
 

Abstract 

Background 

Postprandial stationary pH monitoring studies have identified the acid pocket. To what extent a 
similar pool of acid is present in the fasting state or at night remains however unclear. 

Methods 

The study was performed in 9 HV without a hiatal hernia. A pH-impedance-pressure catheter was 
positioned at the Z-line. First, the presence of the acid pocket was monitored under stationary 
conditions during 2 hours after ingestion of a standardized meal. Thereafter, the equipment was 
connected to an ambulatory monitoring device for 24-hour recording. 

Results 

Under stationary conditions, a postprandial acid pocket was present in 7 of the 9 HV, from 
9 ± 7 minutes after meal onwards during 47 ± 8 minutes. During ambulatory 24-hour monitoring, 
postprandial acid pockets emerged significantly later, but no differences in duration or position 
were detected. During nighttime, an acid pool was detected with its proximal border at the level of 
the cardia, which at later, time points gradually moved to a more distal position. This led to a 
gradual decrease in nocturnal acid exposure from proximal to distal, a phenomenon that was 
preceded by a bust of gastric contractions. Nocturnal reflux originated from the cardiac region, 
and was more acidic in the early compared with late nocturnal period. 

Conclusion 

The acid pocket is present in the postprandial period under both stationary and ambulatory 
conditions. Of interest, at night, a pool of acid can be demonstrated which is periodically shifted 
more distally. This pool of acid represents the reservoir from which nocturnal reflux originates. 

Key Points 

 The postprandial acid pocket has been recognized as the reservoir from which acid fluid 

refluxed into the esophagus. Up till now, it has only been studied in stationary conditions. 

 We demonstrated that the acid pocket is present in the postprandial period under both 

stationary and ambulatory conditions. Of interest, at night, a pool of acid can be demonstrated 

which is periodically shifted more distally. This pool of acid represents the reservoir from 

which nocturnal reflux originates. 

 To what extent abnormalities in the dynamics of this nocturnal acid pool contribute to the 

responsiveness to PPI treatment or severity of GERD remains to be studied. 

1 INTRODUCTION 

Gastroesophageal reflux disease (GERD) is defined as a disorder in which reflux of gastric 

contents into the esophagus causes troublesome symptoms and/or complications. In Western 



countries, approximately 10%-20% of adults is thought to be affected by GERD symptoms 

and about 5% suffer from daily symptoms. 

Despite the buffering effect of the ingested food, most acid reflux episodes and associated 

symptoms occur in the postprandial period. Given the buffering capacity of the meal, this 

phenomenon appears to be paradoxical. However, the postprandial formation of a floating 

pool of acid on top of the ingested food most likely explains this observation.1 From this so-

called acid pocket, highly acidic liquid can reflux into the esophagus during transient lower 

esophageal sphincter relaxations or other episodes of low sphincter pressure, both in patients 

with GERD and healthy subjects.2 Hence, the acid pocket can be considered as the reservoir 

from which acidic fluid refluxes into the esophagus. 

The presence of the acid pocket was first described by Fletcher and colleagues using a pull-

through technique.1 This observation was confirmed using radio-active labeling of the acid 

pocket with 99mTC-pertechnetate allowing the precise location of the newly secreted 99mTC-

pertechnetate-positive acid.3 The latter study showed that the position of the acid pocket 

relative to the diaphragm, rather than its size is an important determinant of acid exposure in 

the distal esophagus especially in patients with a hiatal hernia.3 However, all previous studies 

have evaluated the acid pocket in stationary conditions restricted to the postprandial period. 

Moreover, it should be emphasized that during sleep, the pattern of reflux is strikingly 

different from daytime upright reflux. At night, reflux occurs less frequently but episodes last 

significantly longer than during daytime. Several physiological changes related to sleep and 

the supine position have been proposed to play a role. In a supine position, the contribution of 

gravity in the process of acid clearance is eliminated. In addition, saliva production and 

frequency of swallowing are reduced during sleep. All these factors contribute to a decreased 

acid clearance from the esophagus and consequently a longer acid-mucosa contact time which 

can lead to nerve sensitization and increased symptom perception.4 To what extent nocturnal 

reflux occurs from a similar acid pool as in the postprandial period remains however unclear. 

