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The preparatory accommodation response of lower esophageal sphincter (LES) before swallowing is 
one of the mechanisms involved in LES relaxation during wet swallows, however, the physiological 
and/or pathological roles of LES accommodation remain to be determined in humans. To address this 
problem, we conducted a prospective observational study of 38 patients with normal high-resolution 
manometry (HRM) and 23 patients with idiopathic esophagogastric junction outflow obstruction 
(EGJOO) to assess dry and wet swallows. The LES accommodation measurement was proposed 
for practical use in evaluating the LES accommodation response. Although swallow-induced LES 
relaxation was observed in both dry and wet swallows, LES accommodation (6.4, 3.1–11.1 mmHg) was 
only observed in wet swallows. The extent of LES accommodation was impaired in idiopathic EGJOO 
(0.6, − 0.6–6 mmHg), and the LES accommodation measurement of patients with idiopathic EGJOO 
(36.8, 29.5–44.3 mmHg) was significantly higher in comparison to those with normal HRM (23.8, 
18–28.6 mmHg). Successful LES relaxation in wet swallowing can be achieved by LES accommodation 
in combination with swallow-induced LES relaxation. Impaired LES accommodation is characteristic 
of idiopathic EGJOO. In addition to the IRP value, the LES accommodation measurement may be 
useful for evaluating the LES relaxation function in clinical practice.

Abbreviations
BLESP  Basal LES pressure
CC  Chicago classification
DCI  Distal contractile integral
DL  Distal latency
EGJ  Esophagogastric junction
EGJOO  Esophagogastric junction outflow obstruction
EMD  Esophageal motility disorder
GERD  Gastroesophageal reflux disease
HRM  High-resolution manometry
IBP  Intrabolus pressure
IRP  Integrated relaxation pressure;
LES  Lower esophageal sphincter
LESR  Lower esophageal sphincter relaxation
PWS  Pharyngeal water stimulation
TLESR  Transient lower esophageal sphincter relaxation
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Esophageal motility function is responsible for the esophageal phase of swallowing, and coordinated esophageal 
motility function that is exquisitely controlled by the neuromuscular response is indispensable for daily dietary 
 intake1. While not eating, both the upper esophageal sphincter (UES) and lower esophageal sphincter (LES) 
maintain basal pressure to prevent the reflux of the gastric contents into the esophagus and pharynx. During 
eating it is necessary to achieve timely and sufficient LES relaxation accompanied by subsequent peristalsis of 
the esophageal body, to allow the passage of food into the stomach. In particular, such LES relaxation during 
eating plays a key role in the successful transportation of ingested food into the stomach. It is well known that 
LES relaxation is induced by the swallowing action itself, which can be termed as swallow-induced LES relaxa-
tion. In addition to this response, LES relaxation is also caused by the physical stimulation of oral cavity and/
or pharynx by liquid and food before the swallowing action, which is termed pharyngeal water stimulation 
(PWS)-induced LES  relaxation2. Since this PWS-induced LES relaxation appears before the swallowing action, 
it can be considered the LES’s accommodation of the preparatory response for swallow-induced LES relaxation.

This concept of LES accommodation reminds us of gastric accommodation with relaxation of the proximal 
stomach. The gastric accommodation response plays an important role in the gastric motility function in order to 
reserve ingested food for a certain period of time, and it is caused by two distinct mechanisms, including gastric 
receptive relaxation and gastric adaptive  relaxation3. Gastric receptive relaxation is caused by the physical stimu-
lation of pharynx while gastric adaptive relaxation is induced by contact and stretch stimulation of the gastric 
fundus directly, by ingested food. From the viewpoint of the relaxation mechanisms, PWS-induced LES relaxation 
in the esophagus corresponds to gastric receptive relaxation. It could therefore be referred to as receptive LES 
relaxation. It is reasonable to consider that LES has a similar accommodation response to the proximal stomach 
since LES is located anatomically next to the gastric proximal stomach. In addition, the smooth muscles of both 
the LES and proximal stomach are characterized by tonic contractility where the smooth muscles maintain a 
certain basal tone at rest and relax upon stimulation of ingested food during eating. However, it remains to be 
determined how the LES accommodation response, including receptive LES relaxation, contributes to successful 
LES relaxation during eating.

Major dysfunction of esophageal motility is collectively referred to as esophageal motility disorder (EMD). A 
representative example of EMD is achalasia, which reduces quality of life, work productivity and limits oral intake 
due to difficulty in swallowing, and can also lead to life-threatening diseases, such as aspiration  pneumonia4. 
A novel disease concept termed esophagogastric junction outflow obstruction (EGJOO) has been established 
based on high-resolution manometry (HRM) together with Chicago classification (CC) ver3.05. While achalasia 
is characterized by impaired relaxation of the LES as well as impaired esophageal body peristalsis, EGJOO is 
defined as a disorder of impaired LES relaxation with intact esophageal body peristalsis. It is important to eluci-
date the pathophysiology of EGJOO, since it is possible that EGJOO could be a precursor of achalasia, and that 
treatment for EGJOO may prevent the onset of achalasia. Although we recently indicated in a pilot study that 
EGJOO might be characterized by impairment of receptive LES  relaxation6, further investigation is required.

We aimed to elucidate the mechanisms of physiological LES relaxation during dry and wet swallowing, by 
assessing how LES accommodation (represented by receptive LES relaxation), together with swallow-induced 
LES relaxation, contribute to timely and sufficient LES relaxation, and to determine the mechanisms of the 
impaired LES relaxation in EGJOO, by focusing on the pathological role of the LES accommodation response.

