration reduced the resting membrane
potential of human colon smooth muscle cells based on intracellular recordings. Since purines hyperpolarize the resting membrane
potential,26 as confirmed here, ATP may have caused the slow-wave
potentials to be below the threshold, decreasing the contractility and
the frequency of contractions.
PDGFRα+ cells are the dominant sites of P2Y1 receptors in
the GI tract and play a major role in purinergic inhibition of GI
motility.27,28 Fast IJPs are absent and inhibitory responses from
exogenous purines are completely abolished in P2Y1-knockout
690

mice.8,29 P2Y1 receptors activated by purines are coupled to Gq/11
proteins, and the downstream phospholipase C pathway is activated.
Activation of phospholipase C can increase inositol 1,4,5-triphosphate (IP3) production and the release of intracellular Ca2+ from
IP3 receptor-operated stores, such as the endoplasmic reticulum,
and the resulting outward Ca2+-dependent K+ currents through
SK channels can lead to hyperpolarization.7,30 SK3 channels are predominantly expressed in PDGFRα+ cells in the GI tract,15,31 and
the activation of P2Y1 and SK channels in PDGFRα+ cells comprises the main response to purinergic inhibitory neurotransmission
in the GI tract.6,7 In this study, when SK3 channels were blocked
with apamin before ATP or β-NAD administration, the purines
could not reduce the segmental contractility. Although P2Y1 receptors and SK channels are expressed in smooth muscle cells and
ICC, these present much higher in PDGFRα+ cells.5,8 Therefore,
we suggest that purinergic inhibitory neurotransmission is mainly
mediated by PDGFRα+ cells in the human colon.
Our results revealed that β-NAD significantly decreased not
only the frequency but also the amplitude and AUC of the segmental contractions only in the left colon, and that apamin significantly
increased the frequency and AUC of these contractions. To our best
knowledge, there have been no studies on differences in the distribution or function of PDGFRα+ cells between the right and left
colon in humans. In our previous studies on the electromechanical
characteristics of the human colon, we reported that low-amplitude
contractions and retrograde propagations are more common in
the right colon than in the left colon but that high-amplitude constrictions were similar between the right and left colon.11 Lowamplitude contractions are believed to mix stool in the intestinal
lumen;12 thus, it can be assumed that purinergic inhibition might
be more dominant in the left colon than in the right colon to suppress small mixing movements and that the left colon could have a
role in the propagation of stool from the proximal colon to the distal
rectum. However, we could not verify the differences in purinergic
inhibition between the right and left colon based on the isometric
tension recordings of smooth muscle strips, which were evoked by
EFS. Immunohistochemistry and qPCR results for PDGFR α,
P2RY1 , and SK3 mRNA also did not differ in the smooth muscle
between the right and left colon. This suggests that the distribution
and number of PDGFRα+ cells may not be different; however, the
basic actions of the PDGFRα+ cells in the colonic migrating motor
complexes could be different between the right and left colon. In a
study on PDGFRα+ cells in mice, the protein expression levels of
PDGFRα and SK3, assessed by western blotting, indicated that
the distal colon had much higher levels than the proximal colon.32
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However, the results for PDGFRα+ cells in that study were not
quantitative values, such as those produced by qPCR. Thus, they
may be different from our study results. Therefore, further studies
should be performed to verify the different actions of purinergic
inhibition and the function of PDGFRα+ cells in the human right
and left colon.
Abnormal purinergic neurotransmission has been suggested to
play a role in GI motility disorders, and inflammation can alter purinergic signaling.21,33 Recently, protease-activated receptors, which
are associated with the inflammatory response in the GI tract, were
found to be expressed predominantly in PDGFRα+ cells and to
affect GI motility by mediating PDGFRα+ cell activation.34 As the
importance of PDGFRα+ cells in GI motility has been elucidated,
finding a way to control these cells will enable more effective treatments of specific motility disorders related to abnormal purinergic
signaling in the future.
The limitation of this study was the small sample size for the
in vitro experiments, which prevented statistical significance from
being reached in some experiments. In addition, in the experiments
to compare the right and the left colon, we did not perform a paired
test on the entire colon; instead, we made comparisons with the
right and left colonic tissues derived from each other. However,
studies on the function of PDGFRα+ cells in the human colon
are rare. Furthermore, mechanical recordings of contractions in
the colonic segment are important, because the intrinsic structures
related to motility are damaged less compared to that in other types
of experiments. Although studies using electrophysiology or microscopy with Ca2+ imaging have reported the detailed functions of
PDGFRα+ cells in animal models, further experiments are necessary to determine their functions in human GI motility.
In conclusion, purines inhibit segmental contractility in the
right and left colons of humans similarly, and apamin increases
contractility in the left colon. Pretreatment with apamin was found
to prevent changes in contractility from occurring after purine treatment. The contractions of the smooth muscle strip significantly
changed after MRS2500 treatment in the right and left colon.
Further, the distribution and number of PDGFRα+ cells may not
be different in the smooth muscle layer between the right and left
colon. Overall, the results show that purinergic inhibitory neurotransmission can be regulated by PDGFRα+ cells in the human
colon.
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Background/Aims
Several studies have assessed the effect of cool temperature on colonic peristalsis. Transient receptor potential melastatin 8 (TRPM8) is
a temperature-sensitive ion channel activated by mild cooling expressed in the colon. We examined the antispasmodic effect of cool
temperature on colonic peristalsis in a prospective, randomized, single-blind trial and based on the video imaging and intraluminal
pressure of the proximal colon in rats and TRPM8-deficient mice.
Methods
In the clinical trial, we randomly assigned a total of 94 patients scheduled to undergo colonoscopy to 2 groups: the mildly cool
water (n = 47) and control (n = 47) groups. We used 20 mL of 15°C water for the mildly cool water. The primary outcome was the
proportion of subjects with improved peristalsis after treatment. In the rodent proximal colon, we evaluated the intraluminal pressure
and performed video imaging of the rodent proximal colon with cool water administration into the colonic lumen. Clinical trial registry
website (Trial No. UMIN-CTR; UMIN000030725).
Results
In the randomized controlled trial, after treatment, the proportion of subjects with no peristalsis with cool water was significantly
higher than that in the placebo group (44.7% vs 23.4%; P < 0.05). In the rodent colon model, cool temperature water was associated
with a significant decrease in colonic peristalsis through its suppression of the ratio of peak frequency (P < 0.05). Cool temperaturetreated TRPM8-deficient mice did not show a reduction in colonic peristalsis compared with wild-type mice.
Conclusion
For the first time, this study demonstrates that cool temperature-dependent suppression of colonic peristalsis may be associated with
TRPM8 activation.
(J Neurogastroenterol Motil 2022;28:693-705)
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Introduction
Gastrointestinal peristalsis is a common problem for endoscopists. It can interfere with intubation and withdrawal, and it can
make endoscopic therapy difficult. Antispasmodics, including
hyoscine butylbromide, glucagon, and L-menthol, are used during
endoscopy to suppress peristalsis.1 Furthermore, gastrointestinal
peristalsis may be involved in the pathophysiology of various diseases, functional dyspepsia, irritable bowel disorder (IBS), and other
conditions.2,3
There are some studies that have evaluated the role of temperature on gastrointestinal peristalsis.4-7 Regarding the upper gastrointestinal tract, it was reported that esophageal motility changes were
affected by the temperature of the water bolus.6 Using high-resolution manometry, it was demonstrated that cold water increased the
duration and decreased the amplitude of esophageal body shrinkage in healthy individuals.6 It was reported that, compared to the
primary speed of gastric emptying of the control drink, that of the
cold drink was significantly delayed.4 Regarding the lower gastrointestinal tract, it was reported that warm water irrigation during colonoscopy significantly suppressed pain.5 However, the mechanism
through which temperature influences colonic peristalsis has been
poorly documented.
Transient receptor potential melastatin 8 (TRPM8) and transient receptor potential ankyrin 1 (TRPA1) are thermally sensitive ion channels that can be activated by cold.8,9 The temperature
threshold of TRPM8 activation is in the range of 18-23°C.10
TRPA1 can be activated by noxious cold, below 15°C.9 Transient
receptor potential (TRP) channels are expressed at sensory nerve
endings. These channels receive stimuli and cause depolarization.
TRPM8 and TRPA1 are reportedly expressed in the colon.11-13
We found that the TRPM8 agonist menthol suppressed colonic
peristalsis and abdominal pain in a randomized controlled trial.1,14
Peppermint oil is reported to induce symptom relief in patients with
IBS and to exert spasmolytic effects and inhibition of gastrointestinal contractility.15,16 Furthermore, TRPM8 polymorphism reportedly has association with higher incidence of IBS.17,18 It is reported
that the gastrointestinal mucosa is sensitive to local cold temperature
due to the augmented vagal TRPA1 expression and function in
IBS.19 It was reported that a TRPM8 agonist reduced the spontaneous contractions in the human colon and that a TRPA1 agonist
induced colonic motility in rats.12,13 However, how TRP channels
TRPM8 and TRPA1, which can be activated by cold, affect gastrointestinal peristalsis has been poorly documented.
694