In the present study therefore, we aim to evaluate the acid pocket position and its relation to 

reflux throughout in the fasting state and during the night. 

2 MATERIAL AND METHODS 

2.1 Study subjects 

Healthy volunteers, who had no history of gastrointestinal pathology and no gastrointestinal 

complaints, were invited to participate in the present study. None of the healthy volunteers 

had undergone previous gastrointestinal surgery or was taking medication known to influence 

esophageal motor function. The study was evaluated and approved by the Medical Ethical 
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Committee of the University Hospital Leuven and registered in a public accessible website 

(clinicaltrail.gov - NCT02199002). 

2.2 24-hour acid pocket measurement 

A custom-made dual-pH-impedance-pressure catheter, consisting of 8 pH, 5 pressure and 8 

impedance channels was endoscopically clipped at the Z-line (Figure 1). The signals of both 

catheters were recorded synchronously and displayed on a single screen. The 5 pressure 

transducers allowed localization of the catheter relative to the diaphragm and lower 

esophageal sphincter (LES). One hour after upper endoscopy, a standardized meal (2 

pancakes with jam and 200 mL orange juice, 510 Kcal) was provided and the presence of the 

acid pocket was monitored during 2 hours. Thereafter, the equipment was connected to an 

ambulatory monitoring device for 24-hour recording. Participants were instructed to register 

intake of food, symptoms, and supine position. 

 
Figure 1 

Open in figure viewerPowerPoint 
Schematic representation of the dual-pH-pressure-impedance catheter. Catheter A consists of 

8 pH sensors (termed pH 1 to pH 8), the distances between pH sensors are marked. Catheter B 

consists of 5 pressure transducers (P1 to P5) and 9 Impedance electrodes (E1 to E9). The 
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distance between pressure sensors and impedance electrodes is marked. Both catheters are 

tied together and clipped to the Z-line with a loop which is situated on catheter A between 

sensor pH 4 and pH 5 

2.3 Analyzes 

pH was measured at 1 and 20 Hz during ambulatory and stationary recording, respectively. 

The position of the LES was determined at one-minute intervals during the entire recording 

and was based on the pressure recordings. The LES was identified based on the manometry 

sensor with the largest end-expiratory basal pressure above gastric baseline. If no basal 

pressure was noted, the position of the manometry sensor with the largest end-inspiratory 

pressure increase caused by the contraction of the diaphragm was considered as the LES 

position, as none of the volunteers had a hiatal hernia. All positions of pH and impedance 

electrodes measured relatively to the LES. If catheter displacement was noted, the LES 

position was again determined and all positions of pH and impedance sensors were corrected 

relatively to this new position of the LES by the use of a custom-made excel program. Only if 

the position of the LES (or diaphragm) could not be determined, data were excluded. 

Next, the mean pH of periods lasting 15 minutes was calculated for each position in the 

postprandial 2-hour period and of 1-hour period during the supine position. The percentage of 

time pH < 4 was calculated for each time interval. 

Meal-induced buffering was defined as a rise of pH in the most distal pH sensor above 4. An 

acid pocket was defined as a drop in >2 pH units compared with the buffered region. 

Reflux events were detected by impedance and were classified as acidic reflux when pH < 4, 

as weakly acidic when between 4 and 7 and as non-acidic when pH > 7. Impedance segments 

were used to determine the proximal extent of the refluxate, referred to the pressure sensor in 

which the LES was most clearly visible. Short segment reflux was defined as reflux with a 

proximal extent less than 5 cm above the level of the LES. High proximal extent reflux was 

defined as reflux exceeding 10 cm above the LES. 

2.4 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (Graphpad Software Inc). 

All data are expressed as mean ± SEM. Single comparisons were performed by the paired or 

unpaired Student's t test when appropriate. All P-values were two-tailed, and a P value < .05 

was considered as statistically significant. 

3 RESULTS 



The study was performed in 9 HV (3M, mean age 41 ± 5 year) without a hiatal hernia. 

Stationary measurement was performed in all 9 HV. During ambulatory measurement, a 

technical error occurred (loss of contact of the external reference electrode) in 1 volunteer, as 

a consequence, the pH measurement was not reliable and the ambulatory recording of this 

subject was excluded from further analysis. 