Results
The clinical characteristics of the enrolled patients. The clinical characteristics of the patients with 
normal HRM, patients with EGJOO and patients with achalasia are shown in Table 1. There were no significant 
differences in the demographic data among of the three groups. The Eckardt score of the patients with achalasia 
was significantly higher than that of the patients with normal HRM. The dysphagia item of the Eckardt score 
obtained in EGJOO patients tended to be higher, and that obtained in achalasia patients was significantly higher 

Table 1.  Clinical characteristics of the patients with normal HRM and patients with EGJOO and Achalasia. 
EGJOO esophagogastric junction outflow obstruction; HRM high-resolution manometry. Results are shown as 
the median (interquartile range) or mean ± standard error. a p < 0.05 vs. Normal HRM. b p < 0.05 vs. EGJOO.

Clinical characteristics Normal HRM (n = 38) EJGOO (n = 23) Achalasia (n = 33)

Age, years 60.5 (48.5–68.0) 66.0 (57.0–68.0) 65 (37–72.5)

Sex, female/male 21/17 6/17 18/31

Height, cm 160 (157.0–163.8) 156.8 (150.5–162.0) 163 (153–171.5)

Body weight, kg 54.6 (48.6.–61.6) 51 (46.4–60.5) 58 (46–65.8)

Body mass index, kg/m2 20.6 (18.6–24.2) 20.9 (18.7–22.8) 21.4 (19.2–23.6)

Eckard score

Total 2.1 ± 0.43 3.0 ± 0.57 4.2 ± 0.42a

Weight loss 0.59 ± 0.18 0.83 ± 0.22 0.94 ± 0.16

Dysphagia 0.37 ± 0.09 0.83 ± 0.25 1.5 ± 0.19a

Retrosternal pain 0.56 ± 0.15 0.78 ± 0.24 0.56 ± 0.13

Regurgitation 0.59 ± 0.13 0.56 ± 0.18 1.2 ± 0.15b
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in comparison to the scores of patients with normal HRM. In addition, the regurgitation item of the Eckardt 
score obtained in achalasia patients was significantly higher than that obtained in EGJOO patients.

Difference in HRM parameters between dry and wet swallows in patients with normal 
HRM. A series of representative recordings of dry and wet swallows is shown in Fig. 1a,b. In dry swallows, the 
LES pressure transiently decreased immediately after the swallowing action and recovered to the BLESP after 
esophageal body peristalsis. In contrast, in wet swallows, the LES pressure decreased simply from the adminis-
tration of 5 mL of water into the oral cavity; this was particularly obvious at the 1st wet swallow. The LES pressure 
further transiently decreased by the action of wet swallowing. The LES pressure did not recover to the BLESP 
after esophageal body peristalsis.

The basal HRM parameters in dry and wet swallows (n = 38) are shown in Table 2. Regarding the LES 
function, the mean IRP in dry swallowing (17.9, 13.4–21.3 mmHg) was significantly higher than that in wet 
swallowing (10.9, 9.8–13.0 mmHg). There were no significant differences in the BLESP (29.6, 25.6–36.4 vs. 
31.8, 23.8–36.4 mmHg), IBP at LES relaxation (6.3, 3.2–11.3 vs. 5.6, 4.8–8.3 mmHg) or IBP average max (13.9, 
10.8–21.5 vs. 12.3, 10.8–15.7 mmHg) between dry and wet swallows. Regarding the esophageal body function, 
the mean values of DCI (1006, 533.8–1983.3 mmHg·cm·s) in dry swallowing was significantly lower than that 
in wet swallowing (1765.1, 904.2–2243.9 mmHg·cm·s). The mean value of DL (5.9, 4.8–6.7 s) in dry swallowing 
was also significantly shorter than that in wet swallowing (7.2, 6.5–7.6 s).

Roles of swallow-induced LES relaxation and LES accommodation in dry and wet swallows in 
patients with normal HRM. We examined how swallow-induced LES relaxation contributed to the LES 
relaxation induced by dry and wet swallows. There was no significant difference in the extent of swallow-induced 
LES relaxation between dry (12.1, 8–16.1 mmHg) and wet (12.8, 8.6–19.1 mmHg) swallows in a total of 5 dry 
and wet swallows (Fig. 1c, Table 2). In a sub-analysis focusing on each swallow, there were also no significant 
difference in the extent of swallow-induced LES relaxation among 5 consecutive swallows both in dry and wet 
swallows (Figs. 1d,e).

In contrast, no response in LES accommodation was seen in dry swallowing; the extent of LES accommoda-
tion observed in a total of 5 dry swallows was 0.7 mmHg (− 1.1–2.8, n = 38) (Fig. 1f, Table 2), while LES accom-
modation was observed in wet swallowing. The mean LES accommodation value in a total of 5 wet swallows was 
6.4 mmHg (3.1–11.1, n = 23) (Fig. 1f). In a sub-analysis of LES accommodation focusing on each swallow, the 
extent of LES accommodation in wet swallowing showed a gradual but significant increase as wet swallowing 
was repeated (Fig. 1h) in comparison with dry swallowing (Fig. 1g). The extents of LES accommodation at the 
4th (6.7, 3.6–14.1 mmHg) and 5th (8.9, 3.5–13.6 mmHg) wet swallows were significantly higher than that at the 
1st swallow (4.2, 2.0–7.2 mmHg). Next, we examined the extent to which receptive LES relaxation contributed 
to LES accommodation in wet swallowing. receptive LES relaxation was mostly observed at the 1st swallow. The 
extents of receptive LES relaxation at the 2nd (0.6, − 1.0–3.9 mmHg) and 3rd (1.1, − 0.7–3.7 mmHg) wet swal-
lows were significantly lower than that at the 1st swallow (4.2 mmHg, 2.0–7.1) (Fig. 2). Once the LES pressure 
decreased with the 1st receptive LES relaxation, the relaxant response seemed to be maintained in subsequent 
wet swallows. This continuous relaxant response could be considered part of LES accommodation.