We hypothesize that the administration of cool temperature
water to the colon would result in less peristalsis by activating
TRPM8. We designed this study to examine the role of temperature on colonic peristalsis.

Materials and Methods
Study Design and Patients
This study was a randomized, single-blind, open, prospective
trial. As shown in Figure 1, patients to be examined by colonoscopy
for screening colonoscopy, the examination of confirming fecal occult blood screening test, a colonoscopy for endoscopic treatment
of colorectal tumors, or a surveillance colonoscopy after endoscopic
treatment of colorectal tumors were subject to registration. Patients
were excluded if they had (1) severe organ failure, (2) symptoms
suggesting possible colorectal stenosis or cancer, (3) a history of
colectomy, and (4) known colorectal cancer, inflammatory bowel
disease, or familial polyposis. To participate in this study, from all
patients, we obtained written informed consent.

Procedures
We allocated patients to either the mildly cool water group or
the room temperature water group randomly. Before the examination, we allocated the patients to these groups by dynamic balancing
with the minimization method. Independent members created the
randomization table. Although patients were blinded to the allocation, endoscopists were not.
We gave patients undergoing colonoscopy a low-fiber diet and
20 mL of sodium picosulfate hydrate (sodium picosulfate hydrate
[CHOS]; Mylan Seiyaku, Tokyo, Japan) on the night before
colonoscopy as preparatory medication. Before colonoscopy, 20 mL

Registered and randomized
for colonoscopy (n = 95)
Excluded (n = 1)
Post colectomy n = 1
Assigned to room
temperature water
(n = 47)

Assigned to
mildly cool water
(n = 47)

Analyzed
(n = 47)

Analyzed
(n = 47)

Figure 1. Patient allocation of clinical trial.
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of dimeticon, 0.5 L of water, and 1 L of polyethylene glycol (Moviprep; EA Pharma, Tokyo, Japan) were used to clean the bowel
in the morning. Pentazocine (Pentagin; Daiichi-Sankyo, Tokyo,
Japan) or Midazolam (Dormicum 10 mg; Astellas Pharma, Tokyo,
Japan) were administered to patients who wanted to be sedated during colonoscopy.
In these patients, we used light sources and colonoscopes (Evis
Lucera Elite, CVL-290SL, Evis PCF-H290ZI; Olympus Medical Systems, Tokyo, Japan). We supplied CO2 using a CO2 tube
and insufflator (MAJ-1742 and UCR; Olympus Medical Systems).
By 1 of the same group of 7 colonoscopists, the colonoscopy
procedures were performed: 3 highly qualified colonoscopists who
had performed more than 3000 colonoscopies and 4 less experienced colonoscopists who had performed less than 500 colonoscopies. In every case, we inserted the colonoscope to the cecum as fast
as we could without searching lesions, and the colonoscopists then
began the study examination. Next, 20 mL of water at a temperature of 15°C, as a TRPM8 agonist, was administered in the mildly
cool water group. In the room temperature water group, 20 mL
of water at room temperature of 25°C was administered. During
colonoscopy, via the biopsy channel of the endoscope with a length
of 120 cm, we sprayed directly on the cecum 20 mL of water at a
temperature of 15°C or at room temperature of 25°C in a prefilled
syringe. We pushed the residual liquid out by air in this way. We
used water at a temperature of 15°C as a TRPM8 agonist.

Outcome Assessment
We evaluated colonic peristalsis by an examiner using a 4-level
rating of colonoscopy according to whether or not peristalsis causes
interference with colonoscopy after applying the assigned administration as follows: for colonoscopy, (0) no peristalsis, (1) mild
peristalsis, (2) moderate peristalsis, or (3) severe peristalsis. These
classifications were also used in a previous study.20 The investigator
scored colonic peristalsis for 1 minute before treatment and for 1
minute after treatment.
We evaluated abdominal pain using the following 4-grade
scale: (0) no pain, (1) mild pain, (2) moderate pain, or (3) severe
pain, during the insertion of the colonoscope and its withdrawal. We
used this scale in our previous report.1 Independent staff members
recorded the abdominal pain score which was reported by every
patient.
We evaluated the quality of the bowel preparation for colonoscopy by the Aronchick Scale, as follows: (1) excellent, (2) good, (3)
fair, (4) poor, or (5) inadequate.

Outcome Parameters
The difference in the ratio of patients with no peristalsis after
administration for colonoscopy was the primary outcome. The interval to the improvement of peristalsis after treatment for colonoscopy was the secondary outcome.

Sample Size Calculation
We reported that the ratio of patients with no colonic peristalsis
(grade 0) after treatment was 71.2% in an L-menthol group and
30.9% in a placebo group.1 In the present study, we calculated the
sample size be sufficient to show an improvement in peristalsis in
40% of the patients in the mildly cool water group in comparison
to the placebo group. Our power analysis indicated that we needed
more than 40 patients in each group, assuming a 1% significance
level and a statistical power of 80% using 2-sided equivalence.
Therefore, we estimated that a total of 90 patients would be needed.

Drugs and Chemicals
We purchased all chemicals from Wako Pure Chemical Corporation (Osaka, Japan).

Animals
We obtained Sprague-Dawley rats at 7-12 weeks of age and
C57BL/6J mice at 6-8 weeks of age from Shimizu Laboratory Supplies Co, Ltd. (Kyoto, Japan). TRPM8 green fluorescent protein
(GFP) transgenic animals were generated as described in the references (Professor Ardem Patapoutian) and were bred in the National
Institute for Physiological Sciences, National Institutes of Natural
Sciences, Okazaki, Japan (Professor Makoto Tominaga).21 All mice
were genotyped before use in experiments. We housed the animals
at 22°C under a 12-hour light/dark cycle and allowed them access
to food and water. They had ad libitum access to drinking water.