3.1 Stationary measurement 

3.1.1 Postprandial acid pocket 

Stationary measurement was performed in all healthy volunteers. The position of the catheter 

was stable throughout the postprandial measurement. The second most proximal pressure 

sensor was located at the level of the LES in 6 volunteers while in 3 subjects, the most 

proximal pressure sensor was positioned at the level of the LES. The position of all sensors 

was expressed relative to the position of the pressure sensor located at the level of the LES. 

During stationary recordings, a postprandial acid pocket was present in 7 of the 9 HV. In 

those subjects, the acid pocket was detectable on average 9 ± 7 minutes after the start of meal 

intake and was present during 47 ± 8 minutes. Acid pockets never crossed the LES and were 

always detected in 2 pH channels. Acid pockets disappeared most likely due to disappearance 

of the meal-induced buffering with a drop in pH < 4 in all gastric channels. Two volunteers 

did not display postprandial meal-induced buffering but displayed a pH < 4 in all intragastric 

pH channels. The mean pH of all patients during consecutive 15-minute period at different 

positions relative to the LES is shown in Figure 2. 
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Figure 2 

Open in figure viewerPowerPoint 
Mean pH during consecutive 15-minute period at different positions relative to the LES. In 

the first 15 minutes after the start of meal intake, a rise in pH seen in all gastric sensors 

indicating meal-induced buffering. From the second quarter onwards, an acid pocket is 

formed in the cardiac region (sensors −1.75 and −2.75 cm) in the second quarter, while meal-

induced buffering remains present in the most distal gastric sensor (−8.75 cm). Ninety 

minutes (7th quarter) after meal intake, all gastric sensors, including the most distal sensor 

register an acidic pH with disappearance of the meal-induced buffering 

3.1.2 Reflux events 

In the 2-hour postprandial period, on average, 10 ± 1 reflux episodes were monitored which 

were mostly acidic (7 ± 1) or weakly acidic (3 ± 1). Short segment reflux (<5 cm) was the 

most abundant (70 ± 9%). Reflux with a high proximal extent (>10 cm) was seen in 15% of 

all reflux episodes. All reflux events originated from the acid pocket. In the 2 volunteers in 

which no meal-induced buffering was noted, no acid pocket could be detected. Reflux 

episodes from these two volunteers originated from the gastric acid pool. An example of a 

representative tracing can be found in Figure 3. 
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Figure 3 

Open in figure viewerPowerPoint 
Representative tracing of a reflux event in a healthy volunteer showing pressure (P1-P5), 

impedance (Z1-Z8), and pH (pH1-pH8) tracings. Maximal diaphragmatic contractions can be 

noted in channel P4 indicating that this sensor is located at the level of the LES. The position 

of the other sensors is referred to this reference point. The tracings show a postprandial 

period. A weakly acidic pH can be noted in the most distal pH sensor (sensor pH8), due to 

meal-induced buffering (A). In sensor pH6 and 7, the acid pocket is detectable, with an acidic 

pH of 1.8 (B). The impedance channels z1 and z2 show an upward movement of fluid (C) 

with the same pH as the acid pocket (D) in response to a transient lower sphincter relaxation 

which can be noted by inhibition of the diaphragm (E) 

3.2 Ambulatory measurement 

Ambulatory measurement was performed in all volunteers. In 1 volunteer, a large 

displacement of the catheter was noted (>5 cm). As a result, the position of the LES could not 

be determined and data from this volunteer were excluded from further analysis. 

3.2.1 Postprandial acid pocket 

During the ambulatory 24-hour monitoring, 17 postprandial periods were recorded in 8 HV. 