Assessment of LES relaxation during wet swallows in patients with EGJOO and patients with 
achalasia. A series of representative recordings of wet swallows in patients with EGJOO and patients with 
achalasia are shown in Fig. 3a,b. In patients with EGJOO, no apparent relaxation was induced by the administra-
tion of 5 mL of water into the oral cavity; however, the LES pressure transiently decreased with the wet swal-
lowing action. After the 5th wet swallow, the LES pressure tended to be lower than the BLESP obtained before 
starting the 1st wet swallow. In contrast, no apparent decrease in LES pressure was observed in patients with 
achalasia. Because of the diagnostic criterion, the median IRP of patients with EGJOO (20.5, 18.3–25.6 mmHg) 
and patients with achalasia (22.1, 16.6–29.7 mmHg) was significantly higher than the upper limit of normal 
(15 mmHg). There were no significant differences in the median BLESP among three groups. Although they 
were not applicable for achalasia, there were significant differences in the IBP at LES relaxation (8.7, 5.2–12.6 vs. 
5.6, 4.8–8.3 mmHg) and the IBP average max (17.1, 12.5–25.2 vs. 12.3, 10.8–15.7 mmHg) between the patients 
with EGJOO and the patients with normal HRM. In contrast, there were no significant differences in DCI 
(2049.6, 1366.2–2927.1 vs. 1765.1, 904.2–2243.9 mmHg·cm·s), or DL (6.1, 5.4–6.6 vs. 7.2, 6.5–7.6 s) between the 
patients with EGJOO and the patients with normal HRM.

Next we examined the impairment of the LES relaxation induced by wet swallowing in the patients with 
EGJOO and patients with achalasia. There was no significant difference in the swallow-induced LES relaxa-
tion between the patients with EGJOO (14.2, 11.4–19.7 mmHg) and the patients with normal HRM (12.8, 
8.6–19.1 mmHg). However, the extent of swallow-induced relaxation among patients with achalasia (6.1, 
3.4–7.8 mmHg) was significantly lower than that among patients with normal HRM and patients with EGJOO 
(Fig. 3c, Table 2). In addition, there were no significant differences in the extent of swallow-induced LES relaxa-
tion among the five wet swallows in patients with EGJOO and patients with achalasia (Fig. 3d,e). While a 
slight LES accommodation response was present, the median LES accommodation value in the patients 
with EGJOO (0.6, − 0.6–6 mmHg) was significantly lower than that of the patients with normal HRM (6.4, 
3.1–11.1 mmHg) (Fig. 3f, Table 2). In addition, the extent of LES accommodation among patients with achalasia 
(1.5, − 3.1–6.9 mmHg) was also significantly lower than among patients with normal HRM but was similar to 
that among patients with EGJOO.

The LES accommodation response was not observed at the 1st wet swallow but did appear at the 4th 
and 5th wet swallows in patients with EGJOO (Fig. 3a,g), while it was completely abolished in patients with 
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achalasia (Fig. 3b,h). In contrast, the receptive LES relaxation response was not seen in patients with EGJOO 
(− 1.2, − 3–0.9 mmHg), while it could not be technically assessed in patients with achalasia as they could not 
hold 5 mL water in the pharynx for 5 s (Fig. 3i, Table 2).

Figure 1.  A comparison of the HRM findings between dry and wet swallows for swallow-induced LES 
relaxation and LES accommodation. a, b, A series of representative recordings of dry (a) and wet (b) swallows. 
Red arrows indicate the swallowing action while orange arrows indicate the timing of water injection into 
the oral cavity. The patients were asked to hold 5 mL water in the pharynx for 5 s before swallowing. (c–e), 
Cumulative data of swallow-induced LES relaxation in a total of five dry and wet swallows (c) and in each dry 
(d) and wet (e) swallow from the 1st to 5th swallows. (f–h), Cumulative data on LES accommodation in a total 
of five dry and wet swallows (f) and in each dry (g) and wet (h) swallow from the 1st to 5th swallows. Data are 
shown as the median (interquartile range). A paired t-test was conducted (c and f). *A statistically significant 
difference between the two groups. n.s., no significant difference between the two groups. A repeated measure 
analysis of variance followed by Dunnett’s test was conducted (d, e, g, h), with the value of the 1st swallow (sw1) 
set as the control. *A statistically significant difference vs. sw1 (p < 0.05). n.s., no significant difference vs. sw1.
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Next, we examined whether or not the LES accommodation measurement was appropriate for evaluat-
ing the LES accommodation response. The LES accommodation measurements of patients with EGJOO (36.8, 
29.5–44.3 mmHg) and patients with achalasia (32.6, 23.6–39.5 mmHg) were significantly higher than that of 
those with normal HRM (23.8, 18–28.6 mmHg) (Fig. 4, Table 2). One important issue in clinical practice is 
to differentiate EGJOO and normal HRM. As determined by an ROC analysis for the measurement of LES 

Table 2.  HRM pressure topography parameters of dry and wet swallows in the patients with normal HRM 
and of wet swallow in the patients with EGJOO and patients with achalasia. EGJOO esophagogastric junction 
outflow obstruction; HRM high-resolution manometry; LES lower esophageal sphincter; IRP integrated 
relaxation pressure; IBP intrabolus pressure; LESR lower esophageal sphincter relaxation; DCI distal contractile 
integral; DL distal latency. Results are shown as the median (interquartile range). a p < 0.05 vs. Dry swallow in 
normal HRM. b p < 0.05 vs. Wet swallow in normal HRM. c p < 0.05 vs. EGJOO.