The Measurement of Intraluminal Pressure of
Isolated Rat and Mouse Proximal Colon Tract
We fasted rats and mice overnight and we euthanized them by
decapitation before the removal of their colon. In an organ bath (100
mL volume), we placed a 2-cm to 3-cm segment of the proximal
colon, and we perfused an organ bath with Krebs solution (3435°C, 3.5 mL/min). We securely attached with string the oral and
aboral ends of the proximal colon segment to the saline input and
output ports, respectively. In the colon, we set a Mikro-Tip catheter
pressure transducer (SPR-524, Millar Instruments, Houston, TX,
USA) to monitor the intraluminal pressure (cmH2O). By elevat-
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ing the drain tube, we caused shrinking by loading an intraluminal
pressure to ~4 cmH2O. By a data acquisition and analysis system
(MP100, BIOPAC Systems, Goleta, CA, USA), we evaluated the
intraluminal pressure waves. We macroscopically observed motility through video images (HDC-HS 100-K, Panasonic, Osaka,
Japan). We added 2.5 mL of saline at room temperature (25°C),
saline at a temperature of 15°C, saline at a temperature of 5°C and
0.8% L-menthol solution (MINCLEA; Nihon Seiyaku, Tokyo,
Japan) at room temperature (25°C) into the intraluminal tract via
the drain tube for 25 seconds. We used saline at a temperature of
15°C and 5°C as a candidate for TRPM8 agonists. A TRPA1 antagonist (HC-030031; FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan) was added to the Krebs solution in the organ
bath (serosal side). We calculated the peak frequency (PF) as the
number of high-amplitude pressure peaks (> 8 mm on spatiotemporal mapping) per minute within a certain period of time. We also
calculated the area under the curve (AUC) above the minimum
value of the pressure during a defined period. We calculated the
peak pressure amplitude (PPA) as the average pressure of the peaks
minus the minimum value during a defined period. We calculated
PPA, PF, and the AUC for each period as the ratio to before drug
administration.

Spatiotemporal Mapping
According to a previously described method before, Spatiotemporal mappings with image-based representations of motions
were created.22,23 Along the length of the colon (image y-axis), for
each video frame (image x-axis), we calculated the colon width
(coded as image intensity, black to white) at each point using the
ImageJ software program. As shown in Figure 2, broad relaxation
was represented as the white area. The transmitting shrinkages were
expressed as dark colored diagonal stripes.

Immunocytochemical Detection of Transient
Receptor Potential Melastatin 8 Expression in
the Mouse Colon
We detected colonic expression of TRPM8 using TRPM8GFP
transgenic mice. We euthanized mice, and excised their colons and
rinsed with phosphate-buffered saline (PBS). The colons were not
fixed and snap frozen in optimal cutting temperature compound
(Tissue-Tek; Sakura Finetek Japan, Tokyo, Japan). Optimal cutting temperature-embedded tissue was sectioned with a cryostat at
10 μm slices and mounted on CREST slides. We stored the slides
at –80°C. We dried the frozen slide at room temperature for 30
minutes and then at room temperature for 30 minutes, after which
696

we washed them with deionized water for 30 seconds. We washed
slide-mounted sections 3 times with PBS for 5 minutes. Slides were
then blocked (Protein Block; Abcam, Cambridge, UK), and the
samples were incubated with rabbit polyclonal anti-GFP antibody
(1:400 dilution; Abcam) and goat polyclonal anti-calcitonin generelated peptide (CGRP) antibody (1:200 dilution; Abcam) in PBS
and incubated at 4°C overnight. Sections were washed 3 times with
PBS containing 0.1% Tween 20, followed by incubation with the
secondary Donkey anti-Rabbit IgG, Alexa Fluor 488 (1:1000 dilution; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
and Donkey anti-Goat IgG, Alexa Fluor 594 (1:1000 dilution; Invitrogen, Thermo Fisher Scientific) for an additional hour. Sections
were washed 3 times with PBS containing 0.1% Tween 20 and
coverslipped with DAPI-Fluormount-G (Southern Biotechnology Associates Inc, Birmingham, AL, USA). We acquired digital
images using a Keyence BZ-X810 microscope with the BZ-X800
viewer (KEYENCE, Osaka, Japan).

Statement of Ethics
The study was approved by the Clinical Ethics Committee on
Human Experiments of Fukuchiyama City Hospital (IRB Registration No. 29-8, June 19, 2017). All procedures followed were in
accordance with the ethical standards of the responsible committee
on human experimentation (institutional and national) and with the
1964 Declaration of Helsinki and later versions. This study followed the CONSORT guidelines and is registered in the University Hospital Medical Network Clinical Trials Registry (UMINCTR, UMIN 000030725). Informed consent to be included
in the study, or the equivalent, was obtained from all patients. All
animal experiments were approved by the Institutional Animal Care
and Use Committee of Kyoto Prefectural University of Medicine
(Kyoto, Japan) under Assurance Number M2020-94, M2020-95,
M2020-151 and performed according to the institutional guidelines for the care and use of laboratory animals, which is accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Statistical Methods
The median, mean, range, and 95% confidence intervals were
summarized in the quantitative data. We compared patient characteristics and the details of the colonoscopy examinations by the chisquared test, chi-squared test with Yates’ correction, unpaired t test,
and the Mann–Whitney U test. Using the chi-squared test, we
compared the ratio of patients with no peristalsis after administration. We compared the changes in the peristalsis scores of patients
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Figure 2. Reduction of colonic motor

5 min

C
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Saline 5 C
Oral

Aboral
Time

after administration using the Wilcoxon signed rank test. We evaluated statistical significance between 2 groups by unpaired t test and
among 3 groups by a one-way analysis of variance (ANOVA) or
Kruskal-Wallis test. We performed all analyses using GraphPad
Prism 7 (GraphPad Software, San Diego, CA, USA) on a Windows-based computer.

activity and intraluminal high-amplitude
pressure by cold saline in rats. (A) The
colonic motility and intraluminal highamplitude pressure after administration
of room temperature saline. (B) A typical
pattern of reduction of colonic motility
and intraluminal high-amplitude pressure induced by 5°C saline. (C) Serial
photographs of colonic motor activity.
Left: motility before treatment. Right:
motility after treatment with 5°C saline.

Results
Patient Baseline Characteristics and Compliance
With the Protocol
A total of 95 patients who underwent colonoscopy were registered in this study between October 2017 and March 2018. We
assigned the patients equally and randomly to 2 groups: the mildly
cool water (15°C) and room temperature (25°C) groups. One
patient was excluded from enrollment. Thus, the study population
included a total of 94 patients: 47 patients were randomly assigned
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to the mildly cool water group and 47 patients were assigned to the
room temperature (25°C) group (Fig. 1). In Table 1, we summarize
the baseline data of the patients. In the baseline data of the 2 groups,
no significant differences were found. All 94 colonoscopic examinations were completed.

Colonic Peristalsis

peristalsis grades into a numerical score. The peristalsis score of the
patients who were administered mildly cool water was significantly
decreased compared to before the administration (P = 0.002, after
administration, Wilcoxon signed rank test). After administration,
the ratio of patients who did not show any peristalsis (grade 0) was
44.7% in the mildly cool water group and 23.4% in the room temperature water group (P < 0.05, chi-squared test) (Fig. 3).