In 16 of these, an acid pocket could be detected starting on average 27 ± 5 minutes after meal 

intake which lasted during 60 ± 11 minutes. Acid pockets emerged significantly later in 

ambulatory conditions (9 ± 7 minutes vs 27 ± 5 minutes, P = .03, Student's t test), but no 

difference in duration (47 ± 8 minutes vs 60 ± 11 minutes, P = .5, Student's t test) was 

observed. In only 1 HV, all gastric pH channels remained acidic. Hence, no meal-induced 

buffering and no postprandial acid pocket could be identified. Although unlikely, it cannot be 
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excluded that a very large acid pocket (>9 cm) was present and the meal-induced buffering 

was present more distal than the last pH sensor, located however, although unlikely, as the 

most distal gastric sensor was only 8.75 cm below the LES, we cannot exclude the possibility 

that this was due to enlargement (>9 cm) of the pocket and distal displacement of the buffered 

food at 8.75 cm below the LES. All acid pockets were situated below the LES. In 5 HV, the 

proximal border of the acid pocket was seen in the sensor located 1.25 cm below the LES. In 

the other 3, the most proximal border was located at 2.75 cm below the LES. The pH sensor 

located in het LES always detected a pH above 4, indicating that the acid pockets never 

crossed the EGJ. 

3.2.2 Postprandial reflux 

During the 17 postprandial periods (lasting 2 hours), that were recorded, HV had on average 

8 ± 1 reflux events, of which 5 ± 1 events were acidic and 3 ± 1 events weakly acidic. Short 

segment reflux, defined as reflux up to < 5 cm above the LES, was the most abundant 

(70 ± 9%), while high proximal extent reflux (>10 cm) was seen in 15% of all reflux episodes. 

Based on pH equality, only 50% of reflux episodes originated from the acid pocket, which is 

significantly less than in the stationary setting (50% vs 100%, P = .03, Fisher's exact test), 

presumably because acid pockets emerged significantly later. Indeed, reflux originated from 

the acid pocket if a pocket was present and otherwise from the cardiac region. 

3.2.3 Nocturnal acid pool 

All HV registered supine position during the nighttime. The time of the start of the last meal 

was at least 3 hours before the start of supine position in all patients. No overlap between the 

postprandial and supine status was noted. Duration of supine position was on average 

7:18 hours (±0:20 hours). The mean pH at different positions was compared with the LES, 

and the % of time the pH was below 4 was compared in the first hour compared with the last 

hour of supine position. 

During the course of the nighttime recording, the mean pH at the level of the cardia (measured 

by the sensor 1.25 cm below the LES) increased progressively in all HV (mean pH: first hour 

3.9 ± 0.9 vs 6th hour 6.9 ± 0.3; ANOVA, P = .02, Figure 4A). Moreover, acid exposure, 

expressed as percentage of time pH < 4, gradually decreased from the cardia to distal during 

nighttime (Figure 4B). Indeed, during the first hour in the supine position, pH was below 4 

during 57% of the supine period compared with only 17% in the last hour (ANOVA, P = .04), 

indicating a distal shift of acid gastric content. 
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Figure 4 

Open in figure viewerPowerPoint 
Nocturnal recording showing the occurrence of gastric contractions moving a pool of gastric 

acid more distally. Panel A: mean pH at the different positions relative to the LES during the 

first and last hour of supine position (ANOVA, P = .02). Panel B: percentage of the time the 

pH is below 4 at different positions relative to the LES in the first hour of supine position, 

compared with the last hour of supine position. ANOVA with Bonferroni correction (P = .04). 

Panel C: Example of a representative tracing during supine position. Pressure recordings (P1-

P5) and gastric pH recordings (pH5-pH8) are shown over time. The level of the LES can be 

noted in P4. In P1, a burst of gastric contractions is seen (A), followed by more distal 

displacement of the acid pool (B) 

The distal displacement of this acid pool was in 4 of the 7 volunteers preceded by the 

occurrence of an episode of gastric contractions with a mean duration of 7 ± 3 minutes, a 

frequency of 3 ± 2/min, and an amplitude of 77 ± 27 mm Hg. Contractions started on average 

3 hours (±7 minutes) after the beginning of the supine period and 440 minutes (±7 minutes) 

after the start of the last meal. 

3.2.4 Reflux events 

Nocturnal reflux events were scarce with an average of 6 ± 1 reflux episodes in total or 

0.6 + 0.2/hour. Most reflux events (3 ± 1) were acidic while on average 2 weakly acidic 

episodes (2 ± 0) were recorded. At the time of reflux, the pH was equal to that of the cardiac 

region. Reflux episodes occurred more often in the first half of the supine period compared 

with the second half of supine period (2.7 ± 0.7 vs 1.3 ± 0.5, P = .02, paired Student's t test). 