Normal HRM (n = 38) EGJOO (n = 23) Achalasia (n = 33)

Dry swallow Wet swallow Wet swallow Wet swallow

Conventional HRM parameters

LES function, mmHg

BLESP 29.6 (25.6–36.4) 31.8 (23.8–36.4) 41.2 (33.8–50.6)b 33.2 (24.1–42.5)

4 s-IRP 17.9 (13.4–21.3) 10.9 (9.8–13.0)a 20.5 (18.3–23.6)b 22.1 (16.6–29.7)b

IBP at LESR 6.3 (3.2–11.3) 5.6 (4.8–8.3) 8.7 (5.2–12.7)b n.a

IBP average max 13.9 (10.8–21.5) 12.3 (10.8–15.7) 17.1 (12.5–25.2)b n.a

Esophageal body contractility

DCI, mm Hg·cm·s 1006 (533.8–1983.3) 1765.1 (904.2–2243.9)a 2049.6 (1366.2–2927.1) n.a

DL, s 5.9 (4.8–6.7) 7.2 (6.5–7.6)a 6.1 (5.4–6.6)b n.a

Original HRM parameters

Swallow-induced LES relaxation, mmHg 12.1 (8.0–16.1) 12.8 (8.6–19.1) 14.2 (11.4–19.7) 6.1(3.4–7.8)b,c

LES accommodation, mmHg 0.7 (− 1.1–2.8) 6.4 (3.1–11.1)a 0.6 (− 0.6–6.0)b 1.5 (− 3.1–6.9)b

Receptive LES relaxation, mmHg n.a 2.6 (0.2–4.1)  − 1.2 (− 3.0–0.9)b n.a

LES accommodation measurement, 
mmHg n.a 23.8 (18.0–28.6) 36.8 (29.5–44.3)b 32.6 (23.6–39.5)b

Figure 2.  Receptive LES relaxation in wet swallowing. Cumulative data of receptive LES relaxation in each wet 
swallow from the 1st to 5th swallows. A repeated measure analysis of variance followed by Dunnett’s test was 
conducted, with the value of the 1st swallow (sw1) set as the control. *A statistically significant difference vs. sw1 
(p < 0.05). n.s., no significant difference vs. sw1.
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accommodation, the area under the curve (AUC) was 0.86. EGJOO can be discriminated from normal HRM 
using a cut-off value of 28.5 mmHg with 91.3% sensitivity and 73.7% specificity.

Discussion
Timely and sufficient LES relaxation is indispensable for maintaining the esophageal motility function responsible 
for the esophageal phase of swallowing. Swallow-induced LES relaxation induced by the swallowing action itself 
plays a main role in LES relaxation during meal  intake1. In addition to swallow-induced LES relaxation, however, 
another mechanism of LES relaxation called PWS-induced LES relaxation was proposed, which was induced 
by physical stimulation of the oral cavity and/or pharynx by liquid and food before the swallowing  action2. We 
have focused on the mechanism of PWS-induced LES relaxation, which is similar to that of gastric receptive 
 relaxation7. Thus, PWS-induced LES relaxation can be described as “receptive LES relaxation,” which was the 
term used in the present study. Although it has been reported that PWS-induced LES relaxation is associated 
with the onset of transient lower esophageal sphincter relaxation (TLESR)8,9, and with the inhibitory effects of 
esophageal  peristalsis7,10,11, the physiological significance of this response remains to be fully determined. This 
was why we set the primary objectives of the present study.

In order to accomplish our objectives, we focused on comparing the LES relaxation of wet swallowing with 
that of dry swallowing, where no receptive LES relaxation was expected since a dry swallow does not stimulate 
the oral cavity and/or pharynx with liquid. As a result, we identified novel physiological responses related to 
wet swallowing. Receptive LES relaxation was observed especially in the 1st wet swallow, however it was hardly 
seen in the 2nd to 5th wet swallows (Fig. 1d). In contrast, there were no significant difference in the extent of 
swallow-induced LES relaxation, or in the level of IRP among the 1st to 5th wet swallows, indicating that a 
mechanism other than receptive LES relaxation was involved in LES relaxation during wet swallowing. Although 
the underlying mechanism is yet to be determined, before starting the protocol, we evaluated the decline in the 
LES pressure from the BLESP just before the action of wet swallowing , which was defined as the LES accom-
modation response in the present study. As a result, the LES accommodation response gradually became larger 
as wet swallowing repeated, the extent of LES accommodation at the 4th and 5th wet swallows was significantly 
greater in comparison to the 1st wet swallow (Fig. 1c). In other words, the level of LES pressure before the injec-
tion of liquid into the oral cavity gradually declined as wet swallows were repeated. It seemed that the response 
of receptive LES relaxation from the 2nd to the 5th wet swallows was scarcely observed since the LES pressure 
had decreased when liquid entered the oral cavity and pharynx. This means that both receptive and, so called, 
non-receptive LES relaxation contributed to the LES accommodation response where receptive LES relaxation 
mostly acted at the 1st wet swallow and non-receptive LES relaxation acted at the subsequent wet swallows. Since 
we will assume that non-receptive LES relaxation is caused in a similar manner to gastric adaptive relaxation, 
it will possibly be termed as adaptive LES relaxation 3. On the other hand, there was no LES accommodation, 
including receptive LES relaxation in dry swallowing (Fig. 1b). Interestingly, the extent of swallow-induced LES 
relaxation in dry swallowing was as large as that in wet swallowing (Fig. 1c). However, full LES relaxation could 
not be achieved in dry swallowing, indicating that swallowing-induced LES relaxation in combination with LES 
accommodation is necessary for successful LES relaxation during wet swallowing.