Table 2 summarizes the grade of colonic peristalsis before and
after treatment in both groups. We converted the evaluated colonic
Table 1. Baseline Characteristics of All Patients

Characteristics

Room temperature water (n = 47)

Age (yr)
Sex (male/female)
Indication
Screening
FOBT positive results
EMR
Surveillance
Bowel preparation
% rated (excellent, good or fair)
Insertion time·median (sec)
Observation time·median (sec)
Pain during insertion
None/mild/moderate/severe
Pain during colonoscopy
None/mild/moderate/severe
Colonoscopists
Experts/trainee
Underlying disease
Prostatic hyperplasia
Glaucoma
Arrhythmia

P -value

Mildly cool water (n = 47)

68 (34-86)
29/18

66 (21-83)
31/16

0.849
0.668
0.507

23 (48.9)
7 (14.9)
10 (21.3)
7 (14.9)

19 (40.4)
11 (23.4)
7 (14.9)
10 (21.3)

44 (93.7)/3 (6.3)
472 (192-1423)
746 (382-3800)

43 (91.5)/4 (8.5)
539 (217-1455)
763 (416-1998)

0.694
0.167
0.865

11 (23.4)/29 (61.7)/6 (12.8)/1 (12.8)

10 (21.3)/27 (57.4)/9 (19.1)/1 (2.2)

0.869

31 (66.0)/13 (27.7)/3 (6.3)/0 (0.0)

29 (61.7)/15 (31.9)/3 (6.4)/0 (0.0)

-

31 (66.0)/16 (34.0)

26 (55.3)/21 (44.7)

0.291

1 (2.1)
0 (0.0)
1 (2.1)

0 (0.0)
1 (2.1)
0 (0.0)

0.315
0.315
0.315

FOBT, fecal occult blood test; EMR, endoscopic mucosal resection.
Data are presented as median (range), n, or n (%).

Table 2. Grades of Peristalsis Before and After Treatment

Peristalsis grade
Medication
Room temperature water (n = 47)
Before treatment
After treatment
Mildly cool water (n = 47)
Before treatment
After treatment

Interval to
the improvement of
peristalsis (sec)

0

1

2

3

13 (27.7)
11 (23.4)

24 (51.1)
26 (55.3)

10 (21.2)
10 (21.3)

0 (0.0)
0 (0.0)

0.688

-

13 (27.7)
21 (44.7)

20 (42.6)
22 (46.8)

13 (27.7)
4 (8.5)

1 (2.0)
0 (0.0)

0.002

42.7

Data are presented as n (%).
Wilcoxon signed rank test.
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Adverse Events
We observed no bleeding or symptoms after endoscopy in any
of the patients.

The Evaluation of Rat Colonic Motor Activity by
Video Imaging and Intraluminal Pressure Peaks, and
the Effect of Cool Water and Menthol
By video image recording and intraluminal pressure measurement, we analyzed the motility of isolated segments of the rat proximal colon. High-amplitude pressure peaks were observed after the
beginning of the experiment. The administration of room temperature saline into the colon from the oral side had no effect on either
the intraluminal pressure or the spatiotemporal mapping (Fig. 2A).
*

No peristalsis
after administration (%)

50

44.7%

40
30
23.4%

20
10

The administration of cold saline into the colon from the oral side
induced low-amplitude periodic pressure peaks (Fig. 2B). Serial
photographs of the mobility of the unmedicated colon (left) and the
colon treated with cool saline (right) are shown in Figure 2C. After
the administration of cool saline, the spastic colon started to relax. In
Figure 4 (Supplementary Videos 1-3), the suppression of the pressure peak pattern, PF, AUC, and PPA are shown. The suppression
of PF in the group treated with 5°C saline was significantly lower in
comparison to the room temperature water groups (P < 0.05 after
treatment, Kruskal-Wallis test) (Fig. 4A). The administration of 5°C
saline, 15°C saline and room temperature saline had no significant
effect on the suppression of PPA or the AUC (one-way ANOVA)
(Fig. 4B and 4C). The administration of menthol into the colon
from the oral side had effect on either the intraluminal pressure
(Supplementary Figure) or the spatiotemporal mapping (data are
not shown). In Supplementary Figure, the suppression of the pressure peak pattern, PF, AUC, and PPA is shown. The suppression
of PF and PPA in the group treated with menthol was significantly
lower in comparison to the room temperature water groups (P <
0.01 after treatment, unpaired t test) (Supplementary Figure A and
C). The administration of menthol and room temperature saline
had no significant effect on the suppression of the AUC (unpaired t
test) (Supplementary Figure B).

0
Room temperature water

Mildly cool water

Figure 3. In clinical trial, the ratio of patients who did not show any
peristalsis (grade 0) after mildly cool water or room temperature water
was administered as a direct spray to the colonic mucosa. *P < 0.05
in comparison to room temperature water (chi-squared test).

100

*

50

0

C

150

150

100

PPA (%)

B

150

AUC (%)

PF (%)

A

50

0
Room
temperature
water

15 C

5C

100
50
0

Room
temperature
water

15 C

5C

Room
temperature
water

15 C

5C

Figure 4. Suppression of peak frequency (PF) after the administration of 5°C saline in rats. (A) Decreased ratio of PF in high-amplitude pressure
following the administration of 5°C saline. To quantify the decrease in high-amplitude pressure induced by 5°C saline, the ratio of contraction frequency before and after administration with a length of more than 8 mm was calculated as the %PF. *P < 0.05 vs room temperature. (B) The area
under the curve (AUC) at high-amplitude pressure with 5°C saline. The AUC was calculated before and after drug administration using the lowest
intraluminal pressure value as the baseline. There were no significant differences among the 3 groups. (C) The results of the peak pressure amplitude (PPA) at high-amplitude pressure with 5°C saline. The difference between PPA and the lowest intraluminal pressure was defined as PPA, and
the ratio of PPA before and after medication was calculated as % PPA. There was no significant difference among the 3 groups (n = 5).
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Figure 5. Colonic motility in wild type (WT) mice and transient receptor potential melastatin 8 (TRPM8)-deficient (TRPM8 ) mice. The intra-