Moreover, reflux episodes in the first half of the supine period were significantly more acidic 

than during the second half of the supine. (3.2 ± 0.4 vs 5.3 ± 0.5, P = .003, Student's t test, 

Figure 5), which is in line with the nocturnal pH profile of the cardiac region described above. 
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Figure 5 

Open in figure viewerPowerPoint 
Mean pH during the first half and second half of the supine period. P = .003, Student's t test, 

first half n = 23; second half n = 14 

4 DISCUSSION 

The acid pocket is present in the postprandial period under both stationary and ambulatory 

conditions. Of interest, also in the supine position at night, a pool of acid can be demonstrated 

which is shifted more distally during nighttime in response to phase III gastric contractions. 

Most likely, this pattern involves a physiological mechanism that protects the esophageal 

junction from noxious gastric content. Of note, nocturnal reflux originates from the cardiac 

region, as a consequence, reflux in the beginning of the supine period is more acidic than at 

the end of the supine position. 

In the present study, the acid pocket was recorded during 24 hours using a custom-made dual 

catheter to get more insight in its presence and position during the fasting and nocturnal 

period. The catheter contained 8 pH electrodes and 9 impedance electrodes that allowed 

continuous, concurrent pH and impedance monitoring. To secure a correct position, the 

catheter was clipped at the level of the Z-line. To determine its position relative to the LES, 

we included 5 pressure transducers of which 1 was placed above and 4 below the place of 

fixation. As such, small changes in position of the catheter relative to the LES could be 

detected and were taken into account during the analysis. This allowed us to collect reliable 

information on the pH profile of the esophagogastric junction and the localization of the acid 

pocket during ambulatory conditions. The current approach has clear advantages compared 

with the stationary pull-through technique, used in the original acid pocket study of Fletcher 
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et al1 In this technique, a dual-channel pH catheter is passed through the nostril into the 

stomach and then gently withdrawn by 1-cm increments every minute. However, by pulling 

the catheter back, intragastric acidic content can adhere to the catheter leading to inaccurate 

recordings. Although the acid pocket can be elegantly visualized using scintigraphy, this 

technique fails to provide information on the actual acidity of the acid pocket and cannot be 

used to record the nocturnal behavior of gastric acidic content.3 Using our experimental set-

up, we were however able to collect high-quality 24-hour recordings in all but one healthy 

subject. 

Using this novel methodology, we demonstrate that during nighttime a pool of gastric acid 

can be demonstrated. Because this phenomenon was not related to the postprandial phase, it 

was termed “acid pool” and not acid pocket. The upper border of this gastric acid pool is 

present at the level of the cardia and is shifted more distally over the course of the supine 

period. In the first hour of supine position, an acidic pH was noted in all gastric sensors. 

However, at the end of supine positon only the most distal pH sensors recorded an acidic pH, 

whereas the sensors at the level of the cardia recorded a weakly acid or neutral pH. This shift 

most likely explains our finding that acid exposure at the cardia in the first half of the 

nocturnal period is higher than in the second half, or in other words, that the mean acidity of 

the cardiac region is lower than that of the gastric body. Similar differences in acidity, that is 

lower in the gastric body compared with the cardia, were also reported previously.5, 6 A shift 

in acidity was however not described, most likely as these studies only used 2 to 3 pH sensors. 

Of note, and somewhat similar to the postprandial period, we show that also during nighttime 

the pH of the refluxate in the esophagus correlates with the pH of the cardiac region.2 As a 

consequence of the distal shift of the acid pool, the pH of reflux episodes at the beginning of 

the supine period is significantly more acidic than the pH of the reflux at the end of the supine 

position. Of note, this more distal displacement of the acid pool was preceded by gastric 

contractions. These contractions were recorded in 4 of the 7 volunteers, occurred on average 