In the present study, we determined not only the physiological role of the LES accommodation response but 
also its pathological role in idiopathic EGJOO and achalasia. Patients with idiopathic EGJOO complain of various 
of symptoms similar to those of patients with achalasia, including chest pain, heartburn and choking on food. The 
diagnosis of EGJOO by HRM includes not only idiopathic EGJOO but also secondary EGJOO with a mechanical 
process including neoplastic lesions at the EGJ, eosinophilic esophagitis, rings and esophageal  edema12–16. Other 
modalities, including EGD, esophagography and CT are additionally required to exclude secondary EGJOO. 
Although little is known about the etiology or pathogenesis of idiopathic EGJOO, we found that altered LES 
accommodation, especially altered receptive LES relaxation, is an underlying cause of idiopathic EGJOO. Both 
EGJOO and achalasia are disorders of EGJ outflow  obstruction5. EGJOO is characterized by impaired LES 
accommodation but intact swallow-induced LES relaxation, whereas achalasia is characterized by both impaired 
LES accommodation and impaired swallow-induced LES relaxation. It is reasonable to consider that idiopathic 
EGJOO could represent a variant of achalasia or its early  stage17,18. As for the treatment of idiopathic EGJOO, 
there is no established medical treatment available. Invasive symptomatic treatments, including balloon dilata-
tion, botulinum injection, and more recently, per-oral endoscopic myotomy (POEM), which was originally 

Figure 3.  HRM findings of swallow-induced LES relaxation, and LES accommodation in EGJOO and 
achalasia. (a, b) The series of representative HRM recordings in a patient with EGJOO (a) and a patient with 
achalasia (b). Red arrows indicate the swallowing action, while orange arrows indicate the action of injecting 
water into the oral cavity. (c,d) Cumulative data on swallow-induced LES relaxation in a total of five swallows 
in a patient with EGJOO and a patient with achalasia (c) and in each swallow in a patient with EGJOO (d) and 
a patient with achalasia (e), from the 1st to 5th wallows. (f–h) Cumulative data on LES accommodation in a 
total of five swallows in a patient with EGJOO and a patient with achalasia (f) and in each swallow in a patient 
with EGJOO (g) and a patient with achalasia (h), from the 1st to 5th swallows. (i) Cumulative data of receptive 
LES relaxation in a total of five swallows in a patient with EGJOO. Data are shown as the median (interquartile 
range). A one-way ANOVA followed by Turkey’s multiple comparison test was conducted (c and f) and an 
unpaired t-test was conducted (i). *A statistically significant difference between the two indicated groups. n.s., 
no significant difference between the two indicated groups. A repeated measure analysis of variance followed 
by Dunnett’s test was conducted (d, e, g, h), with the value of the 1st swallow (sw1) set as the control. n.s., no 
significant difference vs. sw1.

◂
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developed as an endoscopic treatment for achalasia, have been applied to the idiopathic EGJOO patients with 
severe  symptoms13,19–21. Considering that idiopathic EGJOO would be a disease condition in a reversible phase 
towards achalasia, it is important to generate the medical treatment of idiopathic EGJOO since this may also 
prevent the onset of achalasia. Thus, the impaired LES accommodation response identified in the present study 
could be a target for generation of the treatment for idiopathic EGJOO. Under such conditions, we have found 
that acotiamide, a newly developed prokinetic agent, currently being used in clinical practice for the treatment of 
functional dyspepsia in Japan, has significant potential in the treatment of idiopathic EGJOO, which is mediated 
by the normalization of impaired LES relaxation possibly through the improvement of LES  accommodation6. 
It is considered that acotiamide increases the acetylcholine concentration at the neuromuscular junctions and 
enteric nerve through its actions as an inhibitor of acetylcholine esterase activity and via its enhancement of 
acetylcholine release by antagonizing the  M1 and  M2 muscarinic receptors in the enteric  nerves22,23. It has been 
reported that acotiamide restored impaired gastric accommodation in patients with functional  dyspepsia22. A 
similar mechanism might be involved in the restoration of both the impaired LES and gastric accommodation.

One of the important findings of the present study that will impact on its clinical significance is that it sug-
gests a possible approach to the evaluation of LES relaxation. Based on CC ver3.0, the IRP is a gold standard for 
determining whether LES relaxation was impaired when IRP > the upper limit of normal is a diagnostic criterion 
for EGJ outflow obstruction disorders, including EGJOO and achalasia. However, we sometimes encounter cases 
in which it is difficult to judge whether the LES relaxation is normal or not when the IRP is close to upper limit of 
normal. Another approach (aside from IRP) has been awaited to evaluate the LES relaxation in clinical practice, 
and the assessment of LES accommodation and swallow-induced LES relaxation is a promising approach for 
determining whether the LES relaxation is normal or impaired. In this context, considering the practical use 
of evaluating the LES accommodation response, we have proposed the LES accommodation measurement. As 
a result, the LES accommodation measurement can be used to discriminate idiopathic EGJOO from a normal 
HRM study.

The present study is associated with some limitations. First, this prospective observational study was per-
formed in a single center. Second, although the normal patients enrolled in the present study had completely 
normal HRM findings, they had some thoracoabdominal symptoms, which could be attributed to functional 
gastrointestinal disorders at the time of enrollment in this study. Completely healthy subjects could not be 
enrolled due to ethical issues. Since those symptoms proved to be independent of EMDs, setting them as normal 
patients might be acceptable in the present study.

In conclusion, timely and sufficient LES relaxation in wet swallowing can be achieved by LES accommodation 
in combination with swallow-induced LES relaxation. In addition to receptive LES relaxation, non-receptive 
relaxation contributes to LES accommodation. Impaired receptive LES relaxation is the underlying cause of idi-
opathic EGJOO and achalasia. Besides the IRP value, the evaluation of two mechanisms, LES accommodation 

Figure 4.  The LES accommodation measurement of the patients with normal HRM, patients with EGJOO and 
patients with achalasia. A one-way ANOVA followed by Turkey’s multiple comparison test was conducted. *A 
statistically significant difference between the indicated two groups. n.s., no significant difference between the 
two indicated groups.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7898  | https://doi.org/10.1038/s41598-021-87052-x

www.nature.com/scientificreports/

and swallow-induced LES relaxation is helpful for determining whether the LES relaxation function is impaired 
in clinical practice.