luminal high-amplitude pressure and colonic motor activity before and after administration of 5°C saline in wild type (WT) mice. A typical pattern
of reduction of colonic motor activity and intraluminal high-amplitude pressure induced by 5°C saline. (D) The colonic motility and intraluminal
high-amplitude pressure before and after administration of 5°C saline in transient receptor potential melastatin 8-deficient (TRPM8)–/– mice. (E)
Decreased ratio of peak frequency (PF) in high-amplitude pressure following administration of 5°C saline in WT mice. To quantify the decrease
in high-amplitude pressure induced by 5°C saline, the ratio of contraction frequency before and after administration with a length of more than 8
mm was calculated as the %PF. *P < 0.05 vs room temperature (25°C) of wild type mice. (F) The area under the curve (AUC) at high-amplitude
pressure with 5°C saline. The AUC was calculated before and after saline administration using the lowest intraluminal pressure value as the baseline. There were no significant differences between the 2 groups. (G) The results of the peak pressure amplitude (PPA) at high-amplitude pressure with 5°C saline. The difference between PPA and the lowest intraluminal pressure was defined as PPA, and the ratio of PPA before and after
medication was calculated as %PPA. There were no significant differences between the 2 groups (n = 6).
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The Evaluation of Transient Receptor Potential
Melastatin 8-deficient and Wild-type Mouse Colonic
Motor Activity by Video Imaging and Intraluminal
Pressure Peaks and the Effect of Cool Water
We analyzed the motility of isolated segments of the proximal colon from TRPM8-deficient and wild-type mice by video
image recording and intraluminal pressure measurement. In
Figure 5, the intraluminal pressure, spatiotemporal mapping,
pressure peak pattern, PPA, PF, and AUC are shown. In both
TRPM8-deficient and wild-type mice, after the experiment was
started, high-amplitude pressure peaks were observed. The administration of room temperature (25°C) saline into the colon from the
oral side had no effect on either the intraluminal pressure or the spatiotemporal mapping in either TRPM8-deficient or wild-type mice
(Fig. 5, Supplementary Videos 4-7). The administration of room
temperature (25°C) saline into the colon from the oral side did not
induce low-amplitude periodic pressure peaks in either wild-type
mice (Fig. 5A) or TRPM8-deficient mice (Fig. 5B). The administration of cold (5°C) saline into the colon from the oral side induced
low-amplitude periodic pressure peaks in wild-type mice (Fig. 5C)
but not in TRPM8-deficient mice (Fig. 5D). After the administration of cool saline, the spastic colon started to relax in wild-type mice
(Fig. 5C) but not in TRPM8-deficient mice (Fig. 5D). In wildtype mice, the inhibition of PF in the group administered saline at
5°C was significantly lower than that in the group administered with
room temperature saline, but no significant difference was observed

Room temperature water
5C

B

The Evaluation of Rat Colonic Motor Activity With
or Without a Transient Receptor Potential Ankyrin
1 Inhibitor by Video Imaging and Intraluminal
Pressure Peaks and the Effect of Cool Water
We analyzed the motility of isolated segments of the rat proximal colon with or without a TRPA1 inhibitor by video image
recording and intraluminal pressure measurement. Figure 6 shows
the pressure peak pattern, PPA, PF, and AUC. After the experiment was started, high-amplitude pressure peaks were observed in
the rat proximal colon both with and without TRPA1 inhibitor (Fig.
6). The administration of room temperature (25°C) saline into the
colon from the oral side had no effect on the intraluminal pressure
in the rat proximal colon with or without the TRPA1 inhibitor (Fig.
6). The administration of cold (5°C) saline into the colon from the
oral side induced low-amplitude periodic pressure peaks in the rat
proximal colon both with and without the TRPA1 inhibitor (Fig. 6).
After the administration of cold (5°C) saline, the spastic colon started to relax in both the rat proximal colon, both with and without the
TRPA1 inhibitor (Fig. 6). In the rat proximal colon, both with and
without the TRPA1 inhibitor, the inhibition of PF in the group that
received saline at 5°C was significantly lower than that in the group
that received room temperature (25°C) saline (P < 0.01) (Fig.

Room temperature water
5C

Room temperature water
5C

C

150

150

100

100

100

**

***

50

0

PPA (%)

150

AUC (%)

PF (%)

A

in TRPM8-deficient mice (P < 0.05) (Fig. 5E). The administration of 5°C saline and room temperature saline did not have a significant effect on the inhibitory effect of the AUC (Fig. 5F) or PPA
(Fig. 5G) in either TRPM8-deficient or wild-type mice.

50

0
Control

HC-030031

50

0
Control

HC-030031

Control

HC-030031

Figure 6. Colonic motility in rats without or with the administration of a transient receptor potential ankyrin 1 (TRPA1) inhibitor. (A) Decreased
ratio of peak frequency (PF) in high-amplitude pressure following the administration of 5°C saline in rats without administration of a TRPA1
inhibitor. To quantify the decrease in high-amplitude pressure induced by 5°C saline, the ratio of contraction frequency before and after administration with a length of more than 8 mm was calculated as the %PF. **P < 0.01 vs room temperature (25°C) without a TRPA1 inhibitor, ***P < 0.001
vs room temperature (25°C) with a TRPA1 inhibitor. (B) The area under the curve (AUC) at high-amplitude pressure with 5°C saline. The AUC
was calculated before and after administration of saline using the lowest intraluminal pressure value as the baseline. There were no significant differences between the 2 groups. (C) Results of the peak pressure amplitude (PPA) at high-amplitude pressure with 5°C saline. The difference between the PPA and the lowest intraluminal pressure was defined as the PPA, and the ratio of the PPAs before and after medication was calculated
as the %PPA. There were no significant differences between the 2 groups (n = 3).
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6A). The administration of 5°C saline and room temperature (25°C)
saline did not have a significant effect on the inhibitory effect of the
AUC (Fig. 6B) or PPA (Fig. 6C) in the rat proximal colon with or
without the TRPA1 inhibitor.

The Transient Receptor Potential Melastatin 8 and
Calcitonin Gene-related Peptide Expression in the
Colon

(TRPM8GFP) to monitor the expression of TRPM8. Digital
imaging of GFP-stained colonic sections derived from TRPM8
GFP mice revealed abundant TRPM8 expression in the mouse
colon (Fig. 7A-D). GFP was observed in the luminal propria, submucosal plexus and myenteric plexus (Fig. 7C, blue arrows). Costaining with CGRP revealed that the expression of TRPM8 was
closely associated with peptidergic neurons (Fig. 7E-G). CGRP
was observed in neuronal like structures (Fig. 7G, white arrows).

We used the transgenic mice in which the expression of the
GFP reporter was driven by the TRPM8 transcriptional promoter

A

B

GFP

TRPM8

C57bl6 GFP ab

GFP ab

C

D

GFP

TRPM8

E

TRPM8

GFP ab

C57bl6 GFP ab

F

GFP

GFP ab

20

TRPM8

40

G

GFP

CGRP ab

Merge

Figure 7. Transient receptor potential melastatin 8 (TRPM8) localization in the TRPM8 green fluorescent protein (GFP) mouse colon. (A)