3 hours after the start of the supine period, and displayed the maximum gastric contractile 

frequency of 3 per minute. Based on the latter, and the knowledge that the migrating motor 

complex is especially triggered in the fasting and nocturnal period, we speculate that the acid 

pool is pushed more distally by phase III contractions of the proximal stomach, explaining the 

reduction in acid exposure of the cardia. Although the physiological relevance of this 

phenomenon remains unclear, we hypothesize that it may contribute to reduce nocturnal acid 

exposure of the cardia, thereby protecting the gastroesophageal junction from the noxious 

acid. Indeed, increased acid exposure time of the cardia and distal esophagus has been 

implicated in the pathogenesis of Barrett's esophagus and dysplasia.7 Moreover, previous 

studies have demonstrated impaired gastric motor activity in patients with GERD.8 Impaired 

gastric motor function associated with absence of distal movement of the acid pool could lead 

to more excessive nocturnal reflux, which is known to be correlated with GERD 
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complications, for example, esophagitis and PPI resistant complaints.9 Ambulatory 

monitoring of the acid patterns in the cardiac region in patients with GERD using our 

methodology can therefore be of great interest. 

The postprandial acid pocket has been postulated to simply reflect the buffering capacity of 

the meal, and thus should not be considered as a collection of acid floating on top of the meal. 

Using scintigraphy, we previously showed however that radio-labeled acid secretion is indeed 

located on top of the meal. Moreover, aspiration of this collection indeed was acidic and 

radio-labeled confirming the scintigraphic findings.2, 3 In a previous study, Clarke and 

colleagues demonstrated that the cardia region closest to the squamocolumnar junction is a 

unique intragastric region.10 Using a multi-pH catheter, they demonstrated minimal acidity in 

the preprandial setting at the level of the cardia, but acidification following the meal. Here, 

using a different methodology, we confirm the unique characteristics of the cardia both under 

stationary and in ambulatory conditions. Of note, the presence of postprandial acid pockets 

was confirmed in the ambulatory setting. Moreover, all acid pockets were situated below the 

diaphragm, most likely as none of the participants had a hiatal hernia. Acid pockets never 

crossed the LES and were always detected in 2 pH channels. They disappeared most likely 

due to disappearance of the meal-induced buffering with a drop in pH < 4 in all gastric 

channels. However, although unlikely, as the most distal gastric sensor was only 8.75 cm 

below the LES, we cannot exclude the possibility that this was due to enlargement (>9 cm) of 

the pocket and distal displacement of the buffered food. As previously reported in patients 

with GERD, the pH of the refluxate in the healthy volunteers studied here was also similar to 

that of the acid pocket both on and off PPI.2 In ambulatory conditions, acid pockets emerged 

significantly later compared with the stationary conditions. Several factors can possibly 

contribute to this phenomenon: Firstly, in stationary conditions, all volunteers received the 

same study meal while in ambulatory conditions, volunteers were free to choose their meal. 

Possibly, differences in the amount of food ingested and calorie content of the meal had an 

influence on acid pocket formation. Secondly, in stationary conditions, volunteers remained in 

semi-recumbent position throughout the course of the study. In ambulatory conditions, they 

were free to move around possibly impacting on acid pocket formation. Of note, from 

approximately 60 ± 11 minutes after the meal, meal-induced buffering of the stomach 

disappeared and all pH sensors located in the stomach recorded an acidic pH. 

The major strength of our study is the accurate simultaneous recording of the pH profile, 

impedance and motility of the esophagogastric junction during 24 hours using a custom-made 

catheter. The quality of the recordings was high and allowed us to continuously localize the 

acid pocket in relation to the LES and diaphragm. A weakness is however that the study is 

rather demanding for the study subjects, explaining the limited number of healthy subjects 

studied. Moreover, as reflux episodes were rather scarce, as to be expected in healthy 
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subjects, the relationship between reflux events and symptoms could not be evaluated. 

Nevertheless, we feel that the methodology described may be of interest to study potential 

differences in the nocturnal pH profile at the cardiac region, behavior of the gastric acid pool 

or gastric motility in patients that are responsive or only partially response to PPI therapy. 

In conclusion, we demonstrate a gastric acid pool during nighttime that is shifted more distal 

in response to gastric contractions. Most likely, this pattern involves a physiological 

mechanism that protects the esophageal junction from noxious gastric content. To what extent 

abnormalities in the dynamics of this nocturnal acid pool contribute to the responsiveness to 

PPI treatment or severity of GERD remains to be studied. 

 