Methods
Patients. A flow chart of this study is shown in Fig. 5. This was a prospective observational study. One hun-
dred and sixty-seven consecutive patients with suspected EMDs who had some symptoms of chest discomfort 
and dysphagia and underwent HRM between July 2015 and May 2018 were included in the present study. Based 
on CC ver3.0, out of a total of 167 patients, HRM findings were normal in 52 patients, with the following major 
esophageal motility disorders detected: achalasia (n = 39), EGJOO (n = 25), distal esophageal spasm (n = 10), 
jackhammer esophagus (n = 6), absent contractility (n = 13) and minor esophageal disorders, including ineffec-
tive esophageal motility (n = 19) and fragmented peristalsis (n = 3). Fourteen of the 52 cases with normal HRM 
findings and 2 of the 25 cases of EGJOO were excluded because the HRM results were not suitable for the evalu-
ation of LES accommodation. As a result, 38 cases with normal HRM findings were eligible for this study and 
analyzed to clarify the mechanisms by which successful LES relaxation was achieved during a wet swallow. No 
patients with normal HRM enrolled in this study had significant dysphagia, which was defined as a dysphagia 
score of Eckardt ≥ 2. In contrast, 23 cases with idiopathic EGJOO were analyzed to explore LES relaxation which 
was impaired during a wet swallow. For comparison purposes, 33 achalasia patients suitable for the evaluation of 
LES accommodation were included in this study to examine swallow-induced LES relaxation, LES accommoda-
tion and the LES accommodation index as a comparator. All of the enrolled patients had no history of thoraco-
abdominal surgery, and esophagogastroduodenoscopy (EGD) and computed tomography (CT) demonstrated 
no signs of other organic diseases, which ruled out secondary EGJOO.

HRM protocol and analyses. The esophageal motility function was assessed by HRM using a ManoScan 
Z (Given Imaging, Los Angeles, CA, USA). HRM was performed using a standardized protocol with some minor 
modifications. After the basal condition without swallowing was recorded for 30 s, patients were instructed to 
swallow as infrequently as possible and to breathe quietly and regularly. At first, the patients were instructed to 
perform dry swallows 5 times at 1 min intervals in the supine position. Thereafter the patients were asked to 
perform 10 swallows of 5 ml water (wet swallow) at 1 min intervals in the supine position (Fig. 6a). In order to 
assess receptive LES relaxation (described later), the patients were instructed to hold 5 mL water in the pharynx 
for 5 s before swallowing. As the standard protocol, the diagnosis, based on CC ver3.0, was made using the 10 
wet swallows. EGJOO is defined as EMD with impaired LES relaxation and abnormally high IRP (> 15 mmHg), 
but with normal or mildly abnormal peristalsis of the esophageal body. In order to assess the mechanisms of LES 
relaxation, we analyzed 5 dry swallows and the first 5 out of 10 wet swallows (Fig. 6a). We measured the HRM 
parameters, including the basal LES pressure (BLESP), integrated relaxation pressure (IRP), intrabolus pressure 
(IBP) at LES relaxation and IBP average max, distal contractile integral (DCI), and distal latency (DL), where 

Figure 5.  A flow chart showing enrollment of the patients in the present study. #Unsatisfactory HRM results for 
evaluation of LES accommodation. EGJOO esophagogastric junction outflow obstruction; HRM high-resolution 
manometry; LES lower esophageal sphincter.
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BSLEP in this study was defined as the mean LES value for 5 s just before the 1st dry swallow or 1st wet swallow, 
whichever was applicable. In addition to the metrics mentioned above, an original index was used (Fig. 6b).

Original index for the assessment of LES relaxation. In this study we assessed the mechanism of 
successful LES relaxation induced by a wet swallow with a focus on swallow-induced LES relaxation and the LES 
accommodation response, including receptive LES relaxation (Fig. 6b). Swallow-induced LES relaxation was 
defined as the mean value of 5 swallows obtained by subtracting IRP of each swallow from the mean value of 
the LES pressure for 5 s just before the swallow. LES accommodation in dry and wet swallows was defined as the 
mean value of 5 swallows obtained by subtracting the mean value of LES pressure for 5 s just before each swallow 
from the BLESP, which was obtained before the 1st dry and wet swallows, respectively. Receptive LES relaxation 
was defined as the mean value of 5 swallows obtained by subtracting the mean LES pressure for 5 s during phar-
yngeal water stimulation from that 5 s before injecting 5 mL water into the oral cavity. Considering the practical 
use of the evaluation for LES accommodation response, we proposed the LES accommodation measurement. 
The LES accommodation measurement is defined as the mean LES pressure of measurements performed 5 s 
before each of 10 wet swallows (Fig. 6b).

Figure 6.  The protocol and original index of the present study. (a) The series of the study protocol is shown. 
After the basal lower esophageal sphincter pressure (BLESP) was obtained, the 5 dry swallows were performed. 
After the BLESP was obtained again, 10 wet swallows of 5 ml water were performed. (b) As for the original 
index in this study, swallow-induced LES relaxation, LES accommodation, receptive LES relaxation and 
LES accommodation measurement were determined using the following formulas: C–D, A–C, B–C and C, 
respectively. Black rectangles indicate the BLESP, and black circles and triangles indicate dry and wet swallows, 
respectively. A: The BLESP. B: The LES pressure for 5 s just before the injection of 5 mL of water into the oral 
cavity. C: The LES pressure during pharyngeal water stimulation for 5 s just before each swallow. D: The IRP 
level of each swallow. In this HRM image, the subject was asked to hold 5 mL water in the pharynx for 15 s 
longer than usual before swallowing, in order to make receptive LES relaxation easier to recognize.
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Statistical analyses. All statistical analyses were performed using the Prism version 8.4.2. software pro-
gram (GraphPad, San Diego, CA, USA). The data were expressed as the median (interquartile range). A paired 
or unpaired t-test was used to analyze continuous and ordinal data between two groups. A one-way ANOVA 
followed by Turkey’s multiple comparison test was conducted to analyze any differences among the three groups. 
A repeated measure analysis of variance followed by Dunnett’s test was used to determine statistical significance 
between more than two groups for the repeated data. Receiver operating characteristic (ROC) analyses were 
conducted to identify a more accurate cut-off point that could help differentiate EGJOO from normal HRM. 
ROC curves were created by plotting the range of sensitivity and specificity pairs for the diagnosis of EGJOO. P 
values of < 0.05 were considered to indicate statistical significance.