GFP-targeted polyclonal antibody staining in the TRPM8 GFP mouse colon. (B) GFP staining in C57BL/6J mice. No detectable signal was
observed. (C) Enlarged (×2 zoom) view of GFP staining in c57bl6 mice. No detectable signal was observed. (D) Enlarged (×2 zoom) view of
a section of the TRPM8 GFP mouse colon. (E) Enlarged (×2 zoom) view of a section of the TRPM8 GFP mouse colon. (E) Calcitonin generelated peptide (CGRP) staining in the TRPM8 GFP mouse colon. (G) Merged image showing TRPM8 and CGRP expressing cells in the
TRPM8 GFP mouse colon.
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Discussion
For the first time, we examined the effects of cool temperature on colonic peristalsis in a randomized, single-blind, placebocontrolled trial, and based on intraluminal pressure and video
imaging of the proximal colon of rats and TRPM8-deficient mice.
The results in clinical trial showed that the use of mildly cool temperature significantly reduced peristalsis in the colon. The results in
the animal model showed that the use of the cool temperature water
may be associated with a significant decrease in the PF of colonic
peristalsis through TRPM8 activation.
Previous studies showed that warm water irrigation of the
colon induced significantly less discomfort in comparison to room
temperature water during colonoscopy.5 A significant relationship
was found between the difference in intragastric temperature and
the difference in gastric ejection rate after taking cold and control
liquids.4 Cold temperature water caused an increase in the duration
and a decrease in the amplitude of esophageal body contraction.6
Cold activates TRPM8 and TRPA1 which are thermally sensitive ion channels.8,9 In a mouse model of colitis, it was reported
that TRPM8 expressed in the colon and activation of TRPM8
suppressed the inflammatory response, partly by reducing the
neuropeptides release.11 It is reported that TRPM8 receptors are
expressed in the human colon and that ligand-dependent TRPM8
activation can reduce colonic motility.13 The TRPA1 agonist, allyl
isothiocyanate, is reported to induce colonic motility of rats.12 However, the data regarding how the low temperature of irrigated water
is associated with colonic peristalsis and the correlation between
TRPM8 and TRPA1 activation and colonic peristalsis are limited.
In the present study, as expected, the use of cool temperature
water was associated with a significant reduction in colorectal peristalsis during colonoscopy. The administration of cool temperature
water was associated with a significant reduction in colorectal
peristalsis via the modulation of the PF in the rat with and without
TRPA1 antagonist and wild-type mouse colon models, but not in
TRPM8-deficient mouse colon models. The results of this study
are consistent with those of previous studies on changes in esophageal body contraction duration and peristalsis. As expected, the suppression of colonic peristalsis by the administration of cool water to
the colon prolonged the duration and resulted in decreased colonic
peristalsis through TRPM8 activation.
Antispasmodic agents, including hyoscine butylbromide,
glucagon, L-menthol, and lidocaine, are used to treat the colon.
Among these, hyoscine butylbromide exerts similar antimuscarinic

anticholinergic effects.24 In vivo and in vitro studies suggest that
glucagon may be activated via the production of cyclic adenosine3’,5’-monophosphate, through a neuronal effect, by the release
of catecholamine from the adrenal medulla, or by a combination
of these mechanisms. L-menthol directly inhibits gastrointestinal
smooth muscle contractility.15 Lidocaine hydrochloride is thought to
affect the mucosal nerves of colonic motility, thereby producing an
antispasmodic effect.25 The temperature was associated with colonic
peristalsis. Our present study showed that the cool temperature regulated colonic motility by suppressing the PF of the colon. It was
reported that a TRPM8 receptor agonist, (2S,5R)-2-IsopropylN(4-methoxyphenyl)-5-methylcyclohexanecarboximide (WS-12),
[1-[Dialkyl-phosphinoyl]-alkane (DAPA) 2-5, 1-[Diisopropylphosphinoyl]-alkane (DIPA) 1-7, DIPA 1-8, DIPA 1-9, DIPA
1-10 induced the reduction of spontaneous contractions of human colon circular muscle.13,15 Therefore, our results suggest that
TRPM8 activation by cool temperature was associated with the
mechanism through which the PF of the colon was suppressed.
In a previous study and our own study, TRPM8 was expressed in
the sensory neurons of the colon,11,13,26 thus, low temperature could
activate the sensory input. It was reported that ligand-dependent
TRPM8 activation is able to reduce the spontaneous contractions
in the human colon, probably through the opening of the large-conductance Ca2+-dependent K+-channels.13 Therefore, in our study,
TRPM8 activation by low temperature may reduce the colonic
peristalsis through the opening of the large-conductance Ca2+-dependent K+-channels. However, it appears that Na+ channels and
A-type K+ channels are expressed in neuronal cells and extremely
sensitive to temperature, and that T-type Ca+ channels are also sensitive to temperature. The activation of these channels can be shifted
to the positive potential by low temperature and result in decreased
the pacemaker activity in the colon. It has been reported that gastrointestinal peristalsis may be involved in the pathophysiology of
various diseases, and research on this potential drug discovery target is progressing. Thus, the mechanism of suppression of colonic
peristalsis by cool temperature should be further investigated.
In our clinical study, mildly cool (15°C) water significantly suppressed colonic peristalsis. However, in the rat colon model, 15°C
water did not suppress colonic peristalsis, while 5°C water significantly suppressed colonic peristalsis. In the clinical study, via the biopsy channel of the endoscope, we sprayed 20 mL water directly on
the cecum within just 1 second. In the rat colon model, 2.5 mL saline was administered into the colon via the tube within 25 seconds.
The injection speed in the rat model was much slower than that in
the clinical study. Although we could not measure the precise tem-
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perature of water or saline at the colon, the temperature of the 5°C
saline was expected to be higher than 5°C when it reached colon of
the animals and the temperature of the 15°C saline was expected
to be higher than 15°C when it reached the colon of the animals,
while the temperature of the sprayed 15°C water was expected to be
almost equal. We therefore used water at a temperature of 15°C as
a candidate TRPM8 agonist in our clinical study and used saline
at temperatures of 5°C and 15°C as candidate TRPM8 agonists
in the animal colon model. This may be the reason for the difference in the effective temperature between the clinical study and in
the animal colon model. As TRPA1 could be activated by noxious
cold (below 15°C), the solution of 5°C in the animal colon model
can activate TRPA1. This was the reason why we used a TRPA1
antagonist in the animal colon model.
In the clinical study, the administration of 15°C water to the
colonic mucosa did not lower the temperature of the colonic mucosa to 15°C because of the body temperature. In the rat model, the
administration of 5°C water to the colonic did not lower the temperature of the rat colon to 5°C due to the presence of warm Krebs
solution. A cool temperature regulated colonic peristalsis; thus, the
gastrointestinal mucosa may have a system that responds to a highly
diverse range of sensory stimuli, including nociceptive compounds,
temperature, touch, pheromones, and osmolarity. It was reported
that the TRP channels, TRPV1, TRPA1, and TRPM8, are expressed in the gastrointestinal tract.11,12,27 It was reported that cold
tolerance was regulated by mechanoreceptor-mediated circuit calculation in a worm model.28 The biological effects of low temperature
on the occurrence of slow wave motion and colon motility require
further investigation.
We had some limitations in the present study. First, we undertook this study at a single center. Second, although the assigned
teatment was blinded to patients, it was not blinded to colonoscopists. Third, the endoscopists evaluated the colonic peristalsis
subjectively. Fourth, the temperature of the administered water and
saline was not measured precisely at the colon mucosa in both the
clinical study and the animal model.
In summary, our findings suggest that cool temperature was
associated with a significant decrease in colonic peristalsis by suppressing the PF of the colon through TRPM8 activation. We
showed for the first time that cool temperature was associated with a
decrease in colonic peristalsis in both a clinical study and an animal
model, and TRPM8 activation may be associated with colonic peristalsis.
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Narcotic Bowel Syndrome, an Under-recognized
Cause of Chronic Abdominal Pain in Adults

Introduction
It is estimated that about 20.0% of the population suffers from
chronic pain, using different drugs such as opioids for its management.1 Opioids’ main effects are anesthetic and hypnotic, with some
adverse effects such as sedation, delirium, and digestive problems
(Fig. 1).2,3 Although only 0.3% of gastroenterologists prescribe opioids, this increases to 13.0% in irritable bowel syndrome, 30.0% in
Crohn’s disease, and 70.0% in patients hospitalized for abdominal
pain, and it is estimated that 10.0% of patients who use opioids for
pain will abuse them.2,4 Narcotic bowel syndrome (NBS) is characterized according to Rome IV,5 but it is mostly unknown by general
gastroenterologists. Opioid tolerance can be managed by progressive dose increase, however this will cause hyperalgesia in patients
with NBS.3 We describe 3 cases seen last year to exemplify this
syndrome and its management.