Ethical considerations. The study protocol was approved by the Ethics Committee of Kyushu University, 
and was conducted in accordance with the ethical principles of the Declaration of Helsinki. All subjects provided 
their written informed consent before the start of the study.

Received: 16 August 2020; Accepted: 16 March 2021

References
 1. Hershcovici, T., Mashimo, H. & Fass, R. The lower esophageal sphincter. Neurogastroenterol. Motil. 23, 819–830. https:// doi. org/ 

10. 1111/j. 1365- 2982. 2011. 01738.x (2011).
 2. Trifan, A. et al. Inhibition of resting lower esophageal sphincter pressure by pharyngeal water stimulation in humans. Gastroen-

terology 108, 441–446. https:// doi. org/ 10. 1016/ 0016- 5085(95) 90072-1 (1995).
 3. Uno, H., Arakawa, T., Fukuda, T., Higuchi, K. & Kobayashi, K. Involvement of capsaicin-sensitive sensory nerves in gastric adaptive 

relaxation in isolated guinea-pig stomachs. Digestion 58, 232–239. https:// doi. org/ 10. 1159/ 00020 1449 (1997).
 4. Crespin, O. M. et al. Safety and efficacy of POEM for treatment of achalasia: a systematic review of the literature. Surg. Endosc. 31, 

2187–2201. https:// doi. org/ 10. 1007/ s00464- 016- 5217-y (2017).
 5. Kahrilas, P. J. et al. The Chicago classification of esophageal motility disorders, v3.0. Neurogastroenterol. Motil. 27, 160–174. https:// 

doi. org/ 10. 1111/ nmo. 12477 (2015).
 6. Muta, K. et al. Effects of acotiamide on the esophageal motility function in patients with esophageal motility disorders: a pilot 

study. Digestion 94, 9–16. https:// doi. org/ 10. 1159/ 00044 7010 (2016).
 7. Arakawa, T. et al. New aspects of gastric adaptive relaxation, reflex after food intake for more food: involvement of capsaicin-

sensitive sensory nerves and nitric oxide. J. Smooth Muscle Res. 33, 81–88. https:// doi. org/ 10. 1540/ jsmr. 33. 81 (1997).
 8. Leslie, E., Bhargava, V. & Mittal, R. K. A novel pattern of longitudinal muscle contraction with subthreshold pharyngeal stimulus: 

a possible mechanism of lower esophageal sphincter relaxation. Am. J. Physiol. Gastrointest. Liver Physiol. 302, G542-547. https:// 
doi. org/ 10. 1152/ ajpgi. 00349. 2011 (2012).

 9. Pouderoux, P., Verdier, E. & Kahrilas, P. J. Patterns of esophageal inhibition during swallowing, pharyngeal stimulation, and tran-
sient LES relaxation. Lower esophageal sphincter. Am. J. Physiol. Gastrointest. Liver Physiol. 284, G242–G247. https:// doi. org/ 10. 
1152/ ajpgi. 00301. 2002 (2003).

 10. Bardan, E., Xie, P., Ren, J., Dua, K. & Shaker, R. Effect of pharyngeal water stimulation on esophageal peristalsis and bolus transport. 
Am. J. Physiol. 272, G265-271. https:// doi. org/ 10. 1152/ ajpgi. 1997. 272.2. G265 (1997).

 11. Lang, I. M., Medda, B. K., Ren, J. & Shaker, R. Characterization and mechanisms of the pharyngoesophageal inhibitory reflex. Am. 
J. Physiol. 275, G1127-1136. https:// doi. org/ 10. 1152/ ajpgi. 1998. 275.5. G1127 (1998).

 12. Kahrilas, P. J., Bredenoord, A. J., Carlson, D. A. & Pandolfino, J. E. Advances in management of esophageal motility disorders. Clin. 
Gastroenterol. Hepatol. 16, 1692–1700. https:// doi. org/ 10. 1016/j. cgh. 2018. 04. 026 (2018).

 13. Kahrilas, P. J., Katzka, D. & Richter, J. E. Clinical practice update: the use of per-oral endoscopic myotomy in achalasia: expert 
review and best practice advice from the AGA institute. Gastroenterology 153, 1205–1211. https:// doi. org/ 10. 1053/j. gastro. 2017. 
10. 001 (2017).

 14. Okeke, F. C. et al. What is the clinical significance of esophagogastric junction outflow obstruction? evaluation of 60 patients at a 
tertiary referral center. Neurogastroenterol. Motil. https:// doi. org/ 10. 1111/ nmo. 13061 (2017).

 15. Ratuapli, S. K. et al. Opioid-induced esophageal dysfunction (OIED) in patients on chronic opioids. Am. J. Gastroenterol. 110, 
979–984. https:// doi. org/ 10. 1038/ ajg. 2015. 154 (2015).

 16. Schupack, D., Katzka, D. A., Geno, D. M. & Ravi, K. The clinical significance of esophagogastric junction outflow obstruction and 
hypercontractile esophagus in high resolution esophageal manometry. Neurogastroenterol. Motil. 29, 1–9. https:// doi. org/ 10. 1111/ 
nmo. 13105 (2017).

 17. Kahrilas, P. J. & Boeckxstaens, G. The spectrum of achalasia: lessons from studies of pathophysiology and high-resolution manom-
etry. Gastroenterology 145, 954–965. https:// doi. org/ 10. 1053/j. gastro. 2013. 08. 038 (2013).

 18. Scherer, J. R., Kwiatek, M. A., Soper, N. J., Pandolfino, J. E. & Kahrilas, P. J. Functional esophagogastric junction obstruction with 
intact peristalsis: a heterogeneous syndrome sometimes akin to achalasia. J. Gastrointest. Surg. 13, 2219–2225. https:// doi. org/ 10. 
1007/ s11605- 009- 0975-7 (2009).

 19. Clayton, S. B., Patel, R. & Richter, J. E. Functional and anatomic esophagogastic junction outflow obstruction: manometry, timed 
barium esophagram findings, and treatment outcomes. Clin. Gastroenterol. Hepatol. 14, 907–911. https:// doi. org/ 10. 1016/j. cgh. 
2015. 12. 041 (2016).

 20. Inoue, H. et al. Clinical practice guidelines for peroral endoscopic myotomy. Dig. Endosc. 30, 563–579. https:// doi. org/ 10. 1111/ 
den. 13239 (2018).

 21. Khashab, M. A. et al. Peroral endoscopic myotomy is effective and safe in non-achalasia esophageal motility disorders: an inter-
national multicenter study. Endosc. Int. Open 6, E1031–E1036. https:// doi. org/ 10. 1055/a- 0625- 6288 (2018).

 22. Kusunoki, H. et al. Therapeutic efficacy of acotiamide in patients with functional dyspepsia based on enhanced postprandial gastric 
accommodation and emptying: randomized controlled study evaluation by real-time ultrasonography. Neurogastroenterol. Motil. 
24(540–545), e250-541. https:// doi. org/ 10. 1111/j. 1365- 2982. 2012. 01897.x (2012).

 23. Tack, J. & Janssen, P. Acotiamide (Z-338, YM443), a new drug for the treatment of functional dyspepsia. Expert Opin. Investig. 
Drugs 20, 701–712. https:// doi. org/ 10. 1517/ 13543 784. 2011. 562890 (2011).

Acknowledgements
We would like to thank Dr. Junji Kishimoto and Dr. Masayuki Hirose of the Center for Clinical and Translational 
Research, Kyushu University Hospital, Fukuoka, Japan, for assisting with the statistical analyses.

https://doi.org/10.1111/j.1365-2982.2011.01738.x
https://doi.org/10.1111/j.1365-2982.2011.01738.x
https://doi.org/10.1016/0016-5085(95)90072-1
https://doi.org/10.1159/000201449
https://doi.org/10.1007/s00464-016-5217-y
https://doi.org/10.1111/nmo.12477
https://doi.org/10.1111/nmo.12477
https://doi.org/10.1159/000447010
https://doi.org/10.1540/jsmr.33.81
https://doi.org/10.1152/ajpgi.00349.2011
https://doi.org/10.1152/ajpgi.00349.2011
https://doi.org/10.1152/ajpgi.00301.2002
https://doi.org/10.1152/ajpgi.00301.2002
https://doi.org/10.1152/ajpgi.1997.272.2.G265
https://doi.org/10.1152/ajpgi.1998.275.5.G1127
https://doi.org/10.1016/j.cgh.2018.04.026
https://doi.org/10.1053/j.gastro.2017.10.001
https://doi.org/10.1053/j.gastro.2017.10.001
https://doi.org/10.1111/nmo.13061
https://doi.org/10.1038/ajg.2015.154
https://doi.org/10.1111/nmo.13105
https://doi.org/10.1111/nmo.13105
https://doi.org/10.1053/j.gastro.2013.08.038
https://doi.org/10.1007/s11605-009-0975-7
https://doi.org/10.1007/s11605-009-0975-7
https://doi.org/10.1016/j.cgh.2015.12.041
https://doi.org/10.1016/j.cgh.2015.12.041
https://doi.org/10.1111/den.13239
https://doi.org/10.1111/den.13239
https://doi.org/10.1055/a-0625-6288
https://doi.org/10.1111/j.1365-2982.2012.01897.x
https://doi.org/10.1517/13543784.2011.562890


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7898  | https://doi.org/10.1038/s41598-021-87052-x

www.nature.com/scientificreports/

Author contributions
K.M. and E.I. designed this study. K.M., S.H., M.W. and H.I. performed HRM study. M.W., Y.H., Y.N. and Y.T. 
performed EGD. K.M., Y.H., X.B.,Y.N. and Y.T. collected the data and performed the statistical analysis. K.M., 
S.H., H.O. and E.I. mainly wrote the manuscript. Y.O. supervised this study and reviewed the manuscript.

Funding
Grant Support: This study was partially supported by the Japan Society for the Promotion of Science KAKENHI 
(20K08334), and partially supported by the Project Promoting Clinical Trials for Development of New Drugs 
and Medical Devices (Japan Medical Association) from Japan Agency for Medical Research and Development 
(AMED) (19lk0201088h0001).

Competing interests 
E.I. belongs to an endowed course supported by the companies including Ono pharmaceutical Co., Ltd., 
Miyarisan Pharmaceutical Co. Ltd., Sanwa Kagaku Kenkyusho Co., Ltd., Otsuka Pharmaceutical Factory, Inc., 
Fujifilm Medical Co., Ltd., Terumo corporation, Fancl corporation, and Ohga pharmacy. E.I. obtains lecture 
fees from Takeda Pharmaceutical Company. K.M., S.H., H.I., M.W., Y.H., X.B., Y.N., Y.T., H.O. and Y.O. have no 
conflicts of interests to declare in relation to this study.

Additional information
Correspondence and requests for materials should be addressed to E.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physiological and pathological roles of the accommodation response in lower esophageal sphincter relaxation during wet swallows
	Results
	The clinical characteristics of the enrolled patients. 
	Difference in HRM parameters between dry and wet swallows in patients with normal HRM. 
	Roles of swallow-induced LES relaxation and LES accommodation in dry and wet swallows in patients with normal HRM. 
	Assessment of LES relaxation during wet swallows in patients with EGJOO and patients with achalasia. 

	Discussion
	Methods
	Patients. 
	HRM protocol and analyses. 
	Original index for the assessment of LES relaxation. 
	Statistical analyses. 
	Ethical considerations. 

	References
	Acknowledgements