Case Report
The Following 3 subjects were admitted to our institution for
study. Their information and treatment is described. A 49-yearold male user of tramadol due to mechanical back pain and 6 years
of diffuse chronic abdominal pain, without relation to defecation
or food intake. With no significant endoscopic findings, a normal
computerized tomography scan and laboratory tests (hematological,
biochemical, celiac serology, metabolic, and immunological). He
consulted 4 times in 1 year in different emergency rooms (ERs)
with no response to NSAIDs or antispasmodics, requiring fentanyl
in increasing doses. In his last consult at ER, he was admitted after
receiving fentanyl 300 μg with partial response. He was examined
again with no relevant findings. Pain was managed with opioids

but required more frequent and increasing dosages until he was
receiving 500 μg intravenous (IV) daily. After evaluation by our
neurogastroenterology team, he was started on lorazepam 2 mg peroral (PO), amitriptyline 12.5 mg PO, and methadone in decreasing
dose by 5 mg every 2 days from 30 mg until discontinued 2 weeks
later at discharge. After 3 months he reported no abdominal pain at
outpatient follow-up.
A 42-year-old woman with fibromyalgia, with a history of 4
years of episodic epigastric cramping abdominal pain, without association with food intake, defecation or nausea. She was without
relevant findings on images or laboratory tests or endoscopies.
She was seen at different ERs where she received prescriptions for
opioid agonists (mostly tramadol and fentanyl) in increasing doses.
She experienced partial resolution of pain, requiring tramadol 200
mg PO daily at home. Pain was managed with acetaminophen 4 g
daily, metamizole 4 g daily, and pargeverine and tramadol 200 mg
with partial response, requiring higher and more frequent doses of
opioids. After evaluation by neurogastroenterology and addiction
team, she was started on methadone 30 mg daily decreasing by 5
mg every 2 days until withdrawal, lorazepam 4 mg IV daily and
amitriptyline 12.5 mg PO. She was transferred to the mental health
department and was later discharged without opioids. At 2 months
follow-up she reported no abdominal pain.
A 27-year-old woman with rheumatoid arthritis and ulcerative
colitis under remission (normal biomarkers, fecal calprotectin,
endoscopic, and histological findings). She was consulted with
intermittent cramping abdominal pain for the last 6 months, using
high doses of tramadol for arthralgia and abdominal pain. Upon
admission for study and management she, like the 2 previous cases,
required high doses of fentanyl. She received up to 200 μg IV with
transient resolution of abdominal pain, recurring after less than 12
hours and requiring higher doses each time. After evaluation by a
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Gastrointestinal side effects of opioids
Opioid misuse is a global epidemic, with increases in opioid-related
morbidity and mortality around the world

Main GI side effects
Delirum and sedation

D2. Narcotic bowel syndrome
(Rome IV):

Pressure of lower
esophageal sphincter

1. Chronic or frequently recurring
abdominal pain (must occur most days)
that is treated with acute high-dose or
chronic narcotics.

Emptying of
pancreatic juice and bile
Pyloric tone and
gastric emptying

2. The nature and intensity of the pain is
not explained by a current or previous
GI diagnosis.

Intestinal peristaltic
contractions and motility

3. Two or more of the following:

Absorption of fluids
and electrolytes

a. The pain worsens or incompletely
resolves with continued or
escalating dosages of narcotics.
b. There is marked worsening of pain
when the narcotic dose wanes and
improvement when narcotics are reinstituted.
c. There is progression of the frequency,
duration, and intensity of pain
episodes.

Anal sphincter tone

2

Adapted from Szigethy et al.

3

Adapted from Keefer et al.

Risk of
recidivism

Therapeutic
relationship

1. History of substance abuse
2. Negativity with the diagnosis
3. Personality disorder

Multidisciplinary
management of
NBS

Patient
education

Up to 2/3 of patients could
resume opioid use!

Consider adding other
medications: pregabalin,
quetiapine, NMDA
antagonists

Psychological and pain
management unit
support or mindfulness

Consider anxiolytics
during withdrawal

Add an antidepresant
(amitriptiline or duloxetine)

Figure 2. Multidisciplinary manage-

ment of narcotic bowel syndrome (NBS).
NMDA, N-Methyl-D-aspartic acid. Created with BioRender.com with permission.

Change opioid for morphine
or methadone reducing dose
10-30% per day

multidisciplinary team (neurogastroenterology and chronic pain
clinic) she was prescribed amitriptyline 12.5 mg, pregabalin 75 mg,
meveberine 200 mg, and decreasing fentanyl by 50 μg each dose
until discontinuation. She was discharged without abdominal pain.
At follow-up in neurogastroenterology clinic 1 month later, she re-

Figure 1. Gastrointestinal side effects
of opioids and narcotic bowel syndrome.
GI, gastrointestinal. Created with BioRender.com with permission.

ported mild pain, without requiring tramadol. Mindfulness therapy
was indicated with a good response after 4 sessions.
Diagnosis of NBS was made in all 3 cases with a good response
to opioid withdrawal and use of neuromodulators. They remained
asymptomatic in the outpatient follow-up.
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Discussion

1

The increasing use of opioids has resulted in different consequences, including NBS. One group reported a 2.8% prevalence
of NBS among 577 opioid users.6 There is no consensus regarding
the management of NBS and its differential diagnosis can be very
difficult. One of the most important keys for treatment includes education and validation of the patient’s symptoms. The detoxification
regimen followed with the 3 subject patients involved a progressive
decrease in opioid doses, in our experience with the use of methadone. The use of pain modulators such as tricyclic antidepressants
or pregabalin (considering comorbidities as lumbago or fibromyalgia), management of opioid withdrawal with benzodiazepines and
provision of psychological help were effective in our small cohort
(Fig. 2). The main risk factors for recidivism are a history of substance abuse, some personality disorders and refusal to adhere to a
detoxification program, with two-thirds of patients relapsing, making the support of the mental health team essential.7,8
Increased awareness of NBS, especially among general gastroenterologists, is the key to success in this difficult-to-recognize
disorder, which is progressively exacerbated by treatment with prescription of progressively higher doses of opioids. Although detoxification programs could be effective, further investigation is needed to
determine the best strategy that will improve our patients’ outcome.
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A Case of Emetophobia Responding to Mirtazapine
and Propranolol Treatment

Emetophobia (“phobia of vomiting and nausea” or “Specific
Phobia- Other [Vomiting]” in Diagnostic and statistical manual of
mental disorders-Fifth Edition [DSM-5]) is characterized by impairing, chronic phobic avoidance of nausea/vomiting as well as inordinate cognitive and autonomic responses when avoidance is not
possible.1,2 Patients may have elevated disgust sensitivity, a tendency
to display gastrointestinal symptoms of anxiety as well as misinterpretation of those symptoms as catastrophic.2 Data on pharmacological management of emetophobia among adolescents is limited with
only 2 cases benefiting from selective serotonin reuptake inhibitors
(fluoxetine and sertraline) while adults may also benefit from benzodiazepines.3-5 Patients may apply to various medical specialty clinics
for treatment and this may delay diagnosis and management. Here;
we aim to present an adolescent with emetophobia and its management by mirtazapine and propranolol.

with vomiting. Psychometric evaluations with Scale for Anxiety and
Related Disorders in Children (SCARED), Emetophobia Scale
(EmetQ-13), and Clinical Global Impressions (CGI) revealed
scores of 56, 49, and 5; respectively (elevated anxiety, emetophobia,
and severe symptoms).6-9 Consultation with pediatrics and laboratory evaluations were normal. Therefore, she was diagnosed with
emetophobia and generalized anxiety disorder and mirtazapine
7.5 mg/day was started. Fortnightly follow-up visits were initiated
and mirtazapine was increased to 15 mg/day at the eighth week.
SCARED, EmetQ-13, and CGI scores were 30, 25, and 4 (elevated anxiety and emetophobia, moderate symptoms). At the sixth
month of treatment she was free of emetophobia and could dine
out of home, although she started to experience panic attacks after
a Coronavirus disease 19 infection. Therefore, mirtazapine was
increased to 30 mg/day and propranolol 40 mg/day was initiated.
At the last visit on 10th month of treatment SCARED, EmetQ-13,
and CGI scores were 23, 16, and 3 (anxiety and emetophobia below
threshold, mild symptoms).

Case

Discussion

A 14 year-old female, high school junior applied to the department with complaints of “chronic nausea and occasional vomiting.”
The complaints were present for the past 18 months, correlated
with stress levels, started without a stressor and prevented her from
going outside her home for the past 2 months. She avoided eating
due to fear of vomiting and lost 3 kilograms within the past week.
A pediatrician diagnosed post-nasal drip and prescribed her pseudoephedrine with no benefit. The father was previously diagnosed
with panic disorder and received treatment. Mental status examination revealed elevated anxiety, reduced appetite, and preoccupations

Emetophobia may start in adolescence, occasionally after a distressing episode of nausea or vomiting and may accompany other
anxiety disorders. It may be resistant to treatment and spontaneous
remission is rare.1,2 In accordance with the literature; complaints
started after adolescence in our patient with accompanying generalized anxiety disorder and she initially applied to a pediatrician. Data
on psychopharmacological management of emetophobia is limited
and we initiated mirtazapine which is a noradrenergic-specific serotonergic antidepressant with reported benefits on cyclic vomiting,
anxiety, and reduced appetite along with anti-emetic effects due to

Introduction
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5-HT3 antagonism.10 Propranolol was added later due to a family
history of panic disorder and onset of panic attacks. This is the first
report of mirtazapine and propranolol benefiting emetophobia in an
adolescent and our report should be supported with future studies.
The main limitation of this case was that no evaluations for gastrointestinal motility disorders were conducted.
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should be used where they appear in the text at least three times, and be explained in parentheses at the first time in the text.
Do not use abbreviation(s) in the title.

ACTH
ADP
ADPase
ALT
AMP
anti-HAV
anti-HBc
anti-HBe
anti-HBs
anti-HDV
AST
ATP
ATPase
BUN
cAMP
cDNA
cGMP
CNS
CT
DNA
EDTA
HAV
HBcAg
HBeAg
HBsAg
HBV

adrenocorticotropic hormone
(adrenocorticotropin)
adenosine diphosphate
adenosine diphosphatase
alanine aminotransferase
adenosine monophosphate
antibody to hepatitis A virus
antibody to hepatitis B core antigen
antibody to hepatitis B e antigen
antibody to hepatitis B surface antigen
antibody to hepatitis D (delta) virus
aspartate aminotransferase
adenosine triphosphate
adenosine triphosphatase
blood urea nitrogen
adenosine 3’,5’-cyclic monophosphate
complementary DNA
guanosine 3’,5’-cyclic monophosphate
central nervous system
computed tomography
deoxyribonucleic acid (deoxyribonucleate)
ethylenediaminetetraacetic acid
hepatitis A virus
hepatitis B core antigen
hepatitis B e antigen
hepatitis B surface antigen
hepatitis B virus

HCV
HDV
H&E
HIV
HLA
Ig
IL
IFN
Km
MHC
MRI
mRNA
NANB
NSAID
PG
PGI
PNS
RNA
TGF
TNF
TXA2
UDCA
VIP
vol
vs
wt

hepatitis C virus
hepatitis D (delta) virus
hematoxylin and eosin
human immunodeficiency virus
human leukocyte antigen
immunoglobulin
interleukin
interferon
Michaelis constant
major histocompatibility complex
magnetic resonance imaging
messenger RNA
non-A, non-B (hepatitis)
nonsteroidal anti-inflammatory drug
prostaglandin
prostacyclin
peripheral nervous system
ribonucleic acid
transforming growth factor
tumor necrosis factor
thromboxane A2
ursodeoxycholic acid
vasoactive intestinal polypeptide
volume
versus
weight

Measurements and Units of Measure
Combining Prefixes
tera- (1012)
T
giga- (109)
G
mega- (106)
M
kilo- (103)
k
hecto- (102)
h
deca- (101)
da
deci- (10-1)
d
centi- (10-2)
c
milli- (10-3)
m
micro- (10-6)
m
nano- (10-9)
n
pico- (10-12)
p
femto- (10-15)
f
atto- (10-18)
a
Units
A
Å

ampere(s)
angstrom(s)

cal
CFU
C
cpm
cps
cm3
Ci
cycle/min
cycle/sec
Da
day(s)
dL
o
C
d
dpm
dps
eV
Eq
o
F

calorie(s)
colony-forming unit(s)
coulomb(s)
counts per minute
counts per second
cubic centimeter(s) (not cc)
Curie(s)
cycles per minute
cycles per second
dalton(s)
day(s) (do not abbreviate)
deciliter
degree(s) Celsius
density
disintegrations per minute
disintegrations per second
electron volt(s)
equivalent(s)
degree(s) Fahrenheit

F
ft
G
g
t1/2
H
Hz
hr
in
IU
J
K
kcal
kDa
kg
L
×
m
mg
mL
mm
msec
mL
mmHg
min
mo
mol/L
mol
msec

farad
foot
gauss
gram(s)
half-life
henry(ies)
hertz
hour(s)
inch(es)
international unit(s)
joule(s)
kelvin
kilocalorie(s)
kilodalton(s)
kilogram(s)
liter(s)
magnification
meter(s)
microgram(s)
microliter(s)
micrometers (do not use microns)
microsecond(s)
milliliter(s)
millimeter(s) of mercury
minute(s)
month(s)
molar
mole(s)
millisecond(s)

Ω
osm
oz
Pa
lb
psi
rpm
rps
sec
U
V
W
wk
yr

ohm(s)
osmole(s)
ounces(s)
pascal(s)
pound(s)
pound-force per square inch
revolutions per minute
revolutions per second
second(s)
unit(s)
volts(s)
watt(s)
week(s)
year(s)

Statistical Terms
analysis of variance
ANOVA
confidence interval
CI
correlation coefficient
r
degrees of freedom
df
mean
x̄
not significant
NS
number of observations
n
odds ratio
OR
probability
p
standard deviation
SD
standard error
SE
standard error of the mean
SEM
variance ratio
F

General Information
Drug names. Please use generic names wherever possible. If a trade name drug was used in the study being reported, please cite
the trade name in parentheses, along with the manufacturer’s name and location.
Chemical names. Chemical names should be spelled and styled according to the Merck Index, 10th edition.
Manufacturers. When the use of specific scientific equipment or other products is cited in the manuscript, the manufacturer’s full
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